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Preface to ”Therapeutic Monoclonal Antibodies and

Antibody Products, Their Optimization and Drug

Design in Cancers”

Various forms of antibody products, particularly full-size monoclonal antibodies (mAbs), have

been dominating the biologics market due to their specificity and selectivity. They are also the

mainstay for the development of next-generation biologics and biobetters for a number of disorders,

including cancer. Currently, there are more than 100 approved antibody therapeutics on the market,

but thousands are in clinical trials at various stages. It is perhaps not surprising that a considerable

number of these medications have been developed for the treatment of different types of cancers.

Biosimilars of some of the top-selling biologics including mAbs are now on the market due to

the expirations of patent protections and changes in the regulatory framework around the world;

nevertheless, we are yet to see a major global impact of biosimilars. Notwithstanding biosimilar

development, a great deal of effort is being made to develop the next-generation mAbs. These include

different forms of antibody products including but not limited to bispecific or multispecific mAbs,

hyperglycosylated mAbs, antibody–drug conjugates (ADC), single-domain antibodies (nanobodies),

and antibody-based nanoparticles. Most of these new developments have been made to address

the concerns of the structural stability of antibodies, commonly observed formulation issues, protein

degradation, especially due to aggregation, and efficacy and specificity.

Trail-and-error methods still dominate the overall drug development and are commonly

applied in different phases of the development of biologics too, including antibody therapeutics.

Rational drug development is only possible through the development of novel experimental and

computational methods and by elucidating interactions at the molecular level. Most of the drug

candidates comprising the next-generation biologics and antibody products would benefit from

additional optimization. With the advance of experimental and computational methods, we can now

further optimize antibodies as never before.

In this Special Issue of Cancers, we have collated sixteen manuscripts, contributed by leading

scientists in the field, showcasing the current state of play as well as recent developments

in mAb therapeutics and other antibody products used in cancer, their optimization using

experimental and/or computational approaches, new developments in immune checkpoint

inhibitors, bi-/multispecifics, ADC, nanobodies and antibody-based nanoparticles.

Cellular uptake is an important issue for many drugs and particularly important in several types

of cancers and it may be one of the major roadblocks / hurdles when delivering drugs. Several

methods have been utilised by Cruz and Kayser to overcome this roadblock, including using a

cell-penetrating peptide, where enhanced uptake is achieved when nanoparticles are complexed with

such a peptide.

The conjugation of antibodies or antibody products such as fragments to other molecules or

nanoparticles has been a subject of study due to its importance when preparing ADCs, bispecifics

and antibody–nanoparticle complexes. Conjugation requires introducing a spacer or linker, which

may present its own challenges, as Ding et al. demonstrated, where a hydrophilic spacer reduced the

uptake of a HER2-targeting affibody–drug conjugate. Kirchhof et al. reported an ADC in hematologic

malignancies and Lisowska et al. reported a conjugate for canine B cell lymphoma.

The discovery of immune checkpoint inhibitors has generated excitement around the globe and

ix



earned Nobel Prizes in 2018, due to unmatched patient outcomes with regard to several types of 
cancer. However, blocking the function of immune checkpoint may also be detrimental to the patient 
due to the triggering of myasthenia gravis. Saruwatari et al. conducted a risk-benefit analysis of 
immune checkpoint blockage for some non-small cell lung cancer patients. Picardo et al. investigated 
the structure and discussed the optimization issues of checkpoint inhibitors. Marhelava et al. 
investigated the targeting of checkpoints with antibodies in cancer therapy. Predicting the response of 
a patient to a particular therapy is still an onerous task and nearly impossible in many scenarios due 
to the lack of appropriate factors. Cona et al. attempted to identify parameters that are important as 
a predictive biomarker response.

Immunotherapy comprises the induction of killer cells against cancer. The Fc domain of 
antibodies plays a crucial role in inducing this process and many studies have been conducted to 
enhance this function. Schmied et al. optimized the Fc of the CD133 antibody to induce killer cell 
reactivity against colorectal cancer.

In some cases, a combination therapy is better than a single approach. Solecki et al. demonstrated 
that a combination therapy with radio- or chemotherapy with anti-Ang2/VEGF-A displayed better 
antitumor activity than standard therapies.

Cusato et al. also studied non-small cell lung cancer patients who were treated with Nivolumab 
and researched the influence of vitamin D.

Katayama et al. reviewed tumor neovascularization and Bonnet et al. targeted tetraspanins with 
mAbs. Neovascularization is an important process in tumor proliferation and is immature in tumors 
and affects many aspects of the tumor microenvironment, while tetraspinins play a crucial role in the 
fixation of antibodies; the functions of Tspan8/Co-029 are summarised in this review.

Bonello et al. reviewed used antibodies and those in development for multiple myeloma. 
Investigating HER2+ breast cancer, Patel et al. reviewed the new developments for the treatment of 
HER2+ breast cancer and evaluated new mAbs. Bobrowicz et al. reviewed mAbs in dermatooncology.

I would like to express my gratitude to the Cancers editorial office and many colleagues for their 
help behind the scenes. They worked tirelessly to ensure all submissions were processed smoothly 
and peer reviews were conducted in a reasonable time and subsequent revisions were completed to 
the highest standards. I also would like to thank them for allowing me to oversee this Special Issue; 
it’s been an enjoyable journey and I look forward to working together again in the future.

I also would like to extend my appreciation to all the authors for providing quality and 
informative manuscripts and taking reviewers’ and editorial comments seriously and addressing 
them promptly for timely publications.

Lastly, I would like to thank the reader for supporting us by reading these manuscripts which 
are the fruits of authors’ hard labour and efforts.

Veysel Kayser

Editor
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Abstract: Nanoparticle carriers offer the possibility of enhanced delivery of therapeutic payloads
in tumor tissues due to tumor-selective accumulation through the enhanced permeability and
retention effect (EPR). Gold nanoparticles (AuNP), in particular, possess highly appealing features for
development as nanomedicines, such as biocompatibility, tunable optical properties and a remarkable
ease of surface functionalization. Taking advantage of the latter, several strategies have been designed
to increase treatment specificity of gold nanocarriers by attaching monoclonal antibodies on the
surface, as a way to promote selective interactions with the targeted cells—an approach referred to as
active-targeting. Here, we describe the synthesis of spherical gold nanoparticles surface-functionalized
with an anti-HER2 antibody-drug conjugate (ADC) as an active targeting agent that carries a cytotoxic
payload. In addition, we enhanced the intracellular delivery properties of the carrier by attaching
a cell penetrating peptide to the active-targeted nanoparticles. We demonstrate that the antibody
retains high receptor-affinity after the structural modifications performed for drug-conjugation and
nanoparticle attachment. Furthermore, we show that antibody attachment increases cellular uptake
in HER2 amplified cell lines selectively, and incorporation of the cell penetrating peptide leads to a
further increase in cellular internalization. Nanoparticle-bound antibody-drug conjugates retain high
antimitotic potency, which could contribute to a higher therapeutic index in high EPR tumors.

Keywords: gold nanoparticles; antibody-drug conjugates; cell penetrating peptide; HIV-1 TAT;
active-targeting; targeted delivery; trastuzumab; MMAE; valine-citrulline

1. Introduction

Most solid malignancies display a tumor microenvironment with increased interstitial fluid
pressures (IFP) that significantly impairs tumor penetration of conventional anticancer agents following
systemic delivery. This effect hinders movement of the therapeutic agent from the vascular lumen to the
tumor tissue, requiring higher doses to achieve therapeutic efficacy [1,2]. Consequently, the therapeutic
index is reduced, and off-target side-effects compromise clinical outcomes. Moreover, inefficient
localization in the target tissue can lead to tumor regions exposed to subtherapeutic doses of the
drug, whereby cancer cells can undergo phenotypic alterations that render them resistant to the agent
administered [3].

In this context, nanoparticles (NPs) have emerged as drug delivery vehicles that can harness the
preferential accumulation of nanosized materials in the tumor due to the well-described enhanced
permeability and retention (EPR) effect [4]. Several liposome-encapsulated cytotoxic drugs have
received regulatory approval on the basis of superior therapeutic indices relative to the free drug [5].
A further attractive feature of nanoparticles is their functional versatility, as their design can be tailored
to confer diverse physiological and physicochemical properties to broaden treatment modalities.
Myriad distinct NP formats are undergoing preclinical development for various therapeutic and
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diagnostic applications, e.g., gene delivery, thermal ablation therapy, magnetic resonance imaging
(MRI), photoacoustic imaging [6–9].

Among the diverse range of inorganic NPs, gold nanoparticles (AuNP) have been widely
appraised as attractive systems for therapeutic applications, e.g., drug delivery, photothermal therapy
and radiosensitization [9,10]. AuNPs are easy to synthesize with tunable shapes and sizes, and the
strong gold-sulfur (Au-S) interaction allows for the modification of the nanoparticle surface with
sulfhydryl containing linkers, through which functional groups can be incorporated to confer biological
properties for therapeutic purposes [11]. An analysis of nanoparticle tumor delivery efficiency in
in vivo models derived from published data from the year 2005 to 2015 showed that AuNPs had the
highest median delivery efficiency among the analyzed inorganic nanoparticle types (including iron
oxide, silica, quantum dots and others) [12]. Moreover, a PEGylated AuNP format coated with TNF-α
has already shown a promising safety profile and enhanced accumulation in various solid tumors in a
phase I dose escalation trial, setting a clinical precedent for gold nanoparticles [13,14].

Adding to the inherent passive accumulation of NPs in solid tumors, the targeting capacity of
a nanoparticle carrier can potentially be enhanced by the incorporation of an active targeting agent
on the NP surface. Active targeting moieties—e.g., antibodies, peptides, aptamers, affimers—can
engage in high-affinity specific interactions with biomolecules overexpressed in cancer subtypes to
increase treatment specificity [15]. Within this concept, systemic delivery of the nanocarrier results in
passive accumulation in the tumor microenvironment, where the subsequent interaction of the affixed
targeting agent with cancer cells can induce receptor crosslinking, receptor-mediated endocytosis and
intracellular cargo delivery [16].

In this work, we employed an anti-HER2 antibody, Trastuzumab (Tmab), as an active targeting
agent on spherical gold nanoparticles. Tmab is a therapeutic monoclonal antibody that binds
to the human epidermal growth factor receptor 2 (HER2) and is approved for the treatment of
HER2-positive breast cancer and metastatic gastric cancer [17,18]. Moreover, HER2 overexpression
has been documented in esophageal [19], ovarian [20] and endometrial cancer [21] and has been
identified as a negative prognostic factor in several of these malignancies [22–24]. Trastuzumab exerts
its anticancer activity by binding to the extracellular domain of HER2 to prevent dimerization with
other ErbB receptors, thereby inhibiting its key function in cell proliferation and migration. In addition,
immune effector components can be engaged through the Fc region of the antibody to destroy cancer
cells via antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis
(ADCP) and complement-dependent cytotoxicity (CDC) [25,26].

Monoclonal antibodies (mAbs) have become a cornerstone of cancer care since the first therapeutic
mAb market approval in 1997 (Rituximab) by virtue of their enhanced treatment specificity. As of early
2019, more than 20 distinct mAbs are indicated for a wide array of solid malignancies, predominantly
administered through systemic routes [27]. This notwithstanding, poor tumor penetration and
distribution are prominent obstacles that compromise the therapeutic index of mAbs [28,29]. To this
end, enhancing drug accumulation in the tumor through the employment of enhanced delivery systems
could provide major improvements in therapeutic safety and efficacy.

Conventional designs of active-targeted nanoparticles for drug delivery typically consist
of nanoparticles carrying a surface-incorporated targeting agent and a cytotoxic payload either
encapsulated within the NP core or loaded onto the surface. In this work, we sought to employ a novel
strategy, wherein a cytotoxic drug is conjugated to the antibody initially, and the resulting antibody-drug
conjugate (ADC) is employed as a targeting agent-drug carrier on the nanoparticles, thereby broadening
the functionality of the active-targeting agent. Herein, we describe the synthesis and physicochemical
characterization of ADC-targeted spherical gold nanoparticles. The ADC was produced by chemical
attachment of monomethyl auristatin E (MMAE) to Tmab through a cathepsin-cleavable valine-citrulline
linker; and further reacted with a sulfhydryl-containing linker for surface conjugation to the gold
nanoparticles. We demonstrate that Trastuzumab can be chemically modified in this fashion while
retaining high affinity towards its cognate receptor. Since the valine-citrulline linker must be internalized
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for payload release, we analyzed the intracellular uptake of active-targeted AuNPs on various cancer
cell lines. Furthermore, we evaluated the effect of surface incorporation of a cell penetrating peptide to
the active-targeted nanoparticle on intracellular uptake.

2. Results

2.1. Nanoparticle Design

Figure 1 displays an outline of the nanoparticle design and conjugation strategy. Attachment of
the bioactive moieties—anti-HER2 mAb and HIV-TAT cell penetrating peptide (CPP)—to the gold
surface was achieved through the covalent thiol-gold interaction using a bifunctional 5 kDa poly
ethylene glycol (PEG) linker with a thiol (SH) and an N-hydroxysuccinimide (NHS) ester end groups
(NHS-PEG-SH). The NHS group reacts with ε-amines in lysine residues (and with α-amines present
at the N-terminals to a lesser extent) under slightly alkaline conditions to produce stable amide
bonds with the protein or peptide [30]. The 5 kDa PEG linker was employed to increase exposure
of the functional groups and prevent non-specific interactions between the bioactive groups and the
gold surface. Furthermore, PEGylation of gold nanoparticles has proven to be highly beneficial in
increasing circulation half-life by preventing adhesion of serum proteins that facilitate uptake by the
reticuloendothelial system (RES)—an effect that drastically decreases the amount of nanoparticles that
can eventually reach the tumor site [31].

Figure 1. Molecular structures of the bioactive agents utilized for gold nanoparticle (AuNP) surface
functionalization. (A) Valine-citrulline momomethyl auristatin E (vcMMAE) linker for antibody-drug
conjugate (ADC) construction. (B) Human immunodeficiency virus twin-arginine translocation
(HIV-1 TAT 47–57) protein.

Trastuzumab (anti-HER2 mAb) was employed as an active targeting agent to confer specificity
towards HER2 overexpressing cancer cell lines. To enhance the anticancer potency of the antibody,
MMAE was attached to Trastuzumab (Tmab) through a valine-citrulline dipeptide cleavable linker
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(vcMMAE) to produce Tmab-vcMMAE (Figure 1). The valine-citrulline moiety is cleaved by the
lysosomal protease cathepsin B; thus, MMAE release occurs primarily following endocytosis and
subsequent localization into endosomes or lysosomes. The HIV-TAT cell penetrating peptide was
further added onto the surface via the same NHS-PEG-SH linker to increase cellular uptake for
intracellular release of the drug cargo (Figure 2B,C).

Figure 2. Schematic outline of the design and synthesis of ADC-coated gold nanoparticles with
enhanced cell penetrating properties. (A) ADC synthesis. (B) Trastuzumab and CPP PEGylation for
AuNP attachment. (C) Conjugation of bioactive agents onto the surface of AuNPs.

2.2. Antibody-Drug Conjugate (Tmab-vcMMAE) Synthesis

MMAE was conjugated to free sulfhydryl groups in Trastuzumab via reaction with the maleimide
group in the vcMMAE linker (Figure 2A). To enable protein attachment, Trastuzumab was partially
reduced by incubation with dithiothreitol (DTT) at 37 ◦C in a 3:1 DTT:Tmab molar ratio. Partial
reduction produces cleavage of the inter-heavy chain disulfide bonds while preserving non-covalent
inter-heavy chain (HC) and heavy-light chain (LC) interactions to conserve full IgG structure.

A colorimetric reaction with 5,5′-Dithiobis(2-nitrobenzoic acid) (DTNB) was performed to confirm
the presence of free SH groups following partial reduction. DTNB reacts with SH in a 1:1 molar ratio to
produce 2-nitro-5-thiobenzoic acid (TNB2−). Absorption at 412 nm (λ max of TNB2−) can be utilized to
calculate the amount of free SH groups per antibody monomer (Figure S1A).

After confirmation and quantification of the presence of free SH groups, the intact structure
(no chain dissociation) was confirmed through size exclusion–high performance liquid chromatography
(SE-HPLC), whereby the elution time of the reduced antibody shifted by 0.0128 min but did not display
peaks at longer elution times indicative of chain dissociation (Figure S1B).

The drug-linker (vcMMAE) was then attached to free SH groups in the partially reduced Tmab as
described in the methods section. Successful attachment of vcMMAE was confirmed through intact
protein mass spectrometry analysis (Figure 3). The deconvoluted mass spectrum of the ADC displayed
up to 3 vcMMAE attachments per antibody heavy chain in the G0F or G1F glycoforms (Figure 3A).
Light chain analysis (Figure 3B) showcased a single attachment per LC monomer, consistent with a
single free SH in LC obtained from partial reduction of the interchain disulfide bonds.
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Figure 3. Protein intact mass analysis of Tmab-vcMMAE. (A) Deconvoluted spectrum of Tmab-vcMMAE
heavy chain. (B) Deconvoluted spectrum of Tmab-vcMMAE light chain.

An average drug-to-antibody ratio (DAR) of 2.91 was obtained from analysis of the UV-Vis
spectrum of the ADC as described in the methods section (Figure 4).

Figure 4. UV-Vis spectra of unmodified Trastuzumab, Tmab-vcMMAE (ADC) and MMAE. The
contribution of MMAE to the absorption spectrum of the antibody-drug conjugate enables an estimation
of the DAR based on the distinct A280/A248 ratios obtained with the unmodified antibody and the ADC.
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2.3. Antibody and CPP PEGylation

2.3.1. Structural Characterization

Trastuzumab and HIV-TAT were PEGylated via lysine conjugation chemistry (Figure 1). Antibody
PEGylation was confirmed through SE-HPLC (Figure 5). The SE-HPLC chromatograms of the
PEGylated Trastuzumab show an increasing shift towards earlier elution times as the PEG-linker/tmab
ratio increases (Figure 5). Resolving the exact number of PEG polymers attached per antibody molecule
through SE-HPLC separation and other standard protein characterization techniques is challenging,
given that the expected molecular weight (MW) increment per individual attachment corresponds
to less than 4% of the MW of unmodified Trastuzumab, namely 5 kDa increments to the ~148 kDa
expected MW of the antibody. Moreover, PEG molecules display heterogeneity in the number of
ethylene glycol units—albeit with only small differences in MW—adding to the ensuing heterogeneity.
Nonetheless, detailed characterization and homogeneity are not crucial for subsequent use as targeting
agents, as long as the bulk of the protein monomers have been modified and functionality is conserved.
A single Trastuzumab monomer possesses 88 lysine residues and 4 amino-terminal groups available
for reaction with the NHS group. Hence, reaction with a large number of linkers can potentially impair
receptor binding. Consequently, conservation of the functionality of the PEGylated derivative was
assessed prior to subsequent surface functionalization of the nanoparticles.

Figure 5. SE-HPLC chromatograms of PEGylated Trastuzumab variants obtained by employing varying
ratios of PEG:Tmab ratios. Inset shows the zoomed region displaying small shifts in elution time.

2.3.2. Binding Kinetics of Functionalized Trastuzumab

The chemically modified Trastuzumab variants (Tmab-PEG-SH, ADC and ADC-PEG-SH) were
tested for their capacity to retain the binding affinity and binding kinetics to a recombinant HER2
protein after functionalization through surface plasmon resonance (SPR) single cycle kinetic analysis
Figure S5).

The binding kinetics to the HER2 receptor were not significantly altered under the assay conditions.
The affinity constant (KD) of the PEGylated antibodies, ranging from 5.46–6.91 pM, showed only
minor differences compared to the mean KD of unmodified Trastuzumab—6.07 pM (Table 1). Kinetic
constants for the antibody drug conjugate were also highly similar to the unmodified Trastuzumab.
The PEGylated ADC, on the other hand, recorded a slight increase in binding rate constant (Ka)
accompanied by a 32-fold increase in the dissociation rate constant (Kd), for a net 14-fold decrease KD.

The varying molar ratios of PEG-linker utilized for derivatization were deemed appropriate for
subsequent attachment to the surface of gold nanoparticles, as the modified antibody did not display
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significant alterations in binding affinity to the cognate receptor. Henceforth, the highest molar excess
(25:1 PEG-mAb ratio) for reaction was employed in order to maximize Trastuzumab attachment to
AuNPs. PEGylation of Tmab-vcMMAE caused a significant decrease in KD; however, the affinity
constant remains in the picomolar range, thus it is still expected to exert active targeting capacity.

Table 1. Kinetics and affinity analysis of functionalized Trastuzumab variants.

Trastuzumab Variant Ka (× 106) M−1·s−1 Kd (× 105) s−1 KD (pM)

Tmab 3.24 ± 0.15 1.98 ± 0.50 6.07 ± 1.27
Tmab-PEG-SH 2× 3.53 ± 0.15 2.47 ± 0.24 6.83 ± 0.68
Tmab-PEG-SH 5× 2.86 ± 0.03 1.97 ± 0.20 6.91 ± 0.78
Tmab-PEG-SH 10× 2.87 ± 0.11 1.98 ± 0.14 6.89 ± 0.21
Tmab-PEG-SH 25× 2.05 ± 0.03 1.12 ± 0.11 5.46 ± 0.44

ADC 2.25 ± 0.01 1.58 ± 0.09 7.05 ± 0.41
ADC-PEG-SH 7.45 ± 0.07 61.80 ± 0.05 85.01 ± 10.92

2.4. Gold Nanoparticle Surface Functionalization

The surface of 50 nm citrate-capped gold nanoparticles (Cit-AuNP) was functionalized with
OH-PEG-SH (OH-PEG-AuNP), Tmab-PEG-SH (Tmab-PEG-AuNP), CPP-PEG-SH (CPP-PEG-AuNP),
or a combination of CPP-PEG-SH and Tmab-PEG-SH (CPP+Tmab-PEG-AuNP) through a sequential
addition of the bioactive agents.

Transmission electron micrograph (TEM) analysis of the synthesized Cit-AuNPs displayed a mean
diameter of 48.29 ± 5.58 nm showing a narrow size distribution and uniform spherical morphology
(Table 2). The mean hydrodynamic diameter obtained by DLS was 60.62 ± 0.19 nm (Z-average) with
a polydispersity index (PDI) of 0.29. The SPR absorption band of the AuNPs had an absorption
maximum (λ max) at 530.5 nm, consistent with the expected λ max for ~50 nm gold nanoparticles
according to previously reported determinations of SPR bands of spherical AuNPs [32]. Upon
surface functionalization, the λ max shifted towards longer wavelengths (red-shift)—a well-described
spectral shift caused by an increase in the local refractive index on the NP surface. In increasing
order, the λ max shifts were +1.9 nm for OH-PEG-AuNPs, +2.7 nm for CPP-PEG-AuNP, +3.3 nm for
CPP+Tmab-PEG-AuNPs and +3.7 for Tmab-PEG-AuNPs.

Table 2. Size (Z-average), zeta potential (ζ) and absorption maximum (λ max) of surface-functionalized
gold nanoparticles.

NP Z-ave (nm) PDI ζ (mV) λ max (nm) TEM (nm)

Cit-AuNP 60.62 ± 0.19 0.29 −34.60 ± 0.91 530.5 48.29 ± 5.58
OH-PEG-AuNP 86.61 ± 0.12 0.17 −14.37 ± 0.12 532.4

Tmab-PEG-AuNP 87.35 ± 0.41 0.17 −1.10 ± 0.46 534.2
CPP+Tmab-PEG-AuNP 83.42 ± 2.14 0.20 1.5 ± 0.46 533.8

CPP-PEG-AuNP 81.22 ± 0.39 0.17 6.17 ± 0.71 533.2
ADC-PEG-AuNP 85.45 ± 1.34 0.19 −2.3 ± 0.37 534.1

NP: nanoparticle format, PDI: polydispersity index, TEM: transmission electron microscope.

The change in SPR absorption maximum was accompanied by an increase in hydrodynamic
diameter (Table 2), where Tmab-PEG functionalization showed the highest increment (87.35 ± 0.41 nm).
The PDIs of all surface-functionalized samples decreased relative to Cit-AuNP, indicative of enhanced
colloidal stability and a consequent reduction of nanoparticle aggregation. Surface functionalization
caused marked alterations in the zeta potential (ζ) of the colloidal dispersions (Table 2). Citrate-capped
AuNPs displayed a mean ζ of -34.60 ± 0.91 mV, consistent with a negatively charged surface due to the
negatively charged OH- groups of the citrate moiety. Conjugation with the PEGylated-CPP yielded a
mean ζ of +6.17 ± 071 mV, causing a charge reversal attributable to the abundant positively charged
arginine residues in HIV-TAT. The combination of cell penetrating peptide and Tmab on the AuNP
surface (CPP+Tmab-PEG-AuNP) also had a slightly positively charged zeta potential (+1.5 ± 0.46 mV).
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2.5. Cellular Uptake in Various Breast Cancer Cell Lines

2.5.1. Active Targeting in HER2-Positive SBKR-3 Cells

To evaluate the active targeting capacity of Trastuzumab-conjugated gold nanoparticles
(Tmab-PEG-AuNPs), SKBR-3 cells (HER-2 positive) were incubated with 20 nm and 50 nm AuNPs
coated with Tmab-PEG-SH or OH-PEG-SH. All reported values for gold uptake were obtained from
ICP-MS quantification, as described in the methods section. Mean gold nanoparticle uptake per cell was
significantly higher for 20 nm Tmab-PEG-AuNP (t (10) = 6.61, p > 0.001) and 50 nm Tmab-PEG-AuNPs
(t (10) = 6.96, p > 0.001) compared to the OH-PEG functionalized AuNPs counterparts (Figure 6A).
Qualitative assessment of cellular internalization through TEM microscopy showed localization into
vesicular structures for both nanoparticles formats (Figure 6B,C).

Figure 6. Evaluation of the active targeting capacity of Trastuzumab-functionalized gold nanoparticles.
(A) ICP-MS quantification of OH-PEG-AuNP and Tmab-PEG-AuNP uptake into SKBR-3 cells after
24 h incubation. Uptake data are reported as means ± SD. *** p < 0.001 (Student’s t-test). (B) TEM
micrographs of OH-PEG-AuNPs internalized into SKBR-3 cells. Scale bar 200 nm (C) TEM micrographs
of Tmab-PEG-AuNPs internalized into SKBR-3 cells. Scale bar: 500 nm.

Trastuzumab coated AuNPs did not display enhanced uptake in two other breast cancer cell
lines (MCF-7 and MDA-MB-231) that are not reported to upregulate HER-2 expression (Figure 7) [33].
Uptake into DLD-1 cells (colorectal cancer HER-2 negative cell lines) showed a small increase in
mean uptake per cell with no statistical significance. ADC conjugated gold nanoparticles were not
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employed for cellular uptake assays as the high potency of the drug can cause significant cell death at
the concentrations used; thus, evaluation of cellular uptake is not comparable to the other formats.

Figure 7. Active targeting of Trastuzumab functionalized gold nanoparticles in various cancer cell lines.
Uptake data are reported as means ± SD. * p < 0.05 (Student’s t-test).

2.5.2. CPP-Driven Enhanced Internalization

To assess the effect on cell internalization using the HIV-TAT cell penetrating peptide as a coating
functional group on the surface of the nanoparticles, 4 different cancer cell lines (SKBR-3, DLD-1,
MDA-MB-231 and MCF-7) were treated with 25 µg/mL 50 nm gold nanoparticles functionalized with
OH-PEG-SH, Tmab-PEG-SH, CPP-PEG-SH, or a combination of Tmab-PEG-SH and CPP-PEG-SH
(CPP+Tmab-PEG-AuNP).

A significant increase in uptake, relative to OH-PEG-AuNP, obtained by attachment of the
anti-HER2 antibody (Tmab-PEG-AuNP) was recorded for the SKBR-3 cell line (t (4) = 2.22, p > 0.05)
only (Figure 7). In the same SKBR-3 cell line, AuNP functionalized with the cell penetrating peptide
(CPP-PEG-AuNPs) showed approximately 1000-fold increase compared to the Tmab-PEG-AuNP
(Figure 8). Similarly, CPP-PEG-AuNPs displayed a high increase in cell uptake relative to OH-PEG-Tmab
in all cell lines tested (Figure 8). CPP+Tmab-PEG-AuNP also recorded markedly higher uptake across all
cell lines compared to OH-PEG-AuNP. CPP-PEG-AuNP displayed significantly higher internalization
than the combination of CPP+Tmab-PEG-AuNP in SKBR-3 and MCF-7 cells, and no statistical difference
was observed between these two formats in the DLD-1 and MDA-MB-231 cell lines.
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Figure 8. Cellular uptake of cell penetrating peptide (CPP) functionalized gold nanoparticles into
various cancer cell lines. Uptake data are reported as means ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001
(Student’s t-test).

2.6. In Vitro Cytotoxicity of ADC-PEG-AuNP in HER2 Overexpressing Cancer Cell Lines

To assess the capacity for intracellular release of the drug payload, the in vitro cytotoxic activity of
the antibody-drug conjugate bound to the nanoparticles (ADC-PEG-AuNP) was evaluated in two HER2
amplified cell lines: (1) SKBR-3 and (2) SKOV-3 (ovarian adenocarcinoma). Growth rate inhibition
(GR) metrics derived from cell growth curves were determined to compare the GR50 value of free
MMAE, Tmab-vcMMAE, ADC-PEG-AuNP and Trastuzumab (Figure 9 and Figure S6). Growth rate
calculations are specified in the methods section. GR50 corresponds to the concentration at which
GR(c) = 0.5. ADC and ADC-PEG-AuNP concentrations reported in Figure 9 correspond to MMAE
concentrations based on DAR and antibody per AuNP estimations.

The in vitro cytotoxic activity of free MMAE was higher in both cell lines relative to ADC
and ADC-PEG-AuNP (Table 3). MMAE GR50 values were subnanomolar for both cell lines.
SKOV-3 displayed slightly higher sensitivity to MMAE (GR50 = 0.14 nM) compared to SKBR-3
cells (GR50 = 0.33 nM). ADC and ADC-PEG-AuNP displayed similar GR50 values for both cell
lines. Trastuzumab showed a dramatically decreased potency relative to MMAE containing formats,
particularly in SKOV-3. Hence, the GR50 value was not determined for this cell line due to the high
concentration of antibody required to obtain an appropriate dose-response curve. The effect on growth
rate inhibition was also determined for OH-PEG-AuNP as a control. The stabilized gold nanoparticles
only caused small reductions in growth rate at high nanoparticle concentrations (Figure 9).
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Figure 9. Growth rate (GR) inhibition of (A) free MMAE, (B) ADC, (C) ADC-PEG-AuNP, (D)
Trastuzumab and (E) OH-PEG-AuNP in SKBR-3 and SKOV-3 cell lines. Data are reported as means ± SD.
95% confidence bands are displayed as dotted lines. Concentration of ADC and ADC-PEG-PEG are
reported as molar concentrations of MMAE according to the estimated DAR and number of ADC per
AuNP, respectively.

Table 3. GR50 values with confidence intervals (CI) obtained from dose-response curves in Figure 9.

Sample SKBR-3 SKOV-3

Agent GR50 (nM) GR50 95% CI R2 SKOV-3 GR50 95% CI R2

Free MMAE 0.33 (0.28–0.37) 0.9986 0.14 (0.11–0.17) 0.9851
ADC 34.91 (29.04–41.02) 0.9847 4.81 (3.56–6.32) 0.9636

ADC-PEG-AuNP 19.45 (16.52–22.80) 0.9913 10.14 (8.55–11.83) 0.9878
Tmab 2118.36 (1849.27–2426.61) 0.9931 N.D. N.D. N.D.

N.D.: not defined, CI: confidence intervals, GR50: concentration required to achieve a growth rate inhibition of 0.5.
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3. Discussion

The lack of clinical precedent for inorganic nanoparticles has hindered their implementation in
cancer therapy. However, the results of the Phase I clinical trial (NCT00356980) of CYT-6091 (PEGylated
colloidal gold-rhTNF) published in 2009 were highly promising with regards to safety profile and the
capacity to accumulate effectively in a wide range of solid tumors [34]. Considering the remarkable
therapeutic potential of gold nanoparticles and the validation of the EPR effect for colloidal gold in
human patients, we were prompted to assess three strategies; or a combination thereof, to further
enhance the potential of AuNPs for clinical implementation: (1) surface attachment of PEGylated
Trastuzumab for targeted treatment of HER2-positive tumors (active targeting), (2) employment of an
antibody-drug conjugate as targeting agent to increase the anticancer potency of the system, and (2)
surface coating with the cationic HIV-TAT cell penetrating peptide to enhance intracellular delivery.

3.1. Trastuzumab and HIV-TAT PEGylation

Attachment of poly ethylene glycol has become a conventional strategy to increase circulation
times and distribution of nanosized structures. PEGylation prevents opsonization and uptake by
the RES system—a biological mechanism that severely impedes tumor localization by premature
clearance [35,36]. Herein, our results support that Trastuzumab PEGylation for subsequent gold surface
attachment can be readily achieved without significant modifications in HER-2 affinity or binding
kinetics as was reflected by SPR binding measurements to a recombinant HER2 protein. The same
NHS-linker was used for HIV-TAT PEGylation, taking advantage of the two lysine residues in its
amino acid composition (Figure 1).

3.2. ADC Construction

MMAE is a cytotoxic payload with exceptionally high potency that has frequently been employed
in the construction of antibody drug conjugates. Under our experimental conditions, we obtained an
average drug-to-antibody ratio of 2.91, as per UV-Vis spectroscopy analysis, consistent with DARs
reported for similar ADC synthesis methods [37,38]. For further structural characterization and
confirmation of vcMMAE attachment, the ADC was analyzed through intact protein mass spectrometry
analysis. The ADC was buffer exchanged to MeCN 10% v/v to induce inter-heavy and heavy-light
chain dissociation, in order to analyze the number of drugs attached to each polypeptide chain. Chain
dissociation in MeCN 10% v/v was confirmed by SE-HPLC chromatograms showing the appearance of
two peaks at longer elution times (Figure S2). The deconvoluted mass spectra confirmed that vcMMAE
can attach to all possible free sulfhydryl groups formed upon partial reduction, i.e., a maximum of
three attachments on the heavy chain and one attachment on the light chain.

Herein, our results report on the feasibility of combining two common bioconjugation techniques
(lysine and cysteine attachment) to PEGylate Tmab-vcMMAE for nanoparticle attachment. Furthermore,
our data show that HER-2 binding affinity decreases by an order or magnitude with ADC PEGylation;
yet, the binding affinity remains within the picomolar range. Several studies have combined
targeting agents and cytotoxic drugs on nanoparticles; however, the added complexity of the systems
also complicates appropriate characterization for implementation, especially in regard to dosage
determination as the amount of each individual component requires quantification. To this end, the use
of antibody-drug conjugates as targeting agents carrying the payload could simplify this—provided
that the DAR is determined, quantification of protein content would be sufficient to estimate drug
dosage per nanoparticle.

3.3. Gold Nanoparticle Surface Functionalization

Adding to improved biodistribution and tumor targeting, PEGylation also increases the colloidal
stability of gold nanoparticles—a key requirement for long-term storage. Attachment of the bioactive
groups was achieved through the thiol moiety of the PEG linker, which, at high pH, can form
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covalent gold-sulfur (Au-S) bonds, providing stable conjugation to the surface [11]. Indeed, surface
functionalization had a pronounced enhancement in nanoparticle stability upon addition of 1% NaCl
and cell culture media (Figure S3). Attachment was confirmed by an increase in hydrodynamic size
(DLS) and SPR absorption maxima, and most importantly by alterations in the zeta potential that allow
to discriminate the presence of the bioactive groups. For instance, the positively charged HIV-TAT
caused a charge reversal in zeta potential (+6.17 ± 0.71 mV) for a +40.77 mV shift compared to the
citrate-capped gold nanoparticles (−34.60 mV). In contrast, coating with the neutral OH-PEG caused a
smaller +20.23 mV shift. Zeta potential values closer to the isoelectric point are generally detrimental
to colloidal stability; however, the hydrophilic PEG polymer on the surface impedes nanoparticle
aggregation by steric hindrance to prevent surface interactions between AuNPs. The large exclusion
volume of the hydration cloud of the PEG linkers is known to prevent interactions between nanoparticle
surfaces that lead to aggregation [35].

Quantification of the average number of antibodies that coat individual nanoparticles is challenging,
insofar as common colorimetric methods for protein quantitation are difficult to perform due to the
much stronger absorption coefficients of gold nanoparticles throughout the wavelength ranges
used for protein concentration measurements. Instead, we quantified the amount of antibody by
accounting for the ensuing decrease in antibody concentration following attachment, after removal of
the functionalized nanoparticles through centrifugation. According to these measurements, an average
of 156 antibodies covered the surface of 50 nm AuNPs and 40 antibodies on 20 nm AuNPs (Figure S4).

3.4. Active Targeting and Cellular Uptake

The multivalent presentation of Trastuzumab on gold nanoparticles has been shown previously
to promote HER2 receptor crosslinking, leading to enhanced cellular internalization in HER2
overexpressing cell lines [39]. In our experimental setup, Trastuzumab-coated gold nanoparticles
were compared to the AuNPs coated with the SH-linker without antibody derivatization, to maximize
the similarity in physicochemical properties, excluding the presence of protein. Indeed, the mean
hydrodynamic diameter of both formats differed by less than 1 nm according to DLS measurements
(Table 2). Electrophoretic mobility determinations, on the other hand, recorded negative zeta potential
values for OH-PEG-AuNPs and close to neutral values for Tmab-PEG-AuNP. The drift towards more
neutral values—relative to citrate-capped nanoparticles—is consistent with antibody attachment,
as Trastuzumab (isoelectric point (pI) 8.7) possesses a net positive charge when dissolved in PBS.
A small net positive charge is also expected when suspended in cell culture media (pH 7.4). The
effect of nanoparticle surface charge on cellular uptake is well-documented, whereby positively
charged nanoparticles have consistently displayed higher uptake rates in nonphagocytic cells [40].
The increase in internalization with positively charged surfaces has generally been ascribed to
favorable electrostatic nanoparticle/cell interactions due to the net negative charge of the plasma
membrane [40]. In view of the foregoing, it is difficult to rule out a contribution of the more
neutral zeta potential of Tmab-PEG-AuNP in enhancing cellular uptake. This notwithstanding, the
observation that internalization enhancement was only recorded in a HER2 overexpressing cell line
(SKBR-3)—and not in the HER2 basal counterparts (DLD-1, MDA-MB-231 and MCF-7)—supports
cellular uptake increase through Trastuzumab-mediated HER2 receptor crosslinking. Interestingly,
TEM micrographs of SKBR-3 cells did not show clear distinction between both formats in subcellular
localization—i.e., both AuNP designs were primarily localized within vesicular structures, presumably
coated preendosomal and carrier vesicles (early endosomes and lysosomes). Alternatively, it is possible
that some of these structures are autophagosomes, as gold nanoparticles have been shown to induce
autophagosome accumulation [41]. This observation warrants further elucidation of the effect of
surface functionalization on uptake mechanism and localization.
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3.5. Cellular Uptake Enhancement with HIV-TAT

Due to the relatively low loading capacity of spherical gold nanoparticles, it is essential to ensure
maximum cellular internalization when developed as drug delivery vehicles. Having improved
selective uptake into HER2 overexpressing cell lines through active targeting, we sought to evaluate the
effect of combining a cell penetrating peptide with the antibody targeting agent. HIV-TAT internalization
mechanism remains a topic of debate; however, evidence of uptake saturability and energy dependency
suggest an endosomal pathway [42]. Endosomal and subsequent lysosomal localization is required for
effective drug release of cathepsin B-cleavable linkers, such as those containing the valine-citrulline
dipeptide. Enhancing uptake is thus paramount in HER2-targeted conjugates for intracellular release,
considering that most ErbB receptors have shown impaired ligand-induced receptor trafficking [43].
To this end, functionalization with the cell penetrating peptide caused a dramatic increase in cellular
uptake across all cell lines tested. This enhancement was considerably more significant than that
obtained by antibody functionalization only. Conversely, our results did not show improvement in
uptake upon combination of both bioactive agents compared to CPP-PEG-AuNP. In fact, uptake was
significantly higher with CPP functionalization in SKBR-3 and MCF-7 cells. We presume that this
observation stems from the more positive zeta potential of CPP-PEG-AuNPs, in which case engagement
through cell membrane/nanoparticle electrostatic interactions is a stronger determinant of uptake rate
than antibody-mediated receptor cross-linking.

These findings warrant further investigation into the effect of the highlighted physicochemical
and physiological attributes in a more physiological setting. While higher uptake may be desirable in
delivery applications, internalization must be specific to the targeted tumor cells. Previous studies
have reported that uptake, rather than diffusion, could be the primary mechanism for nanoparticle
tumor delivery. Consequently, surface charge has been proposed as a major determinant in tumor
distribution upon systemic administration [44]. If indeed transcellular transport has a crucial impact in
tumor penetration, then enhancing cellular internalization through strategies such as the attachment of
a cell penetrating peptide might provide improved tumor tissue distribution, thus enhancing efficacy
and therapeutic index.

3.6. In Vitro Cytotoxicity of ADC-PEG-AuNP in HER2 Overexpressing Cancer Cell Lines

Growth rate inhibition sensitivity in SKOV-3 and SKBR-3 cell lines was markedly higher for free
MMAE than for the antibody-drug conjugate and for ADC-carrying gold nanoparticles (Figure 8). It is
plausible that the requirement of linker cleavage and self-immolation of the p-aminobenzyl carbamate
group in the antibody-drug conjugate hinders conjugated vcMMAE activity compared to the free drug.
Additionally, although HER2 binding and cross-linking can induce receptor-mediated endocytosis, free
MMAE likely penetrates more readily into the intracellular compartment. Nonetheless, the structural
characteristics that presumably hinder conjugated vcMMAE cytotoxicity in isolated carcinoma cells
are expected to provide selectivity advantages in more physiological settings.

Comparison of the cytotoxic activity of free ADC and nanoparticle-conjugated ADC displayed
similar GR50 for both SKBR-3 and SKOV-3 cells (Table 3). GR50 values for ADC-PEG-AuNP were
lower for SKBR-3 cells and higher for SKOV-3 cells relative to free ADC; however, due to the degree
of uncertainty in the estimation of antibodies per nanoparticle it is difficult to establish a significant
improvement in MMAE intracellular release and antimitotic activity for either one of the formats. Still,
concentrations of ADC-PEG-AuNP required to achieve a 50% growth rate inhibition were extremely low
in both HER2 amplified cell lines. As expected, the antimitotic activity of MMAE-containing formats is
dramatically higher than that of the unmodified Trastuzumab and PEG-stabilized gold nanoparticles.
OH-PEG-AuNPs only caused small reductions in growth rate at high gold concentrations (100 µg/mL)
in SKOV-3, which is higher than the equivalent gold concentrations required to achieve a 50% growth
rate inhibition in ADC-PEG-AuNPs (> 20 µg/mL). These results confirm that MMAE antibody-drug
conjugate retain a highly potent cytotoxic activity when bound to the surface of gold nanoparticles.
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These findings warrant further investigation in animal models, as increased accumulation in high EPR
tumors could confer potency and safety advantages over the free ADC.

4. Materials and Methods

4.1. Materials

Herceptin® (Trastuzumab) was a generous donation from Genentech (San Francisco, CA, USA).
Thiol PEG NHS (NHS-PEG-SH) (5 kDa) linker (Cat. No. PG2-NSTH-5k) was purchased from
Nanocs (Boston, MA, USA). The MC-Val-Cit-PAB-MMAE (vcMMAE) linker (Cat. No. BP23969)
was obtained from Broadpharm (San Diego, CA, USA). The HIV-1 TAT protein (47-57) (HIV-TAT
or CPP) (Cat. No. H0292) was purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). The
Series S Sensor Chip CM5 (Cat. No. 29-1049-88), the amine coupling kit (Cat. No. BR-1000-50)
and the anti-HIS capture kit (Cat. No. 28-9950-56) employed in the Biacore SPR instrument were
purchased from GE Healthcare (Parramatta, NSW, Australia). The recombinant HIS-tagged soluble
HER2 (Cat. No. SRP6405) was obtained from Sigma-Aldrich (Australia). Phosphate buffered saline
(PBS) was purchased from Astral Scientific (Gymea, NSW, Australia). Amicon 3 kDa (Cat. No. Z740168)
and 50 kDa (Cat. No. Z740177) cutoff centrifugal filter units were acquired from Sigma-Aldrich
(Australia). Millex-GV syringe filters (0.22 µm, PVDF, Cat. No. SLGV033RS) were purchased from
purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). RPMI 1640 and DMEM (high glucose)
media were obtained from Life Technologies (Mulgrave, VIC, Australia). All other chemicals and
reagents were purchased from Sigma Aldrich (Australia).

4.2. Synthesis of Spherical Citrate-Capped Gold Nanoparticles

Spherical gold nanoparticles were synthesized by citrate reduction of gold chloride in aqueous
solution as described by Turkevich [45], and revised by Frens [46]. All glassware employed in this
procedure was soaked in aqua regia (3:1 HCl/HNO3 molar ratio) for 3 h prior to the reaction and
rinsed with double distilled H2O. Briefly, 100 mL of a 254 µM HAuCl4 solution in double distilled H2O
was heated to boiling under stirring. Once boiling, 2 mL or 1 mL of a 1% w/v (34 µM) sodium citrate
solution was added to prepare 20 nm and 50 nm, respectively. Following citrate addition, the solution
was boiled for 15 min, then cooled to room temperature under stirring for 2 h. Unreacted citrate
was removed by decanting after centrifugation at 10,000 g or 3500 g for 30 min to pellet the 20 nm
and 50 nm nanoparticles. The synthesized gold nanoparticles were resuspended in double distilled
water. Nanoparticle size, size distribution and morphology were assessed through transmission DLS
(hydrodynamic size) electron microscopy (size, size distribution and morphology) and shifts in the
surface plasmon resonance (SPR) absorption band.

4.3. Tmab PEGylation (Tmab-PEG-SH)

Trastuzumab 21 mg/mL in formulation buffer (L-histidine 4.64 mM, α,α-Trehalose 52.86 mM,
polysorbate 20 concentration 73.31 µM, HCl 2.58 mM) was buffer exchanged to sodium bicarbonate
(NaHCO3) 0.1 M pH 8.0 using 50 kDa cutoff centrifugal filters to a final antibody concentration of
10 mg/mL (6.87 × 10−5 M). The extinction coefficient ε280 = 2.25 × 105 M−1 cm−1 was used for all
antibody concentration determinations. Buffer exchange was carried out thoroughly to reduce to a
minimum the concentration of L-histidine in the formulation buffer, as the primary amine in L-histidine
will react readily with the NHS group in the linker. A 5 mg/mL (1 mM) NHS-PEG-SH (5 kDa) linker
stock solution was prepared in NaHCO3 0.1 M pH 8.0 and immediately added to Trastuzumab in
2:1, 5:1, 10:1, 20:1 and 25:1 NHS-linker/Tmab ratios and incubated at 4 ◦C overnight under stirring.
The NHS-linker stock solution in NaHCO3 pH 8.0 was prepared immediately before adding to the
Trastuzumab sample, since the NHS ester can undergo rapid hydrolysis at basic pH. Following
PEGylation, unreacted NHS-PEG-SH linker was removed by centrifugation through 50 kDa cutoff
filters and the PEGylated Trastuzumab (Tmab-PEG-SH) was buffer exchanged to phosphate buffered
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saline (PBS) 0.01 M pH 7.4 with 1 mM EDTA to a final antibody concentration of 5 mg/mL. EDTA 1 mM
was added to inhibit disulfide bond formation between the free SH groups in the linker [47,48].

4.4. HIV-TAT Cell Penetrating Peptide (CPP) PEGylation (CPP-PEG-SH)

HIV-TAT (47–57) peptide was dissolved in NaHCO3 0.1 M pH 8.0 to a 1 mg/mL (641 µM)
concentration. A 10 mg/mL (2 mM) NHS-PEG-SH (5 kDa) solution in NaHCO3 0.1 M pH 8.0 was
added to the HIV-TAT peptide in a 4:1 NHS-linker/CPP molar ratio and incubated overnight at 4 ◦C
under stirring. Unreacted CPP was removed by centrifugation through 3 kDa cutoff filters and the
PEGylated CPP (CPP-PEG-SH) was buffer exchanged to phosphate buffered saline 0.01 M pH 7.4 with
1 mM EDTA.

4.5. Tmab-vcMMAE Conjugate Synthesis

4.5.1. Antibody Partial Reduction

Trastuzumab in formulation buffer was buffer exchanged to PBS 0.01 M with 10 mM EDTA in a
final concentration of 5 mg/mL (34 uM). A freshly prepared 10 mM stock solution of dithiothreitol
(DTT) in PBS 0.01 M EDTA 1 mM was added to the antibody in a 3:1 DTT/Tmab ratio and the reaction
was incubated at 37 ◦C for 90 min under stirring. DTT was then removed by buffer exchanging the
partially reduced Tmab with 50 kDa cutoff centrifugal filters to PBS 0.01 M containing 10 mM EDTA to
a 10 mg/mL (34 µM) concentration. After partial reduction, the integrity of the full-size IgG molecule
was confirmed by SE-HPLC. In addition, free sulfhydryl (SH) groups per antibody were quantified
by reaction with DTNB (5,5′-dithiobis(2-nitrobenzoic acid)) and determination of the absorbance at
412 nm for free SH concentration. The final flowthrough of the buffer exchange prior to the DTNB
reaction was used as a blank to subtract the potential contribution of residual DTT in the solution. The
extinction coefficient ε412 = 1.42 × 105 M−1 cm−1 for the TNB2− reaction product was employed for
sulfhydryl quantification.

4.5.2. Conjugate Synthesis

vcMMAE was dissolved in DMSO at a 1.26 mM concentration and added to a chilled 10 mg/mL
partially reduced Tmab solution in a 4.6:1 vcMMAE/Tmab ratio. The reaction mixture was incubated
at 4 ◦C with stirring for 1 h. A 20-fold molar excess of cysteine—relative to maleimide—was added
to quench the reaction. Unreacted vcMMAE and cysteine were removed by centrifugation through
50 kDa cutoff centrifugal filters and buffer exchanged to PBS 0.01 M pH 7.4 for storage, or NaHCO3

0.1 M pH 8.0 for subsequent PEGylation. The average drug-antibody ratio (DAR) was calculated based
on absorbance values at 248 nm and 280 nm as has been described previously [49]. The following
formula was employed:

DAR =
ε

Tmab
248 − FεTmab

280

FεMMAE
280 − εMMAE

248

F=A248/A280 and the extinction coefficients utilized are listed in Table 4.

Table 4. Extinction coefficients of Trastuzumab and monomethyl auristatin E (MMAE) employed for
the calculation of drug-to-antibody ratio (DAR) based on UV-Vis spectroscopy.

Sample 248 nm 280 nm

Trastuzumab 7.75 × 104 2.25 × 105

MMAE 1.59 × 104 1.50 × 103

PEGylation of Tmab-vcMMAE (ADC-PEG-SH) was achieved following the same procedure as for
the unconjugated antibody.
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4.5.3. Intact Mass Analysis

Trastuzumab and Tmab-vcMMAE were concentrated using 50 kDa cutoff centrifugal filters and
buffer exchanged to 10% acetonitrile with 0.1% formic acid. The antibody samples were analyzed
through direct injection into a Triple TOF 6600 mass spectrometer (Sciex, Framingham, MA, USA).
Infusion was performed at 50 µL/min. The mass range for detection was 100–5000 m/z. Deconvolution
of the raw data was achieved using SCIEX Peakview 2.2 (Concord, ON, Canada) and Bruker BioTools
software packages (Billerica, MA, USA).

4.6. Binding Kinetics to Recombinant HER2 through Surface Plasmon Resonance

The binding kinetics of derivatized Trastuzumab (Tmab-PEG-SH, Tmab-vcMMAE and
ADC-PEG-SH) were tested against a recombinant HER-2 protein using surface plasmon resonance (SPR)
in a Biacore T200 instrument (GE Healthcare, Parramatta, NSW, Australia). Briefly, an anti-HIS antibody
was bound to a CM5 sensor chip through amine coupling chemistry. Subsequently, a recombinant
HIS-tagged HER-2 (4 nM) was bound to the anti-HIS antibody on the sensor chip at a 5 µL/min flow
rate for 5 min. 2-fold serial dilutions of the Trastuzumab variants ranging from 8–0.5 nM in HBS-T
running buffer (10 mM HEPES, 150 mM NaCl, 0.05% (v/v) Tween 20, pH 7.4) were assayed at 25 ◦C
as single cycle kinetic titrations. The analytes were applied to the sensor surface at 20 µL/min for
2 min, followed by 60 min dissociation times. Analyses of the sensorgrams were performed by fitting a
Langmuir 1:1 binding model to derive the association constant (Ka), the dissociation constant (Kd) and
the binding affinity (KD—calculated as Ka/Kd). The analytes were run in duplicate to calculate average
values and standard deviation. A goodness of fit (χ2) value within 5% of the maximum response level
(Rmax) was used as acceptance criteria.

4.7. Gold Nanoparticle Surface Functionalization

Trastuzumab-coated (Tmab-PEG-AuNP), OH-PEG coated (OH-PEG-AuNP) and CPP-coated
(CPP-PEG-AuNP) gold nanoparticles were produced by incubating citrate-capped gold nanoparticles
(OD = 1) with a 1 × 105 molar excess of SH-PEG-Tmab, SH-PEG-OH or SH-PEG-CPP in NaHCO3

0.01 M pH for 2 h at room temperature while stirring. The unconjugated reagents were removed
by pelleting the nanoparticles at 3500 g for 30 min and removing the supernatant. The conjugated
nanoparticles were centrifuged four times and resuspended in PBS 0.01 M pH 7.4 for storage at 4 ◦C.
ADC-PEG-AuNP were produced by incubating the nanoparticles with ADC-PEG-SH following the
same procedure. CPP+Tmab-PEG-AuNP were obtained by incubation with a 1 × 105 molar excess of
CPP-PEG-SH for 5 min followed by the addition of a 1 × 105 molar excess of Tmab-PEG-SH, and further
incubation under stirring for 2 h.

4.8. UV-Vis Spectroscopy

UV-Vis absorption spectra were obtained over a wavelength range of 800–200 nm for gold
nanoparticles or 400–200 nm for protein samples, using a Shimadzu 2600 UV-Vis spectrophotometer
(Shimadzu, Japan). AuNP samples in RPMI media were corrected by blank subtraction of the RPMI.

4.9. Size-Exclusion High-Performance Liquid Chromatography (SE-HPLC)

Size-exclusion chromatograms were obtained with a Zorbax GF-250 column connected to an
Agilent 1200 Liquid Chromatography system (Agilent Technologies, Santa Clara, CA, USA), running
potassium phosphate buffer 150 mM pH 6.5 as a mobile phase at a 0.5 mL/min flow rate. Peak absorption
was detected at 280 nm with an in-line UV signal detector (Agilent Technologies, Santa Clara, CA, USA).

4.10. DLS and Zeta Potential Measurements

DLS and zeta potential measurements of the functionalized gold nanoparticles were conducted
with a Malvern Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) with a 633 nm Helium
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Neon Laser and an avalanche photo diode (APD) detector. The measurements were conducted in
triplicate and the values are reported as mean Z-average ± standard deviation. For zeta potential
measurements, the functionalized nanoparticles suspended in PBS 1× (phosphate buffer 0.01 M,
NaCl 0.137 M, KCl 0.0027 M, pH 7.4) were diluted 1:10 in deionized water. Cit-AuNPs were directly
resuspended in PBS 0.1X. The zeta potential was derived from the Henry equation using an f(Ka) of 1.5.

4.11. Cellular Uptake Quantification through Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The SKBR-3 cell line was provided by Dr. Thomas Grewal. The DLD-1 cell line was purchased
from the American Type Culture Collection (ATCC). The MDA-MB-231 and MCF-7 cell lines were
obtained from Dr. Fanfan Zhou. SKOV-3 cells were provided by Dr. Pegah Varamini.

To compare the cellular uptake of gold nanoparticles coated with OH-PEG and Tmab-PEG, SKBR-3
cells were seeded at density of 1 × 105 cells/well in 24-well plates in RPMI media containing 10% FBS.
Following incubation at 37 ◦C for 48 h, the cell media was removed, the cells were washed twice with
PBS, and fresh RPMI media (10% FBS) containing 50 µg/mL 20 nm and 50 nm gold nanoparticles
(coated with OH-PEG or Tmab-PEG) was added, using 6 wells per AuNP sample. The cells were
further incubated for 24 h. The AuNP containing media was removed and the cell monolayer washed
4 times with PBS. The cells were detached from the plate using 0.05% trypsin and collected in 1.5 mL
centrifuge tubes. Trypsin was removed by pelleting the cells at 300 g for 5 min and the cells were
washed twice more with PBS. The cell pellet was digested with 200 µL concentrated HNO3 (15.9 M)
overnight at room temperature. 800 µL concentrated HCl (12.1 M) was then added to dissolve the
gold nanoparticles. A 1:4 dilution in Milli-Q water was performed for quantification of gold content
through ICP-MS. ICP-MS measurements were carried out with a Perkin Elmer Nexion 300× ICP-MS
instrument (Perkin-Elmer, Waltham, MA, USA), calibrated with 5, 10 and 20 parts per billion (ppb)
gold standard solutions.

To compare cellular uptake in SKBR-3, DLD-1, MDA-MB-231 and MCF-7 cells, the uptake
assays were carried out following the same procedure as described above albeit with the following
modifications: (1) 25 µg/mL AuNP concentrations were used, (2) DLD-1, MDA-MB-231 and MCF-7
cells were seeded at 3 × 104 cells/well, (3) MDA-MB-231 and MCF-7 cell lines were cultured in DMEM
media containing 10% FBS, (4) each nanoparticle sample was run in triplicate.

The concentration of the gold nanoparticles was determined based on their absorbance at 450 nm
using ε450 = 5.41 × 108 M−1 cm−1 and ε450 = 9.92 × 109 M−1 cm−1 for 20 nm and 50 nm, respectively,
according to previous determinations [32]. ICP-MS quantification of gold content in the AuNP
suspensions was utilized to corroborate that the extinction coefficients used in this method provide
appropriate estimations of gold concentrations. The nanoparticles in cell culture medium were filter
sterilized through 0.22 µM filters prior to addition to the cells.

4.12. Cellular Uptake Evaluation by Transmission Electron Microscopy (TEM)

SKBR-3 cells were seeded at a density of 1 × 105 cells/well on collagen-coated Thermanox plastic
coverslips placed inside each well (24-well plates) and incubated at 37 ◦C for 48 h in RPMI media
containing 10% FBS. Fresh RPMI containing 50 ug/mL 50 nm OH-PEG-AuNP or Tmab-PEG-AuNP
was added to the wells and further incubated at 37 ◦C for 24 h. The wells were washed thrice with PBS.
The cells were fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer pH 7.4. The cell monolayers
were subsequently fixed with osmium tetroxide 1% (w/v) in phosphate buffer 0.1 M pH 7.4, then
embedded into an epon resin. The monolayers were microtomed into 70 nm sections and stained
with uranyl acetate 2% and Reynold’s lead citrate. TEM images were obtained with a JEOL JEM-1400
(Tokyo, Japan) microscope with an accelerating voltage of 120 kV.

4.13. Cell Cytotoxicity Evaluation

SKBR-3 and SKOV-3 cells were seeded at 5 × 103 and 3 × 103 cells/well on 96-well plates and
incubated at 37 ◦C for 24 h in RPMI media containing 10% FBS. Fresh RPMI media containing free
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MMAE, ADC, ADC-PEG-AuNP, Trastuzumab or OH-PEG-AuNP were added to the wells at the
corresponding concentrations in triplicates. RPMI media was replenished for negative control samples.
Images (10×magnification) of four different regions per well were acquired at 2-h intervals for 72 h
after addition of the antimitotic or control sample using an Incucyte® ZOOM Live-cell Analysis
System (Essen BioScience, Ann Arbor, MI, USA). Cell confluence was analyzed with the Incucyte®

ZOOM integrated analysis software (v2016A) to generate cell growth curves over time. Growth rate
inhibition metrics were employed to assess the antimitotic effect of the samples. Growth rate inhibition
metrics have been developed recently to provide more robust and biologically relevant drug response
parameters [50]. GR values were calculated as:

GR(d) = 2
log2(

x(d) f

x(d)0
)/log2(

x(c) f

x(c)0
)
− 1

where x(d)0 and x(d) f are the confluence values of cells treated with a cytotoxic agent at time t = 0 h
and t = 72 h, respectively. x(c)0 and x(c) f are confluence values of control wells at t = 0 h and t = 72 h.

GR values were plotted against treatment concentration and the data was fitted to a four-parameter
dose-response curve. GR50 was obtained by interpolating the treatment concentration at which GR = 0.5.

4.14. Statistical Analysis

Gold uptake quantification was analyzed with a two-tailed, unpaired Student t-test. Values are
denoted as mean ± standard deviation, and p < 0.05 was established as statistical significance.

5. Conclusions

The results presented herein report on the feasibility of utilizing multiple bioactive agents
to construct gold nanoparticles with broader therapeutic capabilities. The construction of a
thiol-functionalized PEGylated antibody drug-conjugate (PEGylated Trastuzumab-vcMMAE) proved
to yield ADCs with conserved high affinity towards the HER2 receptor; thereby enabling coupling to
gold nanoparticles to function as targeting agents carrying a cytotoxic payload. ADCs attached to the
surface of gold nanoparticles demonstrated to retain similar in vitro cytotoxic potency against HER2
overexpressing cancer cell lines relative to the free ADC. Notwithstanding, enhanced accumulation in
high EPR tumors could results in wider therapeutic indices.

Cellular uptake of AuNPs in a HER2 amplified cell line was significantly improved upon covalent
attachment of the Trastuzumab targeting agent through the PEGylated-SH linker. Internalization into
different cancer cell lines was further enhanced by employing the HIV-1 TAT protein (47–57) as a
cell penetrating peptide. Yet, the combination of the antibody targeting agent and the penetrating
peptide did not provide improvements in uptake—relative to the penetrating peptide only—in the
conditions tested. Our results support previous observations with different nanoparticle formats
with regards to the prominent role of surface charge on determining uptake rate into cells, insofar as
the charge reversal obtained by incorporating the cell penetrating peptide had a more pronounced
impact than the addition of the antibody targeting agent. Efficient cleavage of the valine-citrulline
moiety for drug release requires cellular internalization for exposure to cathepsin B in lysosomes or
endosomes; therefore, incorporation of the CPP might provide improved intracellular delivery of the
MMAE payload in this format.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/6/870/s1,
Figure S1: Analysis of the presence of sulfhydryl groups and conservation of intact structure of Trastuzumab
after partial reduction with DTT, Figure S2: SE-HPLC chromatograms of partially reduced Trastuzumab in 1
mM EDTA, Tmab-vcMMAE in H2O and Tmab-vcMMAE in acetonitrile 10% with formic acid 1%, Figure S3:
AuNP stability upon surface functionalization with Tmab-PEG-SH. Addition of 1% NaCl to citrate capped AuNPs
caused aggregation as evidenced by a broad absorption band in the 700–800 nm range, Figure S4: Representative
tryptophan fluorescence emission spectra for the estimation of Trastuzumab:AuNP ratio for 20 nm AuNPs,
Figure S5: Representative sensorgrams of (A) Trastuzumab, (B) Tmab-PEG-SH 25× and (C) Tmab-vcMMAE
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binding to recombinant HER2 receptor, Figure S6: Representative SKBR-3 cell growth curves employed to analyze
growth rate inhibition activity of MMAE-containing agents at equivalent MMAE concentrations.
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Abstract: Affibody molecules are small affinity-engineered scaffold proteins which can be engineered
to bind to desired targets. The therapeutic potential of using an affibody molecule targeting HER2,
fused to an albumin-binding domain (ABD) and conjugated with the cytotoxic maytansine derivate
MC-DM1 (AffiDC), has been validated. Biodistribution studies in mice revealed an elevated hepatic
uptake of the AffiDC, but histopathological examination of livers showed no major signs of toxicity.
However, previous clinical experience with antibody drug conjugates have revealed a moderate-
to high-grade hepatotoxicity in treated patients, which merits efforts to also minimize hepatic
uptake of the AffiDCs. In this study, the aim was to reduce the hepatic uptake of AffiDCs and
optimize their in vivo targeting properties. We have investigated if incorporation of hydrophilic
glutamate-based spacers adjacent to MC-DM1 in the AffiDC, (ZHER2:2891)2–ABD–MC-DM1, would
counteract the hydrophobic nature of MC-DM1 and, hence, reduce hepatic uptake. Two new AffiDCs
including either a triglutamate–spacer–, (ZHER2:2891)2–ABD–E3–MC-DM1, or a hexaglutamate–spacer–,
(ZHER2:2891)2–ABD–E6–MC-DM1 next to the site of MC-DM1 conjugation were designed. We
radiolabeled the hydrophilized AffiDCs and compared them, both in vitro and in vivo, with the
previously investigated (ZHER2:2891)2–ABD–MC-DM1 drug conjugate containing no glutamate spacer.
All three AffiDCs demonstrated specific binding to HER2 and comparable in vitro cytotoxicity.
A comparative biodistribution study of the three radiolabeled AffiDCs showed that the addition of
glutamates reduced drug accumulation in the liver while preserving the tumor uptake. These results
confirmed the relation between DM1 hydrophobicity and liver accumulation. We believe that the
drug development approach described here may also be useful for other affinity protein-based drug
conjugates to further improve their in vivo properties and facilitate their clinical translatability.

Keywords: affibody; drug conjugates; hepatic uptake; DM1

1. Introduction

Drug conjugates (DCs) are an emerging class of potent biopharmaceuticals developed to overcome
resistance to conventional targeted therapy and reduce off-target toxicity [1–3]. DCs are composed of
a targeting agent, specifically interacting with a particular antigen, attached to a biologically active
drug or cytotoxic compound via a linker. Antibody drug conjugates (ADCs) constitute the most
studied class of DCs [3]. Two common types of drug molecules utilized in many ADCs are the
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auristatins/maytansines that inhibit microtubule polymerization and the calicheamicins which target
the minor groove of DNA to induce double-stranded cuts, leading to cell death in both cases. Today, five
ADCs have received market approval by the US Food and Drug Administration (FDA); gemtuzumab
ozogamicin (Mylotarg®), brentuximab vedotin (Adcetris®), ado-trastuzumab emtansine (Kadcyla®),
inotuzumab ozogamicin (Besponsa®), polatuzumab vedotin-piiq (Polivy®), and many others are still
under development or in clinical trials [4,5].

Despite the current success, ADCs still face many limitations [6]. Many conjugation strategies rely
on unspecific drug attachment to abundant lysine or cysteine residues in the monoclonal antibodies
(MAbs). Even though many strategies for site-specific attachment have been developed [7], many
ADCs still have a variable drug-to-antibody ratio (DAR) and variable sites of drug attachment, thus
forming a nonhomogeneous final product [3,8]. The lack of homogeneity may lead to suboptimal
stability, pharmacokinetics, and activity [9]. A random distribution of payloads may potentially
interfere with critical residues on the antigen binding regions of MAbs. Moreover, the rather large
ADCs may suffer from limited localization and penetration into solid tumors, thus restricting their
antitumor efficacy.

In recent years, alternatives to MAbs have started to emerge. Engineered scaffold proteins (ESPs)
are considered the next-generation non-immunoglobulin-based therapeutics [10]. They are derived
from small, robust non-immunoglobulin proteins, which are used as “scaffolds” for supporting a
surface with the ability to specifically interact with the desired target antigens with high affinity, such
as receptors overexpressed on cancer cells. Affibody molecules (6–7 kDa) are one of the most studied
classes of ESPs and they are more than 20-fold smaller than MAbs [11,12]. Affibody molecules are
based on a 58 aa cysteine-free three-helix scaffold which is derived from one of the IgG binding domains
in protein A expressed by Staphylococcus aureus. Affibody molecules have commonly been created
by randomization of 13 surface-localized amino acids on helices 1 and 2, followed by phage display
selection of binders to different biological targets. Currently, affibody molecules binding with high
affinity to several cancer-associated molecular targets, such as human epidermal growth factor receptor
2 (HER2), epidermal growth factor receptor (EGFR), human epidermal growth factor receptor 3 (HER3),
insulin-like growth factor 1 receptor (IGF-1R), platelet-derived growth factor receptor beta (PDGFRβ),
and carbonic anhydrase 9 (CAIX), have been developed. The cysteine-free structure of affibody
molecules permits site-specific conjugation of payloads by introduction of one or more cysteine amino
acids at desired position(s) in the scaffold onto which the drug (or any other prosthetic/functional group)
can be site-specifically attached. This results in generation of well-defined and homogenous products.
The use of affibody molecules as an alternative to MAbs for targeted drug delivery offers several
advantages, including efficient production in simple prokaryotic hosts such as Escherichia coli [13],
efficient and specific drug attachment [14] as well as a relatively smaller size compared to MAbs,
which may lead to more efficient penetration and better distribution in solid tumors [15]. However,
an important issue for payload delivery using small proteins like affibody molecules is rapid renal
excretion. Short in vivo half-life may decrease potency and worsen patient compliance by requiring
more frequent administrations. An albumin-binding domain (ABD) was used to prolong the in vivo
residence time of affibody molecules by noncovalent interaction with serum albumin [16,17]. We
have recently reported on the feasibility of using an anti-HER2 affibody drug conjugate for treatment
of HER2-overexpressing tumors in a preclinical murine model [14]. In that study, a HER2-specific
affibody molecule, ZHER2:2891, was site-specifically conjugated to the antimitotic maytansine derivate
(MC-DM1) using maleimide–thiol chemistry. Mice bearing HER2-expressing ovarian cancer xenografts
SKOV-3, treated with the tripartite AffiDC, (ZHER2:2891)2-ABD-MC-DM1, showed significantly longer
survival—twice as long compared to mice in control groups. (ZHER2:2891)2–ABD–MC-DM1 was
well-tolerated, and no signs of tissue injury or morphological changes were observed after six cycles of
treatment [14]. An interesting finding of that study was the relatively high hepatic uptake of the AffiDC
compared to the parental non-MC-DM1-containing HER2-targeting affibody construct. Although
no histopathological changes were observed in liver sections of the treated mice, earlier reports
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indicate that hepatotoxicity may be a serious adverse event associated with several FDA-approved
ADCs. For example, it has been observed in several clinical studies involving ado-trastuzumab
emtansine (T-DM1) that treatment was associated with elevation of hepatic transaminases and hepatic
toxicity [18–20]. The mechanism underlying this observed hepatotoxicity remains elusive [20]. A recent
report by Yan et al. tried to link hepatic expression of the HER2 receptor to the observed T-DM1-induced
hepatotoxicity in a murine model [21]. This study demonstrated that HER2-mediated uptake of
T-DM1 by hepatocytes followed by release of DM1 in the cytosol induced several changes, including
disorganization of microtubules, nuclear fragmentation, and cell growth inhibition. Even though no
liver toxicity was observed in the AffiDC study [14], it is possible that prolonged treatment regimens
using higher doses could constitute a problem, and minimization of liver uptake is thus desirable.

In the initial AffiDC study [14], an attempt to decrease liver uptake was performed by pretreating
mice with a several-fold excess of the non-MC-DM1-conjugated, HER2-targeting affibody molecule,
ZHER2:342, to block available HER2 receptors. However, the hepatic uptake of AffiDC was not reduced
by this pretreatment strategy. As mentioned above, the uptake of the AffiDC in liver was significantly
higher compared to previously reported HER2-targeting affibody constructs lacking MC-DM1 [16,17].
A possible explanation is that the elevated hepatic uptake is mediated, at least in part, by the presence
of the relatively lipophilic MC-DM1. It is known that hydrophobic compounds may facilitate greater
reticuloendothelial system clearance and, therefore, increased uptake by the liver. Such effect of drug
hydrophobicity on tissue distribution was observed earlier for ADCs, especially at high DARs [22].

In this study, we hypothesized that incorporation of a hydrophilic glutamate-based
spacer adjacent to MC-DM1 would reduce hepatic uptake by counteracting the
hydrophobic nature of the drug. To test this hypothesis, we designed AffiDCs
containing either a triglutamate spacer–((ZHER2:2891)2–ABD–E3–MC-DM1) or a
hexaglutamate–spacer–((ZHER2:2891)2–ABD–E6–MC-DM1) (Figure 1A).

These two drug conjugates were compared, in vitro, with the previously evaluated AffiDC,
(ZHER2:2891)2–ABD–MC-DM1, containing no spacer. The conjugates were also radiolabeled with 99mTc
(T1/2 = 6 h, Eγ= 140 keV), through the N-terminally localized HEHEHE-tag (Scheme 1 in Supplementary
Figure S1), and the influence of the glutamate spacer on hepatic uptake and overall biodistribution in a
HER2-overexpressing preclinical murine tumor model was investigated.
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Figure 1. Production and initial biochemical characterization of the conjugates. (A) Schematic
representation of the proteins. (B) Conjugates after final RP-HPLC purification were analyzed on a
4%–12% SDS-PAGE gel under reducing conditions. The numbers to the left are the molecular weight
(kDa) of the marker proteins in lane M. (C) Analytical size-exclusion chromatography profiles of
the conjugates. The numbers above the chromatograms are the molecular weight (kDa) of protein
standards. (D) RP-HPLC analysis of the conjugates during a 20 min linear gradient from 30% to 60%
acetonitrile in water with 0.1% TFA.

2. Results

2.1. Production and Biochemical Characterization of the Affibody–MC-DM1 Conjugates

The affibody constructs, schematically represented in Figure 1A, were recombinantly expressed
and purified, and MC-DM1 was conjugated to a C-terminal cysteine. A construct lacking MC-DM1
was used ((ZHER2:2891)2–ABD–IAA) as a control, where the C-terminal cysteine was instead alkylated
by 2-iodoacetamide (IAA). The purified conjugates were analyzed by SDS-PAGE under reducing
conditions, and the gel showed pure proteins with essentially the expected molecular weights
(Figure 1B). A weak contaminating band in the lane of (ZHER2:2891)2–ABD–MC-DM1 was visible with a
molecular weight of approximately 45 kDa, and could thus constitute a dimer. The conjugates were
further analyzed by size-exclusion chromatography under native conditions. The chromatogram
from (ZHER2:2891)2–ABD–MC-DM1 showed that the protein was eluted as a double-peak, where the
major peak had a retention time corresponding to a dimer and the minor peak had a retention time
corresponding to a monomer. The other three conjugates were eluted as a single symmetrical peak
with a retention time corresponding to a monomer (Figure 1C). The molecular weights were measured
by ESI-TOF (Table 1) and the results showed conjugates matching exactly the molecular weight of
monomeric proteins with a drug-to-affibody ratio of 1. The conjugates were further analyzed by
passage through a C18 column using a linear gradient of acetonitrile in water in an RP-HPLC setup
(Figure 1D). The recorded chromatograms showed that (ZHER2:2891)2–ABD–E6–MC-DM1 was eluted
first, followed by (ZHER2:2891)2–ABD–E3–MC-DM1 and (ZHER2:2891)2–ABD–MC-DM1, suggesting that
incorporation of glutamate residues reduced the hydrophobicity of the conjugates by shielding the
MC-DM1 part from interaction with the C18 column. The control (ZHER2:2891)2–ABD–IAA, lacking
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MC-DM1, was eluted even earlier than the other three, further suggesting a profound increase in
hydrophobicity of the conjugates by addition of MC-DM1.

Table 1. Biochemical characterization of the conjugates.

Conjugates Purity (%) a Calc. Mw (Da) Found Mw (Da) b

(ZHER2:2891)2–ABD–MC-DM1 >95 21,006.3 21,005.8
(ZHER2:2891)2–ABD–E3–MC-DM1 >95 21,393.6 21,393.0
(ZHER2:2891)2–ABD–E6–MC-DM1 >95 21,781.0 21,780.1

(ZHER2:2891)2–ABD–IAA >95 20,219.9 20,219.5
a Determined by analytical RP-HPLC; b Mass spectrometry was used to determine the molecular weight (Mw) of
the conjugates. Deconvolution was performed to determine the monoisotopic molecular weight of the proteins.

2.2. Binding Specificity and Affinity Determination of Affibody–MC-DM1 Conjugates

To investigate if MC-DM1 conjugation and glutamic acid insertion would affect the affinity of
ZHER2:2891 to HER2, a dilution series of the conjugates were injected into a biosensor over three different
surfaces with different levels of immobilized extracellular domain of HER2 (Figure 2). Since each
construct contains two affibody molecules, a potential avidity effect could occur if the HER2 receptor
molecules are too closely spaced and allow simultaneous interaction with both. The interaction
was analyzed assuming a 1:1 interaction, and consistent on- and off-rates were determined from the
recorded sensorgrams for the three surfaces, indicating a lack of avidity effect and that a 1:1 interaction
occurred. The equilibrium dissociation constant (KD) for the interactions were determined from the
on- and off-rates and are displayed in Table 2. The KD values were found to be similar for the three
MC-DM1 conjugates and the control, and ranged from 17 to 28 nM. The ability of the conjugates
to interact with human serum albumin (HSA) and mouse serum albumin (MSA) was investigated
by injection of a dilution series over a chip with immobilized HSA or MSA (Figure 3). The kinetic
constants were derived from the sensorgrams (Table 3). The affinities (KD) for HSA ranged from 0.57
to 1.2 nM. The affinities for MSA were slightly weaker and ranged from 2.5 to 8.0 nM.

Figure 2. Biosensor analysis of the interactions between the conjugates and HER2. Dilution series
of the conjugates were sequentially injected over flow cells with immobilized extracellular domain
of HER2. All experiments were repeated once and each panel is an overlay of all concentrations, in
duplicates, for each conjugate. The numbers to the right of each panel indicate the concentrations of
the injected conjugates (nM) corresponding to each sensorgram.
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Table 2. Affinity constants for conjugates interacting with HER2.

