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ABSTRACT

Gene therapy approaches now allow for the production of therapeutic antibodies by healthy or cancerous
human tissues directly in vivo, and, with an increasing number of gene delivery methods available, the cell
type for expression can be chosen. Yet, little is known about the biophysical changes introduced by
expressing antibodies from producer cells or tissues targeted by gene therapy approaches, nor about the
consequences for the type of glycosylation. The effects of different glycosylation on therapeutic anti-
bodies have been well studied by controlling their glycan compositions in non-human mammalian
production cells, i.e,, Chinese hamster ovary cells. Therefore, we investigated the glycosylation state of
clinically approved antibodies secreted from cancer tissues frequently targeted by in vivo gene therapy,
using native mass spectrometry and glycoproteomics. We found that antibody sialylation and fucosylation
depended on the producer tissue and the antibody isotype, allowing us to identify optimal producer cell
types according to the desired mode of action of the antibody. Furthermore, we discovered that high
amounts (>20%) of non-glycosylated antibodies were produced in cells sensitive to the action of the
produced antibodies. Different glycosylation in different producer cells can translate into an altered
potency of in-vivo produced antibodies, depending on the desired mode of action, and can affect their
serum half-lives. These results increase our knowledge about antibodies produced from cells targeted by
gene therapy, enabling development of improved cancer gene therapy vectors that can include in vivo
glycoengineering of expressed antibodies to optimize their efficacies, depending on the desired mode of
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Introduction

The use of monoclonal antibodies (mAbs) for the treatment of
cancer has been one of the most successful therapeutic strate-
gies for the treatment of both hematologic malignancies and
solid tumors. To date, the US Food and Drug Administration
and European Medicines Agency have approved over 80 ther-
apeutic antibodies, with over 570 being currently in various
stages of clinical trials." The majority of these therapeutic
antibodies belong to the immunoglobulin class G (IgG), and
of those, the majority to IgG1, as this subclass can elicit cyto-
toxicity on target cells and has the most prolonged serum half-
life via neonatal Fc receptor (FcRn)-mediated recycling.”
Alternatively, antibody therapeutics whose function would be
impaired by target cell depletion, such as checkpoint inhibitors
that bind to T-cells, are often developed as IgG4s that elucidate
low Fcy-receptor activation.

IgG half-life and immune effector cell activation are highly
influenced by their glycosylation pattern.” Antibody glycosyla-
tion represents a complex post-translational protein modifica-
tion that includes a cascade of different trimming and

extension steps. In IgGl, it occurs via N-linked glycosylation
at asparagine 297 in the crystallizable fragment (Fc) of the IgG
heavy chain.

Briefly, fucosylation of the proximal N-acetylglucosamine
(GleNACc) reduces antibody binding to the activating FcyRIIIa
receptor on natural killer (NK) cells, a subset of peripheral
(5-10%) and splenic monocytes as well as macrophages by
steric hindrance, resulting in a reduction of antibody-
dependent cell-mediated cytotoxicity (ADCC).* In contrast,
the lack of antibody fucosylation causes increased IgG binding
to the low-affinity FcyRIIIb on granulocytes (neutrophils, eosi-
nophils and basophils), which leads to repressed ADCC
responses and increased phagocytosis selectively in this cell
population.” Furthermore, terminal galactose or mannose
negatively influences the circulating half-life of the antibody,
although the importance of this effect is still debated.®
Sialylation of the terminal galactose suppresses antibody-
mediated immune responses by: 1) reducing ADCC and anti-
body-dependent cellular phagocytosis (ADCP) via a decreased
affinity to FcyRIIla; 2) binding to macrophage-presented
Siglec-7/9, or by binding to T cell presented Siglec-15; and 3)
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by impairing complement-dependent cytotoxicity (CDC).” ™"
Conversely, antibody sialylation increases the circulating half-
life by preventing terminal galactose from binding to the hepa-
tocytic asialoglycoprotein receptor.'' Therefore, depending on
the intended biological activity of the antibody, different glyco-
forms of the antibody may be desired.

Antibody glycosylation is not uniform, resulting in
a heterogeneous mixture of different glycoforms. The distribu-
tion of glycoforms depends on the producer cell,'” i.e., whether
(natural) antibodies are expressed from plasma cells in vivo, or
produced ex vivo as recombinant therapeutics, which is typi-
cally done in Chinese hamster ovary (CHO) cell lines, giving
rise to high yields with facile cultivation.

The glycosylation pattern of CHO-produced therapeutic
antibodies can nowadays be modified by glycoengineering.
Antagonistic antibodies, such as the anti-HER2 antibody tras-
tuzumab, profit from an increased ADCC, which is achieved by
decreased fucosylation.">™"> Conversely, for T-cell-binding
checkpoint inhibitors like nivolumab, an ADCC response
would lead to T cell depletion and therefore counteract the
intended T cell activation. Consequently, a glycosylation pat-
tern with reduced ADCC response and increased circulating
half-life, i.e., by increasing fucosylation and sialylation, could
be beneficial.'>"”

Gene therapy approaches are currently being developed
with an increasing number of strategies, utilizing both viral
and non-viral vectors, for the delivery of genes encoding ther-
apeutics, including antibodies or antibody fragments. Such
in vivo expressed antibodies can, in principle, be produced in
a variety of different organs and cell types.'® The in-vivo
expression of the anti-human epidermal growth factor receptor

Table 1. Overview of investigated mAb producer cell lines.

