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ABSTRACT

Background The addition of monoclonal antibody therapy
against GD2 to the treatment of high-risk neuroblastoma
led to improved responses in patients. Nevertheless,
administration of GD2 antibodies against neuroblastoma

is associated with therapy-limiting neuropathic pain.

This severe pain is evoked at least partially through
complement activation on GD2-expressing sensory
neurons.

Methods To reduce pain while maintaining antitumor
activity, we have reformatted the approved GD2 antibody
ch14.18 into the IgA1 isotype. This novel reformatted IgA
is unable to activate the complement system but efficiently
activates leukocytes through the FcoRI (CD89).

Results IgA GD2 did not activate the complement system
in vitro nor induced pain in mice. Importantly, neutrophil-
mediated killing of neuroblastoma cells is enhanced with
IgA in comparison to IgG, resulting in efficient tumoricidal
capacity of the antibody in vitro and in vivo.

Conclusions Our results indicate that employing IgA

GD2 as a novel isotype has two major benefits: it halts
antibody-induced excruciating pain and improves
neutrophil-mediated lysis of neuroblastoma. Thus, we
postulate that patients with high-risk neuroblastoma would
strongly benefit from IgA GD2 therapy.

BACKGROUND

Neuroblastoma is a pediatric tumor derived
from the neural crest, and accounts for 15%
of pediatric cancer mortality. Approximately
half of the diagnosed cases of neuroblastoma
are classified as high-risk, with a 5-year survival
rate of less than 40% when treated with
surgery, chemotherapy and radiotherapy.] A
major improvement in patient survival came
in 2015, with the Food and Drug Administra-
tion approval of ch14.18, a chimeric antibody
of the IgG1 isotype directed against the gangli-
oside GD2, expressed on neuroblastoma cells,
but also on peripheral and central nervous
tissue. Ch14.18 is applied as second-line treat-
ment in combination with interleukin (IL)-2,

% Friederike Meyer-Wentrup,?

Granulocyte-macrophage colony-stimulating
factor(GM-CSF) and 11-cis retinoic acid for
the treatment of high-risk neuroblastoma
after hematopoietic stem cell transplanta-
tion. In a large phase III clinical trial, ch14.18
combination therapy resulted in 20% more
eventfree survival (EFS) than standard
therapy, 2 years after treatment.” Although
the inclusion of immunotherapy improved
the survival of patients with neuroblastoma,
excruciating pain is a major dose-limiting side
effect caused by the administration of ch14.18
affecting therapy success.” This severe pain
is difficult to manage, and all children who
undergo treatment with dinutuximab require
the use of significant dosing of morphine (10
pg/kg/hour at minimum), and sometimes
pretreatment with gabapentin and treatment
with lidocaine or ketamine.”* Patients would
therefore strongly benefit from GD2 treat-
ment that does not induce severe pain.
Ch14.18 has two modes of action. First,
antibody-opsonized tumor cells are killed by
leukocytes through antibody-dependent cell-
mediated cytotoxicity (ADCC) that depends
on antibody binding to Fc receptors on leuko-
cytes. For IgGl-mediated antibody therapy,
natural killer (NK) cells are regarded as the
most important effector cell type. However,
for IgG-mediated ADCC against neuroblas-
toma, there is evidence that granulocytes play
an important role, because granulocyte acti-
vation positively correlates with therapeutic
outcome when treated with an antibody
directed against GD2.57 Second, chl4.18
directly activates the complement system
on the tumor cell surface, leading to cell
lysis by complement-dependent cytotoxicity
(CDC).* Since GD2 is expressed on sensory
nerve fibers as well, ch14.18 binds to GD2 on
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sensory nerve fibers and activates the complement system
locally, which generates anaphylatoxins such as Cba that
can activate sensory neurons, thereby promoting pain.” As
complement activation is one of the mechanisms contrib-
uting to pain after ch14.18, attempts have been made to
circumvent complement activation on peripheral nerves
with GD2 antibodies. For example, the introduction of
the K322A mutation in the IgGl Fc region, resulted in
reduced CDC. However, this K322A variant still induces
neuropathic pain in patients.10 B

We hypothesized that enhancing chl4.18-mediated
activation of granulocytes is beneficial, while avoiding
antibody-induced complement activation relieves pain
observed in patients treated with ch14.18. This urged us
to investigate IgA as an alternative isotype for chl4.18,
since IgA is superior to IgG in activating granulocytes,
while having no binding site for Clq, the first component
of the classical complement pathway.'*®