Measurment
(ZHER2:2891)2–

ABD–IAA
(ZHER2:2891)2–ABD–

MC-DM1
(ZHER2:2891)2–ABD–

E3–MC-DM1
(ZHER2:2891)2–ABD–

E6–MC-DM1

ka (1/M·s) 3.0 × 105 7.9 × 104 5.6 × 104 5.5 × 104

kd (1/s) 9.6 × 10−5 1.4 × 10−4 1.3 × 10−4 1.5 × 10−4

KD (M) 3.2 × 10−10 1.7 × 10−9 2.4 × 10−9 2.8 × 10−9

Figure 3. Biosensor analysis of the interactions between the conjugates and serum albumin. Serial
dilutions of the conjugates were injected over a flow cell with immobilized HSA (A) or mouse
serum albumin (MSA) (B). All experiments were repeated once, and each panel is an overlay of all
concentrations in duplicates for each conjugate. The numbers to the right of each panel indicate the
concentrations of the injected conjugates (nM) corresponding to each sensorgram.

Table 3. Affinity constants for conjugates interacting with serum albumin.

Measurment

(ZHER2:2891)2–ABD–
MC-DM1

(ZHER2:2891)2–ABD–
E3–MC-DM1

(ZHER2:2891)2–ABD–
E6–MC-DM1

HSA MSA HSA MSA HSA MSA

ka (1/M·s) 3.3 × 105 6.0 × 105 1.7 × 105 2.8 × 105 1.6 × 105 3.0 × 105

kd (1/s) 1.9 × 10−4 1.5 × 10−3 2.0 × 10−4 2.0 × 10−3 1.9 × 10−4 2.4 × 10−3

KD (M) 5.7 × 10−10 2.5 × 10−9 1.2 × 10−9 7.2×10−9 1.2 × 10−9 8.0 × 10−9

2.3. In Vitro Cytotoxicity Analysis

The cytotoxicity of the affibody–MC-DM1 conjugates was measured by treating AU565 (high HER2
expression), SKBR3 (high HER2 expression), SKOV3 (high HER2 expression), A549 (moderate HER2
expression), and MCF7 (low HER2 expression) cells, with serial dilutions of the conjugates followed
by measurement of cell viability (Figure 4, Table 4). Two controls were also included, the nontoxic
control (ZHER2:2891)2–ABD–IAA lacking MC-DM1, and the nontarget control (ZTaq)2–ABD–MC-DM1.
The nontarget control was a size matched control where ZHER2:2891 had been replaced with ZTaq, an
affibody molecule that specifically binds to DNA polymerase from Thermus aquaticus, and was thus
not expected to bind to any protein of human origin [14]. (ZTaq)2–ABD–MC-DM1 was previously
characterized and was found to be a homogenous protein of the expected molecular weight with
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a purity >95% [14]. It was found not to interact with the HER2 receptor and did not induce cell
death in cells overexpressing the HER2 receptor [14]. The targeting drug conjugates demonstrated
subnanomolar IC50 values on AU565 and SKBR-3 cell lines. For AU565 cells, the IC50 values ranged
from 0.22 to 0.48 nM, and for SKBR3 cells from 0.14 to 0.38 nM. For SKOV3, the IC50 values ranged
from 47 to 116 nM. The nontoxic control (ZHER2:2891)2–ABD–IAA showed a slight inhibition of cell
growth on the AU565 and SKBR3 cell lines at higher concentrations (>10−9 M). For SKOV3 cells, a
slight growth-promoting effect was observed at the highest concentration. All conjugates demonstrated
a substantially weaker cytotoxic effect on A549 and MCF7 cells. The IC50 could not be measured at
the concentrations used, but from Figure 4, it is evident that they were weaker than 10−6 M in all
cases. For all five cell lines, the nontarget control (ZTaq)2–ABD–MC-DM1 required high concentrations
to affect cell viability. The IC50 values could not be determined from the concentration range used,
except for SKOV3 cells (IC50 350 nM). From Figure 4, it is evident that the IC50 value is 2 to 3 orders of
magnitude weaker for the high expressing cell lines. The nontarget control (ZTaq)2-ABD-MC-DM1 had
a cytotoxic potential similar to the ZHER2:2891-containing conjugates on A549 and MCF7 cells.

Figure 4. In vitro cytotoxicity of the conjugates. The cytotoxicity was determined by incubating serial
dilutions of the conjugates with the cell lines indicated above the panels. The concentration ranges
were 0.25–250 nM (AU565), 0.13–250 nM (SKBR3), 0.4 nM–5 µM (SKOV3), 1.2 nM–1 µM (A549), and
1.2 nM–1.35 µM (MCF7). The relative viability of the cells is plotted on the Y-axis as a function of the
compound concentration on the X-axis. The relative viability of cells cultivated in medium was used as
reference (100%). Each datapoint corresponds to the average of four independent experiments and the
error bars correspond to 1 SD.

Table 4. In vitro cytotoxicity of the conjugates.

Cell Line

IC50 (nM)

(ZHER2:2891)2–ABD–
MC-DM1

(ZHER2:2891)2–ABD–
E3–MC-DM1

(ZHER2:2891)2–ABD–
E6–MC-DM1

(ZHER2:2891)2–
ABD–IAA

(ZTaq)2–ABD–
MC-DM1

AU565
0.22 0.48 0.48

NM b NM(0.16–0.26) a (0.38–0.70) (0.33–0.69)

SKBR-3
0.14 0.17 0.38

NM NM(0.10–0.19) (0.13–0.23) (0.27–0.43)
SKOV-3 47.0 82.8 116 NM 350

a Ranges in parenthesis correspond to 95% confidence interval; b Not measured.
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2.4. Radiolabeling and Stability Test of Radiolabeled Constructs

For further in vitro characterization and to facilitate in vivo comparison, the conjugates were
site-specifically radiolabeled with 99mTc through the N-terminally localized HEHEHE-tag. Data
concerning the labeling yield, radiochemical purity, and stability of the conjugates are presented
in Table 5. All three AffiDCs were efficiently labeled with 99mTc (radiochemical yield = 58%–61%).
The radiochemical purity after purification by size-exclusion chromatography was >99%. Incubation
with a 5000-fold molar excess of histidine showed that most of the activity (>97%) was still bound to
the AffiDCs even after 24 h (Table 5).

Table 5. Labeling yield and radiochemical purity of 99mTc-labeled AffiDCs.

Conjugate Yield a (%)
Radiochemical

Purity (%) b

Stability Under Histidine Challenge (%)
Histidine 5000× Control

4 h 24 h 4 h 24 h

99mTc-(ZHER2:2891)2–ABD–
MC-DM1

63 ± 15 99.5 ± 0.6 98.6 ± 0.2 98.4 ± 1.1 100 ± 0.2 98.8 ± 0.8

99mTc-(ZHER2:2891)2–ABD–
E3–MC-DM1

61 ± 14 99.7 ± 0.3 99.2 ± 0.4 98 ± 1 99.9 ± 0.1 99.5 ± 0.1

99mTc-(ZHER2:2891)2–ABD–
E6–MC-DM1

58 ± 16 99.8 ± 0.3 98.9 ± 0.1 97.3 ± 1.1 99.3 ± 0.3 99.1 ± 0.1

a Yield is calculated as % of conjugate-bound radioactivity from total added radioactivity determined by iTLC;
b Radiochemical purity is calculated as proportion of conjugate-bound radioactivity from total radioactivity
after purification.

2.5. In Vitro Specificity and Internalization

To evaluate the integrity and cell interaction capability of the radiolabeled constructs, a specificity
test was conducted. SKOV3 cells were incubated with the conjugates, with or without preincubation
with a 500-fold molar excess of nonradiolabeled anti-HER2 affibody molecule ZHER2:342 to block
available HER2 receptors. ZHER2:342 binds to the same epitope as ZHER2:2891 [23]. The three constructs
could bind to SKOV3 cells in a HER2-dependent manner, since the cell-associated radioactivity was
reduced significantly when HER2-receptors were presaturated with ZHER2:342 (Figure 5).

The internalization of the three AffiDCs by SKOV3 cells (high HER2 expression) was performed
using a continuous incubation assay (Figure 6). The cell-associated radioactivity showed a
continuous growth for the three AffiDCs up to 6 h of incubation, but at slightly different rates.
The internalization of the three AffiDCs also increased over time but, again, at different rates.
The construct with no glutamate spacer (ZHER2:2891)2–ABD–MC-DM1 demonstrated the highest rate of
internalization compared to the glutamate spacer-containing variants (ZHER2:2891)2–ABD–E3–MC-DM1
and (ZHER2:2891)2–ABD–E6–MC-DM1 at all studied timepoints. The internalized fraction after
6 h incubation accounted for 36.5% ± 1.2%, 26.4% ± 1.3%, and 22.3% ± 2.3% of the total
cell-associated radioactivity for (ZHER2:2891)2–ABD–MC-DM1, (ZHER2:2891)2–ABD–E3–MC-DM1, and
(ZHER2:2891)2–ABD–E6–MC-DM1, respectively (Figure 6).
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Figure 5. In vitro specificity. Specificity of binding of 99mTc-labeled (ZHER2:2891)2–ABD–MC-DM1 (A),
(ZHER2:2891)2–ABD–E3–MC-DM1 (B), and (ZHER2:2891)2–ABD–E6–MC-DM1 (C) to HER2-expressing
SKOV-3 cells in vitro. Each bar shows the mean of the values measured in 3 dishes and the error bars
correspond to SD.

Figure 6. In vitro internalization. Internalization of 99mTc-labeled (ZHER2:2891)2–ABD–MC-DM1
(circle), (ZHER2:2891)2–ABD–E3–MC-DM1 (triangle), and (ZHER2:2891)2–ABD–E6–MC-DM1 (square) by
HER2-expressing SKOV-3 cells at 37 ◦C. Each datapoint is the average of three individual experiments
± 1 SD.
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2.6. Biodistribution and In Vivo Tumor Targeting

Data concerning in vivo biodistribution and tumor targeting of 99mTc-labeled
(ZHER2:2891)2–ABD–MC-DM1, (ZHER2:2891)2–ABD–E3–MC-DM1, and (ZHER2:2891)2–ABD–E6–MC-DM1
at 4, 24, and 46 h post injection (p.i.) in BALB/c-nu/nu mice bearing HER2-expressing SKOV-3
xenografts are displayed in Figure 7. There was no significant difference in the residence in circulation
between the AffiDCs at all studied timepoints. The tumor uptake of the three AffiDCs was comparable
at all studied timepoints and showed better retention with time compared to uptake in other organs.
By 46 h p.i., the tumor uptake of all three AffiDCs (5.2%–6.5% ID/g) was higher than the uptake in any
other organ except the kidneys. The tumor uptake at 46 h p.i. in mice bearing RAMOS lymphoma
xenografts (HER2 negative) was 6–10-fold lower compared to that in SKOV-3 xenografts: 0.9% ± 0.1%,
0.6% ± 0.1%, and 0.6% ± 0.2% ID/g for (ZHER2:2891)2–ABD–MC-DM1, (ZHER2:2891)2–ABD–E3–MC-DM1,
and (ZHER2:2891)2–ABD–E6–MC-DM1, respectively (Figure S2).

There was no significant difference in activity concentration in most organs, and it generally
followed the kinetics in the blood. However, a striking difference in the uptake in the liver was
observed. The activity uptake of (ZHER2:2891)2–ABD–E3–MC-DM1 and (ZHER2:2891)2–ABD–E6–MC-DM1
was significantly lower compared to (ZHER2:2891)2–ABD–MC-DM1 at 4 h p.i. (8.7% ± 0.2% and 8.6% ±
0.9% vs. 13.4% ± 0.9 % ID/g) and at 24 h p.i. (6.3% ± 1.8% and 5.7% ± 0.3% vs. 9.3% ± 0.7% ID/g). This
difference in hepatic uptake disappeared by 46 h p.i. (6.5% ± 1.8% and 5.4% ± 1.3% vs. 5.2% ± 0.9%
ID/g). Interestingly, there was no significant difference in radioactivity uptake in the gastrointestinal
tract and kidneys, in connection with the reduction in hepatic uptake.

Figure 7. Cont.
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Figure 7. In vivo biodistribution. Comparative biodistribution of 99mTc-labeled DM1 conjugates
expressed as % ID/g and presented as an average value from 4 animals ± 1 SD at 4 (A), 24 (B), and
46 (C) h post i.v. injection in female BALB/c nude mice bearing SKOV-3 xenografts. a,b Data are
presented as % ID per whole sample. Data were assessed by one-way ANOVA with Bonferroni’s post
hoc multiple comparisons test in order to determine significant differences between groups (p < 0.05) at
the same timepoint.

3. Discussion

In this study, the aim has been to investigate if hepatic uptake of AffiDCs could be reduced
by incorporation of a hydrophilic glutamate-based spacer adjacent to site of MC-DM1 attachment.
Hepatotoxicity is one of the most common reasons for drug development failures and withdrawal of
drugs from the market [24,25]. In the field of ADCs, several reports have found a link between treatment
and drug-induced liver injuries. For example, it was observed that T-DM1 therapy was associated with
serious grade 3 or greater adverse events in some patients, including hepatotoxicity [18–20]. Similarly,
several patients treated with the prostate-specific membrane antigen-directed ADC, MLN2704, have
experienced elevated dose-dependent levels of hepatic transaminases [26]. Many drug development
programs therefore include development of methods aiming to identify potential liver toxicities and
their mechanisms [20,21,24,25]. Despite those efforts, hepatotoxicity still remains to be one of the most
complex and poorly understood areas of human toxicity. For example, Yan and coworkers tried to
understand the molecular basis for hepatotoxicity induced by T-DM1 [21]. This group concluded that
HER2-mediated uptake of T-DM1 by hepatocytes is directly linked to DM1-associated liver toxicity.

We have earlier reported on the development of an AffiDC, (ZHER2:2891)2–ABD–MC-DM1,
targeting HER2. The AffiDC demonstrated relatively high hepatic uptake in mice post i.v. injection.
The accumulation in liver of AffiDC was several-fold higher compared to other ABD-fused affibody
molecules [16,17]. As mentioned above, Yan et al. reported earlier that T-DM1 induced liver toxicity
through a HER2-mediated uptake of the ADC by hepatocytes. We tested this assumption by preinjecting
mice with >100-fold molar excess of parental HER2-targeting affibody molecule to potentially block
available HER2 receptors [14]. We found that there was no reduction in hepatic uptake of AffiDC
after HER2-blocking, suggesting an unspecific liver uptake of AffiDC [14]. The main difference
between AffiDC and other reported ABD-fused affibody molecules [16,17] is the presence of the drug
DM1. Such drug-induced hepatic uptake has also been observed for MAbs after addition of the drug
molecules [27,28]. Several groups have hypothesized that the increased hepatic uptake of ADCs
may result from an increase in overall hydrophobicity of the conjugate after addition of lipophilic
linkers or drug molecules [22,27,28]. Based on this, it would therefore be reasonable to suspect that the
relatively high hepatic uptake of AffiDC is mainly a drug-mediated effect. We hypothesized that the
incorporation of a hydrophilic spacer consisting of glutamic acid residues next to the cysteine used for
MC-DM1 conjugation would lead to a decrease in hepatic uptake.
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Comparison of (ZHER2:2891)2–ABD–MC-DM1 and the nondrug-conjugated (ZHER2:2891)2–ABD–IAA
showed that addition of MC-DM1 increased the retention time during passage through a RP-HPLC
column (Figure 1C). This represents evidence of the increased hydrophobicity conferred by
MC-DM1. Further comparison of (ZHER2:2891)2–ABD–MC-DM1 with the newly designed polyglutamate
spacer-containing variants, (ZHER2:2891)2–ABD–E3–MC-DM1 and (ZHER2:2891)2–ABD–E6–MC-DM1,
showed that addition of glutamic acid residues decreased the retention time, suggesting a shielding
effect on the interaction with the C18 ligand in the column.

The newly designed AffiDCs demonstrated high binding affinity as well as specificity to HER2
receptors (Figure 2). Retaining the capacity to bind HER2 with high affinity is essential for efficient
targeting. The setup in the biosensor with immobilized receptor only allows for determination of
an apparent affinity since the affinity of the two affibody domains in the AffiDC for HER2 could
be different, and we would thus record a mixture of the signal obtained from affibody one and
affibody two interacting with HER2. However, since the kinetic constants were similar for the
AffiDC/HER2 interaction on three surfaces with different HER2 density, only one of them are engaged
with HER2 at any given time, and an avidity in the interaction is between the analyte and the surface is
negligible. The setup with immobilized HER2 rather than immobilized AffiDC was chosen since it
better mimics the cell experiments where HER2 is part of the plasma membrane and the AffiDC is
free in solution. The albumin-binding function was also retained as demonstrated by the biosensor
analysis of the interactions between the conjugates and serum albumin (Figure 3). All tested conjugates
demonstrated a sub- to single-digit nanomolar affinity (KD value) for both HSA and MSA. These KD

values are similar to results obtained previously for several affibody-based ABD-fused targeting
agents [14,16,17,29,30]. The biodistribution experiments confirmed the capacity of ABD to extend
AffiDC circulation time. The three AffiDCs demonstrated comparable retention in the blood at all
studied timepoints. The blood associated radioactivity was 13% ± 1%, 5% ± 1%, and 2% ± 0.2%
ID/g at 4, 24, and 46 h p.i. of the 99mTc-labeled AffiDCs. Affibody molecules, by themselves or as
head-to-tail dimers, are generally cleared almost completely from blood within 1 h [31]. For example,
in a similarly conducted biodistribution experiment, the blood activity 4 h p.i. of an anti-HER2
monomeric Z and dimeric ZZ affibody molecules (lacking an ABD) was only 1.5% ± 0.2% and 2.5% ±
0.2 % ID/g, respectively.

Being a natural amino acid, inserted glutamates were not expected to affect the degradation of
affibody–MC-DM1 conjugates in the lysosomes during the process of cell intoxication. The results
from the in vitro toxicity study demonstrated clearly the cytotoxicity potential of the newly designed
AffiDCs with IC50 values similar to the parental (ZHER2:2891)2–ABD–MC-DM1 (Figure 4 and Table 4).
This cell killing potential is also comparable to that of the clinically approved trastuzumab emtansine,
as was demonstrated earlier [14]. It is evident that HER2 specificity is important for efficient
cytotoxic activity of the AffiDCs. The sensitivity of the low-HER2-expressing MCF-7 cells and the
moderate-HER2-expressing A549 cells for AffiDCs was almost 3 orders of magnitude lower than the
sensitivity of the high-HER2-expressing SKOV3, SKBR3, and AU565 cell lines. Surprisingly, there
was a big discrepancy between the sensitivity of the high-HER2-expressing cell lines to our AffiDCs.
The measured IC50 values were in the range of 47 to 116 nM in SKOV-3 cells while it was ca. 300-fold
lower in SKBR3 and AU565 (Table 4). As the level of HER2 in the three cell lines is comparable,
the difference may be attributed to other factors known to decrease sensitivity to drug conjugates.
These may include, among others, differences in the expression level of multidrug resistance transporters,
impairment of receptor internalization, and dysfunction of lysosomal degradation mechanisms [32–34].

An unexpected finding of this study was the growth-promoting effect for SKOV-3 cells observed
after incubation with the non-DM1-containing (ZHER2:2891)2–ABD–IAA affibody. We may speculate
that it might be caused by HER2 dimerization, mediated by the two affibody domains in the construct,
followed by an increase in intracellular signaling by the receptor. It is possible that the increased
proliferation observed during incubation with a high concentration of (ZHER2:2891)2–ABD–IAA could
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enhance the cytotoxic activity of DM1, since the drug is strongly acting/selective towards rapidly
dividing cells through prevention of microtubule formation.

The three AffiDCs were site-specifically labeled with 99mTc through the N-terminally localized
HEHEHE-tag (Table 5). After histidine challenge for 24 h, most (>97%) of the radioactivity was
still associated with the conjugates. Stable labeling of the conjugates is a perquisite for accurate
in vivo evaluation. It is important to mention that the spacer in (ZHER2:2891)2–ABD–E3–MC-DM1 and
(ZHER2:2891)2–ABD–E6–MC-DM1 could potentially offer an alternative weak-chelating pocket for 99mTc,
due to the electron-donating properties of glutamate sidechains [35]. However, the minimal activity
release in the presence of competing histidines revealed that this is not the case for these conjugates.

The three radiolabeled AffiDCs demonstrated HER2-mediated binding to SKOV-3 cells in vitro
(Figure 5). This clearly showed that site-specific radiolabeling had no negative influence on the
HER2-binding properties. There was an apparent influence of the spacer on the internalization rate
of the conjugates where both conjugates containing a polyglutamate spacer demonstrated a slower
internalization rate compared to (ZHER2:2891)2–ABD–MC-DM1 at all studied timepoints (Figure 6).
Nonetheless, the internalization experiment clearly showed that both (ZHER2:2891)2–ABD–E3–MC-DM1
and (ZHER2:2891)2–ABD–E6–MC-DM1 are still efficiently internalized and should thus be capable
of targeted delivery of the drug DM1 to kill tumor cells similar to the previously evaluated
(ZHER2:2891)2–ABD–MC-DM1.

The biodistribution data of the three AffiDCs in BALB/c nu/nu mice were in a good agreement
with the data reported earlier for (ZHER2:2891)2–ABD–MC-DM1 [14]. The AffiDCs clearly demonstrated
the capacity to bind to tumor xenografts in vivo in a HER2-dependent manner (Figure 7 and Figure S2).
The results of the biodistribution experiment confirmed the relation between the hydrophobicity of
the DM1-containing AffiDC and liver accumulation. Incorporation of the hydrophilic polyglutamate
spacer enabled modulation of liver accumulation. The hydrophilized (ZHER2:2891)2–ABD–E3–MC-DM1
and (ZHER2:2891)2–ABD–E6–MC-DM1 AffiDCs had nearly 1.5-fold (p < 0.05) lower liver accumulation
than that of the parental (ZHER2:2891)2–ABD–MC-DM1 (Figure 7). Several overlapping factors may be
associated with the selective accumulation of drug conjugates in the liver [36]. These factors include
affinity between the construct and the hepatocellular transport proteins residing outside of the cells,
the potential to trigger endocytosis, the release from the endosomes or lysosomes inside the hepatic
cells, and the rate at which the linker between the targeting agent and the drug is cleaved. Moreover,
the affinity between the construct and its catabolites to the hepatocellular efflux transporters might also
play a role in hepatic accumulation. It is important to mention that the radiolabel and the drug DM1 are
located at different ends of the AffiDCs. This makes it difficult to link any observed differences in hepatic
accumulation to the nature of DM1–catabolites formed after lysosomal degradation. The most plausible
explanation for the observed difference in hepatic accumulation of radioactivity, stems from the
difference in uptake of the three AffiDCs—having different degree of hydrophilicity—by hepatocytes.
This is based on earlier findings, where reduction of overall hydrophobicity of targeting agents was
found to suppress hepatic uptake [29,37–39]. Decreasing overall hydrophobicity by incorporation of
hydrophilic groups or linkers has also resulted in better in vivo targeting properties for bulky ADCs,
particularly reduction of hepatic accumulation [22,28]. Since the AffiDCs are approximately 10 times
smaller than ADCs, it is expected that the influence of hydrophilization on liver uptake should be more
profound for AffiDCs. Surprisingly, the effect on hepatic accumulation was not directly proportional
to the number of incorporated glutamate residues and no significant difference in liver accumulation
between (ZHER2:2891)2–ABD–E3–MC-DM1 and (ZHER2:2891)2–ABD–E6–MC-DM1 was found at any of
the timepoints (Figure 7). Regardless of the underlying reason, a reduction in hepatic uptake could
have a positive impact on the maximum tolerated dose of AffiDC.
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4. Materials and Methods

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) or Merck (Darmstadt,
Germany) unless otherwise stated. Restriction enzymes were from New England Biolabs (Ipswitch,
MA, USA).

4.1. Construction of Genes Encoding Affibody Constructs

Genes encoding (ZHER2:2891)2–ABD–Cys and (ZTaq)2–ABD–Cys were constructed previously [14].
Genes encoding (ZHER2:2891)2–ABD–E3–Cys, (ZHER2:2891)2–ABD–E6–Cys flanked by NdeI and BamHI
restriction sites were synthesized by Thermo Fisher Scientific (Waltham, MA, USA). They were
subcloned into the pET-21a(+) plasmid vector (Novagen, Madison, WI, USA) using NdeI and BamHI
restriction enzymes.

4.2. Expression and Purification of Affibody Constructs

The affibody constructs were expressed at 37 ◦C in shake flask cultures of Escherichia coli BL21
Star (DE3) (New England Biolabs). When OD600 was between 0.6 and 1, protein expression was
induced by addition of 1 mM isopropyl β-D-1-thiogalactopyranoside (Appolo Scientific, Stockport,
UK). Protein production was carried out for 3 h, after which the cells were harvested by centrifugation
and lysed by sonication. The supernatants were clarified by centrifugation and filtration through
a 0.45 µm Acrodisc syringe filter (Pall, Port Washington, NY, USA). The recombinantly expressed
affibody constructs were purified by affinity chromatography on a HiTrap NHS sepharose column (GE
Healthcare, Uppsala, Sweden) with immobilized human serum albumin (HSA) using an ÄKTA system
(GE Healthcare), essentially as previously described [14] including elution with 50 mM acetic acid. The
fractions containing affibody constructs were pooled and lyophilized.

4.3. Conjugation with MC-DM1

The lyophilized proteins were dissolved in PBS at pH 6.5 to a final concentration of 0.1 mM and
incubated with 5 mM tris(2-carboxyethyl) phosphine (TCEP) for 30 min at room temperature., to reduce
the sulfur on the C-terminal cysteine of the constructs, which could potentially have been oxidized
during protein production and purification. Freshly prepared MC-DM1 (Levena Biopharma, San
Diego, CA, USA), dissolved in DMSO (20 mM), was mixed with the affibody constructs at a molar ratio
of 2:1, and the conjugation mixture was incubated overnight at r.t. The conjugation reaction mixture
was diluted with HPLC buffer A (0.1% trifluoroacetic acid in H2O) and then loaded on a Zorbax C18
SB column (Agilent, Santa Clara, CA, USA). Bound material was eluted by a 25 min gradient from
20% or 30% to 60% or 80% buffer B (0.1% trifluoroacetic acid in acetonitrile). The fractions containing
affibody–MC-DM1 conjugates were pooled followed by lyophilization.

Capping of the C-terminal cysteine to create the nontoxic control (ZHER2:2891)2–ABD–IAA was
carried out with 2-iodoacetamide. Lyophilized (ZHER2:2891)2–ABD–Cys was dissolved in alkylation
buffer (6M urea, 0.1 M NH4HCO3) after which dithiothreitol was added to a final concentration of
4 mM, followed by incubation for 30 min at 37 ◦C to reduce any potentially oxidized cysteine residues.
2-Iodoacetamide was added to a final concentration of 10 mM followed by incubation for 30 min at r.t.
to alkylate the cysteines. The capped proteins were purified by RP-HPLC as described above for the
affibody–MC-DM1 conjugates, followed by lyophilization.

The lyophilized proteins were dissolved in sterile PBS buffer and stored at −20 ◦C until use.
Purified proteins (5 µg in each sample) were analyzed by SDS-PAGE (Biorad, Hercules, CA, USA)
under reducing conditions. The molecular weight of purified affibody–MC-DM1 conjugates was
measured by ESI-TOF mass spectrometry (Agilent).
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4.4. Binding Specificity and Affinity Determination

A Biacore T200 and a Biacore 3000 instrument (GE Healthcare) were used for biosensor analysis.
The extracellular domain of HER2 (HER2ECD) (Sino Biological, Beijing, China) was immobilized to 210,
310, and 456 RUs on three different flow cells on a CM5 chip by amine coupling in sodium acetate
buffer, pH 4.5. A reference flow cell was created by activation and deactivation. On a second CM-5
chip, HSA (Novozymes, Bagsvaerd, Denmark), MSA (Sigma-Aldrich, St. Louis, MO, USA), and BSA
(Merck Millipore) were immobilized in the same way. The final immobilization levels were 869, 584,
and 779 RUs, respectively. HBS-EP (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% Tween 20, pH
7.4) was used as running buffer and for dilution of the analytes. All experiments were performed
at 25 ◦C with a flow rate of 50 µL/min. The chips were regenerated by injection of 15 mM HCl for
30 s. The binding kinetics was analyzed by the Biacore evaluation software using the one-to-one
kinetics model.

4.5. In Vitro Cytotoxicity Analysis

AU565, SKBR-3, SKOV-3, A549, and MCF7 cell lines were obtained from American Type Culture
Collection (American Type Culture Collection, ATCC via LGC Promochem, Borås, Sweden) and were
grown in McCoy’s 5A (SKOV-3, SKBR-3), RPMI-1640 (AU565), or Dulbecco’s modified Eagle medium
(A549 and MCF7) (Flow, Irvine, UK) supplemented with 10% FBS (Sigma-Aldrich, St. Louis, MO,
USA) in a humidified incubator at 37 ◦C in 5% CO2 atmosphere. Approximately 5000 cells/well
(2000 cells/well for SKOV-3) were seeded in a 96-well plate and allowed to attach for 24 h. Subsequently,
the medium was replaced with fresh medium containing serial dilutions of affibody–MC-DM1
conjugates or 2-iodoacetamide-capped nontoxic control followed by incubation for 72 h. Cell viability
was determined using Cell Counting Kit-8 (CCK-8; Sigma-Aldrich) according to the manufacturer’s
protocol with measurement of A450 in each well. The obtained absorbance values were analyzed by
GraphPad Prism using a log(inhibitor) vs. response-variable slope (four parameters) model (GraphPad
Software, Inc., La Jolla, CA, USA).

4.6. Radiolabeling and Stability Test of Radiolabeled Constructs

Site-specific radiolabeling of AffiDCs ((ZHER2:2891)2–ABD–MC-DM1,
(ZHER2:2891)2–ABD–E3–MC-DM1, and (ZHER2:2891)2–ABD–E6–MC-DM1) with 99mTc using
(99mTc(CO)3(H2O)3) + precursor was performed as previously described [14]. In brief, eluted
pertechnetate, 99mTcO4

-, (400–500 µL) from 99Mo/99mTc generator was added to a CRS kit (PSI, Villigen,
Switzerland) to generate the (99mTc(CO)3(H2O)3) + (tricarbonyl technetium) precursor. The mixture
was vortexed carefully and incubated at 100 ◦C for 20 min. After incubation, 20 µL of the tricarbonyl
technetium solution was added to a tube containing 55 µg of the respective AffiDC in 100 µL of
PBS and incubated for 60 min at 60 ◦C. To isolate the radiolabeled AffiDCs, the mixture was passed
through a NAP-5 size-exclusion column (GE Healthcare) pre-equilibrated and eluted with 2% BSA in
PBS. Radiochemical yield and purity of the conjugates were determined using silica-impregnated
ITLC strips (150–771 DARK GREEN Tec-Control Chromatography strips (Biodex Medical Systems,
Shirley, NY, USA) eluted with PBS and measured using the Cyclone Storage Phosphor System
(PerkinElmer, Waltham, MA, USA). To evaluate the stability of the radiolabeled AffiDCs, they were
incubated with a 5000-fold molar excess of histidine at 37 ◦C for up to 4 and 24 h, respectively.
The percentage of protein-bound radioactivity after histidine challenge was determined using
radio-ITLC as mentioned above.

4.7. In vitro Specificity and Internalization

To confirm the specificity of binding of 99mTc-radiolabeled AffiDCs to HER2-expressing cells
in vitro, SKOV-3 cells (5–7.5 × 105) were incubated with 2 nM of each conjugate at 37 ◦C for 60 min
(n = 3). For blocking, another set of dishes containing SKOV-3 cells were preincubated with 500-fold
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molar excess of nonlabeled anti-HER2 affibody molecule ZHER2:342 prior to the addition of radiolabeled
AffiDCs. Thereafter, both medium and cells were collected from each dish and measured for
radioactivity using an automated γ-spectrometer (1480 Wizard; Wallac Oy, Turku, Finland). Data are
presented as mean values from three cell dishes with standard deviation.

The internalization of 99mTc-radiolabeled AffiDCs by HER2-expressing cells was studied using a
method described earlier by Altai et al. [14]. For this, four groups of dishes (n = 3) containing SKOV-3
cells (5–7.5 × 105 cells/dish) were incubated with 2 nM (per dish) of the respective conjugate at 37 ◦C.
At determined timepoints (1, 2, 4, and 6 h) after incubation, a group of dishes (n = 3) was removed
from the incubator. Media was then discarded, and cells were washed with 1 mL of serum-free media.
Thereafter, cells were incubated with 0.5 mL urea–glycine buffer pH 2.5 (acid wash) for 5 min on ice.
This acid wash was then collected. An additional 0.5 mL of the acid wash was also used to wash the
cells, and this fraction was collected immediately. Cells were then incubated with 0.5 mL 1 M NaOH
solution for at least 30 min at 37 ◦C to lysate the cells (base wash). Cells were additionally washed
with 0.5 mL base wash. Both acid and base washes were measured for radioactivity using automated
γ-spectrometer.

4.8. Biodistribution and In Vivo Targeting

The animal experiments were planned and performed in accordance with national legislation on
laboratory animal protection. The animal studies were approved by the local ethics committee for
animal research in Uppsala, Sweden (C85/15).

Comparative biodistribution studies of 99mTc-labeled (ZHER2:2891)2–ABD–MC-DM1,
(ZHER2:2891)2–ABD–E3–MC-DM1, and (ZHER2:2891)2–ABD–E6–MC-DM1 were performed in female
BALB/c nude mice (Scanbur A/S, Karlslunde, Denmark). Two weeks before the start of the experiment,
36 mice (6–8 weeks old) were injected with 10 × 106 SKOV-3 cells/per mouse (HER2+) in the right hind
leg. The mice (18.4 ± 1.4 g) were randomized to nine groups, with four mice in each group. Animals
were injected intravenously with 6 µg (of each conjugate) per animal in 100 µL PBS containing 2%
BSA. The injected radioactivity was calculated to give 30 kBq per mouse by the time of dissection. At
predetermined timepoints (4, 24, and 46 h p.i.) mice were euthanized by overdosing of anesthesia
(Ketalar (ketamine): 10 mg/mL, Pfizer AB, Sweden; Rompun (xylazine): 1 mg/mL, Bayer AG,
Leverkusen, Germany) followed by heart puncture and exsanguination. Organs and tissue samples
were collected and weighed, and the radioactivity was measured using an automated γ-spectrometer.

To demonstrate the specific delivery of 99mTc-labeled (ZHER2:2891)2–ABD–MC-DM1,
(ZHER2:2891)2–ABD–E3–MC-DM1, and (ZHER2:2891)2–ABD–E6–MC-DM1 to HER2-expressing tumors, an
in vivo specificity study was performed. For this, an additional 12 BALB/c nude mice were xenografted
with 5 × 106 RAMOS (HER2) lymphoma cells in the right hind leg. Each group of four mice (n = 4)
were i.v. injected with 6 µg (30 kBq) of the respective conjugate in 100 µL PBS containing 2% BSA. Mice
were euthanized at 46 h p.i. and treated as mentioned above.

5. Conclusions

In conclusion, this study demonstrated that insertion of a polyglutamate spacer is an effective
strategy to decrease hepatic uptake of affinity protein drug conjugates. The use of the hydrophilic and
negatively charged glutamate spacer provided, by far, the lowest level of hepatic uptake for AffiDCs.
Accumulation in other organs and tissues was also low, and no influence on the HER2-mediated
tumor uptake was observed. We believe that the approach described here represents a means for the
development of other targeting affinity protein drug conjugates for treatment of disseminated cancers
and to facilitate their clinical translatability.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/8/1168/s1,
Figure S1: Scheme 1: Structures of the 99mTc(CO)3 chelated by HEHEHE tag, Figure S2: In vivo specificity.
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Simple Summary: IL3RA (alpha subunit of the interleukin 3 receptor) is a cell membrane protein
frequently expressed in acute myeloid leukemia (AML) and Hodgkin lymphoma; therefore,
it is a promising therapeutic target for cancer treatment. Here, we introduce BAY-943, a novel
IL3RA-targeting antibody–drug conjugate that shows potent and selective efficacy in IL3RA-positive
AML and Hodgkin lymphoma cell lines. In IL3RA-positive AML mouse models, BAY-943 improved
survival and reduced tumor burden. Impressively, treatment with BAY-943 induced complete tumor
remission in 12 out of 13 mice in an IL3RA-positive HL model. BAY-943 showed a favorable safety
profile without any signs of toxicity in rats and monkeys. Overall, these preclinical results support
the further development of BAY-943 for the treatment of IL3RA-positive hematologic malignancies.

Abstract: IL3RA (CD123) is the alpha subunit of the interleukin 3 (IL-3) receptor, which regulates the
proliferation, survival, and differentiation of hematopoietic cells. IL3RA is frequently expressed in
acute myeloid leukemia (AML) and classical Hodgkin lymphoma (HL), presenting an opportunity
to treat AML and HL with an IL3RA-directed antibody–drug conjugate (ADC). Here, we describe
BAY-943 (IL3RA-ADC), a novel IL3RA-targeting ADC consisting of a humanized anti-IL3RA antibody
conjugated to a potent proprietary kinesin spindle protein inhibitor (KSPi). In vitro, IL3RA-ADC
showed potent and selective antiproliferative efficacy in a panel of IL3RA-expressing AML and HL
cell lines. In vivo, IL3RA-ADC improved survival and reduced tumor burden in IL3RA-positive
human AML cell line-derived (MOLM-13 and MV-4-11) as well as in patient-derived xenograft
(PDX) models (AM7577 and AML11655) in mice. Furthermore, IL3RA-ADC induced complete tumor
remission in 12 out of 13 mice in an IL3RA-positive HL cell line-derived xenograft model (HDLM-2).
IL3RA-ADC was well-tolerated and showed no signs of thrombocytopenia, neutropenia, or liver
toxicity in rats, or in cynomolgus monkeys when dosed up to 20 mg/kg. Overall, the preclinical
results support the further development of BAY-943 as an innovative approach for the treatment of
IL3RA-positive hematologic malignancies.
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1. Introduction

Interleukin 3 receptor subunit alpha (IL3RA; also known as CD123) is the α subunit of the
heterodimeric IL-3 receptor. Together with the β subunit, it forms a functional high-affinity receptor
for IL-3 [1–3]. IL-3 is a pleiotropic cytokine that is mainly produced by activated T lymphocytes, and it
regulates the function and production of hematopoietic and immune cells [4]. IL3RA is expressed
at high levels in ≈80% of acute myeloid leukemias (AML) [1,2,5], 59–100% of classical Hodgkin
lymphomas (cHL), and the majority of blastic plasmacytoid dendritic cell neoplasms (BPDCN) [6–10].
It is also expressed by close to 100% of myelodysplastic syndrome (MDS) patients, but the expression
intensity may vary [11–14]. Importantly, IL3RA overexpression on AML blasts has been associated
with an increased number of leukemic blast cells at diagnosis and with a negative prognosis [15].
IL3RA is also expressed in basophils and plasmacytoid dendritic cells [5,16].

Several studies have indicated that IL-3 and its receptor play important roles in the progression of
AML [3,17], and indeed, experiments with a monoclonal antibody that blocks the binding of IL-3 to
IL3RA have shown increased survival in AML mouse models [18]. Characterization of hematologic
malignancies has demonstrated increased IL3RA expression in CD34+CD38− AML blasts as compared
to expression in normal cells. Furthermore, these IL3RA-overexpressing cells have been shown to be
able to initiate and maintain the leukemic process in immuno-deficient mice and thus act as leukemic
stem cells [3,19]. Consequently, IL3RA has been shown to be a very useful biomarker for the detection
of minimal residual disease, thereby predicting relapse in AML patients [20,21]. Taken together,
these results suggest that IL3RA is a very attractive target for an antibody–drug conjugate (ADC)
approach for the treatment of AML and other IL3RA-positive hematologic malignancies [10].

Here, we exploited a novel pyrrole subclass payload that potently inhibits the kinesin spindle
protein (KSP/KIF11/Eg5) in biochemical and cellular assays to develop an ADC to target IL3RA on
cancer cells [22–25]. KSP is a motor protein responsible for an essential event in mitosis, the segregation
of duplicated centrosomes during spindle formation in the G2/M phase of the cell cycle, and therefore,
it is required for productive cell divisions [26]. High expression of KSP in hematologic indications such
as AML blasts and diffuse large B-cell lymphoma (DLBCL) [27] and in solid cancers such as breast,
bladder, and pancreatic cancer has been linked to poorer prognosis [28], and thus, KSP presents an
attractive target for cancer treatment.

KSP is active in all proliferating cells and therefore, KSP inhibitors (KSPi) representing various
structural classes have resulted in neutropenia, mucositis, and stomatitis in clinical trials [28–32].
However, ADCs that combine a cancer cell-targeting antibody and a cytotoxic payload via a linker can
deliver a cytotoxic payload specifically to target-expressing cancer cells. This approach could protect
healthy tissue from exposure to the cytotoxic compound, thus decreasing overall side effects especially
on highly proliferative tissues, thereby expanding the therapeutic window.

To generate the IL3RA-ADC BAY-943, a non-cell-permeable KSPi was conjugated randomly to
the lysine residues of a humanized derivative of the anti-IL3RA antibody 7G3 [33], TPP-9476, via a
novel protease-cleavable peptide linker [24]. IL3RA-ADC was efficacious in IL3RA-positive AML
and HL cell lines in vitro, as well as in IL3RA-expressing AML and HL cell line and patient-derived
xenograft (PDX) models in vivo. IL3RA-ADC was well-tolerated in the mouse, rat, and cynomolgus
monkey. No signs of neutropenia, mucositis, or stomatitis, the typical side effects of small molecule
KSPis, were observed in safety studies performed in rat and cynomolgus monkey. Taken together,
these data support the further development of the compound as a novel therapy option for patients
with AML or other hematologic malignancies expressing IL3RA.
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2. Results

2.1. Characterization of the IL3RA-Targeting Antibody TPP-9476 and IL3RA-ADC BAY-943

The binding affinity of the IL3RA-targeting antibody TPP-9476 (IL3RA-Ab) to human and
cynomolgus monkey IL3RA was assessed by surface plasmon resonance (SPR) and flow cytometry.
IL3RA-Ab showed high affinity to both the human and the cynomolgus monkey IL3RA protein with
dissociation constants (KD) of 11 nmol/L and 16 nmol/L, respectively, as determined by SPR. No binding
to murine IL3RA was observed. Furthermore, IL3RA-Ab bound specifically to the IL3RA-expressing
human hematologic cancer cell lines MOLM-13, MV-4-11, and KG-1 as determined by flow cytometry
(Figure 1A).

 

−

− −

−

−

Figure 1. Characterization of the interleukin 3 receptor subunit alpha (IL3RA) antibody TPP-9476 and
schematic representation of the IL3RA antibody–drug conjugate (ADC) BAY-943. (A) The binding of the
IL3RA-targeting antibody (IL3RA Ab) TPP-9476 to IL3RA-positive hematologic cell lines as determined
by flow cytometry. The obtained EC50 values were 2.73 × 10−9 M for MOLM-13, 6.53 × 10−9 M for
MV-4-11, and 4.54 × 10−9 M for KG-1 cells. (B,C) The internalization of the IL3RA Ab TPP-9476 and
an isotype control antibody into IL3RA-positive MOLM-13 (B) and MV-4-11 (C) cells as determined
by flow cytometry-based imaging. (D) The colocalization of the IL3RA Ab TPP-9476 in lysosomes in
the IL3RA-positive MOLM-13 and IL3RA-negative HBL-1 cells. (E) Schematic representation of the
IL3RA-ADC BAY-943. TPP-9476 represents the IL3RA-Ab. The “cell trapper” functionality indicates a
non-cell-permeable payload metabolite that enables maximal retention in target cells after cleavage.
(F) The binding of the IL3RA-ADC BAY-943 to IL3RA-positive MOLM-13 cells as determined by flow
cytometry. The obtained EC50 values were 20.4 × 10−9 M for ILRA3A-ADC and 18.7 × 10−9 M for
ILRA3A Ab, respectively.
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As the prerequisite for ADC activity is to effectively deliver the cytotoxic payload into the cells,
we next studied the ability of IL3RA-Ab to internalize upon target binding. The fluorescently labeled
IL3RA-Ab showed highly specific, target-dependent internalization in the IL3RA-positive MOLM-13
and MV-4-11 cell lines with >3.5-fold enhancement as compared with the non-specific internalization
of the isotype control antibody (Figure 1B,C). In flow cytometry-based imaging, IL3RA-Ab showed
lysosomal colocalization in the IL3RA-positive MOLM-13 but not in the IL3RA-negative HBL-1 cell
line (Figure 1D). The lysosomal colocalization of IL3RA-Ab indicates that when incorporated into an
ADC, it allows the release of the payload metabolite. This can occur via the cleavage of the linker by a
lysosomal protease that is active at acidic pH (such as legumain) and/or by proteolytic degradation of
the antibody.

Since IL3RA-Ab demonstrated the essential properties of an effective ADC antibody, we conjugated
a non-cell permeable KSPi to the lysine residues of the IL3RA-Ab TPP-9476 via a novel
legumain-cleavable peptide linker [24] to produce the IL3RA-targeting ADC BAY-943 (IL3RA-ADC;
Figure 1E). IL3RA-ADC showed high stability in human plasma (Supplementary Figure S1C) and a
comparable binding affinity to the IL3RA-Ab (half-maximal effective concentration, EC50 18–21 nmol/L
in MOLM-13 cells; Figure 1F), indicating that the attachment of the KSPi payload linker does not
impact the binding affinity of the ADC antibody moiety. Furthermore, the active payload metabolite
of IL3RA-ADC, BAY-716, showed poor permeability across Caco-2 cells (apparent permeability,
Papp A-B = 1.8 nm/s, Papp B-A = 2.7 nm/s) with an efflux ratio (Papp B-A/Papp A-B) of 1.6, indicating
that no active efflux takes place in Caco-2 cells. The poor permeability from B-A in Caco-2 cells
indicates a long residence time after intracellular release of the active KSPi metabolite BAY-716 in
tumor cells. As Caco-2 cells express the efflux transporter P-gP (P-glycoprotein), it also suggests that
BAY-716 is a poor substrate for the efflux transporter P-gP.

2.2. IL3RA-ADC Shows Potent and Selective Efficacy In Vitro

The in vitro cytotoxicity of the IL3RA-ADC BAY-943 was assessed in a panel of human tumor cell
lines with different IL3RA expression levels (Table 1). IL3RA-ADC demonstrated potent antiproliferative
activity with half-maximal inhibitory concentration (IC50) values at the subnanomolar to nanomolar
range in the IL3RA-positive AML (MV-4-11, MOLM-13) and HL (HDLM-2, L-428) derived cell lines,
whereas little activity was observed in the tumor cell lines with low levels of or negative for IL3RA
membrane expression (NCI-H292, HT). Moreover, in IL3RA-positive AML and HL cell lines, a 10 to
100-fold higher sensitivity to IL3RA-ADC compared to the non-targeted isotype control ADC was
observed (Table 2), demonstrating that the activity of IL3RA-ADC is target-dependent. Furthermore,
IL3RA-ADC was found to induce apoptosis specifically in IL3RA-positive cells, as demonstrated
by caspase 3/7 activation in MV-4-11 with an EC50 of 4.33 nmol/L, but not in the IL3RA-negative
MDA-MB-231 cells (EC50 > 300 nmol/L; Supplementary Figure S2), further supporting the selectivity
of IL3RA-ADC.

2.3. IL3RA-ADC Improves Survival in the MOLM-13 and MV-4-11 Xenograft Models

The antitumor efficacy of the IL3RA-ADC BAY-943 was tested in two IL3RA-positive, systemic
(intravenous transplantation) cell line-derived xenografts: MOLM-13 human AML and MV-4-11
human biphenotypic leukemia models in mice. Both the MOLM-13 and MV-4-11 cell lines harbor
FLT3-ITD mutations shown to be associated with an unfavorable prognosis in AML [34]. The median
survival time (MST) for the vehicle and isotype control ADC was 22.5 and 46, respectively (Figure 2).
By contrast, in the MOLM-13 model, 80–100% of the mice treated with 10 mg/kg IL3RA-ADC survived
without signs of leukemia until day 123, when the study was terminated (Figure 2B), while all mice
treated with the isotype control ADC were sacrificed due to signs of disease by day 67 after tumor
cell inoculation. In the MV-4-11 model, the administration of IL3RA-ADC once weekly (Q7D), every
two weeks (Q14D), or every three weeks (Q21D) resulted in a potent and sustained antitumor effect
with MSTs of 120.5, 145.5, and 105 at the IL3RA-ADC dose of 2.5 mg/kg (Figure 2C) and 162, 153,
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and 140 days at the IL3RA-ADC dose of 10 mg/kg, respectively (Figure 2D). The MST for the vehicle
and the isotype control ADC was 48 and 148, respectively. No significant differences in efficacy between
the tested treatment schedules were observed in either of the models.

Table 1. The antiproliferative activity of IL3RA-ADC in a panel of tumor cells.

Cell Line
Provider

(Catalog No.)
Date

Obtained
Date

Authenticated
Origin

Anti-IL3RA
ABC

IL3RA-ADC
IC50 (M)

MV-4-11 ATCC
(CRL 9591) 5/5/2008 02/05/2019

Biphenotypic B
myelomonocytic

leukemia
≈26,700 1.58 × 10−10

MOLM-13 DSMZ
(ACC 554) 5/2/2008 02/05/2019 Acute myeloid

leukemia ≈15,100 a 6.37 × 10−10

HDLM-2 DSMZ
(ACC 17) 19/02/2015 06/05/2015

Pleural effusion of
Hodgkin

lymphoma
≈74,300 1.97 × 10−9

L-428 origin
unknown 1996 17/04/2013

Pleural effusion of
Hodgkin

lymphoma
≈111,300 3.97 × 10−10

THP-1 ATCC
(TIB 202) 15/02/2006 19/03/2014 Acute monocytic

leukemia ≈21,100 2.92 × 10−9

KG-1 ATCC
(CCL 246) 28/10/2010 24/03/2011

Acute
myelogenous

leukemia
≈7200 8.34 × 10−9

HT DSMZ
(ACC567) 12/09/2013 19/03/2014 Diffuse mixed

lymphoma ≈350 >3.00 × 10−7

NCI-H292 ATCC
(CRL 1848) 13/08/2009 07/02/2012 Non-small cell

lung cancer ≈500 >3.00 × 10−7

HBL-1 Charité (Prof.
Lenz) 15/04/2011 03/11/2017 Diffuse B cell

lymphoma n.d. n.d.

Kasumi-3 DSMZ
(ACC 714) 20/04/2017 05/09/2017 Acute myeloid

leukemia 23,500 6.89 × 10−9 b

Rec-1 ATCC
(CRL-3004) 24/02/2014 23/08/2018 Mantle cell

lymphoma n.d. 1.03 × 10−7

OVCAR-8 NCI
(NCI-60 panel) 20/10/2008 02/05/2019 Ovarian cancer n.d. 1.47 × 10−7

MDA-MB-231 ATCC
HTB-26 05/04/2006 15/10/2019 Breast cancer ≈890 >3.00 × 10−7

Ramos ATCC
CRL 1596 08/03/2011 06/0572015 Burkitt’s

lymphoma n.d. a n.d.

In vitro cytotoxicity (CellTiter-Glo®, Promega) of the IL3RA-ADC BAY-943 in cancer cell lines with different levels
of anti-IL3RA antibody bound per cell (ABC) as determined by quantitative flow cytometry. The mean IC50
values from up to six individual assays are shown. n.d., not determined. a IL3RA expression analyzed by IHC on
paraffin-embedded cell pellets; b IC50 determined at 144 h (at 72 h for the other cell lines).

Table 2. The selectivity of IL3RA-ADC compared to the isotype control ADC.

Cytotoxicity, IC50 (M)

Compound DAR
MV-4-11
(IL3RA
≈26,700)

MOLM-13
(IL3RA
≈15,100)

HDLM-2
(IL3RA
≈74,300)

THP-1
(IL3RA
≈21,100)

NCI-H292
(IL3RA
≈500)

IL3RA-ADC 6.3 1.58 × 10−10 6.37 × 10−10 1.29 × 10−9 2.92 × 10−9 >3.00 × 10−7

Control ADC 7 >3.00 × 10−7 2.18 × 10−9 1.52 × 10−7 1.48 × 10−8 2.12 × 10−7

IL3RA-Ab n.a. >3.00 × 10−7 >3.00 × 10−7 >3.00 × 10−7 >3.00 × 10−7 >3.00 × 10−7

KSPi SMOL n.a. 9.05 × 10−11 8.95 × 10−11 1.00 × 10−10 3.07 × 10−10 2.16 × 10−10

In vitro cytotoxicity (CellTiter-Glo®, Promega) of the IL3RA-ADC BAY-943, isotype control ADC BAY-229, IL3RA
antibody TPP-9476, and small molecule KSP inhibitor BAY-331 in the IL3RA-positive AML cell lines MV-4-11,
MOLM-13, HDLM-2, THP-1 and in the IL3RA-low expressing NSCLC cell line NCI-H292 after 72 h incubation time.
Anti-IL3RA ABC levels as determined by quantitative flow cytometry are indicated in the parentheses after each
cell line. Ab, antibody; ADC, antibody–drug conjugate; DAR, drug-to-antibody ratio; n.a., not applicable; NSCLC,
non-small-cell lung carcinoma; SMOL, small molecule.
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Figure 2. Antitumor efficacy of the IL3RA-ADC BAY-943 in the systemic MOLM-13 and MV-4-11
leukemia xenograft models. A-B. Kaplan–Meier survival plots of mice transplanted with the MOLM-13
human acute myeloid leukemia (AML) cells and treated intravenously (i.v.) with the isotype control
ADC (10 mg/kg, Q7D) or IL3RA-ADC at 2.5 mg/kg (A) or 10 mg/kg (B); Q7D, Q14D, or Q21D. C-D.
Kaplan–Meier survival plots of mice transplanted with the MV-4-11 human biphenotypic leukemia
cells and treated i.v. with the isotype control ADC (10 mg/kg, Q7D) or IL3RA-ADC at 2.5 mg/kg (C)
or 10 mg/kg (D); Q7D, Q14D or Q21D. The vertical dashed gray lines delineate the treatment period,
and the arrows indicate time of treatment. Data were analyzed using the Cox proportional hazards
model and corrected for family-wise error rate using Sidak’s method. Asterisks and hashtags indicate
statistical significance in comparison to the vehicle (** p < 0.01, *** p < 0.001) or isotype control ADC
(### p < 0.001).

In the vehicle and the isotype control ADC groups, nearly all mice had symptoms of leukemia,
i.e., splenomegaly and paralysis of hind limbs. In addition, the mean body weights decreased in
these treatment groups, indicating that the mice suffered from leukemia (Supplementary Figure S3).
However, no treatment-related side effects or abnormalities were observed during the study or at gross
necropsy in the IL3RA-ADC-treated groups.

The antitumor efficacy of IL3RA-ADC was also tested in the subcutaneous MOLM-13 and MV-4-11
xenograft models in mice. Repetitive dosing with IL3RA-ADC resulted in a significant suppression
of tumor growth in both models compared to the isotype control ADC, while the standard-of-care
cytarabine showed no activity in these models (Supplementary Figure S4). Furthermore, in the MV-4-11
model, treatment with the unconjugated IL3RA-Ab TPP-9476 at 5 mg/kg, Q7D×2 showed no tumor
growth inhibition (Supplementary Figure S4C,D), indicating that the antitumor activity of IL3RA-ADC
is conveyed by the targeted delivery of the KSPi payload and not the IL3RA-Ab.

2.4. IL3RA-ADC Suppresses Tumor Burden and Improves Survival in Systemic AM7577 and AML11655
PDX Models

The efficacy of IL3RA-ADC was further evaluated in the systemic AM7577 and AML11655
patient-derived AML xenograft models in mice. These PDX models showed high IL3RA protein
expression (Supplementary Figure S5) and harbor a typical AML genotype with mutations in genes
including NMP1, FLT3-ITD, IDH1, IDH2, and DNMT3A (Supplementary Table S1).

In the AM7577 PDX model, IL3RA-ADC administered at 10 mg/kg intraperitoneally (i.p.) reduced
tumor burden compared to the vehicle or isotype control ADC, as indicated by a decreased number
of human CD45 (hCD45)/human IL3RA (hIL3RA)-positive cells in blood on day 56 (both p < 0.001;
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Figure 3A). Furthermore, treatment with IL3RA-ADC resulted in improved survival with the MST of
69 days at the dose of 2.5 + 10 mg/kg and 82 days at the dose of 10 mg/kg. The MST for the vehicle and
the isotype control ADC was 62 and 64 days, respectively (Figure 3B).

 

 
 

Figure 3. Antitumor efficacy of the IL3RA-ADC BAY-943 in the patient-derived AM7577 and AML11655
AML xenograft models. (A) Tumor burden on day 56 in mice transplanted with AM7577 cells and
treated i.p. with the isotype control ADC (10 mg/kg, Q7D) and IL3RA-ADC (2.5 + 10 mg/kg or 10 mg/kg,
Q7D). In the 2.5 + 10 mg/kg IL3RA-ADC treatment group, the first dose was 2.5 mg/kg (day 38) and the
two subsequent doses (on days 45 and 59) 10 mg/kg. (B) Kaplan–Meier survival plots of mice described
in panel A. Treatment days in all groups except for the 2.5 + 10 mg/kg IL3RA-ADC treatment group
are indicated with gray arrows. (C) Tumor burden on day 54 in mice transplanted with AML11655
cells. Intraperitoneal treatments with the isotype control ADC (10 mg/kg, Q7D) were initiated on day
34 and with IL3RA-ADC (10 mg/kg, Q7D) on day 5 (preventive setting) or 34 (therapeutic setting).
(D) Kaplan–Meier survival plots of mice described in panel C. Treatment days are indicated with
red arrows. The data were analyzed using the Cox proportional-hazards model and corrected for
family-wise error rate using Sidak’s method. Asterisks and hashtags indicate statistical significance in
comparison to vehicle (* p < 0.05, *** p < 0.001) and the isotype control ADC (### p < 0.001).

In the AML11655 mouse xenograft model, IL3RA-ADC was administered i.p. using either
a preventive (treatment started on day 5) or a therapeutic (treatment started on day 34) setting.
IL3RA-ADC administered at 10 mg/kg inhibited the growth of IL3RA-positive AML cells, as indicated
by temporarily reduced numbers of hCD45-positive cells in blood compared to vehicle or isotype
control ADC in both settings (Figure 3C,D; all p < 0.001). In addition, treatment with IL3RA-ADC using
either the preventive or therapeutic setting resulted in prolonged MSTs of 107 or 108 days, respectively
(Figure 3D). The MST for the vehicle and the isotype control ADC was 79 and 78 days, respectively.

2.5. IL3RA-ADC Demonstrates Antitumor Efficacy in Subcutaneous HDLM-2 Hodgkin Lymphoma
Xenograft Model

Finally, the antitumor efficacy of the IL3RA-ADC BAY-943 was tested in a subcutaneous HDLM-2
Hodgkin lymphoma xenograft model in mice. This model showed a high IL3RA antigen density with
≈74,300 anti-IL3RA antibodies bound per cell (Table S1), which is in line with the literature [8]. In the
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HDLM-2 model, the i.p. injection of IL3RA-ADC at 5 or 10 mg/kg resulted in a strong reduction of
tumor growth compared to the vehicle (both p < 0.001; Figure 4). This effect was comparable with the
clinically studied KSPi ispinesib administered at 10 mg/kg in the same model. In the two IL3RA-ADC
treatment groups, total tumor eradication was observed in twelve mice out of thirteen (92%) at the end
of the study.

 

≈

 
 

−

 

Figure 4. Antitumor efficacy of the IL3RA-ADC BAY-943 in the subcutaneous HDLM-2 Hodgkin
lymphoma xenograft model. Mice were transplanted with HDLM-2 cells and treatments with
IL3RA-ADC (5 or 10 mg/kg, Q7D×2, i.p.) or ispinesib (10 mg/kg, Q7D×3, i.v.) were initiated on
day 49. (A) Tumor growth curves. ADC treatment days are indicated with red arrows and ispinesib
administration is indicated with blue arrows. (B) Tumor volume on day 84. Statistical analyses were
performed using a linear mixed-effects model with random intercepts and slopes for each subject
(n = 6–7). Mean comparisons between the treatment and control groups were performed using the
estimated linear mixed-effects model and corrected for family-wise error rate using Sidak’s method.
Asterisks indicate statistical significance in comparison to vehicle (*** p < 0.001).

2.6. IL3RA-ADC Is Well-Tolerated

The safety, including possible changes in the hematologic cell populations, of IL3RA-ADC was
evaluated in the cynomolgus monkey in two range-finding studies with single or repeated dosing.
IL3RA-ADC was well-tolerated without adverse events typically observed with ADCs containing
other payload classes, such as thrombocytopenia, neutropenia, or signs of liver toxicity. In addition,
mucositis, a dose-limiting toxicity for small molecule KSP inhibitors in clinical studies [35], was not
observed. A single dose of IL3RA-ADC up to 20 mg/kg or three repeated doses of IL3RA-ADC up to
10 mg/kg given every three weeks resulted in a transient reduction of IL3RA-positive basophils and
plasmacytoid dendritic cells (pDCs), indicating targeting of the IL3RA-ADC to antigen-positive cells
(data not shown). Furthermore, the administration of IL3RA-ADC showed no obvious changes in the
percentage of the CD34+Lin− bone marrow cell population containing the hematopoietic stem cells,
as analyzed by flow cytometry (data not shown).

The effect of the toxophore metabolite BAY-716 was also analyzed after a single dose of 0.25 mg/kg
in rats (data not shown). No laboratory or histopathology findings were observed, indicating that this
non-cell-permeable toxophore metabolite does not induce toxic effects thereby underlining the good
safety profile of IL3RA-ADC.

3. Discussion

Despite the recent progress in the treatment of AML, clinical outcomes have improved only
minimally over the past three decades. Therefore, novel therapeutic agents with a larger therapeutic
window and a favorable tolerability profile are urgently needed to improve the therapeutic outcome
for AML patients. Increasing evidence indicates that IL3RA is highly expressed in leukemic stem
cells but not in normal hematopoietic stem cells, and it associates in AML with treatment response,
minimal residual disease detection, and prognosis [3,15,17]. Consequently, several IL3RA-targeting
approaches, such as an anti-IL3RA antibody enhanced for antibody-dependent cell-mediated
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cytotoxicity, anti-IL3RA-ADCs with highly potent payloads of the pyrrolobenzodiazepine (PBD)
or indolinobenzodiazepine pseudodimer (IGN) class, various bispecific T cell recruiting antibodies,
or chimeric antigen receptor T cell (CAR-T) therapies are currently under preclinical or clinical
development [10,28,36–39].

Here, we explored a novel concept to improve the therapeutic window and safety of KSP inhibition
by targeting a non-cell-permeable KSP inhibitor as ADC to AML cells, and thereby, sparing fast-dividing
healthy cells from KSP inhibition. This provides a payload with a novel mode of action and would
be a new therapeutic option for the treatment of IL3RA-positive malignancies. The investigated
IL3RA-targeting ADC (BAY-943, IL3RA-ADC) consists of a humanized anti-IL3RA antibody conjugated
with a stable lysine linkage to a potent proprietary KSPi via a protease-cleavable linker, producing a
non-cell-permeable payload metabolite.

KSP is an ATP-dependent plus-end directed motor protein, which generates force and moves
along microtubules, and it is involved in the separation of the centrosomes, the generation of the bipolar
spindle, and thereby plays an important role in mitosis [26]. The inhibition of KSP with small molecules
such as monastrol or small interfering RNA (siRNA)-mediated knockdown results in the formation of
monopolar spindles (termed a “monoaster”), which lead to aberrant mitotic arrest and apoptosis [30,40].
Thus, KSP presents a convincing target for the development of an anti-mitotic approach for cancer
treatment. Accordingly, several allosteric KSP inhibitors such as ispinesib, litronesib, and filanesib
(ARRY-520) have been or are in clinical trials [35,41–44]. Filanesib has also been explored in a Phase I
clinical trial in AML [43], and clinical studies are ongoing in relapsed refractory multiple myeloma
(rrMM). The antitumor activity of filanesib has previously been shown in AML cells in vitro and in
xenograft mouse models [27]. The most common side effects of KSP inhibitors with different chemical
scaffolds are neutropenia, mucositis, and stomatitis [35]. This has been explained by the inhibition
of KSP in highly proliferative cells such as neutrophils and cells lining the mucosa and the stoma,
respectively, thus limiting their therapeutic efficacy due to a small therapeutic window.

Antibody–drug conjugates (ADCs) are one solution that has been proposed to mitigate the toxic
side effects of anti-mitotic therapies and to broaden their therapeutic window. In fact, currently more
than 60 ADCs against multiple targets in solid and hematologic tumors are in clinical trials [45,46],
and eight ADCs have meanwhile been approved [47]. The payload classes currently used are confined
to microtubule destabilizers (e.g., auristatin, dolastatin, maytansinoid, tubulysine), DNA interacting
agents (e.g., calicheamicin, duocarmycin, PBD, IGN), and topoisomerase inhibitors (e.g., camptothecin
derivative SN-38, exatecan). Many of these permeable payloads and/or highly potent DNA-interacting
payloads have safety issues and therefore result in an insufficient therapeutic window. For example,
the clinical trials for the CD33-targeting SGN-CD33A and the IL3RA-targeting SGN-CD123A [38,39] both
with a PBD payload were terminated in 2017 and 2018, respectively. Recently, the first IL3RA-targeting
therapy was approved for BPDCN [9]. However, the fusion protein tagraxofusp-erzs (formerly called
SL-401), which consists of the ligand IL3 fused to a truncated diphtheria toxin, has been reported to
cause capillary leak syndrome as a common side effect in more than 55% of patients [10]. This further
underlines that efficacious therapies with acceptable safety profiles are still urgently required for
targeting IL3RA-positive malignancies.

The IL3RA-ADC BAY-943 demonstrated the capability of delivering a novel cytotoxic payload to
IL3RA-positive cells. The IL3RA antibody TPP-9476 to which the KSP inhibitor payload is linked via a
legumain-cleavable peptide linker showed high binding affinity and specificity to IL3RA and bound
specifically to IL3RA-expressing human AML and HL cell lines. The IL3RA antibody internalized into
the lysosomes of IL3RA-positive MOLM-13 and MV-4-11 AML cell lines, and IL3RA-ADC demonstrated
high cytotoxic potency in IL3RA-positive MV-4-11 and MOLM-13 AML and HDLM-2 and L-428 HL
derived cell lines. Furthermore, in the IL3RA-positive cell lines tested, IL3RA-ADC showed 10 to
1000-fold cytotoxicity compared with the isotype control ADC, indicating high target selectivity. The less
prominent selectivity observed in MOLM-13 and THP-1 cells may be explained by a non-specific
uptake of the isotype control ADC to AML cells differentiated along the macrophage lineage.
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In an in vivo setting, IL3RA-ADC administered at 10 mg/kg increased survival in both the
IL3RA-positive MOLM-13 and MV-4-11 cell line-derived and IL3RA-positive AM7577 and AML11655
patient-derived AML xenograft models harboring molecular alterations associated with poor prognosis
in AML. The increased survival was accompanied by a reduction in the growth of IL3RA-positive AML
cells and tumor size in the systemic and subcutaneous models, respectively. In the IL3RA-positive
HDLM-2 subcutaneous Hodgkin lymphoma model, IL3RA-ADC treatment also resulted in significant
antitumor efficacy with most animals being tumor-free at the end of the study.

The body weights of the animals decreased over the course of the study, indicating that they
suffered from leukemia. However, no IL3RA-ADC treatment-related body weight losses were observed,
suggesting good tolerability (Supplementary Figures S3 and S6), particularly in comparison to the
small molecule KSPi ispinesib, which induced a transient body weight loss in mice after the second
treatment (Supplementary Figure S6C). The treatments with IL3RA-ADC in the HDLM-2 subcutaneous
Hodgkin lymphoma model were also well-tolerated.

The good tolerability of the IL3RA-ADC was confirmed by repeated dose safety and
immunotoxicity assessments in the cynomolgus monkey with no changes in the portion of the
CD34+Lin− cell population, and transient decreases in basophils and IL3RA-positive basophils.
Importantly, liver toxicity, thrombocytopenia, and neutropenia, which are frequently observed with
ADCs in the clinic and in cynomolgus monkey preclinical studies [48,49], were not apparent, which
was most likely due to the fact that the IL3RA-ADC toxophore metabolite is non-cell permeable.
In addition, neutropenia and mucositis, which were the dose-limiting toxicities for small molecule KSP
inhibitors in the clinic, were not observed. Furthermore, the IL3RA-ADC metabolite BAY-716 showed
poor permeability across Caco-2 cells, indicating that the metabolite is trapped in tumor cells after its
intracellular release. This “cell trapper” functionality enables a long-lasting exposure and at the same
time potentially reduces off-target toxicities through the low permeability of KSPi into normal cells.

4. Materials and Methods

4.1. Cell Lines

Cell lines were acquired from DSMZ (German Collection of Microorganisms and Cell Cultures
GmbH; Braunschweig, Germany) unless otherwise noted and cultured according to the provider’s
instructions. Human MDA-MB-231 breast cancer, NCI-H292 non-small cell lung cancer, MV-4-11 and
THP-1 acute monocytic leukemia, KG-1 acute myelogenous leukemia, Rec-1 mantle cell lymphoma,
and Ramos Burkitt’s lymphoma cells were obtained from ATCC (American Type Culture Collection;
Manassas, VA, USA). Human OVCAR-8 ovarian cancer cells were acquired from the NCI-60 Human
Tumor Cell Line Panel (National Cancer Institute, Rockville, MD, USA). The human diffuse B cell
lymphoma cell line HBL-1 was obtained from Dr. Georg Lenz (Charité Universitätsklinikum, Berlin,
Germany) and cultivated in RPMI 1640 supplemented with 10% fetal calf serum (FCS). The human
Hodgkin lymphoma cell line L-428 (source not known) was cultivated in RPMI 1640 supplemented
with 10% FCS. Cancer cell lines were obtained between 2002 and 2012, authenticated using short
tandem repeat DNA fingerprinting at DSMZ (Table 1), and subjected frequently to mycoplasma testing.

4.2. Compounds

The anti-IL3RA antibodies TPP-9476 and TPP-8988 (recognizes a different epitope in the
extracellular domain of IL3RA than TPP-9476) and the isotype control antibody TPP-754,
the IL3RA-ADC BAY-943, the isotype control ADC BAY-229 (with TPP-754), the non-cell-permeable
toxophore metabolite BAY-716 (active toxophore metabolite of IL3RA-ADC), and the cell-permeable
small molecule KSPi BAY-331 were manufactured at Bayer AG. Ispinesib (SYNT1009) was purchased
from Syncom (a contract research organization in organic chemistry, www.syncom.eu; Groningen,
the Netherlands), cytarabine (HT0476) from Accord Healthcare GmbH (Neutraubling, Germany),
and staurosporine (#S4400) from Sigma-Aldrich (Saint Louis, MO, USA).
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The IL3RA-specific hIgG1 antibody (IL3RA-Ab, TPP-9476) was generated by humanization of the
murine anti-IL3RA antibody 7G3 [33] as described in Lerchen et al. [22]. During a protein engineering
process, which is meant to bring the amino acid sequence as close as possible to the next human
germline [50], multiple variants were tested. The final version, TPP-9476, comprises several amino
acid exchanges in the light and heavy chain that resulted in enhanced internalization.

The generation and characterization of the IL3RA-Ab is described in the Supplementary Methods.
The IL3RA-targeting ADC BAY-943 (IL3RA-ADC) was generated by conjugating the KSPi to the lysine
residues of IL3RA-Ab via a protease-cleavable linker [24]. The characterization of IL3RA-ADC is
described in the Supplementary Methods. In the in vivo efficacy studies, IL3RA-ADC BAY-943 with a
drug-to-antibody ratio (DAR) of 6.3 as determined by mass spectrometry was used. At a DAR of 6.3,
no aggregation of the IL3RA-ADC was observed (Supplementary Figure S1)

4.3. Internalization and Lysosomal Colocalization of IL3RA-Ab

Internalization and colocalization experiments were performed in MOLM-13 and MV-4-11 AML
cell lines using flow cytometry-based imaging. The IL3RA-specific antibody TPP-9476, IL3RA-ADC
BAY-943, corresponding isotype control antibody TPP-754, and isotype control ADC BAY-229 were
lysine-conjugated with a ten-fold molar excess of CypHer 5E mono NHS ester (GE Healthcare, Chicago,
IL, USA) at pH 8.3. The reaction mixture was purified by chromatography (PD10 desalting column,
GE Healthcare, Chicago, IL, USA), followed by centrifugation (Vivaspin 500, Sartorius Stedim Biotech,
Aubagne, France). Alexa 488 (Jackson ImmunoResearch, West Grove, PA, USA) was utilized as
a constitutive dye. The fluorescence was measured using the Amnis® FlowSight® or the Guava
easyCyteTM flow cytometers (Luminex Corporation, Austin, TX, USA) and analyzed using the IDEAS®

software or the guavaSoft 2.6 software (Luminex Corporation, Austin, TX, USA).
For the internalization assay, the tumor cells (5 × 104/well) were incubated with the labeled

antibodies (10 µg/mL) at 37 ◦C, 5% CO2 for 0, 1, 2, and 6 h. The fluorescence was measured using the
Amnis® FlowSight® or the Guava easyCyteTM flow cytometers and analyzed using the IDEAS® or
the guavaSoft 2.6 software. The kinetics of the internalization were determined based on the analysis
of the median fluorescence intensity (MFI) over time.

For the colocalization studies, MOLM-13 and MV-4-11 tumor cells (5 × 104/well) were incubated
with the labeled antibodies (20 µg/mL) at 37 ◦C, 5% CO2 for 0 h, 0.5 h, 2 h, and 6 h. The lysosomal
compartment marker CytoPainter LysoGreen (1:2000; Abcam, Cambridge, UK) was added 30 min
before the end of the incubation period. After incubation, the cells were washed and resuspended
in ice-cold FACS (fluorescence-activated cell sorting) buffer consisting of phosphate-buffered saline
(PBS) and 3% FCS. The lysosomal colocalization was analyzed with FACS image analysis using the
IDEAS® software.

The assessment of the stability of the IL3RA-ADC BAY-943 in human plasma and the permeability
of the KSPi toxophore metabolite BAY-716 in Caco-2 cells are described in the Supplementary Methods.

4.4. In Vitro Cytotoxicity of IL3RA-ADC

The antiproliferative activity of IL3RA-ADC was determined in a panel of human tumor cell
lines using the CellTiter-Glo® assay (Promega Madison, WI, USA). Cells (2000–5000 cells/well)
were incubated at 37 ◦C, 5% CO2 for 24 h and the compounds were added at concentrations of
3 × 10−11–3 × 10−7 M (or 3 × 10−12–3 × 10−8 M, depending on the cell line tested) in triplicates.
Cell viability was determined at the beginning (day 0) and after 72 h incubation in the presence or
absence of ADCs. The IC50 of the growth inhibition was calculated in comparison to day 0. The IL3RA
antigen density was determined with the QIFI (Dako, Glostrup, Denmark) quantitative flow cytometry
assay using the murine anti-IL3RA antibody clone 7G3 (Becton Dickinson, Franklin Lakes, NJ, USA).
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4.5. In Vivo Studies

All animal experiments were conducted in accordance with the German Animal Welfare Law
and approved by Berlin authorities (Landesamt für Arbeitsschutz, Gesundheitsschutz und technische
Sicherheit Berlin, LAGetSi; code number A0378/12). When a body weight loss of >10% was observed,
treatment was ceased until recovery. In the systemic models, mice were sacrificed individually
when signs of leukemia were observed (>20–30% body weight loss, hind leg paralysis, or general
deterioration of health status). The molecular alterations of the tested in vivo models are described in
Supplementary Table S1.

For the systemic MOLM-13 and MV-4-11 models, female CB17-SCID (Janvier Labs,
Le Genest-Saint-Isle, France) or NOD SCID (Taconic, Køge, Denmark) mice were injected intravenously
(i.v.) with 200 µL of 7.5 × 106 or 5 × 106 cancer cells in 0.9% NaCl, respectively. The mice were treated
with i.p. injection of IL3RA-ADC at 2.5 or 10 mg/kg once weekly (Q7D), every two weeks (Q14D),
or every three weeks (Q21D). In the MOLM-13 model, treatments were started on day 10, and the
study was terminated on day 124. In the MV-4-11 model, treatments were started on day 3, and the
study was terminated on day 174 after tumor cell injection.

For the systemic AM7577 PDX model, female NOD/SCID mice (Shanghai Lingchang
Bio-Technology Co. Ltd., LC, Shanghai, China) were injected i.v. with 100 µL of 1.4 × 106 cancer cells in
PBS at CrownBio (Beijing, China). The development of AML was monitored by flow cytometric analysis
of the percentage of hCD45 cells in blood. On day 38 after tumor cell injection, when approximately
4% of hCD45-positive cells were present, the mice were randomized, and treatments were started.
The mice were treated with i.v. injections of IL3RA-ADC at 2.5 or 10 mg/kg, Q7D or the isotype control
ADC at 10 mg/kg, Q7D. In the first IL3RA-ADC treatment group, the initial dose of 2.5 mg/kg, Q7D was
increased to 10 mg/kg, Q14D from the second administration onwards (indicated as 2.5 + 10 mg/kg).
The study was terminated on day 104 after tumor cell injection.