TZB Adenovirus

Cell line Cell type Cell Origin responsive replication

CHO-S Epithelial ~ Chinese hamster - -
ovary

Detroit 551 Fibroblast Human fibroblast - -

HT1080 Cancer Fibroblast sarcoma - -

A549 Cancer Non-small-cell lung - -
cancer

MCF7 Cancer Breast - -
adenocarcinoma

SKBR3 Cancer Breast ++ -
adenocarcinoma

BT474 Cancer Breast +++ -
adenocarcinoma

HEK293 Embryonic Human embryonic - +++

kidney

Levels of trastuzumab responsiveness are based on our data (Figure 1) and the
data of others.?" Adenovirus replication refers to the ability of a first-generation,
replication-deficient adenovirus to actively replicate (i.e., the missing viral genes
E1A and E1B that render it replication-deficient are provided in trans by the cell
line itself).

promising results in cancer gene therapy.'® Despite the increas-
ing number of gene therapy studies targeting cancer cells, the
glycosylation state of antibodies expressed from cancer cells
has not been investigated yet. Considering the extensive knowl-
edge about antibody glycosylation in CHO or other ex vivo
producer cells and the previously reported altered glycosyla-
tion of cancer cell surface receptors,” it can be presumed that
antibodies produced from cancer cells might also have altered
glycosylation patterns. However, detailed data about the cancer
cell-induced glycosylation pattern of expressed and secreted
antibodies are required to lay the foundation for improved
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Figure 1. Loss of antibody glycosylation induced by the antagonistic autocrine effect of the produced antibody and virus replication. Growth inhibitory effect of
nivolumab (a) or trastuzumab (b) on non-HER2 expressing (A549 and Detroit 551) and HER2-positive (MCF7, SKBR3 and BT474) cells, normalized to untreated cells.
SKBR3 and BT474 cells showed a significant decrease in cell viability upon trastuzumab addition (continuous lines), while the cell viability of the remaining cell lines was
not influenced by trastuzumab (dotted lines). c¢) Quantification of non-glycosylated antibody species of nivolumab (white bars) or trastuzumab (red bars) by peptide
mass analysis. Only trastuzumab-responsive BT474 and SKBR3 cells produced elevated levels of non-glycosylated or half-glycosylated antibody species. The cell viability
of A549 (d) or HEK293 (e) cells treated with a nivolumab-encoding first-generation (filled circles) or gutless adenoviral vector (empty circles) normalized to untreated
cells. f) Non-glycosylated antibody forms could only be observed under conditions promoting viral replication (i.e., from the first-generation virus in HEK293 cells). Cell
viability was obtained from three separate cell populations. Peptide mass spectrometry data represent three individual consecutive measurements. Error bars represent
SEM. Data comparison was done with a two-way ANOVA test, p > 0.01 (**) and p < 0.0001 (****) are indicated.
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Figure 2. Optimization of homogeneous production of nivolumab. a) Construct used for expression. The heavy and light chain (dark and light blue) of the expressed
antibodies are expressed under the control of a CMV promotor with a 2A site to facilitate equimolar expression. The heavy and light chain are getting separated by
a ribosomal skipping mechanism initiated by a 2A site (black). In order to remove residual 2A site residues at the C-terminus of the heavy chain, a furin site (yellow) was
encoded upstream of the 2A site. Cleavage sites are depicted in the protein sequence by black arrows. Following cleavage, the signal sequence is translocated and
processed, and the residual basic residues of the furin site removed by carboxypeptidases, resulting in unmodified heavy and light chain molecules. The full antibody
sequence of trastuzumab and nivolumab are shown in Sup. Fig. 1 and 2. Three 2A sites (F2A, P2A and T2A) were tested to achieve homogenous antibody backbone
masses. b) Mass analysis of the PNGase F deglycosylated antibodies. Nearly complete processing of nivolumab is revealed for the P2A construct, as evidenced by the
identical mass as observed for the commercial Opdivo. In contrast, the T2A construct shows the presence of minor antibody species with incomplete carboxypeptidase
cleavage. In all cases, some low abundant species were detected, representing the clipping of glycine from the C-terminus of the heavy chain. The glycosylation state is
shown of nivolumab (c) or trastuzumab (d) expressed from CHO-S cells, transfected with naked DNA or infected with a replication-deficient adenoviral vector. Very
similar glycosylation patterns are observed by quantitative glycopeptide analyses. Peptide mass spectrometry data represent three individual consecutive measure-

ments (n = 3).

For this reason, we address in this study four key aspects: 1)
A comparison of the glycosylation of antibodies produced from
target cells for cancer gene therapy with those from established
ex vivo producer cells; 2) the influence of an autocrine (growth
inhibitory) effect of the expressed antibody on antibody glyco-
sylation; 3) a correlation between antibody isotypes and cancer
cell induced glycosylation; and 4) the effect of the gene delivery
vectors (viral vs. non-viral) on antibody glycosylation.
Therefore, we investigated the glycosylation pattern of two
different clinically approved antibodies, trastuzumab
(Herceptin®, humanized IgGlk) and nivolumab (OPDIVO®,
IgG4xk). We investigated them upon expression from cancer
cells with a variable range of HER2-dependence (Table 1), as
well as from fibroblasts, which can be a major stromal compo-
nent of many cancers. Trastuzumab can induce direct cell
growth inhibition but not an apoptotic effect in HER2-
sensitive cells; thus, HER2-sensitive producer cell lines can be
inhibited through autocrine effects. In contrast, nivolumab, an
anti-programmed cell death protein 1 (PD1) antibody, has no
reported binding to tumor cells.”' Furthermore, antibodies

were expressed upon gene delivery with DNA transfection
and via different viral gene delivery vectors in cells that pro-
mote or do not promote viral replication, to investigate
whether active viral replication can affect the glycosylation
patterns of the secreted antibodies.