METHODS

Antibody production, isolation and quality control

The variable heavy and light chain sequences of ch14.18
were derived from Biologic License Application 125516.
The variable chain sequences were cloned into expres-
sion vectors (pEE14.4), coding for the IgAl or IgG1 heavy
chain or kappa light chain. Monomeric antibodies were
produced by transient transfection of HEK293F cells
with vectors coding for the heavy chain, light chain and
pAdvantage (accession number U47294; Promega), using
293Fectin transfection reagent according to the manu-
facturer’s instructions. IgGl antibodies were purified
using protein A columns (Hi-trap protein A) coupled to
an AKTA prime plus chromatography system (GE Life-
sciences). Bound antibody was eluted with 0.1 M sodium
acetate pH 2.5 and neutralized with 1M TRIS-HCI pH
8.8. The eluate was dialyzed against phosphate-buffered
saline (PBS). IgAl antibodies were purified using kappa
light chain affinity chromatography columns (HiTrap
KappaSelect, GE Healthcare) and eluted with 0.1 M
glycine buffer pH 2.5. The eluate was applied on a size-
exclusion chromatography (SEC) column ran with PBS
as mobile phase. The fractions containing monomeric
IgA were collected and concentrated with a 100 KDa spin
column (Vivaspin 20, GE Healthcare). All antibodies
were filtered over 0.22pm filters. Purity and stability of
the antibodies was analyzed by HP-SEC (Yarra 3u SEC-
2000 column) with 100 mM sodium phosphate, 150 mM
NaCl pH 6.8 as mobile phase with detection at 280 nm.

Fluorescent labeling of antibodies

Purified antibodies were labeled with fluorescein by incu-
bation at room temperature for 2hours with N-hydroxy-
succimidyl-FITC  (Thermo Fisher) while stirring.
Unbound NHS-fluorescein was removed by using seph-
adex columns (NAP-5, GE Healthcare), according to the
manufacturer’s instructions. Antibodies were labeled with

Alexa fluor-488 antibody labeling kit (Thermo Fisher)
according to the manufacturer’s instructions.

Cell culture

All neuroblastoma cell lines were acquired from the
ATCC and cultured in Dulbecco’s modified Eagle’s
medium (DMEM) culture medium supplemented with
HEPES, GlutaMAX, 10% heat-inactivated fetal calf serum,
100U/mL penicillin-streptomycin (Gibco Life Tech-
nologies) and 2% non-essential amino acids (Thermo
Fisher) at 37°C in a humidified incubator containing 5%
carbon dioxide (CO,). HEK293F cells were cultured in
FreeStyle 293 expression medium at 37°C in a humidi-
fied incubator with orbital shaker platform containing
8% CO.,,. Cells were not cultured past passage number 20
and comparisons between IgA and IgG were conducted
paired to prevent bias between cell line batches. Cells
were regularly tested for mycoplasma contamination by
MycoAlert Mycoplasma Detection Kit (Lonza).

Binding assays

1x10° neuroblastoma cells were plated out in 96 well
plates and centrifuged for 2min at 1500 RPM. Cells were
washed and incubated with fluorescein-labeled antibody
at several concentrations for 45min on ice. Next, cells
were centrifuged for 2min at 1500 RPM, washed and
resuspended in PBS. The amount of bound antibody
to the cells was quantified by flow cytometry (BD FACS-
Canto II).

Cell-based affinity measurements

IMR-32 neuroblastoma cells were plated out on the side
of a culture dish in an elliptical shape and incubated over-
night for attachment to the plate. Subsequently, plates
were washed with culture medium and transferred to the
LigandTracer apparatus (Ridgeview Instruments). First,
background signal of cells with medium was measured for
15 min. Afterwards, association was measured for 1 hour at
10nM of antibody and subsequently at 20nM for 1 hour.
Finally, dissociation was measured by replacing the anti-
body containing solution for antibody-free medium for
2hours. The affinity of the antibodies was calculated via
TraceDrawer software.

ADCC assays

ADCC was quantified as described previously.'* In short,
target cells were labeled with S1Cr (PerkinElmer). After-
wards, cells were washed. Blood for ADCC’s was obtained
from healthy donors at the UMC Utrecht (approval
number 07-125/0). For leukocyte isolation, blood was
incubated in water for 30s to lyse erythrocytes. Afterwards,
10x PBS was added to reach physiological osmolality.
Cells were washed and resuspended. For polymorphonu-
clear cells (PMN) and peripheral blood mononuclear cell
(PBMC) isolation, blood was added on top of a Ficoll (GE
Healthcare) /Histopaque 1119 (Sigma) layer and centri-
fuged for 20min at 1500 RPM. Afterwards, PBMCs and
PMNs were collected from the interphase between serum
and ficoll or in the histopaque layer, respectively. The
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used effector-to-target (E:T) ratios were 100:1 for PBMCs,
40:1 for PMNs. Effector cells with or without pretreat-
ment of 10 pM of 11-cis retinoic acid (Sigma), antibodies
at various concentration, 10ng/mL IL-2 (650IU/mL)
(eBioscience) and 10ng/mL GM-CSF (ImmunoTools),
15% pooled human serum and tumor cells were added
to round-bottom microtiter plates (Corning Incorpo-
rated) and incubated for 37°C in a humidified incubator
containing 5% CO,. Plates were centrifuged for 2min
at 1500 RPM and the supernatant was transferred to
lumaplates (PerkinElmer). Radioactive scintillation (in
cpm) was quantified in a beta—gamma counter (Perkin-
Elmer). Specific lysis was calculated using the formula:
((experimental cpm — basal cpm) / (maximal cpm — basal
cpm))x100, with maximal lysis determined by incubating
labeled cells with 1.25% triton and minimal lysis in the
absence of antibodies and effector cells.