For the systemic AML11655 PDX model, female CIEA NOG mice® (NOD.Cg-Prkdcscid

Il2rgtm1Sug/JicTac, Taconic, Køge, Denmark) were injected i.v. with 400 µL of 1 × 107 cancer cells
in PBS at EPO Berlin-Buch GmbH (Berlin, Germany). The development of AML was monitored by the
percentage of hCD45-positive cells in blood as determined by flow cytometry. Treatments were initiated
on day 5 after tumor cell injection (preventive setting) or day 34 after tumor cell injection (therapeutic
setting) when approximately 46% of hCD45-positive cells were detected in blood. The mice were
treated with i.v. injections of IL3RA-ADC at 10 mg/kg, Q7D or the isotype control ADC at 10 mg/kg,
Q7D. The study was terminated on day 118 after tumor cell injection.

For the HDLM-2 Hodgkin lymphoma model, female CB17-SCID mice (Janvier Labs,
Le Genest-Saint-Isle, France) were injected subcutaneously (s.c.) with 100 µL of 1 × 107 cancer
cells suspended in 30% Matrigel/70% medium. Tumor volume (0.5 × length ×width2) was determined
based on twice weekly measurement of tumor area by a caliper (length and width). Treatments with
IL3RA-ADC (5 or 10 mg/kg, i.p., Q7D×2) or ispinesib (10 mg/kg, i.v., Q7D×3) were started on day 49
when the tumors had reached a mean size of 100 mm3. The study was terminated on day 84 after
tumor cell injection.

The subcutaneous MOLM-13 and MV-4-11 models as well as safety studies are described in the
Supplementary Methods.

4.6. Statsitical Analyses

Statistical analyses were performed using R (version 3.3.2 or newer; R Foundation for Statistical
Computing, Vienna, Austria) [51]. Flow cytometry and tumor volume data were analyzed using a
linear model estimated with generalized least squares that included separate variance parameters
for each study group or linear mixed-effects model with random intercepts and slopes for each
subject. Mean comparisons between the treatment and control groups were performed using the
estimated linear or linear mixed-effects model and corrected for family-wise error rate using Sidak’s
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method. Survival analyses were performed using the Cox proportional-hazards model and corrected
for family-wise error rate using Sidak’s method. p values < 0.05 were considered significant.

5. Conclusions

The novel IL3RA-ADC with a differentiated mode-of action demonstrates selective binding and
internalization to IL3RA-positive cells, which translates into selective and efficacious antitumor activity
in IL3RA-positive AML and Hodgkin lymphoma models. By employing a KSP inhibitor, a stable
lysine linkage between the payload and the antibody, and a legumain-cleavable linker resulting in
a non-cell-permeable payload metabolite, IL3RA-ADC presents a new alternative for the treatment
of IL3RA-positive malignancies. Using the KSPi as a payload in an ADC is expected to result in
manageable toxicity and a broader therapeutic window compared to that reported for the systemic
application of KSPi in clinical trials. Our data support further development of the IL3RA-ADC BAY-943
as an innovative approach for the treatment of patients with IL3RA-positive AML.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/11/3464/s1,
Figure S1: Drug-to-antibody ratio (DAR) of the IL3RA-ADC BAY-943, Figure S2: Apoptotic activity of the
IL3RA-ADC BAY-943 in IL3RA-positive cells in vitro, Figure S3: Body weights in the systemic MOLM-13
and MV-4-11 leukemia xenograft models, Figure S4: Antitumor efficacy of the IL3RA-ADC BAY-943 in the
subcutaneous MOLM-13 human AML and MV-4-11 human biphenotypic leukemia xenograft models, Figure S5:
IL3RA expression in the patient-derived AML11655 and AM7577 AML xenografts models and cell line-derived
AML and HL models, Figure S6: Time course of relative body weight changes in mouse models, Table S1:
Characteristics of the in vivo mouse xenograft models.
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Abbreviations

Ab antibody
ABC antibodies bound per cell
ADC antibody–drug conjugate
AML acute myeloid leukemia
BPDCN blastic plasmacytoid dendritic cell neoplasm
CAR-T chimeric antigen receptor T cell
cHL classical Hodgkin lymphoma
DAR drug-to-antibody ratio
DLBCL diffuse large B-cell lymphoma
EC50 half-maximal effective concentration
FACS fluorescence-activated cell sorting
FCS fetal calf serum
hCD45 human CD45
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hIL3RA human IL3RA
HL Hodgkin lymphoma
IC50 half-maximal inhibitory concentration
IGN indolinobenzodiazepine pseudodimer
IL-3 interleukin 3
IL3RA interleukin 3 receptor subunit alpha
IL3RA-Ab IL3RA-targeting antibody
i.p. intraperitoneal(ly)
i.v. intravenous(ly)
KD dissociation constant
KSP kinesin spindle protein
KSPi kinesin spindle protein inhibitor
MDS myelodysplastic syndrome
MFI median fluorescence intensity
MST median survival time
Papp apparent permeability
PBD pyrrolobenzodiazepine
PBS phosphate-buffered saline
pDCs plasmacytoid dendritic cells
PDX patient-derived xenograft
P-gP P-glycoprotein
Q7D once weekly
Q14D every two weeks
Q21D every three weeks
rrMM relapsed refractory multiple myeloma
s.c. subcutaneous(ly)
siRNA small interfering RNA
SPR surface plasmon resonance
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Abstract: Canine B-cell lymphoma (CBL) is an incurable, spontaneous lymphoid malignancy constituting
an accurate animal model for testing novel therapeutic strategies in human medicine. Resources of
available species-specific therapeutic monoclonal antibodies (mAbs) targeting CBL are scarce. The aim
of the present study was to evaluate the therapeutic potential of mAb B5, specific for the dog leukocyte
antigen DR (DLA-DR) and its antibody-drug conjugate with methotrexate (B5-MTX). B5 induced
caspase-dependent apoptosis of DLA-DR-expressing canine B cell lymphoma/CLBL1 and CLB70
leukemia lines, but not the GL-1 line not expressing DLA-DR. The cytotoxicity of B5-MTX to sensitive
cells was further potentiated by a payload of MTX, but without any substantial off-target effects.
The infusion of B5 and B5-MTX in a murine model of disseminated, advanced canine lymphoma,
mediated >80% and >90% improvement in survival, respectively, and was well tolerated by the
animals. Interestingly, the concentrations of soluble DLA-DR (sDLA-DR) antigens present in the
blood serum of tumor-bearing mice were found proportional to the tumor burden. On this basis,
sDLA-DR levels were evaluated as a potential biomarker using samples from canine lymphoma
patients. In summary, the action of B5 and B5-MTX holds promise for further development as
an alternative/complementary option for the diagnosis and treatment of canine lymphoma.

Keywords: passive immunotherapy; canine B-cell lymphoma; DLA-DR; HLA-DR; antibody-drug
conjugate; ADC; methotrexate

1. Introduction

Canine B cell lymphoma (CBL) is a spontaneous malignancy bearing numerous molecular,
histopathological and clinical similarities to human non-Hodgkin lymphoma (NHL) [1]. For this reason,
dogs are considered an important animal model for pre-clinical testing of new therapies for human
lymphoma [2,3]. CBL is the most frequent hematological malignancy with various histopathological
presentations and accounts for over 60% of all diagnosed lymphoma cases in dogs [4]. Around
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16,000 to 80,000 dogs owned in the United States alone suffer from hematological malignancies
annually [5,6]. Current clinical management of CBL involves combination chemotherapy, but in contrast
to human regimens, it employs lower doses of cytostatics and lacks biologicals. Relapses of the disease
are usually observed within 10–14 months post-treatment, with less than 25% of dogs surviving
two years [2].

The use of a therapeutic anti-CD20 monoclonal antibody (rituximab) has greatly ameliorated
NHL treatment, but direct application of rituximab for CBL treatment is impossible due to the
lack of amino acid sequence conservation between human and canine CD20 [7]. Efforts to raise
therapeutic monoclonal antibodies to canine CD20 have resulted in the development of several
candidate reagents [8–10]. Of those, 1E4 and its caninized derivatives showed a therapeutic effect
against the CLBL1 canine lymphoma cell line in vitro and in vivo [11].

Major histocompatibility antigen class II antigen DR (MHC II DR) is an attractive and alternative
target to CD20 for passive immunotherapy of NHL and CBL [12]. MHC II DR is highly expressed by
B cell neoplasms in humans and dogs with mean cell surface levels exceeding those of CD20 [13,14].
Research on mAbs targeting MHC II DR dates back to 1987, when eradication of murine lymphoma in
a syngeneic model stimulated the development of similar human strategies [15]. However, a record of
limited success in clinical trials and safety concerns related to immune toxicity raised some doubts about
further exploration of these therapeutic mAbs [16]. The renaissance of interest in therapeutic HLA-DR
targeting came with the characterization of the humanized murine L243 antibody, named IMMU-114,
which is specific for a monomorphic determinant on the HLA-DR alpha chain [12]. In preclinical trials,
it demonstrated a better efficacy in killing various hematological malignancies than CD20. Moreover,
it displayed a promising efficacy in phase I clinical trial in relapsed or refractory NHL and in chronic
lymphocytic leukemia (CLL) [17]. With the advent of antibody-drug conjugate (ADC) technology,
IMMU-114 has recently been modified to carry a payload of an active irinotecan metabolite. With this
payload, therapeutic effects were observed in preclinical models of IMMU-114-resistant tumors such
as acute myeloblastic leukemia and malignant melanoma [18]. A good safety profile of IMMU-114 has
been reported both in human and canine patients [14]. However, due to the limited cross-reactivity of
IMMU-114 with canine DLA-DR [19], a thorough assessment of the full therapeutic potential of this
target in dogs is difficult.

In the search for species-specific mAbs for therapeutic targeting of DLA-DR, we have developed
a murine mAb, B5. This antibody binds strongly to a conformational epitope of canine DR alpha chain
(DLA-DRα), but shows only minimal cross-reactivity with HLA-DRα. We have previously shown that
B5 exerts immune-dependent and direct cytotoxic effects in vitro [19].

Here, we extend these studies and report on the generation and pre-clinical testing of the novel
B5 ADC with methotrexate (B5-MTX). Methotrexate (MTX) is an inexpensive and pharmacologically
well-characterized antimetabolite drug [20]. Canine lymphoma cell lines were found to be 10 times
more sensitive to MTX (IC50 values of 2–3 nM) than the human Raji B cell lymphoma and Jurkat
T-ALL cell lines [21]. At high doses, MTX is still used in combination with rituximab to treat Burkitt’s
lymphoma and primary mediastinal B-cell lymphoma [22]. Conjugation of mAbs with MTX changes
their mode of entry to target cells [23]. It has been shown in several studies that the MTX payload
increases the rate of tumor cell inhibition due to rapid conjugate uptake and an increase in sensitivity
to direct cytotoxic effects of therapeutic mAbs [23]. We hypothesized that conjugating mAb B5 with
MTX can exert an additive effect of both components and contribute to a better cytotoxicity profile of
this ADC against CBL.

We report as well on a novel enzyme-linked immunosorbent assay (ELISA) for the detection of
circulating soluble DLA-DR (sDLA-DR) complexes in the blood serum of dogs. Physiologically, soluble
circulating MHC II molecules (sMHC II) loaded with self-peptides contribute to the maintenance of
self-tolerance [24]. They can be released from antigen-presenting cells or tumor B cells as well and
suppress T cell immune-surveillance by directly competing with membrane-bound MHC II ligands [24].
In this report, we aimed at testing the hypothesis that blood serum levels of sDLA-DR could be
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indicative of tumor burden. We present observations supporting sDLA-DR as a potentially useful
biomarker for monitoring the outcome of CBL chemotherapy. Overall, our data indicate the potential
therapeutic and diagnostic value of anti-DLA-DR-specific antibodies in CBL.

2. Results

2.1. Characterization of the B5-MTX Conjugate

Crosslinking of MTX anhydride with mAb B5 resulted in >94% homogenous preparation of the
B5-MTX antibody-drug conjugate (Figure 1A). Size-exclusion HPLC analysis of unmodified mAb B5
versus B5-MTX revealed a delay in retention times (tr = 25.05 versus tr = 26.3), which was due to the
high average drug to antibody substitution ratio (DAR), estimated at 42.6 (Figure 1A). The visible
second peak at retention time tr = 46.317 min corresponded to free MTX dissociated from the conjugate.
The resulting B5-MTX conjugate demonstrated approximately 49% loss of target binding activity in
comparison to unconjugated B5 and had negligible nonspecific binding activity (Figure 1B).

 

 

Figure 1. Synthesis of B5-MTX ADC. (A) Size-exclusion HPLC of unmodified mAb B5 (top), detected
at A280 nm and B5-MTX conjugate (bottom) detected at A372 nm (peak elution absorbance is given in
absorbance units—AU) with a molar ratio of MTX to mAb (DAR) of 42.6. The conjugate was >94%
pure and monomeric. Retention time (tr) difference of free mAb and B5-MTX resulted from the high
substitution rate. (B) Flow cytometry assessment of B5 and B5-MTX staining intensity (MFI-mean
fluorescence intensity) in DLA-DR expressing CLBL1 and non-expressing GL-1 cell lines. Isotype control
mouse IgG2a antibody was used at the concentration of 100ng/mL (grey histogram). Color histograms
correspond to signal intensities obtained with the indicated concentrations of antibody or conjugate
in [ng/mL].

2.2. Cytotoxicity of B5 and B5-MTX Against Canine Lymphoma/Leukemia Lines In Vitro

To evaluate the cytotoxicity of B5 and B5-MTX, canine B cell lymphoma/leukemia cell lines
expressing DLA-DR (CLBL1 and CLB70) and not expressing DLA-DR (GL-1) were exposed to 2 µg/mL
of both preparations for 48 h. As previously reported [19], several hallmarks of direct apoptotic
cell death, including caspase 3/7 activation, annexin V binding, DNA fragmentation (subG1 DNA
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content), were observed upon B5 treatment of DLA-DR expressing cell lines (Supplementary Figure S1).
In comparison with B5, the B5-MTX conjugate exerted more potency, but also cell-specific cytotoxic
effects at the same time, as no significant increase in toxicity against the DLA-DR non-expressing GL-1
cell line was detected. The average percentages of cell death induced by several tested concentrations
(0.1–10 µg/mL) of B5 and B5-MTX were used to calculate IC50 and maximum inhibition values of
both preparations. B5-MTX showed a higher maximum cytotoxicity (85% to 88% versus 65% to 69%)
and lower IC50 values (5–6.25 nM versus 9.53–11.5 nM) against the CLBL1 and CLB70 cell lines
than B5 (Table 1).

Table 1. In vitro cytotoxicity of mAb B5 and B5-MTX in canine lymphoma/leukemia cell lines.

Cell Line

B5 1 B5-MTX

IC50

nM
Maximum

Inhibition (%)
IC50

nM
Maximum

Inhibition (%)

CLBL1 9.53 69 5 85
CLB70 11.5 65 6.25 88
GL-1 n.d. <2 n.d. <1

1 ADC concentration is given as antibody concentration; n.d.—not determined.

Reportedly, MHC II cross-linking can trigger either caspase-dependent or caspase-independent
cell death mechanisms [12]. In order to determine whether B5- and B5-MTX-induced apoptosis was
caspase-dependent, cell lines indicated in Figure 2 were pre-incubated with a pan-caspase inhibitor,
ZVAD, prior to treatment with individual antibody preparations. On average, a 50% decrease in caspase
3/7 activating cells was detected after ZVAD pretreatment of CLBL1 and CLB70 cells, but without
unspecific effects on the GL-1 cell line. Inhibition of apoptosis by ZVAD was minimally lower for the
CLB70 cell line treated with B5-MTX than for the similarly treated CLBL1 cell line.

 

Figure 2. Assessment of caspase 3/7 activation after treatment of individual canine cell lines with B5
and B5-MTX in the presence or absence of a pan-caspase inhibitor (ZVAD). The average percentages
of caspase 3/7-activating cells with ±SD were calculated from at least two independent experiments.
Every sample was assessed in triplicate.

Together, these data indicated that both B5 and B5-MTX displayed a potent caspase-dependent
anti-tumor activity against the CLBL1 and CLB70 cell lines, but not against the GL-1 line in vitro.
The MTX payload carried by the B5-MTX conjugate enhanced the specific cytotoxicity compared to B5
alone. The ability of a pan-caspase inhibitor, ZVAD, to strongly interfere with B5- and B5-MTX-induced
cell killing supported the caspase-dependent mechanism.

2.3. Therapeutic Efficacy of B5 and B5-MTX in NOD-SCID Mice Xenotransplanted with the
CLBL1-Luc Cell Line

To evaluate the efficacy of B5 and B5-MTX treatment in vivo, we established a disseminated disease
model in which 1 × 107 cells of the luciferase-expressing CLBL1-derived cell line (CLBL1-Luc) were
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injected intravenously into immune-deficient NOD-SCID mice. A total of 42 animals were randomly
assigned to five groups treated as follows: PBS (n = 8), IgG (n = 8), MTX (n = 8), B5 (n = 10), B5-MTX
(n = 8). Four days after the CLBL1-Luc injection, mice were treated three times a week. On day 15,
all mice in PBS, IgG and MTX treatments were sacrificed because of weight loss and signs of morbidity.
Five randomly selected mice from the B5 group and five mice from the B5-MTX group, showing no
visible symptoms of health deterioration, were sacrificed along with control mice. Blood and organs
from sacrificed mice were further analyzed as described below. The remaining animals were treated
with B5 and B5-MTX until day 20 and sacrificed once their weight loss exceeded 15% or when they
became moribund. On day 15 post-CLBL1-Luc injection, bioluminescence imaging was performed
to assess tumor burden. Foci of intense tumor growth in the groups of control mice were located
mostly in hind limb bones and in some distant organs. In B5 and B5-MTX treated mice, tumor growth
was only localized in the hind limbs of certain mice, whereas other mice had virtually no signs of
localized tumor growth (Figure 3A). The intensities of individual bioluminescence measurements for
each mouse are plotted in Figure 3B. Groups treated with B5 and B5-MTX presented at least 20 times
lower signal intensities than controls.

 

A B 

 

 

Figure 3. In vivo imaging and quantification of bioluminescence in CLBL1-Luc tumor-bearing mice on
day 15 after tumor cell transplantation. (A) Control mice were infused with phosphate-buffered saline
(Control), isotype-matched mouse IgG immunoglobulin (IgG), free methotrexate (MTX) or were treated
with mAb B5 and B5-MTX. Bioluminescence intensity is presented on pseudo-color scales. (†) The IgG
group contained seven mice because one mouse was found dead on the day preceding bioluminescence
imaging (B) Individual bioluminescence intensities of each mouse were plotted. Statistically significant
differences between the groups were marked with an asterisk (*** p < 0.001, ** p < 0.01).
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We sought for more sensitive methods than bioluminescence to quantify tumor cell burden in bone
marrows and other tissues of CLBL1-Luc-infused mice. For this purpose, Western blotting and flow
cytometry with an anti-pan-DLA-DR antibody, E11 [19], was used. This antibody was chosen because
it recognized a different epitope of DLA-DR than B5 and therefore did not interfere with mAbs infused
for therapeutic treatment. Tumor burden in tested organs of control, but not B5- and B5-MTX-treated
mice, was demonstrated by Western blotting. Specific bands corresponding to DLA-DR were present
in all tested tissues except for peripheral blood mononuclear cells, and much weaker bands were
found in brains (Figure 4A and Supplementary Figure S2). In bone marrows of control mice (PBS, IgG,
MTX) sacrificed on day 15, CLBL1-Luc cell content exceeded 40%, but was less than 10% in the B5- and
B5-MTX-treated groups (Figure 4B).

 

 

Figure 4. Analysis of tumor cell spread and body weight loss in CLBL-Luc tumor-bearing mice.
(A) Protein lysates were obtained from the following organs/tissues of tumor-bearing mice: peripheral
blood mononuclear cells (PBMC), bone marrow (BM), spleen (SPL), liver (LIV), lung (LUN), brain (BRA).
Admixture of CLBL1-Luc cells in the above organs/tissues, reflecting tumor burden, was evaluated
by Western blotting with anti-DLA-DR antibody. Protein loading was controlled with an anti-beta
actin antibody (β-ACT) (B) Cell suspensions of bone marrows were prepared from mice treated with
PBS (n = 8), IgG (n = 7), MTX (n = 8), B5 (n = 5) and B5-MTX (n = 5) and assessed for CLBL1-Luc cell
content by flow cytometry with an anti-DLA-DR antibody, E11. (C) The average body weights of mice
from the indicated experimental groups (n = 8 mice per group except for B5, n = 10 mice per group)
were plotted. Statistically significant differences between the groups were marked with an asterisk
(*** p < 0.001, ** p < 0.01).

All control mice succumbed to the tumor by day 15 post CLBL1-Luc cell injection, whereas mice
treated with B5 and B5-MTX experienced an >80% (22.0 ± 2.45 days versus 13.5 ± 0.86 days, p < 0.001)
and >90% (28.0 ± 8.49 days versus 13.5 ± 0.86 days, p < 0.05) delay in time to tumor progression,
respectively (Table 2) (TTP parameter is defined in the Materials and Methods section). B5 and B5-MTX
treatment was well tolerated by the animals because neither evidence of significant weight loss resulting
from off-target toxicity (Figure 4C) nor blood parameter changes (Supplementary Table S1) were noted.
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Table 2. Time to tumor progression (TTP) for CLBL1-Luc bearing mice treated with B5 and B5-MTX.

Treatment N TTP (Days) ± S.D. %PR (TF) (p) B5 versus Others (p) B5-MTX versus Others

B5-MTX 3 28.0 ± 8.49 100 (1) n.s. N.A.
B5 5 22.0 ± 2.45 100 (0) N.A. n.s.

MTX 8 14.0 ± 1.00 0 <0.01 n.s.
IgG 8 13.5 ± 0.86 0 <0.001 <0.05
PBS 8 14.7 ± 0.69 0 n.s. n.s.

%PR—percentage of response to treatment, TF—number of tumor-free animals after day 40, p—probability,
N.A.—not applicable, n.s.—not significant.

2.4. Detection of Soluble, Circulating DLA-DR Complexes with A B5-Based Immunoassay

Based on a published report [25], we have hypothesized that canine B cell neoplasms can release
soluble DLA-DR molecules in quantities proportional to the tumor burden. Monitoring of soluble
DLA-DR levels in the blood serum of CLBL1-Luc bearing mice revealed that B5- and B5-MTX-treated
groups had statistically significantly lower values than the control groups (except for the difference
between the PBS and B5 groups) (Figure 5A). Therefore, we asked if differences in soluble DLA-DR
levels would apply to dogs diagnosed with CBL and subjected to chemotherapy as well. To this end,
the blood serum of 18 healthy control dogs, 13 dogs diagnosed with B cell lymphoma (CBL group)
and 10 dogs subjected to chemotherapy during remission (CBL + CHOP) was assessed for serum
sDLA-DR levels. Detailed clinical data of canine patients whose blood was used in the present study
is given in Supplementary Table S2. Analysis of variance showed significant differences between
the control group and the CBL group (p < 0.05) and between the CBL group and the CBL + CHOP
group (p < 0.01) (Figure 5B). To further determine immunoassay performance, we analyzed sensitivity,
specificity, positive predictive value (PPV) and negative predictive value (NPV) using receiver operating
characteristic (ROC) analysis; two separate sets of data were analyzed. First, we sought to determine
whether elevated serum sDLA-DR levels could be predictive of CBL. The results shown in Figure 6A
suggest that this parameter had a strong positive predictive value of 92%, but at the same time it had
a relatively low negative predictive value of 56%, and the area under the curve was 0.835. The set of data
in Figure 6B was evaluated to see whether the decrease in sDLA-DR level could be used as a biomarker
for successful response to chemotherapy. As shown, 100% of PPV and NPV parameters and the AUC
value equal to 1 indicated that this test could reliably predict the response to chemotherapy. However,
since the sample size was not pre-defined and no paired blood samples from canine patients before and
after chemotherapy were available for this analysis, the above results have to be treated with caution
and as preliminary.

 

 

Figure 5. Assessment of soluble DLA-DR levels in blood sera of tumor-bearing NOD-SCID mice (A)
and healthy dogs or canine lymphoma patients (B). Average serum levels (Abs) of DLA-DR in mice
in the indicated experimental groups and healthy (control) or diseased dogs upon admission to the
veterinary clinic (CBL) or after chemotherapy (CLB + CHOP) were plotted. Statistically significant
differences between the groups were marked with asterisk * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. Evaluation of the diagnostic potential of soluble DLA-DR levels in canine CBL patients
versus healthy control dogs (A), and in CBL patients versus post-chemotherapy patients (B). Receiver
operating characteristics analysis was used to determine sensitivity, specificity, positive predictive
value (PPV), negative predictive value (NPV), area under the curve (AUC) value and cut off (CUT OFF)
value for the soluble DLA-DR immunoassay.

3. Discussion

Targeted delivery of cytotoxic drugs using ADC technology improves their therapeutic window
and minimizes chemo-associated side effects [26–28]. Methotrexate (MTX), a first-generation anti-folate
chemotherapeutic with a narrow therapeutic window, is clinically approved for the treatment of
multiple neoplasms [20,29]. It is also one of the very few chemotherapeutics with a fully known clinical
profile in human and canine patients [30,31]. Relatively low potency of MTX as a payload can be
ameliorated by increasing the drug to antibody ratio (DAR), while maintaining acceptable biological
activity of the mAb. Reported DAR values for MTX-based ADCs depend on available lysyl and arginyl
side chains in antibody molecules and range from 10 to 14.6 [23,32]. In the present work, an even
higher DAR value was obtained by MTX anhydride crosslinking reaction. Despite the considerable
loss of binding activity of the B5-MTX conjugate to DLA-DR, in vitro and in vivo data confirmed
an increase in specific cytotoxicity against lymphoma cells expressing the target antigen. This was
achieved without any substantial unspecific cytotoxicity towards the DLA-DR negative GL-1 cell line.
In vivo data indicated that the B5-MTX conjugate not only showed promising anti-tumor activity in
a model of advanced, disseminated lymphoma at a relatively low dose (2.5 mg/kg body weight), but
had a good safety profile as well.

Signaling through anti-HLA-DR mAbs in tumor B cells activates multiple, pro-survival and
pro-apoptotic pathways, but ultimately leads to cell death [12,33,34]. In the current work, we determined
that apoptosis induced by B5 and B5-MTX in canine lymphoma/leukemia cell lines followed the intrinsic,
caspase-dependent pathway that could partly be inhibited by ZVAD. Despite decades of clinical use,
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the precise mechanism of MTX cytotoxicity remains largely unknown. Available data on biological
effects of MTX released from ADCs indicate a mechanism of cell sensitization [23]. Our data further
support these observations, because many hallmarks of apoptotic cell death typical of B5 treatment
(e.g., annexin-V binding levels and sub-G1 DNA levels shown in Supplementary Figure S1) were
amplified in the case of B5-MTX.

In our hands, the CLBL1 cell line—a canine model of diffuse large B cell lymphoma (DLBCL)—was
equally sensitive to the cytotoxic action of B5 and B5-MTX as the CLB70 cell line, with characteristics
of chronic lymphocytic leukemia (CLL). This is in line with the observations reported by Stein et al.
in models of human DLBLC and CLL cell lines treated with a humanized anti-HLA-DR antibody,
IMMU-114 [12]. In this context, evolutionary conservation of death signaling pathways between human
and canine hematological malignances opens interesting possibilities for comparative studies.

Both negative and positive associations of soluble HLA-DR levels in the blood serum were
reported for patients with malignant melanoma and non-Hodgkin lymphoma, respectively [25,35].
Various strategies of tumor survival could account for the observed variations in sHLA-DR. We speculate
that, on the one hand, melanoma cells could down-modulate HLA-DR expression in order to
counteract recognition by tumor-specific effector T cells. On the other hand, a massive release of
sHLA-DR by B cell neoplasms might induce tolerogenic T cell responses, which could weaken tumor
immune-surveillance [24,36]. In order to assess the levels of soluble, circulating DLA-DR molecules
(sDLA-DR) in the blood of tumor-bearing NOD-SCID mice undergoing experimental therapy with B5
and B5-MTX, we devised an immune-enzymatic assay based on the use of two species-specific mAbs
recognizing different and non-overlapping epitopes of DLA-DR (B5 and E11) [19]. Our results strongly
suggested that there was a direct correlation between tumor burden and the serum sDLA-DR levels.
We could extend these observations to groups of unrelated canine patients suffering from CBL at the
time of diagnosis and during remission. Although these observations offered a possibility of creating
tools to help monitor the course of CBL chemotherapy in dogs, more samples, preferentially paired,
from patients undergoing chemotherapy are required to fully validate this immunoassay.

4. Materials and Methods

4.1. B5-MTX Conjugate Synthesis

The B5-MTX conjugate was prepared using the method described by Goszczynski et al. [37]
Briefly, 1 mg of mAb B5 in bicarbonate buffer pH 8.3 was mixed with MTX anhydride (50-molar excess).
The reaction was allowed to proceed for 5 min. Next, the conjugate was separated on a Dionex Ultimate
3000 apparatus equipped (ThermoScientific, Waltham, MA, USA) with a four-component pump,
autosampler with a fraction collection and a diode detector using the Superdex 200 10/300 GL resin
((GE Healthcare, Uppsala, Sweden). Isocratic elution was used with 0.1 M sodium bicarbonate at
a flow rate of 0.5 mL/min. MTX concentration in conjugate was determined spectrophotometrically
using detection at 280 and 372 nm as described by Ciekot, J. et al. [38].

4.2. Cell Lines

The CLBL1 cell line [39] was kindly provided by Dr. Barbara Rutgen (Veterinary University of
Vienna, Vienna, Austria). CLB70 [40] was established by us. GL-1 [41] was kindly provided by Drs
Y. Fujino and H.Tsujimoto (University of Tokyo, Tokyo, Japan). All cell lines were cultured in RPMI
with 15% FBS. The stable luciferase-expressing CLBL1 cell line was generated using premade lentiviral
particles (Amsbio LVP434, Abingdon, UK). Lentivirus particles were admixed with cells (1 × 106/mL) at
a ratio of 50 µL virus per 0.5 mL of cells. 24 h after transduction, cell culture medium was supplemented
with puromycin sulfate (1.5 µg/mL). After one week of antibiotic selection, cell luminescence was validated
after D-luciferin addition using a benchtop luminometer (Turner designs, TD-20/20, San Jose, CA, USA).
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4.3. In Vitro Cytotoxicity Assays

For in vitro cytotoxicity assays, 1.25 × 105 cells were seeded on a 24-well plate. The cells were
preincubated for 2 h with 20 µM ZVAD. Then, 2 µg/mL of B5 or B5-MTX were added to the cells.
Cytotoxicity analysis was performed after 48 h of incubation with a CellEvent™Caspase-3/7 Green Flow
Cytometry Assay Kit (Thermo Fischer Scientific, Waltham, MA, USA), according to manufacturer’s
instructions. Samples were analyzed with a FACSCalibur flow cytometer (Beckton Dickinson, Franklin
Lakes, NJ, USA).

To calculate IC50 values, cell lines were exposed to several concentrations of B5 and B5-MTX
ranging from 0.1 to 10 µg/mL. Cell viability was determined after 48 h with propidium iodide using
flow cytometry. IC50 calculation was performed with an internet tool: MLA—“Quest Graph™ IC50
Calculator.” AAT Bioquest, Inc, 25 July, 2019, https://www.aatbio.com/tools/ic50-calculator. Maximal
inhibition was determined by propidium iodide staining after 24-h incubation with 10 µg/mL of
B5 or B5-MTX.

4.4. In Vivo Monitoring of Anti-Tumor Effects of B5 and B5-MTX

NOD/SCID (NOD.CB17-Prkdcscid/NCrCrl) mice were purchased from Charles River. Mice were
housed in IVC cages with a standard sterilized rodent diet and water ad libitum. All experiments
using living animals were performed under permission number 117/2017 and 012/2019 from the
Local Ethics Committee in Wroclaw (Poland). The anti-tumor activity of the mAb B5 and B5-MTX
conjugate was assessed in vivo based on their effect on the growth of CLBL1-Luc cells transplanted
intravenously into NOD/SCID mice. Forty-two mice bearing CLBL-1-Luc cells (1 × 107 cells/mouse)
were randomly divided into five groups (10 mice in the B5 group and eight animals in other groups).
The B5-MTX conjugate, mAb B5, control, isotype matched IgG, MTX alone (0.25 mg/kg body weight)
and phosphate-buffered saline (PBS) were administered intra-peritoneally on day 4 post CLBL1-Luc
transplantation and repeated every two days. On day 15, all mice from the PBS, IgG and MTX groups
were sacrificed because of signs of morbidity along with randomly selected five mice from the B5 group
and five mice from the B5-MTX group that did not present any visible signs of disease (no weight
loss nor behavioral changes). The remaining five mice from the B5 group and three mice from the
B5-MTX group were treated until day 20. B5-MTX and mAb B5 were injected intraperitoneally at
a dose of 2.5 mg per kg of body weight. The location of CLBL-1-Luc cells was visualized on day
14 after transplantation using an In-Vivo MS FX PRO system (Bruker INC., Billerica, MA, USA). Twenty
minutes before imaging, D-luciferin potassium salt (Synchem, Felsberg, Germany) was administered
to each mouse intraperitoneally at a dose of 150 mg/kg. Subsequently, animals were anesthetized with
a 3% to 5% (v/v) mixture of isoflurane (Forane, Abbott Laboratories, Lake Bluff, IL, USA) in synthetic
air (200 mL/min). Anesthesia was maintained by means of individual masks providing a 1.5% to
2% (v/v) mixture of isoflurane and synthetic air. Visualization was carried out using the following
settings: for X-Ray t = 60 s., f-stop = 2.50, FOV = 200.0; for luminescence capture t = 4 min, binning
2 × 2, f-stop = 2.50, FOV = 200.0. Images were analyzed using Bruker MI software (Bruker INC.,
USA). The intensity of the luminescent signal is presented as the net intensity of the region of interest
and expressed in arbitrary units [a.u.]. Time to progression (TTP) was defined as a day when either
body weight loss exceeding 15% or morbidity or limb paralysis were noticed by the operator in any
individual mouse.

For Western blotting analysis, mouse organs (brain, liver, lungs, bone marrow, PBMC, spleen)
were suspended in a lysis buffer (20 mM Tris-HCl pH 7.5, 50 mM NaCl, 0.5% NP-40 and protease
inhibitor set), and sonicated for 10 s on ice. The suspensions were centrifuged at 10,000 rpm at 4 ◦C for
10 min. Then, non-reducing SDS sample buffer was added to the supernatants and the samples were
subjected to a 12% SDS-PAGE gel. The separated proteins were transferred onto a PVDF membrane
(Millipore, Burlington, MA, USA) using semi-dry transfer. After transfer, the membrane was blocked
with 1% casein in TBS at 4 ◦C, overnight, and subsequently incubated with 1 µg/mL primary antibody:
mab E11 and anti-actin (C-4) (Santa Cruz Biotechnology, Santa Cruz, CAUSA) at room temperature for
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1 h, followed by secondary horseradish peroxidase-labeled antibody (DAKO, Agilent, Santa Clara,
CA, USA). Bound antibodies were visualized using the ECL blotting detection system (Thermo Fischer
Scientific, USA).

4.5. Detection of Soluble DLA-DR Levels in the Blood Serum of Mice and Dogs

Remaining blood serum samples from 41 dogs (18 controls, 13 lymphomas and 10 during CHOP
therapy), referred to the “NeoVet” veterinary clinic for periodic blood checks, and blood sera of
NOD-SCID mice bearing CLBL1-Luc tumors were used for the detection of soluble DLA-DR levels.
In accordance with the provisions of the Act of January 15, 2015, item 266 on the protection of animals
used for scientific and educational purposes, the use of blood samples of dogs for clinical veterinary
research does not require the consent of local ethics committees.

96 well plates (Nunc) were coated with B5 mAb in PBS (1 µg/mL) overnight at 4 ◦C. On the next
day, the plates were blocked with 5% non-fat milk for 1 h at room temperature (RT), then 20 times
diluted blood sera of canine tumor-bearing mice or canine patients were incubated in a 0.5% milk
solution at RT for 1 h. Next, biotinylated mAb E11 (1 µg/mL) was added to the solution and incubated
for 1 h at RT, followed by the incubation with the Streptavidin-HRP conjugate (1:20,000); after final
washes, the 3.3′5.5′-tetramethylbenzidine substrate (Sigma, St. Louis, MO, USA) was added for a 15
to 20-min incubation. The reaction was stopped with 1 N H2SO4. The absorbance was measured at
450 nm on a Wallac Victor plate reader (Perkin Elmer, Waltham, MA, USA). Each sample was prepared
in triplicate.

4.6. Statistical Analysis

Statistical analysis of in vivo bioluminescence imaging was performed using the non-parametric
Kruskal-Wallis test, followed by Dunn’s multiple comparison tests (** p < 0.01, *** p < 0.001). Statistical
analysis of all other in vitro assays was performed using one-way ANOVA with Tukey’s Multiple
Comparison Test. Significance was set at * p < 0.05, ** p < 0.01, *** p < 0.001. Receiver operating
characteristic analysis was performed by calculating the shape of the ROC curve. This was done
by plotting the values of the sensitivity assay on the y-axis, and the values of false-positive rates
(1-specificity) on the x-axis. The area under the curve (AUC) was subsequently calculated.

5. Conclusions

In this report, we tested a novel MTX-based ADC directed against canine lymphoma/leukemia
cells. To our knowledge, this is the first pre-clinical study of an ADC designed for veterinary use.
The results indicate a significant increase in the specific cytotoxicity of B5-MTX ADC against canine
lymphoma/leukemia cell lines in comparison with unmodified mAb in vitro and in vivo. Unlike in
humans, DLA-DR antigen, a target of B5 and B5-MTX, is expressed in dogs by both normal B and T
cells and by mixed B/T neoplastic cells. Therefore, the use of anti-DLA-DR antibodies in diagnosis or
therapy can cover up to 90% of all hematological malignancies in this species. Elevated sensitivity of
canine lymphoma/leukemia cell lines to MTX opens up new opportunities for using this antimetabolite
as a payload for therapeutic ADCs targeting DLA-DR. Despite the clearly lower potency of MTX
in comparison to the second generation cytotoxic payload, such as auristatin, low price, simple
conjugation chemistry and lack of intellectual property rights attached to this antimetabolite makes it
an interesting option for veterinary use.

In this study, we have shown as well that the observed correlation of soluble DLA-DR levels in the
blood serum of canine lymphoma-bearing immune-deficient mice can be further studied in the context
of translation into a diagnostic test for monitoring the efficiency of chemotherapy in canine lymphoma.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1438/s1,
Figure S1: Analysis of B5 and B5-MTX induced apoptosis in canine cell lines, Figure S2: Cytotoxicity plots used for
calculating IC50 and maximum inhibition values of B5 and B5-MTX, Figure S3: Distribution of individual weight
measurement of mice used for in vivo studies, Figure S4: Original scans of Western blots with densitometry
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analysis, Table S1: Haematological analysis of the whole blood of tumor-bearing NOD-SCID mice, Table S2:
Clinical description of oncologic canine patients, Table S3: raw absorbance data of anti-sDLA-DR ELISA used for
the ROC analysis.
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Abstract: Background: Anti-programmed cell death 1 (PD-1) monoclonal antibodies (Abs) unleash an
immune response to cancer. However, a disruption of the immune checkpoint function by blocking
PD-1/PD-ligand 1(PD-L1) signaling may trigger myasthenia gravis (MG) as a life-threatening
immune-related adverse event. MG is a neuromuscular disease and is closely associated with being
positive for anti-acetylcholine receptor (anti-AChR) Abs, which are high specific and diagnostic
Abs for MG. Methods: A 72-year-old man was diagnosed with chemotherapy-refractory lung
squamous cell carcinoma and nivolumab was selected as the third-line regimen. We describe the
first report of an anti-AChR Ab-seropositive lung cancer patient achieving a durable complete
response (CR) to an anti-PD-1 antibody therapy. To further explore this case, we performed multiplex
immunofluorescence analysis on a pretreatment tumor. Results: The patient achieved a durable CR
without developing MG. However, the levels of anti-AChR Abs were elevated during two years of
anti-PD-1 antibody therapy. The tumor of the subclinical MG patient had high PD-L1 expression
and an infiltrated–inflamed tumor immune microenvironment. Conclusions: This study suggests
that immune checkpoint inhibitors can be safely used and provide the benefits for advanced cancer
patients with immunologically ‘hot’ tumor even if anti-AChR Abs are positive. Although careful
monitoring clinical manifestation in consultation with neurologist is needed, immune checkpoint
inhibitors should be considered as a treatment option for asymptomatic anti-AChR Ab-seropositive
cancer patients.

Keywords: anti-PD-1 monoclonal antibodies; anti-acetylcholine receptor (AChR) antibody; B cell;
immune checkpoint blockade; immune-related adverse events (irAEs); myasthenia gravis (MG);
non-small-cell lung cancer (NSCLC); nivolumab; programmed cell death ligand 1 (PD-L1); T cell
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1. Introduction

Monoclonal antibodies (Abs) acting against programmed cell death 1 (PD-1) such as nivolumab
and pembrolizumab are a class of drugs called immune checkpoint inhibitors that inhibit the interaction
between PD-1 and programmed cell death ligand 1 (PD-L1) and unleash an immune response to cancer
in contrast with chemotherapies that exert direct cytotoxic effects on tumor cells. The development of
immune checkpoint blockade therapy has recently led to a paradigm shift in non-small-cell lung cancer
(NSCLC) treatment and dramatically changed the treatment landscape of NSCLC patients [1–3].

For patients with advanced NSCLC, the immune checkpoint inhibitors have shown significant
and long-lasting clinical responses in addition to a more favorable toxicity profile and improved
tolerability than chemotherapy, and is currently a standard of care [2–7]. However, a disruption of
the immune checkpoint function caused by blocking PD-1/PD-L1 signaling can lead to imbalances in
immune homeostasis and self-tolerance, which results in an unfavorable immune response to normal
tissues, which are termed immune-related adverse events (irAEs) [8,9]. The irAEs that emerge with
immune checkpoint blockade therapy share clinical features with autoimmune diseases. The irAEs are
usually reversible. However, in rare cases, they can be severe and life-threatening [8,10,11]. In addition,
as clinical experience with immune checkpoint inhibitors increases, unexpected severe irAEs have
emerged in the real-world clinical practice [10–13]. Thus, elucidating mechanisms of irAEs is urgently
needed to improve their early diagnosis and develop more precise treatments for irAEs [8,9].

Myasthenia gravis (MG) is an autoimmune neuromuscular disease that is characterized by muscle
weakness and fatigue, and is closely associated with a positive result for the anti-acetylcholine receptor
(AChR) antibody directed against the AChR at the neuromuscular junction [14]. Anti-PD-1/PD-L1
monoclonal Abs have been known to trigger the onset of MG as one of the life-threatening irAEs [8,9,15].
Anti-AChR Abs is high specific and diagnostic antibody for MG, and the positivity of anti-AChR Abs
has been reported to align with the onset of MG as an irAE in cancer patients, which discourages
clinicians from using immune checkpoint inhibitors for cancer patients with pre-existing anti-AChR
Abs [8,15,16]. Although several studies highlight the severity of MG as an irAE and the risks of
the use of immune checkpoint inhibitors for the cancer patients with pre-existing MG or subclinical
MG (asymptomatic anti-AChR Ab-seropositive cancer patients), the benefits and safety of immune
checkpoint inhibitors in asymptomatic patients with pre-existing anti-AChR Abs, have not been
studied [9,14–17].

In this case, we show a case of anti-AChR Ab-seropositive NSCLC patients achieving a durable
complete response (CR) to an anti-PD-1 monoclonal antibody therapy (nivolumab) without developing
MG. To further explore this case, we performed multiplex immunofluorescence analysis on a
pretreatment tumor sample. This study provides new insights into the use of immune checkpoint
monoclonal Abs for cancer patients with pre-existing anti-AChR Abs.

2. Results

2.1. An Anti-AChR Antibody-Seropositive NSCLC Patient Achieving a Durable Complete Response to an
Anti-PD-1 Monoclonal Antibody without Developing MG

A 72-year-old man was diagnosed with lung squamous cell carcinoma and had left upper
lobectomy and lymph node resection (pathological T2aN2M0 stage IB, PD-L1 tumor proportion
score ≥ 50%). He had a 90 pack-year history of cigarette smoking. He received S-1 monotherapy as
postoperative adjuvant chemotherapy for two years. However, he was diagnosed with recurrence
of lung squamous carcinoma with right cervical and mediastinal lymph node metastases. He had
pulmonary metastases and enlargement of the lymph node metastases after receiving four cycles of
carboplatin plus nab-paclitaxel as the first-line chemotherapy regimen and one cycle of docetaxel as
the second-line chemotherapy regimen. Thus, an anti-PD-1 monoclonal antibody, nivolumab, was
selected as the third-line regimen.
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Screening tests for autoimmune diseases including disease-specific autoantibodies were
done before administration of nivolumab. He had no history of thymic epithelial tumor and
autoimmune disease. He had no symptom associated with autoimmune or neuromuscular diseases.
His performance status was 0. Creatine kinase was not elevated. However, he was positive for
serum anti-AChR Abs (0.8 nM, normal upper limit, 0.2 nM). The potential risks and benefits of an
anti-PD-1 antibody therapy for the anti-AChR Ab-seropositive advanced NSCLC patient were carefully
evaluated in consultation with neurologists. Then, after obtaining informed consent, nivolumab was
administered 3 mg/kg every two weeks with careful monitoring of clinical symptoms and levels
of anti-AChR Abs by neurologists. Following four cycles of nivolumab, he had hypothyroidism
as an irAE and hormone replacement therapy was initiated. The common irAEs such as pyrexia,
rash, interstitial pneumonia, hepatitis, and colitis were not observed. After 17 cycles of nivolumab,
a fluorodeoxyglucose (FDG)-positron emission tomography-computed tomography (PET/CT) scan
revealed a remarkable shrinkage of metastatic lesions of lung and lymph nodes and he achieved a CR
(see Figure 1A,B). Importantly, the patient achieved a durable CR without developing MG even though
the levels of anti-AChR Abs were elevated (0.8–1.80 nM) during two years of anti-PD-1 antibody
therapy (Figure 1C).

 

–

 

Figure 1. Cont.
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Figure 1. Key imaging and longitudinal analysis of the levels of anti-AChR Abs in asymptomatic
anti-AChR Ab-seropositive patient who had a complete response to an anti-PD-1 antibody therapy.
Panel (A) and (B) show FDG-PET/CT imaging pre-nivolumab and post-nivolumab. Arrows in panel
(B) indicate supraclavicular lymph node (upper panels) and mediastinal lymph node (lower panels)
metastases. Panel (C) shows the longitudinal analysis of serum concentrations of anti-AChR Ab (nM)
before and after nivolumab. The dashed line indicates a normal upper limit of the concentrations of
anti-AChR Abs.

2.2. The Tumor of Subclinical MG Patient with a Durable Complete Response to an Anti-PD-1 Antibody
Therapy had an Immunologically ‘Hot’ Tumor Microenvironment

To further explore this case, we investigated the immune contexture of pretreatment lung
tumor of the anti-AChR Ab-seropositive NSCLC patient who achieved a CR to nivolumab by
fluorescent multiplex immunohistochemistry (mIHC). The mIHC analysis has been shown to capture
multidimensional data related to tissue architecture, spatial distribution of multiple cell phenotypes,
and co-expression of signaling [18,19]. A high density of tumor-infiltrating CD8+ T cells and CD20+ B
cells has been shown to correlate with prolonged survival in patients with a wide variety of human
cancers including lung cancer [20–22]. Regulatory T cells (Tregs) have immunosuppressive activity
and play a critical role in maintaining immune homeostasis and negatively regulating anti-tumor
immune responses [23–25]. Thus, a pretreatment tumor sample from the patient was analyzed for
tumor-infiltrating CD8+ T cells, CD20+ B cells, and Tregs (FOXP3+ CD3+ T cells) by fluorescent
mIHC. Pan-cytokeratin of tumor cells and PD-L1 were simultaneously stained to evaluate the complex
relationship among tissue architecture, spatial distribution of immune cells, and expression of PD-L1.

PD-L1 immunohistochemistry using PD-L1 22C3 pharmDx revealed the tumor PD-L1 tumor
proportion score ≥ 50% (Figure 2A,B). CD8+ T cells were infiltrated into both tumor stroma and tumor
cell nests (Figure 2). CD20+ B cells were mainly localized to the tumor stroma rather than tumor cell
nests and infiltrated at the invasive tumor margin (Figure 3). Tregs were infiltrated into both tumor
stroma and tumor cell nests (Figure 4), but the number of tumor-infiltrating Tregs was fewer than
conventional T cells (FOXP3-negative CD3+ T cells) or CD8+ T cells (Figures 2 and 4). Altogether,
these results demonstrate that an anti-AChR Ab-seropositive NSCLC patient who achieved a CR to
nivolumab had an infiltrated–inflamed tumor immune micro-environment and immunologically ‘hot’
tumor [26,27]. The immunologically ‘hot’ tumor micro-environment might associate with the benefits
of immune checkpoint blockade therapy without developing MG.
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Figure 2. CD8+ T cells infiltrate pretreatment lung tumor of the anti-AChR Ab-seropositive NSCLC
patient who achieved a CR to nivolumab. The surgically resected tumor was analyzed by fluorescent
multiplex immuno-histochemistry. Serial formalin-fixed paraffin-embedded (FFPE) sections of the
tumor sample were stained with Haematoxylin and Eosin (A), PD-L1 IHC 22C3 pharmDx (B) and
analyzed by fluorescent multiplex immunohistochemistry (C,D). The panel (D) shows the boxed region
in the panel (C) at high magnification. CD8+ T cells (green) were infiltrated into both tumor stroma
and pan-Cytokeratin positive tumor cell nests (dark yellow). The tumor expressed PD-L1 (magenta).
Nuclei were stained with DAPI (blue). Scale bars, 50 µm (A, B, and D) and 200 µm (C), are shown in
each panel.
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Figure 3. CD20+ B cells infiltrate pretreatment lung tumor at the invasive tumor margin. Serial FFPE
sections were stained with antibodies against CD20 (green) and pan-Cytokeratin, and analyzed by
fluorescent multiplex immunohistochemistry. The right panels show the boxed regions in the left panel
at high magnification. CD20+ B cells (green) were infiltrated at the invasive tumor margin rather than
tumor cell nests. Scale bars, 1000 µm (left panel), or 200 µm (right panels) are shown in each panel.
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Figure 4. FOXP3+ CD3+ T cells (Tregs) sparsely infiltrate pretreatment lung tumor. Serial FFPE sections
were stained with antibodies against CD3 (green), FOXP3 (red), and pan-Cytokeratin. The right panel
show the boxed region in the left panel at high magnification. Tregs were sparsely infiltrated in this
tumor tissue. Scale bars, 200 µm (left panel), and 50 µm (right panel) are shown in each panel.
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3. Discussion

Anti-PD-1 monoclonal Abs block the interaction between PD-1 and its ligand, PD-L1, which
unleashes the anti-tumor immune response [1,5,26]. However, the disruption of immune checkpoint
signaling can lead to imbalances in immunologic tolerance and result in an unfavorable immune
response, which clinically manifest as irAEs [9,11,12,28]. A unique set of inflammatory and
autoimmune side effects known as irAEs was quickly recognized in clinical trials in association with
the nature of immune checkpoint inhibitors impacting systemic immunity of cancer patients [9,29].
Although the common irAEs are rash, endocrinopathies, interstitial pneumonia, hepatitis, and
colitis, rare but serious irAEs have been identified during post-marketing surveillance [8–11,13].
The pathophysiology underlying these irAEs has not been fully understood, which elucidates
mechanisms of irAEs. This is urgently needed to improve their early diagnosis and develop more
precise treatments for irAEs [8].

As the use of anti-PD-1/PD-L1 monoclonal Abs is extending to various malignancies with
unprecedented speed, there is also an unmet need to identify risks and benefits of immune checkpoint
blockade therapy in cancer patients with a history of autoimmune disease [8,29]. Most of the
evidence regarding irAEs comes from prospective clinical trials, but cancer patients with concurrent
autoimmune disease have been excluded from most of the clinical trials because of concerns that these
individuals potentially have an elevated risk for developing serious irAEs. Therefore, the safety of
anti-PD-1/PD-L1 monoclonal Abs in cancer patients with a history of autoimmune disease is less
clear [8,29]. Recent retrospective studies of immune checkpoint blockade in patients with NSCLC
and pre-existing autoimmune disease have shown that adverse events were generally manageable
and infrequently led to the discontinuation of immunotherapy. The retrospective studies have also
shown that anti-PD-1/PD-L1 monoclonal Abs can achieve clinical benefit in those patients. However,
the risks and benefits of immune checkpoint inhibitors in asymptomatic patients with pre-existing
disease-specific autoantibodies remain unclear [8,15–17,29].

In the current study, we have shown that an anti-AChR Ab-seropositive NSCLC patient achieved
a durable CR to an anti-PD-1 monoclonal antibody therapy without developing MG (Figure 1).
Makarious et al. showed that the specific MG-related mortality is high (30.4%) in immune checkpoint
antibody therapies even though immune checkpoint inhibitor-associated MG is rare [16]. Among the
23 reported cases of irAEs manifesting as MG, 72.7% were de novo, 18.2% were pre-existing
MG exacerbations, and only 9.1% (n = 2) were exacerbations of subclinical MG (asymptomatic
anti-AChR Ab-seropositive cancer patients before administration of immune checkpoint blockade) [16].
One out of the two exacerbations of subclinical MG patients died (the mortality of exacerbations
of subclinical MG, 50%). In a study of two-year safety databases based on post-marketing surveys,
Suzuki et al. reported that 12 among 9869 cancer patients treated with nivolumab developled MG
(0.12%). The nivolumab-induced MG was severe and two MG patients died (MG-related mortality,
17%) [15]. In this study, two cases of exacerbations of subclinical MG have been reported. These studies
highlight the importance of recognizing MG as a life-threatening irAE. However, little is known about
the potential benefits and the safety of immune checkpoint blockade for subclinical MG [14–16].

Understanding the complex tumor microenvironment offers the opportunity to make better
prognostic evaluations and select optimum treatments [26,27,30]. Accumulating evidence suggests
that a high density of tumor-infiltrating CD8+ T cells and CD20+ B cells strongly associates with
positive clinical outcomes in various cancer types [20–22,31]. However, the immune contexture of
anti-AChR Ab-seropositive tumor response to immune checkpoint inhibitors without developing MG
remains unknown. Thus, we analyzed pretreatment tissue of the patient. Infiltrated–inflamed tumor
immune micro-environments are considered to be immunologically ‘hot’ tumors and are characterized
by high immune infiltrations including CD8+ T cells, B cells, and tumor cells expressing PD-L1 [26,27].
In the current study, the tumor of the subclinical MG patient had high PD-L1 expression and an
infiltrated–inflamed tumor immune microenvironment, which suggests similar cases may respond to
immune checkpoint blockade therapy without developing MG.
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Although anti-PD-1/PD-L1 monoclonal Abs are selectively targeting the PD-1/PD-L1 pathway,
the antibodies do not selectively target the PD-1/PD-L1 signaling between tumor antigen-specific T
cells and tumor cells. Furthermore, both PD-1 and PD-L1 are expressed not only on effector CD8+ T
cells called “killer T cells”, but also on a variety of immune subsets including other T cell subsets and
B cells [11,13,32–34]. Thus, administered anti-PD-1/PD-L1 monoclonal Abs may bind to the various
non-tumor-specific immune subsets and induce the unwanted activation of the immune system, which
may disturb the balance established between tolerance and autoimmunity and lead to irAEs such as
MG (Figure 5).

A concept of “immune normalization” for the class of drugs called immune checkpoint inhibitors
has recently been proposed [1,5]. However, immune checkpoint inhibitors do not always change the
immune balance toward a favorable direction for anti-tumor immunity. MG is a B cell–mediated
autoimmune disease in which the target auto-antigen is AChR at the neuromuscular junction and also
has been known as one of the life-threatening irAEs associated with immune checkpoint blockade
for malignancies [14–16,35]. PD-1 expresses on activated B cells as well as activated T cells [33,36,37],
which indicates that there is a potential risk of triggering B cell–mediated autoimmune disease such as
MG by the blockade of the interaction between PD-1 and PD-L1. The evidence suggests that blocking
PD-1/PD-L1 signaling may shift the systemic immune balance from the T cell-mediated immune
response (cellular immune response) to the B-cell mediated immune response (humoral immune
response) [33,36,37] which enhances pre-existing anti-AChR antibody, and may lead to the onset of
MG as an irAE (Figure 5A).

CD4+ T cells include T helper type 1 (Th1), which drives the cellular immune responses, and
CD4+ T helper 2 (Th2), which promotes humoral immune responses. Th2 cells enhance B-cell mediated
immunity and promote antibody production [38,39]. PD-1 expresses on Th2 cells as well as Th1 cells
and CD8+ T cells. Therefore, the blockade of PD-1/PD-L1 signaling has been shown to promote Th2
cell responses and Th2-type inflammations [13,40], which suggests that immune checkpoint blockade
has the potential to modulate the balance between cellular immune response and humoral immune
response and may lead to the onset of MG (Figure 5B).

 

 

Figure 5. Cont.
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Figure 5. Underlying mechanisms of humoral immune response-associated irAEs. Panel (A) shows
a model demonstrating the immune balance between a T cell-mediated immune response and a B
cell-mediated immune response. Immune checkpoint inhibitors can activate both T cells (cellular
immune response) and B cells (humoral immune response), and have the potential to modulate the
balance between cellular immune response and humoral immune response, since PD-1/PD-L1 express
on both T cells and B cells. Panel (B) shows a model demonstrating immune balance between the
Th1 cell and the Th2 cell. Immune checkpoint inhibitors can activate both Th1 cells (cellular immune
response) and Th2 cells (humoral immune response), and have the potential to modulate the balance
between cellular immune response and humoral immune response, since PD-1/PD-L1 express on both
Th1 cells and Th2 cells.

There is no evidence of the safety of anti-PD-1 Ab therapy for cancer patients who are positive
for anti-AChR Abs. [15,16]. Although we demonstrated that an anti-AChR-seropositive lung cancer
patient had immunologically ‘hot’ tumor and achieved a durable CR to an anti-PD-1 monoclonal
antibody therapy without developing MG, our study could not uncover enough evidence to explain
the reason why the present case did not develop MG. It is conceivable that the patient might have not
been susceptible to an increased anti-AChR antibodies by chance. Thus, clinicians should be cautious
to use immune checkpoint blockade for cancer patients with subclinical MG.

Because MG as irAE is life-threatening and closely associated with positive for anti-AChR Ab,
the pre-existing serum anti-AChR Ab in cancer patients discourages clinicians from using immune
checkpoint inhibitors [14–16]. However, the present study indicates that avoiding use of immune
checkpoint inhibitors for cancer patients with subclinical MG potentially lead to losing the chance to
cure advanced cancers.

4. Materials and Methods

4.1. Patinet

The Kumamoto University Institutional Review Board approved the study (IRB number, 2287,
Approval Date, 23 January 2018).

4.2. PD-L1 Staining

PD-L1 expression in the lung cancer specimen was analyzed by immunohistochemical staining
using the PD-L1 IHC 22C3 pharmDx antibody (clone 22C3 (Dako North America, Inc., Carpinteria,
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CA, USA)). The antibody was applied according to DAKO-recommended detection methods.
PD-L1 expression in tumor cells was scored as the percentage of stained cells.

4.3. Fluorescent Multiplex Immunohistochemistry

Fluorescent multiplex immunohistochemistry was performed with OPAL Multiplex Fluorescent
Immunohistochemistry Reagents (PerkinElmer, Waltham, MA, USA) following the manufacturer’s
protocol. As outlined in the Table 1, formalin-fixed paraffin-embedded (FFPE) sections were stained by
one of the three sequences of primary antibodies, PD-L1, pan-Cytokeratin and CD8, pan-Cytokeratin
and CD20, or pan-Cytokeratin, FOXP3, and CD3, respectively, using the tyramide signal amplification
(TSA) system with Opal dye reagents. Each labeling step consisted of the following at room
temperature. Sections of formalin-fixed, paraffin-embedded tissue were depleted of paraffin and
were then hydrated and processed for antigen retrieval by treatment with 10 mM citrate antigen
buffers (pH 6.0) via microwave radiation (except for PD-L1 which was processed by pH 9.0 citrate
buffer via autoclave). The sections were incubated with 3% H2O2 for 5 min to inhibit endogenous
peroxidase activity, washed with 0.05% Tween in TBS (TBST), exposed to blocking buffer (5% goat
serum, 0.5% bovine serum albumin in PBS) for 20 min at room temperature, and incubated for 60 min
at room temperature with primary antibodies. They were then washed with TBST, incubated with
anti-mouse or anti-rabbit HRP polymer conjugated secondary antibodies (Nichirei, Tokyo, Japan) for
10 min at room temperature except for PD-L1 (incubated for 30 min at room temperature), and washed
again, after which immune complexes were detected with Opal reagents. Nuclei were counterstained
with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) (DOJINDO, Kumamoto, Japan) in water,
and whole sections were mounted in ProLong Diamond (Thermo Fisher Scientific, Waltham, MA,
USA). Multiplexed slides were observed with a fluorescence microscope (BZ-X700, Keyence, Osaka,
Japan). The antibodies used for fluorescent multiplex immunohistochemistry analysis are listed below.

Table 1. The list of antibodies used for fluorescent multiplex immunohistochemistry analysis.

Figure Antibody Clone (Host)/Company Dilution Incubation TSA Dyes

2

CD8 C8/144B (mouse)/Nichirei undiluted 60 min 520

pan-Cytokeratin AE1/AE3 + 5D3 (mouse)/abcam 1:200 60 min 570

PD-L1 E1L3N (rabbit)/Cell Signaling 1:100 60 min 650

3
CD20 L26 (mouse)/abcam 1:50 60 min 520

pan-Cytokeratin AE1/AE3 + 5D3 (mouse)/abcam 1:200 60 min 570

4

CD3 SP7 (rabbit)/abcam 1:100 60 min 520

FOXP3 236A/E7 (mouse)/abcam 1:100 60 min 570

pan-Cytokeratin AE1/AE3 + 5D3 (mouse)/abcam 1:200 60 min 650

5. Conclusions

In conclusion, to the best of our knowledge, this is the first report of an anti-AChR
antibody-seropositive cancer patient achieving a durable CR to immune checkpoint blockade therapy
without developing MG. This study suggests that immune checkpoint inhibitors can be safely used
and provide benefits for advanced cancer patients with an immunologically ‘hot’ tumor even if the
anti-AChR antibody are positive. Although careful monitoring clinical manifestation in consultation
with a neurologist is needed, immune checkpoint blockade therapy should be considered as a treatment
option for asymptomatic anti-AChR Ab-seropositive cancer patients. This study not only provides
new insights into the use of immune checkpoint monoclonal Abs for cancer patients with pre-existing
disease-specific auto-antibodies, but also may improve our understanding of the pathophysiology
underlying irAEs and MG.
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Abstract: With the advent of checkpoint inhibitor treatment for various cancer types, the optimization
of drug selection, pharmacokinetics and biomarker assays is an urgent and as yet unresolved
dilemma for clinicians, pharmaceutical companies and researchers. Drugs which inhibit cytotoxic
T-lymphocyte associated protein-4 (CTLA-4), such as ipilimumab and tremelimumab, programmed
cell death protein-1 (PD-1), such as nivolumab and pembrolizumab, and programmed cell death
ligand-1 (PD-L1), such as atezolizumab, durvalumab and avelumab, each appear to have varying
pharmacokinetics and clinical activity in different cancer types. Each drug differs in terms of dosing,
which becomes an issue when drug comparisons are attempted. Here, we examine the various
checkpoint inhibitors currently used and in development. We discuss the antibodies and their protein
targets, their pharmacokinetics as measured in various tumor types, and their binding affinities to
their respective antigens. We also examine the various dosing regimens for these drugs and how they
differ. Finally, we examine new developments and methods to optimize delivery and efficacy in the
field of checkpoint inhibitors, including non-fucosylation, prodrug formations, bispecific antibodies,
and newer small molecule and peptide checkpoint inhibitors.

Keywords: checkpoint inhibitors 1; protein structure 2; pharmacokinetics 3; drug optimization 4

1. Introduction

Checkpoint inhibitors (CPIs) induce an anti-tumor immune response by antagonizing suppressive
immune checkpoint regulatory pathways. The recognized function of these immune checkpoints is
to modulate or prevent autoimmune responses and or auto-inflammation. The advent of antibodies
targeting programmed cell death protein-1 (PD-1), programmed cell death protein ligand-1 (PD-L1) and
cytotoxic T-lymphocyte associated protein-4 (CTLA-4) has led to the development of drugs targeting
these pathways in the last 10 years. However, their variable pharmacokinetics and response rates
has led to efforts to optimize these drugs, as well as to develop new drugs targeting other checkpoint
pathways. Here we examine the structure and mechanism of action of these drugs and human
pharmacokinetics in terms of their binding affinities, clearance, and the significance of dosing regimens.
In addition, we describe efforts to enhance the delivery and formulation of CPIs, while attempting to
minimize the immune-related adverse events (irAEs) associated with these treatments.
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2. CTLA-4, PD-1 and PD-L1 Proteins and Antibodies

2.1. Proteins

2.1.1. CTLA-4

CTLA-4 was first described in 1987 as “a new member of the immunoglobulin superfamily” [1].
It is a 223 amino acid protein which is expressed on activated T cells co-expressing CD28 [2] and
has extracellular, transmembrane and intracellular components. Its ligands are CD80 (B7-1) and
CD86 (B7-2), found on antigen presenting cells and T-regulatory (T-reg) cells, with binding causing
downregulation of activated T cell activity and upregulation of suppressive T-reg function. The
importance of CTLA-4 is demonstrated in CTLA-4-knockout mice, who develop early and catastrophic
immune hyperactivation causing myocarditis and pancreatitis, and die by 3–4 weeks of age [3].

2.1.2. PD-1 and PD-L1

The PD-1 protein is a 288 amino acid protein which is primarily expressed on T cells, but also on
other immune cells, such as B cells, natural killer T cells, and monocytes. It was first identified at a
gene level in murine cell lines and was initially thought to be involved in apoptosis, as its expression
was induced when thymocyte cell death was induced [4]. Subsequently, it was found to suppress
immune responses, and, in particular, it is hypothesized that PD-1 suppresses anti-self-responses [5,6].
This theory is supported by the fact that PD-1 induction is suppressed in the presence of “foreign”
antigens such as lipopolysaccharide (LPS) and a stimulatory CpG-containing oligodeoxynucleotide
CpG1826 [7]. The protein itself has an intracellular domain, a hydrophobic transmembrane domain
and an extracellular immunoglobulin domain which is folded into a β-strand “sandwich” connected
by a disulphide bridge. The intracellular domain, or cytoplasmic tail, contains an N-terminal sequence
which forms an immunoreceptor tyrosine-based inhibition motif, as well as a C-terminal sequence
which forms an immunoreceptor tyrosine-based switch motif. The murine and human forms of
PD-1 share a 62% identical sequence, but there are significant differences in the ligand-binding sites,
including alterations in size, polarity and charge [8].

The PD-1 protein has two major ligands—PD-L1 and PD-L2. Both ligands contain an N-terminal
domain, which binds to PD-1, and a C-terminal domain, the function of which is as yet unknown.
Both domains have an immunoglobulin-like fold forming a β-strand sandwich similar to that of
PD-1 and are joined by a short linker. Nuclear magnetic resonance characterization suggests that
PD-L1 proteins form homodimers, exposing the hydrophobic PD-1 binding sites, although whether
this occurs in vivo remains unclear [8–10]. The PD-L2 molecule has a similar structure, with two
immunoglobulin domains and a linker region, with most of the residues in the binding interfaces of
both ligands conserved [11].

The binding of human PD-1 and PD-L1 proteins forms a 1:1 complex and induces a conformational
change in PD-1, with the closure of the CC’ loop around PD-L1 and formation of hydrogen bonds, which
are hypothesized to stabilize the complex and cause re-arrangements of the PD-1 protein [10,12]. The
binding regions contain both hydrophobic and polar sites, with the majority of the interaction occurring
in the front strands of both proteins using the large hydrophobic surfaces of the immunoglobulin-V-type
domains; the complex between PD-1 and PD-L2 is thought to be similar, although much of this work is
only in murine proteins [11].

2.1.3. Significance in Cancer Immunity

CTLA-4 was the first checkpoint molecule targeted in cancer treatment, initially in melanoma
with dramatic results, and subsequently in other cancer types. Its significance in anti-tumor immunity
was described over 20 years ago in murine models where blockade of CTLA-4 caused tumor rejection
both in established tumors and with secondary exposure to tumor cells [13]. PD-1 is mainly expressed
on immune cells, in particular T lymphocytes, as well as B lymphocytes, NK cells, dendritic cells and
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monocytes, and its expression can be induced by many factors, including interleukins, infectious agents
and LPS [14–16]. As described above, its main function is in immune suppression; therefore, in tumors,
it can have the detrimental effect of decreasing anti-tumor immunity, particularly because many cancers
develop the capability to express the PD-L1 ligand. On presentation of an antigen to a T lymphocyte, a
typical T-cell response involves binding the antigen to the specific T-cell receptor, expansion of this T
cell clone and, finally, an effector phase of the response. The co-receptors CD28 and CD3 are involved
in the induction of this response. Specifically, in the tumor microenvironment, neoantigens from cancer
cells are released, captured and processed by antigen-presenting cells. Antigen presentation to T cells
must be accompanied by a secondary signal mechanism in order for T cells to be primed and activated.
This secondary signal can be via cytokines, such as IL-12 and type 1 interferon, factors released by
dying cancer cells or via the gut microbiota [17,18]. Both CTLA-4 and PD-1 suppress CD28-mediated
pathways; PD-1 does this by the activation of phosphatidylinositol-3-kinase which in turn inhibits Akt
phosphorylation, thereby suppressing T-cell activation, and also inhibits glycolytic pathways, thereby
decreasing cellular metabolism [19]. CTLA-4 binds to its B7 ligands with a much higher affinity than
CD28, preventing T-cell stimulation.

Tumor cells in many cancer types express PD-L1 and therefore can activate this pathway to
escape immune surveillance. The expression of PD-L1 by tumor cells may be an adaptive response to
anti-tumor immune response, with PD-L1 expression co-localized with tumor-infiltrating lymphocytes
and IFN-δ, an inflammatory cytokine [20]. However, the clinical significance of PD-L1 expression
is tumor histology-specific, with some cancers demonstrating improved outcomes with high PD-L1
expression, while, in other tumors, PD-L1 expression does not correlate with better survival [21–26].
The expression of PD-1 and PD-L1 in tumors may also be heterogeneous both intra-tumorally and
between primary and metastatic tumor sites [27–30].

2.2. Monoclonal Antibodies

2.2.1. Anti-CTLA-4

Ipilimumab, which binds to CTLA-4, was the first CPI to be licensed in 2011, and was initially
used for the treatment of metastatic melanoma but is now indicated in multiple tumor types. It has a
high surface area at its binding site and has a dissociation constant of 5.25 nM, with a large surface
area buried at its binding surface with CTLA-4 [31] (Table 1). Tremelimumab is another monoclonal
antibody targeting CTLA-4 but has not yet been licensed for any indication, although it has orphan
drug status for treatment of mesothelioma. Tremelimumab is an IgG2 antibody; this subtype is thought
to have less complement activation and antibody-dependent cell-mediated cytotoxicity [32]. It is
currently in ongoing clinical trials, in particular in combination with durvalumab [33].
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Table 1. Checkpoint inhibitors, their pharmacokinetic and dosing profiles and indications.

Agent Type Antigen Clearance
Dissociation

Constant/
Binding Affinity

Half-Life Indications
Companion/ Complementary

Diagnostic Assay
Dosing

Year First
Licensed

Pharmaceutical
Company

Ipilimumab IgG1 human
antibody CTLA-4

Stable clearance
over doses

0.3–10 mg/kg

Dissociation
constant 5.25 nM 15.4 days Melanoma, renal cell carcinoma,

MSI-high colorectal carcinoma None Weight-based dosing
(1–10 mg/kg) 2011 Bristol Myers

Squibb

Tremelimumab IgG2 human
antibody CTLA-4

Stable clearance
over doses

10–15 mg/kg

Binding affinity
0.28 nM 22 days None as yet None

Weight-based dosing
(3–15 mg/kg) or fixed

dosing (75 mg)

Not yet
licensed AstraZeneca

Nivolumab IgG4 human
antibody PD-1

Linear clearance
over doses of
0.1–20 mg/kg

Dissociation
constant 1.45 nM 25 days

Melanoma, non-small cell lung cancer,
renal cell carcinoma, small cell lung

cancer, head and neck cancer,
hepatocellular carcinoma, Hodgkin

lymphoma, urothelial cancer, MSI-high
or mismatch repair-deficient

colorectal cancer

Dako 28.8 Pharm.Dx assay
(complementary)

Weight-based dosing
(1–3 mg/kg) or flat dosing

(240 mg)
2014 Bristol Myers

Squibb

Pembrolizumab IgG4 human
antibody PD-1

Linear clearance
over doses
1–10 mg/kg

Dissociation
constant 29 pM 22 days

Melanoma, non-small cell lung cancer,
renal cell carcinoma, small cell lung

cancer, Hodgkin lymphoma, primary
mediastinal large B-cell lymphoma,

Merkel cell carcinoma, hepatocellular
carcinoma, gastric cancer, renal cell
carcinoma, endometrial carcinoma,

cervical cancer, head and neck cancers,
urothelial carcinoma,

gastric/GEJ/esophageal cancers,
mismatch repair deficient tumors

Dako 22C3 Pharm.Dx
(companion for non-small cell

lung cancer, gastric or
gastroesophageal junction
adenocarcinoma, cervical

cancer, urothelial carcinoma,
head and neck squamous cell

carcinoma, and esophageal
squamous cell carcinoma)

Fixed dosing (200 mg) 2014 Merck

Atezolizumab IgG1 human
antibody PD-L1

Linear clearance
over doses
1–20 mg/kg

Binding affinity
971 Å2 27 days

Urothelial carcinoma, non-small cell
lung cancer, triple-negative breast cancer,

small cell lung cancer

Ventana SP142 (companion for
urothelial carcinoma and

triple-negative breast
carcinoma)

Fixed dosing (840 mg,
1200 mg, 1680 mg) 2016 Genentech

Avelumab IgG1 human
antibody PD-L1

Linear clearance
over doses
1–20 mg/kg

Binding affinity
875.4 Å2 6 days Merkel cell carcinoma, urothelial

carcinoma, renal cell carcinoma None

Fixed dosing (800 mg) or
weight-based dosing

(10 mg/kg) (not Food and
Drug Administration (FDA)

approved)

2017 EMD
Serono/Pfizer

Durvalumab IgG1 human
antibody PD-L1

Linear clearance
at doses higher
than 3 mg/kg

Dissociation
constant 667 pM 18 days Urothelial carcinoma, non-small cell

lung cancer
Ventana SP263

(complementary)

Weight-based dosing
(10 mg/kg) or fixed dosing

(1500 mg) (not
FDA-approved)

2017 AstraZeneca
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2.2.2. Anti-PD-1/PD-L1

The first two anti-PD-1 CPIs licensed were nivolumab and pembrolizumab, based on their
anti-tumor activity in phase I studies [34–36]. Pembrolizumab is an IgG4 human antibody; these
antibodies have a low affinity for C1q and Fc receptors compared to other IgG molecules, making them
a good antibody choice for immunotherapy, with the lowest chance of host immunity stimulation [37].
Most IgG4 antibodies are capable of a process called Fab arm exchange, in which half-molecules (a heavy
chain and attached light chain) can be exchanged between IgG4 molecules [38]; pembrolizumab has a
hinge region containing a S288P mutation, which prevents Fab arm exchange due to a conformational
change [39,40]. The structure of nivolumab is very similar; it is an IgG4 antibody which differs from
pembrolizumab only in the variable region of epitope binding-pembrolizumab binds to the C’D loop
and nivolumab binds to the N-terminal loop on the PD-1 molecule [41].

Atezolizumab was the first anti-PD-L1 antibody licensed in the US. Atezolizumab and the other
licensed anti-PD-L1 antibodies avelumab and durvalumab are IgG1 antibodies, which bind to the front
beta-sheet of PD-L1. The heavy chain and light chain regions of these antibodies are involved in binding,
with varying buried surface areas on each molecule which may affect their binding affinities [42,43].
These three antibodies have been noted to use all three complementarity determining regions from
their heavy chains and two from the light chains [43,44].

After ipilimumab was licensed for the treatment of metastatic melanoma in 2011, the anti-PD-1
and anti-PD-L1 CPIs were subsequently approved for the treatment of many other cancer types, in
the metastatic, adjuvant and neo-adjuvant settings. Initial approvals were for refractory/advanced
melanoma and non-small cell lung cancer (NSCLC) for the anti-PD-1 CPIs, with subsequent licensing
for their use in head and neck cancers, renal cell carcinoma, Hodgkin lymphoma and urothelial
carcinomas [45]. Interestingly, the anti-PD-1 antibody pembrolizumab was the first oncologic therapy
to be approved for use on the basis of a genetic alteration, with FDA approval granted in 2017 for
its use in any tumor demonstrating microsatellite instability (MSI) [46]. The anti-PD-L1 antibodies
are used in urothelial, kidney, lung and Merkel cell carcinoma, with many further studies ongoing.
The presence of high tumor mutational burden (TMB) (the number of somatic tumor mutations per
megabase of sequenced DNA) may identify tumors that are more likely to respond to CPI, such as
those tumors that are microsatellite-unstable; however, to date, high TMB is not used to select therapy
for patients [47]. Interestingly, responses to CPIs can be durable, with subsets of patients achieving
long-lasting complete responses in some disease types, although, for many others, immune escape
mechanisms develop, allowing tumors to evade the response primed by CPIs [48]. These treatments
generally have a high tolerability, although the main toxicities, which are immune-related inflammatory
effects, may be serious in a subset of patients.