Recent innovations in state-of-the-art hybrid mass spectrome-
try (MS) approaches, combining high-resolution native MS and
peptide-centric MS, have enabled comprehensive characterization
of biopharmaceuticals, including the measurement of structural
micro- and macro-heterogeneity of protein proteoforms. Making
use of such methods, it is now possible to characterize in-depth
various therapeutic and serum glycoproteins.”>>* We have now
made use of these methods to characterize for the first time the
glycosylation and corresponding biological effects of different
antibodies produced in different cell types and cell lines and by
different expression systems. This knowledge will help to further
design, develop and optimize complex biologics produced in vivo,
both with regards to finding the best production site, as well as
defining glycoengineering that may be warranted for the intended
mode of action.
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Results

Homogenous amino acid composition of produced
antibodies:

To produce the antibodies in the desired host-cells, we encoded
both heavy and light chains of the same antibody under the
control of a single promoter, using a furin site followed by a self-
cleaving 2A site (Figure 2a), to provide approximately equimolar
expression of both chains. To test whether homogeneous back-
bone production with no residual side products is obtained, we
tested the homogeneity and purity of three different 2A site
variants (Figure 2a), which originated from three different
viruses, namely foot-and-mouth disease virus (F2A), porcine
teschovirus-1 (P2A) and thosea asigna virus (T2A). The heavy
chain is linked at its C-terminus to a furin site, followed by the
2A site, followed by the signal sequence of the light chain (Figure
2a, Sup. Fig. 1 and 2). Briefly, ribosome skipping leads to
a cleavage between the 2A sequence and the light chain signal
sequence, followed by removal of the 2A sequence by furin,
followed by carboxypeptidase trimming of the four basic
amino acids on the C-terminus of the heavy chain.

Upon transient expression and Protein A purification of anti-
bodies produced by HEK293-F cells, the P2A variants showed the
most homogenous production of the antibody backbone (Figure
2b). Similar results were obtained for the F2A site, while some
heterogeneity was observed for the T2A site. As a side note,
C-terminal extensions (incomplete carboxypeptidase trimming)
observed when using the T2A site have often been identified in
recombinantly produced antibodies as a result of stress introduced
by the high-level production.”> However, even in this case, despite
increasing the heterogeneity of the produced recombinant anti-
body, the effect of this subpopulation on antibody structure,
thermal stability, pharmacokinetics as well as antigen and FcRn
binding of this antibody subpopulation is currently considered
negligible.”> Nevertheless, we decided to use the P2A construct in
further studies, as it showed the most homogeneous processing
toward the desired molecular species upon transient expression in
HEK293-F cells, which is desired for MS analysis. For trastuzu-
mab, the F2A construct yielded the most homogenous backbone
and highest yields upon transient expression, comparable to nivo-
lumab. Both the P2A construct of nivolumab and the F2A con-
struct of trastuzumab resulted in monodisperse proteins with
a single major species of the correct size, without any detectable
degradation or aggregation (Sup. Fig. 3).

Virus production and targeted cancer cell infection

Both antibodies were encoded on a first-generation adeno-
viral vector: trastuzumab as an F2A construct and nivolumab
as a P2A construct. Negative staining and transmission elec-
tron microscopy (TEM) were used to confirm the intact
structure of purified virions (Sup. Fig. 4a). Both antibodies
produced from CHO-S cells, either transduced with non-
replicating viral vectors or by transfection with naked DNA,
showed nearly identical glycosylation patterns in native mass
analysis (Sup. Fig. 5) and in complementary quantitative
glycopeptide analysis (Figure 2c-d), demonstrating that the
viral gene delivery per se, in the absence of active virus

replication, does not introduce major changes in the glycosy-
lation state of CHO-expressed antibodies. Trastuzumab from
transfected CHO cells showed 15% less agalactosylated, 10%
more mono- and 5% more fully galactosylated antibodies
than trastuzumab produced from virus-infected cells (Figure
2d). Nevertheless, it should be emphasized that batch-to-
batch variations in galactosylation of commercial Herceptin®
have been observed and are accepted in the GMP production
of the antibody.”® Moreover, changes in the glycosylation
between antibody produced from transfected or infected
cells were not found for nivolumab (Figure 2¢), and so we
believe these findings on galactosylation cannot be
generalized.

In order to infect HER2-positive cancer cells (MCF7,
SKBR3, and BT474) with high efficiency, the purified viruses
were retargeted using a previously designed trimeric adaptor
molecule,””*® which redirects the natural tropism of the ade-
novirus from the coxsackie adenovirus receptor (CAR) to
HER2. All other cell lines (CHO-S, Detroit 551, HT1080, and
A549) were infected with a naked virus via the natural trans-
duction mechanism that employs CAR binding. A list of all
investigated infected cell lines is given in Table 1. The trans-
duction efficiency (Sup. Fig. 4b) and the amount of cell-
expressed antibody (Sup. Fig. 4c) were similar for both anti-
body-encoding viruses, except for MCF7, which produced less
nivolumab than trastuzumab. Furthermore, trastuzumab-
sensitive cells (BT474 and SKBR3 cells) generally produced
less antibody than fibroblasts (Detroit) or human non-cancer
(HEK293) producer cells (Sup. Fig. 4c). In line with previous
findings,”” infection of non-HER2 expressing cancer cells (i.e.,
A549 cells) could be achieved by infecting cells with non-
retargeted adenoviral vectors.

Autocrine effects of produced antibodies lead to growth
inhibition and concurrent production of non-glycosylated
forms

We acquired high-resolution native mass spectra for all antibo-
dies produced from the different cell lines and, in parallel,
performed (glyco)peptide-centric analysis of their glycosylation
patterns. The native MS spectra provide an overview of the
proteoform profiles of all antibodies analyzed, which we repre-
sent by annotated zero-charge deconvoluted spectra and by a list
of annotated proteoforms (Sup. Fig. 6 and Sup. Table 2).
Complementary to the native MS data, quantitative MS analysis
of the IgG glycopeptides (Sup. Fig. 7), generated by proteolytic
digestion, provided in-depth glycosylation profiles, from which
we derived the relative abundances of all validated glycoforms
(Sup. Table 3). Suggested compositions of the glycan structures
were obtained from manual inspection of selected MS/MS spec-
tra, which are all depicted in Sup. Data 1 and 2.