Live cell imaging

IMR-32 cells were seeded in an 8 well p-slide (Ibidi)
1 day prior to live cell imaging. Target cells were labeled
with 20pM Calcein-AM according to the manufacturers
protocol (Thermo Fisher). Subsequently, either 10pg/
mL IgG1 ch14.18 or IgA2.0 ch14.18 and 1pM TO-PRO-3
(Thermo Fisher) were added to the target cells. Primary
PMNs were labeled with eFluor 450 (Thermo Fisher)
according to the manufacturers protocol and were added
15min after antibodies treatment. Live-cell imaging
recordings were performed with a Deltavision RT wide-
field microscope (GE Healthcare) housed in a condi-
tioned, temperature-controlled (37°C), humidified
chamber containing 5% CO,. Images were recorded using
an Olympus 40x/1.35 NA oil immersion objective on a
Cascade II 1K EMCCD/E2V CCD-201 camera. Imaging
data was analyzed using Imaris (Bitplane).

CDCG assays

10° neuroblastoma cells were added per well to 96 wells
microtiter plates and incubated for 30min with anti-
bodies at various concentrations at room temperature.
Afterwards, pooled human serum (from eight different
healthy donors) was added to a concentration of 15% and
incubated for 1hour or 4hours. Afterwards, cells were
washed and stained with 7-AAD (BD Pharmingen) for
15min. 7-AAD uptake, representing cell lysis was quan-
tified by flow cytometry (FACSCanto II, BD Biosciences).

C5a quantification

MaxiSorp 96 well ELISA plates (NUNC) were coated
with 10ug/ul anti-GD2 antibody overnight at 4°C. After-
wards, plates were washed and pooled human serum was
added for 15 min or 60 min at 37°C. Subsequently C5a was
quantified by performing a Cba ELISA (R&D systems)
according to the manufacturers protocol.

Antibody concentration determination in mouse serum

MaxiSorp 96 well ELISA plates (NUNC, Thermo Fisher)
were coated overnight with 0.5pg/mL polyclonal goat
IgG anti-human kappa (Southern Biotech) diluted in

PBS. Next, plates were washed three times with 0.05%
TWEEN 20 in PBS (PBST) and blocked for 1hour by
incubating with 1% BSA (Roche) in PBST. Serum samples
were diluted 1:2000 in 1% BSA in PBST and incubated
for 1.5hours at room temperature. Next, plates were
washed three times with PBST. HRP-labeled-anti-human
IgA or HRP-labeled-anti-human-IgG (SouthernBiotech)
were used to bind human IgA or human IgG, respectively.
Plates were developed for 10 min with ABTS (Roche) and
read out on a spectrophotometer (Bio-Rad) at 415nm.

Animals and animal experiments

Mice were maintained in the animal facility of the Univer-
sity of Utrecht. Experiments were conducted using both
male and female C57BL/6]JRj mice (Janvier)

For evaluating the in vivo efficacy of antibodies, mice
were intraperitoneally (i.p.) injected with 5x10° GD2
expressing EL4 cells expressing Luc2. After 1day, mice
were i.p. injected with 100 pg of IgG1 ch14.18, or 100 pg
of IgAl chl4.18. After 2days, blood was taken and
mice were injected with 100pl of 0.025g/mL luciferin
(Promega) i.p. and subjected to bioluminescence analysis
1 min after injection with 5 min exposure time to quantify
tumor cells (PhotonImager, Biospace Lab). Image anal-
ysis was performed using M3Vision software (Biospace
Lab). Afterwards mice were euthanized by cervical dislo-
cation. In a second model, mice were intravenously (i.v.)
injected with 1x10° cells and treated i.p. with 1001g IgG1
ch14.18 or 100 pg IgAl chl14.18. After 2days, mice were
retreated with antibodies. After 24 hours, blood was taken
and mice were injected with luciferin and subjected to
bioluminescence analysis to quantify tumor cells.

Mechanical thresholds were determined using the von
Frey test (Stoelting) with the up-and-down method as
was described before."” '° In brief, mechanical allodynia
was assessed with calibrated von Frey hair monofilaments
(Stoelting). First, mice were acclimated for 15-20 min
in a transparent box with a metal mesh floor. Mice were
i.v. treated with 100pg of IgGl isotype control, 4pg or
20pg of IgG1 ch14.18, or 20 and 100 pg of IgAl ch14.18.
The von Frey hair monofilaments were applied through
the mesh floor to the plantar skin of the hind paw. The
hair force was increased or decreased according to the
response. Clear paw withdrawal, shaking or licking were
considered as nociceptive-like responses. In each exper-
iment, the average of the left and right paw was consid-
ered as an independent measure. To minimize bias,
animals were randomly assigned to the different groups
prior to the start of experiment, and all experiments were
performed by experimenters blinded to treatment. Von
Frey data was obtained from separate experiments. Equiv-
alent dosing in pain experiments was based on data from
previous studies.'”