2.2.3. Binding Affinities and Pharmacokinetics

Nivolumab has a binding affinity to the PD-1 protein of 3.06 nM, while pembrolizumab has
an even higher affinity, with a dissociation constant of 27 pM, possibly due to its extensive binding
sites to PD-1, which include hydrogen bonds, specifically water-mediated hydrogen bonds, and salt
bridges [41,49,50]. Interestingly, pembrolizumab has a much lower affinity for mouse PD-1, which may
be explained by specific amino acid substitutions (Asp85 to Gly85) which, when mutated in human
PD-1, abolish pembrolizumab binding. Atezolizumab has a high binding affinity of 0.4 nM, utilizing
specific hot-spot residues on the protein binding surface [42,51], while avelumab and durvalumab
have dissociation constants of 42.1 pM [43] and 667 pM [52], respectively.

Studies have shown moderate inter-individual variability (IIV) in pharmacokinetics of CPIs.
Ipilimumab has stable clearance over dose ranges from 0.3 to 10 mg/kg, with a half-life of 14.7 days
and IIV largely influenced by body weight and baseline LDH value, while age, gender, renal and
hepatic function do not affect clearance [53]. The steady state trough concentration of ipilimumab
is a predictor of response, with higher trough concentrations (in patients receiving higher doses)
resulting in improved complete response rates and higher overall survival (OS), but also in increased
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rates of irAEs [54,55]. Both the anti-PD-1 antibodies nivolumab and pembrolizumab have linear
clearance over dose ranges of 0.1–20 mg/kg and 1–10 mg/kg respectively, with both demonstrating
a time-dependent decline in clearance rates, although the decline did not appear to impact clinical
outcomes [56–58]. For the anti-PD-L1 antibodies atezolizumab, avelumab and durvalumab, linear
clearance is seen again over wide ranges of doses. For atezolizumab, which is usually used at a
fixed dose of 1200 mg, clearance was stable at doses between 1–20 mg/kg and rates were affected
by body weight and serum albumin [59]. Avelumab has a similar linear clearance, but interestingly,
time-dependent clearance changes differed between tumor types, with Merkel cell carcinoma and head
and neck squamous cell carcinoma patients having clearance declines of 24–32%, while all other tumor
types had minimal decline in clearance over time [60]. Durvalumab had linear clearance at doses higher
than 3 mg/kg, with numerous factors influencing clearance including albumin, body weight, cancer
type and gender [61]. Interestingly, a factor that influences clearance in all three anti-PD-L1 antibodies
is the development of anti-drug antibodies, which develop in 31.7%, 4.16% and 3.1% respectively for
atezolizumab, avelumab and durvalumab, but are unlikely to be clinically relevant as they did not
affect clearance to a meaningful degree.

The antitumor effect of pembrolizumab is driven by the reactivation of adaptive immune response
by inhibiting PD-1 expressed on T-cells. Once the PD-1 on T-cells are fully saturated by pembrolizumab,
the shape of the exposure–response relationship within the dose range of 2–10 mg/kg or 200 mg
(exposure at 2 mg/kg every three weeks is similar to exposure at 200 mg every three weeks) is flat, as
demonstrated in multiple indications [62]. Available pharmacokinetics (PK) results in participants
with various indications (melanoma, NSCLC, HNSCC, and MSI-H) supporting a lack of meaningful
difference in PK among tumor types. Therefore, the selection of the 200 mg every three weeks dosing
for pembrolizumab was supported as an appropriate dose for multiple tumor types.

Similarly, nivolumab, dosed at a fixed dose of either 240 mg every two weeks or 480 mg every
four weeks results in a similar time-averaged steady state exposure and safety as 3 mg/kg every two
weeks across multiple tumor types in numerous clinical trials, and is approved at a fixed dosing for
most indications [63–65]. Peripheral PD-1 receptor occupancy is saturated at doses ≥ 0.3 mg/kg after
eight weeks treatment, again supporting minimizing the doses administered, although the degree of
intra-tumoral receptor occupancy is not yet known [66]. Some regulatory authorities have suggested
weight-based dosing for patients less than 80 kg and fixed dosing above, to avoid unnecessarily high
doses for lower-weight patients [67]. Avelumab is currently approved at a weight-based dosing of
10 mg/kg, but simulations suggested that similar risk/benefit profiles would result from fixed dosing at
800 mg, leading to FDA approval of this fixed dose [68]. Issues with cost and drug wastage are also
improved with flat dosing [69]; these results are leading to a move towards fixed dosing in many CPI
indications and trials, as evidence from the majority of CPIs demonstrates that exposure, efficacy and
safety are similar to weight-based dosing.

2.2.4. Immune-Related Adverse Events

A full discussion of the irAEs associated with CPIs is beyond the scope of this review, but, briefly,
these side effects are due to off-target activation or dysregulation of the immune system, which can
affect any body organ or system. Common organs affected include the bowel, causing colitis, which
can be severe, the lungs, causing pneumonitis, the thyroid gland, which can cause both overproduction
or underproduction of the thyroid hormone, the adrenal or pituitary glands, the liver and the skin [70].
There appear to be some patterns to the frequency of irAEs with various CPIs, with colitis and
hypophysitis more common with the anti-CTLA-4 antibodies and pneumonitis and hypothyroidism
more frequently seen with anti-PD-1 therapies [71]. Deaths from irAEs are rare but do occur, with the
most common causes being severe colitis and pneumonitis [71]. Rates of grade 3–4 irAEs increase with
combination treatment compared with single agent treatment; for example, treatment of metastatic
melanoma with ipilimumab and nivolumab resulted in 59% grade 3–4 AEs, compared with 21% for
nivolumab alone and 28% for ipilimumab alone [72]. The management of irAEs includes use of steroids
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for less severe cases, and immunosuppression for more severe cases, using agents such as infliximab
and mycophenolate [73].

3. Optimization of Checkpoint Inhibitors

While CPIs are part of standard of care in multiple tumor types, efforts to optimize these antibodies
to improve their efficacy and safety are currently underway.

3.1. Non-Fucosylated Antibodies

Non-fucosylated antibodies have been modified so that the glycans in the Fc binding portion of
the antibody are not fucose-bound. This modification enhances the antibody-dependent cell-mediated
cytotoxicity (ADCC) via the enrichment of Fc-gamma-receptor-expressing effector cells and depletion of
T-regulatory cells [74–77]. A non-fucosylated variant of ipilimumab has been constructed, and, in mice,
demonstrated increased anti-tumor activity, peripheral T-cell activation and T-reg depletion compared
with standard ipilimumab, and also enhanced T-cell-mediated vaccine responses in macaques [76,78].
A modified molecule, similar to atezolizumab but with reduced core fucosylation, demonstrated
increased binding to Fc-gamma-receptor-IIIa and enhanced ADCC against PD-L1-expressing tumor
cells in a cell-line model [79]. Knockout of the fucosyltransferase gene FUT8 or the pharmacologic
inhibition of this gene, which decreased fucosylation, resulted in decreased PD-1 expression and
increased T-cell activation in mice, again supporting this as a potential mechanism to enhance the
activity of checkpoint inhibitors [80]. Phase I trials of non-fucosylated ipilimumab are enrolling.

3.2. Pro-Drug Formulations

Prodrug formulations of antibodies utilize a masking peptide that binds to the antigen-binding site
of the CPI which reduces systemic activity. When the antibody reaches the tumor site, proteases cleave
the masking peptide and the antibody becomes fully functional, allowing tumor-targeted activity and
theoretically reducing off-target systemic adverse effects. Prodrug versions of ipilimumab have been
developed and demonstrate equivalent anti-tumor and immune activity and reduced lymphohistiocytic
inflammation in the gastrointestinal tract and kidneys compared with standard ipilimumab [76,78]. The
result is an improved safety profile. ProbodyTM therapeutics are protease-activated antibodies which
have shown pre-clinical efficacy targeting PD-L1 with minimal systemic auto-immunity [81,82]; the
Probody drug CX-072 is now in phase I/II clinical trial for solid tumors and lymphoma [NCT03013491].

3.3. Bispecific Antibodies

Another method to optimize CPIs is to fuse them to another antibody which can then
simultaneously bind another target molecule. These molecules then have the extracellular domains of
two separate antibodies, both of which can bind to their respective ligands and retain their signaling
activity. An example of this type of protein is the PD1-Fc-OX40L molecule, which, on testing, retained
its high affinity binding for both PD-L1/L2 and OX40, caused T-cell activation and also demonstrated an
improved anti-tumor immune response compared with single antibody treatment or the combination
of the two separate PD-1 and OX40 antibodies [83]. A bispecific antibody to CTLA-4 and OX40 has
also been effective in pre-clinical models, reducing tumor growth and enhancing response to PD-1
targeted therapy, and is now in phase I clinical trials [NCT03782467] [84]. The RANK/RANKL pathway
is usually associated with bone homeostasis and is targeted using bone-protective agents, such as
denosumab in patients with metastatic bony lesions and with osteoporosis [85]. However, this pathway
is also involved in the tumor-associated immune response, with increased RANKL expression seen
in tumor-infiltrating T-cells and RANK expression on dendritic cells and immunosuppressive M2
macrophages [86]. While trials are underway combining CPIs with denosumab, bispecific antibodies
targeting the PD-1/PD-L1 and RANK/RANKL pathways have been developed, and show significant
anti-tumor activity in mouse models, in particular those of colon and lung cancer [87]. This activity
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was dependent on CD8+ T cells and IFN-G, and could be increased further by combining the bispecific
antibody with an anti-CTLA4 antibody.

Bispecific antibodies have already entered early phase clinical trials. A fusion protein consisting
of an anti-PD-L1 antibody fused to the extracellular domain of TGF-β receptor II, M7824, showed
excellent pre-clinical activity, suppressing metastases, inducing long-term anti-tumor immunity and
improving OS in mouse models of breast and colon cancer, both as a single agent and in combination
with a therapeutic cancer vaccine [88,89]. It is currently in phase I/II trials in many cancer types
including breast, prostate, lung, biliary tract and colorectal, with an early biliary tract cancer trial
showing an overall response rate of 27% [PMC6421177, PMC6421170]. Another bispecific antibody,
MGD013, which targets PD-L1 and LAG-3, another CPI, has shown pre-clinical activity and is in phase
I trials in solid tumors [NCT03219268] [90,91]. Issues that arise with bispecific antibodies include
the potential for increased immunogenicity and therefore more adverse events, as well as difficulties
with safety assessments in animal models. There are many other bispecific antibodies in pre-clinical
development, combining immune checkpoint blockade with other tumor-specific protein binding.

4. New Agents Targeting Immune Checkpoints

4.1. Small Molecule Checkpoint Inhibitors

While there has been considerable progress in the development of antibodies targeting the
PD-1/PD-L1 pathway, interest has been growing in attempts to block this axis using small molecules.
The purported benefits of using small molecules rather than antibodies include potentially better
oral bioavailability, fewer immune-related adverse events, improved tumor penetration and a lower
production cost. The initial molecules shown to inhibit this pathway were sulfamonomethoxine and
sulfamethizole, which could rescue PD-1-mediated inhibition of IFN-g production, a process which
was dependent on PD-L2 [92]. Substituting particular rings in the structure of the sulfamethizole
compound, such as a phenyl ring instead of a pyridyl ring, improved the efficacy of the compound in
restoring IFN-Gexpression. While, ultimately, research into these compounds was not continued, they
provided proof of concept for the small molecule inhibition of the PD-1/PD-L1 pathway.

Several other small molecule compounds that inhibit PD-L1 have been patented [93]. These
molecules have been shown to bind directly to each dimer of PD-L1 and can dissociate the PD-1/PD-L1
complex, and certain “hot spots” on the PD-L1 molecule, which are targetable by small molecules,
have been identified using in vitro studies of these compounds [94,95]. However, one of the major
problems with small molecule inhibitors to date has been their large molecular weight, which impairs
adequate absorption and distribution in the human body.

The only small molecule currently in human clinical trials is a molecule called Ca-170, which
inhibits both the PD-L1 pathway and the V-domain Ig suppressor of the T-cell activation (VISTA)
pathway. Pre-clinical work has demonstrated that in mice, this molecule can inhibit tumor growth,
enhance peripheral T cell activation and increase activation of tumor-infiltrating CD8+ T-cells [96,97].
Oral bioavailability in mice was 40%, but in monkeys was <10%, again raising the issue of oral
administration of these compounds. Ca-170 is in phase 1 clinical trials in patients with advanced solid
tumors and lymphoma, and also in phase II trials, with a clinical benefit rate of 59.5% reported, and
higher response rates seen at lower doses [98]. Interestingly, a recent study examining the mechanism
of binding of Ca-170 has shown that there is no direct binding between the compound and the PD-L1
molecule, suggesting there may be an alternative mechanism of action [99]. To date, the majority of
small molecule inhibitors of PD-L1 do not appear to be ready for widespread clinical usage and further
pre-clinical work is needed to optimize their formulation and use.

4.2. Peptide Checkpoint Inhibitors

As described above, the crystal structure of the PD-1 and PD-L1 molecules and the mechanism by
which they bind has been clearly defined, and, therefore, interest has grown in designing a peptide
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inhibitor that could bind to one of these binding sites. With this data, the first peptide antagonist,
(D)PPA-1, was described in 2015, and designed using a mirror-image phage display method, binding to
PD-L1 and blocking the PD-1/PD-L1 interaction and decreasing tumor growth in vivo [100]. Replacing
the L-amino acids with D-amino acids can improve the stability and oral bioavailability of these drugs.
Another more recently developed peptide, PL120131, was designed to interact with the PD-1 molecule,
based on the interacting residues on PD-L1 from the amino acid glycine at position 120 to asparagine
at position 131 [101]. PL120131 was shown to act as a competitive inhibitor of PD-L1 by associating
with the binding groove on PD-1, and to reverse the apoptotic signal induced by soluble PD-L1 in
Jurkat cells and primary lymphocytes. Another class of peptides are the macrocyclic peptides, which
bind to the PD-1-binding site on the PD-L1 molecule, and can restore T-cell function in vitro [102].

To date, none of the peptide inhibitors of the PD-1/PD-L1 pathway have been used in human
trials. The peptide molecule TPP-1 has a high affinity for human PD-L1, and, in a mouse model, could
decrease tumor growth by 56% compared with control peptide-treated mice, by re-activating T cells
through blocking the PD-1/PD-L1 interaction [103]. A compound called UNP-12 demonstrated a 44%
reduction in tumor growth in mice [104,105]. More recently, NP-12, which also inhibits the PD-1/PD-L1
interaction and can inhibit tumor growth and metastases in colon and melanoma mouse models,
demonstrated improved efficacy when combined with tumor vaccination or cyclophosphamide [106].
The peptide inhibitors are still in early phases of development but may provide an alternative method
through which to inhibit immune checkpoints.

5. Conclusions

CPIs have changed the landscape of cancer treatment in recent years, with a small proportion
of patients with a variety of tumors experiencing deep and durable responses. Understanding the
pharmacokinetics of many CPIs has led to a switch from weight-based to fixed dosing, which is likely to
continue as more studies of the efficacy and PK of fixed dosing are completed. IrAEs and heterogeneity
in responses has led to efforts to optimize existing CPIs and to develop new methods by which to
inhibit checkpoint molecules. Understanding the structure of CPIs and their ligands can help in the
further enhancement of these therapeutic agents.
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Abbreviations

Abb. Full Name
Å-2 angstrom-2
ADCC antibody-dependent cell-mediated cytotoxicity
CPI checkpoint inhibitors
CTLA-4 cytotoxic T-lymphocyte associated protein-4
IgG immunoglobulin G
IIV interindividual variability
IL-12 interleukin-12
irAE immune-related adverse event
nM nanomolar
OS overall survival
PD-1 programmed cell death protein-1
PD-L1 programmed cell death protein ligand-1
PD-L2 programmed cell death protein ligand-2
pM picomolar
RANK Receptor activator of nuclear factor kappa-B
RANKL Receptor activator of nuclear factor kappa-B ligand
T-reg T-regulatory
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Abstract: The immune checkpoints are regulatory molecules that maintain immune homeostasis in
physiological conditions. By sending T cells a series of co-stimulatory or co-inhibitory signals via
receptors, immune checkpoints can both protect healthy tissues from adaptive immune response
and activate lymphocytes to remove pathogens effectively. However, due to their mode of action,
suppressive immune checkpoints may serve as unwanted protection for cancer cells. To restore the
functioning of the immune system and make the patient’s immune cells able to recognize and destroy
tumors, monoclonal antibodies are broadly used in cancer immunotherapy to block the suppressive
or to stimulate the positive immune checkpoints. In this review, we aim to present the current state
of application of monoclonal antibodies in clinics, used either as single agents or in a combined
treatment. We discuss the limitations of these therapies and possible problem-solving with combined
treatment approaches involving both non-biological and biological agents. We also highlight the most
promising strategies based on the use of monoclonal or bispecific antibodies targeted on immune
checkpoints other than currently implemented in clinics.

Keywords: immune checkpoints; monoclonal antibodies; immunotherapy; tumor immunity;
combination therapy

1. Introduction

Traditional therapy of disseminated cancer is usually based on systemic treatment with several
types of chemotherapy, including molecularly targeted small molecules. However, these kinds of
treatment are often not effective enough to defeat cancer due to certain limitations [1]. Even if cancer
cells are initially sensitive to standard antitumor modalities, and a rapid diminishment of tumor mass
occurs, the eventual recurrence of a refractory cancer is frequent. Importantly, in standard systemic
anticancer treatment, the intratumor diversity of cancer cell phenotypes can be a major cause for tumor
resistance to the chemotherapeutic agent(s), as some phenotypes can be much more resistant than
others to a given therapy. It is exactly the opposite in case of active immunotherapy targeting immune
checkpoint molecules with monoclonal antibodies, as the more different the cancer cell is from the host,
the stronger immunogenicity it presents. That makes active immunotherapy unique in its concept, as
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described in detail below. The therapeutic use of the immune checkpoint molecules in cancer treatment
has been initiated by targeting the negative checkpoints, but recently growing attention has been paid
to the role of positive immune checkpoints as targets for anticancer therapies. This review aims to
present the comprehensive look at the current clinical status of both types of therapeutic approaches,
and also to describe the most promising recent developments in the field.

2. Immune Checkpoints

Properly functioning human immune system shields our body from pathogens and developing
malignancies [2]. However, when overactive and/or malfunctioning, the immune system poses a
severe and potentially lethal threat to the human body. Therefore, the activation of the immune system,
including its effector cells, such as T lymphocytes and natural killer (NK) cells, is closely monitored.
In the case of T lymphocytes, recognition by T cell receptor (TCR) of the specific antigen presented
by the major histocompatibility complex (MHC) molecules provides the first signal for activation [3].
This signal stimulates the lymphocytes only briefly and requires co-stimulation, for example from a
CD28 molecule recognizing its ligands (CD80 or CD86) on antigen-presenting cell (APC), to introduce
T lymphocyte into full activation [4]. This process is additionally regulated by various cytokines acting
on the T lymphocyte [5], as well as by the so-called immune checkpoints [6].

Immune checkpoint receptors are membrane molecules, located mainly, but not exclusively, on T
lymphocytes and NK cells, which, after recognizing appropriate ligands on the antigen-presenting
cells (APC) or the target cells, can play a negative (inhibitory, Figure 1A) or positive (stimulatory,
Figure 2A) role in the process of the lymphocyte activation. Immune checkpoints can propagate
inhibitory or stimulatory signals via interactions of the checkpoint molecules, i.e., ligands with
their cognate receptors located on target and effector cells, respectively (Table 1). Under normal
physiological conditions, immune checkpoints are crucial players in maintaining immune homeostasis
and preventing autoimmunity [7]. When compared to a motorized vehicle, the TCR-elicited signal
would be starting the engine for the T cell, while the negative or positive checkpoints would function
as the brake or accelerator, respectively. Setting up the right balance between them is responsible
for moving the immune system response into the right direction—tolerance or attack, depending
on circumstances.

Table 1. Examples of suppressive (negative) and stimulatory (positive) immune checkpoint
ligand–receptor pairs with cellular distribution of these molecules under physiological conditions.

Ligand
Cellular Distribution of
the Ligand Expression

Immune Checkpoint
Receptor

Cellular Expression of
the Receptor Expression

Suppressive (negative) immune checkpoints

CD80 or CD86 Antigen-presenting cells CTLA4 Activated T cells, Tregs

PD-L1 (CD274) or PD-L2
(CD273)

DCs, macrophages,
peripheral

non-lymphoid tissues
PD-1 Activated B and T cells,

APCs, NK cells

MHC class II/Lectins Antigen-presenting cells LAG3 Activated T cells, Tregs,
NK cells, B cells, DCs

CD155/CD112
Normal epithelial,

endothelial, neuronal,
and fibroblastic cells

TIGIT Activated T cells, Tregs,
NK cells

Galectin 9/ PtdSer
/HMGB1 Multiple tissues TIM3 Activated T cells

VSIG-3 Neurons and glial cells VISTA Naïve and activated T
cells

CEACAM1 T and NK cells CEACAM1 Activated T and NK cells
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Table 1. Cont.

Ligand
Cellular Distribution of
the Ligand Expression

Immune Checkpoint
Receptor

Cellular Expression of
the Receptor Expression

Stimulatory (positive) immune checkpoints

B7 molecules: CD80 or
CD86 Antigen-presenting cells CD28 T cells

OX40L
DCs, macrophages, B
cells, endothelial cells,
smooth muscle cells

OX40 Activated T cells, Tregs,
NK cells, neutrophils

CD137L Antigen-presenting cells CD137 (4-1BB)
Activated Tcells, NK

cells, B cells, DCs,
endothelial cells

GITRL Antigen-presenting cells
and endothelium GITR T and NK cells, Tregs

ICOSLG APCs, B cells, DCs and
macrophages ICOS Naïve and activated T

cells

CD70 Activated lymphocytes CD27 Activated T and NK cells

Checkpoint receptors, such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), programmed
cell death protein 1 (PD-1), lymphocyte-activation gene 3 protein (LAG-3), T cell immunoglobulin and
mucin 3 domain (TIM-3), T cell immunoreceptor with Ig and ITIM domains (TIGIT), and others, are
immunosuppressive molecules, as they negatively regulate activation of the immune effector cells [8].
In cancer, these molecules are deemed responsible for immune exhaustion of the effector cells and
downregulation of antitumor response [9].

Other checkpoint receptors such as glucocorticoid-induced TNFR-related protein (GITR), CD27,
CD40, OX40, and CD137 (4-1BB), which are members of the tumor necrosis factor receptor (TNFR)
superfamily, and also checkpoint receptors that belong to the B7-CD28 superfamily, i.e., CD28 itself
and inducible T cell co-stimulator (ICOS), are co-stimulating the immune response [10]. Insufficient
activity of these molecules in lymphocytes recognizing tumor-related antigens can be one of the causes
of the ineffective anticancer immune response. In general, after acquiring the knowledge on the
mechanisms of actions of negative and positive immune checkpoints, two main concepts dominate the
area of therapies targeting immune checkpoints with monoclonal antibodies. The first is an inhibition
(blockade) of negative immune checkpoints with antagonistic antibodies (Figure 1B) and the second is
stimulating the positive immune checkpoints with agonistic antibodies (Figure 2B).
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Figure 1. Targeting the negative immune checkpoints with monoclonal antibodies. (A) The mechanism
of actions of negative immune checkpoints on the example of a T cell. CTLA-4 binds to CD80 and
CD86 receptors on the antigen-presenting cells (APCs), outcompeting immuno-stimulatory CD28
binding, and thus dampening the T cell receptor (TCR) signaling. Additionally, some other ligands for
inhibitory immune checkpoints on immune cells may be expressed on APCs, and most of them can
be overexpressed on tumor cells and/or in tumor microenvironment. Interactions between inhibitory
immune checkpoints and their ligands block the activation of immune effector cells and prevent their
cytotoxic response towards tumor cells. (B) Application of antibodies antagonistic towards the negative
immune checkpoint receptors and/or their ligands enables CD80/86 and CD28 immuno-stimulatory
signaling and blocks immuno-inhibitory signaling through other negative immune checkpoints.
Activated T cells can become capable of overcoming the regulatory mechanisms and elimination of the
tumor cells.
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Figure 2. Targeting the positive immune checkpoints with monoclonal antibodies. (A) The mechanism
of stimulation of a T cell effector function via positive immune checkpoints. The interaction of CD28
with its ligands, CD80 or CD86, follows TCR signaling and co-stimulates immune cell activation. Some
of the other stimulatory immune checkpoints may also provide a co-stimulatory signal, but most of them
start being expressed on already activated immune cells. In advanced cancer, this positive signaling is,
however, often insufficient for eliminating the malignant cells. (B) Application of agonistic antibodies
mimicking or amplifying binding of the ligands for stimulatory immune checkpoints increases effector
activity of T cells towards tumor cells with prospective elimination of cancer cells.

3. Inhibition of Negative Immune Checkpoints in Cancer

3.1. Role of “Classical” Immune Checkpoints—CTLA-4 and PD-L1/PD-1 in Cancer—Early Studies

Discovered in 1987, CTLA-4, is usually referred to as the “classical T cell inhibitory receptor” [11].
The mechanism underlying its immune inhibitory function relies mainly on the competition of CTLA-4
and CD28 in binding to the same ligands—CD80 and CD86 [11]. It is known that high levels of CTLA-4
correlate with reduced activation of T cells primarily in lymph nodes, but also in peripheral tissues
and that CTLA-4 expression on T regulatory cells (Tregs) has been shown to be crucial for systemic
tolerance [12]. Moreover, it was observed, that Ctla-4 knockout mice suffer from an expansion of
autoreactive and hyperproliferative lymphocytes that eventually take a toll leading to their premature
death at the age of 2–3 weeks [13].

Allison et al. have investigated the importance of CTLA-4 signaling in cancer [14]. They revealed
that in vivo administration of blocking monoclonal antibodies against CTLA-4 induced tumor rejection
and, more importantly, led to the immunity to secondary exposure to tumor cells. This study provided
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evidence that blockade of CTLA-4 and, therefore, its suppressive activity can enable and potentiate
effective immune response against cancer cells in the “brake-off” mechanism [14]. After initial
preclinical proof-of-concept studies, in 2000, this strategy was evaluated in patients with advanced
cancers. Two fully human CTLA-4–blocking antibodies (ipilimumab and tremelimumab) were used
in the first clinical trials [15]. Out of these two antibodies, only ipilimumab received Food and Drug
Administration (FDA) approval as the first immune checkpoint inhibitor in cancer treatment in 2011.

Similar to CTLA-4, the role of another “classical” immune checkpoint receptor, i.e., PD-1 in
controlling immune tolerance was presented by generating knockout mice [16] by the group of Honjo
et al., although the autoimmunity they developed was less severe as compared to CTLA-4 knockout
mice. PD-1 expression can be induced on activated B and T cells. Its ligands, programmed death
receptor ligand 1 and ligand 2 (PD-L1 and PD-L2), are constitutively expressed at moderate levels in
several non-lymphoid tissues, such as heart and lung, with placenta being the most pronounced site
for PD-L1 expression [17], but they can also be markedly induced by inflammatory signals in a number
of cell types. Thus, the PD-1/PD-L1 axis inhibits T cell activity mostly in the periphery [18].

PD-L1/PD-1 signaling pathway was first linked to tumor immunity in 2002 [19]. Indeed,
the overexpression of PD-L1 causes the inhibition of T cell cytolytic activity and thus promoted
tumorigenesis, as the effect can be reversed by applying anti-PD-L1 monoclonal antibodies [20]. Several
factors can lead to the persistent expression of PD-L1 and/or PD-L2 on tumor cells by, for instance,
upregulation by cytokines, chromosomal copy gain [21], disruptions of the PD-L1 3′-untranslated
region [22], aberrant activity of pathways mediated by phosphoinositide 3-kinase (PI3K) and protein
kinase B (PKB, AKT), epidermal growth factor receptor (EGFR), cyclin-dependent kinase 5 (CDK5),
and Janus kinase 2 (JAK2) [21,23], MYC overexpression [24], and viral proteins, e.g., Epstein–Barr virus
latent membrane protein 1 (EBV LMP1) [25]. The expression of immunosuppressive PD-L1 molecule
can also be induced on other cells presented in the tumor microenvironment (TME), such as endothelial
cells, stromal cells, APC, and T cells [26]. Moreover, tumor antigen presentation and TCR triggering
are accompanied by interferon-γ (IFN-γ) production, which is a potent stimulator of reactive PD-L1
expression [18]. Therefore, antitumor T cells can be exposed to continuous PD-L1/PD-1 signaling. It
causes their exhaustion and inhibits the antitumor cytotoxic T cell response, which can be reversed by
anti-PD1/anti-PD-L1 monoclonal antibodies [20].

Currently, the FDA has approved seven monoclonal antibodies targeting classical inhibitory
immune checkpoints for the clinical treatment of patients with numerous cancer types: ipilimumab
targeting CTLA-4 pathway, and six antibodies targeting PD-L/PD-L1 axis, including atezolizumab,
avelumab, durvalumab, nivolumab, cemiplimab, and pembrolizumab. The FDA approval status for
each of these antibodies in various cancer types is summarized in Table 2.

Table 2. The list of Food and Drug Administration (FDA)-approved monoclonal antibodies acting as
inhibitors of negative checkpoints in human cancer [27].

Checkpoint Inhibitor Antibody Format
Examples of Types of Cancers with

FDA-Approved Use
Year of First Approval

Ipilimumab Human anti-CTLA4
IgG1

Melanoma, renal cell carcinoma, metastatic
colorectal cancer 2011

Pembrolizumab Humanized anti-PD-1
IgG4

Melanoma, non-small-cell lung cancer,
renal cell carcinoma, urothelial bladder
cancer, Hodgkin lymphoma, head and neck
cancer, Merkel cell carcinoma, microsatellite
instability-high cancer, gastric cancer,
hepatocellular carcinoma, cervical cancer,
primary mediastinal large B-cell lymphoma

2014
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Table 2. Cont.

Checkpoint Inhibitor Antibody Format
Examples of Types of Cancers with

FDA-Approved Use
Year of First Approval

Nivolumab Human anti-PD-1 IgG4

Melanoma, non-small-cell lung cancer,
renal cell carcinoma, urothelial bladder
cancer, Hodgkin lymphoma, head and neck
cancer, colorectal cancer, hepatocellular
carcinoma, small cell lung cancer

2014

Atezolizumab Humanized anti-PD-L1
IgG1

Non-small-cell lung cancer, urothelial
bladder cancer, small cell lung cancer,
breast cancer

2016

Avelumab Human anti-PD-L1 IgG1 Merkel cell carcinoma, urothelial bladder
cancer 2017

Durvalumab Human anti-PD-L1 IgG1 Non-small-cell lung cancer, urothelial
bladder cancer 2017

Cemiplimab Human anti-PD-1 IgG4 Cutaneous squamous-cell carcinoma 2018

3.2. Formats of the Anti-Immune Checkpoint Antibodies

The FDA-approved antibodies targeting checkpoints are all the full-size monoclonal antibodies,
either human (ipilimubab, nivolumab, avelumab, durvalumab, and cemiplimab) or humanized
(pembrolizumab and atezolizumab) of IgG1 or IgG4 subclass (Table 2). All of these antibodies have
low or markedly reduced binding to C1q in order to avoid complement-dependent cytotoxicity (CDC)
and most of them present reduced binding to Fc receptors in order to diminish the antibody-dependent
cellular cytotoxicity (ADCC) (reviewed in [28]). The only exception is avelumab, which is capable of
inducing ADCC effect [29]. In experimental settings or early clinical studies, a whole new format of
anti-immune checkpoint molecules are the bispecific antibodies (reviewed in [30]), which are described
in Section 5 below. Lastly, the antibody-drug conjugate (i.e., anti-PD-L1-doxorubicin) format has also
been attempted in preclinical settings [31].

3.3. Clinical Application of Anti-CTLA-4, Anti-PD-1 and Anti-PD-L1 Antibodies

Several biomarkers are used to identify patients more likely to respond to CTLA-4 or PD-1/PD-L1
blockade as well as other immunotherapeutics [32]. PD-L1 expression is evaluated as one of them,
though it has some limitations. Across all tumor types, patients with PD-L1-negative tumors respond
to anti-PD-1/PD-L1 therapy in 0% to 17%, while those with PD-L1-positive tumors exhibit a response
rate from 36% to 100% [33]. However, there is no precise definition of what level of PD-L1 expression
is to be considered as positive. Additionally, different detection methods are used and, therefore,
standardization is limited. Furthermore, nonmalignant cells within the tumor microenvironment
(TME) also can express PD-L1. Thus, several other candidate predictive biomarkers were studied,
among them, clinical-pathologic factors, gene and phenotypic alterations, tumor microenvironment,
and immune effector cells [34]. The total number of mutations per coding area of a tumor genome, i.e.,
tumor mutational burden (TMB), turned out to be a promising biomarker for immunotherapies [35].
Higher TMB favors positive response to PD-1/PD-L1 blockade in several types of tumors, e.g., non-small
cell lung carcinoma (NSCLC) [36].

It is essential to mention that targeting CTLA-4 and the PD-L1/PD-1 axis simultaneously in cancer
patients has produced synergistic effects in numerous cases. Therefore, combinations of ipilimumab
with, for instance, nivolumab, have been approved in several types of cancer [37].

3.4. Recent Developments in the Application of Anti-CTLA-4 Antibodies

There is also an ongoing study (NCT03860272) on an improved version of the anti-CTLA-4
monoclonal antibody, AGEN1181, that harbors an engineered Fc domain that increases the stability
and half-life of the antibody. This Phase 1 study enrolls patients with refractory, advanced cancer (solid
tumors) regardless of diagnosis and prior therapies.
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One of the studies has also reported an anti-CTLA-4 antibody that is preferentially released
within the tumor microenvironment. Specifically, the CTLA-4 dual variable domain Ig (anti-CTLA-4
DVD) was designed to have the inner CTLA-4-binding domain shielded by an outer tumor-targeting
anti-prostate stem cell antigen (PSCA) domain. Once cleaved in the TME, the shield exposes the inner
CTLA-4-binding site. The targeted release of anti-CTLA-4 within tumors was found to deplete tumor
Tregs, without affecting tissue-resident Tregs, thus not inhibiting their antitumor activities [38].

3.5. Adverse Effects of Immune Checkpoint Inhibition

The grand proportion of patients treated with immune checkpoint inhibitors have experienced
drug-induced immune-related adverse events (irAEs). The toxicity of the anti-CTLA-4 antibody was
low in most cases, but some patients also experienced severe and life-threatening irAEs [39]. Generally,
irAEs are more likely to appear in patients treated with anti-CTLA-4 (60–85%) than anti-PD-1 (16–37%),
or anti-PD-L1 (12–24%). However, when the combination of anti-CTLA-4 and anti-PD-1 or anti-PD-L1
was applied, the frequency and severity of irAEs were higher compared to single-agent treatment—up
to 60% of patients on combined therapy develop severe side effects that can include autoimmune
inflammation in the nervous system [40] and heart [41]. Some studies reported that the frequency may
be even higher and appear in even 91% of patients [42]. The most common irAEs include rash, colitis,
hepatitis, endocrinopathies, and pneumonitis [43]. Neutrophilic dermatoses are another often an
adverse effect of checkpoint inhibitors [44,45]. The management of checkpoint inhibition-induced irAE
usually bases on immunosuppression with corticosteroids or other immunosuppressant agents [43].

3.6. Combination Therapies Using Checkpoint Inhibitors

In general, the fundamental problem with the application of immune checkpoint inhibitors is
that the presence of T cells in the tumor site is a limiting factor. The lack of effector T cells within the
tumor borders makes the elimination of cancer cells via the immune “brake-off” mechanism nearly
impossible [46]. Another issue related to the adaptation of cancer cells is checkpoint inhibition by
amplification of other negative checkpoint molecules in order to keep the exhausted phenotype of
tumor-infiltrating lymphocytes (TILs). The latter phenomenon is being addressed by the application of
antibodies inhibiting additional negative checkpoints, as discussed further on.

The problem of initially non-existent tumor infiltrates can be solved by increasing the
immunogenicity of the tumor cells, e.g., by induction of the immunogenic cell death by cytotoxic or
immuno-stimulatory approaches, or by using the molecularly targeted therapies. Indeed, in order
to improve the safety and efficiency of therapies based on immune checkpoint blockade, several
combinations are now tested both with non-biological and biological agents. The examples are
combined interventions with non-biological approaches are surgery [47], radiation therapy [48],
chemotherapy [49], and potentially targeted therapies as well [50]. There is also a substantial number of
biological agents for combinatory treatment with immune checkpoint inhibitors either in preclinical or
clinical settings, e.g., other therapeutic monoclonal antibodies (NCT02914405), therapeutic vaccines [51],
natural or synthetic cytokines [52], anti-cytokine antibodies (NCT03111992), oncolytic virotherapy [53],
or immune effector cells used in adoptive therapies [54]. The last one is especially interesting, as the
use of lymphocytes guided with natural or synthetic tumor antigen-specific receptors can overcome
the problem of non-existent immune cell infiltrates in the tumor. Conversely, as the surrounding
microenvironment of solid tumors can use negative checkpoint molecules to hamper the effectiveness
of CAR (chimeric antigen receptor)-T-based therapies, the addition of checkpoint blockade can
significantly improve the efficacy of adoptive approaches [55,56]. Indeed, several clinical trials of this
manner are being currently conducted (e.g., NCT03726515, NCT04003649).

3.7. Antibodies Against Novel Negative Checkpoints

Due to several limitations that appear in therapies based on the use of the anti-CTLA-4, PD-1,
or PD-L1 monoclonal antibodies, both as monotherapy or in combination regimens, the additional
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co-inhibitory pathways are intensively investigated as novel pharmacological targets. Next-generation
monoclonal antibodies targeting alternative immune checkpoints in the tumor microenvironment
are being explored in clinical trials (reviewed in [57]). The overview of the new target candidates
for immune checkpoint inhibition along with the specific antibodies and example clinical trials are
presented in Table 3.

Table 3. Inhibitory and stimulatory immune checkpoint molecules with respective anti-receptor
antagonistic antibodies and examples of clinical trials.

Receptor
Antagonistic
Compounds

Example Clinical Trials
(Phase)

Comments

Inhibitory immune checkpoint molecules

LAG-3

MGD013 (Anti-PD-1,
anti-LAG-3 dual
checkpoint inhibitor)

NCT04082364 (Phase 2/3)

HER2-positive gastric cancer or
gastroesophageal junction cancer to
determine the efficacy of margetuximab
combined with anti-HER2 monoclonal
antibody and margetuximab combined
with anti-HER2 monoclonal antibody or
MGD013 and chemotherapy compared to
trastuzumab combined with chemotherapy
(Cohort B)

Relatlimab (BMS-986016) NCT01968109 (Phase 1)

Administered alone and in combination
with nivolumab in patients with solid
tumors: non-small cell lung cancer, gastric
cancer, hepatocellular carcinoma, renal cell
carcinoma, bladder cancer, squamous cell
carcinoma of the head and neck, and
melanoma.

TIGIT
BGB-A1217 NCT04047862 (Phase 2)

Evaluation of anti-tumor effect of
BGB-A1217 in combination with
tislelizumab in patients with advanced
solid tumors.

BMS-986207 NCT02913313 (Phase
1/2a)

Advanced or spread solid cancers.
Administered alone and in combination
with nivolumab

TIM-3 (HAVcr2)

Sym023 NCT03489343 (Phase 1)
As a monotherapy in patients with locally
advanced/unresectable or metastatic solid
tumor malignancies or lymphomas

TSR-022 NCT02817633 (Phase 1)

As a monotherapy and in combination with
an anti-PD-1 antibody and/or an
anti-LAG-3 antibody, in patients with
advanced solid tumors

MBG453
NCT03961971 (Phase 1)

MBG453 with stereotactic radiosurgery and
spartalizumab in treating patients with
recurrent glioblastoma multiforme

NCT03066648 (Phase 1)

As a monotherapy and in combination with
an anti-PD-1 antibody (PDR001) and/or
Decitabine in acute myeloid leukemia and
high risk myelodysplastic syndromes
patients

VISTA JNJ-61610588 NCT02671955 (Phase 1)
Evaluation the safety and tolerability of
JNJ-61610588 in participants with advanced
cancer—study terminated.

CEACAM1 CM-24 (MK-6018) NCT02346955

Advanced or recurrent malignancies,
administered as monotherapy or in
combination with pembrolizumab—study
terminated.
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Receptor
Antagonistic
Compounds

Example Clinical Trials
(Phase)

Comments

Stimulatory immune checkpoint molecules

CD28 Theralizumab (TAB08) NCT03006029 (Phase 1) Metastatic or unresectable advanced solid
malignancies

OX40 (CD134)

BMS 986178 NCT03831295 (Phase 1) Advanced solid malignancies, combination
with TLR9 agonist SD-101

MEDI6469 NCT02274155 (Phase 1) Head and neck squamous cell carcinoma

PF-04518600 NCT03971409 (Phase 2) Triple negative breast cancer, combination
with nivolumab

GSK3174998 NCT02528357 (Phase 1) Advanced solid tumors, combination with
pembrolizumab

MOXR0916 NCT02219724 (Phase 1) Locally advanced or metastatic solid tumors

4-1BB (CD137)

Utomilumab
(PF-05082566)

NCT03364348 (Phase 1) Advanced HER2-positive breast cancer,
combination with trastuzumab

NCT02179918 (Phase 1) Advanced solid tumors, combination with
PD-1 inhibitor MK-3475

Urelumab (BMS-663513)
ES101

NCT02534506 (Phase 1) Advanced malignancies, alone or in
combination with nivolumab

NCT04009460 (Phase 1) Advanced solid tumors, anti-PD-L1/4-1BB
bispecific antibody

GITRL

BMS-986156 NCT02598960 (Phase 1/2) Advanced solid tumors, alone or with
nivolumab

TRX-518
NCT01239134 (Phase 1) Solid malignancies

NCT02628574 (Phase 1)
Advanced solid tumors, in combination
with gemcitabine, pembrolizumab, or
nivolumab

AMG 228 NCT02437916 (Phase 1) Advanced solid tumors

ICOSLG, (CD275)

JTX-2011 NCT02904226 (Phase 1/2) Advanced solid malignancies, alone or in
combination with nivolumab

GSK3359609 NCT02723955 (Phase 1) Advanced solid tumors, alone or in
combination with pembrolizumab

BMS-986226 NCT03251924 (Phase 1/2) Advanced solid tumors, alone or in
combination with nivolumab or ipilimumab

MEDI-570 NCT02520791 (Phase 1) T-cell lymphomas, antagonistic antibody

CD27 Varlilumab (CDX-1127) NCT04081688 (Phase 1)
NCT02335918 (Phase 1/2)

Non-small cell lung carcinoma,
combination with atezolizumab and
radiation therapy
Five types of solid tumors, combination
with nivolumab

LAG-3 is a negative checkpoint receptor that effectively suppresses T cells activation and cytokines
secretion, thereby maintaining immune homeostasis [58]. LAG-3 is expressed primarily on activated
effector T cells and Tregs, but also other types of immune cells. The precise molecular mechanisms
for inhibitory LAG-3 signaling remain unclear. MHC II is considered to be a canonical ligand for
LAG-3, however there is a lack of direct evidence for the protein–protein interaction between these two
molecules. Recent studies have reported that fibrinogen-like protein 1 (FGL1) may be a major functional
ligand of LAG-3, especially on target cells. The expression levels of both FGL1 mRNA and protein
are limited to the liver and pancreas in normal conditions, but has been shown to be upregulated in
human solid tumors including lung cancer, prostate cancer, melanoma, and colorectal cancer compared
to normal tissues [59]. What is apparent, however, is that LAG-3 shows a strong synergy with PD-1
in multiple settings [60]. Indeed, it was observed that dual LAG-3/PD-1 blockade has a much more
significant result on resolving the issue of T cell exhaustion, as compared to only LAG-3 blockade.
Moreover, tumor growth was more likely to be reduced in both LAG-3- and PD-1-deficient mice, that
when the single knockout of one of these molecules was performed [61]. A similar effect was observed in
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models of colon adenocarcinoma, fibrosarcoma, ovarian tumors, melanomas, lymphomas, and multiple
myelomas, where the mice were treated with one antibody or with combination targeting LAG-3/PD-1
compounds. In all these in vivo studies, increased survival and tumor regression appeared mainly due
to the restored CD8+ T cell function and increased cytokine production. Additionally, the blockade of
LAG-3 on CD4+ T cells increased their production of interleukin (IL)-2, IL-4, IFN-γ and tumor necrosis
factor-alpha (TNF-α) [62]. There are currently several LAG-3-modulating treatments tested in different
phases of clinical trials (e.g., NCT03489369, NCT02658981, NCT03311412, NCT03662659). Importantly,
the combination of anti-LAG-3 (BMS-986016) and anti-PD-1 (nivolumab) antibodies has been shown to
be effective in melanoma patients resistant to anti-PD-1/PD-L1 therapy [63], and is currently being
tested in other tumor types (NCT04082364, NCT01968109).

TIGIT is an inhibitory checkpoint receptor that has a role resembling the PD-1/PD-L1-mediated
signal in tumor immunity and is upregulated in many types of cancers [64,65]. TIGIT is expressed
in both NK cells and T cells (activated, memory, and regulatory) and has a role in their activation
and maturation, among others by inducing the generation of mature immuno-regulatory dendritic
cells [66]. TIGIT binds as a competitor to the same set of ligands as the CD226 (DNAM-1) receptor:
CD155 (poliovirus receptor, PVR) with high affinity and CD112 (Nectin-2 or poliovirus receptor-related
2, PVRL2) with lower affinity [66]. Anti-TIGIT antibodies (e.g., BGB-A1217 and BMS-986207) were
shown to act synergistically with inhibition of the anti-PD-1/PD-L1 axis in pre-clinical models [67]
and are currently being tested in clinical trials in patients with advanced solid tumors (NCT04047862,
NCT02913313).

TIM3 (also known as Hepatitis A Virus Cellular Receptor 2, HAVCR2) also contributes to immune
tolerance by providing negative regulation of lymphocyte activation [68]. It is expressed on multiple
immune cells, including conventional T cells (activated, memory, and exhausted), Tregs, and innate
immune cells [69]. In cancer, chronic stimulation induces TIM3 upregulation in tumor antigen-specific
T lymphocytes, especially in CD8+ TILs, and, at the same time, peripheral T cells show minimal TIM3
expression. Similar to the PD-1/PD-L1 axis, TIM3 plays a role in T cell exhaustion during chronic
immune stimulation [70], and especially in trimming the Th1-type immune responses [69]. Blocking the
TIM3 pathway stimulates tumor antigen-specific T cell proliferation and cytotoxic functions, inhibits
the activity of Tregs [71], and decreases the presence of myeloid-derived suppressor cells (MDSCs)
in tumors [72]. The inhibition of TIM3 by mAbs is currently evaluated in at least 10 ongoing Phase
1 clinical trials, as a single blockade, with combination strategies (as presented in Table 2), or with
bispecific antibodies (e.g., NCT03708328 with RO7121661 compound or NCT03752177 with LY3415244).

What is of importance for generation of anti-TIM3 antibodies for immunomodulatory purposes
is the fact that at least several different surface molecules have been presented as ligands for TIM3,
including galectin-9, phosphatidylserine (PtdSer), high mobility group protein 1 (HMGB1), and
perhaps the carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) [73]. These
ligands bind to the extracellular portion of the TIM3 molecule at distinct sites. Thus, the question arises
which of the TIM-3 epitopes should be targeted by monoclonal antibodies in order to disrupt specific
binding of the ligand(s) responsible for the immunosuppressive actions of this receptor. The study by
Sabatos-Peyton et al. suggested that targeting the PtdSer and CEACAM1 binding sites is a shared
property of anti-TIM-3 antibodies with demonstrated immunomodulatory functions [73]; however,
this topic needs further research. An additional argument for the importance of anti-TIM3 antibodies
was given by recent studies on a mouse model of lung adenocarcinoma. It was observed that mice and
also some patients, who develop adaptive resistance to anti-PD-1 treatment after an initial response,
may show a TIM-3 upregulation. Using anti-TIM3 antibodies in these cases can contribute to improved
efficacy of the treatment [74].

Targeting negative checkpoints with monoclonal antibodies does not always lead to noticeable
beneficial effects in humans, despite promising results in preclinical models, and examples of such
developmental paths are V-domain Ig suppressor of T cell activation (VISTA) and CEACAM1 checkpoint
receptors, as described below.
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VISTA is a membrane receptor constitutively expressed on the immune cells, primarily in myeloid
cells, but also detected in T cells and to some extent in NK cells [75]. VISTA presence is more pronounced
on the surface of tumor infiltrating myeloid cells and on Tregs within the tumor mass as compared to
those in the peripheral tissues [76]. In mouse models, it has been shown that blocking VISTA with
monoclonal antibodies decreases MDSCs infiltration in tumors, and in parallel, it increases the presence
of immune effector infiltrates. VISTA can also be expressed by tumor cells and induce regulation of
T cell function [77] and anti-VISTA antibody had positive effects on the survival of tumor-bearing
mice [77]. Therefore, the anti-VISTA antibody (Onvatilimab, JNJ-61610588) was introduced into the
Phase 1 clinical trial in 2016 (NCT02671955), but the study was terminated due to the manufacturer’s
decision. Despite that, VISTA remains in the focus of cancer studies, as VISTA expressed on intratumor
CD68-positive in pancreatic cancer has recently been indicated as an important role player the resistance
of these tumors to immune checkpoint inhibitors [78].

CEACAM1 is another recently characterized immune checkpoint. CEACAM1 is expressed at high
levels on T cells activated by stimulation with IL-2 or anti-CD3 antibodies or activated NK cells, but also
can be expressed on tumor cells and act in homophylic interactions with CEACAM1 on the immune
cells [79]. CEACAM1-L, the dominant isoform expressed in most T cells and NK cells, acts as an
inhibitory receptor downregulating activation of these cells, e.g., in malignant melanoma [80]. In early
preclinical settings, anti-CEACAM1 antibody (CC1) combined with anti-TIM3 intervention generated
a robust therapeutic efficacy in mouse intracranial glioma model [81]. Also, CM-24 (MK-6018), a
humanized anti-CEACAM1 IgG4 antibody, was demonstrated to increase the cytotoxic activity of
lymphocytes against cancer cells in various in vitro and in vivo models [82]. A first clinical trial utilizing
CM-24 was initiated in 2015 (NCT02346955) either with CM-24 administered alone or in combination
with pembrolizumab, but the study was terminated in 2017, as no efficacy was observed. Subsequently,
the anti-mouse CEACAM1 antibody (CC1) has been shown to induce no or minimal antitumor effects
in vivo, as a monotherapy or in combination with anti-PD-1 treatment in three mouse models of
solid tumors [83]. Interestingly, however, the significant efficacy of another CEACAM1-targeting
antibody (MG1124) has recently been reported in combination with pembrolizumab in humanized
mice xenografted with human lung cancer cells [84]. The current view is that CEACAM1 plays a
multifaceted role as a checkpoint molecule in the human immune system, with either positive or
negative effects depending on the circumstances, which might be attributed to the occurrence of various
splicing forms of this molecule [85].

4. Application of Agonistic Compounds towards Positive Immune Checkpoints in Cancer

The counterbalance for negative immune checkpoints are the stimulatory (positive) checkpoint
molecules, also acting mostly in a ligand-receptor manner. Here, the approach in cancer treatment
is to use agonistic antibodies that increase signaling from the stimulatory immune checkpoints and
thus positively regulate activation of the immune system against cancer (Figure 2). Although, in
theory, this is just an opposite intervention as compared to the negative checkpoint blockade, there is
a fundamental difference between these two kinds of approaches. Specifically, while the beneficial
effects of inhibiting a negative checkpoint can be seen only if this particular checkpoint is used by
the tumor to evade the immune system, the activation of a positive immune checkpoint should be
stimulating lymphocytes more broadly, regardless of the particular defenses raised by the tumor. This
notion is of importance in the stimulatory approach, as it provides broader universality of treatment,
but also a higher risk of adverse effects.

The latter phenomenon has been a reason for a spectacular failure of a treatment attempt with an
antibody activating the CD28 molecule, the most powerful of the stimulatory immune checkpoints on
T lymphocytes. The interaction of CD28 with its cognate ligands, CD80 or CD86, provides the so-called
“the second signal” for activation of the T lymphocyte following the recognition by TCR of specific
MHC-antigen complex. The agonistic antibody binding to this receptor, theralizumab (also known
as TGN1412, CD28-SuperMAB, or TAB08) was initially designed to treat B cell chronic lymphocytic
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leukemia (B-CLL) [86]. It was found safe in preclinical studies and, therefore, applied to six trial
participants in Phase 1 clinical trial in 2006. Unexpectedly, in all cases, theralizumab induced a severe
cytokine release syndrome with a high proportion of multiple organ failure [87]. This incident caused
the temporary withdrawal of this anti-CD28 agonistic antibody from further studies in humans and
led to a revision of European guidelines for first-in-man phase-1 clinical trials for biologic agents [88].
Despite the initial failure of theralizumab, the Phase 1 trial in patients with advanced neoplasms was
initiated in December 2016 (NCT03006029) and is ongoing.

Other positive immune checkpoints are also seen as promising targets in anticancer treatment.
The list of the clinical trials with the respective agonistic compound are presented in Table 2. The main
difference between CD28 and other stimulatory receptors is that CD28 is present on naïve T cells, while
the rest are being expressed mostly following stimulation of the lymphocytes. This increases the safety
level of agonistic antibodies against such receptors as OX40, CD137, GITR, ICOS, or CD27.

OX40 (CD134, TNFRSF4) belongs to the superfamily of TNFR and can be detected on the surface
of activated CD4+ and CD8+ T cells, and also on Tregs, NK cells, and neutrophils. The expression of
its natural ligand, OX40L (CD52), can be induced by proinflammatory cytokines on dendritic cells
(DCs), macrophages, B lymphocytes, and also endothelial or smooth muscle cells. OX40 is detected on
lymphocytes 24 to 72 h after activation [89]. Stimulation via OX40 has been shown to overcome the
negative effects induced by CTLA-4 in T lymphocytes and also to antagonize the suppressive effects of
Tregs on the activation of the effector cells [90]. Thus, agonistic antibodies or Fc fusion proteins against
OX40, such as BMS986178, GSK3174998, PF-04518600, MEDI6383, MEDI6469, or MOXR0916, have been
generated for use against a range of malignancies (reviewed in [90]). Generally, these antibodies are well
tolerated in cancer patients and have a mild toxicity profile. Interestingly, the application of anti-OX40
stimulatory compounds (MEDI6383 or MEDI6469) was shown to induce activation and proliferation of
T cell populations in cancer patients [91], but also resulted in upregulation of PD-L1 in tumor cells,
occurring between 12 and 19 days following the infusion (NCT02274155). This indicates the potential
synergism of agonistic anti-OX40 compounds with anti-PD-1/PD-L1 blocking antibodies. Indeed, such
combinations, e.g., PF-04518600 with avelumab (NCT03971409) or GSK3174998 with pembrolizumab
(NCT02528357), are being tested in clinical trials. In recent preclinical studies, spectacular effects
against a range of malignancies have been reported in the combination of anti-OX40 agonist (BMS
986178) with TLR9 agonist SD-101 [92]. This combination is currently tested in Phase 1 clinical trial in
advanced cancers (NCT03831295).

CD137 (4-1BB, TNFRSF9) can be primarily detected on activated CD8+ and CD4+ T cells but
following induction with proinflammatory stimuli also appears on other cell types, including NK cells,
B cells and dendritic cells, or endothelial cells following induction with pro-inflammatory stimuli [93].
CD137 ligand (4-1BBL, CD252) is expressed on various antigen-presenting cells. Ligation of CD137
results in a pro-stimulatory signal, enhancing among others the tumor-selective cytotoxicity of CD8+ T
lymphocytes and NK cells and secretion of IFN-γ [94]. The examples of agonistic anti-CD137 antibodies
are utomilumab (PF-05082566) and urelumab (BMS-663513). These antibodies are being assessed in
numerous clinical trials in cancer patients, mainly in combinations with other immunomodulatory
compounds. Notably, urelumab, as an agonist for CD137, appears to act with higher potency than
utomilumab [95], which is attributed to different epitopes bound by these antibodies on CD137
molecule [96]. Therefore, a somewhat higher frequency of adverse effects has been reported with
urelumab. Similarly to OX-40, anti-CD137 antibodies act in synergy with the inhibitors of PD-1/PD-L1
axis [95], and such combinations are being evaluated in clinical trials. In line with this tendency, a
recombinant PD-L1/4-1BB bispecific antibody, ES101, has recently been developed and subjected to
Phase 1 clinical trial in advanced solid malignancies (NCT04009460).

GITR (TNFRSF18), also known as activation-inducible tumor necrosis factor receptor (AITR),
is another member of the TNFR family, the expression of which is increased upon activation on
T and NK cells, and also the CD4+CD25+ regulatory T cells. GITR ligand (GIRTL) is primarily
expressed on antigen-presenting cells and endothelium. Stimulation of GITR has been shown to
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increase the effector activity of T cells and decrease the immunosuppressive effects elicited by Tregs.
Numerous agonistic anti-GITR antibodies have been developed, for instance BMS-986156, TRX-518,
AMG 228, INCAGN01876, MEDI1873, MK-4166, and GWN323, all of which are currently being tested
in clinical trials in solid or hematological malignancies. Generally, the application of these antibodies
is considered safe, with only relatively mild adverse effects [97]. However, most of these antibodies
produce quite modest immunostimulatory effects or clinical response rates so far [97]. That indicates
that anti-GITR antibodies may be better candidates for combined approaches rather than to be used in
monotherapy [98].

ICOS (CD278), unlike most of the costimulatory receptors on T cells, belongs to the superfamily of
CD28-type molecules. ICOS is expressed at low levels on naïve T cells, but its expression is significantly
increased following activating stimuli and plays a role in T cell activation and governing Th1-, Th2-,
and Th17-type responses [99]. The ligand of ICOS (ICOSLG, B7-H2, CD275) appears mostly on
APC, including B cells, dendritic cells, and macrophages, and also on non-immune cells following
stimulation with lipopolysaccharide [99]. ICOS is also considered a target for agonistic approach in
anticancer therapies [100], and therefore several agonistic (such as JTX-2011, GSK3359609, BMS-986226)
antibodies were generated, but also an antagonistic (MEDI-570) antibody, as well. Interestingly, the
ICOS–ICOSL pathway can sometimes exhibit pro-tumorigenic effects due to the inducing generation
and function of Tregs [101], and in particular cases, an inhibitory approach to ICOS signaling might be
of preference [100].

CD27 is another member of the TNFR superfamily. Its ligand, CD70, is expressed on highly
activated lymphocytes, but also in T- and B-cell lymphomas [102]. Varlilumab (CDX-1127) is an
anti-CD27 agonistic antibody that has been and is being evaluated in several clinical trials in solid
malignancies (e.g., NCT04081688, NCT02335918). An interesting fact is that CD70 is currently under
investigation as a target for the ARGX-110 antibody in the treatment of hematological malignancies
(NCT03030612), and the previous study in solid tumors (NCT02759250) has shown promising signs of
its biological activity.

5. Perspectives in Immune Checkpoint Targeting—Bispecific Antibodies

The most significant challenge of immunomodulation is balancing between the potency of
antitumor effects and the severity of autoimmune and/or inflammatory adverse events. The potential
solution for this problem may rely on choosing the appropriate combination of immunomodulatory
compounds and potentially other anticancer modalities in order to tip this balance towards the
antitumor effectiveness. A derivative of such an approach is using multivalent (e.g., bispecific)
antibodies, that combine the beneficial effects of multiple checkpoint targets.

Bispecific antibodies (bsAb) are engineered antibody-derived fusion proteins designed to bind
two epitopes (usually on two different antigens) simultaneously. The global development of bsAb is
thriving. Currently, there are numerous (>20) technology platforms commercialized for bsAb formation
and development, and more than 85 bsAb are in clinical development with two of them already
marketed [103]. The most pronounced advantage of bsAb over the combinations of full-size format
mAb is that bsAb can bring their targets into close proximity. Also, the amount of balance between
both binding arms of bsAb is always 1:1 at the site of destination, while for combinations of full-size
mAb, it can be severely shifted in either way depending on circumstances. From the perspective of
immune checkpoint targeting, three functional formats of bsAb are applicable [30]:

• Redirectors of cytotoxic effector cells—these bsAb bind to the tumor-associated antigen (a
checkpoint molecule in this case) and the molecule responsible for activation of the effector cells
(e.g., CD3 on T/NKT cells or CD16 on NK/NKT cells). Such bsAb are also referred to as bi-specific
T cell engager (BiTE) or bi-specific killer cell engager (BiKE);

• Dual immunomodulators—the principle of action of these bsAb is to bind two checkpoint
molecules simultaneously, usually on the same cell.
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• Tumor-associated antigen-targeted immunomodulators—these bsAb bind to the tumor-associated
antigen (on cancer cell) and a checkpoint molecule (e.g., a positive immune checkpoint on the
effector cell). The difference between these bsAb and redirectors of cytotoxic effector cells is
that they would not discriminate between the effector cell type, as long as the positive immune
checkpoint molecule is expressed.

The examples of bsAb at various phases of preclinical or early clinical development are presented
in Table 4.

Table 4. Examples of bispecific antibodies targeted against immune checkpoint molecules.

Antigens Name Cancer Type
Reference or Clinical

Trial No.

Redirectors of cytotoxic effector cells

Anti-PD-L1/CD3 PD-L1-positive human
cancers

Preclinical
[104]

Dual immunomodulators

Anti-PD-1/TIM3 LY3415244 Advanced solid tumors NCT03752177
(Phase 1)

Anti-PD-1/TIM3 RO7121661

Metastatic Melanoma
Non-small Cell Lung

Cancer (NSCLC)
Small Cell Lung Cancer

(SCLC)

NCT03708328
(Phase 1)

Anti-PD-1/PD-L1 LY3434172 Advanced solid tumors NCT0393695
9(Phase 1)

Anti-PD-1/CTLA-4 AK104

Gastric Adenocarcinoma
Advanced Solid Tumors

Gastroesophageal
Junction

Adenocarcinoma

NCT03852251
(Phase 1/2)

Advanced Cancer NCT03261011
(Phase 1)

Anti-CTLA-4/OX40 ATOR-1015
Advanced and/or
Refractory Solid

Malignancies

NCT03782467
(Phase 1)

Anti-LAG-3/PD-L1 FS118 Advanced Cancer
Metastatic Cancer

NCT03440437
(Phase 1)

Tumor-associated antigen-targeted immunomodulators

Anti-Her2/4-1BB PRS343 HER2-positive Solid
Tumors

NCT03330561
(Phase 1)

6. Summary and Future Directions

Multiple lines of evidence suggest that modulation of the intrinsic antitumor response by using
antagonistic compounds towards negative immune checkpoints and agonistic factors stimulating
positive immune checkpoints is a highly promising strategy in cancer treatment. The chemical assembly
of such immunomodulatory agents is most often based on antibody structure or an antibody derivative.
Numerous cancer patients have already achieved long-term remissions from malignancies, that would
be lethal prior to the immunotherapy era. Nevertheless, the immunomodulatory approach to cancer
treatment is far from perfect. Another solution might be an attempt to mimic as close as possible the
natural course of activation of T cells, which should be localized and limited to the site(s) of disease
rather than systemic. This effect can be potentially achieved by the intratumoral application of a given
immunomodulator with hope for inducing an abscopal effect against the remaining tumors. Also,

119



Cancers 2019, 11, 1756

the identification of new antibody-targetable immune checkpoints can allow for a higher percentage
of objective responses in cancer patients resistant to current therapies. An ideal expression profile is
high and homogeneous antigen expression on the surface of all tumor cells and absent from normal
tissue. However, some types of cancers are made up of multiple cancer subtypes that evolve with
time. The recently used approaches to solve this problem are using transcriptome analysis of cancer
cells [105,106], also integrated with cell-surface proteomic data [107]. Another novel approach is to
identify tumor antigens by analyzing antibodies derived from local lymph nodes [108], which could
allow one to also identify tumor antigens expressed by individual cancer patients.

Lastly, elaboration of more precise criteria for evaluation immune-modified responses in solid
tumors along with properly chosen companion diagnostics would allow for better identification of
patients benefiting from the immunomodulatory therapies. Despite the remaining challenges, the
application of antibody-based modulators of immune checkpoints has already opened a new pathway
for personalized and precise treatment strategies in cancers and is undoubtedly one of the most
significant breakthroughs in current medicine.
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Abstract: Predictive biomarkers of response to immune-checkpoint inhibitors (ICIs) are an urgent
clinical need. The aim of this study is to identify manageable parameters to use in clinical practice
to select patients with higher probability of response to ICIs. Two-hundred-and-seventy-one
consecutive metastatic solid tumor patients, treated from 2013 until 2017 with anti- Programmed
death-ligand 1 (PD-L1)/programmed cell death protein 1 (PD-1) ICIs, were evaluated for baseline
lactate dehydrogenase (LDH) serum level, performance status (PS), age, neutrophil-lymphocyte ratio,
type of immunotherapy, number of metastatic sites, histology, and sex. A training and validation set
were used to build and test models, respectively. The variables’ effects were assessed through odds
ratio estimates (OR) and area under the receive operating characteristic curves (AUC), from univariate
and multivariate logistic regression models. A final multivariate model with LDH, age and PS showed
significant ORs and an AUC of 0.771. Results were statistically validated and used to devise an Excel
algorithm to calculate the patient’s response probabilities. We implemented an interactive Excel
algorithm based on three variables (baseline LDH serum level, age and PS) which is able to provide
a higher performance in response prediction to ICIs compared with LDH alone. This tool could be
used in a real-life setting to identify ICIs in responding patients.

Keywords: immune-checkpoint inhibitors; LDH; biomarkers
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1. Introduction

In the era of immunotherapy, several biological and biochemical factors have been investigated
as potential biomarkers of tumor response/resistance to immune-checkpoint inhibitors (ICIs). Select
patients is an important clinical need in an attempt to offer them the best therapeutic workup,
to avoid unnecessary side effects, and to optimize the use of economic resources. In order to
identify a predictive tool of response to ICIs, we evaluated the available and manageable parameters
that could ameliorate the selection of patients. In this context, lactate dehydrogenase (LDH) is a
potentially interesting, cheap and easy-to-detect biomarker of response [1–4]. Indeed, serum LDH
levels are an independent poor prognostic factor in several malignancies, including renal cell [5]
and nasopharyngeal carcinoma [6], lymphomas [7], multiple myeloma [8], sarcomas [9] and lung
cancer [10,11]. It also seems to be predictive of clinical outcomes in patients treated with anti-PD1
monoclonal antibodies (mAbs) [12]. For instance, it inversely correlates with the probability of
achieving a tumor response in metastatic melanoma patients treated with anti- Cytotoxic T-Lymphocyte
Antigen 4 (CTLA4) mAbs [13,14]. In previous studies, the link between serum LDH levels and
poor patient prognosis has been generally attributed to the fact that high LDH levels reflect a high
tumor burden, which is often associated with worse clinical outcomes. However, LDH is an enzyme
that catalyses the conversion of pyruvate to lactate in highly glycolytic cancer cells, and its serum
levels could be a proxy of tumor metabolic activity and not simply of tumor burden. Of note,
recent studies have suggested that enhanced glycolytic activity in human malignancies is associated
with an immunosuppressive environment, while glycolysis inhibition reduces tumor infiltration by
immunosuppressor myeloid cells (MDSCs), stimulating the infiltration by cytotoxic lymphocytes [15].

Potential biomarkers of response/resistance to immunotherapy other than serum LDH, such as
intratumor Programmed death-ligand 1 (PD-L1) expression, tumor microenvironment characteristics,
tumor mutational load, mismatch-repair deficiency, and neutrophil-lymphocyte (N/L) ratio in
peripheral blood, have been extensively investigated [16]. Unfortunately, no single parameter has been
consistently associated with tumor response and clinical outcomes in all types of neoplasms; moreover,
many of these biomarkers require specific analyses in tumor specimens, which are not always available.
Therefore, cheap and easy-to-measure biochemical and clinical parameters could significantly help in
the selection of patients more likely to benefit from ICIs, without increasing costs.

Here, we describe an algorithm based on baseline serum LDH levels, patient Performance Status
(PS) and age, which could help clinicians to provide more accurate identification of patient candidates
to ICIs.

2. Results

In our study, we enrolled 271 metastatic solid tumor patients treated at Fondazione
IRCCS—Istituto Nazionale dei Tumori with anti PD-1 and anti PD-L1 mAbs from April 2013 to
August 2017. Patients were evaluated for baseline LDH serum level, PS, age, N/L ratio, type of
immunotherapy, number of metastatic sites, histology, and sex. Overall, the population was made up
of 43.2% (117) lung cancer, 22.1% (60) melanoma and 34.7% (94) miscellaneous other solid tumors (1
anal, 1 hepatocellular carcinoma (HCC), 1 thyroid, 1 germ cell tumor, 2 gynecologic, 3 gastric, 5 head
and neck (H&N), 4 colorectal, 5 sarcoma, 6 biliary tract, 6 mesothelioma, 26 renal, and 33 urothelial).
Patient’s characteristics of training, validation and overall cohort are reported in Table 1; the number
of metastatic sites is defined as the number of involved organs; the PS is evaluated through the
Eastern Cooperative Oncology Group (ECOG) criteria [17] and dichotomized as 0 or ≥1. All responses
were assessed by computed tomography. The categories of response consisted of: complete response
(CR), partial response (PR), stable disease (SD), or disease progression (DP) as per RECIST (Response
Evaluation Criteria in Solid Tumours) 1.1 criteria [18]. Disease control (DC) was defined as any CR, PR
or SD. Overall, 150 (55.35%) patients achieved DC (6 CR, 59 PR, 85 SD) and 121 (44.65%) had DP as
their best response.
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Table 1. Clinic-pathological characteristics: training, validation and total cohorts.

Characteristics Training Cohort
Validation

Cohort
Total Cohort

Categorical Variables Freq % Freq % Freq %

Sex

Female 78 41.71 32 38.1 110 40.59
Male 109 58.29 52 61.9 161 59.41

Tumor Site

Melanoma 36 19.25 24 28.57 60 22.14
Lung 93 49.73 24 28.57 117 43.17

Others * 58 31.02 36 42.86 94 34.69

Treatment

PD-1 117 62.57 51 60.71 168 61.99
PD-L1 70 37.43 33 39.29 103 38.01

Line of therapy

1 8 4.3 37 44.0 45 16.61
2 56 29.9 33 39.3 89 32.84
≥3 123 65.8 14 16.7 137 50.55

Number of Metastatic sites

1 31 16.6 11 13.1 42 15.5
2 83 44.4 37 44.0 120 44.28
≥3 73 39.0 36 42.9 109 40.22

PS (ECOG)

0 123 65.78 54 64.29 177 65.31
≥1 64 34.22 30 35.71 94 34.69

Best Response

DC 104 55.61 46 54.76 150 55.35
DP 83 44.39 38 45.24 121 44.65

Continuos variables Median Range Median Range Median Range

Age, years 61 16; 84 66 34; 83 62 16; 84

N/L ratio 3.44 0.65;
39.50 3.39 0.78;

28.33 3.44 0.65;
39.50

LDH serum level 353.00 152.00;
2048.00 321.50 179.00;

5063.00 343.00 152.00;
5063.00

PS: performance status, DC: disease control, DP: disease progression, N/L ratio: neutrophil to lymphocyte ratio.
* Other solid tumors: 1 anal, 1 HCC, 1 thyroid, 1 germ cell tumor, 2 gynecologic, 3 gastric, 5 H&N, 4 colorectal,
5 sarcoma, 6 biliary tract, 6 mesothelioma, 26 renal, and 33 urothelial.

The evaluation of LDH levels was performed in terms of percentage increase with respect to the
upper limit of the specific normality range. This transformed variable was called LDH normalized.

The median value of LDH normalized distribution was −27.7%, the lower quartile −38.48% and
the upper −3.96%. A minimum extreme value was observed at −66.96% and a maximum at
954.79%. Figure 1 shows the LDH normalized distributions in the training and validation cohorts when
considering all patients (Figure 1A) or according to the best response achieved with immunotherapy
(Figure 1B).

For all the continuous variables considered in the logistic regression model, we found that a linear
relationship between the log odds and their values was satisfied.
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median, and the whiskers indicate the extreme measured values. 

Univariate analysis was performed in 104 patients achieving DC and 83 patients undergoing DP 
(training set); of note, clinical response was significantly associated (p < 0.0001) with LDH normalized, 
with an odds ratio estimate (OR) equal to 0.792 for any LDH increment of 10%. We also found a 
significant positive association between age and tumor response, with an OR of 1.426 for any 10-year 
increment (p-value: 0.0093), and an inverse association between ECOG PS with an OR equal to 0.530 

Figure 1. Distribution of lactate dehydrogenase (LDH) normalized in the training and validation cohort.
(A) Boxplots reflecting the distribution of LDH normalized for each patient (n = 271) distinguished in
training and in the validation cohort. Each box indicates the 25th and 75th centiles. The horizontal
line inside the box indicates the median, and the whiskers indicate the extreme measured values. Each
observation is represented by a grey dot. (B) Boxplots reflecting the distribution of LDH normalized

according to the best response distinguished in training and in the validation cohort. Each box indicates
the 25th and 75th centiles. Blue and red colors indicate disease control and disease progression patients,
respectively. The horizontal line inside the box indicates the median, and the whiskers indicate the
extreme measured values.

Univariate analysis was performed in 104 patients achieving DC and 83 patients undergoing DP
(training set); of note, clinical response was significantly associated (p < 0.0001) with LDH normalized,
with an odds ratio estimate (OR) equal to 0.792 for any LDH increment of 10%. We also found a

130



Cancers 2019, 11, 223

significant positive association between age and tumor response, with an OR of 1.426 for any 10-year
increment (p-value: 0.0093), and an inverse association between ECOG PS with an OR equal to
0.530 for 1 vs. 0 score (p-value: 0.0419) or N/L ratio with an OR equal to 0.899 (p-value: 0.014) and
tumor response. Then, a logistic multivariate model was built by including these four variables,
and a backward selection procedure was performed. Baseline LDH serum levels, age and PS were
independently associated with the probability of responding to the treatment, with a statistically
significant (p < 0.05) or borderline significant (p-value: 0.056 in the case of PS) association; therefore,
they were retained in the final model. On the other hand, the N/L ratio was removed because it
was not independently associated with the chance of responding (p-value: 0.529). The predictive
capability of the final model was evaluated by generating a receive operating characteristic curve
(ROC) and using as a pivotal statistic the area under the ROC curve (AUC). A satisfactory predictive
capability [19] was observed, showing an AUC of 0.771 (95% Confidence Interval (CI): 0.701;0.842).
The contribution of each variable of the final model to the predictive performance is graphically shown
in Figure 2, and the differences between AUCs of the LDH normalized univariate model and the final
one turned out to be significantly different to zero (difference: −0.0585; p-value: 0.0298; 95% CI:
−0.111; −0.0057). By applying the training coefficients to the validation set, the model was statistically
validated showing a significant AUC of 0.685 (95% CI: 0.569;0.801) (Figure 3). When the validated
model was fitted to the totality of 150 patients achieving DC and 121 patients undergoing DP, the
impact of these three variables on tumor response remained significant, as shown in Table 2; the overall
AUC value, as well as the cross-validated one, were satisfactory (AUC: 0.737 95% CI: 0.675;0.798 and
AUC: 0.718 95% CI: 0.654;0.781, respectively). Finally, we implemented an interactive Excel tool like
that shown, for feasibility purposes, in the example of Table 3. By inserting for each patient: the upper
limit of the normal reference range of the adopted kit for LDH quantification, the baseline LDH serum
value, the ECOG PS score (as 0, 1, 2), and the age, it is possible to obtain the corresponding estimated
probability of clinical response to ICIs.
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Figure 2. Receive Operating Characteristic (ROC) curves in the training set of the final multivariate
model (blue line, Area under the ROC curve (AUC): 0.771), final model without performance status
(green line, AUC: 0.749), final model without age (red line, AUC: 0.728), and LDH normalized univariate
model (yellow line, AUC: 0.713).
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Figure 3. ROC curve of the final multivariate model applied on the validation set with an AUC value
of 0.685.

Table 2. Overall Odd Ratio (OR) estimates and 95% Confidence Interval (CI) for each variable of the
final model.

Effect OR 95% CI

LDH normalized for a 10% increment 0.810 0.744 0.883
Age for a ten-years increment 1.305 1.038 1.641

PS (ECOG) 1 vs. 0 score 0.481 0.274 0.846

OR: Odd Ratio; CI: Confidence Interval; PS: performance status; ECOG: Eastern Cooperative Oncology
Group criteria.

Table 3. Example of the excel interactive tool. Grey cells need to be filled; the blue one will show the
estimated probability of clinical response.