Our data revealed that, in addition to the significant differ-
ences in the quantity and composition of antibody glycosylation
caused by the different origin of the producer cell line, we
detected substantial portions (over 20%) of non-glycosylated
and a smaller portion (over 2%) of half-glycosylated trastuzumab
(Figure 3), when trastuzumab was expressed from the trastuzu-
mab-responsive cell lines SKBR3 and BT474 (Figure 1b). In
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Figure 3. Non-glycosylated trastuzumab is exclusively produced from HER2-addicted cells. Zero-charge deconvoluted native mass spectra of the intact trastuzumab (a)
and nivolumab (b) produced from Detroit and BT474 cell lines. The spectra are separated into three sections, highlighting the mass range of non-glycosylated (red), half-
glycosylated (blue), and fully glycosylated forms (gray). ¢) Trastuzumab expressed from HER2-addicted cells (BT474 and SKBR3) led to the production of a substantial
amount of non-glycosylated or half-glycosylated antibodies, while trastuzumab expressed from non-HER2 addicted cells resulted in only fully glycosylated antibodies. d)
As a control, nivolumab showed neither non- nor half-glycosylated variants regardless of HER2 addiction of the producer cell line.

sharp contrast, HER2-negative cell lines (A549, CHO-S, Detroit,
HT1080), which are not responsive to trastuzumab (Figure 1b),
showed negligible amounts of non-glycosylated antibodies. For
confirmation of this finding, the non-glycosylated antibody spe-
cies were also quantified by peptide-centric MS (Figure 1c) and
were found to be in a good agreement with the native MS results
(Sup. Fig. 8). MCF7 cells, which express lower levels of HER2
and are non-responsive to trastuzumab, also showed no signifi-
cantly elevated levels of non-glycosylated antibodies. Notably,
the amount of non-glycosylated trastuzumab correlated with
HER2 sensitivity (Figure 1b) and HER2 transcription levels
(Sup. Fig. 9). This leads us to the conclusion that the signaling
inhibition with ensuing growth inhibition by trastuzumab upon
binding to HER2 is the biological course for non-glycosylated
antibodies. Since we did not find any correlation with the
amount of FcyR/FcRn on the producer cancer cells (Sup.
Fig. 9), we can exclude Fc binding of trastuzumab to cancer
cells as a possible cause.

In line with this hypothesis, the expression of nivolumab,
which does not bind to HER2, did not impair the growth or
metabolism of the tested cell lines (Figure la), and did not
reveal any incomplete antibody glycosylation (Figure Ic).
Therefore, highly elevated levels of non-glycosylated antibody
species are restricted exclusively to trastuzumab expression
from HER2-sensitive cell lines, and thus this correlates with
the antagonistic action of the antibody on its producer cell line.

As a side note, although we optimized different 2A cleavage
constructs using a human cell line (HEK293-F) before investi-
gating cancer cell infection, a low abundance (typically around
10%) of incomplete furin-cleaved antibodies were observed in
some cell lines (Detroit 551, HT1080, SKBR3, and BT474),
most likely caused by a lower expression of furin in these cell
lines, compared to HEK293 cells.*

Active viral replication also leads to non-glycosylated
antibody forms

To further investigate the observed correlation between inhibi-
tion of cell growth and antibody glycosylation, we performed
experiments to induce cellular stress by viral replication. We
found that non-glycosylated antibody forms were only
observed in conditions that facilitate virus-mediated cell lysis,
i.e., in HEK293 cells, which provide adenoviral genes (E1A and
E1B) in trans for virus particle amplification (Figure 1f).>' For
this purpose, we expressed nivolumab, which does not have
any autocrine effects on the producing cell lines (here A549
and HEK?293), from either a first-generation adenovirus (repli-
cation-competent in HEK293 cells) or gutless adenoviral vec-
tors (rendered replication-deficient due to the lack of the viral
genome).” Replication of the first-generation virus in HEK293
cells led to cell growth arrest (Figure le), whereas the gutless
adenovirus only inhibited proliferation under very high



6 (&) D.BRUCHERETAL.

multiplicities of infection (MOIs). Gutless virus-mediated
growth inhibition is most likely caused by very low residual
amounts of helper virus (which is replication-competent in
HEK293 cells), remaining from the production, as has been
previously described.” In A549 cells, which lack the E1 gene
and thus do not facilitate the replication of E1-deleted adeno-
viral vectors, neither first-generation nor gutless virus showed
any growth inhibitory effect (Figure 1d). Accordingly, non-
glycosylated nivolumab forms were only observed from
HEK293 cells infected with first-generation adenovirus
(Figure 1f). HEK293 cells transduced with a gutless viral vector
or transfected with naked DNA of the antibody plasmids, as
well as A549 cells transduced with a first-generation vector, did
not lead to incomplete glycosylation (Figure 1f).

Unique glycosylation pattern of cancer cells

As the next step, we performed an in-depth analysis of the
cancer cell-mediated glycosylation patterns by combining
native MS and glycopeptide analysis to further investigate
changes in the composition of the fully glycosylated anti-
body forms. Overall, we found that the microheterogeneity
of the glycosylation profile of the expressed antibody dif-
fers with respect to the origin of the producer cell line,
quantitatively presented in Figure 4 for trastuzumab
expressed from representative cell lines. More specifically,
we observed an increased amount of N-acetylneuraminic
acid (Neu5Ac) sialylation - further only referred to as
sialylation - for both nivolumab and trastuzumab
expressed from the various cancer cells, compared to
a negligible amount of sialylated antibodies expressed
from a classical antibody producer (CHO-S) cell line or
a fibroblast (Detroit 551) cell line (Figure 5a). Sialyation
levels varied in between the cancer cell lines used, ranging
from marginal (i.e, 5% in MCF7 and 7% in BT474) to
moderate (i.e., 17% in A549) and high (30-45% in SKBR3)
levels. The cancer cells we used belonged to several differ-
ent cancer types, such as breast adenocarcinomas (MCF7,
SKBR3, BT474), fibroblast sarcoma (HT1080) and non-
small-cell lung cancer (A549). Although previous studies
had shown high amounts of a sialylated therapeutic pro-
duced from HT1080 cells,'* we could not detect elevated
levels of sialylated antibody expressed from HT1080 cells
in our study. Of note, we used HT1080 cells that were
previously modified to express the fibroblast activation
protein (FAP) for an increased adenovirus infection.
Observed elevated levels of antibody sialylation correlated
with the upregulation of the a2-6 sialic acid transferase
ST6GAL1 mRNA (Sup. Fig. 10) and protein levels (Figure
5b) in these cancer cell lines. Also, in line with our find-
ings, orthogonal expression of ST6GAL1 in CHO-S cells
has been described to increase antibody sialylation.'® No
immune-stimulating, non-endogenous forms of sialic acid
N-glycolyl-neuraminic acid (Neu5Gc) were detected on
the cancer cell-expressed antibodies.

