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Abstract

Background Monoclonal antibodies (mAbs) have proved to be a valuable tool for the treatment of different cancer types.
However, clinical use of an increasing number of mAbs, have also highlighted limitations with monotherapy for cancers,
in particular for such with more complex mechanisms, requiring action on additional molecules or pathways, or for cancers
quickly acquiring resistance following monotherapy. An example for the latter is the mAb trastuzumab, FDA approved
for treatment of metastatic gastric carcinoma. To circumvent this, researchers have reported synergistic, anti-proliferative
effects by combination targeting of HER2 and EGFR by trastuzumab and the EGFR-targeting mAb Cetuximab overcoming
trastuzumab resistance.

Methods Maintaining the proven functionality of trastuzumab, we have designed bi-specific antibody molecules, called
AffiMabs, by fusing an EGFR-targeting Affibody molecule to trastuzumab’s heavy or light chains. Having confirmed binding
to EGFR and Her2 and cytotoxicity of our AffiMabs, we analyzed apoptosis rate, receptor surface levels, phosphorylation
levels of receptors and associated signaling pathways as well as differentially expressed genes on transcriptome level with
the aim to elucidate the mode of action of our AffiMabs.

Results The AffiMabs are able to simultaneously bind HER2 and EGFR and show increased cytotoxic effect compared to
the original trastuzumab therapeutic molecule and, more importantly, even to the combination of trastuzumab and EGFR-
targeting Affibody molecule. Analyzing the mode of action, we could show that bi-specific AffiMabs lead to reduced surface
receptor levels and a downregulation of cell cycle associated genes on transcriptome level.

Conclusion Our study shows that transcriptome analysis can be used to validate the choice of receptor targets and guide
the design of novel multi-specific molecules. The inherent modularity of the AffiMab format renders it readily applicable
to other receptor targets.

1 Introduction family of receptor tyrosine kinases. Aberrant expression and

signaling of ErbB receptors have long been associated with
Monoclonal antibodies (mAbs) are approved oncology  tumorigenesis of various types of solid tumors [1], making
therapeutics with clinical efficacy in different tumor types.  these receptors attractive therapeutic targets. ErbB receptors
As a common strategy in cancer therapy’ many mADbs are play an important role in the proliferation and differentia-
designed to target surface receptors on the cancer cell. A tion of epithelial, mesenchymal, and neuronal cells [1, 2].
popular and well-studied class of receptors is the ErbB ~ The four family members EGFR/ERBB1/HER1, ERBB2/
HER2/NEU, ERBB3/HER3, and ERBB4/HER4 have simi-
lar structures, consisting of an extracellular domain (ECD),
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We have developed a new bispecific antibody format
called AffiMabs, consisting of an Affibody molecule
fused to an antibody’s heavy or light chain, a modular
format that allows for easy adaptation to different targets.

The model AffiMab in this study, an epidermal growth
factor receptor (EGFR)-binding Affibody fused to the
therapeutic human epidermal growth factor receptor 2
(HER-2)-binding antibody trastuzumab, had a stronger
cytotoxic effect on a gastric cancer cell line than the
combination of both parental molecules.

The mode of action of this AffiMab is suggested to be
a combination of reduced surface receptor levels and a
downregulation of transcription of cell cycle-associated
genes.

differentiation, apoptosis, and migration. Epidermal growth
factor receptor (EGFR) and human epidermal growth factor
receptor 2 (HER2) are the most well-studied in this recep-
tor family [1], and this has resulted in several mAbs being
approved for cancer therapy to date, including cetuximab,
panitumumab, and necitumumab (binding EGFR) and tras-
tuzumab and pertuzumab (targeting HER?2).

Trastuzumab (Herceptin) is a humanized mAb approved
for the treatment of HER2-positive metastatic breast can-
cer and gastric cancer. Trastuzumab treatment is effective
in patients with HER2-positive disease, especially in com-
bination with chemotherapy, and has proven superior to
chemotherapy alone [3, 4], but the therapeutic effect is often
transient, implying the occurrence of trastuzumab resistance
[5]. Compensatory signaling through other receptors of the
ErbB family and through autocrine ligand expression have
been identified as mechanisms of trastuzumab resistance
[5-7]. Several studies have suggested that upregulation of
EGFR expression is a factor that contributes to acquired
trastuzumab resistance [8—10], which paved the way for
therapeutic strategies targeting both receptors simultane-
ously. Increased antitumor effects were reported for various
tumor types and even for trastuzumab-resistant cells when
combining the EGFR-binding mAb cetuximab with trastu-
zumab [8, 11-13] or trastuzumab with other HER2-targeting
agents [14, 15].