Variable Value

Kit Characteristic
Upper limit of normal reference range 460

Patients Characteristics
LDH serum value 77

ECOG PS score [17] 1
Age 60

Estimated Probability % 76.39

Finally, we compared the performance (in terms of AUC) of the predictor built starting from
the final model, to that derived from the only N/L ratio. As reported in Figure 4, the first classifier,
with an AUC equal to 0.737 (95% CI: 0.675; 0.798), showed a higher predictive capability with respect
to the N/L ratio classifier characterized by an AUC value of 0.645 (95% CI: 0.579; 0.711). In particular,
the AUC values’ difference was statistically significant (p-value: 0.0220).
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3. Discussion

The renewed interest for immunotherapy in the last years and the recent introduction of several
ICIs in the clinical practice have redefined the therapeutic strategies of different solid tumors.
The efficacy of the immunological approach was first proven in advanced melanoma with the anti
CTLA-4 mAb Ipilimumab [20]. Thereafter, also anti PD-1/PD-L1 mAbs were tested against tumors that
were classically considered to be poorly immunogenic and mostly unresponsive to immunotherapy,
such as non-small cell lung cancer (NSCLC); however, these drugs demonstrated impressive and
long-lasting anticancer activity in a minority of patients [21–25]. Unfortunately, despite the remarkable
clinical efficacy and low toxicity of ICIs, the vast majority of patients with advanced solid cancers
fail to achieve durable responses with ICIs. Therefore, predictive biomarkers of clinical benefit from
ICIs are urgently needed in order to select patients with a higher probability of response, as well as
to optimize the available economic resources. PD-L1 expression, tumor microenvironment (TME)
features, mutational load, mismatch-repair deficiency, and N/L ratio in peripheral blood have been
extensively investigated [26]. However, a universally recognized biomarker is not available, yet.
For example, although high intratumor PD-L1 expression seems to be significantly associated with a
better response to PD-1/PD-L1 blockade agents in several tumors [27], the spatial heterogeneity and
dynamic changes of expression in the same tumor, together with the lack of reliable detection methods
and definite cut-off values, actually limits its widespread use in clinical practice.

In contrast, measuring LDH serum level is a simple and low-cost evaluation that has already been
proposed as a biomarker predictive of tumor response/resistance to regorafenib [28], temsirolimus [29],
sorafenib [30,31], and anti CTLA-4 mAbs [12] in patients with colorectal, renal, pancreatic cancers,
HCC, and melanoma, respectively.

LDH serum levels have been historically considered to reflect the total number of viable and
biologically active cancer cells inside a tumor mass; therefore, its inverse association with patient
prognosis and/or tumor response to chemotherapy was mainly attributed to the association between
serum LDH levels and tumor burden. However, LDH is a metabolic enzyme that takes crucially
part to the glycolytic pathway, which is aberrantly activated in several human cancers to fuel tumor
bioenergetics and anabolic needs [32,33]. Of note, enhanced glycolysis in cancer masses leads to
reduced glucose levels in the TME and, consequently, to glucose starvation in cells of the TME,
including cytotoxic lymphocytes that mediate the antitumor immune response. This metabolic
competition between cancer cells and immune cells for the use of glucose molecules may be one
crucial mechanism through which malignant cells inhibit the activity of cytotoxic lymphocytes.
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Therefore, the observed inverse association between serum LDH levels and clinical benefit from
ICIs could reflect an impairment of antitumor immunity in highly glycolytic, LDH-overexpressing
malignancies. An alternative explanation for the link between tumor glycolytic activity and response to
immunotherapy comes from a recently published preclinical study, where the inhibition of glycolysis
in different tumor models was associated with reduced secretion of Granulocyte Colony-Stimulating
Factor (G-CSF) and Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) by cancer cells
and lower intratumor infiltration by MDSCs, which restrain the activity of cytotoxic lymphocytes [15].
Therefore, high serum LDH, which reflects tumor glycolytic activity, may also reflect a more
immunosuppressive, MDSC-enriched tumor microenvironment.

In order to improve the predictive capability of the LDH serum level, we combined it with other
clinical parameters for which a rationale exists to test them as predictive biomarkers. To this aim,
we have created an interactive Excel tool based on three variables (baseline LDH, age and PS ECOG
score) which is able to provide high accuracy in response prediction to ICIs if compared with LDH
alone. Our retrospective analysis confirms that patients with high baseline LDH serum levels have a
statistically significant reduced probability of achieving a clinical response during treatment with ICIs,
especially in patients who are younger and have poorer performance status.

Since the N/L ratio, which reflects systemic cancer-related inflammatory status, has been proposed
as a biomarker of resistance to chemo-immunotherapy, we decided to evaluate its impact on the
patient’s response to ICIs [34]. We observed that the N/L ratio has a significant predictive role but
only in univariate fashion and shows a worse predictive capability than our model. To assess the
performance of our algorithm, we tried to test it in three of the four colorectal cancer tissues of whom
microsatellite instability (MSI) has been previously evaluated: two out of the three patients scored
MSI. It is well known that the MSI subset of colorectal cancer has a greater likelihood of response to
ICIs compared to the stable one [35]. It is worth noting that our predictor was able to detect with high
accuracy which one between the two MSI patients had a major probability of DC and can really benefit
from ICIs (Table 4).

Table 4. Estimated probability of response in colorectal patients according to microsatellite
mutational status.

PS (ECOG) Baseline LDH Age (years)
Estimated Probability of

Response (%)
Best Response

Microsatellite
Instability

0 1063 60 8.21 DP Yes

0 354 67 69.45 SD Yes

1 925 47 5.29 DP No

PS: performance status, DP: disease progression, SD: stable disease.

The algorithm that we developed and validated in this study could provide a base to guide
physicians in a real-life setting to better plan a therapeutic strategy tailored to patient characteristics
and potentially able to identify patients more likely to benefit from ICIs. The clinical relevance of
our findings is related to the easy detectability and manageability of the variables tested. Indeed,
information about age, baseline LDH serum levels and PS can be collected quickly, already during the
medical examination.

The main limits of our study consist in its retrospective nature, the heterogeneity of tumor
histologies included, and the relatively small number of patients enrolled. Prospective studies in larger
populations and focused on specific tumor types have already started in order to validate our results.
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4. Materials and Methods

4.1. Ldh Evaluation

The evaluation of LDH was performed at baseline. All measures were performed in our laboratory,
with COBAS® 6000 analyser (Roche Diagnostics, Indianapolis, IN, USA), using a UV-test. The catalytic
activity of LDH was determined by the measurement of decreased absorbancy of nicotinamide adenine
dinucleotide at 340 nm as a result of catalytic reduction of pyruvate to lactate. From January 2013 to
July 2015, the normality reference range was 230–460 Units per liter (U/L); since August 2015, it has
changed to 20–480 U/L.

4.2. Statistical Analysis

Discrete variables (line and type of therapy (anti-PD1 vs. anti-PDL1), number of metastatic sites,
histology, and sex) were opportunely categorized by taking into consideration their clinical function
and according to their distributions. Concerning the continuous variables, age and N/L ratio were
used in their original scale, whereas for LDH, an appropriate transformation was applied to the
original values in order to normalize levels determined by the UV-test with the two different normal
reference ranges. All the analyses were performed in terms of percentage increase with respect to the
upper limit of each specific range (LDH normalized). In order to investigate the relationship between
the clinical response and continuous variables and to detect possible nonlinear effects, we resorted to a
logistic regression model based on restricted cubic splines. A training set, consisting of all patients
treated before the 1st of January 2016 (≈ 70% of all patients), was used to build models which were
tested on a validation set including patients treated since the 1st of January 2016 (≈ 30% of all patients).
The relationships between each variable and the clinical response (DC vs. DP) were investigated by
resorting to a logistic regression model in both univariate and multivariate fashion. The hypothesis of
OR equal to 1 was tested using the Wald Statistic. All the variables resulted statistically significant
(α = 0.05) in univariate analysis was considered in the initial model of multivariate analysis, and a
backward selection procedure was used to obtain the final model. We investigated the predictive
capability of the multivariate model by means of the AUC. The nonparametric approach of DeLong
and Clarke–Pearson [36] was used to compare the discriminatory performance of different models and
evaluate the contribution of each variable of the model. The most satisfactory model was applied on
the validation set to statistically validate it and it was fitted overall to obtain the most robust estimates.
AUC estimates based on cross-validated predicted probabilities were determined to evaluate the
performance of the selected variables in the absence of an independent dataset [37]. All statistical
analyses were carried out with SAS software (Version 9.4.; SAS Institute, Inc., Cary, NC, USA) by
adopting a significance level of α = 0.05. The overall coefficients estimated were used to implement an
Excel algorithm that requires the selected clinical variables of the patient and returns the corresponding
response probability.

5. Conclusions

Identifying responder patients before starting immunotherapy is an important clinical need in
order to define the best therapeutic workup, avoid unnecessary side effects and efficiently use the
economic resources. The clinical relevance of our findings is related to the easy detectability and
manageability of the variables tested. Indeed, information about age, baseline LDH serum levels and
PS can be collected quickly, already during the medical examination.

The main limits of our study consist in its retrospective nature, the heterogeneity of tumor
histologies included, and the relatively small number of patients enrolled. Prospective studies in larger
populations and focused on specific tumor types have already started in order to validate our results.
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Abstract: The introduction of monoclonal antibodies (mAbs) has largely improved treatment options
for cancer patients. The ability of antitumor mAbs to elicit antibody-dependent cellular cytotoxicity
(ADCC) contributes to a large extent to their therapeutic efficacy. Many efforts accordingly aim to
improve this important function by engineering mAbs with Fc parts that display enhanced affinity
to the Fc receptor CD16 expressed, e.g., on natural killer (NK) cells. Here we characterized the
CD133 mAb 293C3-SDIE that contains an engineered Fc part modified by the amino acid exchanges
S239D/I332E—that reportedly increase the affinity to CD16—with regard to its ability to induce NK
reactivity against colorectal cancer (CRC). 293C3-SDIE was found to be a stable protein with favorable
binding characteristics achieving saturating binding to CRC cells at concentrations of approximately
1 µg/mL. While not directly affecting CRC cell growth and viability, 293C3-SDIE potently induced NK
cell activation, degranulation, secretion of Interferon-γ, as well as ADCC resulting in potent lysis of
CRC cell lines. Based on the preclinical characterization presented in this study and the available
data indicating that CD133 is broadly expressed in CRC and represents a negative prognostic marker,
we conclude that 293C3-SDIE constitutes a promising therapeutic agent for the treatment of CRC and
thus warrants clinical evaluation.

Keywords: colorectal cancer; immunotherapy; antibody; NK cells; ADCC; CD133; prominin-1

1. Introduction

The introduction of immunotherapy to induce a specific antitumor immune response
constitutes—as monotherapy or combinatorial treatment—A well established option for cancer
treatment [1]. Especially monoclonal antibodies (mAbs) have largely improved the treatment options
for patients with malignant disease. For example, rituximab and trastuzumab are widely used for
therapy of patients with B-cell non-Hodgkin´s lymphoma and human epidermal growth factor
receptor 2 (HER2)-positive breast cancer, respectively [2,3]. However, despite their undisputed
success, the therapeutic efficacy of these and other antitumor mAbs is still far from satisfactory.
While various factors influence the susceptibility of tumor cells to therapeutic mAbs (such as mutant
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forms of receptors, alternative signaling pathways, genetic variability and receptor shedding; e.g., [4]),
one approach to improve efficacy is to enhance the immunostimulatory potency of antitumor mAbs [5].
With regard to mAbs that target tumor cells and mediate their effects (at least in part) via induction
of antibody-dependent cellular cytotoxicity (ADCC), one strategy is to modify their Fc part in order
to enhance the affinity to the Fc receptor CD16. This improves the recruitment of CD16 expressing
immune cells, among which, at least in humans, natural killer (NK) cells are particularly important to
induce ADCC [6,7]. The latter constitutes one of the major effector mechanisms by which antitumor
mAbs mediate their beneficial effects, at least in hematopoietic malignancies (e.g., [8]). To improve
ADCC, Fc parts can be modified either with regard to their glycosylation patterns or by changes in the
amino acid sequence. Glyco-optimized mAbs, like obinituzumab, have been approved by the FDA,
and others as well as antibodies with Fc parts carrying amino acid substitutions (e.g., S239D/I332E
(SDIE) [9]) are currently being evaluated in clinical trials [5].

Recently we reported on the preclinical characterization of Fc-optimized mAbs and antibody-like
constructs carrying the SDIE modification for immunotherapy of leukemia [10–14]. Besides an Fc-optimized
FLT3 (CD135) mAb that is presently undergoing clinical evaluation (ClinicalTrials.gov ID NCT02789254),
this comprised a construct targeting CD133 (prominin-1). The latter is a pentaspan transmembrane
glycoprotein and, beyond leukemia, also expressed in various solid tumors [15]. While CD133 has
been implicated to play a role, e.g., in chemotherapy resistance and metastasis, its exact biological
function remains to be fully elucidated [16]. Particularly in colorectal cancer (CRC), CD133 is frequently
expressed and constitutes a negative prognostic marker [17–19]. Since so far immunotherapeutic
options for CRC treatment are rather limited, with applications of anti-epidermal growth factor receptor
(EGFR) mAbs and checkpoint inhibitors being restricted to the subsets of patients with metastatic
disease that display rat sarcoma (RAS) wildtype and microsatellite instability-high/DNA mismatch
repair deficiency, respectively, we here set out to evaluate 293C3-SDIE as a potential immunotherapeutic
option for CRC.

2. Results

2.1. Binding of Different CD133 mAbs to CRC Cells

Recently we observed pronounced differences in the binding of three different mouse anti-human
CD133 mAbs to acute myeloid leukemia (AML) cells. Based on superior binding characteristics,
the clone 293C3 was accordingly chosen for construction of our therapeutic construct 293C3-SDIE [14].
To determine whether differential reactivity also occurs in CRC, we first confirmed specific binding
using CD133 or control transfected B16F10 cells (Figure 1A). The mouse background of these cells served
to exclude that (CD133) cross-reactivity of any of the three anti-human CD133 mAb clones influenced
our results. Subsequently, we compared the binding of clone (i) 293C3, (ii) AC133, which is used in
other CD133 targeting cancer therapeutics [20], and (iii) W6B3C1 using a panel of five different CRC cell
lines that reportedly express CD133 [21–23]. CD133 mRNA expression was observed by quantitative
PCR in all CRC cell lines, but with profoundly different levels (Figure 1B). Caco-2 cells, which displayed
the highest CD133 mRNA levels, were then employed in dose titration experiments with all three
antibodies. Flow cytometric analysis revealed that all three clones achieved saturated binding at
approximately 1 µg/mL (Figure 1C). This concentration was then used to comparatively analyze
binding in the panel of the five CRC cell lines with different biological characteristics (Table 1; [24,25]).
As shown in Figure 1D,E, no marked differences with regard to binding were observed with the
different CD133 mAb clones. While this was in contrast to our findings in AML, where clone 293C3 was
superior to the other clones [14], and the reason for this discrepancy so far remain elusive, these results
warranted the use of our therapeutic construct 293C3-SDIE in further analyses.
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Figure 1. Comparative binding analysis of different CD133 monoclonal antibodies (mAbs) to colorectal
cancer (CRC) cells. (A) Specific binding of three different commercially available CD133 mAbs (293C3,
AC133, and W6B3C1) was determined by flow cytometry using B16F10-CD133 and B16F10-control
transfectants. Cells were incubated with 5 µg/mL CD133 mAb followed by a goat anti-mouse
phycoerythrin (PE) conjugate. Shaded peaks: CD133 mAbs; open peaks: controls. (B) Relative CD133
mRNA expression in five CRC cell lines—which were used as a model for mAb binding analyses—was
determined by quantitative PCR as described in the method section. (C) The CD133 mAb surface
binding was comparatively analyzed in flow cytometry experiments by incubating CD133 mRNAhigh

Caco-2 cells with increasing mAb concentrations of the different CD133 mAbs or isotype controls
followed by a goat anti-mouse PE conjugate. Specific fluorescence intensity (SFI) levels were calculated
as described in the method section. (D,E) The CD133 mAb binding to the panel of five CRC cell lines
was comparatively analyzed by flow cytometry. Cells were incubated with 1 µg/mL CD133 mAb or
isotype controls followed by a goat anti-mouse PE conjugate. Specific fluorescence intensity (SFI) levels
(not applicable for SW-620 cells due to bimodal CD133 expression) and histograms are depicted in
(D,E), respectively. Representative data of one experiment from a total of at least two with similar
results is shown.

Table 1. Biological characteristics of the employed CRC cell lines.

Cell Line Origin 1 MSI
Status 1 KRAS 1 Relative CD133

mRNA 2 SFI 293C3 2 SFI
AC133 2

SFI
W6B3C1 2

Caco-2 Primary tumor MSS wt 1.96 × 10−3 364.2 319.1 284.4
HCT-116 Primary tumor MSI G13D 1.99 × 10−4 76.9 62.1 70.7

HT-29 Primary tumor MSS wt 2.82 × 10−4 16.8 14.7 20.3
COLO 205 Metastasis MSS wt 3.33 × 10−5 3.0 2.3 3.5

SW-620 Metastasis MSS G12V 3.34 × 10−4 n.a. n.a. n.a.
1 Information on cell lines’ biological characteristics were derived from [24,25]. 2 Data were derived from Figure 1B,D.
KRAS: Kirsten rat sarcoma viral oncogene; MSS/MSI: microsatellite stability/instability; n.a.: not applicable; SFI:
specific fluorescence intensity.
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2.2. Generation and Characterization of 293C3-SDIE in CRC

As previously described [14], mAb clone 293C3 was chimerized (backbone: human immunoglobulin
G1/K constant region) and Fc-optimized by introducing the S239D/I332E modification in the constant
heavy chain domain 2 (CH2) which is illustrated in Figure 2A. An Fc-optimized control protein
with irrelevant target specificity termed Iso-SDIE served as control. Upon production as described
in the method section, 293C3-SDIE was obtained with good yields, and analysis by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and gel filtration revealed the expected
molecular weights of ~24, ~50, and ~148 kDa for light chain (LC), heavy chain (HC), and full mAb,
respectively, and confirmed the lack of aggregates (Figure 2B). Flow cytometric analyses including
dose titrations with B16F10 transfectants confirmed that the chimerization and Fc-optimization process
had not affected the specificity and affinity of 293C3-SDIE as compared to the parental murine mAb
(Figure 2C,D). Next we performed dose titration experiments using three CRC cell lines with high,
intermediate, and low CD133 surface antigen densities (Caco-2, CD133high; HCT-116, CD133int; HT-29,
CD133low). Flow cytometry revealed that saturating doses positively correlated with CD133 surface
levels, but in all cases 1 µg/mL was sufficient to achieve saturating binding (Figure 2E).

Figure 2. Generation and characterization of 293C3-SDIE in colorectal cancer (CRC). (A) Schematic
illustration of 293C3-SDIE. (B) Purified 293C3-SDIE was analyzed by size exclusion chromatography
(left) and SDS-PAGE (right). mAU: milli absorption unit; R: reduced; NR: non-reduced; M: marker.
(C) B16F10-CD133 and B16F10-control transfectants were incubated with 10 µg/mL 293C3-SDIE or
Iso-SDIE followed by an anti-human phycoerythrin (PE) conjugate. Shaded peaks: 293C3-SDIE; open
peaks: Iso-SDIE. (D) B16F10-CD133 transfectants were incubated with the indicated concentrations of
293C3 or 293C3-SDIE and their respective isotype controls followed by an anti-mouse or anti-human
PE conjugate. (E) The colorectal cancer (CRC) cell lines Caco-2 (CD133high: left), HCT-116 (CD133int:
middle), and HT-29 (CD133low: right) were incubated with the indicated concentrations of 293C3-SDIE or
Iso-SDIE followed by an anti-human PE conjugate. Int: intermediate; SFI: specific fluorescence intensity.
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2.3. Direct Effects of 293C3-SDIE on CRC Cell Viability

As CD133 was previously suggested to be involved in tumor cell survival and proliferation and
CD133 mAb binding could have an influence in this context [16,26], we next determined whether
293C3-SDIE directly affected tumor cell viability. To this end, the CRC cell lines Caco-2, HCT-116,
and HT-29 with high, intermediate, and low CD133 antigen densities, respectively, were incubated
with 293C3-SDIE in the absence of immune effector cells. Notably, all these cell lines also express
EGFR, which is therapeutically targeted by cetuximab and panitumumab (Figure 3A), and these two
mAbs were included in the analysis. Analysis of ATP levels as surrogate marker for the amount
of viable cells revealed that 293C3-SDIE had no effect (Figure 3B). While two of the CRC cell lines
were not responsive to the EGFR blockade, the viability of Caco-2 cells was clearly reduced by the
anti-EGFR mAbs. This differential reactivity is in line with data previously published by other
investigators [27]. Since CD133 can interact with EGFR and has been hypothesized to contribute
to resistance to EGFR-targeting drugs [16], we also determined whether simultaneous targeting of
CD133 by 293C3-SDIE would sensitize CRC cells to anti-EGFR mAb treatment. To this end, CRC cells
were incubated with either cetuximab or panitumumab alone or in combination with 293C3-SDIE,
but anti-EGFR mAbs treatment effects were not further increased by 293C3-SDIE.

Figure 3. Direct effects of 293C3-SDIE on colorectal cancer (CRC) cell viability. (A) CD133 and
epidermal growth factor receptor (EGFR) expression on CRC cell lines were comparatively analyzed by
flow cytometry using 293C3-SDIE, cetuximab and panitumumab and their respective isotype controls
(all at 1 µg/mL) followed by an anti-human phycoerythrin (PE) conjugate. Shaded peaks: specific
mAbs; open peaks: isotype controls. (B) Caco-2 (left), HCT-116 (middle), and HT-29 (right) cells were
incubated with 1 µg/mL of the indicated mAbs for three days. ATP levels were then determined by
CellTiterGlo assays. Representative data of one experiment from a total of at least two with similar
results are shown. C: cetuximab; int: intermediate; ns: not significant; P: panitumumab; *: significant
(p-value < 0.05).
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2.4. Induction of NK Cell Reactivity Against CRC Cells by 293C3-SDIE

Next we determined how 293C3-SDIE induced NK cell mediated anti-tumor immunity against
CRC cells. To this end, peripheral blood mononuclear cells (PBMCs) of healthy donors containing
NK cells as effector cells were cultured with the CRC cell lines Caco-2, HCT-116, and HT-29 with
their high, intermediate, and low CD133 antigen densities, respectively, in the presence or absence of
293C3-SDIE or isotype control. Flow cytometric analysis of CD69 on NK cells revealed that 293C3-SDIE
profoundly induced NK cell activation, while the control mAb with irrelevant target specificity had no
effect (Figure 4A). In line, 293C3-SDIE specifically induced NK cell degranulation as revealed by flow
cytometric detection of CD107a (Figure 4B). Additionally, the NK cell release of Interferon (IFN)-γ,
an immunomodulatory cytokine that elicits direct anti-tumor effects and by which NK cells shape
subsequent adaptive immune responses, was specifically induced by 293C3-SDIE (Figure 4C). Notably,
in all cases the observed 293C3-SDIE effects positively correlated with antigen density.

Finally we examined whether the above-described effects on NK cell activity were mirrored by
ADCC and a resulting tumor cell lysis. Europium based cytotoxicity assays revealed that treatment
with 293C3-SDIE induced a clearly target-antigen restricted lysis, and this was observed with all
tested cell lines (Figure 5). In line with the results observed for NK cell activity, lysis rates again
positively correlated with CD133 antigen density on CRC target cells. Thus, 293C3-SDIE is capable to
potently stimulate NK cell immunity against CRC cells. Furthermore, it is of particular interest that
293C3-SDIE was able to induce anti-tumor immunity against microsatellite stabile (Caco-2, HT-29) and
RAS-mutated (HCT-116) CRC forms, where checkpoint blockade and anti-EGFR mAbs were found to
lack efficiency in patients, respectively.

Figure 4. Cont.
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Figure 4. Induction of natural killer (NK) cell activity by 293C3-SDIE in the presence of colorectal
cancer (CRC) cells. Peripheral blood mononuclear cells (PBMC) of healthy donors were cultured with
or without the indicated CRC cell lines at an effector to target ratio of 2.5:1 in the presence or absence of
293C3-SDIE/Iso-SDIE (1 µg/mL). On the left, exemplary results obtained in a single experiment with
PBMC of a single donor are shown; right panels depict combined analyses of data obtained with PBMC
from five independent donors (bars represent respective means). (A) Activation of NK cells identified as
CD14-CD56+CD3- cells within PBMC was determined after 24 h by flow cytometry for CD69. (B) Cells
were cultured for 4 h in the presence of anti-human CD107a-PE/GolgiStop/GolgiPlug and NK cells
subsequently analyzed by flow cytometry for CD107a as surrogate marker for degranulation. (C) Cells
were cultured for 6 h before supernatants were analyzed for Interferon (IFN)-γ by an enzyme-linked
immunosorbent assay. Int: intermediate; ns: not significant; *: significant (p-value < 0.05).

Figure 5. Induction of natural killer (NK) cell mediated colorectal cancer (CRC) cell lysis by 293C3-SDIE.
Peripheral blood mononuclear cells (PBMC) of healthy donors were cultured with Caco-2 (left),
HCT-116 (middle), and HT-29 cells (right) in the presence or absence of 293C3-SDIE/Iso-SDIE (1 µg/mL).
Tumor cell lysis was measured after 2 h by Europium based cytotoxicity assays. In the top exemplary
data over a broad range of effector to target (E:T) ratios with PBMC of one donor and in the bottom
pooled data (bars represent respective means) at an E:T ratio of 80:1 with PBMC of five different donors
are shown. Int: intermediate; ns: not significant; *: significant (p-value < 0.05).

145



Cancers 2019, 11, 789

3. Discussion

In the present study, we report on the preclinical characterization of 293C3-SDIE for treatment of
CRC. 293C3-SDIE is a chimerized and Fc-optimized CD133 mAb recently introduced for induction
of NK cell ADCC against leukemia. Evaluation in CRC appeared rational since CD133 is highly
expressed in solid tumors, particularly in CRC, where it constitutes a negative prognostic marker,
and immunotherapeutic options so far are rather limited. Our analyses revealed that 293C3-SDIE
is well suited to target CD133 expressing CRC cells for NK cell ADCC because 293C3-SDIE showed
convincing binding characteristics in CRC and potently induced anti-tumor immunity as determined
in multiple experimental settings using CRC cell lines and NK cells contained in PBMC from healthy
donors as effector cells.

NK cells belong to the group of cytotoxic lymphocytes and not only exert functions in innate
immunity, but also influence adaptive immune responses [28]. They largely contribute to cancer
immunosurveillance; thus, multiple efforts presently aim to engraft NK cells in cancer treatment [29].
A well established approach to achieve this goal is the application of antitumor antibodies to induce
ADCC, as highlighted by the success, e.g., of rituximab, which is established for the treatment of B
cell malignancies and the efficacy of which is largely based on ADCC [8]. While other immune cells,
e.g., monocytes, also express CD16, it is firmly established that in humans it is NK cells that mediate
this important antibody function [6,7]. At present, multiple strategies aim to further increase ADCC by
generating Fc-optimized antitumor mAbs with enhanced affinity to CD16. Besides by modifications of
the glycosylation pattern, this can be achieved by amino acid modifications such as the substitutions
S239D/I332E (SDIE modification) in the Fc part’s CH2 domain contained in 293C3-SDIE. Notably,
many other Fc-optimized mAbs that currently undergo clinical evaluation, e.g., MOR00208 (anti-CD19;
ClinicalTrials.gov ID: NCT01685021), margetuximab (anti-HER2; NCT01828021), FLYSYN (anti-FLT3;
NCT02789254), MEN1112 (anti-CD157; NCT02353143) and BI 836858 (anti-CD33; NCT02240706,
NCT03013998), comprise the SDIE modification.

After evaluating 293C3-SDIE for treatment of leukemia, we reasoned that CD133 would also
constitute a promising target antigen for an Fc-optimized antibody in CRC. So far, established
antibody-based approaches in CRC are restricted to a minority of patients only. Cetuximab and
panitumumab are approved for treatment of patients with metastatic disease and only for patients
with wildtype RAS accounting for 44% of metastatic CRC patients [30]. Immune checkpoint blockade
is only available for CRC patients with metastasized disease and microsatellite instability-high/DNA
mismatch repair deficiency, which accounts for ~5% of metastatic CRC patients [31]. CD133 has been
suggested to be involved, amongst others, in chemotherapy resistance and metastasis, and was found
to constitute a negative prognostic marker in CRC as shown in two meta-analyses [16,18,19]. CD133 is
further expressed in a high number of CRC cases [17,18], which constitutes an important prerequisite
for a therapeutic target antigen. It is thus not surprising that presently various CD133 targeting
immunotherapeutics are under development, which, beyond 293C3-SDIE, comprises immunotoxins,
CAR-T cells, bi-/tri-/tetraspecific mAbs, nanoparticles, adaptamers, and dendritic cell (DC)-based
vaccination strategies. While most of these approaches aim to stimulate antitumor immunity against
CD133-expressing target cells, they differ largely in many aspects, including, among others, the efforts
required for production and the associated “costs of goods” and, importantly, efficacy and potential
side effects.

While substantial further preclinical work and results of clinical studies are required to decide on
the finally optimal CD133-targeting strategy, our findings demonstrate that 293C3-SDIE is produced
well and with only minor aggregation tendency. This is in contrast to more artificial constructs such as
the bispecific T cell engager (BiTE) format, where aggregates can cause unspecific T cell activation.
In addition, 293C3-SDIE would constitute a “ready-to-use,” off the shelf product, which would avoid the
delay of treatment (about three weeks) that is required for the production of CAR-T cells and contributes
to their vast costs upon clinical application. Furthermore, the concentration of 1 µg/mL 293C3-SDIE
that was found to be sufficient to saturate CD133 binding and to potently induce ADCC appears easily
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achievable in humans, since other anti-tumor mAbs such as cetuximab and panitumumab achieve
about 100-fold higher mean plasma peak levels in CRC patients upon recommended dosing [32,33].
With regard to potential toxicity/side effects, it must be considered that CD133 is not a tumor-exclusive
antigen and, amongst others, expressed on healthy hematopoietic progenitor cells [34,35]. However,
in our previous in vitro studies with 293C3-SDIE, no toxicity against healthy hematopoietic progenitor
cells was observed, likely due to their profoundly lower CD133 antigen levels [14]. In addition,
the first two clinical phase I studies evaluating CD133 targeting therapeutics—anti-CD133 CAR-T
cells and DC-based CD133 vaccination—did not reveal any unbearable toxicity against healthy CD133
expressing cells [36,37]. Nevertheless, this issue and the question whether and how it is effective
to target the CD133 positive cell fraction—potentially representing CSCs as reported in previous
studies for CRC [38–40]—requires further elucidation. In any case, the results presented in this study
demonstrate that 293C3-SDIE constitutes a promising novel option for CRC treatment, which we
particularly envisage for elimination of residual disease after cytoreductive therapy.

4. Materials and Methods

4.1. Production, Purification, and Quality Control of Fc-Optimized Antibodies

293C3-SDIE and Iso-SDIE were produced as described previously [14]. In brief, plasmids for HC
and LC were generated using the EndoFree Plasmid Maxi kit from Qiagen (Hilden, Germany) according
to the manufacturer’s protocol. Antibodies were expressed in ExpiCHO cells (Gibco, Carlsbad, CA, USA)
according to the manufacturer’s recommendations and purified by affinity (Mabselect; GE Healthcare,
Chicago, IL, USA) and subsequent preparative size exclusion chromatography (HiLoad 16/60 Superdex
200; GE Healthcare, Chicago, IL, USA). Prior to use in functional experiments, mAbs were cleared from
endotoxins using the Endotrap HD kit from Hyglos (Bernried, Germany). Ultimately, antibodies were
run on analytical size exclusion columns (Superdex 200 Increase 10/300 GL; GE Healthcare; Chicago,
IL, USA) and 4–12% gradient SDS-PAGE gels (Invitrogen; Carlsbad, CA, USA) using the gel filtration
and Precision Plus standard from Bio-Rad (Hercules, CA, USA), respectively.

4.2. Cells

B16F10-CD133 and B16F10-control cells were generated by transfecting B16F10 cells with
pcDNA™3.1 based vectors coding for human CD133 (accession no. BC012089.1) or FLT3 (accession no.
NM_004119.2) as control. Cells were cultivated in selection medium, i.e., Dulbecco’s Modified Eagle
Medium (DMEM) containing 1 µg/mL G418 (Biochrom; Berlin, Germany).

The CRC cell lines Caco-2 and HCT-116 were from the German Collection of Microorganisms and
Cell Cultures (Braunschweig, Germany) and HT-29 from the American Type Culture Collection
(Manassas, VA, USA). The CRC cell lines SW-620 and COLO 205 were obtained internally at
the University of Tuebingen. Authenticity was routinely determined by validating the respective
immunophenotype described by the provider using flow cytometry after thawing, and cell lines were
cultured for a maximum of 2 months prior to use in experiments. Contamination with mycoplasma
was excluded by routine testing of all cultures every 3 months. All CRC cell lines were maintained
in DMEM.

PBMC were isolated by density gradient centrifugation (Biocoll; Biochrom, Berlin, Germany)
from thrombopheresis products of healthy volunteers and viably stored in liquid nitrogen. Prior to
functional experiments, PBMC were cultured overnight in RPMI1640 for 18–24 h.

All above-mentioned media contained Glutamax, 10% heat-inactivated fetal calf serum (Biochrom;
Berlin, Germany), and 1% Penicillin/Streptomycin (Lonza; Verviers, Belgium). All cells were kept in
a humidified atmosphere at 37 ◦C and 5% CO2.
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4.3. Flow Cytometry

Flow cytometric analyses were performed using either fluorescently labeled or unlabeled mAbs
followed by species-specific PE conjugates. Murine anti-human CD133 mAbs 293C3, AC133 and
W6B3C1 were purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). CD69-PE and CD107a-PE
were from BD Pharmingen (San Diego, CA, USA), CD56-APC and CD14-PE/Cy7 from BioLegend (San
Diego, CA, USA) and CD3-eFluor450 from eBioscience (San Diego, CA, USA). The goat anti-mouse PE
conjugate was obtained from Dako (Glostrup, Denmark), the donkey anti-human PE conjugate was
from Jackson ImmunoResearch (West Grove, PA, USA). The corresponding isotype controls were from
BD Pharmingen (San Diego, CA, USA). Dead cells were excluded from analysis by 7-AAD (BioLegend;
San Diego, CA, USA). Analysis was conducted using a FACS Canto II or FACS Fortessa (both BD
Biosciences; Heidelberg, Germany). Specific fluorescence intensity (SFI) levels were calculated by
dividing mean fluorescences obtained with a specific mAb by mean fluorescences obtained with the
respective isotype control.

4.4. PCR Analysis

PCR analysis was performed as described previously [41]. In brief, total RNA was isolated
using the High Pure RNA Isolation Kit (Roche, Mannheim, Germany) and transcribed into
cDNA using FastGene Scriptase II (NIPPON Genetics Europe; Düren, Germany) according to
the manufacturer’s instructions. CD133 primers were 5′-TGGGGCTGCTGTTTATTATTCT-3′ and
5′- TGCCACAAAACCATAGAAGATG-3′ [42]. Primer assays (QuantiTect Primer Assay) for 18S
ribosomal RNA were from Qiagen (Hilden, Germany). Amplification of cDNA was performed using
PerfeCTa SYBR Green FastMix (Quanta Biosciences; Beverly, MA, USA) on a LightCycler 480 (Roche,
Basel, Switzerland) instrument. Relative CD133 mRNA expression—normalized to 18S rRNA—was
calculated by the ∆∆ cycle-threshold (Ct) method.

4.5. Analysis of Direct mAb Effects on CRC Cell Viability

For analysis of direct mAb effects on CRC cell viability, CRC cell lines were seeded in white 96-well
plates and treated with the indicated antibodies for 3 days. Subsequently, ATP levels as surrogate
marker for live cells were determined using the CellTiterGlo assay from Promega (Madison, WI, USA)
according to the manufacturer’s protocol. Cetuximab (Erbitux©) and panitumumab (Vectibix©) were
from Eli Lilly (Indianapolis, IN, USA) and Amgen (Thousand Oaks, CA, USA). Staurosporin (Abcam;
Cambridge, UK) was used as a positive control. Values depict means of technical triplicates with
standard deviation.

4.6. Analysis of NK Cell Activation, Degranulation and Cytokine Secretion

PBMC of healthy donors were cultured with or without the indicated CRC cell lines at
an effector/target (E:T) ratio of 2.5:1 in the presence or absence of 293C3-SDIE/Iso-SDIE (1 µg/mL).
CD69 upregulation on NK cells (CD14-/CD56+/CD3- within PBMC fraction) after 24 h was analyzed
by flow cytometry. For studies on NK cell degranulation, cells were cultured for 4 h in the presence
of anti-CD107a-PE, BD GolgiStop and BD GolgiPlug (both BD Biosciences; Heidelberg, Germany).
Subsequently, CD107a upregulation on NK cells was determined by flow cytometry. IFN-γ secretion
into the supernatants was measured after 6 h by an enzyme-linked immunosorbent assay (ELISA)
using the ELISA mAb set from Thermo Scientific (Rockford, USA) according to the manufacturer’s
instructions. The KPL TMB Microwell Peroxidase Substrate System was from SeraCare Life Science
(Milford, CT, USA) and the Streptavidin-Poly-HRP20 Conjugate from Fitzgerald Industries International
(North Acton, MA, USA). If not indicated otherwise, IFN-γ values depict means of technical replicates
with standard deviation.
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4.7. Analysis of NK Cell Cytotoxicity

Lysis of CRC cells by PBMC of healthy donors in the presence or absence of 293C3-SDIE/Iso-SDIE
(1 µg/mL) was assessed by 2 h Europium based cytotoxicity assays as previously described [13].
Specific lysis was calculated as follows: 100× (experimental release—spontaneous release)/(maximum
release—spontaneous release). If not indicated otherwise, values depict means of technical triplicates
with standard deviation.

4.8. Statistics

Statistical analysis was performed with GraphPad Prism 8 (GraphPad Software, San Diego,
CA, USA). The 95% confidence level was used, and p-values were calculated by one-way ANOVA and
subsequent Tukey’s multiple comparison tests. Where indicated, statistically significantly different
results (p < 0.05) between two groups are marked by “*”, and results not statistically different are
marked by “ns”.
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Abstract: Antiangiogenic strategies have not shown striking antitumor activities in the majority of
glioma patients so far. It is unclear which antiangiogenic combination regimen with standard
therapy is most effective. Therefore, we compared anti-VEGF-A, anti-Ang2, and bispecific
anti-Ang-2/VEGF-A antibody treatments, alone and in combination with radio- or temozolomide
(TMZ) chemotherapy, in a malignant glioma model using multiparameter two-photon in vivo
microscopy in mice. We demonstrate that anti-Ang-2/VEGF-A lead to the strongest vascular changes,
including vascular normalization, both as monotherapy and when combined with chemotherapy.
The latter was accompanied by the most effective chemotherapy-induced death of cancer cells and
diminished tumor growth. This was most probably due to a better tumor distribution of the drug,
decreased tumor cell motility, and decreased formation of resistance-associated tumor microtubes.
Remarkably, all these parameters where reverted when radiotherapy was chosen as combination
partner for anti-Ang-2/VEGF-A. In contrast, the best combination partner for radiotherapy was
anti-VEGF-A. In conclusion, while TMZ chemotherapy benefits most from combination with
anti-Ang-2/VEGF-A, radiotherapy does from anti-VEGF-A. The findings imply that uninformed
combination regimens of antiangiogenic and cytotoxic therapies should be avoided.

Keywords: Ang-2; antiangiogenic therapy; in vivo imaging; radio- and chemotherapy; VEGF-A

1. Introduction

Glioblastoma (GB) is the most common and most malignant adult primary brain tumor [1].
It is associated with a poor prognosis and a high burden for the patient. The standard treatment is
maximum safe resection, followed by radiotherapy and concomitant and adjuvant temozolomide
(TMZ) chemotherapy. Despite this intensive treatment, overall survival (OS) remains under two
years [2], largely because of inherent tumor resistance mechanisms [3–5]. Therefore, better therapeutic
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strategies are urgently needed, which includes those that make standard radio- and chemotherapy
more efficient.

GBs are characterized by dense but structurally and functionally abnormal blood vessels, which
are driven by a high level of proangiogenic factors, particularly VEGF-A [6–8] and Angiopoietin
2 (Ang-2) [9–12]. Ang-2 inhibition has previously been described to increase the effectiveness of
anti-VEGF-A therapy in glioma [9–11,13].

The aberrant glioma blood supply is likely to compromise the effects of radio- and chemotherapy
in malignant gliomas: due to high levels of tumor hypoxia [6] and potentially also by reduced delivery
of TMZ to the glioma cells [14]. Thus, reestablishment of a more physiological microvascular function
by antiangiogenic therapies, called vascular normalization, might increase the effectiveness of radio-
and/or chemotherapy in gliomas [6,15–18]. This concept is supported from clinical data outside the
brain, where combination of anti-VEGF-A therapies with chemotherapy showed the best antitumor
effectivities [19,20]. However, in two phase III clinical trials in frontline GB (AVAglio and RTOG 0825)
where standard radiochemotherapy was combined with the anti-VEGF-A antibody bevacizumab
(Avastin®, Genentech Inc., South San Francisco, CA, USA), progression free survival (PFS), was
improved by 4.4 months, while OS was unchanged [21,22]. Similar results were obtained in the EORTC
26101 study where bevacizumab was combined with lomustine chemotherapy vs. lomustine alone
in patients with progressive GB [23]. Together these results unequivocally confirm that bevacizumab
activity in controlled clinical trials remains far below expectations in newly diagnosed and relapsed GB.

The reason for that is not clear. Next to the possibility that only subgroups of GB patients
benefit [4,24,25], other explanations for the so far disappointing overall benefits of anti-VEGF-A therapy
include: (1) suboptimal vascular normalization of single VEGF-A inhibition, which is insufficient to
increase the effectiveness of cytotoxic therapy and (2) lack of synergy or even detrimental effects for
the combination with cytotoxic therapy. For chemotherapy, for example, vascular normalization with
partial re-erection of the blood-brain barrier might compromise tumor penetration of the drug.

Therefore, to increase the benefit from antiangiogenic treatment strategies in glioma, it appears
necessary to test these two possibilities: by directly comparing how inhibitors of VEGF-A, Ang-2,
and both affect multiple critical parameters of tumor biology, and, most importantly, whether that
benefits concomitant chemotherapy, radiotherapy, or both. Therefore, in this study we provide
such a comprehensive comparison, making use of a newly developed multi-parameter longitudinal
in vivo multi-photon microscopy technology. The results speak for a complex and dynamic system of
interactions between the treatment modalities, and finally suggest that anti-Ang-2/VEGF-A is the best
combination partner for chemotherapy, but anti-VEGF-A for radiotherapy.

2. Results

2.1. A Dynamic Multi-Parameter Microscopy Model to Study Therapeutic Interactions

To achieve parallel inhibition of both human and mouse VEGF-A and Ang-2, a bispecific
antibody was used that employed the CrossMab technology [10,11,26–28] (the humanized antibody is
vanucizumab [29,30]), combining the anti-Ang-2 specific IgG1 antibody LC06 with the anti-VEGF-A
antibody B20.4.1 [31]. To directly compare the effects of VEGF-A, Ang-2, and dual inhibition on glioma
biology, we tested the effects of these three antibodies vs. control antibody in an identical, clinically
relevant dose (5 mg/kg BW every third day) (for treatment groups, see Figure S1A). To follow both
morphology and pathophysiological features of glioma cells and tumor blood vessels alike, which
would allow deeper insights into the complex world of interactions during the different combination
therapies, we established a novel in vivo two-photon microscopy technology. This experimental setup
made it possible to determine multiple parameters in the same tumor over multiple time points
(Figure S1B).
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2.2. Differential Vascular Effects of Antiangiogenic Combination Regimens

Dynamic angiograms of the same glioma region over time revealed striking morphological
changes indicative of vascular normalization with anti-Ang-2/VEGF-A: blood vessels became thinner,
much more ordered, and a clearer hierarchy developed, better resembling blood microvessels of
the normal brain (Figure 1A). In contrast, both anti-VEGF-A and anti-Ang-2 monotherapy caused
antiangiogenic changes of the tumor vasculature, reducing the number of newly built blood vessels
over time when compared to tumors treated with the control antibody, but a clear morphological
normalization of the existing tumor vasculature was not evident (Figure 1A). In line with this
finding, the microvascular blood flow velocity, a good integrative parameter to measure tumor
hemodynamics [32] and a particular robust one to determine functional vascular normalization [7] was
decreasing in control tumors over time, while only dual Ang-2/VEGF-A inhibition rescuing levels to
those seen in normal brain (Figure 1B). Remarkably, this was different when the antiangiogenic
antibodies were combined with radiotherapy, where only anti-VEGF-A achieved a significant
normalization of blood flow velocities compared to controls (Figure 1C), while in combination
with chemotherapy it was again anti-Ang-2/VEGF-A that stood out as vascular normalization
strategy (Figure 1D). Functional vascular normalization was paralleled by morphological vascular
normalization in these distinct combination regimens (anti-VEGF-A plus RT, Suppl. Figure 2A;
anti-Ang-2/VEGF-A plus chemotherapy, Figure S2B).
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Figure 1. Vascular parameters for antiangiogenic treatment groups in monotherapy, and in
combination with radio- or chemotherapy. (A) Representative angiograms for control, anti-Ang-2,
anti-VEGF-A, and anti-Ang-2/VEGF-A monotherapy in comparison to healthy brain vasculature.
Note that morphological vascular normalization occurs preferentially on days three and six under
anti-Ang-2/VEGF-A dual inhibition. Scale bars: 150 µm. (B–D) Microvascular blood flow velocity in
the healthy brain, in tumor blood vessels at the beginning of therapy (tumor D0), and on D6 in all four
treatment groups. (B) Without cytotoxic combination partner; (C) in combination with radiotherapy;
(D) in combination with TMZ chemotherapy. A total of 68–112 vessels from 5–11 animals per group
were quantified. Box plots representing median values with 10th, 25th, 75th, and 90th percentiles.
* p < 0.05 one-way ANOVA on ranks and post hoc Dunn’s test. (E–G) Vessel volume over time for
the different antiangiogenic antibodies given without cytotoxic therapy (E) or in combination with
radiotherapy (F) or chemotherapy (G). Overall, 11–23 regions from 6–12 animals per group. Data are
expressed as mean ± SD. * p < 0.05 one-way ANOVA and post hoc Tukey test.

As a point of caution, it has been a long matter of debate whether the effects of vascular
normalization can actually help the tumor cells gain better access to oxygen and nutrients, thereby
creating unwanted effects. Indeed, when quantifying the occurrence of mitotic figures in glioma
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cells in vivo, we found that antiangiogenic treatments lead to a short-time “burst” of glioma cell
proliferation that ceased at later time points and was not present when antiangiogenic agents where
combined with chemo- or radiotherapy (Figure S3A–D).

The total microvascular volume was reduced by all three antiangiogenic agents, as monotherapies
and in all combinations with chemo- or radiotherapy; consistently, the strongest long-term reductions
were seen with anti-Ang-2/VEGF-A (Figure 1E–G; compare also Figure 1A and Figure S2A,B). Of note,
this effect was most evident in combination with chemotherapy (Figure 1G).

Together, this data speaks for differential activities of the three antiangiogenic antibodies on
important parameters of tumor vascularization and, unexpectedly, for partially divergent effects when
they are combined with radio- or chemotherapy.

2.3. Tumor Growth Inhibition is Limited to Regimens Where Vascular Normalization Occurs

Tumor growth over time was determined through the cranial window by measuring the area
occupied by RFP-positive glioma cells, ensuring that real anti-tumor and not mere anti-edema effects
were assessed. Furthermore, we ruled out that anti-edema effects of antiangiogenic therapies influence
measurements of gross tumor size by demonstrating that density of tumor cell nuclei in a given tumor
volume does not change during all three antiangiogenic treatments (Figure S3E,F).

All three antiangiogenic therapies did not significantly slow down tumor growth when given
without a cytotoxic combination partner (Figure 2A). When combined with radiotherapy, anti-VEGF-A
showed strongest tumor growth inhibition, significantly better than with anti-Ang-2/VEGF-A
(Figure 2B). This reflects the superiority of this combination regimen regarding vascular normalization
(Figure 1C, Figure S1A). In contrast, TMZ chemotherapy was most effective when combined with
anti-Ang-2/VEGF-A (Figure 2C), again matching the strongest vascular normalization seen with this
combination regimen (Figure 1D, Figure S2B).
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Figure 2. Tumor size over time. Brain tumor size as measured through the cranial window over time
in 6–7 animals per group. Antiangiogenic therapy without cytotoxic therapy (A) or in combination
with radiotherapy (B) or temozolomide (TMZ) chemotherapy (C). Data are expressed as mean ± SEM.
* p < 0.05 two-tailed Student’s t-test.

2.4. Tumor Cell Death Patterns Suggest Improved TMZ Penetration

We have demonstrated before that VEGF pathway inhibition improves the antitumor effects
of radiotherapy in glioma due to increased tumor oxygenation during vascular normalization [6].
To get indications whether vascular normalization also helps TMZ chemotherapy by improving tumor
penetration of the drug, we analyzed the occurrence of nuclear changes indicative of cell death with
respect to blood vessel proximity in all combination regimens in vivo over time. For that we exploited
that in addition to cytoplasmatic RFP, glioma cells stably expressed both RFP in the cytoplasm, and
GFP in the nucleus.

Added to radiotherapy, anti-VEGF-A, the strongest vascular normalization regimen in this
combination, did not significantly modify the distance of pathological events in relation to perfused
blood vessels (Figure 3A,B). In contrast, when combined with chemotherapy, anti-Ang-2/VEGF-A,
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but also anti-VEGF-A, did significantly increase the median distance of pathological nuclei to the
nearest blood vessel, compared to the control antibody (Figure 3A,B). Together, this data supports the
concept that vascular normalization can increase the effectivity of chemotherapy by allowing better
drug penetration to the glioma cells.
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Figure 3. Dynamic changes of tumor cell nuclear parameters. (A) Representative images of pathological
nuclei in dependence from the vessel distance. Green fluorescent protein (GFP) expressing nuclei are
shown in green and the tumor vasculature is visualized in blue. The small arrows are only highlighting
typically pathological nuclei. Scale bars: 20 µm. (B) Distance of the pathological nuclei from the
proximal vessel on D9. A total of 35–68 cells from 4–7 animals per group were quantified. Box plots
representing median values with 10th, 25th, 75th, and 90th percentiles. * p < 0.05 one-way ANOVA on
ranks and post hoc Dunn’s test.

2.5. Tumor Microtube Formation and Cellular Motility Closely Reflect Divergent Responses to
Combination Regimens

We have recently discovered that glioma cells extend ultra-long cellular extensions, called tumor
microtubes (TMs), to interconnect with each other to a multicellular network in which tumor cells
resists the harmful effects of radiotherapy. TMs even increase in response to radiotherapy [3]. Therefore,
the occurrence and length of TMs under different therapy strategies was determined on D0, D9, and
D28 after the start of the antiangiogenic treatment (Figure 4A–D). In combination with radiotherapy,
anti-Ang-2 and anti-Ang-2/VEGF-A both increased TM formation, while anti-VEGF-A (the optimum
combination partner) did not. Likewise, in combination with chemotherapy, the ideal combination
partner anti-Ang-2/VEGF-A, and also anti-VEGF-A, reduced TM length over time, compared to
control and anti-Ang-2 antibodies.

One possible unwanted effect of antiangiogenic therapy is increased tumor cell invasiveness
(Figure 4E) [33–36]. Anti-Ang-2/VEGF-A monotherapy slightly reduced nuclear motility, compared
to control and the two other antiangiogenic antibodies (Figure 4F). While anti-Ang-2 and
anti-Ang-2/VEGF-A increased motility compared to control when combined with radiotherapy,
anti-VEGF-A did not (Figure 4G). In contrast, in combination with chemotherapy, anti-VEGF-A
failed to reduce nuclear motility, but anti-Ang-2/VEGF-A and anti-Ang-2 did (Figure 4H).
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Figure 4. Tumor microtubes (TM) development and tumor cell motility. (A) Representative images of
cellular morphology including TM development for the control antibody plus TMZ chemotherapy group.
Note development of long cellular protrusions of 1–2 µm diameter, which is consistent with the criteria
of TMs. Lower right panel: 3D reconstruction of TM-mediated glioma cell connections. Scale bars: 50 µm
and 10 µm (right lower corner). (B–D) TM length for antiangiogenic monotherapy, and combinations
with radiotherapy or chemotherapy. n = 60 cells from 3 animals per group. (E) Representative tracks
of the movement of two nuclei over 36 min. Scale bars: 25 µm. (F–H) Velocity of tumor cell nuclei
for the monotherapy and the combined treatment with irradiation or TMZ. n = 60–140 nuclei from
3–7 animals per group. Data are expressed as mean ± SD. * p < 0.05 one-way ANOVA on ranks and
post hoc Dunn’s test.

3. Discussion

In this study, we conducted a characterization of different antiangiogenic strategies in
combinations with radio- and chemotherapy in glioblastoma. We found that anti-VEGF-A was
the optimal combination partner for radiotherapy, while a bispecific antibody inhibiting both Ang-2
and VEGF-A was the best for chemotherapy throughout multiple parameters of tumor progression
and therapy resistance. Importantly, there was an excellent correlation with morphological and
functional vascular normalization [6,14,18], supporting that this concept has therapeutic relevance for
primary brain tumors. Unexpectedly, the cytotoxic combination partner (chemo- vs. radiotherapy)
had profound influence on how the antiangiogenic treatments influenced the different parameters of
tumor biology, frequently even producing opposite effects (Figure 5).

It has been demonstrated before that the VEGF and angiopoietin pathways are interrelated in
glioma, making dual inhibition a plausible strategy. In patients with recurrent GB treated with
bevacizumab, plasma Ang-2 concentrations were significantly increased at the time of relapse,
pointing towards a potential role of Ang-2 in the development of resistance against VEGF-A targeting
treatments [37]. This supports previous preclinical reports that Ang-2 upregulation is typically found
during VEGF pathway inhibition [6,9,38]. Furthermore, a particular strong vascular normalization
during co-inhibition of the VEGF-A and Ang-2 pathways is also supported by recent preclinical
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findings [9,11]. Moreover, dose-dependent effects of antiangiogenics need to be taken into account,
which can reach from merely normalization effects in lower doses to frank vascular pruning in higher
doses, including differential effects on cancer cells [7,14]. The dose selected for this study was a lower
dose, which is however still in the range of doses given to patients, were a maximum effect on vascular
normalization could be expected, and less vascular regression.
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Figure 5. Summary of results. Schematic summary of the different experimental groups: antiangiogenic
treatments as monotherapy or in combination with radiotherapy or chemotherapy for the most
important parameters. Arrows down: parameter is decreased; arrows up: parameter is increased;
sideways arrows: parameter is not affected; green arrows: beneficial effect compared to the other
treatment groups; red arrows: unwanted effect compared to the other treatment groups; grey arrows:
no effect compared to the other treatment groups.

However, dual inhibition of VEGF-A and Ang-2 did only improve the effects of TMZ
chemotherapy, which included multiple favorable effects on parameters of glioma progression and
therapy resistance. We demonstrate that nuclear changes indicative of glioma cell regression are
not limited to the direct perivascular region in this combination anymore, supporting improved
tumor penetration of TMZ by anti-Ang-2/VEGF-A co-inhibition. One can wonder why vascular
normalization with re-erection of the blood-brain barrier is helping chemotherapy at all. In fact,
contradictory findings have been reported whether antiangiogenic therapy improves chemotherapy
penetration into the tumor or even hinders it [39–44]. However, TMZ is well known to effectively cross
the blood-brain barrier (BBB) [45], which is the likely reason why it had similar clinical effects when
compared to standard radiotherapy in a recent phase III study of low-grade glioma, where relevant
BBB breakdown is normally not present [46]. With such a chemotherapeutic agent, BBB re-erection
of any antiangiogenic treatment should be of minor relevance, and better drug delivery to the tumor
by increase of its normally low blood flow velocity, but also by decrease of its high interstitial fluid
pressure and other pathophysiological tumor features [14] during vascular normalization are likely
to improve cytotoxic drug effectiveness. This view is supported by the findings of our study, where
anti-Ang-2/VEGF-A was the only antiangiogenic treatment that normalized tumor blood vessels when
combined with TMZ chemotherapy, and also significantly reduced tumor growth. Limitations remain.
The tumor growth delay detected here might not translate into improved patient survival and the
anti-edema effects of antiangiogenics may have clinical benefit even if the tumor load is increasing [47].

VEGF-A is responsible for the stimulation of proliferation and migration of endothelial cells and
the enhancement of the vascular permeability [48]. Gliomas and other tumors often show highly
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elevated expression levels. For this reason, the therapeutic inhibition of this pathway was an important
advance and is now targeted for a broad range of cancer entities [26,49]. However, further studies
demonstrated that the efficacy of VEGF-A inhibition could be compromised by up-regulation of other
angiogenic pathways [50]. One important component of this resistance is Ang-2, which is promoting
neovascularization and tumor growth by Tie2 signaling in a VEGF-A independent manner [51–53].
While the single inhibition of Ang-2 led to a modest (if at all) beneficial effect on tumor growth and
vascular normalization, which is in line with our results, the dual inhibition of both VEGF-A and
Ang-2 proved beneficial for the therapy of CNS [9–11] and non-CNS [26,29,54–59] tumors.

In this study, we provide additional data in which opposite effects of anti-VEGF-A vs. anti-Ang-2
vs. dual inhibition on glioma growth are evident, depending on whether standard chemotherapy
or standard radiotherapy is used as the combination partner. This might be best explained by three
observations. First, chemotherapy and radiotherapy by themselves (without an active antiangiogenic
combination partner) modulate blood vessel morphology, with antiangiogenic, anti-vascular, and
partially also vascular normalization effects (control antibody groups: Figure S2, compared to
Figure 1A) [60–62]. This can explain that the overall change of vascular morphology and function is
somewhat unpredictable when an antiangiogenic agent is added. Second, the resulting differential
vascular normalization effects observed with the various combination regimens can lead to various
levels of tumor hypoxia, which is known to increase resistance to radiotherapy and TMZ [6,14–18].
Lastly, an additional or alternative explanation can be sought in our finding that relevant parameters
of tumor resistance (e.g., TM formation, cellular invasiveness) are divergently increased or decreased.
It has been described that radiotherapy can increase glioma cell invasiveness [63,64] as one potential
mechanism. Importantly, both radio- and chemotherapy can increase the number of TMs and their
interconnections and the multicellular networks formed by TMs in gliomas are prime factors of
primary and adaptive resistance against radiotherapy and TMZ chemotherapy [3,65,66]. Moreover,
TMs drive glioma cell invasion in the brain. An increased glioma cell invasiveness that can occur
during inhibition of angiogenesis has been proposed as one major mechanism of resistance against
antiangiogenics [33–36], although this could not be clearly demonstrated in patients yet [67]. Finally, it
is very well possible that other well-described effects of antiangiogenics and/or cytotoxic therapies,
like modulation of the immune tumor microenvironment and DNA damage response, play a role here.
Our study provides the first evidence that antiangiogenic agents can even decrease cellular resistance
mechanisms of glioma cells, but only if the right cytotoxic combination partner is selected.

In summary, we provide evidence that inhibition of VEGF-A might be the best combination
strategy for radiotherapy, but inhibition of both Ang-2 and VEGF-A for chemotherapy. This provides
interesting cues how to best develop dual anti-Ang-2/VEGF-A inhibitors in the clinic: combination
with chemotherapy (either adjuvant TMZ in newly diagnosed glioblastoma or lomustine in recurrent
glioblastoma) appears the most promising clinical trial strategy, while combination with radiotherapy
might even be avoided. Since all phase III studies in primary or recurrent glioblastoma did not
find unexpected CNS toxicities or other toxicities when the anti-VEGF-A antibody bevacizumab was
combined with chemo-/radiotherapy (Chinot et al. 2014; Gilbert et al. 2014; Wick et al. 2017 [21–23]),
at least safety and tolerability seem to not be a major issue with these treatment strategies. The most
important consequence of the surprisingly complex interactions between antiangiogenic and cytotoxic
treatments reported here is to better study them in preclinical and early clinical settings in the future
to avoid testing uninformed combination regimens in controlled clinical trials.

4. Materials and Methods

4.1. Cell Culture

Cell culture was done under adherent conditions with Dulbeccos’s Modified Eagle’s Medium
(DMEM, Sigma-Aldrich, Munich, Germany), which was supplemented with 10% fetal bovine serum
(FBS, Sigma-Aldrich, Munich, Germany) and 1% penicillin-streptomycin (PS, Sigma-Aldrich, Munich,
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Germany). For the cultured cells a contamination and authentification test was done by Multiplexion
(Heidelberg, Germany). U-87MG, a human glioblastoma cell line obtained from the American Type
Culture Collection (LGC Standards, Wesel, Germany), which is growing angiogenic in the mouse
brain was used. O6-methylguanine-DNA methyltransferase (MGMT) promotor methylation of this
cell line was already confirmed in former publications [68]. Furthermore, when 24 brain tumor
cell lines were analyzed for VEGF-A and Ang-2 mRNA expression, the U-87MG cell line showed
both, being considerably representative with respect to expression levels. The cells were stably
co-transduced with the red cytoplasmic construct LeGO-T2 (plasmid #27342 Addgene, Cambridge,
MA, USA) and the green nuclear fluorescent plasmid LV-GFP (plasmid #25999 Addgene, Cambridge,
MA, USA). The co-transduced cells were selected by fluorescence-associated cell sorting (FACSAriaTM

Special Order System, BD Biosciences, Heidelberg, Germany). To distinguish between single and
double transduced cells, compensation was used. To separate dead and alive cells, propidium iodide
(Sigma-Aldrich, Munich, Germany) staining was used.

4.2. Animals and Surgical Procedures

Naval Medical Research Institute (NMRI) nude male mice, between 8 and 10 weeks old (Charles
River, Sulzfeld, Germany) were used to study the angiogenesis of human brain tumor cells within
the mouse brain. All efforts were made to minimize animal suffering and to reduce the number of
animals used. The operation of the chronic cranial window was done as previously described [3,69].
One week after window implantation a 1 µL cell suspension, containing 50,000 tumor cells, was
injected cortically 500 µm deep with a stereotactical injector (Hamilton, Bonaduz, Switzerland and
Stoelting, Wood Dale, IL, USA). When the tumor reached a mean diameter of 2 mm in vivo imaging
and therapy was started. The animals were sacrificed when they got moribund and/or developed a
weight loss of over 20%, which was particularly important in light of the frequent intravital imaging
sessions that were an additional burden for tumor-bearing mice. The animals were treated every
third day with the control (MOPC21), the anti-Ang-2 (LC06, RO6872894), the anti-VEGF-A (B20.4.1,
RO6872895), or the anti-Ang-2/VEGF-A antibodies (LC06/B20.4.1, RO6872840) (F. Hoffmann-La
Roche, Penzberg, Germany). All antibodies were administered in the same concentration of 5 mg/kg
body weight (bw). For the radiotherapy group, tumors were irradiated with 7 Gy on D4, D5, and D6
(three consecutive days; total dose 21 Gy) after the start of the antiangiogenic treatment. The radiation
was done with a 6 MV linear accelerator with a 6 mm collimator (adjusted to the window size) at
a dose rate of 3 Gy min−1 (Artiste, Siemens, Erlangen, Germany). The administered radiation dose
is in the range of the commonly used 60 Gy in 2 Gy fractions for glioma patients, assuming an
α/β of ~10 in the linear quadratic model, and taking into account a radiation time of three days
(Osswald et al. 2015; Winkler et al. 2004 [3,6]). For the chemotherapy group, animals were orally
administered with TMZ (Schering-Plough, Kenilworth, NJ, USA) using a feeding needle on the
three consecutive days during D4–D6 of therapy. TMZ concentration was 20 mg/kg bw per day
(Figure S3A,B). This dose was selected because it was shown to exert measurable anti-tumor effects
as single agent in preliminary studies on U87 and other glioma models (Weil et al. 2017 [65]) in our
laboratory, but still low enough to be comparable to bioavailable doses given to patients. All animal
procedures were performed in accordance with the institutional laboratory animal research guidelines
after approval of the Regierungspräsidium Karlsruhe, Germany (governmental authority).

4.3. In Vivo Multiphoton Laser Scanning Microscopy (MPLSM)

In vivo imaging was performed with a LSM 7MP microscope (Carl Zeiss Microscopy, Jena,
Germany) provided with a Coherent Chameleon UltraII laser (Coherent, Glasgow, UK) with a
500–550 nm and a 575–610 nm band pass filter. With the following wavelengths fluorophores
were detected: 750 nm (FITC-dextrane, tdTomato) and 850 nm (GFP, TRITC-dextrane). To prevent
phototoxic effects laser power was always kept as low as possible. During the imaging process animals
were anaesthetized with a low gas narcosis including 1.5% isoflurane (Baxter, Unterschleißheim,
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Germany) and 98.5% oxygen (Guttroff, Heidelberg, Germany). During imaging body temperature
was kept constantly at 37 ◦C by a heating pad. To acquire angiographies of brain blood vessel, 0.1 mL
high molecular dextrans were injected intravenously: tetramethylrhodamine isothiocyanate (TRITC,
500 kDa, 10 mg mL−1, Sigma-Aldrich, Munich, Germany), and fluorescein isothiocyanate (FITC,
2 MDa, 10 mg mL−1, Sigma-Aldrich, Munich, Germany). The angiographic image (size: 607.28 ×

607.28 × 123 µm) allowed longitudinal tracking of two consecutive regions in the center of the brain
tumor, which was done every third day from D0 to D15 after beginning with antiangiogenic treatment.

The large cranial window also allowed to study the entire tumor up to a depth of up to 1000 µm
that sufficiently allowed to assess the tumor diameter. Verification experiments were performed,
comparing the diameter measured by in vivo two-photon microscopy with the maximum diameter
measured by standard histology and fluorescence microscopy of tumor-bearing brain sections. Here, a
strong correlation was detected [7]. The mean tumor diameter under the cranial window was measured
by a tile scan in a depth of 400 µm.

On D0 and D6, microvascular blood flow velocity was measured by a line scan as described
before [7]. The cellular morphology and the length of the TMs were determined in a depth of 51 µm
on D0, D9, and D28. On D3, D9, and D15 the nuclei were detected with a higher magnification (size:
151.82 × 151.82 × 48 µm) to quantify the nuclear density and the nuclear morphology. Additionally,
the nuclear motility of the cells of the same region (size: 151.82 × 151.82 × 99 µm) was measured over
1.5 h.

4.4. Quantification and Visualization of MPLSM Data

In vivo images were recorded with the ZEN Software (Carl Zeiss Microscopy, Jena, Germany).
Images were analyzed with the ImageJ 1.51f software (Wayne Rasband, National Institutes of Health,
Bethesda, MD, USA). The diameter was determined by a tile scan in a depth of about 400 µm, where
the tumor bulk reached its major dimensions. The diameter was calculated as the average of the minor
and major axis of an ellipse. For quantification the diameters were normalized to the mean diameter
on D0.

The blood flow velocity was measured by a line scan with a minimum length of 10 µm, detecting
2000 events in microvessels. Moreover, 16 randomly chosen vessels were measured per animal.
The resulting scan identifies single erythrocytes as angular black lines, where the x-axis is according to
the length of the detected distance and the y-axis is the elapsed time of the measurement. The angle
is converging more and more to 90◦ when the cells are static. By knowing the resolution of both
parameters and by the measurement of the slope of 30 randomly chosen red blood cells, a calculation
of the mean velocity is possible, by inversion of the result.

For the nuclear density and the quantification of mitotic cells, stacks cropped to thickness of 67 µm
(151.82 × 151.82 µm) in a depth of 35–102 µm were analyzed. The nuclear density was calculated by
dividing the manually counted cell number with the volume of the stack. For the quantification of the
mitotic activity, the percentage of mitotic cells was detected. Due to distances up to 100 µm between
vessels and pathological nuclei, the whole and not the cropped stacks were analyzed manually.
In control animals, nuclear size and shape was very homogenous. In distinct treatment groups,
nuclear morphological changes of apoptosis or necrosis where evident. Tortuous, abnormally flexed,
strongly condensed or swollen nuclei were evaluated as pathological (see Figure 3A). The distance
between the center of the pathological nucleus and the exterior of the wall of the blood vessels was
measured manually.

TMs were identified as thin and long cytoplasmatic protrusions, which often interconnect tumor
cells [3]. For the measurement of the TM length single slices in a depth of 51 µm were quantified for
two regions per animal. For every region 30 random cells were picked, where the length of the longest
and most prominent TM of the cell was determined.

Cellular invasiveness was detected for 3D stacks in a depth of 51–150 µm, which were recorded
in 40 cycles long (over 1.5 h lasting) time series. For 20 randomly chosen nuclei, x, y, and z coordinates
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were identified for 10 different time points. Since the expansion of the tissue by laser irradiation
and breathing artefacts also modifies coordinates, striking blood vessel bifurcations were used as an
inertial system.

3D representative pictures for the angiograms, nuclear morphologies, nuclear densities, nuclear
motilities and the 3D rendering of the TMs were acquired with Imaris 7.5.1 (Bitplane, Zürich,
Switzerland). Finally, the pictures were edited with Inkscape 0.91 (GNU General Public License)
and GIMP 2.8.14 (GNU General Public License).

4.5. Statistical Analysis

The measured results were arranged in Excel 2016 (Microsoft Corporation, Redmond, WA, USA)
and tested for outliers by a Nalimov test. The outlier-cleared datasets were transferred to the statistic
software SigmaPlot 13.0 (Systat Software, San Jose, CA, USA). Equal variance and normal distribution
were tested (Kolmogorov-Smirnov or Shapiro-Wilk). For results with normal distribution and equal
variance, the two-sided Student’s t-test was used. Otherwise, the Mann-Whitney U statistic was
applied. For measurements with more than two groups, ANOVA on ranks or ANOVA was used in
combination with the suitable post-hoc test (Dunn’s method for the non-parametric and the Tukey test
for the parametric). Results were significant from the corresponding control at a critical p-value below
0.05. Results were plotted in a line diagram by presenting the mean ± standard error of mean (SEM).
In a bar chart the results were displayed as mean ± standard deviation (SD). Box plots depicted the
median values with the percentiles and error bars. Results shown in a line diagram and in a bar chart
have a linear scale; results in a box plot had a common logarithm scale for the ordinate. Finally, the
pictures were finished with the graphic editors Inkscape 0.91 (GNU General Public License) and GIMP
2.8.14 (GNU General Public License).

5. Conclusions

Despite very high angiogenic activity of malignant gliomas, the current clinical effectiveness of
antiangiogenic drugs and their combination regimens falls short of expectations. Here we show that
inhibition of VEGF-A might be the best combination strategy for radiotherapy, but dual inhibition
of Ang-2 plus VEGF-A for chemotherapy. This provides interesting cues how to best develop dual
anti-Ang-2/VEGF-A inhibitors in the clinic. Combination with chemotherapy (either with adjuvant
TMZ in primary glioblastoma, or lomustine in recurrent glioblastoma) appears most promising.
Remarkably, the VEGF-A blocking antibody bevacizumab has never been tested with radiotherapy
alone in a controlled clinical trial, which might be its optimal combination partner according to the
results of this study. The most important consequence of the surprisingly complex interactions between
antiangiogenic and cytotoxic treatments is to better study them in preclinical and early clinical settings
in the future - to avoid testing uninformed combination regimens in controlled clinical trials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/3/314/s1,
Figure S1: Experimental design, Figure S2: Differential changes of tumor blood vessel angiograms during
combination of antiangiogenic treatment with radio- or chemotherapy, Figure S3: Transient pro-mitotic effects,
and nuclear densities.
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Abstract: Nivolumab is one of the most commonly used monoclonal antibodies for advanced
non-small cell lung cancer treatment, to the extent that the presence of its anti-antibody is considered
a negative prognostic factor. Vitamin D (VD) modulates expression of the genes involved in drug
metabolism and elimination. Immune system regulation and immunodeficiency is frequent in
non-small cell lung cancer patients. To date, no data have been reported about the relationship
between nivolumab and VD. The aim of this study was to quantify plasma 25-hydroxyVD (25-VD)
and 1,25-VD, nivolumab, and its anti-antibody before starting treatment (baseline) and at 15, 45 and
60 days of therapy. VD-pathway-associated gene single nucleotide polymorphisms (SNPs) were
also evaluated. Molecules were quantified through enzyme-linked immunosorbent assay, and SNPs
through real-time PCR. Forty-five patients were enrolled. Median nivolumab concentrations were
12.5 µg/mL, 22.3 µg/mL and 27.1 µg/mL at 15, 45 and 60 days respectively. No anti-nivolumab
antibodies were found. Correlations were observed between nivolumab concentrations and 25-VD
levels. Nivolumab concentrations were affected by VD-pathway-related gene SNPs. VDBP AC/CC
genotype and baseline 25-VD < 10 ng/mL predicted a nivolumab concentration cut-off value of
<18.7 µg/mL at 15 days, which was associated with tumor progression. This is the first study
showing VD marker predictors of nivolumab concentrations in a real-life context of non-small cell
lung cancer treatment.
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1. Introduction

Immunotherapy represents the most revolutionary treatment for solid cancers nowadays.
To date, several types of immunotherapy are available, including monoclonal antibodies, non-specific
immunotherapies, oncolytic virus therapy, T-cell therapy and cancer vaccines. The evolution of
immune checkpoint inhibitors as anticancer treatment options represents one of the most successful
approaches in cancer drug research in the past few years [1]. Checkpoint inhibitor antibodies, such as
anti-programmed cell death protein 1 (PD-1) and its ligand (PD-L1), are new drugs acting as tumor
suppressing factors since they are able to modulate the interaction between the immune cell and the
tumor cell [2]. These therapies proved to be a safe and effective option in advanced non-small cell lung
cancer (NSCLC) and can be recommended selectively [3].

Nivolumab, a monoclonal antibody, binds to the immunomodulating PD-1, blocking ligand
interaction and downstream signaling pathways. The result is a positive regulation of T-cell
function resulting in an antitumor effect [4]. In 2015, this drug was approved by the FDA for the
treatment of patients with advanced squamous and non-squamous NSCLC with progression, or after
platinum-based chemotherapy (second-line therapy) [5]. In a randomized trial, 272 patients treated
with nivolumab had an overall survival of 3.2 months longer than those on docetaxel [2].

In a conference abstract, authors measured nivolumab plasma concentrations in patients and
suggested that partial responders had higher nivolumab mean trough concentrations (27.4 µg/mL)
compared to subjects with tumor progression (18.7 µg/mL) [6].

PD-1 inhibitors typically cause fewer and less severe treatment-related adverse events (AEs)
compared with conventional chemotherapy compounds, although immunorelated AEs can occur
requiring monitoring and specialized management to prevent serious complications [7]. Moreover,
immunogenicity in terms of the presence of nivolumab’s anti-antibodies is considered a negative
prognostic factor [8]. Immunogenicity and immune checkpoints in general are regulated by different
factors such as vitamin D (VD) [9]. Reported studies show that VD controls different pathways
related to innate and adaptive immunity regulating the expression of many genes involved in drug
metabolism/elimination through its receptor (VDR). Moreover, in another study, single nucleotide
polymorphisms (SNPs) in genes involved in the VD pathway could affect VD kinetics and,
consequently, its action. Polymorphisms present near genes involved in cholesterol production,
hydroxylation, and VD transport are able to predict who could have risk of VD insufficiency,
as suggested by Wang et al. [10]. Genetic variations near DHCR7 (4p12 (overall p = 1.9 × 10(−109) for
rs2282679, in GC); 11q12 (p = 2.1 × 10(−27) for rs12785878), near CYP2R1 (11p15 (p = 3.3 × 10(−20)
for rs10741657) and near CYP24A1 (20q13)) have genome-wide significance in that population.
Furthermore, participants with a score obtained combining the three variants in the highest quartile
are at increased risk of 25-VD levels lower than 75 nmol/L or than 50 nmol/L, compared with those in
the lowest quartile.

Since VD deficiency is frequent in lung cancer patients [11] and no data on nivolumab and its
relationship with VD are currently available, the aim of this study was to quantify 25-hydroxyVD
(25-VD), 1,25-hydroxyVD (1,25-VD), nivolumab, and its anti-antibody levels in patients’ plasma
at different timings, also considering their influence in predicting the cut-off value (18.7 µg/mL)
associated with tumor progression.
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2. Results

2.1. Patient Characteristics

Baseline (BL) characteristics for the 45 included patients are reported in Table 1. Thirty-one (69)
were male, the median age was 73 years and the median body mass index (BMI) was 23.4 Kg/m2.

Table 1. Baseline characteristics of study population.

Characteristics n (%), Median (IQR)

n 45

Age (years) 73 (65–79.5)

Male sex 31 (69)

BMI (Kg/m2) 23.4 (20.1–26.4)

Caucasian 45 (100)

NSCLC type

Adenocarcinoma 34 (52.3)
Squamous cell carcinoma 9 (13.8)
Poorly differentiated carcinoma 1 (1.5)
Large-cell neuroendocrine carcinoma 1 (1.5)

Concomitant drugs

Cardiovascular 24 (36.9)
Diabetes 4 (6.2)
Opioids 9 (13.8)
Protease inhibitors 20 (30.8)
Corticosteroid 12 (18.5)
Vitamin D 2 (3.1)

Pre-treatment drugs

Cisplatine 24 (53.3)
Docetaxel 10 (22.2)
Carboplatine 24 (53.3)
Gemcitabine 12 (26.7)
Gefitinib 2 (4.4)
Pemetrexed 30 (66.7)
Afatinib 1 (2.2)
Osimertinib 1 (2.2)
Erlotinib 20 (44.4)
Vinorelbine 10 (22.2)
Paclitaxel 3 (6.7)
Bevacizumab 3 (6.7)
Etoposide 4 (8.9)
Zoledronic acid 1 (2.2)
Bavicizumab 1 (2.2)
Farletuzumab 1 (2.2)
Radiotherapy 1 (2.2)

2.2. Nivolumab and Vitamin D Concentrations

Median nivolumab concentrations were 12.5 µg/mL (9.5–17.1 µg/mL), 22.3 µg/mL
(IQR:18.30–34.88 µg/mL) and 27.1 µg/mL (IQR:17.4–39.4 µg/mL), respectively, at 15, 45, and 60 days
(Figure 1). No anti-nivolumab antibodies were detected.
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Figure 1. Nivolumab plasma concentrations at 15, 45 and 60 days.