Antibody binding to neurons was visualized by i.v. injec-
tion of 20 or 100pg alexa-488 labeled IgGl chl4.18 or
100pg of IgAl chl4.18. Sciatic nerves were isolated and
10pm thick slices were prepared with a cryostat cryo-
tome and placed on slides. Slides were fixed for 10 min in
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4% paraformaldehyde (PFA) and washed. Finally, slides
were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI), washed and treated with FluorSave (Calbio-
chem). Slides were dried overnight at 4°C and images
were taken by fluorescence microscopy (Zeiss).

C4 deposition was determined by immunofluorescence
on mouse sciatic nerves. Slides were fixed in 4% PFA,
washed and incubated with 10 mM ammonium chloride in
PBS. After washing, slides were incubated with 10 pg/mL
of IgGl ch14.18 or IgAl chl4.18 for 1hour. Slides were
washed and incubated with 15% pooled human serum
or heatinactivated serum for 1hour at room tempera-
ture. Afterwards, slides were washed and incubated with
biotin conjugated polyclonal anti-human C4 antibody
(MyBioSource). For detection, slides were incubated
with alexa-594 conjugated to streptavidin (Thermo Fisher
Scientific). Finally, slides were counterstained with DAPI
by incubation with ProLong diamond antifade mountant
(Thermo Fisher Scientific). Fluorescence quantification
was performed with Image].

Data processing and statistical analysis

Statistical analyses were performed in GraphPad Prism
V.7.0 software (GraphPad). Data are represented as
mean+SD. For comparing mean values of two groups,
an unpaired two-tailed Student’s t-test was performed.
For multiple comparisons, two-tailed one-way analysis of
variance (ANOVA) was performed with Tukey’s range
test. For multiple comparisons with multiple concentra-
tions, two-tailed two-way ANOVA was performed with
Sidak’s multiple comparisons test. Dose-response curves
for ADCC experiments were calculated via non-linear
regression using GraphPad V.7.0 software. Asterisks
were used to indicate statistical significance: *p<0.05,
*##p<0.01, ***p<0.001 or n.s. if no statistical significance
was obtained.

RESULTS

lgA1 and IgG1 ch14.18 specifically bind GD2 with similar
affinity

First, we determined the binding of IgAl and IgGl
ch14.18 to neuroblastoma cell lines. IgAl and IgGl anti-
bodies with the chl4.18 variable region were produced
and purified in-house. All antibodies were monomeric,
with a purity above 95% (online supplemental figure 1).
Both antibodies bound similarly to the GD2 expressing
neuroblastoma cell line IMR-32, while the GI-ME-N
cell line without GD2 expression was not recognized
(figure 1A). To investigate whether the affinity of the anti-
bodies is independent of the isotype, real time cell-based
affinity measurements on IMR-32 cells were performed
with LigandTracer. The IgG1 and IgAl antibodies closely
follow the same association pattern at two different
concentrations and overlapped in the dissociation phase,
showing that the affinity of both isotypes do not differ
significantly (3.8+0.3nM vs 4.8+0.5nM) (figure 1B,C).

Mechanism of action of IgA1 and IgG1 ch14.18 antibodies
Subsequently, we compared the in vitro mechanisms of
action of IgAl and IgGl ch14.18. To compare killing of
neuroblastoma with a mix of effector cells, ADCC assays
were performed on IMR-32, SK-N-FI and LAN-5 neuro-
blastoma cell lines, with leukocytes from peripheral blood
as effector cells. LAN-5 cells showed the highest binding
of ch14.18 IgA, followed by IMR-32, SK-N-FI and GI-ME-N
(online supplemental figure 1C). Both IgAl and IgGl
antibodies lysed IMR-32 cells to a similar extent, while
SK-N-FI and LAN-5 cells were killed better with IgAl
ch14.18 compared with IgGl (figure 2A). The GI-ME-N
cell line which has no detectable GD2 expression, was not
lysed by either antibody, showing that GD2 expression is a
prerequisite for chl4.18-mediated ADCC (online supple-
mental figure 2A).

To evaluate the relative contribution of leukocyte
subsets in mediating ADCC against neuroblastoma cell
lines, isolated neutrophils or PBMC from healthy donors
were separately used as effector cells. IgGl chl4.18
effectively induced lysis in neuroblastoma cell lines with
PBMC s as effector cells, while the IgA antibody did not
lyse these cells (figure 2B, online supplemental figure
2B). Conversely, when neutrophils were used as effector
cells, IgA ch14.18 mediated ADCC was superior for all
tested cell lines in comparison to IgG1 (figure 2C, online
supplemental figure 2C). These observations were also
confirmed by in vitro imaging experiments, showing
rapid engulfment and killing of IMR32 cells by neutro-
phils when treated with IgA anti-GD2, while this process
was slower and inefficient with IgG1 anti-GD2 (figure 2D).