However, a clear drawback with combination therapy is
the elevated costs for parallel development, production, and
approval [16]. Bispecific antibodies have emerged as a strat-
egy to circumvent this by binding different targets with only
one molecule. The aforementioned knowledge about HER
pathology encouraged us to develop a bispecific EGFR/
HER?2 antibody. To this end, we fused an EGFR-binding
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Affibody molecule to the C-terminus of trastuzumab’s
heavy chain (HC) or light chain (LC) to generate a so-
called AffiMab. Affibody molecules—6 kDa alpha-helical
engineered scaffolds (for a detailed review see Stahl et al.
[17])—have been employed previously to generate bispecific
binders. Insulin-like growth factor (IGF)-1R-, HER3-, and
interleukin-6-binding Affibody molecules have been fused
to trastuzumab, cetuximab, and adalimumab (Humira),
respectively, with promising in vitro results [18, 19]. Fusion
proteins of EGFR- and HER2-binding Affibody molecules
have also been investigated and found to have no effect on
cell proliferation [20, 21]. Compared with these bispecific
Affibody fusions, the AffiMab format presented here has the
advantage of bivalent expression of both binding entities
while retaining the functionalities of the scaffold antibody.

Here, we report on the generation of a HER2-EGFR-
binding AffiMab and the functional characterization of
the HC and LC fusions. We conducted binding and cell
proliferation studies. The increased cytotoxic effect of the
AffiMabs encouraged us to further elucidate the mechanism
of action of these molecules. We analyzed apoptosis rate,
receptor surface levels, phosphorylation levels of receptors,
and associated signaling pathways, as well as differentially
expressed genes at the transcriptome level to explain the
observed effect.

2 Methods
2.1 Cell Lines and Antibodies

The gastric carcinoma cell line NCI-N87 was purchased
from ATCC (CRL-5822™) and maintained in RPMI-1640
medium (Sigma) supplemented with 10% fetal bovine serum
(FBS) (Sigma). A-431 cells (ATCC® CRL-1555) were cul-
tured in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% FBS. SKOV3 cells were cultured in McCoy’s 5a
medium, supplemented with 10% FBS. All cells were main-
tained in a humidified atmosphere with 5% carbon dioxide
at 37 °C and passaged every 2-3 days.

Trastuzumab (Roche, Basel, Switzerland) and the immu-
noglobulin G (IgG) control adalimumab (AbbVie, North
Chicago, IL, USA) were purchased from a local pharmacy.
The EGFR-binding Affibody molecule Z,,;, henceforth
referred to as zZEGFR, was obtained from Affibody AB.
Both AffiMab variants were secreted from HEK-293F cells
as described in the following subsections.

2.2 Cloning and Production of AffiMabs

AffiMabs were constructed by fusion of the gene for the
EGFR-binding Affibody molecule ZEGFR to the C-termi-
nus of the HC or LC of trastuzumab via a 15-amino-acid
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glycine-serine linker (SS(G),S(G)4SS; Fig. S1 in the elec-
tronic supplementary material [ESM]). The HC and LC
constructs were cloned into pcDNA3.3 and pOptiVEC vec-
tors, respectively, using solid-phase cloning as previously
described [22]. In brief, the insert sequences for antibody,
HC, LC, and Affibody with linker were polymerase chain
reaction amplified in separate reactions and sequentially
immobilized and hybridized on streptavidin-coated magnetic
beads. AffiMabs were transiently produced using the 293F
system (Invitrogen) and purified using protein-A chromatog-
raphy (GE Healthcare, Uppsala, Sweden).

Two AffiMabs, Tra-zEGFR-L15 (see Sect. 3.1), and the
isotype control Ada-zEGFR-L15 were at a later stage pro-
duced employing the transient ExpiCHO expression system.
To this end, the HC and LC of the AffiMabs were cloned
by conventional restriction cloning into a dual-expression
cassette vector system pKTH17 (Fig. S2 in the ESM), encod-
ing both the HC and the LC. All constructs were cultured
and expressed in ExpiCHO cells (Thermo Fisher Scientific,
Waltham, MA, USA) according to the ExpiCHO standard
titer protocol (ExpiCHO Expression System User Guide,
Pub. No. MAN0014337 Rev. C.0). Protein A-facilitated
purification was performed on an AktaSTART system on
mADb SelectSuRe columns (GE Healthcare).