The 25-VD concentration was 12.8 ng/mL (10.1–16.6 ng/mL), 13.6 ng/mL (10.9–16.1 ng/mL),
11.8 ng/mL (10.1–18.9 ng/mL), and 12.9 ng/mL (10.8–17.0 ng/mL) at BL, 15, 45, and 60 days, respectively.

The 1,25-VD value was 33.7 pg/mL (23.4–40.6 ng/mL), 34.7 ng/mL (22.3–45.4 ng/mL),
28.5 ng/mL (20.7–41.5 ng/mL), and 35.7 ng/mL (IQR:19.2–49.0 ng/mL), respectively, at BL, 15,
45, and 60 days.

Correlations (see Figure 2) were observed between nivolumab concentrations at 15 days and
BL 25-VD levels (p = 0.024, Pearson’s coefficient (PC) 0.451) and at 15 days (p = 0.017, PC = 0.542).
Nivolumab exposure at 60 days was correlated with 25-VD at BL (p = 0.001, PC = 0.730), at 15 (p < 0.001,
PC = 0.858), 45 (p = 0.001, PC = 0.779), and 60 days (p < 0.001, PC = 0.900). Furthermore, in a sub-group,
patients were stratified according to 25-VD deficiency. BL 25-VD levels < 10 ng/mL were associated
with lower nivolumab concentrations at 15 days (p = 0.103, a trend without statistical significance),
45 days (p = 0.018), and 60 days (p = 0.021). Fifteen days of 25-VD < 10 ng/mL levels were associated
with lower nivolumab concentrations at 15 days (p = 0.019), 45 days (p = 0.019), and 60 days (p = 0.028).
Finally, 60 days of 25-VD < 10 ng/mL was associated with lower nivolumab levels at 60 days (p = 0.030).
No correlation was observed for 1,25-VD or toxicities and nivolumab exposure.

 

Figure 2. Cont.
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Figure 2. Nivolumab and 25-hydroxyvitamin D correlations at different timings.

2.3. Pharmacogenetics

Variant genotype frequencies (%) were calculated and are reported in Table 2.

Table 2. Variant allele frequencies.

Single Nucleotide Polymorphism
(SNP)

% Homozigous
Wild Type

% Heterozygous
% Homozygous

Mutant

CYP27B1 +2838 C > T 20 CC 2.2 CT 77.8 TT
CYP27B1 −1260 G > T 73.3 CC 15.6 CT 11.1 TT

CYP24A1 rs2248359 T > C 42.2 TT 40 TC 17.8 CC
CYP24A1 rs927650 C > T 33.3 CC 22.2 CT 44.5 TT

CYP24A1 rs2585428 A > G 31.1 AA 28.9 AC 40 CC
VDR Cdx2 A > G 17.8 AA 13.3 AG 68.9 GG
VDR TaqI T > C 33.3 TT 26.7 TC 40 CC
VDR FokI T > C 11.1 TT 42.2 TC 46.7 CC

VDR BsmI G > A 42.2 GG 57.8 GA -
VDR ApaI C > A 26.7 CC 28.9 CA 44.4 AA

VDBP rs7041 T > G 6.7 TT 62.2 TG 31.1 GG

No genetic variants showed to affect VD concentrations. Nivolumab plasma concentrations at 15 days (Figure 3)
were associated with VDR TaqI CC (p = 0.042), ApaI CA/AA (p = 0.030) and CYP27B1-1260 TT (p = 0.014).
Nivolumab exposure at 45 days (Figure 4) were influenced by VDR Cdx2 AG/GG (p = 0.019), VDBP rs7041 AC/CC
(p = 0.035), and CYP27B1-1260 TT (p = 0.028); nivolumab exposure at 60 days (Figure 5) was affected by VDR Cdx2
AG/GG (p = 0.022) and TaqI TC/CC (p = 0.021). VDR: vitamin D receptor.
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Figure 3. Influence of gene variants on nivolumab plasma concentrations at 15 days.

 

Figure 4. Influence of gene variants on nivolumab plasma concentrations at 45 days.
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Figure 5. Influence of gene variants on nivolumab plasma concentrations at 60 days.

2.4. Regression Analysis

A logistical regression analysis was performed to evaluate whether factors (demographic, clinical,
pharmacological or genetic) were able to predict nivolumab concentrations <18.7 µg/mL at 15 days
(see Table 3). According to a Bonferroni test, p < 0.003 was considered to be the adjusted p-value, but no
factors reached this value in the univariate analysis. In the multivariate model, VDBP (GC) AC/CC
genotype and BL 25-VD were predictors of this cut-off value, associated with tumor progression
(Figure 6).

Table 3. Logistic regression analyses: Factors able to predict nivolumab concentrations <18.7 µg/mL at
15 days of therapy. Bold represents statistically significant values. NC: not comparable, all the factors
belong to a single group. Thus, statistics could show p-values and odd-ratio (OR).

Variables

Nivolumab Concentrations ≤ 18.7 µg/mL

Univariate Multivariate

p-Value OR (95% IC) p-Value OR (95% IC)

BMI < 25 Kg/m2 0.766 1.270 (0.392–6.112)
Age > 60 years 0.939 0.970 (0.091–9.145)
Gender (male) 0.213 2.260 (0.692–12.419)

Drug dosage < 200 mg 0.945 1.056 (0.099–4.867)
VDBP (GC) AC/CC 0.059 11.667 (0.909–149.700) 0.049 10.667 (0.830–137.145)
CYP24A1 3999 CC NC
VDR TaqI TC/CC 0.164 3.077 (0.632–14.976)

CYP27B1 -1260 GG 0.148 3.250 (0.658–16.040)
Pre 25-hydroxyvitamin D levels NC NC

Pre 1,25-hydroxyvitamin D levels 0.124 3.840 (0.692–21.312)
Adenocarcinoma NSCLC type NC

Squamous cell carcinoma NC
Cisplatine pre-treatment 0.093 4.442 (0.852–24.853)

Carboplatine pre-treatment 0.190 0.300 (0.051–1.854)
Pemetrexed pre-treatment NC
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Figure 6. VDBP rs7041 SNP and pre-25 hydroxyvitamin D levels predictors of the nivolumab cut-off
value of 18.7 µg/mL at 15 days, associated with tumor progression.

3. Discussion

Nivolumab represents an active treatment strategy with the potential of long-term disease
control [12]. Unfortunately, biomarkers of reliable efficacy are lacking, thus nivolumab has not
been considered to be cost-effective in several national health systems [13,14].

However, a meta-analysis [3] on immune checkpoint inhibitors and chemotherapy in the treatment
of advanced NSCLC showed significant advantages in terms of overall survival, progression-free
survival, and overall response rate, compared with conventional chemotherapy in patients with
advanced disease.

VD is able to regulate the immune system. Its synthesis begins by the action of ultraviolet light in
the context of skin tissue. Cholecalciferol is hydroxylated to calcifediol (25-VD) in the liver through
cytochrome P-450 (CYP, 27A1, 2R1). In the kidney, calcitriol (1,25-VD, the active form) is synthesized
through CYP27B1 and transported in the bloodstream through vitamin D binding protein (VDBP).
The inactivation of 25-VD to calcitroic acid (24,25-VD) is carried on by CYP24A1. VD deficiency is
frequently observed in cancer patients. Bochen et al. suggested that VD serum levels were significantly
lower in head and neck cancer patients compared to controls, particularly in patients with lymphatic
metastasis [15]. Different studies show that a lower 25-VD serum level is associated with several
negative outcomes in lung cancer. Feng et al. analyzed seventeen studies in a meta-analysis and
found a statistically significant relationship between 25-VD, lung cancer risk, and mortality, but a
relationship with overall lung cancer survival was not observed [16]. In addition, they suggested
differences between males and females and in Caucasian and Asian populations in terms of cancer risk.

In the current study, 25-VD influenced nivolumab concentrations, but not 1,25-VD. Here, we only
evaluate nivolumab and VD concentrations and not the effect on the immune cells. VD deficiency
could have a relapse due to the immune system, which is directly related to this treatment. In fact,
in another study, a relationship between immune cells and 25-VD and not with 1,25-VD was found,
as shown for regulatory T cell function in multiple sclerosis patients [17]. Information about the
influence of VD on the immune system is lacking in this study. This limitation will be the aim of further
studies by our group.

Furthermore, 1,25-VD is present with a concentration 1000 times lower than 25-VD in the blood.
Such low 1,25-VD concentrations could be more difficult to measure compared to 25-VD levels. Finally,
the absence of statistical significance could be due to the small sample size.

In the current study, the nivolumab plasma levels in a real-life context of NSCLC are described at
different timings and, in addition, the role of 25-VD concentrations and VDBP rs7041 A > C SNP in
predicting concentrations lower than 18.7 µg/mL (the cut-off value associated with tumor progression
as shown by Stijn et al. [6]) is suggested.
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Various VDBP genetic variants are known. The two most common polymorphisms, 1296 A > C
(rs7041, Glu432Asp) and 1307 C > A (rs4588, Thr436Lys), are localized in exon 11 and they are
in complete linkage disequilibrium [18]. Circulating VDBP seems not to be influenced by rs7041
SNP, however, considering the 1296/1307 diplotype, there is a slight transport increase in AC/CA,
compared to AA/CA. It is probable that lysine to threonine substitution at position 436 eliminates an
O-glycosylation site from the molecule and the loss of glycosylation influences the half-life of VDBP.
Moreover, glutamine to asparagine changes in the 432 position affect the extent of O-glycosylation at
the 436. It is not known how changes in the VDBP molecule modify its serum concentration, but the
described substitutions could result in altered rates of transcription, changes in mRNA stability, or in a
self-clearance of the protein [19]. In a recent study of Caucasian women, the AA genotype was related
to higher breast cancer risk, compared to healthy controls [20].

Controversial studies are present in the literature concerning the influence of VDBP rs7041 on VD
levels. Lafi et al. show that genotypes containing the variant allele of rs7041 (TT, TG) are associated
with lower 25-VD concentrations than the GG genotype, whereas Daffara et al. did not find an
association in coronary heart disease patients and suggest that 25-VD levels, but not VDBP genetic
status, independently predicted the presence of coronary lesions at angiography [21,22]. Also, in the
current study, an association between the VDBP genetic variant and VD levels has been evidenced,
although a borderline influence (p = 0.049) is present with the nivolumab cut-off value. However,
the best predicting factor remains 25-VD < 10 ng/mL, as showed in the regression. It is important to
understand the nature of the relationship between these variables: is the VD associated with poorer
outcomes, or it could be an underlying condition? In our opinion, VD deficiency could be able to affect
the outcome, since it is involved in the regulation of the immune system. Furthermore, in deficient
individuals before starting therapy, the situation could be more difficult to manage and complications
could be more severe (for example, concerning cachexia).

Schmid et al. showed that immunotherapy efficacy was dependent on the metastatic location [23].
For these reasons, it is very important to understand which biomarkers could predict patients with a
higher probability of tumor progression.

Our study would recommend to clinicians to evaluate 25-VD levels and the VDBP rs7041 genotype,
before starting therapy, and to quantify nivolumab concentrations at 15 days, to eventually consider
a drug dosage modification or VD supplementation, reducing the risk of tumor progression. It is
important to highlight that these analyses are preliminary and have several limitations: They are
conducted on few individuals (only 45 patients), only one cohort is analyzed, and VDBP SNP has a
borderline influence (p = 0.049).

4. Materials and Methods

Patients were treated with nivolumab, affected by advanced NSCLC, treated within the
Italian Nivolumab Expanded Access Program (NCT02475382), and enrolled in a mono-institutional
translational research study at the Lung Cancer Unit of the Ospedale San Martino (Genova, Italy).
This study was approved by the Local Ethics Committee (registry number: P.R. 191REG2015).
Patients were eligible if they met the following criteria: (i) cytologically or histologically confirmed
advanced/metastatic NSCLC, (ii) progression after at least one line of platinum-based chemotherapy,
(iii) Eastern Cooperative Oncology Group Performance Status (ECOG-PS) = 0–2, (iv) no previous
treatment with immune checkpoint inhibitors, (v) any brain metastasis had to be treated and clinically
stable for at least 14 days before starting nivolumab, (vi) no treatment with corticosteroids at a
dose higher than 10 mg/day of prednisone or equivalent. Eligible patients received nivolumab at
3 mg/kg every 14 days, with assessment by computed tomography scan (CT-scan) every 8 weeks.
Nivolumab was administered until the onset of unacceptable toxicities, patient refusal, death, or up to
96 weeks from the start of treatment. Treatment beyond tumor progression was allowed based on the
investigators’ judgment, as long as clinical benefit was perceived.

177



Cancers 2019, 11, 125

Values of 25-VD and 1,25-VD were evaluated at BL and at 15, 45, and 60 days after starting therapy,
with enzyme-linked immunosorbent assay technique (DRG DIAGNOSTIC, Marburg, Germany) and
with LIAISON® XL (DiaSorin, Saluggia, Italy), respectively. Nivolumab and its anti-antibody were
quantified with validated ELISA kits (Matrix Biotek, Ankara, Turkey).

Whole blood was drawn in EDTA tubes, genomic DNA was isolated from blood samples
(MagnaPure Compact, Roche, Monza, Italy), and genotypes were assessed through a real-time
polymerase chain reaction allelic discrimination system (LightCycler 480, Roche, Monza, Italy).
The investigated gene SNPs were: CYP27B1 (encoding cytochrome 27B1 enzyme responsible for
VD active metabolite 1,25-VD production) rs4646536 (+2838) C > T and rs10877012 (−1260) G > T,
VDR (encoding VD receptor) rs7975232 (ApaI) C > A, rs731236 (TaqI) T > C, rs10735810 (FokI) T > C,
rs11568820 (Cdx2) A > G and rs1544410 (BsmI) G > A, CYP24A1 (encoding cytochrome 27B1 enzyme
responsible for VD inactive metabolite 24,25-dyhydroxyvitamin D (24,25-VD) production) rs2248359
(3999) T > C, rs927650 (22776) C > T and rs2585428 (8620) A > G and finally GC (encoding VD
transporter, VDBP) rs7041 A > C.

The analysis of PD-L1 was performed in 29 out of 45 patients with available tumor tissue at
diagnosis using Immunohistochemistry. In particular, the PD-L1 expression was assessed manually
using the rabbit monoclonal anti-human PD-L1 antibody clone 28-8 (Pharm DX DAKO, CA, USA),
according to the FDA approved auto-stainer link 48 protocol. The tumor samples were defined as
positive when at least 1% of tumor cells showed a strong staining according to their membrane
location. All variables were tested for normality through the Shapiro–Wilk test. Normal variables
were described as average and standard deviation, non-normal variables as median values and
interquartile range (IQR), and categorical variables as numbers and percentages. Allele frequencies
were tested for Hardy–Weinberg equilibrium. Kruskal–Wallis and Mann–Whitney tests were adopted
for differences in continuous variables between genetic groups, considering statistical significance
with a two-sided p-value < 0.05. Stepwise multivariate logistic regression analysis was performed
including variables with a p-value below 0.2 at univariate analysis to evaluate whether factors were
able to predict nivolumab levels <18.7 µg/mL at 15 days. A Bonferroni correction was performed,
since an adjustment made to p-values is needed when several dependent or independent statistical
tests are being performed simultaneously on a single data set [24].

Tests were performed using IBM SPSS Statistics 25.0 for Windows (Chicago, IL, USA).

5. Conclusions

In conclusion, this is the first study showing an association between VD-related biomarkers and
nivolumab plasma concentrations.

In the current study, for the first time, VD deficiency seems to result in altered nivolumab
clearance, as shown by different associations. It is interesting to highlight that, according to these
analyses, the reduction in VD concentration was not through antibodies.

Future studies will aim to analyze the effect of VD deficiency on the immune system, for example,
evaluating the immunologic profile according to VD-related biomarkers or PD-1 or PD-L1 levels and
their genetic variants.

These are preliminary and limited analyses, and further studies in larger and different cohorts are
needed to clarify these aspects, and to improve the knowledge in the field of the monoclonal antibody
treatment used in NSCLC.
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Abstract: Tumors undergo fast neovascularization to support the rapid proliferation of cancer
cells. Vasculature in tumors, unlike that in wound healing, is immature and affects the
tumor microenvironment, resulting in hypoxia, acidosis, glucose starvation, immune cell
infiltration, and decreased activity, all of which promote cancer progression, metastasis, and
drug resistance. This innate defect of tumor vasculature can however represent a useful
therapeutic target. Angiogenesis inhibitors targeting tumor vascular endothelial cells important
for angiogenesis have attracted attention as cancer therapy agents that utilize features of the tumor
microenvironment. While angiogenesis inhibitors have the advantage of targeting neovascularization
factors common to all cancer types, some limitations to their deployment have emerged. Further
understanding of the mechanism of tumor angiogenesis may contribute to the development of
new antiangiogenic therapeutic approaches to control tumor invasion and metastasis. This review
discusses the mechanism of tumor angiogenesis as well as angiogenesis inhibition therapy with
antiangiogenic agents.

Keywords: cancer therapy; neovascularization; angiogenesis; tumor microenvironment

1. Introduction

Vasculogenesis refers to the process by which vascular endothelial cells differentiate from
endothelial precursor cells to form the lumen. Neovascularization refers to the process, whereby new
blood vessels are formed from existing ones following endothelial cell proliferation and migration [1].
This process is essential during physiological angiogenesis, such as systemic blood supply in the fetal
stage, luteinization related to postpartum menstrual cycle, and wound healing [2]. During tumor
proliferation, oxygen and nutrients required for solid tumor growth are supplied from neighboring
blood capillaries. However, because the diffusion distance of oxygen is 100–200 µm, for tumors to
grow to ≥1–2 mm, generation of new blood vessels towards the tumor (i.e., neovascularization) is
required [3,4]. Tumors located >100–200 µm from capillaries often encounter hypoxic conditions,
which promote the expression of hypoxia-inducible factor-1 (HIF-1). HIF-1 induces the expression
of angiogenic proteins, such as vascular endothelial growth factor (VEGF), epidermal growth factor,
fibroblast growth factor (FGF), hepatocyte growth factor (HGF), and platelet-derived growth factor
(PDGF), which then stimulate hypervascularization [5,6]. The sustained expression of these angiogenic
factors results in abnormally structured angiogenic tumor vessels. Tortuous and dilated tumor
vessels show increased vascular permeability and high interstitial pressure, further reducing blood
perfusion and increasing hypoxic conditions in the tumor microenvironment [7–9]. Administration of
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angiogenesis inhibitors leads to tumor vascular normalization, a reduction in vascular permeability
and interstitial fluid pressure, and an improvement in tumor perfusion. A normalized tumor
vascular system with reduced hypoxic conditions not only augments the effects of radiotherapy
and chemotherapy but also enhances antitumor immunity [10–12]. The findings can contribute to
a new approach (i.e., the combination of angiogenesis inhibitors and immunotherapy) to further
improve the overall survival of cancer patients. This review discusses the molecular mechanisms of
tumor angiogenesis and outlines options for cancer therapy with antiangiogenic agents including
combined immunotherapy.

2. Molecules Involved in Neovascularization

Neovascularization is regulated by a balance between angiogenesis-inducing factors and
angiogenesis-inhibiting factors such as those outlined in Table 1. Here, we describe the molecules that
induce angiogenesis and their mechanisms. Among angiogenesis-inducing factors, VEGF plays an
important role in the initiation of angiogenesis. The VEGF family consists of five members, namely
VEGFA, VEGFB, VEGFC, VEGFD, and placental growth factor (P1GF). VEGF signals are transmitted
through three VEGF receptor tyrosine kinases: VEGFR1, VEGFR2, and VEGFR3 [8,13]. The VEGF
family of proteins is the most critical factor for the induction of neovascularization. VEGF induces
proliferation of endothelial cells, promotes cell migration, and decreases the rate of apoptosis. It also
increases vascular permeability and promotes migration and circulation of other cells [13,14]. VEGFA
and its receptor, VEGFR2, have major angiogenic effects [15]. Upon binding to the VEGF receptor
on the vascular endothelial cell membrane, VEGF induces dimerization and autophosphorylation
of the receptor and initiates a signaling cascade that activates a variety of downstream pathways.
Phosphorylation of phospholipase C (PLC) γ activates the RAS/mitogen-activated protein kinase
(MAPK) cascade via protein kinase C (PKC) activation and regulates gene expression and cell
proliferation [16–18]. In addition, activation of the phosphoinositide-3-kinase (PI3K)/protein kinase
B (AKT) pathway produces NO via AKT, suppresses apoptosis, and activates endothelial cell NO
synthase, thereby enhancing vascular permeability [19–22]. VEGFR1 has a weak kinase activity and
limits VEGFR2-induced angiogenic effects by regulating the amount of VEGFA that can be bound by
VEGFR2 [23]. The following has been reported: (i) VEGFR3 and its ligand, VEGFC, are responsible for
lymphangiogenesis; (ii) VEGFC and VEGFD contribute to tumor angiogenesis by binding to VEGFR2
and VEGFR3; (iii) VEGFR3 is expressed in the tip cells of tumor vessels [15,24].

Table 1. Endogenous regulators of angiogenesis.

Activators Functions Inhibitors Functions

Vascular endothelial
growth factor family

Induction of angiogenesis,
enhancement of vascular
permeability

Angiopoietin-2 Antagonist of Ang1

Epidermal growth
factor

Promotes growth of vascular
endothelial cells Thrombospondin-1,2

Inhibits endothelial migration,
growth, adhesion and survival

Fibroblast growth
factor

Induction of angiogenesis collagen Substrate for MMPs

Platelet-derived growth
factor

Involved in migration of
vascular endothelial cells Endostatin

Inhibits endothelial survival
and migration

Angiopoietin-1
Stabilization of vascular
endothelium Angiostatin

Suppresses tumor
angiogenesis

Transforming growth
factor

Production of extracellular
matrix TIMPs

Suppresses pathological
angiogenesis

Ephrin
Control of blood vessel and
lymph duct formation Platelet Factor-4

Inhibits binding of bFGF and
VEGF

Matrix
metalloproteinase

Degradation of extracellular
matrix, activation of
angiogenesis inducing factor

Vasostatin Inhibits endothelial growth
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Angiopoietins play a critical role in the maturation of blood vessels. Human angiopoietins
consist of three ligands, Ang-1, Ang-2, and Ang-4. Ang-1 and Ang-2 are of critical importance in
angiogenesis and are outlined hereafter. The Tie family of receptors includes receptor tyrosine kinases
specifically expressed in the vascular endothelium. They include Tie1 and Tie2. Tie2 is activated by
Ang-1, which is secreted by platelets and peri-endothelial cells; whereas Tie1 is an orphan receptor
homolog of Tie2, whose expression enhances Tie2 activation [25]. The Ang-1/Tie-2 signaling pathway
is specific for endothelial cells. Ang-1 binds to the Tie-2 tyrosine kinase receptor of endothelial cells,
whose downstream phosphorylation activity stimulates cell survival by activating the PI3K-AKT
pathway [26–28]. Furthermore, it contributes to the maturation of blood vessels by inhibiting the
proinflammatory pathway initiated by nuclear factor-kappa B (NF-κβ) [26–28]. In contrast, in the
absence of cell-cell adhesion, extracellular matrix-anchored Tie2 regulates angiogenesis via extracellular
signal-regulated kinase (ERK) 1/2 signaling [29]. Ang-2 antagonizes Ang-1 activity and, in the presence
of low levels of VEGF, leads to detachment of pericytes and regression of blood vessels. However, in
the presence of high levels of VEGF, Ang-2 elicits an inflammatory response and destabilizes existing
vessels. This, in turn, promotes angiogenesis and lymphangiogenesis by weakening the interaction
between endothelial cells and pericytes and increasing endothelial cell migration [1,30,31].

3. Characteristics of Angiogenic Tumor Vessels

Angiogenesis-promoting factors such as VEGF induced by the tumor microenvironment (e.g.,
hypoxia), stimulate sustained and abnormal neovascularization [32,33]. The vessels formed during
neovascularization are unlike those formed during wound healing and exhibit unusual morphological
characteristics. In normal vessels, the distribution of arteries, capillaries, and veins is stable, and the
vessels have an ordered hierarchical structure. In comparison, angiogenic tumor vessels are dilated
and tortuous. Furthermore, vascular density and blood vessel diameter are not uniform [34,35]. A
simple squamous epithelium, known as vascular endothelial cells, covers the lumen of capillaries,
which is lined with pericytes and covered by the basement membrane. Angiogenesis promoting factors
induce weakening and migration of vascular endothelial cell junctions and change the vascular
wall structure [36,37]. Pericytes and vascular endothelial cell junctions between pericytes and
vascular smooth muscle cells are also weakened, and the number of pericytes is reduced [38,39]. The
basement membranes are multilayered and collagen IV thickness is uneven. Weakened cell junctions
between endothelial cells and pericytes result in their infiltration into the tumor stroma [38,39]. The
morphological abnormalities observed in tumor blood vessels raise the question of whether there are
phenotypic differences at the molecular and functional levels between tumor endothelial cells (TECs)
that line tumor blood vessels and normal endothelial cells. TECs express higher levels of proangiogenic
genes such as VEGFR, VEGF, and EGFR. The Hu antigen, a neuronal protein identified in the serum
of patients with small cell lung cancer and paraneoplastic encephalomyelitis/sensory neuronopathy,
promotes TECs survival by stabilizing VEGF mRNA. TECs also up-regulates integrin αVβ3 and cause
cytogenetic abnormalities [40]. Moreover, in comparison with normal endothelial cells, TECs have a
high proliferative capacity, migratory ability, and angiogenic potential [41]. Additionally, cells showing
stem cell/precursor cell-like properties have been reported in the TECs population, together with
those originating from bone marrow-derived vascular endothelial progenitor cells and tissues derived
from tissue stem cells [42]. Furthermore, a population expressing stem cell markers such as aldehyde
dehydrogenase and having high angiogenic potential has also been reported [43]. ATP-binding cassette
sub-family B member 1 (ABCB1) is the most well-known drug efflux transporter and TECs strongly
expressing ABCB1 are resistant to drugs [44]. Importantly, cancer microenvironment factors such as
hypoxia, are also thought to be involved in tumor vascular endothelial cell abnormalities, together
with humoral factors derived from cancer cells and exosomes [45,46]. Tumor vascular endothelial
markers are expressed in cancer cells when cultured under hypoxia or in a low-serum medium.
Furthermore, Kubota et al. reported that an ataxia telangiectasia mutated kinase was strongly activated
in immature vessels in response to the accumulation of reactive oxygen species, where it provided
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a defensive function [47]. More recently, Maishi et al. demonstrated that biglycan secreted by TECs
induced intravascular invasion and metastasis of cancer cells and reported a new mechanism of cancer
metastasis induction from tumor vessels [48]. As can be seen, various factors typical of the cancer
microenvironment exert complex and diverse properties in tumor vascular endothelial cells.

4. Regulatory Mechanisms of Neovascularization

4.1. HIF-1α

Hypoxic conditions in the tumor microenvironment up-regulate angiogenesis inducing factors
such as VEGF, PDGF, P1GF, and HGF. However, reactions activated by such a hypoxic environment
are thought to be elicited primarily by HIF-1α [49,50]. HIF is a transcription factor heterodimer
consisting of subunits HIF-1α and HIF-1β [51,52]. When oxygen tension is normal, HIF-1α is quickly
degraded [53]. Under normal oxygen concentration, HIF-1α is modified by prolyl 4 hydroxylase
(PHD), which acts as a direct oxygen sensor by catalyzing the binding of molecular oxygen to a specific
proline on HIF-1α [52]. The Von Hippel-Lindau cancer suppression protein binds to hydroxylated
HIF-1α to activate the protein complex and targets HIF-1α for proteasome-dependent degradation
following its ubiquitination [54]. Under normal oxygen conditions, asparagine residues near the
C-terminus are hydroxylated by factor inhibiting HIF-1 (FIH-1), which also requires oxygen for
its activity. FIH-1 reduces HIF-1α transcriptional activity by preventing the binding of p300 and
cAMP response element binding protein (CREB) to HIF-α [55,56]. As PHD is inactive and HIF-1α
is not hydroxylated in a low-oxygen environment, the Von Hippel-Lindau factor cannot bind and
direct HIF-1α for proteasome-mediated proteolysis. Instead, HIF-1α can bind to p300 and CREB.
The HIF-1α-conjugated protein is also believed to be transferred to the nucleus, heterodimerized by
HIF-1β, and immediately involved in initiating transcription of target genes. With a binding site
corresponding to 5′-RCGTG-3′, the HIF heterodimer transcription factor activates target genes via a
hypoxia response sequence (HRE) [57]. HIF-1α binds to the HRE of VEGFA, PDGF, and transforming
growth factor-alpha, inducing their expression (Figure 1) [58].

In addition to angiogenesis, HIF-1α activates glucose metabolism, thereby leading to acidosis in
the tumor microenvironment. HIF-1α enhances the expression of glucose transporter 1, 3 and increases
the uptake of glucose into cells [59]. Additionally, it cleaves glycolytic enzymes (phosphofructokinase
L, hexokinase, aldolase A, and lactate dehydrogenase A) by activating ATP production and promoting
glycolysis [60,61]. HIF-1α activates pyruvate dehydrogenase kinase 1, which then inactivates pyruvate
dehydrogenase, resulting in suppression of the TCA cycle [62]. Thus, overexpression of HIF-1α under
hypoxic conditions accelerates lactic acid production by promoting glycolysis and suppressing the
TCA cycle, leading to an acidic tumor microenvironment. The latter contributes to tumor survival by
conferring apoptosis resistance [63], increasing invasion and metastatic potential [64], and providing
immune tolerance through T cell suppression [65].
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Figure 1. Hypoxia inducible factor (HIF) and vascular endothelial growth factor (VEGF) link the
angiogenesis signaling pathways. Low oxygen tension (hypoxia) results in constitutive activation
of the HIF pathway and VEGF. The tumor hypoxic environment leads to an immunosuppressive
tumor microenvironment by inducing regulatory T cells (Tregs), myeloid-derived suppressor cells
(MDSCs), and M2 tumor-associated macrophages (TAMs). Antiangiogenic therapy results in blood
vessel regression by suppression of neovascularization, leading to tumor starvation and tumors falling
into dormant states. CAFs, cancer-associated fibroblasts; iDCs, immature dendritic cells; mDCs, mature
dendritic cells; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1.

4.2. Endoplasmic Reticulum Stress Signals

The endoplasmic reticulum is a protein folding and maturation site within the cell, where
membrane proteins are glycosylated and secreted. Failure to mature results in the accumulation
of proteins with an abnormal higher-order structure. Accumulation of such abnormal proteins causes
endoplasmic reticulum stress, and the cellular responses elicited to deal with it are collectively referred
to as the endoplasmic reticulum stress response. Tumor microenvironment characteristics such as
hypoxia, acidosis, and glucose deprivation contribute to the activation of the endoplasmic reticulum
stress pathway and promote cancer cell survival. Up-regulation of the endoplasmic reticulum
molecular chaperone, BiP/GRP78 has been observed in multiple cancer cells, indicating that it is
involved in their proliferation and metastasis [66]. VEGF expression is induced in the protein kinase
R like endoplasmic reticulum kinase (PERK)-activating transcription factor 4 (ATF4) pathway in the
endoplasmic reticulum stress environment [67]. The inositol-requiring kinase enzyme 1 alpha (IRE1α)
signal also promotes cell growth in certain cancer cell types due to up-regulation of cyclin A1 via X-box
binding protein 1 (XBP-1) downstream of IRE1α [68]. Expression of XBP-1 is elevated in breast cancer
cells and hepatocellular carcinoma. Therefore, XBP-1 expression is believed to contribute to the survival
of cancer cells by inducing BiP/GRP78 expression [69]. As in the case of PERK and IRE1α signals, ATF6
is thought to be involved in neovascularization by controlling the expression of VEGF [70]. In addition
to cancer cells, tumor tissues and their microenvironments include fibroblasts, mesenchymal stem cells,
and immune cells including macrophages and T cells. Cells that build these tumor microenvironments
can induce angiogenesis by producing multiple growth factors, cytokines, and chemokines. Fibroblasts
in tumor tissue are the major constituents of tumor stromal tissue and are said to play a vital
role in cancer development. Known as cancer-associated fibroblasts (CAFs) they secrete stromal
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cell-derived factor 1 (SDF1). CAF-derived SDF1 not only directly stimulates cancer cell proliferation
via C-X-C chemokine receptor type 4 on tumor cells, but also recruits endothelial progenitor cells
towards the tumor and induces angiogenesis [71]. In colorectal cancer, angiogenesis is promoted
by CAF-induced secretion of interleukin 6 and a concomitant increase in VEGF production [72].
Macrophages involved in carcinogenesis and malignancy are called tumor-associated macrophages
(TAMs). Most TAMs are composed of M2 macrophages, which affect tumor development through
increased immunosuppression and angiogenesis. TAMs stimulate angiogenesis directly by facilitating
the production of angiogenesis promoting factors such as VEGF, and indirectly by localizing matrix
metallopeptidase 9 to the tumor microenvironment. There, metallopeptidase 9 induces angiogenesis
by cleaving and releasing VEGF from the matrix [73,74]. In addition, vascular endothelial cells produce
Ang-2c and TAMs express its receptor, Tie2, further stimulating angiogenesis in tumor tissues [75].

5. Antiangiogenic Therapy

Clinical treatment approaches targeting tumor angiogenesis include the anti-VEGF monoclonal
antibody bevacizumab, anti-VEGFR2 monoclonal antibody ramucirumab, VEGFR ligand traps (e.g.,
aflibercept, VEGFR, PDGFR, c-KIT), and multi-target tyrosine kinase inhibitors (e.g., sunitinib and
sorafenib) [76,77] (Table 2, Figure 2). Bevacizumab, a humanized monoclonal immunoglobulin G1
antibody, is the most widely studied antiangiogenic agent that prevents VEGFA from binding to
receptors, thus hindering neovascularization and the activation of signal transduction cascades [78].
After bevacizumab combined with chemotherapy was first approved by the U.S. Food and Drug
Administration (FDA) in 2004, the drug was also approved by the FDA for use in non-small cell
lung cancer, metastatic colorectal cancer, renal cell carcinoma (RCC), ovarian cancer, glioblastoma
multiforme, cervical cancer, fallopian tube cancer, and primary peritoneal cancer [79].

Table 2. Angiogenesis inhibitors approved by FDA.

Drug Target Molecule Approved Disease

Bevacizumab Anti-VEGF monoclonal antibody
mCRC, NSCLC, mRCC, ovarian cancer, malignant
glioma, advanced cervical cancer, fallopian tube
cancer, primary peritoneal cancer

Ramucirumab Anti-VEGFR2 monoclonal antibody Advanced gastric or gastroesophageal junction
adenocarcinoma, NSCLC, advanced colorectal cancer

Ziv-aflibercept Soluble decoy of VEGFR Metastatic colorectal cancer

Sunitinib TKI: VEGFR, PDGFR, FLT3, KIT RCC, Gastrointestinal stromal tumor, pancreatic
neuroendocrine tumor

Sorafenib TKI: VEGFR, PDGFR, FLT3, KIT, Raf RCC, unresectable hepatocellular carcinoma,
metastatic or recurrent thyroid carcinoma

Axitinib TKI: VEGFR, PDGFR, KIT Advanced RCC

Pazopanib Multiple targeted receptor TKI RCC, Advanced soft tissue sarcoma

Vandetanib TKI: VEGFR, EGFR, RET Unresectable or metastatic medullary thyroid cancer

Ramucirumab combined with chemotherapy has been shown to extend overall survival of
gastric cancer, non-small cell lung cancer, and rectal cancer patients. In 2012, aflibercept (i.e.,
a peptide-antibody fusion targeting the VEGF ligand) combined with fluorouracil, irinotecan,
and folinic acid was also approved by the FDA for use in colorectal cancer [80]. Sunitinib and
sorafenib, which are multi-target tyrosine kinase inhibitors, have been approved as monotherapy
agents based on improvement in overall survival and progression-free survival in phase III studies
in metastatic-differentiated thyroid cancer, unresectable hepatocellular carcinoma, and advanced
RCC [81–83].
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Figure 2. Vascular endothelial growth factor (VEGF) binds to the VEGF receptor, a receptor tyrosine
kinase, leading to receptor dimerization and subsequent auto phosphorylation of the receptor complex.
The phosphorylated receptor then interacts with a variety of cytoplasmic signaling molecules, leading
to signal transduction and eventually angiogenesis. Examples of clinical drugs (Table 2) that inhibit
the pathway are shown. PI3K, phosphoinositide-3-kinase; AKT, protein kinase B; mTOR, mechanistic
target of rapamycin; MEK, MAPK/ERK kinase; ERK, extracellular signal-regulated kinase.

6. Resistance Mechanism of Angiogenesis Inhibitors

Resistance to angiogenesis inhibitors develops through a variety of mechanisms such as activation
of an alternate angiogenic pathway that promotes tumor angiogenesis. When VEGF and VEGFR
are inhibited, other angiogenic factors such as P1GF, SDF1, Ang-1, FGF, HGF, and cytokines, are
induced [84]. In preclinical models, FGF1, FGF2, Ang-1, Ephrin-A1, and Ephrin-A2 have been induced
in pancreatic tumors treated with anti-VEGFR2 antibody [85]. HGF, bFGF, and P1GF levels were
increased in patients with metastatic colorectal cancer before disease progression when treated with
a combination of fluorouracil, irinotecan, and bevacizumab [86]. Cancers such as colorectal cancer,
RCC, and neuroendocrine tumors are often highly dependent on the induction of angiogenesis
by VEGF. On the opposite end, cancers that are less susceptible to anti-VEGF antibodies, such as
breast cancer, pancreatic cancer, malignant melanoma or prostate cancer, use different angiogenesis
mechanisms and angiogenic factors [87]. Long-term administration of angiogenesis inhibitors induces
hypoxia in the tumor microenvironment by over-pruning blood vessels and up-regulates HIF-1α [88].
Angiogenesis promoting factors, such as P1GF, VEGF, Ang-1, and FGF, which are induced by
HIF-1α, recruit bone marrow-derived dendritic cells (BMDCs) that mediate the growth of new blood
vessels to support tumors. The presence of BMDCs in the tumor environment induces resistance to
angiogenesis inhibition [89,90]. In addition to BMDCs, the hypoxic environment within the tumor
promotes recruitment of regulatory T cells (Tregs), bone marrow-derived repression cells (MDSCs),
and M2 TAMs.

Immune cell populations in tumors promote angiogenesis, tumor growth, epithelial-mesenchymal
transition, metastasis, and immunosuppression of the tumor microenvironment [91,92]. Besides
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acquiring resistance to angiogenesis inhibition by inducing other cells, tumor cells have also been
reported to escape the effect of angiogenesis inhibitors by adopting different neovascularization
modalities, including vascular co-option and vasculogenic mimicry [93]. Vessel co-option refers to
the process whereby cancer cells incorporate pre-existing vessels from surrounding tissue instead
of inducing new vessel growth [94]. The main factors regulating vessel co-option are VEGF and
angiopoietins. Moreover, several studies have reported an increase in vessel co-option after inhibition
of angiogenesis [95]. Anti-VEGF antibody treatment in glioblastoma promotes an increase in vessel
co-option, and similar phenomena have been reported in other solid tumors [96]. Vasculogenic mimicry
refers to a situation, whereby tumor cells function like endothelial cells and form a blood vessel-like
structure [97]. This phenomenon has been reported in malignant melanoma, sarcoma, glioma, breast
cancer, and many other cancer types [98–100]. Preclinical studies have reported increased vasculogenic
mimicry by angiogenesis inhibition therapy with bevacizumab, and the effectiveness of combining
angiogenesis inhibitors with chemotherapy has been suggested.

7. Neovascularization and Immunity

Tumor angiogenesis and tumor immunity share a complex relationship. When exposed
to hypoperfusion/vascular hyperpermeability by immature tumor neovasculature, the tumor
microenvironments becomes hypoxic and VEGF is up-regulated. This induces a decrease in T cell
activation by dendritic cells (DCs), a reduction in the number of intratumorally infiltrating lymphocytes,
and an increase in immunosuppressive cells, all of which affect immune function [101]. Steady-state
immature dendritic cells (iDCs) in vivo are superior in antigen uptake ability, but have weak T
cell stimulating ability and induce immune tolerance through Treg activity. iDCs that phagocytose
and process the antigen, migrate to regional lymph nodes where they convert to mature dendritic
cells (mDCs) that present the antigen to T cells and activate them [102]. Although DC maturation
is activated by the NF-κB pathway, the increase in VEGF due to the hypoxic environment of the
tumor reduces the number of mDCs by inhibiting DC maturation through inhibition of the NF-κB
pathway and suppresses immunity [103–105]. Furthermore, VEGF binds to VEGFR2, inhibits the T cell
activation function of mDCs, up-regulates the expression of programmed cell death ligand 1 (PD-L1)
(B7-H1/CD274), and suppresses the function of DCs [106]. The migration and adhesion of vascular
adhesion molecules to vascular endothelial cells plays an important role in the activation of immunity
by causing the accumulation of immune cells, such as macrophages, NK cells, granulocytes, B cells, and
T cells [107]. VEGF promotes abnormal neovascularization and affects immune cell migration, which
reduces the expression of cell adhesion molecules, such as intercellular adhesion molecule 1, vascular
cell adhesion molecule 1, and E-selectin. The down-regulation of cell adhesion molecules inhibits
tumor invasion by immune cells and reduces the immune response [108–110]. A tumor immune
response is induced by tilting the quantitative and functional balance of tumor-attacking effector T
cells and immunosuppressive cells to the former dominant state. The tumor hypoxic environment
enhances the expression of SDF1-α and C-C motif chemokine 28, thereby inducing immunosuppressive
cells such as Tregs, MDSCs, and M2 TAMs, and suppresses tumor immunity [91,92,111]. When
VEGF binds to VEGFR on MDSCs, signal transducer and activator of transcription 3 signaling is
activated and induces MDSC proliferation [112], VEGF also promotes an increase in Tregs in the
tumor microenvironment [113,114]. Increasing the recruitment of T cells and promoting tumor
invasion by angiogenesis inhibitors have shown the effect of tilting the tumor microenvironment
towards immunity promotion. Bevacizumab and sorafenib induce DC maturation and improve
T cell activation [115]. Inhibition of VEGF increases E-selectin expression on the tumor vascular
endothelium and promotes an increase in T cell tumor invasion [116]. In the laboratory, administration
of bevacizumab led to a decrease in MDSCs in the RCC mouse model, as well as a decrease in Tregs
in vitro and in vivo [114,117]. A similar decrease in Tregs has been observed in RCC patients treated
with sunitinib, where it correlated with overall survival [118].
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8. Angiogenesis Inhibitors and Immunotherapy

Although the immune system is very effective in inducing an immune response against foreign
antigens, malignant tumors can avoid immune surveillance via multiple mechanisms of immune
tolerance. Overexpression of immune checkpoint molecules inducing immune tolerance has been
demonstrated in some solid tumors, and correlates with poor prognosis [119]. Programmed-cell
death-1 (PD-1 is a checkpoint molecule expressed on the outer surface of NK cells, B cells, DCs,
monocytes, and CD4 + and CD8 + T cells [120]. When PD-1 is expressed by T cell stimulation and
binds to PD-L1 and PD-L2 on antigen-presenting cells and some cancer cells, the Ras/MAPK/ERK
kinase/ERK pathway and PI3K/AKT pathway are inhibited and inactivate T cells [120]. PD-L1 is
expressed in cancers of tissues such as the lung, colon, ovaries, as well as in malignant melanoma
and its expression is enhanced by the inflammatory cytokine interferon gamma [121]. Additionally,
activation of HIF-1 in a hypoxic environment within a tumor leads to elevated expression of PD-L1 in
cancer tissue [122]. In other words, cancer cells escape immune surveillance by inactivating locally
accumulated T cells through the PD-1/PD-L1 pathway. Immunological checkpoint inhibitors such
as nivolumab and pembrolizumab, which are PD-1 inhibitors, and atezolizumab, which is a PD-L1
inhibitor, promote the antitumor activity of T cells by blocking these pathways, and are clinically
effective in several cancer types [122]. As mentioned in the previous section, angiogenesis inhibitors
and immunological checkpoint inhibitors are expected to have a combined immunostimulatory effect.
Increased infiltration of CD4 + and CD8 + T cells, in addition to macrophages, into the tumor space and
increased expression of PD-L1 in the tumor by co-administration of bevacizumab and sunitinib have
been shown in the RCC mouse model [123]. Additionally, a decrease in MDSCs in tumor tissue and an
increase in PD-1 expression in tumor infiltrating lymphocytes have been observed in RCC patients
treated with sunitinib [124]. Combination therapy with atezolizumab and bevacizumab resulted in an
increase in CD8 + T cells and major histocompatibility complex 1 in the tumor, as well as up-regulation
of chemokines and down-regulation of genes associated with neovascularization in patients with
metastatic RCC [125]. Several phase III studies on the combined treatment of angiogenesis inhibitors
and immunity checkpoint inhibitors are in progress, and the results of these preclinical and clinical
trials are listed in Table 3. Two phase III trials have shown that a combination therapy of atezolizumab
and bevacizumab is effective and tolerable. Comparisons of combination chemotherapies (carboplatin
and paclitaxel) and atezolizumab + bevacizumab in untreated non-small cell lung cancer have shown
better survival (response rate, progression-free survival, and overall survival) in the atezolizumab +
bevacizumab group than in the chemotherapy + bevacizumab group. Subgroup analysis of the low
PD-L1 expression group, the group with low effector T cell gene expression, and the liver metastases
group also shows similar results [126]. In a study of patients with metastatic RCC characterized by
≥1% PD-L1 expression, the combination therapy (bevacizumab and atezolizumab) group had a longer
progression-free survival than the sunitinib monotherapy group [127].

Table 3. Selected ongoing phase III clinical trials involving anti-angiogenic inhibitors combined with
cancer immunotherapy.

Tumor Type Combination Drugs Study Status NCT ID

Stage IV NSCLC Atezolizumab+Carboplatin+paclitaxel+Bevacizumab Active, not recruiting NCT02366143
Advanced RCC Bevacizumab+Atezolizumab Active, not recruiting NCT02420821
Advanced RCC Avelumab+Axitinib Active, not recruiting NCT02684006
Advanced RCC Lenvatinib/Everolimus or Lenvatinib/Pembrolizumab Recruiting NCT02811861

Recurrent OC, FTC, or PPC
Pegylated Liposomal
Doxorubicin+Atezolizumab+Bevacizumab Recruiting NCT02839707

RCC Pembrolizumab+Axitinib Active, not recruiting NCT02853331
Late relapse OC Atezolizumab+Chemotherapy+Bevacizumab Recruiting NCT02891824
OC,FTC,or PPC Atezolizumab+Carboplatin+paclitaxel+Bevacizumab Recruiting NCT03038100
Early relapse OC Atezolizumab+Bevacizumab+Chemotherapy Recruiting NCT03353831
Locally Advanced or
Metasatatic HCC

Atezolizumab+Bevacizumab Recruiting NCT03434379
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9. Conclusions

In this review, we have discussed the mechanism of tumor angiogenesis as well as antiangiogenic
therapy from the perspective of the tumor microenvironment. Although angiogenesis inhibitors have
been used in combination with chemotherapy for more than 10 years, resulting overall survival has
increased by only a few months and resistance to treatment has often developed rapidly. Angiogenesis
inhibitors have failed to improve overall survival in some cancers such as breast cancer. These findings
highlight the complexity of the pathways involved in tumor neovascularization and raise questions
about the effective use of antiangiogenic therapy in cancer treatment. Therefore, we need to better
understand the role of neovascularization in different cancers and how they avoid the effects of
antiangiogenic therapy. A combination therapy with angiogenesis inhibitors and immunotherapy
effectively enhances the benefits of angiogenesis inhibitors and represents the most promising
path ahead.
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Abstract: Immunotherapy is the latest innovation for the treatment of multiple myeloma (MM).
Monoclonal antibodies (mAbs) entered the clinical practice and are under evaluation in clinical trials.
MAbs can target highly selective and specific antigens on the cell surface of MM cells causing cell
death (CD38 and CS1), convey specific cytotoxic drugs (antibody-drug conjugates), remove the breaks
of the immune system (programmed death 1 (PD-1) and PD-ligand 1/2 (L1/L2) axis), or boost it
against myeloma cells (bi-specific mAbs and T cell engagers). Two mAbs have been approved for
the treatment of MM: the anti-CD38 daratumumab for newly-diagnosed and relapsed/refractory
patients and the anti-CS1 elotuzumab in the relapse setting. These compounds are under investigation
in clinical trials to explore their synergy with other anti-MM regimens, both in the front-line and
relapse settings. Other antibodies targeting various antigens are under evaluation. B cell maturation
antigens (BCMAs), selectively expressed on plasma cells, emerged as a promising target and several
compounds targeting it have been developed. Encouraging results have been reported with antibody
drug conjugates (e.g., GSK2857916) and bispecific T cell engagers (BiTEs®), including AMG420,
which re-directs T cell-mediated cytotoxicity against MM cells. Here, we present an overview on
mAbs currently approved for the treatment of MM and promising compounds under investigation.

Keywords: multiple myeloma (MM); immunotherapy; monoclonal antibodies (mAbs); antibody products;
B cell maturation antigens (BCMAs); bispecific T cell engagers (BiTEs®)

1. Introduction

Multiple myeloma (MM) is a hematologic malignancy characterized by a clonal expansion of
aberrant plasma cells in the bone marrow inducing bone lesions, anemia, renal insufficiency and
hypercalcemia. In the last two decades, the treatment armamentarium of effective anti-myeloma drugs,
used both at diagnosis and at relapse, has been significantly expanded with various compounds of
different drug-classes. However, despite the availability of several treatment options, MM still remains
an incurable disease whose natural history is characterized by phases of disease remission followed by
relapses. The remission duration tends to progressively decrease at every subsequent relapse and MM
inevitably becomes refractory to all available agents. Therefore, even if the survival of MM patients,
both young and elderly, has steadily increased over time, to date, roughly 50% of patients are alive at
5 years after diagnosis [1–3].

With the introduction of effective novel agent combinations, based on immunomodulatory
agents (IMiDs) and proteasome inhibitors (PIs), the treatment goal for first-line therapies is now
the achievement of minimal residual disease (MRD) negativity [4], which is currently reported in
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50–80% of transplant-eligible [5–8] and in 15–30% of transplant-ineligible patients [9–11]. A large
meta-analysis demonstrated that reaching MRD negativity (though with some variability in terms of
methods and cut-offs adopted) significantly prolonged progression-free survival (PFS) and overall
survival (OS) as compared to a MRD-positive status [12]. For this reason, efforts should be made to
improve the effectiveness of first-line therapies in inducing deep and durable responses. Regardless
of the effectiveness of newer combinations available at diagnosis, the prognosis of high-risk patients
(e.g., patients with unfavorable genetics or molecular abnormalities, International Staging System (ISS)
stage III, extramedullary disease, or those who experience an early relapse after first-line therapies)
is dismal compared to that of standard-risk patients. This evidence prompts the development of
different strategies and the adoption of newer drugs in this population, currently representing an
unmet medical need.

Furthermore, despite the depth of response obtained with first-line therapies and the duration
of the remission, relapse is inevitable in almost all patients with MM, who progressively become
refractory to all approved drugs, particularly to IMiDs and PIs. The development of compounds with
different mechanisms of action, aiming at synergizing with currently used agents and overcoming
drug-induced resistance, is therefore a priority.

Immunotherapy, either passive—with monoclonal antibodies (mAbs) or cellular products directed
against neoplastic cells—or active—when the patient’s immune system is stimulated to mount an
immune response against tumor cells—represents a pivotal strategy for the treatment of both solid and
hematologic malignancies.

MAbs have entered the clinical practice for the treatment of MM [13]. They are selective compounds
targeting surface antigens that are highly expressed on aberrant plasma cells and not (or at low density)
on normal tissues, thus promoting on-target activity while limiting off-target toxicity. MAbs elicit their
therapeutic actions through different mechanisms, including a direct cytotoxicity on the neoplastic cell
and immune-mediated mechanisms such as antibody-dependent cell-mediated cytotoxicity (ADCC),
antibody-dependent cell-mediated phagocytosis (ADCP) and complement-dependent cytotoxicity
(CDC). Monoclonal antibodies can also be exploited to directly target the myeloma cell while conveying
a cytotoxic agent, as in the case of antibody-drug conjugates (ADCs), or to engage and activate T cells
against the myeloma cell as with bispecific T cell engagers.

Several potential targets have been identified on the myeloma cells and likewise constructs have
been designed and tested in MM patients, some of them having already entered the clinical practice.

This review focuses on the strength and controversies of the current treatment strategies exploiting
mAbs in MM, as well as on newer experimental immunotherapeutic approaches such as ADCs and
bispecific T-cell engagers (BiTEs®).

2. Monoclonal Antibodies

2.1. Anti-CD38 Monoclonal Antibodies

2.1.1. Rationale

CD38 is a transmembrane type II glycoprotein that is highly expressed on normal plasma cells
as well as on MM cells [14]. CD38 is also present at lower levels on normal lymphoid and myeloid
cells, on red blood cells, as well as on solid tissues such as muscle cells (especially in the airway
system), epithelial cells in the prostate and pancreatic beta cells. CD38 acts as a receptor, as an adhesion
molecule, and as an ectoenzyme [15–17].

Anti-CD38 mAbs elicit their action targeting CD38+MM cells and inducing effector mechanisms
such as ADCC (which relies mainly on natural killer [NK] cells), ADCP, and CDC [18–21]. An in vitro
comparison between the different anti-CD38 molecules showed that ADCC was equally induced by
all of them, whereas daratumumab induced the highest CDC at low concentration and ADCP [22].
Alongside immune-mediated cytotoxicity, anti-CD38 mAbs have an immunomodulatory activity that
relies on the modulation of immune cells. Myeloid-derived suppressor cells (MDSC), regulatory B cells
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(Bregs, which promote tumor growth and immune escape), as well as a subset of regulatory T cells (Tregs)
express CD38, and their levels are reduced after daratumumab exposure. Conversely, daratumumab
results in significant expansion of CD8+ cytotoxic and CD4+ helper T cells, likely following the
depletion of regulatory cells. Remarkably, expanded effector T cells also show increased killing capacity
due to augmented levels of granzyme B, which activates caspases and triggers cell apoptosis [23–25].
In addition, among the activities promoted by CD38, there is a nicotinamide adenine dinucleotide
(NAD)-ase activity, which results in reduced levels of NAD+ in T cells, responsible for the loss of their
effector functions (exhausted T cells). In murine models, anti-CD38 mAbs administration induced
higher levels of NAD+ in T effector cells, thus enhancing their antitumor activity [23]. The main
mechanisms of action of anti-CD38 monoclonal antibodies are summarized in Figure 1.

 

Figure 1. Main mechanisms of action of anti-CD38 monoclonal antibodies. Abbreviations: MDSC,
myeloid-derived suppressor cell; ADCC, antibody-dependent cell-mediated cytotoxicity; CDC,
complement-dependent cytotoxicity; NAD, nicotinamide adenine dinucleotide; ADPR, adenosine
ribose; MAC, membrane attack complex.

In vitro studies showed a marked synergism between anti-CD38 mAbs (daratumumab, isatuximab
and MOR202) and IMiDs (lenalidomide and pomalidomide), mainly owing to an enhanced NK activity
elicited by IMiDs that increases both number and activity of NK cells and consequently ADCC, as
well as the cytotoxic activity of macrophages, thus stimulating ADCP [26]. This evidence prompted
the investigation of the in vivo effect of the addition of anti-CD38 mAbs to IMiD-based combinations.
Anti-CD38 mAbs also show an additive effect with PIs [27], although the exact mechanisms are
less clear.

2.1.2. Clinical Development

Daratumumab

Daratumumab was the first fully human anti-CD38 mAb to be tested in clinical trials. Results of
the main clinical trials are summarized in Table 1.
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Table 1. Results of the main clinical trials with anti-CD38 monoclonal antibodies daratumumab
and isatuximab.

Study Phase
Number

of Patients

Median
Previous

Line
Regimen ORR

Median
PFS

(Months)

Median
OS

(Months)

RELAPSED PATIENTS

GEN501 +
SIRIUS

POOLED [28]
II 148 5 Daratumumab

single agent 31.1% 4 20.1

POLLUX [29] III 569 1 Dara-Rd vs. Rd 92.9% vs.
76.4%

NR vs.
17.5

1-year OS
92.1% vs.

86.8%

CASTOR [30,31] III 498 2 Dara-Vd vs. Vd 83.8% vs.
63.2% 16.7 vs. 7.1 NA

NCT01998971
[32] II 103 4 Dara-Poma-dex 60% 8.8 17.5

NCT01998971
[33] Ib 85 2 Dara-Kd 84% 1-year PFS

74%
1-year OS

82%

NCT01749969
[34] Ib 57 5 Isa-Rd 56% 8.5 NR

NCT02283775
[35] Ib 45 3 Isa-Pd 62% 17.6 NR

NCT02332850
[36] Ib 33 3 Isa-Kd 66% NR NR

ICARIA [37] III 307 3 Isa-Pd vs. Pd 60% vs.
35%

11.5 vs.
6.5 NA

NEWLY DIAGNOSED PATIENTS

ALCYONE [11] III 706 TNE −
Dara-VMP vs.

VMP
90.9% vs.

73.9%
NR vs.

18.1 NA

MAIA [38] III 737 TNE − Dara-Rd vs. Rd 92.9% vs.
81.3%

NR vs.
31.9 NA

CASSIOPEIA
[39] III 1085 TE −

Dara-VTd vs.
VTd

≥CR 39%
vs. 26% NA NA

GRIFFIN [40] II 207 TE −
Dara-VRd vs

VRd
51.5% vs.

42.3% NA NA

Abbreviations: ORR, overall response rate; PFS, progression-free survival; OS, overall survival; Dara, daratumumab;
Isa, isatuximab; V, bortezomib; C, cyclophosphamide; d, dex, dexamethasone; T, thalidomide; R, lenalidomide;
K, carfilzomib; Poma, pomalidomide; M, melphalan; P, prednisone; NR, not reached; NA, not yet available;
TNE, transplant ineligible; TE, transplant eligible; CR, complete response.

In the phase I GEN501 study, which investigated different doses of daratumumab in relapsed/
refractory (RR)MM patients, the greatest activity was reported at the dose of 16 mg/kg, at which 36%
of patients achieved a partial response (PR) or better. These results were confirmed by the phase
II SIRIUS trial, which reported a 29% overall response rate (ORR) in heavily pretreated patients,
resulting into median PFS and OS of 3.7 and 17.5 months, respectively [41]. These results led to the
approval, by both the Food and Drug Administration (FDA) and the European Medicines Agency
(EMA), of daratumumab as single agent for RRMM patients with 3 prior lines of therapy including a
PI and an IMiD.

The synergism showed in vitro by daratumumab and lenalidomide was first translated into a
marked in vivo activity of the 3-drug combination daratumumab-lenalidomide-dexamethasone (Dara-Rd)
observed in RRMM patients enrolled in the phase II GEN503 study and then confirmed by the phase
III POLLUX study. In the POLLUX trial, 569 RRMM patients were randomized to receive standard
lenalidomide-dexamethasone (Rd) versus Dara-Rd until disease progression or intolerance [29]. ORR was
higher in the triplet arm (93% vs. 76%) as well as the rate of patients achieving minimal residual disease
(MRD) negativity (26% vs. 6% of patients, threshold 10−5). Median PFS was not reached (NR) versus
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17.5 months (hazard ratio [HR] 0.41, p < 0.001) in the Dara-Rd versus Rd arms; this benefit was also
consistent in patients with high-risk cytogenetics (HR 0.53, p = 0.09) [42]. Of notice, the addition of
daratumumab to Rd did not significantly increase the rates of grade 3–4 toxicities, with the exception
of neutropenia (54% vs. 39%) and infections (28.3% vs. 22.8%). These data supported the approval of
Dara-Rd for the treatment of MM patients who had previously received at least 1 line of therapy.

Daratumumab was then evaluated with pomalidomide and dexamethasone (Dara-Pd). In a
preliminary phase II trial, this 3-drug regimen showed, in a heavily pretreated population (the median
number of prior therapies was 4), ORR (60%) and median PFS (8.8 months) that compared favorably
with those of Pd alone (ORR 31%, median PFS 3.8 months) despite the limitations of a cross-trial
comparison [32,43]. Following the results of this study, the triplet Dara-Pd received accelerated approval
by the FDA for RRMM patients who previously received both an IMiD and a PI. This combination is
appealing considering that, in the near future, the majority of newly diagnosed (ND)MM patients will
become refractory to continuous lenalidomide after their first line of therapy. Definitive results will
come from the phase III trial APOLLO (NCT03180736) comparing Dara-Pd vs. Pd in RRMM patients.

Daratumumab has also been associated with PIs. The phase III CASTOR trial compared bortezomib-
dexamethasone (Vd) administered for 8 cycles to daratumumab-Vd (Dara-Vd) for 8 cycles, followed by
monthly daratumumab until progression in RRMM patients [30]. The addition of daratumumab
resulted in higher ORR (83% vs. 63%) and MRD negativity rate (12% vs. 2%, threshold 10−5), and in
prolonged PFS (median, 16.7 vs. 7.1 months; HR 0.31; p < 0.0001) [31]. Importantly, the MRD negativity
rate continued to increase over time for patients receiving Dara-Vd as compared to those receiving Vd,
thus highlighting the benefit of continuous treatment with daratumumab. The PFS advantage was also
consistent for patients previously exposed to bortezomib (HR 0.35, p < 0.001) and for patients with
high-risk cytogenetic features detected by fluorescence in situ hybridization (FISH, HR 0.45, p = 0.05).
The triplet Dara-Vd is currently approved by the FDA and EMA for RRMM patients.

A phase Ib study with carfilzomib-dexamethasone-daratumumab (KdD) induced an objective
response in 84% of RRMM patients after both lenalidomide and bortezomib [33]. It was recently
announced that the phase III CANDOR study (NCT03158688) comparing Kd to KdD met its primary
endpoint, with a 37% reduction in the risk of progression or death (HR 0.63, 95% CI 0.464–0.854,
p = 0.0014) in patients receiving daratumumab [44].

Because CD38 expression is higher in the early stages of the disease, and mAbs greatly rely
on the immune system to exploit their anti-MM activity, it seems reasonable to expect that moving
daratumumab to the first-line setting, when the immune-system of a treatment-naïve patient is
less compromised, could increase its efficacy. In older patients with newly diagnosed (ND)MM,
daratumumab plus bortezomib-melphalan-prednisone (Dara-VMP), followed by daratumumab
maintenance, significantly increased the MRD negativity rate as compared to the standard of care VMP
(22% vs. 6%, p < 0.001, threshold 10−5), ultimately prolonging the median PFS (NR after a median
follow-up of 17 months vs. 18.1 months, HR 0.50, p < 0.001) [11]. Highlighting the role of continuous
treatment, a substantial benefit in PFS was detected during the maintenance phase when a lower rate
of relapses was observed in patients receiving daratumumab compared with observation (sustained
response after 18 months: 77% vs. 60%). This evidence supports the benefit of continuous therapy with
daratumumab, which allows better disease control over time compared to fixed duration treatment.
A longer follow-up is needed to detect an OS benefit. Dara-VMP has recently been approved by
both the FDA and EMA, thus becoming one of the standards of care for transplant-ineligible patients.
Impressive results in terms of higher MRD negativity rates (24.2% vs. 7.3%, respectively; p < 0.001,
threshold 10−5) and reduced risk of progression or death (median NR vs. 32 months after a median
follow-up of 28 months, HR 0.56, p < 0.001) were observed when Dara-Rd was compared to Rd
in NDMM patients not suitable for autologous stem-cell transplantation (ASCT; MAIA study [38]).
In both Dara-VMP and Dara-Rd regimens, the addition of daratumumab did not negatively affect the
safety profiles of VMP and Rd, despite a higher rate of grade 3–4 infections being reported in both
studies in patients receiving daratumumab (Dara-VMP 23.1% vs. VMP 14.7%; Dara-Rd 32% vs. Rd
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23%); also, the frequency of grade 3–4 neutropenia was higher in patients receiving daratumumab in
the MAIA study (50% vs. 35%).

Daratumumab has also been incorporated in the induction, consolidation, and maintenance
approach in combination with standard triplets such as bortezomib-thalidomide-dexamethasone (VTd)
and bortezomib-lenalidomide-dexamethasone (VRd) as initial treatment for NDMM patients eligible
for high-dose melphalan and ASCT.

The phase III CASSIOPEIA trial randomized 1085 transplant-eligible patients to VTd with or
without daratumumab as induction and consolidation, followed by daratumumab maintenance or no
maintenance. After the consolidation phase, the proportion of MRD-negative patients was higher in the
Dara-VTd group than in the VTd group (64% vs. 44%, p < 0.001, threshold 10−5). This translated into a
significantly reduced risk of progression or death in the Dara-VTd arm as compared to the control
group (HR for PFS 0.47, p < 0.001) [39]. The higher MRD negativity rate reported with daratumumab
was also confirmed in ISS-III and high-risk FISH patients (64% vs. 46%, p = 0.01; 60% vs. 40%, p = 0.06,
respectively), with a trend towards PFS improvement with daratumumab (HR 0.66, 95% CI 0.31–1.39;
HR 0.67, 95% CI 0.35–1.30, respectively) in these subsets of patients that traditionally represent unmet
clinical needs [45]. Mobilization and stem collection after a more intensified induction including
daratumumab were adequate. Although patients in the Dara-VTd arm required the use of plerixafor
more frequently (22% vs. 8%) and collected less CD34+ cells (median 6.3 × 106/kg vs. 8 × 106/kg),
successful ASCT and hematopoietic reconstitution were not affected. Data on maintenance are eagerly
awaited. Following the results of the CASSIOPEIA trial, in September 2019, the FDA has approved
frontline Dara-VTd as induction for transplant-eligible patients. VRd ± daratumumab as induction and
post-ASCT consolidation followed by lenalidomide ± daratumumab maintenance is being compared
in the ongoing phase II GRIFFIN trial [40]. The quadruplet significantly improved the MRD negativity
rate (threshold 10−5) at the end of consolidation, as compared to VRd (47.9% vs. 17.9%, HR 0.23,
p < 0.001). In both trials, patients treated with daratumumab experienced no significant increase in
grade 3–4 non-hematologic adverse events (AEs). Data on maintenance will shed light on the role of
daratumumab maintenance, either alone or in combination with lenalidomide.

Other ongoing phase II/III trials evaluating front-line daratumumab in ASCT-eligible patients
include the EMN17/PERSEUS trial, which explores the addition of daratumumab to VRd as
induction and consolidation and to lenalidomide as maintenance treatment, and the EMN18 study,
which compares induction and consolidation with daratumumab-bortezomib-cyclophosphamide-
dexamethasone (Dara-VCd) to standard VTd followed by ASCT and maintenance with ixazomib ±
daratumumab [46]. The main ongoing trials are summarized in Table 2.

Table 2. Main ongoing trials involving daratumumab and isatuximab in multiple myeloma patients.

Study Setting Phase Study Design

DARATUMUMAB

NCT03710603 [46]
NDMM

TE
(690 pts)

III

Dara-VRd +
ASCT +

Dara-VRd consolidation +
Dara-R maintenance

vs.
VRd +

ASCT +
VRd consolidation +

R maintenance
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Table 2. Cont.

NCT03896737
NDMM

TE
(≈400 pts)

II

Dara-VCd +
double ASCT +

Dara-VCd consolidation
vs.

VTd +
double ASCT +

VTd consolidation
Second randomization:

Ixa maintenance
vs.

Ixa-Dara

NCT03180736 RRMM
(302 pts) III

Dara-Poma-dex
vs.

Poma-dex

NCT03158688 RRMM
(466 pts) III

Dara-Kd
vs.
Kd

ISATUXIMAB

NCT02513186 [47,48]
NDMM

NTE
(88 pts)

I/II
Isa-VCd

vs.
Isa-VRd

NCT03319667 [49] NDMM, NTE
(475 pts) III

Isa-VRd
vs.

VRd

NCT03275285 RRMM
(302 pts) III

Isa-Kd
vs.
Kd

NCT02990338 [50] RRMM
(300 pts) III

Isa-Poma-dex
vs.

Poma-dex

Abbreviations: pts, patients; NDMM, newly diagnosed multiple myeloma; RRMM, relapsed/refractory MM;
Dara, daratumumab; Isa, isatuximab; ASCT, autologous stem-cell transplantation; TE, transplant eligible; NTE,
transplant ineligible; Ixa, ixazomib; V, bortezomib; C, cyclophosphamide; d, dex, dexamethasone; T, thalidomide;
R, lenalidomide; K, carfilzomib; Poma, pomalidomide.

It is currently a matter of debate whether patients with smoldering (S)MM should receive
therapy with the aim of preventing the progression to symptomatic MM and the associated morbidity.
Two randomized trials demonstrated the benefit of lenalidomide, with or without dexamethasone,
in delaying the time to progression to active MM versus observation; importantly, the longer follow-up
of the Spanish trial allowed for the detection of an OS advantage for lenalidomide-treated patients [51].
In this setting, a highly targeted therapy with a good safety profile stands out as an ideal option. In the
phase II CENTAURUS trial, single-agent daratumumab resulted in an ORR of 56% in high-risk SMM
patients, and median PFS was NR after a median follow-up of 26 months [52,53]. The randomized phase
III AQUILA study is currently comparing daratumumab administered for 3 years versus standard
observation in high-risk SMM (NCT03301220).

One of the limitations to the use of daratumumab is its long infusion time (3.5 h). To deal with
this issue, a shorter infusion schedule was tested—daratumumab was administered over a 90 min
infusion at the usual dose (16 mg/kg) from the third infusion onward, without increasing the risk for
infusion-related reactions (IRRs) or further short-term AEs [54]. A game changer in this setting will be
the possibility of delivering daratumumab subcutaneously over a short period of time. The PAVO study
explored subcutaneous daratumumab in combination with the recombinant human hyaluronidase PH20
enzyme (rHuPH20), which allowed for the reaching and maintaining of a high-serum concentration of
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the mAb [55]. At the end of phase Ib of the study, a flat dose of 1800 mg was recommended on the basis
of pharmacokinetics, safety (all-grade IRRs 25%), and efficacy data (ORR 42%).

Isatuximab

Isatuximab (SAR 650984) is an anti-CD38 immunoglobulin G (IgG)-k chimeric monoclonal
antibody that, besides having the same mechanisms of action of daratumumab, holds a unique direct
proapoptotic effect independent from the Fc cross-linking [56,57]. Results of the main clinical trials are
summarized in Table 1.

Similarly to daratumumab, isatuximab showed a promising activity when administered as a single
agent in heavily pre-treated MM patients [58] and has therefore been combined with different anti-MM
compounds. A phase Ib trial combined isatuximab at different dose levels with Rd in heavily pretreated MM
patients (5 median prior lines of therapy), of whom 68% had already received carfilzomib or pomalidomide
and 82% were refractory to lenalidomide. ORR was 51% (and 52% in lenalidomide-refractory patients) and
median PFS was 8.5 months. IRRs were the most common AEs related to isatuximab (56% of patients,
mainly of grades 1–2 and limited to first infusions) [34]. Another phase Ib trial combined isatuximab with
Pd in relapsed patients (3 median prior lines of therapy)—the ORR was 62% and the median PFS was
17.6 months [35]. For both combinations, the selected dose of isatuximab was 10 mg/kg for 4 weekly doses
and every 2 weeks thereafter. Of notice, preliminary results of a phase Ib trial in which isatuximab was
combined to Kd showed a promising 66% ORR [36].

The ongoing phase III ICARIA trial (NCT02990338) is comparing the triplet isatuximab-
pomalidomide-dexamethasone (Isa-Pd) to Pd in 307 RRMM patients who had received at least
2 previous lines of therapy (median lines: 3 in both groups). After a median follow-up of 11.6 months,
a consistent benefit in terms of ORR (60% vs. 35%, p < 0.001) and PFS (median PFS 11.5 vs. 6.5, HR 0.59,
p = 0.001) for the triplet arm compared to the control group was shown. Subgroup analysis revealed
that PFS benefit was also maintained in high-risk patients (median PFS 7.5 vs. 3.7 months, HR 0.66,
95% CI 0.30–1.28). The median OS was NR in either group, although a trend to improved OS was
observed in the triplet arm (HR 0.687, 95% CI 0.461–1.023; p = 0.06) [37]. Regarding the safety profile,
Isa-Pd induced a slightly higher rate of grade 3–4 infections (42.8% vs. 30.2%) and neutropenia (84.9%
vs. 70.1%) [50]. The ongoing phase III IKEMA trial is evaluating the combination of isatuximab with
Kd in RRMM patients (NCT03275285).

In transplant-ineligible NDMM patients, isatuximab (10 mg/kg) is being evaluated in a phase
Ib trial in combination with VRd as induction (4 cycles) followed by maintenance with Isa-Rd.
Preliminary results showed an ORR of 93%, with 38.5% of patients achieving MRD negativity [47].
Another phase Ib trial is evaluating induction with 12 cycles of isatuximab (10/20 mg/kg) plus
bortezomib-cyclophosphamide-dexamethasone (VCd), followed by maintenance with single-agent
isatuximab in a similar patient population. The ORR was 87%, whereas data on MRD status and PFS
are not yet available [48].

In order to improve the poor prognosis of high-risk patients, a phase Ib trial that was specifically
designed for high-risk NDMM patients is currently testing a quadruplet regimen combining isatuximab-
carfilzomib-lenalidomide-dexamethasone (GMMG-CONCEPT trial [59]).

Finally, the phase III IMROZ study is currently comparing the quadruplet isatuximab-VRd (Isa-VRd)
to VRd as upfront treatment for transplant-ineligible patients (NCT03319667). Another ongoing trial
is comparing the quadruplet Isa-VRd to isatuximab-VCd (Isa-VCd) in transplant-ineligible patients at
diagnosis (NCT02513186).

MOR202 and TAK-079

MOR202 and TAK-079 are two anti-CD38 mAbs under development. In preliminary trials,
MOR202 proved to be effective in combination with IMiDs; as expected, as this agent does not seem to
induce CDC, a low rate of IRRs was observed (10%) [60,61]. In detail, the ORR was 28% in patients
receiving MOR202 plus dexamethasone, which increased up to 65% in those receiving MOR202 plus
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Rd and to 43% in those receiving MOR202 with Pd. However, further development of MOR202 has
been discontinued in the United States and Europe. Subcutaneous TAK-079 is currently being tested
in preliminary clinical trials on RRMM patients as monotherapy (NCT03439280) and in combination
with standard regimens Rd or VRd (NCT03984097). We still need to further define the role of newer
anti-CD38 mAbs in the treatment scenario for MM, where daratumumab and isatuximab have proven
high efficacy and manageability.

2.2. Anti-Signaling Lymphocytic Activation Molecule Family 7 (SLAMF7) Monoclonal Antibodies

2.2.1. Rationale

Signaling lymphocytic activation molecule family 7 (SLAMF7 or CS1) is a cell surface glycoprotein
whose expression is essentially restricted to NK cells and both normal and abnormal plasma cells,
with 95% of myeloma plasma cells being SLAMF7-positive [62]. In plasma cells and MM cells,
the SLAMF7 pathway promotes cell growth and survival, as well as the interaction with the bone
marrow micro-environment. Its highly selective expression on plasma cells makes SLAMF7 an optimal
target for mAbs.

2.2.2. Clinical Development

Elotuzumab is a humanized IgG-1 monoclonal antibody targeting SLAMF7 that promotes
NK-mediated ADCC, directly activates NK cells and interferes with the MM cell adhesion to the bone
marrow stromal cells [63–65]. Elotuzumab showed no clinically meaningful activity when administered
as a single agent—in a phase I dose-escalating study, the best response achieved by RRMM patients
treated at different doses of elotuzumab was stable disease (SD, 26%) [66] (Table 3).

Table 3. Results of the main clinical trials with anti-signaling lymphocytic activation molecule family 7
(SLAMF7) monoclonal antibody elotuzumab.

Study Phase
Number

of Patients

Median
Previous

Line
Regimen ORR

Median
PFS

(Months)

Median OS
(Months)

NCT00425347 [66] I 35 5 Elo (0.5–20 mg/kg) 0 NA NA

ELOQUENT-2
[67,68] III 321 2 Elo-Rd vs. Rd 79% vs.

66%
19.4

vs.14.9 48 vs. 40

ELOQUENT-3 [69] II 117 3 Elo-Poma-dex vs.
Pd 53%vs.26% 10.3 vs. 4.7 NA

NCT00726869 [70] I 28 2 Elo-V 48% 9.5 NA

NCT01478048 [71] II 152 NA Elo-Vd vs. Vd 66% vs.
63% 9.7 vs. 6.9 2-year OS 73%

vs. 66%

Abbreviations: Elo, elotuzumab; ORR, overall response rate; PFS, progression-free survival; OS, overall survival;
d, dex, dexamethasone; R, lenalidomide; Poma, pomalidomide; V, bortezomib; NR, not reached; NA, not yet available.

Preclinical data showed a synergistic activity of elotuzumab with IMiDs, the latter altering
cytokine production and enhancing the activity of NK cells, the main target of elotuzumab immune
activity. Promising results in terms of efficacy and tolerability were observed combining elotuzumab
with Rd in phase I and II studies, thus providing the rationale for the phase III study ELOQUENT-2,
which compared elotuzumab-Rd (Elo-Rd) to Rd in RRMM patients that were not refractory to
lenalidomide [67,68,72]. In this study, elotuzumab was administered at the dose of 10 mg/kg and
treatment was continued until progression or intolerance [66]. The triplet regimen containing
elotuzumab proved to be more effective than Rd in terms of both PFS (19.4 vs. 14.9 months, HR 0.70,
p < 0.001) and OS (48 vs. 40 months), without adding significant toxicity [73,74]. Patients at first
relapse after a remission duration >3.5 years obtained the greater PFS advantage with Elo-Rd [75],
showing that the greatest benefit with Elo-Rd could be obtained in patients with a slow and indolent
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progression. Elo-Rd is currently approved by both the FDA and EMA for the treatment of RRMM
patients after 1 line of therapy.