In patients, chl4.18 is administered as combination
therapy with GM-CSF, IL-2 and retinoic acid. Therefore,
the impact of these compounds on ADCC was assessed.
Addition of GM-CSF did not increase ADCC by IgGl,
when PBMCs were used as effector cells. Addition of the
combination of GM-CSF and IL-2 led to a small increase
of cell death without the presence of antibody, showing
increases in PBMC-mediated killing of neuroblastoma
regardless of antibody. GM-CSF and IL-2 did not affect
maximal killing by PBMC-mediated ADCC by IgG1, but
improved Kkilling at lower concentrations. Pre-exposure
of target cells to 1l-cis retinoic acid for 24 hours to
the previous combination further increased the IgGl-
independent and IgGl-dependent killing of neuroblas-
toma cell lines (figure 2E, online supplemental figure
2D). IgAl did not induce killing by PBMCs, but neuro-
blastoma cells were lysed in the presence of IL-2 alone
or in combination with 1l-cis-retinoic acid, indicating
antibody-independent recognition of neuroblastoma
cells by PBMCs (online supplemental figure 2E).

With neutrophils as effector cells, GM-CSF in combina-
tion with IgAl or IgG1 ch14.18 boosted ADCC (figure 2F,
online supplemental figure 2F), while combination
with GM-CSF and IL-2 did not further improve GM-CSF
enhanced neutrophil mediated killing. Pre-exposure of
target cells with 1l-cis-retinoic acid increased maximal
lysis. In contrast to IgAl, IgGl-mediated ADCC with
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ME-N. (B) Real-time cell-based affinity measurement of FITC-labeled IgA1 and IgG1 ch14.18 on IMR-32 cells. IMR-32 cell lines
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significance.

neutrophils was only improved slightly by GM-CSE
Furthermore, addition of IL-2 or retinoic acid did not
further enhance killing (online supplemental figure 2G).

lgA1 ch14.18 does not trigger complement activation

Ch14.18 lyses neuroblastoma target cells via CDC in
vitro, however, the same complement activation is at
least partially responsible in vivo for inducing treatment-
associated pain on sensory neurons expressing GD2.
Therefore, we assessed in vitro complement activation
by these antibodies on a panel of neuroblastoma cell

lines. As expected, IgGl ch14.18 induced CDC on GD2-
expressing neuroblastoma cell lines within 15min. In
contrast, no complement-mediated lysis was observed
for IgAl ch14.18 (figure 3A). With longer incubation for
4hours, the amount of lysis further increased for IgGl,
but remained similarly low for IgAl (figure 3B). The
neuroblastoma cell line SK-N-FI expressed more comple-
ment regulatory proteins than the other tested neuro-
blastoma cell lines, potentially explaining its resistance
against complement mediated lysis (online supplemental
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Figure 2 Induction of ADCC by IgA1 and IgG1 ch14.18 against neuroblastoma cell lines. (A) ADCC assays with IgA1 and IgG1
ch14.18 on three different neuroblastoma cell lines with leukocytes from blood as effector cells. (B) ADCC assays with IgG1 and
IgA1 ch14.18 on neuroblastoma cell line IMR-32 with isolated PBMCs (E:T ratio of 100:1) as effector cells. (C) ADCC assays with
IgG1 and IgA1 ch14.18 on IMR-32 neuroblastoma cell line with isolated neutrophils (E:T ratio of 40:1) as effector cells. (D) Live-
cell imaging of PMN-mediated ADCC. Calcein-AM labeled IMR-32 cells (Green) were treated with 10ug/mL IgG1 ch14.18
or IgA ch14.18. eFluor450-labeled PMNs were added at an 83:1 E:T ratio to tumor cells. Cell death was visualized with TO-
PRO-3 (Red). (E) ADCC assays with IgG1 ch14.18 on IMR-32 neuroblastoma cell line with isolated PBMCs (E:T ratio of 100:1)
as effector cells with or without co-treatment of GM-CSF, IL-2 and 11-cis retinoic acid. (F) ADCC assays as in (E) with IgA1
ch14.18 with isolated neutrophils (E:T ratio of 40:1) as effector cells. All ADCC assays were incubated for 4 hours at 37°C. Data
represent mean lysis of a representative donor +SD (technical triplicate at least n=3 donors per assay). Statistical significance
was determined by two-way analysis of variance. ADCC, antibody-dependent cell-mediated cytotoxicity; E:T, effector-to-target;
IL, interleukin; RA, 11-cis retinoic acid; GM-CSF, granulocyte-macrophage colony-stimulating factor; PMN, polymorphonuclear
cells; PBMC, peripheral blood mononuclear cells.
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Figure 3 Complement assays on a panel of neuroblastoma cell lines by IgG1 and IgA1 ch14.18 antibodies. (A) Lysis by IgG1
or IgA1 ch14.18 antibodies on four different neuroblastoma cell lines. Cells were incubated with three different concentrations
of antibody for 30 min and subsequently with 15% pooled human serum for 15min. Data represents mean percentage of
7-AAD+cells = SD (n=3). (B) Lysis by IgG1 or IgA1 ch14.18 antibodies on four different neuroblastoma cell lines. Cells were
incubated with three different concentrations of antibody for 30 min and subsequently with 15% pooled human serum for