The remaining antibody glycosylation forms we analyzed
(fucosylated, as shown in Figure 5c, galactosylated (Sup. Fig.
11) or high-mannose forms (Sup. Fig. 11)) showed no general
cancer-cell specific patterns, while particular cancer cells did

show very interesting glycoforms. Of note, A549 cells led to
a higher amount of high-mannosylated glycoforms (Sup. Fig.
11) and, more importantly, an exceptionally low amount of
fucosylated forms for the IgG1 antibody trastuzumab (Figure
5d). This decrease of fucosylation translated to an increased
FcyRIIla binding and activation, detected here via
a fluorescence readout assay (Figure 5e), and thus to increased
FcRyllla engagement of the A549-expressed trastuzumab com-
pared to the clinically used Herceptin (Figure 5f), predicting an
increased ADCC response. Notably, this assay does not
account for competition of foreign Fc molecules preoccupying
the FcRyllla receptor, thus in vivo results might differ.
Conversely, when trastuzumab was expressed in HER2-
addicted (BT474) cells, due to the high amounts of non-
glycosylated (Figure 5d) and sialylated (Figure 5a) antibody
species, FcyRIlla binding, and thus the potential ADCC
responses, were lower than when trastuzumab was expressed
from HER2-negative cancer (A549) cells or compared to the
commercial Herceptin produced in CHO cells (Figure 5f).

Discussion

In this study, we determined whether and how glycosylation
patterns of antibodies are affected when they are produced in
human tumor cells or fibroblast cells as a prerequisite for
designing and optimizing targeted human gene therapy. We
compare these results to those from standard producer cell
lines (CHO and HEK293); thereby, we benchmarked these
glycosylation profiles against their corresponding clinically
approved CHO-produced therapeutics, with which properties
of different glycoforms have been well established. We focused
our work on two well-studied, clinically relevant antibodies of
two different classes and modes of action (trastuzumab, an
IgG1 where ADCC is desired, and nivolumab, an IgG4 where
ADCC is undesired).

In summary (Figure 6), we observed three critical varia-
tions in the glycosylation of the antibodies at N297: 1) ele-
vated, yet heterogeneous levels of sialylated antibodies
produced by the tumor cells; 2) decreased fucosylation of
trastuzumab, but not nivolumab, produced in the A549
tumor cell line; and 3) the presence of non-glycosylated anti-
bodies when the cell line is sensitive to the antibody, or when
it is put under stress by viral replication, such as by infection
with a replication-competent virus. Here, we will discuss the
potential implications of these observations for the future
developments of cancer gene therapy as these properties
relate to Fc receptor affinities, antibody effector functions,
serum half-lives and immunogenicity.

We revealed that N297 antibody sialylation was elevated for
both trastuzumab (IgG1l) and nivolumab (IgG4) in all adeno-
carcinoma and non-small-cell lung cancer lines. These levels
also did not significantly vary by antibody class (IgG1 vs. IgG4)
when produced by the same cell line, except in the case of
SKBR3 cells, which produced nivolumab (IgG4) with signifi-
cantly higher sialylation levels than observed for trastuzumab
(IgG1). We hypothesize that this is not intrinsic to the antibody
class itself, but rather due to the autocrine effects of the pro-
duced trastuzumab, leading to a negative regulation and overall
loss of antibody glycosylation (Figure 1c).
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Figure 4. Glycosylation profile of trastuzumab expressed in a representative set of
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spectrometric analysis of tryptic glycopeptides derived from trastuzumab pro-
duced by CHO-S, fibroblast (Detroit 551), and two cancer cell lines (A549 and
SKBR3). Overall differences in the antibody glycosylation are expressed in bar
charts showing a comparison of three functionally relevant glycan types among
different cell lines. Changes in the microheterogeneity are shown by the different
coloring of the segments in the stacked columns, representing different glycan
compositions, and by depicting some of the most abundant glycans next to the
corresponding segment. Of note, some glycoforms appear in both fucosylated
and sialylated classes, as they contain both sialic acid and fucose. Antibodies
expressed from tumor cells showed substantial differences in microheterogeneity
in comparison to antibody glycosylation from non-cancer cells, represented by
the table under the chart summarizing the number of glycoforms found for each
cell line. Peptide mass spectrometry data represent three individual consecutive
measurements.

Furthermore, our data indicate that the varying degrees of
elevated sialylation across tumor cell lines could be a result of
differential upregulation of the a2-6 sialic acid transferase,
ST6GALL, in these tumor cell lines, shown by us via protein
levels (Figure 5b) and by others via mRNA levels.”” In line with
these findings, it has been reported to be sufficient to over-
express human ST6GALLI during antibody production in CHO
cells to induce increased amounts of antibody sialylation."®

Cancer immunotherapeutics like checkpoint blockade anti-
bodies (e.g., anti-PD1) or costimulatory agonistic antibodies (e.
g, anti-4-1BB) have been engineered to have impaired ADCC/
CDC function to prevent depletion of activated effector cells.
Their local production by tumor cells may thus be an attractive
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design goal, since increased sialylation may already occur
naturally in some tumor lines and may otherwise be achieved
by ST6GALL overexpression. It will have to be assessed, how-
ever, whether the thereby obtained extended circulating half-
life'' and the reduced ADCC response™ of sialylated antibo-
dies can outperform T cell inactivation by sialic acid-activated
Siglec-15” and NK cell silencing by sialic-activated Siglec-
7,-9.°

For many anti-cancer therapies, however, reduced ADCC
can be an undesirable effect and reduce antibody efficacy.
Furthermore, once bound to the tumor cell, the anti-
inflammatory properties of sialic acid could have other con-
sequences. For example, sialylated antagonistic antibodies
against tumor receptors that bind directly to tumor cells,
such as trastuzumab, might cover the tumor with an additional
anti-inflammatory signal that would silence tumor-infiltrating
lymphocytes and NK cells instead of activating them.