The synergistic activity between elotuzumab and IMiDs prompted the investigators to test
elotuzumab both in the upfront setting in combination with lenalidomide and at relapse with the
third-generation IMiD pomalidomide [76]. The ongoing phase III study ELOQUENT-1, whose results
are not yet available, enrolled NDMM patients ineligible for high-dose melphalan and ASCT in order to
investigate the benefit of the addition of elotuzumab to the standard doublet Rd, possibly establishing
a new standard of care in this setting.

In the randomized phase II ELOQUENT-3 trial, the addition of elotuzumab to Pd in RRMM
patients significantly increased the ORR (53% vs. 26%) and prolonged median PFS (10.3 vs. 4.7 months,
HR 0.54, p = 0.008), as compared to Pd alone. Again, the safety profiles of the two arms of the study
were overlapping, meaning that elotuzumab did not add significant toxicity to Pd [69]. On this basis,
in 2018 the FDA approved the triplet elotuzumab-Pd for the treatment of RRMM patients who had
received at least 2 prior regimens including lenalidomide and a PI.

In preclinical models, elotuzumab activity was potentiated by bortezomib, which makes myeloma
cells more vulnerable to NK-mediated lysis [77]. This combination was subsequently tested in clinical
trials. In a phase I study on RRMM patients, elotuzumab was combined with bortezomib, showing an
ORR of 48% and a median time to progression of 9.5 months [70]. The triplet elotuzumab-Vd (Elo-Vd,
with elotuzumab administered at 10 mg/kg) was subsequently compared to Vd in a phase II trial
on 152 RRMM patients, half of which had already received bortezomib in previous lines of therapy.
ORR was similar between the two groups (66% vs. 63%), and a slight PFS advantage was observed
in the triplet arm that nonetheless did not reach statistical significance (median, 9.7 vs. 6.9 months,
HR 0.72, p = 0.09) [71]. The most common grade ≥3 AEs were infections (Elo-Vd 21% vs. Vd 13%)
and thrombocytopenia (Elo-Vd 9% vs. Vd 17%). Because elotuzumab elicits its action by binding its
Fc portion to the Fc gamma receptor III on NK cells, different allelic variants of the receptor were
analyzed to evaluate possible predictors of elotuzumab efficacy. In this study, patients homozygous
for the high-affinity Fc gamma receptor IIIa (FcγRIIIa) V allele showed longer PFS as compared to
patients homozygous for the low-affinity allele. Considering the number of treatment options currently
approved, the availability of a predictor of response could help clinicians in the choice of the most
appropriate treatment.

Elotuzumab-Rd has also been investigated as a prevention strategy in high-risk SMM. In a phase II
study (NCT02279394), patients received 8 cycles of elotuzumab-Rd and were subsequently allowed to
continue with elotuzumab and lenalidomide maintenance until progression to symptomatic MM [78].
Preliminary data showed an ORR of 84% with no patients progressing at MM at the present follow-up
of 29 months. Grade 3–4 toxicities included neutropenia (16%) and infections (12%), mainly related to
lenalidomide. Again, single-agent elotuzumab did not show any clinical activity when in the setting of
SMM [79].

Of interest, the rate of IRRs observed with elotuzumab—which were mostly mild in nature
(grades 1–2) and rarely leading to treatment discontinuation—was definitely lower (10%) than that
observed with other mAbs, making elotuzumab-based combinations appealing options for the treatment
of frail patients [80].

Numerous studies are currently ongoing with elotuzumab-based combinations, such as elotuzumab-
VRd (Elo-VRd, NCT02375555), elotuzumab-KRd (Elo-KRd, NCT02969837) and elotuzumab plus
pomalidomide-bortezomib-dexamethasone (NCT02718833).

2.3. Anti-Programmed Death 1 (PD-1) Monoclonal Antibodies

2.3.1. Rationale

The programmed death 1 (PD-1) receptor is a transmembrane glycoprotein expressed on
antigen-activated T cells and B cells. The binding of PD-1 ligands (PD-1-L1 and PD-1-L2) on PD-1
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receptor results in the downregulation of immune T cell functions [81]. Preclinical data showed that
PD-1/L1 is highly expressed on myeloma cells and, at variable levels, on normal plasma cells. It is
also expressed at high levels on dendritic cells in the myeloma microenvironment [82,83]. Moreover,
T cells derived from myeloma patients showed higher rates of PD-1 expression as compared to T cells
from healthy donors, suggesting that the PD-1/PD-L1 pathway plays an important role in the immune
escape of myeloma cells. Given these premises, targeting PD-1 and PD-L1 with monoclonal antibodies
seems to be a promising strategy for the treatment of MM.

2.3.2. Clinical Development

Monoclonal antibodies directed against the PD-1/PD-L1 pathway can be divided into molecules
targeting PD-1 (e.g., pembrolizumab and cemiplimab) and molecules targeting PD-L1 (e.g., durvalumab).
Pembrolizumab monotherapy did not show efficacy as a single agent in 30 heavily pretreated
myeloma patients (4 median prior lines of therapy) [84]. Pembrolizumab was subsequently combined
with immunomodulatory agents, as preclinical data suggested that IMiDs could contribute to the
downregulation of the PD-1/PD-L1 pathway [85]. In phase II trials, ORR was 50% in RRMM patients
receiving pembrolizumab plus Rd and 60% in patients receiving pembrolizumab plus Pd [86]. However,
in 2017, following the preliminary results of the two randomized phase III trials KEYNOTE 185
(pembrolizumab-Rd vs. Rd) and KEYNOTE 183 (pembrolizumab-Pd vs. Pd), the FDA prompted the
discontinuation of any further investigations of these combinations, in light of the increased risk of death
for patients in the pembrolizumab group versus the control group (HR for OS in pembrolizumab-Pd vs.
Pd 1.61; HR for OS in pembrolizumab-Rd vs. Rd 2.06) [87,88]. The main concern with this combination
is indeed the increased risk of enhancing immune-mediated toxicity, resulting in various AEs, such as
dermatologic, pulmonary, cardiac, gastrointestinal and hepatic toxicities. These results questioned the
utility of anti-PD-1 mAbs in MM, at least in combination with IMiDs. Different molecules are currently
under evaluation in combination with other agents. The anti-PD-1 cemiplimab is being evaluated in a
phase I/II trial in combination with isatuximab (NCT03194867), whereas durvalumab is being tested in
combination with daratumumab (NCT03000452). However, the future role of this class of molecules in
the treatment of MM remains debated.

3. Antibody Drug Conjugates

3.1. Rationale

Antibody drug conjugates (ADCs) are monoclonal antibodies bound by a chemical linker to a
cytotoxic compound directed against surface antigens of the targeted cells. ADCs selectively target cells
expressing their target antigen and are then internalized releasing the cytotoxic component through
lysosome degradation, causing cell death. This targeted delivery limits the systemic exposure to
the cytotoxic compound, sparing the non-malignant cells and tissues that do not express the target
antigen, consequently limiting its off-target toxic effects [89,90]. In the past few years, interest has been
raised around ADCs for the treatment of lymphoid malignancies, with brentuximab vedotin being
the first agent of this class to receive FDA and EMA approval for the treatment of relapsed/refractory
Hodgkin lymphoma and anaplastic large cell lymphoma in 2011–2012 [91,92]. In MM, ADCs showed
preclinical activity in in vitro and in xenograft models and are currently under evaluation in clinical
trials for relapsed MM patients [93–95]. One of the main challenges with ADCs is the choice of the most
appropriate surface antigens to be targeted, which should be highly expressed only on malignant cells
and not on normal tissues. Several target antigens have been identified on plasma cells: CD56, CD138,
CD74, Fc receptor-like 5 and B cell maturation antigen (BCMA) [96]; of these, CD56 is expressed only
on MM cells, with no expression on normal plasma cells, whereas other antigens are expressed on both
malignant and non-malignant plasma cells, although at different levels [97]. The cytotoxic compound
is typically a small molecular weight toxin with potent activity at low concentrations. Such molecules,
usually not employed for systemic chemotherapy due to their excessive toxicity, can cause cell death due
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to two different mechanisms: cell cycle interference through microtubules inhibitions and DNA damage.
Maytansinoid derivatives are microtubule inhibitors, including DM1 (emtansine and mertansine),
DM4 (soravtansine and ravtansine) and auristatin derivatives (including monomethyl-auristatin
E (MMAE, vedotin) and monomethyl auristatin F (MMAF, mafodotin)) [98–101]. Calicheamicins,
duocarymycins and pyrrolobenzodiazepine dimmers are DNA-damaging agents [102,103].

3.2. Clinical Development

Table 4 summarizes the results of the main studies with ADCs in MM.

Table 4. Results of preliminary clinical trials with antibody-drug conjugates (ADCs).

Study Phase ADC Target
Cytotoxic

Agent
Respinse

Key Toxicities
(G3–4)

NCT02064387
[104–106] I GSK2857916 BCMA MMAF ORR 60%

PFS 12 m
Thrombocyotpenia 35%

Corneal events 14%

NCT01001442
[107] I Indatuximab-ravtansine CD138 DM4

ORR 6%
PFS 3 m
OS 26 m

Fatigue (7%)
Anemia (7%)
Diarrhea (4%)

NCT01638936
[108]

Indatuximab-ravtansine
+ Rd or

+ Poma-dex
CD138 DM4

ORR 77%
PFS 16.4 m
ORR 79%
PFS NR

Diarrhea
Fatigue
Nausea

NCT00991562
[109] I Lorvotuzumab-mertansine CD56 DM1 ORR 6%

PFS 6.5 m
Peripheral neuropathy

(5.3%)

NCT01101594
[110] I Milatuzumab-doxorubicin CD74 Doxorubicin ORR 0%

Anemia (4%)
Back pain (4%)

CRS (4%)

Abbreviations: R, lenalidomide; d, dex, dexamethasone; ORR, overall response rate; PFS, progression-free survival;
OS, overall survival; NR, not reached; CRS, cytokine release syndrome; G, grade; MMAF, monomethyl auristatin F;
BCMA, B cell maturation antigen.

In 2018, the results of a first in-human phase I study investigating GSK2857916, a BCMA-targeting
mAb conjugated to the antimitotic agent monomethyl auristatin F (MMAF), in 73 RRMM patients
were published. BCMA, a transmembrane receptor required for B cell maturation, was chosen as
an optimal target, as it is expressed almost exclusively on MM cells and plasma cells [104–106].
In the dose-escalation phase of the study, 38 patients received escalating doses of IV GSK2857916
(0.03–4.6 mg/kg) every 3 weeks. In the dose-expansion phase of the study, 35 patients received the
recommended phase II dose of GSK2857916 (3.4 mg/kg) every 3 weeks until progression. Among heavily
pre-treated patients, GSK2857916 induced an objective response in 60% of them, with 15% of patients
achieving a CR or a stringent CR (sCR). Remarkably, the ORR in patients previously treated with
anti-CD38 mAbs and refractory to both IMiDs and PIs was 38%. Responses were rapid (median time
to response 1.2 months) and durable (median duration of response 14.3 months). Overall, median
PFS was 12 months; median PFS was 7.9 months in double-refractory patients (to IMiDs and PIs) and
6.2 months in double-refractory patients with prior daratumumab. The most common treatment-related
toxicities were thrombocytopenia (63%; grades 3–4: 26%) and corneal events in terms of blurred vision
and photophobia (51%; grades 3–4: 3%). Ocular toxicity was mainly limited to grades 1–2 and was
reversible and easily manageable with dose reductions (51% of patients) [104,106]. Because GSK285791
showed high ORR in patients previously treated with anti-CD38 mAbs, a phase I/II clinical trial
exploring its efficacy as monotherapy in patients with previous exposure to daratumumab/isatuximab
has recently completed enrollment and results will soon be available (NCT03525678). Ongoing trials are
evaluating its safety and efficacy in combination with pembrolizumab (NCT03848845), pomalidomide
(NCT03715478), and lenalidomide versus bortezomib (NCT03544281).

Indatuximab-ravtansine (BT062) is an anti-CD138 IgG4 monoclonal antibody that delivers the
microtubule inhibitor maytansinoid ravtansine to CD138-positive cells. CD138 is a transmembrane
protein receptor upregulated by myeloma cells. BT062 monotherapy was evaluated in 67 heavily
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pretreated RRMM patients (median previous therapies 7, range 1–15). The most common grade 3–4
toxicities were fatigue (7%), anemia (7%), and diarrhea (4%). At the maximum tolerated dose (MTD) of
BT062 (140 mg/m2), 62% of patients achieved SD, whereas an objective response was observed in 5%
of patients only. Median PFS and OS were 3 and 26 months, respectively [107]. BT062 is currently
under evaluation in combination with lenalidomide or pomalidomide plus dexamethasone in RRMM
patients. In patients receiving BT062 + lenalidomide (n = 47), ORR was 77% and median PFS was
16.4 months, whereas in those receiving the ADC in combination with pomalidomide (n = 17) ORR
was 79% and median PFS was NR after 7 months of follow-up. These triplets were well tolerated,
with main AEs being fatigue and diarrhea [108].

Lorvotuzumab-mertansine (IMGN901) is an anti-CD56 mAb linked to the maytansinoid
mertansine, which inhibits microtubules assembly interfering with cell cycle and therefore causing
cell death. A phase I trial enrolling 37 heavily pre-treated patients (78% had ≥3 lines of therapy) with
CD56+ RRMM explored the safety and efficacy of single-agent IMGN901. The MTD was established
at 112 mg/m2. Forty-three percent of patients experienced SD, 6% PR, and no patient reached a
very good (VG)PR or better, with a median PFS of 6.5 months. The toxicity profile was manageable
and drug discontinuation due to AEs was observed in 24% of patients, with peripheral neuropathy
(grades 3–4: 5.3%) being the most common toxicity leading to discontinuation [109]. IMGN901 is also
being evaluated in combination with Rd. Preliminary reports showed an ORR of 56%, including 2 CRs
and 8 VGPRs. The most common toxicity was peripheral neuropathy, although no grade 3–4 events
occurred at the MTD of 75 mg/m2 [111].

ADCs, particularly GSK285791, displayed a promising efficacy among heavily pre-treated patients.
Their unique mechanism of action and preliminary efficacy data make these drugs an appealing
treatment option in patients who have become refractory to IMiDs, PIs, and anti-CD38. Furthermore,
the lack of cross-resistance with currently approved agents also prompts their investigation in the
earlier phase of the disease, such as in the context of a consolidation strategy in high-risk patients or
those MRD-positive after the induction/transplant phases.

Other compounds are under preliminary evaluation in MM. CD74, a transmembrane glycoprotein
expressed in more than 90% of B cell malignancies, is the target of the ADC milatuzumab-doxorubicin
(of hLL1-DOX) [110]. In a preliminary study, the ADC proved to be well tolerated, with SD being the
best response achieved (26% patients) with this agent used as monotherapy for RRMM patients [112].
Preclinical results showing synergistic activity of hLL1-DOX with PIs and IMiDs provide the biological
rationale for the evaluation of this ADC in combination with other agents.

4. Bispecific T Cell Engagers

Bispecific monoclonal antibodies are engineered molecules meant to redirect immune effector
cells, mainly T and NK cells, to tumor cells, thus restoring the immune suppressor activity of the
immune system against neoplastic cells. Bispecific T cell engager molecules are a class of bispecific
antibodies combining the minimal binding domains (variable fragments (Fv), single chains) of two
different monoclonal antibodies on one polypeptide chain [113]. They are characterized by a small
size, allowing optimal proximity between the engaged T cell and the target tumor cell; for this very
reason, they are active at low concentrations, as compared to bispecific antibodies. Bispecific antibodies
usually link the invariant part of CD3 of the T cell receptor (TCR) on T cells and a tumor-specific
antigen, thus leading to T cell activation and proliferation and tumor cell apoptosis [114]. The first
approved bispecific T cell engager was the anti-CD19 blinatumomab for the treatment of RR B cell
acute lymphoblastic leukemia [115].

Among potential targets on plasma cells, BCMA, CD38 and SLAMF7 have been chosen to
design anti-MM bispecific antibodies [23,116], with BCMA representing the most promising target.
Another potential target due to its high expression on PC is G-protein coupled receptor C family 5D
(GPRC5D), whose function is still unclear [117,118].
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AMG420 is an anti-BCMA bispecific T cell engager that is currently being evaluated in the
first in-human dose escalation trial enrolling RRMM patients (4 median prior lines of therapy).
AMG420 was administered as a continuous intravenous infusion due to its short half-life at doses
ranging from 0.2 to 800 mcg/die. At the MTD of 400 mcg/day, the ORR was 70%, with 5/10 patients
obtaining MRD-negative sCRs (10−4) [119]. Dose-limiting toxicities were cytokine release syndrome
(CRS, 1 patient) and peripheral neuropathy (2 patients). Only 1 grade 3 CRS was observed, and no
grade 3–4 AEs related to the central nervous system were registered at the MTD. Another anti-BCMA
BiTE®, AMG 701, has a longer half-life (112 h), thus allowing weekly short-term infusion. AMG 701 is
currently being investigated in the first phase I trial [120].

BiTEs® currently under investigation are listed in Table 5.

Table 5. Bispecific T cell-engaging agents (BiTEs®) for the treatment of multiple myeloma.

ClinicalTrials.Gov ID Agent Target

NCT02514239 AMG 420 BCMA
NCT03287908 AMG 701 BCMA
NCT03486067 CC-93269 BCMA
NCT03145181 JNJ-64007957 BCMA
NCT03269136 PF-06863135 BCMA
NCT03761108 REGN5458 BCMA
NCT03399799 JNJ-64407564 GPRC5D
NCT03309111 GBR 1342 CD38

Abbreviations: BCMA, B cell maturation antigen; CPRC5D, G-protein coupled receptor C family 5D.

5. Conclusions and Future Directions

Immunotherapy, and in particular mAbs, is no longer an appealing future perspective, but rather
a valuable present therapeutic option for MM patients—having demonstrated to induce a response
where conventional agents had failed—to increase the depth of response obtained with standard
regimens acting in synergy with them and, ultimately, to prolong both PFS and OS. The ‘guiding star’
in this treatment landscape is definitely the anti-CD38 mAb, which rapidly turned from being a valid
alternative for RRMM patients without further viable therapeutic options to being the backbone of
virtually all present and future combinations adopted as frontline therapies. However, given the
different combinations of both daratumumab and isatuximab with backbone therapies (available or
under evaluation), we still need to define which anti-CD38 mAb should be used considering the
unavailability of data on the superiority of one over the other. Another open issue is as to what could be
the effectiveness of re-treatment with the same, or a different, CD38 mAb. Arguably, this last question
will be answered in the near future, thanks to the increasing use of anti-CD38 mAb combinations in
early lines. These issues are particularly challenging considering the wide heterogeneity of myeloma
cell populations [121]. Immunotherapy seems to be a potential strategy for targeting virtually all
tumor subclones, as effector mechanisms rely on the patient immune system. Ongoing studies are
exploring the different potential mechanisms of resistance to anti-CD38 mAbs, as well as how to
overcome them. Lower basal levels of the target antigen have been proposed as a possible mechanism
of intrinsic resistance to mAbs [122,123]. Regarding daratumumab, the downregulation of CD38
on cell surfaces could partially explain the loss of response to mAb therapy [124]. Interestingly,
myeloma cells exposed to isatuximab and MOR202 did not show such a downregulation [125,126].
An intriguing way to overcome the acquired resistance derived from antigen downregulation could
be the addition of molecules able to re-induce CD38 expression on cell surface, such as all-trans
retinoic acid (ATRA) or panobinostat [127,128]. Finally, other proposed mechanisms of resistance under
evaluation include the modification of the expression of adhesion molecules and the overexpression
of complement inhibitors. In the context of the currently available anti-CD38 combinations, the role
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of anti-SLAMF7 mAb-based combinations is unclear—both anti-CD38 and anti-SLAMF7 antibodies
have been combined with the same backbones (Rd, Pd, Vd); both anti-CD38 and anti-SLAMF7 mAbs
showed encouraging efficacy data even in high-risk patients, but not substantial enough to suggest
an ability to completely overcome their adverse prognoses; and, finally, both mAbs have a very
good safety profile. Studies showing the better efficacy of one mAb combination over the other are
currently lacking. The role of both mAbs in the treatment of SMM also needs to be defined—their
good safety profiles make them good candidates for the treatment of a still asymptomatic disease,
but their efficacy and the possibility to improve OS still need to be shown. ADCs and BiTEs® are
fascinating constructs potentially able to either carry toxic compounds or redirect T cells against
MM cells in a very specific way, thus limiting off-target toxicities. The preliminary results obtained
with single-agent ADCs or BiTEs® in heavily pre-treated patients are by far exceeding expectations,
especially if compared to the results obtained with the currently available single-agent drugs. Future
studies will shed light on their role in the treatment of MM patients and on their efficacy when used
earlier in the course of the disease; they will also explore how to improve their feasibility and treatment
compliance, especially in relation to the continuous intravenous infusion characteristic of the BiTEs®

evaluated in MM thus far. In this field, the compounds showing the most encouraging preclinical
results are bispecific antibodies with extended half-life such as the anti-BCMAs AMG701 and PF3135,
which would allow a weekly administration [129,130]. Moreover, we still need to decipher the exact
mechanisms of resistance and how to revert them, as well as the best drug-partners to enhance their
efficacy in different settings. We have to devise the proper antigen selection and payload choice that
will be critical for their success in the treatment of MM. MAbs can also be conjugated with radioisotopes
in order to increase the antitumor effect of the molecules. Daratumumab has been combined with
different radionuclides (e.g., actinium-225), resulting in an increased tumoricidal effect besides its
Fc-effector functions in preclinical models [131]. Bispecific pretargeted radiolabeled antibodies showed
an even greater biodistribution to tumor cells and, in future, can represent an appealing approach
for the treatment of MM, especially for heavily pretreated patients who usually remain sensitive to
radiation [132]. Regarding the use of mAbs, another field of interest is the use of radiolabeled antibodies
for imaging assessment with immuno-positron emission tomography (immuno-PET) [133]. Indeed,
surface antigens expressed on myeloma cells could be a target for radiolabeled mAbs, which would
allow highly specific tumor detection and precise response assessment. Daratumumab has already
been labeled to different positron emitters showing excellent targeting in preclinical models [134–136].
With these premises, immuno-PET could represent a useful tool for imaging assessment and also for
guiding treatment strategies, as this technique could potentially be used to predict the effectiveness of
mAb therapy.

Another issue is timing, that is to say, the most appropriate phase of treatment or disease in which
these different classes of drugs should be used—if at diagnosis, at the evidence of MRD persistence in
an effort to eradicate a resistant clone, or at relapse once conventional treatments have failed. In a highly
competitive setting, with few validated targets (CS1, CD38, BCMA) and many different technologies
(ADC, BiTEs®, chimeric antigen receptor [CAR] T cells), both preclinical and clinical studies are critical
to identify the most promising compounds. Along with the refinement of the existing drug regimens
and treatment strategies and the development of new ones, a better understanding of the role of the
immune system in the pathogenesis of MM will certainly be necessary.
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Abstract: Tetraspanins are exposed at the surface of cellular membranes, which allows for the fixation
of cognate antibodies. Developing specific antibodies in conjunction with genetic data would largely
contribute to deciphering their biological behavior. In this short review, we summarize the main
functions of Tspan8/Co-029 and its role in the biology of tumor cells. Based on data collected from
recently reported studies, the possibilities of using antibodies to target Tspan8 in immunotherapy or
radioimmunotherapy approaches are also discussed.

Keywords: tetraspanins; cancer; Tspan8; immunotherapy; radioimmunotherapy

1. Introduction

Tspan8 belongs to the tetraspanin molecular family of surface glycoproteins containing
33 members in humans, which are now referred to as Tspan1–33 (Figure 1). Tetraspanins are small
membrane proteins (200–350 amino acids), which interact laterally with multiple partner proteins
and with each other to form the so-called TEMs (tetraspanin-enriched microdomains). To qualify
for membership in the tetraspanin family, a protein must have four transmembrane domains and
several conserved amino acids, including an absolutely conserved CCG motif and two other cysteine
residues that contribute to two crucial disulfide bonds within the second extracellular loop (EC2)
(Figure 2). One or two additional disulfide bonds may also be found in EC2. The biological
importance of tetraspanins is supported by functional consequences of genetic modifications that
occur either spontaneously in humans or experimentally in mice. For instance, gene inactivation
may affect fertility (CD9, CD81), and visual (RDS), kidney (CD151) or immunological functions
(CD81, CD37) [1–4]. Since tetraspanins are not adhesion or signaling molecules, receptors or
enzymes, the properties of these molecules are highly dependent on their ability to form TEMs
with a hierarchical organization. Indeed, each tetraspanin has specific partners, including integrins,
ADAM metalloproteases, growth factor receptors and histocompatibility antigens, that they are directly
associated with through protein–protein interactions and form primary complexes with [5,6]. Coupled
together, the latter can form second-order complexes through tetraspanin–tetraspanin interactions
that may involve cholesterol and palmitoylation. In some cases, the function of these associated
molecules has not yet been elucidated for the CD9P-1 and EWI2 (official protein names of PTGFRN
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and IGSF8) [7,8]. Some molecular experiments showed that tetraspanins may interfere with the
properties (affinity of the integrin α6β1 for laminin-1 is modulated by the tetraspanin CD151) [9],
the trafficking (CD81 controls the expression of CD19 at the B-lymphoid cell surface) [10] or membrane
compartmentalization of associated molecules (such as ADAM10 by TspanC8) [11]. Detailed proteomic
analysis of membrane molecules that are able to associate with CD9 and Tspan8 has been reported
recently in colon carcinoma cell lines. Among other membrane proteins, E-cadherin and EGFR are
associated with TM4 complexes. More specifically, the presence of Tspan8 in the membrane drives
EGFR to tetraspanin complexes, which results in changes in motility behavior (see next paragraph) [12].

Figure 1. Homology tree between human tetraspanins. Protein sequences have been aligned to generate
this distance tree. Bolded names correspond to commonly used ones. The number of cysteines in the
extracellular loop EC2 is given when they are different from six cysteines.
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Figure 2. Schematic representation of Tspan8 in membrane. The transmembrane (TM) domains inserted
in the phospholipid bilayer are palmitoylated with a cholesterol molecule in between these domains
(by analogy with CD81 structure [13]). Among the two extracellular (EC) regions, the larger region
contains six cysteines involved in disulfide bonds. EC1 and EC2 = extracellular domains 1 and 2;
Ch = cholesterol; and PL = phospholipid.

Some tetraspanins are widely expressed (for example, CD81 and CD151) while others are
more restricted (for example, CD37 and CD53 on lymphoid cells or RDS in retina). Several clinical
observations and experimental data have correlated the expression of some tetraspanins with tumor
metastatic potential. CD82 or CD9 expression is generally associated with favorable prognosis in
different cancers [3]. On the contrary, CD151 and Tspan8 expression in tumor cells has been frequently
associated with increased migration, proliferation and angiogenesis induction (Table 1). Mechanisms
that could potentially explain the role of tetraspanins in tumors have been investigated experimentally
using cellular models of overexpression in addition to knockdown or knockout animal models
(reviewed in references [3,4,14–16]). The modulation of cellular properties, such as proliferation,
cell migration and apoptosis, has been previously reported. Among other mechanisms, the knockout
of CD37 leads to the occurrence of lymphomas that appear to be linked to the constitutive activation of
the IL6 signaling pathway [17]. At a tissue level, an effect of Tspan8 on angiogenesis could be partially
mediated by exosomes. More generally, the role of tetraspanins in tumor cell communication with
their microenvironment through an effect on exosomal biogenesis is considered to be an important
function of these molecules [18]. The changes in cell properties induced by the (over)expression
of Tspan8 have been investigated in preclinical models. For example, the Isreco1 cell line derived
from primary colorectal cancer (CRC) that does not express Tspan8 was compared with Is1-Co029,
which was obtained by transduction to express Tspan8 at the same level as the two cell lines derived
from metastases of the same patient. There was no difference in the motility of single cells plated on
collagen, but RNAi targeting various surface molecules, such as E-cadherin, p120-catenin or EGFR,
increased the motility of Is1-Co029, whereas no effect was observed on Isreco1 [12,19]. A possible
link between Tspan8, E-cadherin and motility could be the signaling molecule p120-catenin, which is
retained at the cell membrane through its affinity for E-cadherin. Furthermore, it has been reported to
regulate Rho and Rac functions in cell adhesion and motility (reviewed in reference [19]). However,
models using long-term established tumor cell lines in 2D settings could be misleading and it would
be important to conduct experiments on cells derived from fresh tumors and cultured in 3D conditions
as organoids that would better reflect the in-vivo conditions.
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Table 1. Summary of studies dealing with biological consequences of Tspan8 targeting using specific antibodies.

Preclinical and clinical models
Effect of Tspan8 Expression and Modulation by Antibody or Tspan8-LEL Targeting on
Migration/Invasion/Metastasis, Proliferation/Tumor Growth, Angiogenesis

References

Rat pancreatic adenocarcinoma cells (AS-Tspan8 vs. AS)
In vitro: similar proliferation of two AS cell lines
Inhibition by anti-rat Tspan8 mAb D6.1 of AS-Tspan8
In vivo: increased metastasis formation of AS-Tspan8 (i.v., s.c. or i.f.p. injection)

[20]

Rat pancreatic adenocarcinoma cells (AS-Tspan8 vs. AS) In vitro: increased endothelial cell branching blocked by mAb D6.1
In vivo: peritoneal carcinosis—increased vessel density (intravital microscopy) abolished by mAb D6 [21]

Highly metastatic rat pancreatic adenocarcinoma
BSp73ASML (+/−Tspan8 knockdown)

In vitro: transwell migration and wound healing: reduced in BSp73ASML-Tspan8kd and by mAb D6.1
in BSp73AMSL
No effect of D6.1 on BSp73ASML single-cell motility
In vivo: delayed metastasis and prolonged survival in BSp73ASML-Tspan8kd

[22]

Human colorectal cancer
cell lines: Isreco1 and Is-Co029(Tspan8)
HT-29, SW480 and SW480-Tspan8

Patients: IHC: Tspan8 high expression correlated with worse prognosis
In vitro: single cell-motility on collagen I increased by Ecad, p120ctn and EGFR RNAi when Tspan8 is
expressed. This effect is reversed by anti-mouse Tspan8 mAb Ts29.1. No effect of mAb Ts29.1 or Ts29.2
on proliferation
In vivo (nude mice): tumor growth reduced by i.p. injection of mAb Ts29.2
No effect on angiogenesis (IHC–CD34 labeling)
Tumor growth inhibition by i.v. injection of [177Lu]DOTA-Ts29.2

[12,19,23,24]

Human ovarian cell line—effect of Tspan8 RNAi,
Tspan8-LEL-Fc, Tspan8-LEL IgG (human Ab selected
by phage display)

In vitro: invasion in Matrigel-coated Transwell is inhibited by the 3 reagents
In vivo: partial metastasis inhibition (SK-OV3-Luc) by i.v. injection of Tspan8-LEL IgG [25]

i.v.: intravenous, i.p.: intraperitoneal, i.f.p: intrafootpad and s.c.: subcutaneous.
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Experimental results and clinical trials using monoclonal antibodies (mAbs) suggest that some
tetraspanins may be targeted in hematological malignancies and carcinomas [26]. In a similar
way, Tspan8 appears to be an interesting candidate for the development of therapeutic antibodies,
and different methods are discussed in the last part of this review.

2. Mechanisms and Requirements for the Use of Therapeutic Anti-Tetraspanin Antibodies

2.1. Molecular Mechanisms

Since antibodies are large proteins, their ability to reach their target may be limited by
their diffusion inside different tissues and their components due to certain barriers, such as the
hemato-encephalic barrier. However, since the permeability of tumor vessels is usually abnormal,
diffusion appears to be increased in such tumor tissues [27,28]. Once located close to their biological
target, the antibodies can enact different mechanisms of action.

2.1.1. Blocking Antibodies

According to current knowledge, the action of tetraspanins relies on their ability to regulate the
function of their partner molecules. Even if the detailed molecular basis remains mostly unknown,
the binding of mAbs on Tspan8 may result in the inhibition of cell migration, invasion, proliferation
and angiogenesis in organized tissues (Table 1).

2.1.2. Cytotoxic Antibodies

Unconjugated antibodies mediate ADCC (antibody-dependent cell cytotoxicity) via the activation
of accessory cytotoxic cells for killing target cells. Upon fixation on the cell surface, they recruit
macrophages or NK cells through their Fc fragment, which can further destroy the target cell.
The subclass and glycosylation of the Fc region are important parameters that determine the efficacy
of ADCC. Furthermore, the ability of antibodies to mediate ADCC may be optimized through genetic
modification of their Fc region.

On the contrary, radionuclide- or drug-conjugated antibodies have directly toxic effects in vivo.
Depending on the radionuclide used (nature of emissions, energy and so on),

radionuclide-conjugated antibodies can efficiently treat the target cells and the neighboring
cells, which can be of high value in the case of heterogeneous cell expression of the target molecule.
In addition, radionuclide-conjugated antibodies can also allow for a combination of imaging and
radiotoxicity. This will be detailed in the radionuclide-conjugated Tspan8 antibodies section.

When antibodies are conjugated with cytotoxic drugs, an internalization of the antigen/antibody
complex is often necessary to allow drug delivery [29]. However, if the targeted protein is widely
distributed, the use of these two main categories of antibody–drug conjugates may have deleterious
effects on normal tissues. As a consequence, the careful evaluation of the pattern of expression of the
target is a critical prerequisite for the development of a therapeutic antibody. However, recent progress
in antibody-conjugated drugs has allowed one to target more specific released molecules in tumors.
For instance, cleavage in acidic zones that occur in the highly proliferative zone or proteolytic cleavage
by tumor enzymes, such as MMPs, increase specificity. Another stage was added with a pro-body
approach, which consists of modifying the antibody with a small peptide that needs to be cleaved by a
specific protease for antigen recognition [30].

2.2. Pattern of Expression

An ideal antigenic target should be expressed at a high intensity on the surface of tumor cells,
especially tumor stem cells and not on normal cells. None of the molecules that are currently targeted
by mAbs are able to fulfil these criteria and not surprisingly, tetraspanins do not escape this rule.

As mentioned above, the tissue distribution of tetraspanins is highly variable. A very restricted
distribution of some tetraspanins has already been observed for peripherin/RDS found in the
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photoreceptors, UPk1a found on the urinary bladder epithelium or CD37 expressed mainly on B
lymphoid cells. In contrast, other tetraspanins, such as CD9, CD63, CD81 or CD151, have a very
large distribution and may be difficult to target in vivo. Tspan8 is expressed in a limited number of
tissues and is mainly found on epithelial cells of the digestive tract. However, it is also located on
the epithelial cells of the kidney, prostate and trachea [23]. The second aspect relates to the intensity
ratio of Tspan8 in tumor compared to normal tissues, which is another crucial issue that needs to be
addressed in order to avoid side effects. Increased Tspan8 expression in tumor tissues (colorectal and
ovarian cancer, melanoma, hepatocellular and pancreatic carcinoma) is generally related to worse
prognosis [19,25,31–33]. Therefore, Tspan8 appears to be an interesting target candidate for cancer
treatment with mAbs.

2.3. Dodging Immune Neutralization

This important point has been widely studied and previously reviewed. Thus, this will not be
detailed in this article. This is mainly realized through the humanization of the molecule but other
methods have been previously reported [34].

3. Therapeutic Antibodies Directed toward the Tetraspanins CD9, CD151 and CD37 in Cancer

There are a few proofs of principle that have shown that targeting tetraspanins with antibodies
might inhibit tumor growth or even induce partial or complete remission [35].

The effects of the anti-CD9 mAb ALB6 (IgG1) injected intravenously were investigated in a model
of human gastric cancer (MKN-28) implanted subcutaneously in nude mice. A reduction of 60–70%
in the size of the tumor in the treated group was observed compared to the control IgG-treated mice.
At the same time, a significant reduction in cell proliferation and angiogenesis and an increase in
apoptotic signals were observed [36]. Since this mAb is directed towards human CD9, damages
to normal tissues were not evaluated. As CD9 is strongly expressed on many cellular types and
particularly on platelets in humans, the use of this anti-CD9 antibody could lead to a loss of treatment
efficiency and may trigger platelet activation or lysis depending on the nature of the Fc fragment [37].
However, Fc-mediated side effects could be avoided by genetic modifications of the antibody.

There have only been a few studies targeting tetraspanins in humans for therapeutic purposes.
A cocktail of antibodies Ba1/2/3 directed respectively toward CD9, CD24 and CD10 to deplete the bone
marrow of acute lymphoblastic leukemia patients for autologous bone marrow transplantation was
investigated. Even if the specific role of each individual antibody was difficult to evaluate, an absence
of toxicity against hematological stem cells was observed in these antibodies [38].

Due to its restricted specificity for differentiated cells of the B-cell lineage, CD37 was considered to
be a potential target for the treatment for B-cell lymphoma using an anti-CD37 antibody radiolabeled
with iodine-131 (β−; T1/2 = 8.02 d; 606 keV). Very encouraging results were obtained in comparison
with an anti-CD20 antibody labelled with the same radionuclide [39]. However, since the use of
unconjugated humanized anti-CD20 mAbs for B-cell lymphoma has been a very straightforward
method for the improvement of treatment protocols, the use of anti-CD37 mAbs for the treatment of
lymphoma and chronic lymphocytic leukemia was abandoned and only recently reintroduced. Several
forms of therapeutic anti-CD37 antibodies, whether they are human or humanized, used in combination
or alone (unconjugated antibodies (Bi 836826 and otlertuzumab) and drug conjugates (monomethyl
auristatin E: AGS67E, maytansine: IMGN529)), or radiolabeled antibodies (177Lu: belatutin) [40],
have been developed and are currently undergoing clinical tests. Promising results have been obtained
in the resistant forms of NHL (Non-Hodgkin Lymphomas) and CLL (Chronic Lymphocytic Leukemias).

Anti-CD151 antibodies inhibited metastasis spread and primary tumor growth in human tumor
mouse models [41,42]. Despite their variable ability to disrupt the complex between CD151 and α3β1
integrin, different anti-CD151 antibodies were reported to prevent metastasis formation in clinical
models [35].
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4. Treatment with Unconjugated Anti-Tspan8 Antibodies

Unconjugated mAbs may act through two different mechanisms, which are namely the mediation
of ADCC or interference with molecular functions that are required for malignant cells to express
their tumorigenicity. The functional activity of the anti-Tspan8 mAbs can be assessed to some extent
in vitro but the link between tumor growth inhibition and either ADCC or functional inhibition could
be difficult to determine in vivo.

Several studies were performed by Zöller’s group with the rat pancreatic adenocarcinoma cells
(AS-Tspan8 compared to AS). The anti-rat Tspan8 mAb D6.1 was found to inhibit cell proliferation
in vitro [20]. Furthermore, in rat mesentery fragments cultured with tumor cells or their exosomes,
increased endothelial cell branching linked to Tspan8 expression was blocked by mAb D6.1 [21].
These studies suggest that Tspan8 overexpression in rats promotes angiogenic activity and supports
tumor growth while anti-rat Tspan8 mAbs can efficiently inhibit this process. In addition, increased
vessel density observed by intravital microscopy was abolished after treatment with D6.1 in an in-vivo
model of peritoneal carcinosis [21].

Anti-human Tspan8 mAbs (Ts29.1: IgG1 and Ts29.2: IgG2b) were produced by Boucheix’s team.
These antibodies had no effect on cell proliferation, migration or apoptosis for colorectal cancer
(CRC) cell lines Isreco-1/Is1-Co029, SW480 (presenting spontaneously weak Tspan8 expression) and
SW480-Co029 (overexpressing Tspan8 after gene transduction) in vitro. However, the 2D motility of
Is1-Co029 was increased by RNAi targeting E-cadherin and p120-catenin while it only decreased after
specific co-treatment with anti-Tspan8 mAbs [12,19]. EGFR blocking (mAb cetuximab or AG1478,
a chemical EGFR inhibitor) in Is1-Co029 cells also induced an increase in cell motility, which was further
blocked by treatment with anti-Tspan8 mAbs [12]. The observations in relation to EGFR inhibition
were unexpected since Isreco-1 cell lines have a KRAS mutation, which should be associated with an
inhibition of the EGFR function. Thus, this suggested that EGFR signaling may still be influenced
when Tspan8 is expressed.

In a mouse model of CRC (SW480 vs. SW480-Co029), the growth of SW480-Co029 tumors was
inhibited by up to 70% when treated in the early stages with the IgG2b anti-human Tspan8 mAbTs29.2
in vivo (initially 2 mg intraperitoneally, followed by 1 mg twice a week for 4 weeks). The same
results were also observed in another CRC mouse model, which expressed spontaneously high levels
of Tspan8 (HT29). The inhibition of the cell proliferation in vivo was demonstrated by a reduction
of the mitotic index in HT29 tumor cells in Ts29.2-treated mice. These in-vivo data underlined the
crucial role of Tspan8 in tumor growth and the therapeutic potential of anti-Tspan8 mAbs as a CRC
treatment. The discrepancy between the in-vitro and in-vivo data on cell proliferation suggested that
the binding of Ts29.2 to tumor cells may modify their response to signaling from the microenvironment.
No significant differences between the treated and control mice were found when assessing the
inflammatory infiltrate, angiogenesis (CD34) and apoptotic signal (Casp3). These findings did not
support the hypothesis of ADCC.

In another approach targeting Tspan8, Park et al. [25] used phage display technology to produce
a fully human mAb directed against Tspan8 LEL (large extra loop = EC2). For an in-vivo experiment,
the mice that were intraperitoneally injected with SK-OV3-luc human ovarian cell line intravenously
received either IgG or Tspan8–LEL IgG (10 mg/kg) twice a week until day 42 post inoculation. In the
control IgG-treated group, a detectable luminescence signal in removed organs (ovary, pancreas, colon,
heart, liver, spleen and kidney) was observed in 24 of 31 control mice whereas the incidence fell to
50% (15 of 30 mice) in the Tspan8–LEL IgG-treated group. This reduction of 35% was considered to be
significant and the mice did not show any signs of severe toxicity.
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5. Treatment with Radionuclide-Conjugated Anti-Tspan8 Antibodies

5.1. Radiolabeling of Antibodies

For radiotherapeutic purposes, antibodies are usually modified with grafted chelating moieties
to allow radiolabeling with β−-emitter radionuclides like yttrium-90 (β−; T1/2 = 2.67 d; 2280 keV)
or lutetium-177 (β−; T1/2 = 6.65 d; 498 keV) [43]. Advantageously, lutetium-177 can be used for both
imaging and therapeutic purposes as β− and γ radiations are generated during its decay. To date,
the only radiolabeled mAb authorized for human treatment is the anti-CD20 [90Y]ibritumomab tiuxetan
(Zevalin®), which is administered as a second-line treatment to patients with non-Hodgkin lymphomas
(NHLs) that are resistant to chemotherapy [44]. Although they were created several decades ago,
radioimmunotherapy (RIT)sing β−-emitter—conjugated mAbs remains underused due to inherent
issues concerning hematotoxicity, which is induced by the long biological half-life of mAbs in blood,
and the low penetration of antibodies in solid tumors [43,45]. Thus, different strategies have been
proposed to enhance RIT efficiency, including the use of α-particle emitters, pretargeting protocols and
reduction/modification of the antibody size (nanobodies, affibodies and so on).

The use of α-particle emitters is of great interest for delivering high linear energy transfer
(LET) in very small volumes (cell diameters of 50–100 µm) without affecting neighboring tissues.
Among the increasing number of clinical studies using mAbs/peptides/ligands/radionuclides
delivering α-particles [46], two mAbs radiolabeled with bismuth-213 (α; T1/2 = 45.6 min; 5869 keV)
(213Bi-cDTPA-9.2.27 targeting MSCP in melanoma and 213Bi-Hum195 mAb targeting CD33 in acute
myeloid leukemia) have had positive results in terms of prognosis [47,48]. Moreover, challenging
approaches using DOTA-mAbs radiolabeled with actinium-225 (α; T1/2 = 10.0 d; 5580–5830 keV)
are currently under investigation as this radionuclide decay generates francium-221 (α; T1/2 = 4.79 min,
6300 keV), which has an interesting secondary radiotoxic effect [49]. This strategy should be applied
for internalizing antibodies to concentrate α-particles in tumor cells.

To decrease hematotoxicity, different pretargeting strategies were developed to dissociate the mAb
antibody and radionuclide injections [50]. One of the most interesting approaches involves the use of
bio-orthogonal chemistry. In such strategies, the mAb and the delayed injected radioactive molecule
are grafted with chemical entities that are highly reactive to each other but inert to chemical functions
usually found on in-vivo molecules, such as proteins. This fast and specific reaction can advantageously
take place in aqueous media, which is compatible with in-vivo applications. Another way of reducing
side effects of RIT is to inject the radioactive molecule in a specific organ to avoid systemic irradiation.
For example, this might involve intrahepatic metastases using arterial infusions [51].

Finally, different small protein forms (affibodies, nanobodies and so on) ranging from a few to
30 kDa with a shorter biological half-life in the blood circulation have been tested in preclinical RIT
protocols [52] but mostly in nonradioactive applications. In clinical trials, one affibody is currently being
investigated in Her2 breast cancer imaging [53].

5.2. Targeting Tspan8 with Radiolabeled Antibodies

Our team investigated the biodistribution of two monoclonal antibodies targeting human Tspan8,
which were namely Ts29.1 and Ts29.2. These were grafted with DOTA and radiolabeled with indium-111
(γ; T1/2 = 2.80 d; 171 keV; 245 keV). The measurement of the immunoreactive fraction revealed that
the addition of DOTA-chelating moieties and radiolabeling did not modify the affinity of Ts29.2 for its
target. The uptake of [111In]DOTA-Ts29.2 in HT29 tumors was higher than that of [111In]DOTA-Ts29.1
(Figure 3A,B). After this, further experiments were conducted on different models of xenografts [23].
Biodistribution studies on mice with both SW480-Co29/SW480 tumors demonstrated high specificity
of [111In]DOTA-Ts29.2 for Tspan8-expressing tumors. The same results were obtained using the Isreco-1
and Is1-Co029 models (Figure 4A,B). Further RIT experiments using this antibody were supported by the
promising biodistribution and dosimetry results collected. During therapeutic studies, we observed that
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[177Lu]DOTA-Ts29.2 induced a significant reduction in HT29 xenograft growth, with molecular events
sustaining the effects of the radiation in this model.

Figure 3. In-vivo selection of [111In]DOTA-Ts29 antibodies for imaging and therapy in mice with HT29
colon carcinoma xenografts. Nude NMRI mice with HT-29 tumors were injected (i.v.) with 3.7 MBq of
[111In]DOTA-Ts29.1 (upper images) or [111In]DOTA-Ts29.2 (lower images), which were imaged with a
planar γ-camera at 4 h, 24 h, 72 h, 120 h and 168 h post injection (A). Biodistribution was performed
after euthanasia and expressed as the percentage of activity injected per gram of tissue (%AI/g)
of [111In]DOTA-Ts29.1 (orange) or [111In]DOTA-Ts29.2 (purple) (B). Radioactivity was measured using
a γ-counter. Results are presented as the average percentage of injected dose/gram of tissue of three
animals for each time point. The error bars represent the standard deviation. Biodistribution difference
between the two mAbs: * p < 0.05 Fisher test.

Figure 4. In-vivo specificity of [111In]DOTA-Ts29.2 for Tspan8-expressing tumors. Nude NMRI
mice with Isreco-1 (left shoulder) and Is1-Co29 (right shoulder) were injected (i.v.) with 3.7 MBq of
[111In]DOTA-Ts29.2 and imaged with a planar γ-camera at 4 h, 24 h, 72 h and 120 h post injection (A).
Ex-vivo biodistribution study (%AI/g) of [111In]DOTA-Ts29.2 (B) was determined on the same mice with
the same protocol as Figure 3B. Biodistribution difference between the two tumors: * p < 0.05. Fisher test.
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To initiate the pretargeting strategies, Ts29.2 was also modified by the addition of a
transcyclooctene (TCO) to the lysine residues, which was evaluated in studies conducted in vitro
and in vivo using a fluorescent tetrazine. We evaluated the best link size between TCO and TS29.2 and
observed a higher fluorescent signal with Ts29.2-TCO without a PEG spacer, which can be explained
by a higher isomerization rate of TCO to the inactive CCO form [54]. As tetrazin can be conjugated
to a DOTA group, RIT with β−-emitters or α-particles will be considered. A recent preclinical study
using such an approach had significant effects on mice xenografted with ovarian tumors and treated
with an anti-CEA-TCO for 72 h before radionuclide injection [55].

5.3. Pros and Cons of RIT for Human Cancers: Focus on Targeting Tspan8

Stoichiometrically compared to its corresponding nonradiolabeled antibodies,
[177Lu]DOTA-Ts29.2 induced a greater slowing down of tumor growth. The main features in
pretargeted radioimmunotherapy PRIT experiments were the reduction of proliferation and
increase in apoptosis. As mentioned above, the treatment with nonradioactive antibodies (using
100-times more antibodies than in the [177Lu]DOTA Ts29.2 experiments) also resulted in a slowing
down of tumor growth with neither induction of apoptosis nor decrease in angiogenesis. In fact,
the nonradioactive antibody should alter the interactions between tumor cells harboring Tspan8
and the microenvironment while its radiolabeled counterpart irradiates all surrounding cells after
it attaches to its target antigen. This property should be interesting as it will decrease the number
of so-called cancerous stem cells (CSCs) because Tspan8 has been identified on the surface of CSCs
in pancreatic tumors [56]. RIT has been proven to be effective in stopping CSCs in melanomas
using preclinical models, which utilized an IgM directed toward melanin and radiolabeled with
rhenium-188 [57]. Conversely, Tspan8 is exposed on the surface of circulating exosomes [22], leading
to potential blood radiotoxicity in RIT experiments. Apart from this potential disadvantage, one can
imagine that targeting circulating exosomes will be of interest as these vesicles are implicated in
metastatic spread [58]. As mentioned above, the hematotoxicity might be prevented by pretargeting
strategies, which will be further reinforced by the use of blood clearing agents such as nonradiolabeled
ligands conjugated to albumin [59]. As an example, this might allow their metabolism in the liver.

Tspan8 expression is restricted and this protein has been described as a significant contributor
and potential therapeutic target in several cancer types. Even if secondary effects and immune system
involvement cannot be evaluated on tumor-grafted mouse models used for these studies, targeting
Tspan8 with radiolabeled antibodies seems to be an effective antitumoral therapy.

6. Conclusions

Tetraspanins may have a broad range of actions in cancers due to their intrinsic membrane
localization (cell membrane or exosomes) and high numbers of their interacting molecules [3,26].
The aim of this article was to review recent preclinical attempts at targeting tetraspanins in cancer with
a focus on Tspan8. Unconjugated antibodies and radionuclide-conjugated antibodies conceptually
represent two different approaches for killing cancer cells through the expression of a surface molecule.
Antibodies may have complex effects as they combine cell-mediated cytotoxicity and functional
deleterious effects, such as apoptosis induction, or invasive growth and angiogenesis inhibition.
This can occur directly or through microenvironment factors. For tetraspanins, it is still unknown how
the targeting can alter the function of tumor cells in vivo, but their association with adhesion molecules,
growth factor receptors or enzymes inside membrane molecular complexes leads to disturbance of the
structure/composition of these complexes, which may result in modulation of migration and abnormal
signaling into the cell and finally, inhibition of invasion/metastasis or even apoptosis. A better view
and understanding of the behavior of tumor cells in real life would require improved models (such as
3D in-vitro setups with microenvironment reconstitution or syngeneic models in vivo). Although the
mechanism of action of radionuclide antibodies is simple and straightforward, their manufacturing
requires careful technical management and radioprotection protocols at all stages of their manipulation.
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However, these offer interesting potential and should be pursued in the future. Innovative techniques
have also been developed to reduce harmful effects that are linked to the antibodies binding to normal
healthy tissue.
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Abstract: For decades, HER2-positive breast cancer was associated with poor outcomes and higher
mortality rates than other breast cancer subtypes. However, the advent of Trastuzumab (Herceptin)
has significantly changed the treatment paradigm of patients afflicted with HER2-positive breast
cancer. The discovery of newer HER2-targeted therapies, such as Pertuzumab (Perjeta), has further
added to the armamentarium of treating HER2-positive breast cancers. This review highlights
recent advancements in the treatment of HER2-positive diseases, including the newer HER2-targeted
therapies and immunotherapies in clinical trials, which have paved (and will further update) the
way for clinical practice, and become part of the standard of care in the neoadjuvant, adjuvant or
metastatic setting.

Keywords: HER2-positive breast cancer; metastatic disease; neoadjuvant and adjuvant therapy;
targeted therapy; immunotherapy

1. Introduction

Breast cancer is categorized into four different molecular subtypes: Hormone receptor
(HR)-positive (+)/Human epidermal growth factor receptor 2 (HER2)-negative (−) (Luminal A);
HR+/HER2+ (Luminal B); HR−/HER2+ (HER2-enriched); and HR−/HER2− (triple negative).
The survival rate among patients differ based on the molecular subtype and stage. The survival rate at
four years among women with HR+/HER2− is estimated to be 92.5%, followed by HR+/HER2+ at
90.3%, HR−/HER2+ at 82.7%, and HR−/HER2− at 77.0% [1]. The HER2 (human epidermal growth
factor receptor 2) oncogene is positive in about 20% of primary invasive breast cancers [2]. It is well
known that HER2 overexpression is associated with higher rates of disease recurrence and mortality.
In addition, HER2+ breast cancers have a higher predilection to metastasize to the brain. However,
during the last two decades, the treatments and outcomes for patients with HER2+ disease have shifted
dramatically. Trastuzumab (Herceptin) was first approved in 1998 as the first anti-HER2 directed
therapy in metastatic HER2+ invasive breast cancer. Prior to trastuzumab, historically, patients with
metastatic HER2+ disease were treated with traditional chemotherapy regimens. A pivotal Phase
III trial [3] of 469 women showed that adding trastuzumab to standard chemotherapy (paclitaxel or
anthracycline/cyclophosphamide) resulted in improved response rates (50% versus 32%), extended
time to progression (7.4 months versus 4.6 months), and improvement in median overall survival
(25 versus 20 months) [3]. Relative risk of death was also reduced by 20% at a median follow up of 30
months. Since trastuzumab, multiple agents have been developed to treat patients with HER2+ disease.

The HER superfamily consists of four tyrosine kinase receptors: HER1 (epidermal growth
factor receptor), HER2 (neu, c-erbB2), HER3 and HER4. When activated, these receptors cause
epithelial cell growth and differentiation. The HER2 oncogene encodes for a glycoprotein receptor
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with intracellular tyrosine kinase activity, and has no known ligand [4]. On the other hand, the
other three HER receptors have known ligands, and form homodimers or heterodimers upon ligand
binding, with the HER2 receptor being the preferred dimerization partner. The HER2 receptor can
heterodimerize with the other receptors, which results in autophosphorylation of the tyrosine residues.
This autophosphosphorylation activates the MAPK (mitogen-activated protein kinase) pathway and
the PI3K (phosphatidylinositol 3-kinase) pathways. The HER2, or epidermal growth factor receptor 2,
is the target for many HER2-directed therapies.

Herceptin binds to subdomain IV of HER2 in order to disrupt HER2 signaling. HER2 testing is done
via immunohistochemistry (IHC), which tests for the overexpression of the HER2 gene product, and
fluorescence in situ hybridization (FISH) to test for HER2 gene amplification. The tumor is identified
as HER2+ if IHC is 3+ (intense staining within >10% of the tumor cells), or if the ratio of HER2 and
the chromosome 17 enumeration probe (HER2/CEP17) is ≥2 and the HER2 copy number signals/cell
equals is ≥ 4. It is important to note that those with non-HER2-overexpressing breast cancers do not
derive benefits from adjuvant trastuzumab. This was studied in a randomized trial of 3270 patients [5]
with invasive breast cancer, with IHC scores of 1+ or 2+ and with FISH <2 (or if the ratio was not
performed, HER2 gene copy number <4.0). The study found that adding trastuzumab to chemotherapy
(either docetaxel plus cyclophosphamide, or doxorubicin and cyclophosphamide, followed by weekly
paclitaxel for 12 weeks) did not improve disease-free survival, distant recurrence-free interval,
or overall survival.

This is in line with the updated 2018 ASCO/CAP (American Society of Clinical Oncology/College
of American Pathologists) guidelines. The 2018 ASCO/CAP guidelines [6] identify a testing algorithm
to address the less commonly found clinical scenarios, in order to address the infrequent HER2 results
that are of unclear significance. Another major revision in the 2018 guidelines includes the revision
of the definition of IHC 2+. IHC2+ is now defined as invasive breast cancer with weak to moderate
complete membrane staining observed in >10% of tumor cells.

Here, we will address the key trials that have led to a major change in how we treat HER2+
invasive breast cancer in the neoadjuvant, adjuvant and metastatic settings. In addition, we will also
discuss newer therapies, such as bispecific antibodies, and trials that are ongoing.

2. Neoadjuvant Treatment

Neoadjuvant HER2-based therapy is typically used (as in other subtypes) in locally advanced
breast cancer (Stage IIb with T3 disease, or Stage III), or in patients with an earlier stage HER2+ disease
who desire breast conserving therapy, have limited axillary nodal involvement (N1) (which could
potentially be converted to node-negative disease and therefore result in sentinel lymph node biopsy),
or have had surgery postponed (due to a variety of reasons). Given that pathologic complete response
is associated with improved event free survival (EFS) (HR (hazard ratio) of EFS 0.37, 95% CI (confidence
interval) 0.32–0.43) and overall survival (HR OS 0.34, 95% CI 0.26–0.42) [7], neoadjuvant therapy can
help us gauge which patients are at higher risk of relapse, and more aggressive therapy can be offered.
HER2-directed therapy is typically added to a chemotherapy backbone.

Several studies have demonstrated the efficacy of trastuzumab in improving event free survival,
pathologic complete response (pCR), and overall survival. Based on a 2012 meta-analysis, herceptin
increased pathologic complete response rates from 23% to 40% when added to neoadjuvant
chemotherapy [8]. In addition, in the Phase III NOAH (Neoadjuvant Herceptin) trial [9], the addition
of herceptin increased pCR rates from 19% to 38%, and improved event free survival (EFS) from 43% to
58% (HR 0.64, 95% CI 0.544–0.930). Given the improvement of event free survival at a median follow
up 5 years (from trastuzumab-containing neoadjuvant therapy followed by adjuvant trastuzumab,
in patients with locally advanced or inflammatory breast cancer), this trial highlights the association
between pathologic complete response and long-term outcomes of patients with HER2+ disease.

Despite the improvement in pathologic complete response and event free survival, 15% of
patients will relapse after therapy with trastuzumab due to a resistance to herceptin. The proposed
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mechanisms have included structural defects within the HER2 receptor [10], the constitutive activation
of downstream elements [11], the activation of the downstream pathways by other members of the
HER family [10,11], or intracellular alterations that affect the PI3K pathway [10]. Therefore, additional
therapeutic targets with different mechanisms of action have been extensively studied in combination
with trastuzumab, in order to evaluate whether these combination therapies prolong time to resistance
and treatment failure [4].

Pertuzumab (Perjeta) is another biological therapy that has been studied in patients with HER2+
breast cancer. Pertuzumab is a monoclonal antibody that binds to subdomain II of the HER2 receptor
and thereby blocks the heterodimerization with HER3, subsequently inhibiting downstream signaling.
Given that pertuzumab enhances locoregional responses, it was approved in 2013 for patients with
locally advanced, inflammatory, or early stage HER2+ invasive breast cancer (with size >2 cm or
node-positive disease). The addition of pertuzumab to herceptin in the neoadjuvant setting was
assessed in the NEOSPHERE Trial [12]. In the NEOSPHERE trial, the percentage of patients who
achieved pCR was significantly higher in the pertuzumab + herceptin + docetaxel arm (46%) versus
the herceptin + docetaxel arm (29%). The addition of pertuzumab led to increased diarrhea, however
rates of cardiotoxicity were not higher with the combination of herceptin and pertuzumab, as assessed
in the TRYPHAENA Trial [13]. Criticisms of the NEOSPHERE trial include the small sample size,
the lack of patients from the United States, the lack of a blinded pathology review and the chosen
chemotherapy backbone (which is not typically used in the United States).

If comorbidities preclude the addition of chemotherapy to targeted HER2 therapy, the other
options include herceptin + pertuzumab, based on one arm of the NEOSPHERE trial where pcR
rates were 16.8% (95% CI: 10.3–25.3, p = 0.0198) with pertuzumab + herceptin, versus herceptin +
docetaxel. Another option includes the addition of lapatinib + herceptin (given for 18 weeks) based on
the PAMELA trial [14]. Lapatinib is a small-molecule inhibitor of the tyrosine kinase inhibitors of both
HER1 and HER2. In this trial, pathologically complete response rates were seen in 30% of the patients
with previously untreated HER2+, or Stage I–IIIA breast cancer. Although this is an option for patients
not wanting chemotherapy, this approach has not been adapted into practice.

Several cytotoxic regimens have proved efficacious in the neoadjuvant/adjuvant setting, including
TCH +/− P (docetaxel, carboplatin, herceptin, pertuzumab), PCH +/− P (paclitaxel, carboplatin,
herceptin, pertuzumab) or an anthracycline-based regimen, such as AC-TH +/− P (doxorubicin,
cyclophosphamide followed by a taxane such as paclitaxel or docetaxel with herceptin+/− pertuzumab)
or FEC/EC-TH +/− P (fluoruracil, epirubicin, cyclophosphamide, herceptin, pertuzumab). It is
important to note that the safety of pertuzumab has not been established when combined with
a doxorubicin-containing regimen. In addition, the safety of pertuzumab for more than six cycles in
early-stage breast cancer has also not been established.

For those with low-risk disease, or patients with comorbidities, alternatives include weekly
paclitaxel with herceptin (+/− pertuzumab) or a combination of docetaxel with cyclophosphamide,
in addition to herceptin, every 3 weeks for four cycles [15], based on the results in the adjuvant setting.

3. Adjuvant Treatment

Adjuvant chemotherapy is given to patients with HER2+ disease that is a node-positive, or a
node-negative disease with tumors >1 cm in size. After completion of chemotherapy and herceptin
(given concurrently), the standard of care is to continue herceptin for a total of 52 weeks. Studies
have found an improvement in overall survival, with a hazard ratio of 0.67 (95% CI 0.57–0.80) [16],
when herceptin is administered for 12 months in the adjuvant setting. Extension to 2 years did not
improve the 10-year disease-free survival, as studied in the HERA trial [17]. There was no reported
difference in 10-year disease-free survival when herceptin was given for 1 year versus 2 years (HR 1.02,
95% CI 0.89–1.17). In addition, the study found that the incidence of cardiotoxicity was higher in the
group who received herceptin for 2 years (7.3% versus 4.4%).
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In contrast, a duration of less than 1 year of anti-HER2-directed therapy was proven to be more
detrimental in the PHARE trial [18], which showed that treating patients with herceptin for 6 months
resulted in more deaths, shorter 2-year disease-free survival rates, and more distant recurrences.

However, there is some data to support the shorter duration of HER2-directed therapy if patients
cannot tolerate 12 months. In the recently published PERSEPHONE trial [19], patients with early stage
HER2+ breast cancer were randomized to receive either 12 months or 6 months of adjuvant herceptin.
Patients who received herceptin for 6 months had 4-year DFS rates similar to those who received
adjuvant herceptin for 12 months (89.4% versus 89.8%, HR 1.07, 95% CI 0.93–1.24). It is important to
note that the absolute difference in the 4-year DFS was only 0.4%. The difference between the discordant
results between the PHARE and PERSEPHONE trials, despite a near equivalence of hazard ratios in
both studies, has been attributed to the chosen non-inferiority margin of each trial [20]. The PHARE
trial had a non-inferiority margin of 1.15. The upper bound of the two-sided 95% confidence interval
was less than 1.15 in the PHARE trial. However, in the PERSEPHONE trial, the non-inferiority margin
was defined as an absolute decrease in the 4-year DFS rate of 3%, which resulted in a non-inferiority
margin of 1.316. In addition, the two-sided confidence interval was 90% in the PERSEPHONE trial,
which thereby increasing the chance of concluding non-inferiority. Pondé et al. [20] note that if the
non-inferiority margin of 1.15 was used in the PERSEPHONE trial, then the non-inferiority goal would
not have been reached. In terms of safety, the PERSEPHONE trial demonstrated that patients who
received 6 months of adjuvant herceptin experienced less cardiotoxicity (3% versus 8%, p < 0.0001)
and fewer severe adverse events (19% in the 6-month group versus 24% in the 12-month group,
p < 0.0002). However, it is important to note that 90% of the patients in the PERSEPHONE trial received
anthracycline-based treatments. In addition, given that more non-anthracycline-based regimens are
used in the current climate, the benefit of shortening the duration of trastuzumab to 6 months, in terms
of cardiac safety, is not clear.

The KATHERINE trial evaluated the safety and efficacy of kadcyla (ado-trastuzumab emtansine
or T-DM1) for 14 cycles vs. herceptin in the adjuvant setting, in patients with residual disease after
neoadjuvant HER2-directed therapy [21]. Kadcyla is an antibody–drug conjugate of herceptin linked
to an antimicrotubule agent (DM1). Patients with HER2+ early breast cancer with residual disease
who received T-DM1 had an improved 3-year DFS, compared to receiving trastuzumab (88% versus
77%; HR 0.50, 95% CI 0.39–0.64). Although the number of serious adverse events was higher in the
T-DM1 group (13% versus 8%), switching to T-DM1 in the adjuvant setting is associated with a lower
risk of distant recurrence (HR 0.60, 95% CI 0.45–0.79).

The seven-year update of the single-arm, Phase II APT (adjuvant paclitaxel and trastuzumab) trial
continued to demonstrate excellent outcomes, with disease-free survival of 93% and a recurrence-free
interval (RFI) of 97.5% in small, node-negative HER2+ breast cancers. Based on these encouraging
results, herceptin and paclitaxel for 12 weeks, followed by herceptin alone to complete 1 year of
treatment, has emerged as a very tolerable and effective treatment option in this subset of patients [22].

Dual anti-HER2-directed therapy is recommended and approved for high-risk disease
(node-positive or node-negative, with tumor size >2cm) in the adjuvant setting. In the Phase III
APHINITY trial [23], adding pertuzumab to herceptin and chemotherapy led to an improvement in
3-year disease-free survival (94.1 versus 93.2%; HR 0.81, 95% CI 0.66–1.00), with subgroup analysis
showing improvement in the patients with node-positive disease (92 vs. 90.2%; HR 0.77, 95% CI
0.62–0.96) but no difference in those with node-negative disease.

Various options exist for the chemotherapy backbone in the adjuvant setting. If an
anthracycline-based regimen is used, the recommendation is to administer HER2-directed therapy
sequentially, given the increased risk of cardiotoxicity. For example, we administer dose-dense
doxorubicin + cyclophosphamide, followed by a taxane + herceptin (+/− pertuzumab). If a
nonanthracycline regimen is given, preference is given to chemotherapy and anti-HER2-directed
therapy concurrently.
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4. Extended Adjuvant Treatment

Another agent, neratinib (dual kinase inhibitor that irreversibly inhibits the pan-Her receptors),
was shown to improve recurrence rates when given after completion of 1 year of herceptin [24].
In the Phase III ExTENET trial, women with early-stage HER2+ disease were randomly assigned to
receive neratinib or a placebo after treatment with herceptin. There was an improvement in 5-year
invasive disease-free survival (90.2% vs. 87.7%; HR 0.73, 95% CI 0.57–0.92), with a subgroup analysis
showing a more pronounced benefit in patients with hormone receptor-positive disease. Diarrheal
prophylaxis is recommended, given the high frequency of grade 3–4 diarrhea. The role of neratinib in
the post-KATHERINE trial era is unknown.

5. Metastatic Disease

In patients with HER2+ metastatic breast cancer, four HER2-directed therapies are approved
(herceptin, pertuzumab, kadcyla or lapatinib). For patients who want to avoid chemotherapy, single
agent herceptin can be used, however with the caveat that with progression, chemotherapy should
be considered. For patients with hormone receptor-positive and HER2+ cancers, a combination of
endocrine therapy and HER2-directed therapy can be used. However, if the disease is rapidly
progressive or if there is visceral involvement, HER2-directed therapy plus chemotherapy is
typically recommended.

Patients are typically treated with herceptin and a taxane (docetaxel or paclitaxel) + pertuzumab.
Addition of pertuzumab was shown to improve overall response rates (80% versus 69%),
progression-free survival (median PFS 19 versus 12 months) and overall survival (medial OS 56.5 versus
40.8 months) in the CLEOPATRA trial [25]. However, the addition of pertuzumab to herceptin and
docetaxel led to an increased incidence of diarrhea, neutropenia, rash and serious febrile neutropenia,
without increasing the risk of cardiotoxicity.

Cytotoxic chemotherapy is usually discontinued after 6–12 months if patients achieve a response.
If patients progress six months after receiving herceptin, triple therapy with herceptin, pertuzumab and
a taxane can be re-introduced. However, if patients progress within six months of receiving herceptin,
kadcyla (ado-trastuzumab emtansine) is recommended. In the Phase III EMILIA trial [26], patients who
were previously treated with herceptin and a taxane were randomized to receive kadcyla or lapatinib +
capecitabine. There was an improvement in progression-free survival (10 months vs. 6 months, HR 0.65,
95% CI 0.55–0.77), overall survival (median OS 31 months vs. 25 months; HR 0.68, 95% CI 0.55–0.85)
and overall response rate (44% vs. 31%). Serious toxicities included thrombocytopenia (13% versus
0.2%) and a higher incidence of bleeding (30% versus 16% in the lapatinib + capecitabine arm). In the
TH3RESA trial [27], for patients with unresectable, locally advanced, metastatic or recurrent HER2+
breast cancer, who had progressed while on two HER2-directed therapies (herceptin and lapatinib),
kadcyla resulted in an improvement in progression-free survival (6.2 vs. 3.3 months; HR 0.53, 95% CI
0.42–0.66) and improvement in overall survival (22.7 vs. 15.8 months; HR 0.68, 95% 0.52–0.85). Given
the data, kadcyla is usually considered in the second line setting. The Phase III MARIANNE trial [28]
studied kadcyla in the first line setting. The study found that there was no significant difference
between herceptin with a taxane versus kadcyla with a placebo versus kadcyla with pertuzumab.
Upon progression while on kadcyla and trastuzumab-containing regimens, other options, such as
lapatinib + capecitabine (given the improvement in time to progression compared to capecitabine
alone), or a combination of anti-hormonal therapy along with anti HER2 therapy, can be considered.
In the metastatic setting, HER2-directed therapy is often continued even with disease progression.

6. Brain Metastasis in HER2+ Disease

HER2-targeted therapies could be considered instead of locally directed therapies, such as
radiation, in patients with brain metastasis from HER2+ breast cancer. After progression while on
trastuzumab (with or without pertuzumab) with a taxane, trastuzumab-emtansine is typically utilized,
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based on the retrospective exploratory analysis from the EMILIA trial [29]. Among patients with CNS
(central nervous system) metastasis, there was significant improvement in overall survival in the T-DM1
arm, compared to the lapatinib + capecitabine arm (hazard ratio of 0.38, p = 0.008, 26.8 months versus
12.9 months). The efficacy of capecitabine + lapatinib was studied in the LANDSCAPE trial [30]. In this
trial, 66% of the patients (29 patients out of 44 patients) were found to have a partial response, with a
median time to progression of 5.5 months. The 6-month overall survival was 90%. The combination of
lapatinib and capecitabine is typically utilized as a later-line therapy.

The next line of therapy for patients with HER2+ CNS metastasis, after progression while on
kadcyla, is typically a combination of tucatinib, capecitabine and trastuzumab [31]. Specifically in
relation to brain metastases, 25% of the patients with brain metastases had a one-year PFS when
treated with tucatinib with capecitabine and trastuzumab, compared to 0% in the trastuzumab +
capecitabine arm (HR 0.48, 95% CI 0.34–0.69). The median PFS in the tucatinib arm was 7.6 months
versus 5.4 months in the capecitabine + trastuzumab arm.

Another option for patients with HER2+ metastases is neratinib + capecitabine, based on the
Phase II trial [32] that studied 49 patients with HER2+ brain metastasis. Among the lapatinib naïve
patients, the objective response rate was 49%, with a median PFS of 5.5 months and overall survival
13.3 months. Among patients who received lapatinib previously, the objective response rate was 33%,
with a median PFS of 3.1 months and overall survival of 15.1 months.

Bevacizumab, a monoclonal antibody against vascular endothelial growth factor A, is a systemic
therapy option that has been studied in single-arm, Phase II studies [33], with reported response rates
of >50% when added to a platinum-based regimen with cisplatin and etoposide.

7. Mechanism of Action of HER2-Directed Therapies and Resistance Mechanisms

As discussed above, the HER2 receptor is a transmembrane tyrosine kinase receptor that belongs
to the human epidermal growth factor receptors (EGFR). It is expressed at a low level on the surface
of epithelial cells, and is needed for development in several tissue types, such as the breast, ovary,
central nervous system, lung, liver and kidney [10]. It is overexpressed in 25–30% of breast cancer
cells. As shown in Figure 1, HER2 forms homodimers (binding of same receptor) or heterodimers
(binding of different receptors) with other members of the human epidermal growth factor receptors.
The HER2 protein can exist in an inactivated state, and dimerize independent of the binding of a ligand.
The binding of a ligand induces phosphorylation of the receptors, which in turn activates the MAPK
(mitogen-activated protein kinase) pathway and the PI3K (phosphatidylinositol 3-kinase) pathways.

The development of trastuzumab revolutionized the treatment of HER2+ breast cancer by
introducing a monoclonal antibody that specifically targeted breast cancer cells that overexpressed
aberrant HER2 receptors. Trastuzumab binds to the domain IV region of the extracellular site of the
HER2 protein, thereby preventing dimerization, and subsequently signal transduction and cell survival.
Pertuzumab is a monoclonal antibody that binds to domain II of the extracellular component of HER2,
thereby preventing dimerization with Her1 and HER3. Ado-trastuzumab-DM1 (T-DM1, Kadcyla)
combines the antibody (trastuzumab) with DM1 (anti-microtubule agent derived from maytansine),
which then delivers the drug in the intracellular compartment [34]. Trastuzumab, pertuzumab and
T-DM1 utilize antibody-dependent cellular cytotoxicity. Lapatinib is a dual tyrosine kinase inhibitor
that reversibly binds to the tyrosine kinase receptors (EGFR or Erb1, and HER2 or ErbB2), thereby
blocking the phosphorylation and activation of ERK (extracellular signal-regulated kinase) and AKT
(protein kinase B). Neratinib, on the other hand, is an irreversible tyrosine kinase inhibitor of HER1,
HER2 and HER4, thereby preventing the downstream signaling of the MAP kinase pathway and the
AKT signaling pathways.

Although these HER2-targeted therapies have been proven to be efficacious in the various studies
previously mentioned, studies have found that less than 35% of patients with HER2+ breast cancer
initially respond to trastuzumab [10]. On the other hand, some patients acquire resistance after being
on HER2-targeted therapies for several months after initial response. Several mechanisms of resistance
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to the trastuzumab-based therapy have been proposed [10]. Dr. Vu and colleagues [10] have shown
that defects within the HER2 receptor, such as a truncated extracellular domain, prohibits the binding
of trastuzumab to the receptor. For example, HER2 can mutate in a fashion that results in a truncated
p95HER2 isoform, which inhibits the binding of trastuzumab due to the lack of the extracellular
domain [35]. Studies have found that those who acquired the p95HER2 mutation were less likely to
respond to trastuzumab as this mutated isoform results in constitutive kinase activity [36]. One way
to overcome this form of resistance is to add lapatinib to trastuzumab, given that lapatinib acts
intracellularly [37].

Another broad category in the different mechanisms of resistance includes elevations of other
tyrosine kinase inhibitors. For example, studies have found that the cross-signaling between Insulin-like
Growth factor-1 receptor (IGF-IR) and HER2 induces phosphorylation of HER2, and thereby activates
signaling transduction [38]. Overexpression of c-met (tyrosine protein kinase met or hepatocyte growth
factor receptor) has been found to confer resistance to trastuzumab [39].

Intracellular alterations can also cause resistance to HER2-targeted therapy. One such alteration
involves the hyperactivation of the PI3K pathway by mutations or loss of PTEN (phosphatase and
tensin homolog deleted on chromosome 10), which is a tumor suppressor gene that normally inhibits
the PI3K pathway [35]. Patients with PTEN-deficient tumors had lower overall response rates to
trastuzumab than patients with wild type PTEN [40]. Clinical trials, incorporating different drugs and
combination strategies to overcome these mechanisms of resistance, are in progress.

 

Figure 1. HER2 signaling pathway, mechanism of action of targeted therapies, and resistance
mechanisms. 1. The truncated P95HER2 isoform results in the loss of the extracellular binding site
for trastuzumab. 2.–3. Overexpression of other tyrosine kinase receptors, such as IGF1-R and C-met,
can continue to trigger downstream signaling despite blockade by trastuzumab. 4. Mutations or loss of
PTEN constitutively activates the PI3K signaling pathway.