4 hours. Data represents mean percentage of 7-AAD+cells+SD (n=3). Statistical significance was determined by two-way
analysis of variance. (C) ADCC assays with IgA1 ch14.18 or IgG1 ch14.18 with or without 15% serum on IMR-32 neuroblastoma
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figure 3A,B). Additionally, we investigated whether IgG-
mediated CDC increased neuroblastoma cell lysis when
combined with ADCC by mixed leukocytes. No signifi-
cant increases in lysis were observed on IMR32 cells after
addition of serum (figure 3C). Recently, an engineered
IgG1 antibody (K322A) with reduced complement acti-
vation has entered clinical trials."” As a different measure
of complement activation, we quantified Cba generation
in serum by plate bound IgGl, IgGl K322A and IgA
ch14.18. Interestingly, IgG1l ch14.18 K322A generated
less Cba compared with the wild type IgGl antibody, but
IgA ch14.18 showed even less Cba formation (figure 3D).
While Cba generation increased for both IgG chl4.18
antibodies over time, this was absent with IgA ch14.18.

lgA1 ch14.18 performs tumor cell killing in vivo

Next, we analyzed the capacity of the IgG1 and IgAl anti-
bodies to kill GD2 expressing cells in vivo in two syngeneic
immune-competent mouse models. As a model for alocal-
ized tumor, human CD89 transgenic C57Bl/6 mice were
i.p. injected with EL4 cells, which naturally express GD2.
CD89 transgenic mice express CD89 under the endoge-
nous promotor, thereby limiting expression to granulo-
cytes and activated monocytes and macrophages.'® After
24 hours of outgrowth, animals were treated with IgAl or
IgGl1. Outgrowth of tumor cells was evaluated 24 hours
after injection of the antibody by bioluminescent analysis
(figure 4A). Both IgA and IgG treatment resulted in killing
of tumor cells, although not significant (figure 4B,C).

In asecond systemic tumor mouse model, EL4 cells were
i.v. injected, and treatment was injected i.p. (figure 4D).
After 3days of treatment, both IgAl and IgG1 cleared the
tumor cells, while tumor cells were still present in mice
treated with PBS (figure 4E F).

lgA1 does not activate complement on neurons in vivo and
does not induce pain

A major limitation of IgGl antibodies directed against
GD2 is the induction of pain and allodynia after treat-
ment. Similarly, systemic administration of GD2 anti-
bodies increases mechanical sensitivity (allodynia) in
rats."! To test whether the lack of complement activation
by IgA would halt the development of pain by administra-
tion of an GD2 antibody, we tested allodynia development
after antibody administration in vivo in mice.

To control for differences between the half-life of IgAl
and IgGl, mice were i.v. injected with either a subthera-
peutic dose of IgG1 (4pg), corresponding to the serum
levels of a dose of 20 pg of IgA1 at 3hours or a therapeutic
dose of IgG1 (20 pg) or IgAl (100pg) (figure 5A). In line
with the clinical phenotype after ch14.18 treatment and
rat studies, treatment with 20 pg of IgG1 ch14.18 elicited
mechanical hypersensitivity in mice, that peaked 6hours
after administration and slowly returned to baseline
(figure 5B). Four pg of IgGl did not elicit mechanical
hypersensitivity. Conversely, most doses of IgAl did not
affect paw withdrawal threshold, except for 100ug at 6
and 24 hours that slightly reduced thresholds but the

reduction was threefold less than with 20ug IgG. Thus,
IgAl does not induce allodynia at levels that would be
therapeutic for IgG1. IgA also did not reduce mechanical
threshold in mice that express FcoR, indicating that mice
able to perform tumor killing with IgA still do not develop
pain after IgA administration (figure 5C). Subsequently,
mice were injected with fluorescently-labeled GD2 anti-
bodies. Fluorescently-labeled IgG1 chl4.18 reduced the
withdrawal threshold while IgAl did not (figure 5D). We
visualized the in vivo binding of the GD2 antibodies to
sensory neurons in the sciatic nerve ex vivo. Antibody
exposure was observed with 20pg of IgG1 and 100 pg of
IgAl ch14.18 to a similar extent and corresponded to the
amount of antibody present in the serum (figure 5E).
Ex vivo staining of GD2 on sciatic nerves overlapped
with the signal from directly labeled antibodies. The
isotype control (rituximab) did not bind sciatic nerves.
Finally, we assessed ex vivo complement activation on
sciatic nerves from naive mice. IgG1 ch14.18 elicited C4
deposition, while no C4 deposition was observed when
heat-inactivated serum was used. With IgAl ch14.18 no
C4 deposition was observed (figure 5F). Our results
summarized in figure 6, provide a novel approach to halt
GD2 antibody-induced neuropathic pain and improve
neutrophil-mediated killing of neuroblastoma.

DISCUSSION/CONCLUSION

The approval of ch14.18 for high-risk neuroblastoma led
to improvements in the survival of patients with neuro-
blastoma. Nevertheless, IgG1 antibody therapy for neuro-
blastoma comes with a major limitation: severe pain
caused in part through complement activation by the
antibody on GD2-expressing neurons. We hypothesized
that changing the isotype of ch14.18 from IgGl to IgAl
leads to increased activation of neutrophils against neuro-
blastoma while abrogating antibody-induced pain. Our
results show that IgAl chl14.18 offers strong antitumoral
effects through neutrophil-mediated ADCC without
inducing allodynia in vivo.