Fucosylation can also negatively impact ADCC by reducing
affinity for FcyRIIIa. Nonetheless, in contrast to sialylation,
therapeutic producer cell lines (i.e., CHO) commonly produce
antibodies with fucosylated glycans (80-100%).”> One cancer
cell line used in our study, i.e., A549, produced significantly
lower levels of fucosylation, which indeed translated to
increased FcyRIIla binding and activation compared to the
commercial drug Herceptin, produced from CHO cells, and
may thus potentially lead to an increased ADCC response. It
should be noted that recently several therapeutic anti-tumor
antibodies have been glycoengineered to decrease or eliminate
fucosylation, showing increased ADCC and promising thera-
peutic effects surpassing those of the corresponding conven-
tional CHO-produced commercial products.’

Interestingly, reduced fucosylation was only found for the
IgGl1 (trastuzumab) expressed from a variety of cancer cell
lines (A549, SKBR3 and BT474) cells, but not for the IgG4
(nivolumab), which showed normal levels of fucosylation.
Differences in the fucosylation state of antibodies may be
related to antibody class in addition to the cell line from
which they are expressed, as this has been previously described
also for IgG1 and IgG4 antibodies expressed from the same cell
line.*®

Our final key finding was that, in addition to the host
cell line and the antibody class, the specificity of the
produced antibodies, i.e., antibody-induced autocrine
effects on the producer cell line, had significant effects
on antibody glycosylation. Native MS analysis revealed
that cancer cell lines that were sensitive to the antibodies
they produced resulted in significant levels of antibodies
lacking glycosylation in one heavy chain (half-glycosylated
forms) or both heavy chains (fully non-glycosylated). The
loss of glycosylation was exclusively observed in cell lines
sensitive to the expressed antagonist trastuzumab, leading
to a measurable reduction of FcyRIIla binding and activa-
tion, by the cancer cell-expressed antibodies in compar-
ison to the commercial therapeutic, Herceptin (Figure 5f).
We hypothesize that the cellular stress by the signaling
inhibition caused by the autocrine effects of the antibody
leads to a negative feedback loop where cells release more
non-glycosylated antibodies via the secretory pathway or
via partial cell lysis.
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Figure 5. Key glycosylation characteristics of cancer cell-produced antibodies. Antibody glycosylation was quantified by MS analysis of tryptic digests derived from
corresponding IgG products. a) Exclusively cancer cells produced antibodies with elevated levels of sialylation. b) The a2-6 sialic acid transferase ST6GAL1 was
elevated in cancer cell lines as detected by Western blot, whereas no ST6GAL1 was detected in non-cancer cell lines. c) While the amount of fucosylated nivolumab
was consistently high in all cell lines, fucosylation was substantially reduced for trastuzumab produced in several cancer cell lines, independent of HER2 expression.
d) Expressed antibodies consist of a mixture of different glycoforms, i.e., strongly ADCC-promoting, with a non-fucosylated glycan (green), weakly ADCC-promoting,
fucosylated (gray) or ADCC-impaired, non-glycosylated (red) antibodies. e) A FcyRllla-activation assay was used to elucidate the potential effect of cancer cell
expressed antibodies on their ADCC response. Trastuzumab binding to HER2-positive cells (SKBR3) leads to the induction of luciferase in a Jurkat detection cell line
upon FcyRllla-activation. f) FcyRllla-activation of trastuzumab expressed from different cell lines as compared to Herceptin is shown. Opdivo, which is a non-HER2
binding IgG4, functions as a negative control, as this isotype has impaired FcyRllla binding. FcyRllla activation data was obtained from three separate cell
populations. Peptide mass spectrometry data represent three individual consecutive measurements. Error bars represent SEM. Data comparison was done with

a two-way ANOVA test, p < 0.01 (**) and p < 0.0001 (****) are indicated.

Similar to the autocrine effect of the produced therapeu-
tic, cellular stress induced by viral replication-mediated cell
lysis also enhanced the formation of non-glycosylated anti-
bodies (Figure 1f). In contrast, in the absence of signaling
inhibition by the secreted product, no detectable non-
glycosylated antibodies were produced from non-
replicative vectors or following DNA transfection.
Furthermore, CHO cells transfected with DNA or infected
with non-replicative vectors showed identical sialylation
and fucosylation of the produced antibodies, with some
changes only observed in the galactosylation of trastuzumab
among the produced antibodies. We thus conclude that, at
least in CHO cells, gene delivery by non-replicative viral
vectors has no overall impact on the glycosylation pattern
compared to DNA transfection. However, further studies
will be required to evaluate whether this conclusion is
applicable also to cancer and fibroblast cells.

In contrast, our finding that replicative vectors showed
increased amounts of non-glycosylated antibodies under con-
ditions that allow viral replication may highlight a limitation of
oncolytic viruses: antibodies expressed in vivo from cancer cells
infected by a replicative oncolytic virus may lead to decreased
therapeutic efficacy because aglycosylated antibodies lack Fc
engagement, which is a limitation for antagonistic antibodies
that function primarily through ADCC.