241



Cancers 2020, 12, 2081

Not much is known about the mechanisms of resistance to pertuzumab. However, one theory that
has been proposed is the suppression of microRNA-150, which are small, noncoding, single-stranded
RNAs, that negatively regulate the PI3K-AKT pathways. Studies in ovarian cancer [41,42] have found
that the suppression of miRNA-150 resulted in decreased sensitivity to pertuzumab.

Given that combining trastuzumab with lapatinib targets both the intracellular and extracellular
HER2 domains [37], combining these two drugs is an attractive strategy. However, acquired mechanisms
of resistance to lapatinib often develop after chronic exposure to lapatinib. One theory is that lapatinib
promotes the transcription of estrogen-positive genes, and therefore switches cell survival dependence
from HER2 to estrogen receptors [43]. Another proposed mechanism involves the activation of AXL,
a membrane-bound tyrosine kinase [44]. AXL has been associated with activation of the AKT/MTOR
pathway [37].

The proposed theories concerning resistance to T-DM1 (kadcyla) include low tumor HER2
expression, poor internalization of the HER2-T-DM1 complexes, defective intracellular trafficking of
the HER2-T-DM1 complex, and defective lysosomal degradation of T-DM1. These result in inadequate
drug concentrations, and therefore cell death is halted [45]. Another proposed mechanism of resistance
to T-DM1 is the presence of neuregulin b1 (NRG), which suppresses the cytotoxic activity of T-DM1
by triggering the formation of HER2-HER3 heterodimers. This heteromization activates the PI3K
pathway, and thus leads to cell cycle proliferation independently of kadcyla [46,47]. SYD985, another
HER2-targeting antibody-drug conjugate [48], is currently being studied in patients who develop
resistance to T-DM1.

8. Newer HER2-targeted Therapies

Although trastuzumab (herceptin), pertuzumab (perjeta), Lapatinib (tykerb) and ado-trastuzumab
emtansine (kadcyla) remain the most used HER2-targeted therapies in practice, other new HER2
therapies are being studied in clinical trials.

In the Phase III SOPHIA trial [49], margetuximab was compared to trastuzumab in patients with
metastatic HER2+ breast cancer after progression while on the first, second or third line of therapy
including kadcyla. In the study, the median age of the patients was 55 years. The backbone chemotherapy
was of the investigator’s choosing, between four systemic cytotoxic therapies (capecitabine—27% in
each arm; eribulin—25% in each arm; gemcitabine—12% in each arm; vinorelbine—33% in each arm).
Of note, more than 90% of the patients received kadcyla.

Margetuximab is a novel Fc-engineered monoclonal antibody that targets the HER2 oncoprotein.
The Fc portion enhances the immune system in order to provide an added benefit. Of the patients
in the study, 85% carried the CD16A 158F allele, which is shown to have a diminished response
to trastuzumab. The patients who were homozygous for the CD16A-F allele appeared to attain
longer progression-free survival with margetuximab compared to trastuzumab. Patients treated with
margetuximab had a higher median PFS and higher overall response rates. The adverse reactions were
similar between the two groups.

In the ALTERNATIVE trial [50], the addition of lapatinib to the trastuzumab and endocrine therapy
(aromatase inhibitor) was studied in postmenopausal women with HER2+, hormone receptor-positive
metastatic breast cancer. The addition of lapatinib to trastuzumab led to higher median progression-free
survival (primary end point) and overall survival (see Table 1) rates.
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Table 1. Trials of Newer HER2 Targeted Therapies.

Trial
Patients and Key Inclusion

Criteria
Study Design Results Adverse Events

Phase III SOPHIA trial [49]
n = 536

Pre-treated (lines 1–3) HER2+
metastatic BC

MARG 15 mg/kg q3weeks vs. TRAS
8 mg/kg loading dose followed by 6

mg/kg q3w
+ investigator’s choice

(capecitabine, eribulin, gemcitabine
or vinorelbine)

PFS: (HR 0.76, p = 0.033)-higher PFS
if homozygous for CD16A-F allele

Median PFS: 5.8 mo (MARG) vs. 4.9
months (TRAS)

ORR: 22.1% (MARG) vs. 16.0%
(TRAS); p = 0.060

Infusion reaction: 12.9%
(MARG) vs. 3.8% (TRAS)

Adverse events of any grade
were similar between MARG

and TRAS

Phase III ALTERNATIVE Trial,
adding lapatinib to herceptin
and aromatase inhibitor [50]

n = 355
Postmenopausal women with

HER2+, HR+MBC (had
received prior ET and prior

neoadjuvant or first line
TRAS + chemo)

1:1 randomization
LAP 1000 mg/d + TRAS (n = 120) +

AI vs. LAP 1500 mg/d + AI
(n = 118) vs. TRAS + AI (n = 120)
AI: letrozole 2.5 mg/d, anastrozole

1 mg/d or exemestane 25 mg/d

Median PFS: 11.0 mo (LAP + TRAS
+ AI) vs. 5.7 mo (TRAS + AI)

(HR = 0.62, p = 0.0064) vs. 8.3 mo
(LAP + AI) (HR = 0.71, p = 0.361)

ORR: 31.7% (LAP + TRAS + AI) vs.
13.7% (TRAS + AI) vs. 18.6%

(LAP + AI)

Phase IB HER2 CLIMB (TUC)
trial [51]

n = 60
HER2+metastatic BC,

including patients with
untreated or progressive brain

metastasis

Not randomized
TUC (300 mg bid) + CAP vs. TUC +

TRAS vs. TUC +CAP + TRAS

RR: 42% (5/12) in patients with
brain mets (TUC + CAP +TRAS)

ORR: 61% (14/23) in the triple
regimen

Median duration of response: 11.0
(range, 2.9–18.6) in triplet regimen

Grade 1–2 in triplet regimen:
diarrhea (33%), nausea (26%)

and fatigue (15%)
Dose-limiting toxicity: grade 4

cerebral edema in a patient with
untreated brain metastasis who

was not on steroids

BC, breast cancer; MARG, margetuximab; TRAS, trastuzumab; HR, hormone receptor; MBC, metastatic breast cancer; ET, endocrine therapy; LAP, lapatinib; AI, aromatase inhibitor; ORR,
overall response rate; OS, overall survival; PFS, progressive free survival; TUC, tucatinib; CAP, capecitabine; RR, response rates.
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The median progression-free survival associated with the combination of lapatinib with
trastuzumab was 11 months, versus 5.7 months in the trastuzumab arm (HR 0.62, 95% CI 0.45–0.88).
The data for overall survival was immature in the trial. The addition of lapatinib (and removal of
pertuzumab) could be considered in patients who progressed after receiving trastuzumab, pertuzumab
and an AI, if the disease is not rapidly progressive or if there is not a visceral crisis.

As of May 2020, there are two novel agents approved for the treatment of patients with advanced
HER2+ breast cancer, and who have previously been treated.

In December 2019, the FDA approved trastuzumab deruxtecan-nxki (DS-8201a/Enhertu) in patients
who have been previously treated with two or more prior anti-HER2 therapies in the metastatic setting.
This approval was based on the results of an open-label, single group, phase 2 study with 184 patients
who had previously received a median of six lines of therapy [52]. The primary end point of the
DESTINY- Breast01trial (Available online: https://clinicaltrials.gov/ct2/show/NCT03248492, identifier
NCT03248492, last accessed 7/12/2020) was an overall response rate observed to be 60.9%, with patients
achieving a disease control rate of 97.3%, median progression-free survival of 16.4 months and a median
duration of response of 14.8 months. The median overall survival has not been reached. DS-8201 is
an antibody–drug conjugate like kadcyla, but with a topoisomerase I inhibitor payload linked to a
humanized monoclonal antibody, and to HER2, by a cleavable tetrapeptide linker. The most common
adverse events noted were neutropenia, interstitial lung disease, anemia, nausea and alopecia. Death
due to interstitial lung disease was reported in 2.2% of patients. Currently, ongoing trials are evaluating
the effectiveness of DS-8201a against kadcyla in a randomized control trial (DESTINY-Breast03 trial;
NCT03529110), as well as the effectiveness of capecitabine and herceptin or lapatinib (DESTINY-Breast02
trial; NCT03523585).

Based on the results of the HER2CLIMB trial [31], another novel HER2-targeted agent, tucatinib,
was approved in April 2020 [31]. Tucatinib is an orally bioavailable, highly selective small-molecule
HER2 tyrosine kinase inhibitor, which binds to the internal domain of the HER2 protein. Given the
small size of the molecule, tucatinib is believed to cross the blood–brain barrier. It causes minimal
EGFR inhibition, and hence is relatively well tolerated. Patients with previously treated, unresectable,
locally advanced or metastatic HER2+ breast cancer were treated with either tucatinib + trastuzumab +
capecitabine or with placebo + trastuzumab + capecitabine. The study allowed patients with untreated
but asymptomatic brain metastasis to participate. Tucatinib combination therapy showed statistically
significant improvements in progression-free survival at 1 year (primary end point), as well as in the
overall survival at 2 years, in the overall population.

Given the high response rate, tucatinib combination is a promising therapy for previously treated
HER2+metastatic breast cancer patients, and could emerge as the go-to option, especially in patients
with central nervous system involvement.

Neratinib is a pan-HER inhibitor, which has been recently approved in the metastatic setting, based
on the NALA trial [53] and the TBCRC 022 [32]. In the Phase III NALA trial, neratinib plus capecitabine
improved progression-free survival compared to lapatinib with capecitabine (12-month PFS was 29%,
versus 15%). [53]. However, patients who received neratinib with capecitabine experienced more
diarrhea. 25% of the patients in the neratinib plus capecitabine group experienced grade > 3 diarrhea
compared to 13% of the patients receiving lapatinib with capecitabine.

Pyrotinib and poziotinib are both irreversible pan-HER inhibitors. Pyrotinib has already received
conditional approval in China, based on a Phase II trial which showed improved PFS in combination
with capecitabine, with tolerable side effects [54]. A Phase III trial is currently ongoing (NCT03080895).

9. Novel Antibody Drug Conjugates (ADCs)

Following the success and FDA approval of two Antibody Drug Conjugates (ADCs), there are
multiple other agents currently in clinical trials. Like DS-8201, these newer ADCs have a cleavable
linker that accounts for what is called the “bystander effect”. Bystander effect is responsible for the
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death of antigen-negative cells (both cancer cells and normal cells), hence it is important in both the
efficacy and safety of the drug. Here we discuss a few ADCs with published clinical trial results.

These second-generation ADCs are thought to overcome the resistance of HER2+ cells to
T-DM1. One of the ADCs currently in clinical trial, SYD985 (Trastuzumab Duocarmazine), was
shown to be effective in T-DM1-resistant patient-derived tumor models [55]. Results of the
dose-escalation/dose-expansion study with this agent demonstrated clinical activity in heavily
pre-treated HER2+ patients, with a partial response of 33% and a median PFS of 7.6 months [55].
Currently, the Phase III randomized TULIP trial (NCT03262935) is evaluating the drug SYD985 against
other standard of care options for previously treated HER2+ breast cancer patients.

Another ADC currently in Phase III trial is BAT8001 (Bio-Thera; NCT04185649), which uses a novel
non-cleavable linker between trastuzumab and the maytansine payload. A phase I dose-escalation
study (NCT04189211) revealed the drug to be safe, and it also showed efficacy in heavily pre-treated
HER2+ patients. A randomized multi-center Phase III trial is ongoing in China [56].

RC48-ADC, or Distamab vedotin (RemeGen), is another antibody–drug conjugate with a cleavable
cathepsin linker attached to the monomethyl auristatin E (MMAE) payload. In the Phase Ib/II trial,
RC48 demonstrated good tolerability and efficacy. The disease control rate was seen to be 96.7%, with a
46.7% clinical benefit rate (CBR) [57]. A Phase II study is ongoing (NCT03500380).

DHES0815A (Genentech) is an engineered ADC, in which trastuzumab is conjugated with a stable
linker to a highly toxic payload, pyrrolobenzodiazepine, and is the subject of an ongoing Phase I study
(NCT03451162).

10. Bispecific Antibodies

These are molecules that recognize two different epitopes of the HER2 protein, and there are
several of these currently in trials. In addition to these antibodies blocking tumor signaling pathways,
they also engage immune cells and deliver payloads to destroy tumor cells [58].

ZW49 (Zymeworks) is a bispecific, biparatopic antibody, with an auristatin payload of an
anti-HER2 biparatopic antibody, ZW25, which binds the same domains as trastuzumab (ECD2) and
pertuzumab (ECD4). In pre-clinical breast cancer cell lines and PDX models, ZW49 has demonstrated
anti-tumor activity [59]. A Phase I, dose-finding, multicenter, open-label trial is ongoing to assess the
safety and tolerability of the drug (NCT03821233).

ZW25 increases tumor cell binding, improves receptor internalization and downregulates HER2
expression. A Phase I study showed a partial response rate of 33%, with a disease control rate of
50% [60].

BTRC4017A (Genentech) is currently being explored in a Phase Ia/b clinical trial (NCT03448042).
It has a T-cell-dependent bispecific monoclonal antibody with two antigen recognition sites, one for
HER2 and another one for the CD3 complex, which leads to the cross linking of HER2-expressing
tumor cells and cytotoxic T lymphocytes.

TrasGex or Timigutuzumab is a glyco-optimized antibody, which has shown efficacy in a
dose-escalation Phase I study by enhancing the antibody-dependent cell-mediated cytotoxicity [61].
However, it is unknown if the molecule is still being developed or not.

The experimental drug, NJH395 (Novartis), an immunoconjugate immune stimulator antibody
conjugate (ISAC) consisting of a monoclonal anti-ErbB2 antibody conjugated to a TLR7 (Toll-like receptor 7)
agonist, is another drug currently being studied in clinical trials (NCT0369771). No pre-clinical data is
available yet.

11. Immunotherapy in HER2+ Disease

In addition to newer anti-HER2-targeted therapies, immunotherapy is being extensively studied
given the ability of cancers to evade the immune system [62]. Different modalities are being utilized in
immunotherapy to boost the patient’s immune system so as to attack the cancerous cells. Immune
checkpoint inhibitors, such as cytotoxic T-lymphocyte antigen-4 (CTLA-4) antibodies and programmed
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cell death-1 (PD-1)/programmed cell death-1 ligand (PD-L1) antibodies, are being studied in clinical
trials. The expression of PDL-1 has been shown to be associated with unfavorable characteristics,
such as HER2+ status in addition to large tumor sizes and high tumor grades [63]. Although PDL-1
therapy is approved for triple negative breast cancers [64], there is no approved PD-1/PDL-1 agent for
the treatment of HER2+ breast cancers. In the Javelin Solid Tumor study (Phase Ib) [65], avelumab
had an overall response rate of 3% (of the 168 patients in the study; 26 (15.5%) patients were HER2+),
but a higher activity was seen if they exhibited PDL-1 expression. Most recently, in the single-arm,
multicenter PANACEA trial [66], pembrolizumab was studied in patients with advanced HER2+ breast
cancer, who progressed while on the trastuzumab or T-DM1 therapy in this Phase Ib/II trial. While
six patients were enrolled in the phase Ib trial (all PDL-1-positive), 52 patients were enrolled in the
phase II trial. Patients were tested for PDL-1 expression. Of the 52 patients in the phase II trial, 40 had
PDL-1-positive tumors, and the remaining patients had PDL-1-negative tumors. Although no objective
responses were seen in the PDL-1-negative patients, the disease control rate was 24% in PD-L1-positive
patients, and the overall response rate was 39%. The most common adverse reaction that was noted
was fatigue (21%).

12. Future Directions

Although patients do relatively well on the therapies previously mentioned, a subset of HER2+
breast cancer patients experienced relapse after neoadjuvant and adjuvant therapy, as well as resistance
to existing therapies. A dual-targeted HER2 approach is typically used if there are no contraindications.
However, what remains to be determined is whether adding a newer HER2-targeted therapy would
increase progression-free survival, or whether immunotherapy would help in overcoming the resistance
to HER2-targeted therapies. In addition, many trials did not utilize the updated 2018 ASCO (American
Society of Clinical Oncology)/CAP (College of American Pathologists) guidelines on HER2 interpretation
in breast cancer [6], which generated an increase in negative cases due to the more rigorous algorithm
for identifying HER2+ patients. This algorithm helped to reclassify equivocal cases as either HER2+ or
HER2−. Treatment of HER2 equivocal cases was not standardized, given the lack of data surrounding
the clinical benefits of HER2-targeted therapies in this subset of patients. Since the 2018 guidelines
reclassify these patients as either HER2+ or HER2−, the overtreatment of patients can be avoided,
and costs can be saved.

There is still an unmet need for treatment of metastatic HER2+ breast cancer. Whether adding or
utilizing immunotherapy upfront, like in other subtypes of breast cancer, can improve patient outcomes
remains unknown. Different strategies are being employed to improve the efficacy of anti-HER2
therapy by combining existing approved therapies and exploring next-generation sequencing to target
potential biomarkers, so as to overcome resistance and reduce side effects. There is much more to be
studied in HER2+ breast cancer.

13. Conclusions

The discovery and implementation of new HER2-directed therapies in clinical practice has
significantly changed how patients with HER2+ diseases are being treated. Although major strides
have been made in treating patients with HER2+ diseases, studies are ongoing concerning the continued
improvement of the outcomes for this subset of patients. Whether it is a combination of multiple
HER2-directed therapies in the various settings, or the invention of immunotherapy, the treatment of
HER2+ disease has resulted in better outcomes, including in progression-free survival and overall
survival, compared to the outcomes of previous decades, and these will continue to evolve.
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Abstract: Monoclonal antibodies (mAbs) targeting specific proteins are currently the most popular
form of immunotherapy used in the treatment of cancer and other non-malignant diseases. Since the
first approval of anti-CD20 mAb rituximab in 1997 for the treatment of B-cell malignancies, the market
is continuously booming and the clinically used mAbs have undergone a remarkable evolution.
Novel molecular targets are constantly emerging and the development of genetic engineering
have facilitated the introduction of modified mAbs with improved safety and increased capabilities
to activate the effector mechanisms of the immune system. Next to their remarkable success in
hematooncology, mAbs have also an already established role in the treatment of solid malignancies.
The recent development of mAbs targeting the immune checkpoints has opened new avenues for
the use of this form of immunotherapy, also in the immune-rich milieu of the skin. In this review
we aim at presenting a comprehensive view of mAbs’ application in the modern treatment of skin
cancer. We present the characteristics and efficacy of mAbs currently used in dermatooncology
and summarize the recent clinical trials in the field. We discuss the side effects and strategies for
their managing.

Keywords: dermatooncology; immune checkpoints; immunotherapy; monoclonal antibodies

1. Monoclonal Antibodies

Monoclonal antibodies (mAbs) targeting specific proteins are the most popular form of
immunotherapy used in the treatment of cancer and non-malignant diseases. Since the first approval
of anti-CD20 mAb rituximab in 1997 for the treatment of B-cell malignancies, the clinically used
mAbs have undergone a remarkable evolution. Novel molecular targets are constantly emerging
and the development of genetic engineering has facilitated the introduction of mAbs with modified
structures. Recent advances in the field of monoclonal antibodies served to improve their safety,
decrease immunogenicity and increase capabilities to activate the effector mechanisms of the immune
system. Monoclonal antibodies are a booming market currently [1], making up a third of all new
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medicines introduced worldwide. The success of mAbs is remarkable in recent years with a record
number of 12 novel antibodies registered in 2018 to treat a wide variety of diseases [2].

The concept of using antibodies to selectively target tumors has undergone a considerable
evolution (excellently reviewed in [3]), since it has been proposed by Paul Ehrlich over a century ago.
An update on the technological advances and novel registrations is published yearly by Hélène Kaplon
and Janice Reichert in the mAbs journal [2].

The mechanisms of action of the currently used mAbs in dermatooncology can be generalized in
five main directions: (1) The direct inhibition of oncogenic pathways with subsequent effects on cell
growth and apoptosis e.g., targeting the epidermal growth factor receptor (EGFR), (2) the blockade of
the formation of new blood vessels e.g., targeting vascular endothelial growth factor VEGF, (3) the
opsonization of the target cells for its destruction utilizing the mechanisms of immune response e.g.,
targeting CD20, (4) the delivery of cytotoxic drugs to kill tumor cells e.g., mAb-cytotoxin conjugates
such as anti-CD30 brentuximab vedotin and finally, (5) the activation of the impaired/exhausted
immune response i.e., targeting negative immune regulators also known as immune checkpoints (ICs).
Currently, particularly this last trend, awarded the 2018 Nobel Prize in Physiology or Medicine to
Allison and Honjo, is of particular interest in the therapy of cancer.

Here we aim at presenting the established position, recent advances and perspectives in the
treatment of cutaneous neoplasms with monoclonal antibodies.

Immune Checkpoints

The operational principle of the adoptive part of the immune system relies on two main functions:
(1) Distinguishing self from non-self and (2) distinguishing safe from dangerous. This allows the
immune effector cells to tolerate healthy cells of the organism, but also to ignore the non-self-commensals,
such as the ones present in the intestine or on epidermis, as long as they do not induce tissue damage.
However, once activated against a given antigen, the immune system shows a tendency of epitope
spreading, which due to molecular mimicry could lead to cross-reactivity against bystander epitopes
on healthy cells, especially under local proinflammatory conditions. Indeed, this phenomenon is
thought to be responsible for a range of autoimmune disorders, including autoimmunity against skin
antigens [4]. To prevent the bystander attack, the evolution has developed molecular mechanisms
that tightly regulate the intracellular signal transduction following antigen recognition by T-cell
receptor (TCR). These mechanisms have been commonly named “immune checkpoints”. To properly
discriminate the effector functions of lymphocytes, there are two main types of immune checkpoints:
Negative (inhibitory) and positive (stimulatory). mAbs targeting negative ICs are commonly known
as “immune checkpoint inhibitors” (ICIs).

The first molecule from the negative immune checkpoint family, cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4, CD152), was identified in 1987 [5] and its crucial role as a negative regulator of
T cell activation was finally validated in 1995 [6,7]. CTLA-4 expression is dynamically upregulated
in activated T cells and reaches the peak value between 24 and 48 hours following activation [8,9].
Once expressed, CTLA-4 potently competes with CD28 in binding to their cognate ligands, CD80
and CD86 [10], and thus strongly inhibits the priming phase of T cell activation [11]. CTLA-4 may
also downregulate the intracellular signaling from the TCR complex via recruiting phosphatases [12],
although the molecular events related to this phenomenon remain elusive. Subsequent studies by
the 2018 Nobel Prize winner, Prof. James P. Allison, have demonstrated that, while indispensable for
self-tolerance in the state of health, CTLA-4 is unfortunately also responsible for pathological tolerance
towards malignant growth [13]. In consequence, monoclonal antibodies blocking CTLA-4 were shown
to induce, in a “brake-off” mechanism, a potent antitumor response [13].

In parallel to studies on CTLA-4, the research group led by Prof. Tasuku Honjo, the second
2018 Nobel Prize awardee, has been focusing their studies on the Programmed Cell Death-1 (PD-1,
CD279) receptor on immune cells [14]. PD-1 expression is also induced on activated T cells [15] and the
cognate ligands for this molecule are PD-L1 and PD-L2, expressed on the target cells [16]. Therefore,
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the interaction between PD-L1/2 and PD-1 potently inhibits the effector phase of the cytotoxic immune
response [17], which directly protects healthy tissues [18,19], but, when amplified in the tumor, also
malignant cells [20]. Here again, monoclonal antibodies targeting either PD-1 or PD-L1 have been
proved a powerful weapon against cancer [21], acting in the “brake-off” manner.

At present, mAbs targeting CTLA-4 and PD-1/PD-L1 axis have an established place in oncology.
Their mechanism of action is summarized in the Figure 1. It should be noted that while the expression
of CTLA-4 ligands—CD80 and CD86 is limited to antigen presenting cells (APC), PD-L1 and PD-L2
can be expressed both by APCs and tumor cells.

 
Figure 1. The mechanism of action of immune checkpoint inhibitors (ICIs).

Following the discoveries of the roles of CTLA4 and PD-L1/PD-1 in the malignant growth, targeting
CTLA-4, PD-1 or PD-L1 with five agents (ipilimumab, cemiplimab, nivolumab, pembrolizumab and
avelumab) has been established as registered therapies in the treatment of cutaneous neoplasms
(Table 1). Additionally, two other checkpoint inhibitors (durvalumab and atezolizumab) are potential
agents to be applied in dermatooncology (Table 1).

Following the success of targeting CTLA-4, PD-1 or PD-L1, a range of other molecules have
been proposed to act as negative immune checkpoints protecting cancer tissue, and also proposed
attractive targets for therapeutic antibodies (reviewed in [22]). The examples of such molecules
are: Lymphocyte-activation gene-3 (LAG-3), T-cell immunoglobulin and mucin-domain containing-3
(TIM-3), T cell immunoreceptor with Ig and ITIM domains (TIGIT), V-domain Ig suppressor of T cell
activation (VISTA) or B7/H3 (CD276), and more molecules are joining this list [23]. mAbs against these
novel targets are still being investigated in Phase 1/2 clinical trials.
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Table 1. Monoclonal antibodies (mAbs) targeting Cytotoxic T-Lymphocyte-Associated protein 4 (CTLA-4) and Programmed Cell Death-1 (PD-1)/PD-1 ligand-1 (PD-L1)
currently in use in dermatooncology.

Name of the
Agent

Molecular Target Isotype Source Mechanism of Action Trade Name
Registration

Status in
Dermatooncology

Most Relevant Clinical Trials

Ipilimumab CTLA-4 IgG1 human
Triggers ADCC

Blocks inhibitory APC—T cell
interaction

Yervoy 2011—melanoma NCT00636168 in MM,
NCT01844505 in MM

Tremelimumab
(CP-675206) CTLA-4 IgG2 human

Reduced ADCC activity
Blocks inhibitory APC—T cell

interaction
NA In clinical trials in

melanoma NCT00257205 in MM,
NCT01704287 in MM

Cemiplimab
REGN2810

(SAR439684)
PD-1 IgG4 human

Reduced ADCC activity
Blocks inhibitory APC—T cell as

well as tumor cell–T cell interaction
Libtayo 2018—CSCC NCT03002376 in MM,

NCT02383212 in BCC and CSCC,
NCT02760498 in CSCC

Nivolumab PD-1 IgG4 human
Reduced ADCC activity

Blocks inhibitory APC—T cell as
well as tumor cell–T cell interaction

Opdivo 2014—melanoma NCT01844505 in MM,
NCT01927419 in MM

Pembrolizumab
(initially known as

lambrolizumab)
PD-1 IgG4 humanized

Reduced ADCC activity
Blocks inhibitory APC—T cell as

well as tumor cell–T cell interaction
Keytruda 2014—melanoma NCT02362594 in MM,

NCT02243579 in CTLC

Atezolizumab PD-L1 IgG1 humanized
Reduced ADCC activity

Blocks inhibitory APC—T cell as
well as tumor cell–T cell interaction

Tecentriq
In clinical trials in

CTCL and
melanoma

NCT03357224 in CTCL,
NCT04020809 in MM,
NCT01656642 in MM

Avelumab PD-L1 IgG1 human
Triggers ADCC

Blocks inhibitory APC—T cell as
well as tumor cell–T cell interaction

Bavencio 2017—MCC NCT01772004 in MM,
NCT02155647 in MCC

Durvalumab
(MEDI4736) PD-L1 IgG1 human

Reduced ADCC activity
Blocks inhibitory APC—T cell as

well as tumor cell–T cell interaction
Imfinzi

In clinical trials in
CTCL, melanoma

and MCC
NCT02027961 in MM,

NCT02643303 in CTCL

ADCC—antibody-dependent cell-mediated cytotoxicity, APC—antigen presenting cell, CSCC—cutaneous squamous cell carcinoma, CTCL—cutaneous T-cell lymphoma,
NA—non-applicable, MCC—Merkel-cell carcinoma, MM—malignant melanoma.
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2. Melanoma

Melanoma, the deadliest skin cancer, is responsible for the majority (approximately 75%) of deaths
related to skin malignancies [24]. Melanoma formation is a result of a malignant transformation
of melanocytes following the influence of both tumor-intrinsic and immune-related triggers [24,25].
The standard treatment for the localized disease consists of wide local excision with different safety
margins [26]. Given a substantial recurrence risk after surgery, several attempts to develop adjuvant
therapy have been made. Currently, the standard adjuvant therapy for recurrent locoregional disease
includes anti-PD-1 nivolumab or pembrolizumab or dual BRAF-MEK inhibition by the combination of
dabrafenib plus trametinib for BRAF V600 mutated cases [24]. In metastatic disease, the combination of
BRAF-MEK inhibitors is applied in BRAF-mutated patients, while the therapeutic options in unmutated
patients have by now been scarce. In a small subset of patients with KIT kinase mutations, tyrosine
kinase inhibitors have been tested with encouraging response rates characterized, however, by short
duration [27]. Therefore, there was an urgent need for novel therapeutic option that is currently being
fulfilled with the advent of checkpoint inhibitors.

2.1. Checkpoint Inhibitors in Melanoma Treatment

ICIs have an already established position in the treatment of melanoma. Melanoma is considered an
immunogenic tumor due to a large number of somatic mutations mostly following ultraviolet damage
from sun exposure. The subsequently produced tumor neoantigens are thus available for checkpoint
inhibitor-reactivated immune cells [28]. The spontaneous regression of melanomas observed in some
individuals is associated with functional T-cell activation [28]. Moreover, there is a body of evidence
showing a link between impaired function of the immune system and melanoma proliferation [29].
Melanoma cells frequently evade the immune system by overexpressing negative immune checkpoints
e.g. CTLA-4 [30]. PD-L1 can also be up-regulated following JAK-STAT activation [31]. Therefore,
targeting ICs with mAbs have emerged as an attractive therapeutic option.

Initially, ICIs have been tested as adjuvants. The first trials concentrated on blocking CTLA-4 by
ipilimumab. Encouraging results have been obtained in Phase III EORTC-18071 trial (NCT00636168) [32]
on the adjuvant use of ipilimumab compared with placebo in patients with stage III melanoma, where
a significant improvement in recurrence-free survival (RFS) has been achieved. Despite frequent
adverse events (AEs), ipilimumab has been registered for patients with stage III melanoma at high risk
of recurrence following complete resection in Oct 2015. The results of the EORTC 1325/Keynote-054
trial (NCT02362594) of pembrolizumab versus placebo in patients with stage III melanoma also
demonstrated a significant improvement in RFS. Interestingly, a positive impact on RFS was noted in
both PD-L1 positive and negative population and independently on the BRAF mutation status. [33].
Thus, pembrolizumab was approved as adjuvant therapy in stage III melanoma in Europe in Dec 2018
and by Food and Drug Administration (FDA) in Feb 2019. The superiority of checkpoint blockade with
anti-CTLA-4 or anti-PD-1 mAbs to chemotherapy in the treatment of stage IV (metastatic) melanoma,
has been proven in multiple randomized clinical trials (excellently reviewed in [24]).

The next step was the introduction of ICIs as a first-line therapy. Despite encouraging results
of ipilimumab in terms of a marked increase in the percentage of long-term survival demonstrated
in a pooled analysis from 12 clinical trials [34], due to its significant toxicity, anti-PD-1 nivolumab
and pembrolizumab were further investigated. Given the positive impact on overall survival (OS)
and low AE’s rate when compared to ipilimumab [35,36], both agents were approved in 2014 and are
now a standard treatment in advanced melanoma according to The National Comprehensive Cancer
Network (NCCN) guidelines. Following the results of pivotal Phase I CheckMate-069 (NCT01927419)
and Phase III Checkmate-067 study (NCT01844505) testing the efficacy of nivolumab vs. nivolumab
+ ipilimumab [37,38], the combination of these two agents have been approved for the treatment
of unresectable or metastatic melanoma, firstly in BRAF unmutated cases in Oct 2015, which has
been further expanded independently on the BRAF mutation status in Jan 2016. However, due to
substantial toxicity of the combination, a more intense monitoring is recommended in case of the
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combinational treatment [39]. Tremelimumab, another anti-CTLA4 monoclonal antibody, is also being
examined. Despite promising results from the phase I study (NCT00257205) [40], a Phase III clinical
trial (NCT01704287) of tremelimumab in comparison to the standard of care—dacarbazine—showed
no significant benefits [41].

Currently, also other agents targeting the PD-1/PD-L1 axis are being tested in advanced melanoma:

• Cemiplimab—a small exploratory tumor biopsy-driven study to understand the relationship
between biomarkers and clinical response in melanoma patients (NCT03002376)—ongoing.

• Avelumab:

- Combination immunotherapy with vaccine in subjects with melanoma who have progressed
on or after chemotherapy and PD-1/PD-L1 therapy (NCT03167177)—not yet recruiting.

- In metastatic or locally advanced solid tumors (NCT01772004)—preliminary results show
durable responses, promising survival outcomes and an acceptable safety profile in patients
with previously treated metastatic melanoma [42].

- In combination with other cancer immunotherapies in advanced malignancies
(NCT02554812)—currently recruiting.

• Durvalumab:

- Phase 1 safety and tolerability in combination with dabrafenib and trametinib or with
trametinib alone (NCT02027961)—awaiting results’ publication.

• Atezolizumab—tested in numerous clinical trials.

2.2. Rituximab in Melanoma

Rituximab, a chimeric IgG1 kappa mAb targeting CD20 antigen, has an established use in the
systemic treatment of B-cell malignancies. The interest in its use in melanoma is motivated by two
different aspects of this disease. Firstly, CD20 has been identified as a marker of melanoma-initiating
stem cells [43]. Regression of metastatic melanoma by targeting stem cells with rituximab has been
described [44]. The second rationale for using rituximab is based on the concept of specific B-cell
depletion [14]. Tumor-associated B-cells (TAB) have been identified in both primary and metastatic
melanoma lesions [45–47] and the release of insulin-like growth factor by TABs leads to resistance to
BRAF or MEK inhibitors [5]. By reducing the number of circulating B lymphocytes, rituximab might
thus have a preventive effect on the development of drug resistance. However, the role of B cells
in supporting the tumor growth and their possible use as a prognostic factor in melanoma patients
are controversial [48–51], which is reflected by the conflicting results of rituximab’s use in preclinical
studies and clinical observations in melanoma patients. On one hand, B cells have been described as a
pro-tumorigenic population that dampens immune responses through secretion of anti-inflammatory
cytokines such as IL-4, IL-10 or TGFβ. On the other hand, B cells are vital elements in shaping an
effective immune response by being efficient antigen-presenting cells (APCs) for the expansion of
tumor-associated antigen-specific CD8+ and CD4+ T cells (reviewed in [52]).

In syngeneic mouse models depletion of mature CD20+ B cells was shown to promote melanoma
growth [53,54]. Moreover, B-cell depletion has been shown to increase the efficacy of therapeutic
anti-melanoma vaccines in a syngeneic murine model [55]. The results from a small trial testing the
efficacy of anti-CD20 ofatumumab in stage IV metastatic melanoma resistant to BRAFV600E inhibitors
also further support the benefit of the anti-CD20 approach in melanoma [56].

Moreover, a case series of seven patients with metastatic melanoma treated individually with
rituximab, suggested that anti-CD20 therapy might be a therapeutic option for metastatic melanoma [57].
Reports suggesting that rituximab administration may lead to melanoma induction or worsening are
also known [58,59]. A delayed growth of melanoma in B cell-deficient mice has been reported for D5
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melanoma cell line [60]. However, data from a large cohort analysis established no increased risk of
melanoma following rituximab treatment [61].

Recently, TABs have emerged as predictors of resistance to ICIs. [54]. The analysis of datasets
from anti-PD1-treated melanoma patients revealed increased B-cell numbers in pre-therapy tumor
samples in patients responding to immune checkpoints therapy.

2.3. Targeting LAG-3

Lymphocyte activation gene-3 (LAG-3, CD223) expressed on activated T, natural killer (NK)
and B cells [62] is a negative regulatory protein for T cell function implicated in preventing tissue
damage and autoimmunity [63,64]. In melanoma, LAG-3, frequently co-expressed with PD-1 was
demonstrated on CD8+ tumor-infiltrating lymphocytes (TILs), leading to their clonal exhaustion and
promotion of tumor growth [65]. An anti-LAG-3 mAb LAG525 is being tested in a phase 1/2 clinical
trial in combination with an anti-PD-1 spartalizumab (NCT02460224). Another LAG-3 targeting
mAb relatlimab (BMS-986016) alone and in combination with nivolumab is being tested in melanoma
patients previously treated with anti-PD-1/PD-L1 therapy (NCT01968109). The preliminary results
demonstrated encouraging initial efficacy with an objective response rate (ORR) of 16% and a disease
control rate of 45% with benefit in some patients treated with anti-PD-1 [66].

2.4. Targeting TIGIT

TIGIT is a poliovirus receptor (PVR)-like protein containing Ig and ITIM domain with a
well-established role in controlling immune suppression [67]. It is expressed on both T and NK
cells, providing an opportunity to target the adaptive and innate arms of the immune system.
TIGIT co-expression with PD-1 on CD8+ T cells was reported in melanoma [68,69] and its elevated
expression correlates with poor prognosis. In in vitro studies, concomitant TIGIT and PD-1
blockade additively increased proliferation, cytokines production and degranulation of both tumor
antigen-specific CD8+ T cells and CD8+ TILs from advanced melanoma patients [68]. Currently, three
phase I clinical trials of different TIGIT-targeting molecules are opened in solid tumors, including
melanoma, in combination with nivolumab—etiglimab (OMP-313M32)—NCT03119428, tiragolumab
(MTIG7192A)—NCT02794571 and BMS-986207—NCT02913313.

2.5. Targeting TIM-3

T cell immunoglobulin-3 (TIM-3) detected on the surface of different types of immune cells is
described as a direct negative regulator of T cells [70]. High TIM-3 levels on T cells are typical for
exhaustion phenotype and correlate with poor prognosis in some tumors [64]. Interestingly, TIM-3
is also expressed by the melanoma cells themselves [71]. Data from the murine model showed
promising results of TIM-3 targeting in combination with an anti-melanoma vaccine [72]. Since TIM-3
upregulation is associated with CD8+ T cells exhaustion in melanoma [73], clinical trials of two TIM-3
targeting mAbs—TSR-022 (NCT02817633) and MBG453 (as a single agent and in combination with
PDR001—NCT02608268) are currently recruiting patients.

2.6. Targeting B7-H3

B7-H3 (CD276), a member of B7 family of immunoregulatory proteins expressed on dendritic cells,
monocytes and macrophages is known to activate T-cells [74]. Its overexpression by melanoma cells
and their microenvironment [75] results in immune escape and tumor proliferation [76,77]. Of note,
B7-H3 shows limited expression in normal tissue, which may help to reduce the risk of adverse effects.
Enoblituzumab (MGA271), a humanized anti-B7-H3 IgG1κ mAb, is being tested in combination with
pembrolizumab in refractory cancer patients, including melanoma (NCT02475213). A phase I study
of enoblituzumab in combination with ipilimumab in refractory melanoma (NCT02381314) has been
completed and awaits the publication of the results.
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2.7. Targeting VEGF

VEGF inhibition seems a rational approach in melanoma therapy, as the progression of this
tumor from radial to the vertical growth phases has been associated with increased microvessel
density [78]. Besides promoting angiogenesis, VEGF impairs dendritic cell maturation and modulates
lymphocyte endothelial trafficking [79]. Bevacizumab, a humanized IgG1 anti-VEGF mAb registered in
the management of diverse solid tumors e.g., colorectal, lung and ovarian cancer, showed encouraging
results in phase II clinical trials in combination with the cytotoxic alkylating agents fotemustine
(NCT01069627) [80] and temozolomide (NCT00568048) [81]. A large phase III study (ISRCTN 81261306)
tested adjuvant bevacizumab vs. observation in melanoma patients at high risk of recurrence.
Despite a significant improvement in the disease-free interval, no significant differences in the OS
between treatment and observation groups have been reported [82]. Bevacizumab is being tested in
advanced metastatic melanoma in combination with immune checkpoint inhibitors—atezolizumab
(NCT03175432), pembrolizumab (NCT02681549), nivolumab/avelumab (NCT03167177), ipilimumab
(NCT00790010, NCT01950390 and (NCT0215852). Incidence of the immune-mediated tumor
vasculopathy induced by ipilimumab [83] led to a non-randomized clinical study assessing the
efficacy of dual CTLA-4 plus VEGF inhibition [79] that reported a disease-control rate (DCR) of 67.4%
and beneficial safety profile providing a basis for further investigation.

2.8. Targeting Chondroitin Sulfate Proteoglycan 4 (CSPG4)

CSPG4, a transmembrane proteoglycan, is a highly immunogenic tumor antigen associated with
melanoma formation and poor prognosis [84]. Multiple studies showed its role in the survival, growth
and motility of melanoma cells in vitro and tumor formation in vivo (reviewed in [85]). Although it
has been suggested as a potentially attractive target, no clinical trials addressing CSPG4 targeting have
been proposed yet.

3. Basal Cell Carcinoma and Cutaneous Squamous Cell Carcinoma

Basal cell carcinoma (BCC) and cutaneous squamous cell carcinoma (CSCC) are both linked to UV
exposure, chemical carcinogens, ionizing radiation and immunosuppression [86]. BCC is the most
common skin malignancy among the white population [87]. Although it rarely metastasizes, it can be
locally destructive. BCC is most commonly cured by local resection and in case of metastatic disease
some novel drug modalities i.e., hedgehog inhibitors have recently emerged. However, there is a
lack of further therapeutic options for progressing patients [88]. CSCC is more aggressive than BCC
and accounts for up to 20% of all deaths from skin cancer [86]. Here, the lack of effective therapeutic
options for recurrent and metastatic patients also poses a considerable problem.

3.1. Checkpoint Inhibitors

In the treatment of metastatic BCC and CSCC there is also a large interest in ICIs supported by
independent lines of evidence. First of all, early research in the murine models of UV-induced tumors
showed immunosuppressive properties of the tumor microenvironment characterized by the onset
of suppressor T cells [89]. High mutational burden present in BCC and CSCC, as a consequence of
UV-exposure may elicit an effective immune response by inducing the expression of immunogenic
tumor neoantigens [90]. This response can be further boosted by blocking the immunosuppressive
checkpoint molecules. In fact, high mutation burden has been shown as a good response predictor
to anti-PD-1 therapy in a panel of 12 different human tumors [91–93], where rapid expansion of
neoantigen-specific T cell clones reactive to tumor neoantigens was observed. Data from the preclinical
model of DMBA/PMA-induced carcinogenesis representing a multistage squamous cell carcinoma
(SCC) development have also shown the efficacy of anti-PD-1 blockade in delaying the development of
murine SCC [94].
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There are several reports of response to the off-label treatment of BCC and CSCC with PD-1
targeting [95,96]. Other observations [97,98] have suggested that anti-PD-1 targeting may be a
rational solution in BCC patients with acquired resistance to hedgehog pathway inhibition [97].
Substantial improvement in metastatic BCC with acquired resistance was noted after nivolumab [99]
in five heavily pretreated patients with locally advanced and/or metastatic CSCC or baso-squamous
carcinomas [100,101].

Pembrolizumab has been also tested in a small Phase II clinical trial (NCT02964559) in
metastatic CSCC patients not curable by surgery or radiation. [102]. Data from a proof-of-principle,
nonrandomized, open-label study of pembrolizumab with or without the hedgehog inhibitor
vismodegib (NCT02690948) in patients with advanced BCCs showed no superiority of the combinational
therapy vs. pembrolizumab alone and an acceptable safety profile [103].

A novel fully human anti-PD-1 monoclonal antibody—cemiplimab (formerly known as
REGN2810)—is currently evaluated in BCC and CSCC (NCT02383212) [104]. The combined analysis
of the phase 1 (NCT02383212) and phase 2 (NCT02760498) study in patients with locally advance
or metastatic CSCC cemiplimab induced a response in approximately 50% of the patients [105].
The antibody received approval by US FDA in September 2018 for the treatment of patients
with metastatic or locally advanced CSCC who are not candidates for curative surgery or curative
radiation [106] and in April 2019 has been granted conditional marketing authorization in the EU for
the same indication.

3.2. EGFR-Targeting

Before the advent of the era of ICIs, there has been a large interest in the targeting of epidermal
growth factor receptor (EGFR). EGFR, a member of the family of transmembrane tyrosine kinases plays
a pivotal role in signal transduction pathways regulating proliferation, invasion and metastasis [107].
mAbs targeting EGFR—cetuximab and panitumumab—are clinically used in solid tumors. There are
several case reports showing their potential use with an acceptable safety profile in unresectable or
recurrent CSCC [108–111]. It has also been suggested that anti-EGFR may improve response rates
in CSCC when combined with other targeted therapies [112,113]. However, since other therapeutic
options emerged i.e., hedgehog inhibitors in BCC and ICIs in CSCC, no further trials for cetuximab
were undertaken.

4. Merkel-Cell Carcinoma

Merkel-cell carcinoma (MCC) is a rare and highly aggressive skin cancer in most cases caused
by the Merkel cell polyomavirus (MCPyV or MCV) [114]. As the infection with MCV is common,
additional cellular events together with loss of immunosurveillance are postulated to contribute
to MCC development [115]. Indeed, an increased incidence of MCC has been reported for cancer
patients [116,117], patients with immune deficiencies e.g., HIV infection [118], transplant recipients
treated with immunosuppressive agents [119] as well as patients with autoimmune diseases on
immunosuppression [120]. Until recently, chemotherapy has been offered to patients with advanced
MCC. However, limited efficacy of regimens based on cyclophosphamide, doxorubicin and vincristine
was reported leading to the introduction of platinum agents in combination with etoposide, that still
offer only a short-term response [121]. Thus, preclinical and clinical studies testing targeted therapies
in MCC including ICIs are currently underway (reviewed in [122]).

Checkpoint Inhibitors in MCC

Due to the immunogenicity of MCC [123] ICIs can be an effective approach in this malignancy.
MCC-infiltrating CD8+ T cells, including MCPyV-specific T cells, have been shown to express high
levels PD-1 and TIM-3, at far higher levels than T cells specific for other common human viruses [124].
Pembrolizumab was the first ICI to demonstrate objective tumor regressions in patients with MCC
prompting its addition to the NCCN guidelines. A small single-arm, open-label Phase II clinical
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trial focused on treatment-naïve patients with stage IIIb or IV MCC (NCT02267603) showed a good
tolerance [125]. Currently, the only registered ICI is avelumab that has been granted accelerated
approval in Mar 2017 for the treatment of metastatic MCC, including chemotherapy-naïve individuals
based on a multicenter Phase II clinical trial (NCT02155647) demonstrating a clinically meaningful
and durable ORR [126]. The durability of responses to avelumab appears substantially superior
comparing to historical trials of patients of chemotherapy [127–129]. The safety profiles of anti-PD-L1
antibodies administered to patients with MCC appear similar to those from previous trials involving
patients with other tumor types. Combinational trials with avelumab are being considered e.g., with
localized radiation or interferon-β (IFN-β) with or without adoptive immunotherapy of MCPyV
T-antigen-specific T cells (NCT02584829) are currently ongoing.

Nivolumab’s use has been investigated in the neoadjuvant setting for resectable MCC in a phase
1/2 trial (NCT02488759) [130]. Computed tomography scan results demonstrated tumor regression in
80% of patients.

Anti-CTLA-4 ipilimumab was also evaluated in an adjuvant trial following surgical resection
of MCC (NCT02196961) [131]. However, after a median follow-up of 22.3 months, the enrollment to
the study has been stopped due to the lack of efficacy of ipilimumab and a significantly increased
incidence of adverse events. Another study aiming at assessing the combination of an anti-CTLA-4
tremelimumab with anti-PD-L1 durvalumab and polyinosinic-polycytidylic acid, and poly-L-lysine
(polyICLC) (a TLR3 agonist; NCT02643303) is currently recruiting patients. [132]. Overall, these studies
demonstrate the clear clinical benefit of immune checkpoint inhibition in MCC, which is superior to
any form of therapy used hitherto.

5. Primary Cutaneous Lymphomas

Primary cutaneous lymphomas (PCTs) are a heterogeneous group composed of cutaneous T-cell
lymphomas (CTCLs) accounting for 75–80% of all PCTs, and cutaneous B-cell lymphomas (CBCLs)
representing 20–25% of PCTs [133]. According to the WHO EORTC classification, they are defined as
non-Hodgkin lymphomas present in the skin without the evidence of extracutaneous disease at the
time of diagnosis [134].

5.1. CTCL

CTCL arises from the malignant proliferation of skin-homing CD4+ T cells [135] and is typically
a disease of elderly people [136,137]. The main two subtypes of CTCL include the most frequent
mycosis fungoides (MF), accounting for approx. 60% of CTCL, and a rare leukemic variant—Sézary
syndrome (SS)—representing around 5% of CTCL. The second most common group, representing
approx. 25% of CTCL, is primary cutaneous CD30+ lymphoproliferative disorders (LPDs) including
primary cutaneous anaplastic large lymphoma (C-ALCL) and lymphomatoid papulosis (LyP) [133].

In the majority of cases of CTCL, early-stage MF is diagnosed and the disease can be managed
with active observation or topical therapy using corticosteroids, chemotherapy (mechlorethamine),
immunomodulators (imiquimod), radiation or phototherapy [136]. The 5-year survival for these
patients is around 90% compared with 30–50% for advanced disease [138]. Prognosis in SS is poor with
an overall treatment response rates varying from 7.5 to 22.4 months [139]. Besides standard therapy
(e.g., extracorporeal photopheresis (ECP), photochemotherapy, retinoids, radiation therapy, IFN-α,
low dose methotrexate and polychemotherapy), small-molecule inhibitors and mAbs are currently
being explored in this malignancy [140,141]. All those treatment modalities have, however, relatively
low response rates ranging from 14% to 60% (mostly 20–30%) and median duration of response rarely
exceeding 1 year [142]. Therefore, given the fact that allogeneic stem cell transplantation is the only
curative option by now, there is a need for novel therapies in CTCL.
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5.1.1. Alemtuzumab

Alemtuzumab, a humanized IgG1 kappa mAb targeting CD52 antigen expressed on both benign
and malignant B and T cells, monocytes, macrophages, natural killer cells and a proportion of
granulocytes [143] has originally been approved for the treatment of chronic lymphocytic leukemia
(CLL). Given the expression of CD52 antigen on CD4+ T cells, there has been an increasing interest in
applying alemtuzumab in CTCL. Alemtuzumab showed efficacy in managing erythroderma, plaque
or skin tumors and importantly reduced pruritus. Results from a multicenter retrospective analysis
carried among 39 patients with advanced CTCL (23 with SS and 16 with advanced MF) treated with
alemtuzumab i.v. showed a 70% ORR in patients with SS and 25% ORR in patients with MF. The reason
for its inefficacy in MF lies in the different origin of malignant T cells than in SS [144]. A presence of
diffuse erythema has been suggested as a predictor of complete and durable response [145]. However,
alemtuzumab increased the risk of infection due to depletion of B and T cells leading to cytomegalovirus
(CMV) reactivation, fever of unknown origin and generalized herpes simplex infection. In the last years
three clinical trials assessing alemtuzumab’s efficacy in MF and SS have been completed (NCT00057967,
NCT00047060 and NCT00057967), however their results have not been published so far.

5.1.2. Brentuximab Vedotin

Brentuximab vedotin (BV, formerly known as SGN-35) is an antibody-drug conjugate consisting
of a CD30-directed monoclonal chimeric IgG1 antibody and monomethyl auristatin E (MMAE),
a microtubule disrupting agent. CD30 is an excellent target for immunotherapies, both for mAb
and chimeric receptor (CAR) lymphocytes due to its limited expression on non-malignant immune
cells [146]. The mechanism of action of BV consists of the internalization of the drug-conjugate after
binding to CD30-expressing cells, followed by the release of MMAE leading to cell cycle arrest and
apoptosis [147,148]. BV, originally registered for the treatment of Hodgkin lymphoma and primary
cutaneous large cell anaplastic T cell lymphoma (pcALCL), based on the results of phase III trial
(NCT01578499) in Nov 2017 gained approval for CTCL patients who have received prior systemic
therapy [149,150]. Another clinical trial of BV in CD30-positive ALCL, MF and LyP (NCT01352520)
is ongoing with encouraging results in LyP and MF [151,152]. Due to the incidence of peripheral
neuropathy, protocols with lower dosage have been suggested. The mAb also shows potential
in the treatment of rare primary cutaneous natural killer/T-cell lymphoma with aberrant CD30
expression [153,154].

5.1.3. Mogamulizumab

Mogamulizumab, a humanized afucosylated IgG1 targeting CC chemokine receptor type 4 (CCR4)
is the second mAb registered for the management of CTCL. CCR4, involved in cell trafficking of
lymphocytes to the skin, is consistently expressed on the surface of tumor cells in T-cell malignancies [155,
156]. Defucosylation of the mAb results in an increased affinity to FcγRIIIa (CD16), and enhanced
antibody-dependent cell-mediated cytotoxicity (ADCC) [157]. It has been approved in Aug 2018 for the
patients with relapsed or refractory CTCL after at least one prior systemic therapy. The registrations
were based on the results of Phase III clinical trial (NCT01728805) including patients with relapsed MF
or SS on either mogamulizumab or vorinostat. Median PFS for mogamulizumab reached 7.6 months
and the ORR 28% compared to 3.1 months and 5% for vorinostat [158]. Moreover, in patients treated
with mogamulizumab an improvement in some aspects of quality of life, including skin pain and
fatigue were reported. Interestingly, the clinical response to mogamulizumab was not associated with
skin CCR4 expression. [159]. Despite the relatively good safety profile of the antibody in clinical
trials, some rare serious adverse events with potentially fatal outcome have been reported in clinical
experience, mostly in patients with adult T-cell leukemia lymphoma (ATLL). [160,161]. By targeting
CCR-4 mogamulizumab also eliminates nonmalignant regulatory T cells (Tregs) leading to autoimmune
disorders [162] and predisposing to increased risk of graft-vs.-host disease (GVHD) after allogeneic
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bone marrow transplantation [163–166]. Therefore, in mogamulizumab-treated patients transplantation
should be delayed for at least 50 days from the last dose and a Treg count prior to transplant has been
suggested [167].

5.1.4. KIR3DL2 Targeting

KIR3DL2, also known as CD158k, a member of the killer cell immunoglobulin-like receptor (KIR)
family, was initially identified as an inhibitory co-receptor on the surface of NK cells. In healthy
individuals, KIR3DL2 is expressed by about 20% of NK cells and also by a small proportion of CD4+

(5%) and CD8+ (9%) T cells [168]. KIR3DL2 overexpression by MF and SS cells correlates with the
disease stage and large cell transformation [169], as well as shorter survival [170]. Therefore, targeting
KIR3DL2 raises hopes for developing the long-awaited CTCL-targeted therapy [171]. IPH4102, an
anti-KIR2DL2 humanized IgG1 mAb effectively induces ADCC and immunophagocytosis [172], delays
tumor growth and improves the overall survival in a xenograft mouse model. The results of a phase I
study in MF and SS patients (NCT02593045) demonstrated a confirmed global overall response in 16
of 44 patients, and of those, 15 responses were observed in 35 patients with Sézary syndrome [173].
Moreover, a phase II trial of IPH4102 alone or in combination with chemotherapy in patients with
advanced T cell lymphoma (NCT03902184) is currently recruiting patients.

5.1.5. Immune Checkpoint Inhibitors

Although the data on the expression pattern of PD-1 axis in CTCL are limited, they suggest
a potential role of these negative immune regulators in the pathogenesis of CTCL and designate
them as therapeutic targets. In general, these studies suggest a higher expression of PD-1 on CD4+
malignant cells in case of blood and skin of SS patients comparing to MF patients [174,175] and
PD-1 has been proposed as a factor responsible for drug resistance in SS [176]. Our unpublished
observations also indicate higher levels of PD-1 expression on CTLA + CD4 + cells in patients with
a higher tumor burden. The particularity of CTCL in the context of the implementation of immune
checkpoint inhibitors relies on the fact that the tumor itself arises from CD4+ T cells, a population
of lymphocytes responsible for the priming of cytotoxic response. In CTCL both malignant and
bystander T helper cells are characterized by Th2 bias, that results in skewed anti-tumor response [177].
A mounting body of evidence suggests that in CTCL both CD4+ and CD8+ cells have characteristics of
immune exhaustion [178–180]. Therefore targeting immune checkpoints would have implications on
the functionality of both helper and cytotoxic T cells. By now, the role of PD-1 axis has been much more
investigated in CD8+ T cells [181]. It is not yet clear how targeting this pathway affects Th2 phenotype
in CTCL. Studies in solid tumors suggest that blocking PD-1 may be effective in abrogating Th2
bias. PD-1 blockade was found to shift antigen-induced cellular reactivity toward a proinflammatory
response, enhanced production of interferon- γ (IFN-γ), IL-2, TNF-α, IL-6 and reduced production of
anti-inflammatory cytokines IL-5 and IL-13 [182]. In ex vivo studies, the inhibition of PD-1 downstream
signaling increased IFN-γ secretion in a subset of patients, suggesting that PD-1 targeting may abolish
suppressive phenotype of SS cells [174]. In CTCL by now promising results have been reported in
phase II trial of pembrolizumab (NCT02243579) in heavily pretreated advanced-stage MF and SS
patients [183,184]. Combination studies based on pembrolizumab are warranted in order to increase
response rates.

Currently five open-label multicenter clinical studies of anti-PD-1 pembrolizumab in monotherapy
and in combinations are ongoing and one trial for nivolumab is recruiting patients. However, as PD-1
has recently been demonstrated to act as a tumor suppressor in T-cell malignancies [185], it has been
discussed that targeting PD-1 ligands may potentially offer a safer option in CTCL.

A study by Wilcox et al. demonstrated PD-L1 expression in peripheral blood CD4+ T cells in the
majority of patients with leukemic CTCL, however only in 27% of patients’ biopsies as evaluated with
immunohistochemistry [186]. Its expression, was high in the tumor environment, particularly in the
monocyte-derived compartment, where PD-L1 was expressed by 73% of cells. Currently, one trial of
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anti-PD-L1 atezolizumab (NCT03357224) in relapsed or refractory CTLC is active and another one for
durvalumab (NCT03011814) is recruiting patients.

While the PD-1/PD-L1 has gained much interest in the therapy of CTCL, not much is known
about CTLA-4 expression in this malignancy. Increased CTLA-4 expression has been reported on the
surface of CD3+ T cells from MF patients, most prominently in patients with late-stage disease [187].
In an analysis of skin samples, Querfeld et al. observed higher expression of CTLA-4 on both CD4+
and CD8+ T cells. In our study, we observed no significant differences in CTLA-4 expression in CD4+
malignant vs. by-stander T cells in SS patients and healthy controls [188]. There is only a limited
amount of data reports on the use of anti-CTLA-4 in CTCL. In a phase I clinical trial the combination
of nivolumab and ipilimumab displayed a similar clinical safety and efficacy when compared with
nivolumab monotherapy among pretreated patients with CTCL and peripheral T-cell lymphoma [189].
Currently, there are no active or recruiting clinical studies testing the efficacy of CTLA-4 targeting
in CTCL.

5.1.6. CD47

CD47 is a principal ligand for signal regulatory protein alpha (SIRPα)—an
immunoreceptor—expressed on all myeloid cells [190]. Binding to SIRPα results in a ‘do
not eat me’ signal and suppresses phagocytosis by macrophages. Upregulation of CD47 by various
types of cancer cells is one of the strategies of immunoevasion [191,192] contributing to poor prognosis
for the patients [193,194]. CD47 is highly expressed on Sézary cells in the peripheral blood and skin
and correlates with worse OS [195]. TTI-621, a recombinant fusion protein composed of human SIRPα
N-terminal domain fused to the Fc receptor of IgG1 [196] not only blocks CD47’s ‘do not eat me’ signal
but also enhances phagocytosis of tumor cells by monocytes. By now, it is being tested in two Phase I
trials. A single intratumoral injection resulted in a marked decrease in tumor size and in the number of
circulating SS cells in MF and SS patients (NCT02890368). Moreover, upregulation of IFN-associated
genes and alterations in innate immunity activation genes in peripheral blood and tumor tissue have
been observed [197]. Due to these encouraging results, further trials of TTI-621 in the management of
CTCL are warranted [198].

5.2. CBCL

According to the WHO EORTC joint classification B-cell-derived PCLs are classified into three
major subtypes: The most common primary cutaneous follicle-center lymphoma (PCFCL), primary
cutaneous marginal zone lymphoma (PCMZL) and the rarest but aggressive primary cutaneous diffuse
large B-cell lymphoma, leg type (PCLBCL, LT) [199]. Both PCMZL and PCFCL types are characterized
by an excellent prognosis, with 5-year survival rates higher than 90%, while for PCLBCL the 5-year
survival rate is lower than 60% [200]. Due to the lack of randomized controlled trials in CBCL, the
treatment recommendations of EORTC and International Society for Cutaneous Lymphoma (ISCL)
are mostly based on small retrospective studies and institutional experience [201,202]. Patients with
PCMZL and PCFCL are mostly treated with low-dose radiation therapy, while PCLBCL is managed
with rituximab combined with chemotherapy with or without radiotherapy [200]. Anti-CD20 therapy
is employed in PCFCL and PCMZL with more widespread skin involvement.

Rituximab

Rituximab applied intravenously is considered an alternative to the conventional treatment
of PCFCL and PCMZL and is used in the treatment of PCLBCL, LT mainly in combination with
cyclophosphamide, hydroxydaunorubicin [doxorubicin], Oncovin [vincristine], prednisone (CHOP)
chemotherapy (R-CHOP). The treatment of PCDLBCL-LT is extrapolated from diffuse large B-cell
lymphoma (DLBCL) due to morphologic, phenotypical and molecular genetic features as well as a
clinical behavior they share [201,203]. However, it has to be noted that there is a lack of randomized
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clinical trials on this topic. Moreover, there are case reports on the use of rituximab as a monotherapy
in PCLBCL, LT (reviewed in [204])

Data on the i.v. use of RTX in indolent CBCL are also case reports (reviewed in [204]). Intralesional
application of RTX has been suggested as an alternative due to a better tolerance of treatment (the
most common AE being injection-site pain) [205,206], lower dose and increased convenience for the
patient with a slightly better outcome [201].

6. Problems with the Use of Checkpoint Inhibitors

In this part we will concentrate on discussing the problems concerning the clinical use of ICIs
mainly in the context of melanoma.

6.1. Resistance to Immune Checkpoints

The application of ICIs encounters the problem of both primary (innate) as well as secondary
(acquired) resistance. Three populations of patients—(1) responders, (2) patients with innate and
(3) those with acquired resistance—have been identified by analyzing the results of the clinical
trials [207–209].

In the case of anti-PD-1 targeting, the incidence of primary resistance has been reported in
approximately 40% of untreated patients, 65% of the patients after progression on other therapies and
in >70% of those treated with ipilimumab [209]. The primary insensitivity to immune checkpoints is
related to insufficient T-cell and macrophage infiltration of the tumor, lack of PD-1 expression in the
tissue, inadequate amount of neoantigens and low mutational burden. Moreover, immunosuppressive
factors within the tumor microenvironment i.e., the presence of an innate anti-PD-1 resistance signature
(IPRES) transcriptional signature (27), the absence of an interferon signature, increase in Tregs number,
upregulation of PD-L1 molecule and the induction of indoleamine 2,3-dioxygenase (IDO) [209,210]
also play an important role. Additionally, numerous studies aim at defining the role of the gut
microbiome in the responsiveness to immunotherapy [211]. These studies are motivated by the fact
that unmethylated CpG oligodeoxynucleotides abundantly present in the bacterial DNA enhance CD8+
T cell anti-tumor immunity by downregulating PD-1 expression via the IL-12 pathway. Moreover, the
observations in germ-free animal models showed reduced numbers and impaired function of DCs and
macrophages. Indeed, a higher diversity of the gut microbiome correlates to an increased response to
anti-PD-1 monotherapy [212]. Overall, the results from preclinical in vivo studies of fecal transfer in a
murine model of melanoma [213] and sequencing of the gut microbiota composition from 42 melanoma
patients treated with anti-PD-1 [214] suggest a correlation between the presence of Bifidobacterium

species and clinical response to this immunotherapy. In patients treated with ipilimumab specific
bacteria genera i.e., Faecalibacterium and Bacteroides [215,216] were also associated with clinical response.
Other studies (reviewed in [209,217]) suggest the influence of other bacterial species clearly indicating
that further studies on this topic are warranted.

The secondary resistance concerns approximately 30% to 40% of patients showing an initial
response to anti-PD-1. Although the mechanisms underlying the acquired resistance are not completely
deciphered it seems that the upregulation of alternative immune checkpoints i.e., TIM-3 and LAG-3 [218],
JAK2 mutations resulting in disrupted IFN-γ [219] and decreased expression of human leukocyte
antigen (HLA) molecules leading to decreased antigen presentation [220] play a role (reviewed in [209]).

Based on the finding from a retrospective study comparing the efficacy of ipilimumab monotherapy
vs. ipilimumab + nivolumab in patients after progression on PD-1 inhibitors, ipilimumab seems an
option for patients with acquired resistance [221]. Preclinical data from murine model suggest the
efficacy of dual targeting of PD-1 together with the emerging immune checkpoints—LAG-3 [222] or
TIM-3 [223].
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6.2. Response Markers for Checkpoints Inhibitors

There is an unmet need for biomarkers that will identify patients more likely to respond to ICIs.
The advances in the topic have been excellently reviewed in [224,225]. Here we aimed at accentuating
the key aspects. As the blockage of PD-1/PD-L1 axis represents the most widely used ICI-based therapy,
the majority of the cited studies concentrates on this aspect.

Data from clinical trials and cohort studies suggest that PD-L1 expression on tumor cells can be
used as a predictor of response [226–231]. The expression of PD-L1 varies significantly depending on
the melanoma subtype, which correlates with response to therapy [232]. However, its application as a
single prediction marker of the therapy outcome has some limitation. Its expression undergoes dynamic
changes in the course of treatment and as a result of inflammation [233,234] and there are reports
on successful clinical outcome of anti-PD-1 treatment in PD-L1 negative cases [235]. Interestingly
in Merkel cell carcinoma response has been observed independently on PD-L1 status [125]. PD-L1
expression in the tumor microenvironment has also been suggested to be more informative than its
expression on the tumor cells [236,237]. Recently, soluble [238] and exosomal PD-L1 [239] have been
presented as a possible predictor for anti-PD-1 therapy. High levels of circulating PD-L1 would suggest
the exhaustion of T cells and the impossibility of their further reinvigoration following anti-PD-1
therapy. Interestingly, however, considerable changes in the levels of circulating PD-L1 prior to and
during pembrolizumab [239] and ipilimumab [238] treatment have been observed and shown to
correlate with clinical response. Some easily analyzable biochemical parameters have been suggested
as potential response predictors e.g., lactate dehydrogenase (LDH) and S100, which are normally used
as indicators of disease progression [240]. However, as all these markers do not correlate with the
duration of response, they may identify patients with very high tumor burden that are unlikely to
benefit from immunotherapies, but cannot be used as response predictors [225]. The same applies to
the number of the organs involved by the tumor [241].

In terms of demographic factors it has been shown that although men are highly more susceptible
to different types of tumors and have two-times higher risk of mortality from all cancers than women
do [242], their relative survival benefit from ICI-based therapy is consistently higher than for women.
Interestingly, the response to PD-1 blockage increases with age [243]. Paradoxically, despite the clear
association between increased body-mass index (BMI) and the risk of developing and dying from
various types of cancer [244], in a large retrospective study including a total of 2046 patients with
metastatic melanoma obesity has been shown to increase response to all targeted therapies, including
ICIs [245].

Features of the tumor microenvironment (TME) and the composition of the immune populations
in the peripheral blood also associate with the response. Specifically, baseline levels of CD8+ TILs
correlate with the likelihood of response. Moreover, the number of CD8+ TILs increases during
therapy in responders [246], suggesting that the preexisting immunity is required for the ICI therapy
efficacy. By analyzing the transcriptomes of 16,291 individual immune cells from 48 tumor samples of
melanoma patients treated with ICI, two distinct states of CD8+ T cells associated with tumor regression
or progression were defined by clustering [247]. The presence of the TCF7 transcription factor in CD8+
T cells that is crucial for their differentiation, self-renewal and reinvigoration has been presented to
predict clinical response to checkpoint therapy. Since CD4+ T helper cells also play an important role
in the tumor elimination e.g., by increasing the cytotoxic function of CD8+ cells and secretion of IL-2,
several studies investigated them as a potential prognostic factor. An increase in central memory
CD4+ T cells [248] and IL-9-producing CD4+ Th9 cells [249] has been reported exclusively in long-term
responders to anti-PD-1 blockage. The recent advances in understanding the role of circulating
myeloid-derived suppressor cells (MDSCs) in cancer progression also suggest that this population
may play a role in defining survival and response to treatment [250]. Results from the studies in
anti-PD-1-treated patients clearly show that a high percentage of MDSCs correlate with poor response
to the therapy [251,252]. Further, the frequency of CD14+CD16-HLA-DRhi monocytes has been
reported to predict progression-free and overall survival in response to anti-PD-1 immunotherapy [253].
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Recently, it has been shown that antibodies specific for melanocyte differentiation antigens (MDAs)
and cancer-testis antigens may be a response predictor for ICIs [254], suggesting also the importance of
the interaction between B and T cells for the therapy outcome.

By now, it seems that tumor mutational burden together with T cell-inflamed gene expression
profile exhibit the greatest predictive utility in identifying responders and nonresponders to anti PD-1
therapy, as shown in a large study in >300 patient samples with advanced solid tumors and melanoma
(representing approx. 30% of the tested samples) from four KEYNOTE clinical trials [255]. Large-scale
analyses in various cancers including patients with basal cell carcinoma and melanoma univocally
reported that patients with intermediate to high mutational tumor burden assessed with next-generation
sequencing (NGS) show a better clinical response to the PD-1/PD-L1 blockade [93,255,256]. The number
of mutations undergoes a marked decrease in immunotherapy-responders, as reported by a study in
68 advanced melanoma patients treated with nivolumab. As demonstrated by a clonality analysis, the
tumors in patients with Complete Response/Partial Response (CR/PR) undergo a substantial evolution
in the course of the therapy, already after four weeks from the therapy start [228,234]. Upregulation
of other immune checkpoints such as LAG-3 or TIM-3 was reported among others. Notably, these
molecules remain candidates for co-targeting in combination treatment regimens in order to boost
immunotherapy efficacy.

6.3. Managing Adverse Events

Since immune checkpoints under physiological conditions regulate the immune response to
prevent autoimmunity bystander damage of the normal tissue, their inhibition leads to a plethora of
immune-related AEs (irAEs). Moreover, exacerbation of already pre-existing conditions [257,258] is
reported in ICIs-treated patients. The incidence of irAEs in patients treated with ICs and methods of
management have been reviewed in [259,260]. The guidelines on the management of AEs have been
prepared by several organizations [261,262].

Fortunately, fatal AEs, with their frequency of between 0.3% and 1.3% are less frequent than in
case of other therapeutics [263]. However, they occur much earlier in the course of treatment than in
the case of other therapies and evolve rapidly [264]. Data from metanalyses indicate that in case of
ipilimumab-treatment the most frequent cause of death is colitis (approx. 70%), while targeting the
PD-1/PD-L1 axis is most frequently associated with fatal pneumonitis (approx. 35%), hepatitis (approx.
20%) and neurotoxicity (approx. 15%).

In general the irAEs can affect every organ. However, some differences regarding the organ
distribution can be identified in the populations of patients treated with anti-CTLA-4 or anti-PD-1/PD-L1.
While both these populations suffer from colitis, endocrinopathies and cutaneous toxicity, pneumonitis
and nephritis are typical for the group treated with anti-PD-1/PD-L1 [259]. Skin toxicities following
immune checkpoint inhibition in melanoma have been thoroughly reviewed in [265] and are mostly
observed in ipilimumab-treated patients. Skin-related side effects, experienced by around 60% of
patients, are rarely severe and are mostly limited to rash and itching occurring at the beginning of
the treatment, with its peak at the sixth week [266]. Targeting of PD-1 drugs induces less skin toxicity
than ipilimumab with the incidence of some form of skin disorders around 40% [267,268]. Based on
the by now the most comprehensive study by Hwang et al. the most frequent are rashes that can be
divided into lichenoid reactions (17%) and eczema (17%) and the third most common adverse reaction,
vitiligo (12%) [269]. A rash can be treated symptomatically with emollients, topical corticosteroids,
oral antihistamines and oral corticosteroids in exacerbated cases. Vitiligo can be managed by the use
of topical corticosteroids that induce repigmentation and the use of broad-spectrum photoprotection
is highly required. Other forms of skin toxicities include severe pruritus, psoriasiform reactions,
widespread erythema, DRESS syndrome, photosensitivity, sensitivity/skin toxicity in previously
irradiated areas, ulcerations pyoderma gangrenosum-like, acneiform rash, eruptive keratoacanthomas,
Sweet syndrome, Grover´s disease, Stevens–Johnson syndrome/toxic epidermal necrolysis and
erythema nodosum-like panniculitis.
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Some authors suggest that cutaneous immune-related AEs of ICIs i.e., vitiligo and rash may be
used as predictors of the clinical response. Indeed, analyses of nivolumab-treated melanoma patients
indicate that the incidence of vitiligo and rash correlates with a significant OS improvement [270,271].
Other reports suggest that anti-PD-1-induced vitiligo associated with other toxicities, such as lichenoid
reactions and eczema, can be a good prognosis marker [272].

7. Improving the Efficacy of ICIs

Beside strategies combining ICIs with other anti-tumor strategies i.e., conventional chemotherapy
(reviewed in [273]), small-molecule inhibitors (reviewed in [274]), anti-angiogenic drugs and oncolytic
viruses (both reviewed in [275]) and the already mentioned dual inhibition of immune checkpoints
e.g., PD-1 and TIGIT, the efficacy of ICIs can also be improved by modulating the affinity of mAb to Fc
receptors. Glyco-modification of the Fc portion of the antibody is routinely applied to eliminate ADCC
induction in the case of two anti-PD-L1 IgG1 mAbs (atezolizumab and durvalumab) in order to avoid
elimination of PD-1/PD-L1-expressing TILs [276]. Indeed, all anti-PD-1 directed mAbs belong to the
IgG4 isotype with silenced ADCC activity. However, the utility of eliminating ADCC has been largely
questioned by the efficacy of anti-PD-L1 avelumab [126] with non-suppressed ADCC activity. As the
results of the studies in a murine tumor model strongly suggest that the activity of agents targeting
PD-L1 relies on their binding to activating FcγR resulting in the altering myeloid subsets within the
tumor microenvironment [277]. Recently, a defucosylated anti-PD-L1 mAb with increased affinity for
FcγRIIIa has been engineered on the basis of atezolizumab and demonstrated encouraging in vitro
results with increased CD8 T cell activation [278]. Therefore, glyco-optimization of the structures of
ICIs may be of potential clinical benefit [279]. The anti-tumor efficacy dependent on the Fc-mediated
effector functions has also been demonstrated for CTLA-4, TIGIT and VISTA (reviewed in [279]).
However, this strategy is target-dependent, as the presence of FcγR-binding capacity compromises the
anti-tumor activity of anti PD-1 mAbs [277]. In case of anti-PD-1 mAbs the attenuation of ADCC relies
on the application of the IgG4 isotype. However, this isotype is considered anti-inflammatory and may
result in a reduced anti-tumor efficacy, as it retains the binding to FcγRIIb [277]. Therefore, the efficacy
of anti-PD-1 therapy may benefit from the development of agents with null FcγR-binding. It applies
also to mAbs targeting co-inhibitory receptors i.e., TIM-3 and LAG-3 [279].

8. Conclusions and Perspectives

Skin is the human body’s largest organ, and its easy accessibility offers an unprecedented gateway
for early detection and diagnosis of diseases. Both, solid and hematological malignancies can arise in
skin or secondarily affect it. The incidence of skin cancers has been increasing over the past decades up
to 287,000 new cases for melanoma and 1.04 million new cases for non-melanoma in 2018 worldwide.
This makes skin cancers a global health burden and a field of intense research contributing to the
advancement of treatments in oncology overall. Increased knowledge about signaling and immune
pathways led to the development of targeted therapies and immunotherapies representing recent
breakthroughs in cancer therapy.

These therapies opened the way for personalized and precise treatment strategies, but they also
confront physicians with novel adverse drug reactions, with the skin being again among the most
commonly affected organs.

In light of the above, further research should aim to identify more antibody-targetable molecules,
accumulate data on how to predict response to treatment and manage the adverse events. In particular,
identifying novel molecular targets that may provide a solution to decreased efficacy of mAbs due
to antigen loss as a result of selective pressure is of the utmost importance. While the intracellular
molecules represent nearly half of the human proteome and provide an immense reservoir of potential
novel targets, they have not yet been extensively explored in oncology [280]. Targeting intracellular
molecules aims also at exploiting the products of their degradation by the proteasome that are
subsequently presented in the context of MHC class I molecules and recognized by CD8+ T cells.
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Antibodies targeting such MHC-peptide complexes, the so-called T-cell receptor-mimic (TCRm)
antibodies expand the range of potential targets of immunotherapy without the problem with delivery,
which is typical for intracellular antibodies [281]. Similar to conventional mAbs, TCRm antibodies
activate various immune-dependent mechanisms i.e., ADCC and complement-dependent cytotoxicity
(CDC). Such agents are being designed for melanoma treatment, however none of them has yet
entered the clinic [280]. The use of bispecific mAbs also offers potential benefits in the context of the
immune-rich skin microenvironment. An interesting example of the use of bispecific mAbs has been
recently applied in in vitro studies, where a bispecific mAb targeting PD-L1xCSPG4 showed efficacy
in the treatment of mixed cultures containing primary patient-derived CSPG4-expressing melanoma
cells and autologous tumor-infiltrating lymphocytes [282]. Such bispecific mAbs may reduce the
off-target binding to PD-L1-expressing normal cells that compromises on-target effect and is implicated
in autoimmune-related (AEs).
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