2.3 Measurement of Target Binding by Surface
Plasmon Resonance

To measure target binding, HER2-ECD-His was immo-
bilized onto a CM5 sensor chip surface (GE Healthcare)
using amine coupling at approximately 1000 response units.
Antibody (3 pg/mL) and EGFR-ECD-His (40 pg/mL) pro-
tein were sequentially injected by binding for 2 min and
stabilization for 3 min at 50 pL/min flow rate. For affin-
ity measurement, a slightly modified set-up was used; goat
anti-human IgG (y) (Invitrogen) was immobilized onto a
CMS sensor chip using amine coupling, and antibodies were
captured. Then, HER2-ECD-His or EGFR-ECD-His protein
was injected at concentrations ranging from 0 to 320 nM or
from 0 to 500 nM, respectively. Sensorgrams were obtained
at each concentration and evaluated using BIAevaluation
software.

2.4 Measurement of Target Binding on Cells

A-431 and SKOV3 cells were harvested by trypsinization,
neutralized with complete growth medium, and washed once
with phosphate buffered saline (PBS); 1.5x 10° cells were
labeled with trastuzumab, AffiMabs, or zZEGFR Affibody
molecule, respectively, at a concentration of 1 or 0.01 pg/mL
Affibody molecule while shaking for 45 min at room temper-
ature. Cells were washed and then labeled with 2 pg/mL goat
anti-human IgG-Alexa488 or goat anti-Affibody-Alexa488

for 30 min on ice in the dark. After one final wash with
PBS supplemented with 1% bovine serum albumin (PBS-B),
cells were analyzed on a Gallios flow cytometer (Beckman
Coulter).

2.5 Cell Proliferation Assay

NCI-N87 cells were seeded on a tissue culture-treated
96-well plate (Nunc) at a density of 100,000 cells/mL in 100
pL growth medium. After 24 h, the medium was exchanged
for medium containing AffiMabs or controls at eight differ-
ent concentrations varying from 133 to 0.008 nM. Controls
were trastuzumab, a nonbinding IgG, adalimumab (Humira),
an isotype control consisting of adalimumab with zZEGFR
coupled to the LC (Ada-zEGFR-L15), mono- and bivalent
zEGFR, and a mixture of mono- or bivalent ZEGFR with
trastuzumab. For the monovalent ZEGFR Affibody molecule,
double amounts, i.e., 266—0.016 nM, were used to compen-
sate for the bivalency of the AffiMabs. However, for simpli-
fied visualization and better comparability in the diagram,
zEGFR was plotted at the corresponding dilution step of
the antibodies. Cells were cultured for 4 days at 37 °C in a
humidified atmosphere with 5% CO, in a plastic bag to mini-
mize evaporation. On day 4, we added 10 uL alamarBlue®
(Thermo Fisher Scientific) to each well. After 4 h incubation
in the conditions described, fluorescence at an excitation
wavelength of 530 nm and emission wavelength of 590 nm
was measured.

2.6 Antibody Treatment of NCI-N87 Cells for Further
Analysis

NCI-N87 cells were seeded in a tissue culture-treated multi-
well plate (VWR International) at a density of 120,000 cells/
mL growth medium. After 24 h, the medium was exchanged
for medium containing 133 nM of antibody, Affibody mol-
ecule, or AffiMab, respectively. Cells were cultured for
2-4 days at 37 °C in a humidified atmosphere with 5% CO,
in a plastic bag to minimize evaporation.

2.7 Receptor Surface-Level Analysis by Flow
Cytometry

NCI-N87 cells were cultured in a 24-well plate (VWR
International) in 500 pL growth medium as described in
the previous paragraph. On day 4, cells were harvested by
trypsination and washed once with PBS. Per sample, one-
half of the cells were incubated with the mouse anti-EGFR
antibody ab30 (Abcam) at a concentration of 1 ug/mL on
ice. Meanwhile, the other half was incubated with PBS-B.
After washing the cells once with PBS-B, the anti-EGFR-
labeled cells were incubated with secondary antibodies goat
anti-mouse IgG Alexa488 (Molecular Probes) and goat
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anti-human IgG-Alexa647 (Molecular Probes) at 2 pg/mL
for 1 h on ice in the dark. The cells previously only treated
with PBS-B were incubated with an anti-HER2 Affibody
dimer (Z00477),-Cys (Affibody AB) fused to fluorescein
isothiocyanate at 0.38 pg/mL and a goat anti-human IgG-
Alexa647 (Molecular probes) at 2 ug/mL, likewise for 1 h on
ice in the dark. After one wash with PBS-B, surface receptor
levels were analyzed using flow cytometry.