In this context, it would be of interest to determine whether
the in vitro observed tendency of non-glycosylated antibodies to

more easily aggregate and to have lower thermal stability also has
a significant limiting influence on the effector function of non-
glycosylated antibodies produced by oncolytic viruses.*”

The glycosylation pattern of endogenous, B cell-produced
antibodies is not static but highly regulated, based on genetics,
diet and even diseases,”””® which indicates that the glycosyla-
tion pattern of cancer-cell-produced antibodies in vivo might
be even more heterogeneous due to the tumor cells’ complex
interactions with the tumor microenvironment, disease pro-
gress and responses to therapies than we have addressed here.
Gene therapy approaches offer a unique opportunity to adapt
and control the glycosylation pattern of in vivo expressed
antibodies by employing previously developed antibody gly-
coengineering strategies®”** in vivo, to optimize the physiolo-
gical functions of the antibody. In fact, in vivo antibody-
mediated sialylation has recently shown promising result in
anti-inflammatory diseases,” potentially paving the way for
a new field of in vivo glycoengineering. Depending on the
desired mode of action, coexpression of sialidases** or sialyl
transferases,'® decreased fucosylation by GnT-III (B-1,4-man-
nosyl-glycoprotein  4-B-N-acetylglucosaminyltransferase),**
which induces a bisecting GIcNAc preventing fucosylation
due to steric clashes, or RMD (GDP-6-deoxy-D-lyxo-4-hexu-
lose reductase),*> which limits the substrate supply for anti-
body fucosylation, or, alternatively, increased fucosylation by
fucosyl transferases are accessible through appropriate vector
design.
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Figure 6. Summary: Expression in different host cells influences antibody glycosylation, potentially enhancing activity. Here we expressed two clinically approved
antibodies (trastuzumab and nivolumab) in various cancer and non-cancerous cell lines upon gene delivery by a viral vector. The cancer cell lines induced specific
glycosylation patterns different from the commercially produced therapeutic antibody, whereas the fibroblast cell line showed more therapeutic-like glycosylation with
regards to sialyation and fucosylation. Hypersialylation, as reported to occur on surface receptors of cancer cell lines, is also reflected by the antibodies that are secreted
from these cells, and can be linked to the enhanced expression of the sialic acid transferase ST6GAL1 in the tested cancer cell lines. Several cancer cell lines produced
and secreted IgGs harboring substantially less fucosylation, which we showed can lead to improved FcyRllla binding and thus increased ADCC. Cancer cells sensitive to
the antibody they secrete do often respond by the production of non-glycosylated antibody molecules. Thus, when antibodies are produced in vivo, they have to be
targeted by viral vectors to the optimal producer cells, which has now become possible. Furthermore, such strategies could further benefit from glycoform engineering,

potentially further increasing their therapeutic efficacy.

In conclusion, the analysis of factors influencing the glyco-
sylation of antibodies produced in various cancer cell lines and
fibroblasts, as demonstrated here, will guide the further devel-
opment of gene therapy for production of therapeutic proteins
in vivo.

Materials and methods
Chemicals, antibodies, and cell lines

All chemicals, antibodies, and cell lines used in this study are
described in the Supplementary Information.

Antibody design

The heavy and light chains of the humanized IgG1lk antibody,
trastuzumab (Sup. Fig. 1), and the human IgG4k antibody,
nivolumab (Sup. Fig. 2), were synthesized from protein
sequences of the commercially available therapeutic
(Herceptin®, Genentech) and IMGT accession No. 9623,
respectively. Signal sequences H7 and L1 were chosen for
trastuzumab heavy and light chain, while signal sequences H5
and L2 were chosen for nivolumab to achieve antibody
secretion.*® Antibody heavy and light chains were separated
by the foot-and-mouth disease virus 2A self-processing peptide
(F2A).Y The 2A sequences are preceded by an N-terminal
furin cleavage site RKRR to remove excess 2A amino acids
from the antibody heavy chain allowing the trimming of the
remaining RKRR by carboxypeptidase. The F2A sequences

were later exchanged with the P2A or T2A sequence using
Gibson assembly (New England Biolabs).

The antibody genes were subcloned into the pShuttle plas-
mid, where they could be used directly for transient transfec-
tion experiments. Further, pShuttle plasmids were assembled
with a modified pAdEasy-1 plasmid, carrying a mutation in
the hypervariable region 7 of the hexon for first-generation
virus production, as described in the AdEasy Adenoviral
Vector System kit manual (Agilent Cat. No 240009). For
cloning gutless viruses, the expression cassettes from the
pShuttle constructs were subcloned directly into the back-
bone plasmid pC4HSu from Microbix© using standard clon-
ing techniques.

Virus production

First-generation adenoviruses were made as described in the
AdEasy Adenoviral Vector System Kkit's manufacturer’s
instructions, using HEK293 cells as a packaging cell line. The
nivolumab gutless virus was amplified using the cell line 116 as
described.*® All viral constructs were purified after production
with two consecutive cesium chloride density gradients and
stored at —80°C in 20 mM HEPES pH 8.1, 150 mM NaCl, 1 mM
MgCl,, 10% glycerol upon usage.

Antibody production

Adherent cells were adapted to DMEM medium containing
IgG-depleted serum (PAN Biotech, Cat# P30-2802) for two
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passages before infection. The day prior to infection, adherent
cells were seeded in 5 x 15 cm dishes to reach a confluence of
90% the following day. The density of the suspension cell lines
was adjusted to 2 x 10° (HEK293-F) and 4 x 10° (CHO-S) cells/
mL on the day of infection. Adherent cells were infected with
one infectious particle of untreated adenovirus per cell, except
for HER2-expressing cells (i.e., MCF7, BT474, SKBR3), which
were infected via HER2-retargeted adenoviral vectors as
described previously.””*® Suspension cells were infected with
ten infectious particles per cell of untreated adenovirus.
Infectious particles were determined in A549 cells as described
in the supplementary part. Cell supernatants were harvested 5,
10- and 15-days post-infection for adherent cells and 7 days
post-infection for suspension cells.