Thus far two approaches were undertaken to amend
the side effects of ch14.18, which focused on means
to reduce complement activation or binding to GD2-
expressing neurons. A first approach to mitigate pain was
to mutate the Clg-binding site of a humanized variant of
ch14.18 (K322A) to abrogate antibody-mediated comple-
ment activation."" ' Lysine on position 322 in the IgG1
Fc-region is essential for interaction with Clq. Although
reducing the affinity to Clq with a single amino acid
mutation is possible, the Clg-binding site in the IgGl
Fc compromises multiple amino acids.”” Therefore, this
approach only partially reduced complement activation,
and as such systemic administration of hul4.18K322A in
rats did not completely abrogate antibody-induced pain."!
Similarly, in a phase I clinical trial with this antibody, grade
3—4 pain still occurred in 68% of patients, which was dose
limiting in 11% of patients.'"’ *' We show here that IgA
ch14.18 does not initiate complement activation, since no
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Figure 4 In vivo efficacy of IgG1 and IgA1 ch14.18 antibodies. (A) Graphical representation of treatment schedule of mice
used in short IP model. (B) Bioluminescent imaging of EL4-Luc2 tumor cells after 24 hours of treatment with PBS, IgA1 or

IgG1 ch14.18. (C) Quantification of bioluminescent signal in B. Data represents mean counts/cm?—background +SD of at least
five mice. Statistical significance was determined by one-way analysis of variance (ANOVA) with Tukey’s post-hoc correction.
(D) Graphical representation of treatment schedule of mice used in i.v. model. (E) Bioluminescent imaging of EL4-Luc2 tumor
cells on day 3 of treatment after i.v. injection of tumor cells. (F) Quantification of bioluminescent signal after 3days of treatment.
Data represents mean counts/cm?—background +SD of six mice per group. Statistical significance was determined by one-way
ANOVA. i.p., intraperitoneally; i.v., PBS, phosphate-buffered saline; n.s., no statistical significance.
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measures ANOVA followed by Sidak’s post-hoc analyses. (D) Mechanical sensitivity as determined with von Frey test over time
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column: Overlay (F) Visualization of ex vivo C4 fixation on sciatic nerves by IgG1 and IgA1 ch14.18 with complement active or

heat-inactivated mouse serum. (G) Quantification of C4 depos

CDC and Cba activation by IgA ch14.18 was observed in
our assays. More importantly, systemic administration of
IgA that effectively killed neuroblastoma cells in mice, did
not elicit any signs of allodynia indicating that switching
to IgA is an effective means to prevent severe side effects
of IgGl chl4.18. The second approach to circumvent
ch14.18 induced allodynia was performed by targeting a
different variant of GD2 (O-acetyl-GD2) with the antibody
¢.8B6. O-acetyl-GD2 is solely present on neuroblastoma
cells and not on peripheral nervous tissue.?? Although
¢.8B6 does not bind pain fibers, the expression of O-ace-
tyl-GD2 is twice as low on neuroblastoma cell lines and

ition from F. i.v., intravenously.

tissue and is therefore expected to be less efficacious in
patients.

Regarding the effector mechanism, the IgGl isotype
suboptimally activates neutrophils against neuroblas-
toma, which might limit its effectiveness. Our data and
data of others show that IgA is superior to IgGl in acti-
vating neutrophils, which could be explained by the
differential expression of Fc receptors on neutrophils.* **
Human neutrophils express only one FcoR, but 2 FcyRs:
FcyRIIIb and FcyRIIa. FcyRIIIb is exclusively expressed
on neutrophils and is the most abundant FcR on these
cells. FcyRIIIb is an GPI-inked molecule and binding of
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Figure 6 Summarizing figure. The left side of the figure shows the mechanism of action of IgA and IgG antibodies against
GD2. IgA antibodies mediate killing of neuroblastoma cells with neutrophils as effector cells, while IgG antibodies do so via NK
cells and CDC. On the right side of the figure, effects on GD2-expressing peripheral neurons are shown. Here, IgG activates the
complement system, leading to pain. In contrast, IgA does not. CDC, complement-dependent cytotoxicity; NK, natural killer.

IgG will not lead to ADCC by PMN through this receptor.
Therefore, FcyRIIIb might act as a decoy receptor for
IgG, reducing the ability of IgG to engage neutrophils in
ADCC.” In addition, IgA binds with a 1:2 stoichiometry
to FcoR,* leading to greater activation of neutrophils."
In our studies, we have used ch14.18 of the IgAl isotype.
In a clinical setting, use of IgA2 might be preferred due to
the association of aberrantly glycosylated IgAl antibodies
with autoimmune disease.”’

Besides neutrophils, monocytes and macrophages are
potential effector cells in the treatment of neuroblas-
toma with IgA. Both monocytes and certain subsets of
tissue resident macrophages express CD89.* Due to
the natural occurrence of tumor-associated macrophages
within the neuroblastoma tumor microenvironment, they
may represent a population of interest to activate against
neuroblastoma.” Indeed, IgA antibodies can induce
similar ADCC with monocytes and antibody-dependent
cell-mediated phagocytosis with macrophages against
tumor cells as IgG, which warrants further investigation
for use of these cells against neuroblastoma.'***

Next to an inherent vulnerability of neuroblastoma
cells to neutrophil-mediated killing, the timing of the
current treatment protocol also favors an approach
where neutrophils are used as effector cells. Currently,

patients with high-risk neuroblastoma are treated with a
myeloablative regimen followed by autologous stem cell
transplantation.” Shortly thereafter, the immunothera-
peutic protocol with IgGl chl4.18 is started. Less than
25% of patients reached proper immune reconstitution
for NK cells at the moment of immunotherapy, which
might reduce NK cell-mediated killing against neuroblas-
toma.” In contrast, neutrophils are among the first leuko-
cyte subsets to be restored to physiological levels and are
therefore a clinically important population to engage
for tumor Kkilling in this partially immune-compromised
state.* ¥ Alternatively, the Children’s oncology group
is also conducting a trial (ANBL17P1) to assess dinu-
tuximab upfront with chemotherapy which is based on
a previous single-institution phase II trial that showed
promising responses (NCT01576692).

At present, the preferred treatment schedule with
ch14.18 treatment contains GM-CSF and IL-2. GM-CSF
improves granulocyte and macrophage-mediated ADCC
against neuroblastoma.’® In our studies, IgA mediated
killing, was improved by the addition of GM-CSF. On
the contrary, IL-2 did not improve IgA-mediated or IgG-
mediated killing by neutrophils, as expected. IL-2 was
added to the clinical regimen after positive results were
seen in adult patients with GD2-expressing melanoma and
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sarcoma after treatment with ch14.18 in combination with
I-2.%7 A clinical trial which compared immunotherapy
with and without IL-2 for treatment of neuroblastoma
indicated that the addition of IL-2 did not have signifi-
cant effects on EFS or overall survival and that early termi-
nation because of toxicity was significantly higher in the
IL-2 arm.™ Recently, a phase-III clinical study indicated
that addition of subcutaneous administration of IL-2 in
combination with ch14.18 cells did not improve outcome
in comparison to ch14.18 alone.” Although IL-2 is of
importance for the immune reconstitution of NK cells
and lymphocytes, the necessity of IL-2 treatment for
further studies with IgA should be reevaluated.

Improving the predictability of in vivo models is much
desired, and patient-derived xenografts (PDXs) can offer
models which mimic the molecular and phenotypical
features of patients more closely. Although these PDXs
offer tumors that are more similar to the clinical situa-
tion, the mice used for these studies are not.* NOD-
SCID-gamma mice are often used for these studies and
lack a functional, T, B and NK cell compartment and the
occurring macrophages and dendritic cells are defec-
tive. In addition, the complement system of these mice
is also compromised, while neutrophils are still present
and functional. Therefore, a comparison of IgA and IgG
in these mice is not appropriate. This is the reason why
we used syngeneic immune-competent mouse models,
because the aforementioned effector cells and mecha-
nisms are present.

Although EL4 cells do naturally express GD2 and
are often used for anti-GD2 in vivo antibody models,
they are not neuroblastoma cells." ™ Alternatively, to
the EL4 in vivo models, NXS2 murine neuroblastoma
cells are another model to study therapeutic antibodies
against neuroblastoma in vivo.” Unfortunately, these
cells are derived from the A/] mouse strain and an FcoR-
transgenic mouse on that background does not exist, so
this model could not be used for our experiments.

Neuropathic pain is a complex side effect caused after
ch14.18 administration. To assess induction of pain in vivo
we used the von Frey method as was described previously
for ch14.18 induced pain."" Others methods have been
described to determine pain behavior in mice.* Ideally,
antibody-induced pain should be assessed by more than
a single type of nociception assay. However, it remains
unknown which methodology would be most relevant
to quantify the pain mediated by ch14.18. This is an
important question which requires further investigation.

In our pain studies, we dosed mice with five times the
amount of IgA compared with IgGl to adjust for the
innate difference in halflife between these isotypes in
mice. Although this complicates head-to-head in vivo
comparisons, a similar neuronal exposure and serum
concentration could be achieved. In humans, the in vivo
half-life of IgA is approximately 1week, which strikingly
approximates that of chl4.18 in children with high-risk
neuroblastoma.*’ Therefore, we do not envision the
half-life of IgA to limit its clinical efficacy. In contrast,

the difference in half-life between IgG and IgA in mice
is much bigger, due to strong hepatic clearance and an
artificially high binding of human IgG to mouse FcRn.'” **
Several approaches have been undertaken to improve the
half-life of IgA.* >

In summary, our studies stimulate further investigations
on the use of IgA against neuroblastoma. IgA offers both
improved neutrophil activation and the benefit of over-
coming pain in one single molecule. Our preclinical data
suggests that IgA could be dosed higher than IgG without
side effects. Therefore, IgA should be further explored as
a next-generation therapeutic for neuroblastoma.
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