Antibody purification

Cell supernatants were filtered through a 0.2 pm filter, loaded
onto a prepacked 1 ml GE Protein A column (Cat#: 17040201),
washed with 10 column volumes of phosphate-buffered saline
(PBS), and antibodies were eluted with 0.1 M citric acid, pH
2.5. Samples with detectable absorbance at 280 nm were
pooled, dialyzed against PBS, and stored at —80°C until usage.

Western blotting

ST6Gall and GAPDH expression was analyzed by first separ-
ating the protein content of the cell lysate on an SDS gel
followed by protein transfer to a PVDF membrane and staining
by anti ST6GAL1 and GAPDH antibodies. The detailed pro-
cedure and antibodies that were used can be found in the
supplementary part.

Size exclusion chromatography

Purified antibodies were analyzed by size exclusion chromato-
graphy coupled to multi-angle light scattering (SEC-MALS)
under non-reducing conditions, following de-glycosylation
with PNGase F (NEB cat. no. P0704S). Antibodies (30 pg
each) were loaded onto a BEH 500 UPHLC column and sepa-
rated with a flow rate of 0.3 mL/min in PBS running buffer. The
eluted protein was detected by 280 nm absorbance and the
molecular mass determined by a three-angle light scattering
detector (WDAWN).

Sample preparation for native MS

Purified protein solutions (containing 20 g of the protein) were
buffer-exchanged into 150 mM aqueous ammonium acetate (pH
7.5) by ultrafiltration (vivaspin500, Sartorius Stedim Biotech,
Germany) using a 10 kDa cutoff filter, and the protein concen-
tration was adjusted to 2-3 pM prior to native MS analysis. The
same batch of samples was used to investigate the backbone
mass heterogeneity of all IgG samples. The samples were treated
with five units of PNGase F (Roche, IN, USA), and incubated at
room temperature overnight. Following incubation, IgG samples
were buffer-exchanged once more into 150 mM ammonium
acetate (pH 7.5) and immediately analyzed by native MS.

Native MS analysis

Approximately 2-3 uM of protein was directly sprayed into
a modified Exactive Plus Orbitrap instrument with extended
mass range (EMR) (Thermo Fisher Scientific, Bremen) using
a standard m/z range of 150-15,000. The voltage offsets on
transport multi-poles and ion lenses were manually tuned to
achieve optimal transmission of protein ions at elevated m/z.
Nitrogen was used in the higher-energy collisional dissociation
cell at a gas pressure of 6-8 x 107'° bar. The following MS
parameters were used: spray voltage 1.2-1.3 V, source frag-
mentation, and collision energy were varied from 20-100 V to
achieve optimal desolvation, source temperature 250°C, and
resolution (at m/z 200) 35,000. The instrument was mass
calibrated in the 500-5,000 m/z range using Csl clusters, as
described previously.*

Proteolytic digestion for glycopeptide-centric analysis

5 ug aliquots of selected IgG samples were brought to 100 mM
ammonium bicarbonate (pH 8.5) to achieve a concentration
of 1 mg/ml. The samples were denatured with 1% sodium
deoxycholate (SDC) and reduced with 5 mM TCEP. This
mixture was incubated for 4 hours at 37°C with LysC
(enzyme:protein ratio of 1:75 w/w), followed by overnight
incubation at 37°C with trypsin (1:100 w/w). Hereafter, the
SDC was precipitated by bringing the samples to 1% trifluor-
oacetic acid and centrifugation at maximum speed for 10 min.
The supernatant was collected for subsequent desalting by an
Oasis pElution HLB 96-well plate (Waters, Wexford, Ireland)
positioned on a vacuum manifold. All desalted proteolytic
digests containing modified glycopeptides were dried with
a SpeedVac apparatus and reconstituted in 40 pL of 0.1%
formic acid prior to liquid chromatography (LC)-MS and
MS/MS analysis.

For native MS analysis, proteins were buffer-exchanged
into 150 mM aqueous ammonium acetate (pH 7.5), and
analyzed on a modified Q-exactive Plus Orbitrap mass spec-
trometer with extended mass range (EMR) (Thermo Fisher
Scientific). The raw native MS spectra were deconvoluted to
zero-charge spectra by Intact Mass software®® (Protein
Metrics, CA, USA). We annotated the spectra by use of an in-
house developed R script for semi-automated peak annota-
tion as described previously.”’ For LC-MS and MS/MS ana-
lysis, we prepared Lys-C and tryptic digests from all protein
samples. Resulting peptide mixtures were desalted, dried, and
reconstituted in formic acid before MS analysis. All peptides
were separated and analyzed using an Agilent 1290 Infinity
HPLC system (Agilent Technologies) coupled on-line to an
Orbitrap Q exactive HF mass spectrometer (Thermo Fisher
Scientific). The data were processed by the software Byonic
and Skyline and eventually manually curated. A detailed
description of all data analysis can be found in the
Supplementary Materials.

Cell viability assay

After four days of antibody or virus incubation with the respec-
tive cell line, antibody-induced growth inhibition was measured



by a NeoFroxx XTT assay (Cat# 1167TT000) according to the
manufacturer’s protocol. Due to different proliferation rates,
cells were seeded with adjusted cell densities the day prior to
treatment (i.e., 4,000 cells/well for Detroit, 3,200 cells/well for
BT474, 2,500 cells/well for MCF7 and 2,000 cells/well for SKBR3,
HEK293 and A549) in 96-well plates. Signal intensity was mea-
sured at 463 nm absorbance, referenced to 670 nm absorbance.

Antibody FcRyllla binding quantification

Due to the cell growth-arresting effect of trastuzumab on
HER2-expressing cells, a signaling-based assay from Promega
(Cat# G7010) was used to determine the intensity of the
FcRyllla-mediated response. For this purpose, 5,000 SKBR3
cells were incubated per well with a target-to-effector cell ratio
of 1:15, and the FcRyllla-induced luciferase signal was
detected after 30 minutes of exposure of the cells with Bio-
Glo™ Luciferase Assay Substrate using an exposure time of
10 seconds on a Tristar Multimode Reader LB 942 (Berthold).
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