In a similar fashion, untreated NCI-N87 cells were first
incubated with AffiMabs or controls while kept on ice and
then stained for fluorescence-activated cell sorting (FACS)
analysis as described to evaluate the effect of competition
between the different binders. A detailed protocol can be
found in the ESM.

2.8 Messenger RNA Isolation and Transcriptomic
Analysis

For messenger RNA (mRNA) isolation, NCI-N87 cells were
cultured on a tissue culture-treated 6-well plate (Greiner Bio-
One BioScience) in 2.5 mL growth medium as described in
Sect. 2.6. After 48 h, cells were harvested using trypsiniza-
tion and washed once with PBS, and total RNA was iso-
lated using the Qiagen RNeasy Plus Mini kit according to
the manufacturer’s instructions. If RNA isolation was not
performed on the day of cell harvest, the washed cell pellet
was resuspended in 250 uL RNAlater® Stabilization Solu-
tion (Ambion) and stored at — 80 °C. RNA sequencing was
performed at GATC Biotech AG.

Kallisto [23] with a complementary DNA (cDNA) human
reference (GRCh38, Ensemble release 92) as index file was
used to quantify transcript abundances. The heatmap with
sample-to-sample distances was based on Euclidean dis-
tances of variance stabilizing transformations of transcript
counts. The R package DESeq 2 [24] with transcript counts
was used for differential expression analysis. PTANO [25]
was used to perform gene set enrichment analysis (GSEA),
with the adjusted p-values and Log,-fold changes from the
differential expression analysis and the KEGG gene sets (C6,
version 6.1) downloaded from MSigDB [26]. Pathways in
Fig. S3 (see the ESM) were created with Pathview [27],
and their colors were subsequently adjusted from red/green
to red/blue to ensure accessibility for people who are color
blind.

3 Results

3.1 Solid-Phase Cloning Generates Full-Length
AffiMabs

zEGFR was genetically fused via a 15-amino acid gly-
cine-serine linker to either the LC or the HC of the mAb
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trastuzumab employing our solid-phase cloning technique
[22]. Solid-phase cloning does not depend on the use of
restriction enzymes for the fusion of genetic elements but
instead is based on the hybridization of vector elements on
magnetic streptavidin-coated beads, which allows a very
modular assembly of the different vector parts (Fig. S1 in the
ESM). The zEGFR molecule was fused to the C-terminus
of either antibody chain, generating bispecific and bivalent
AffiMabs towards HER2 and EGFR, termed Tra-zEGFR-
L15 (for the LC fusion) and Tra-zEGFR-H15 (for the HC
fusion) (Fig. 1a). The AffiMabs were purified from HEK-
293F supernatants using protein-A chromatography and ana-
lyzed using sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (Fig. 1b). A clear size shift corresponding
to the size of the Affibody molecule plus linker was detected
on the LC of Tra-zEGFR-L15 and on the HC of Tra-zEGFR-
H15, indicating successful fusion. The other antibody chain
corresponded in size to that of trastuzumab, indicating suc-
cessful production of full-length AffiMabs.

3.2 AffiMabs Recognize Soluble and Natural Targets
on Cells as well as Fragment Crystallizable
Receptor

Having successfully produced AffiMabs, we next sought
to demonstrate their functionality. The binding affinity of
the AffiMabs to their soluble targets, the ECDs of HER2
and EGFR, was analyzed using surface plasmon resonance
(SPR) and compared with that of trastuzumab. To this end,
HER2-ECD was immobilized on an SPR sensor chip and
sequentially exposed to the AffiMabs or trastuzumab and
EGFR-ECD. Both AffiMabs bound HER2-ECD with affinity
equal to that of trastuzumab (Fig. 1c; Table S1 in the ESM).
The addition of EGFR-ECD led to another mass gain for
both AffiMabs, indicative of simultaneous binding to EGFR
and HER2. However, Tra-zEGFR-L15 showed a slightly
higher affinity towards EGFR than did Tra-zEGFR-H15
(Fig. 1c; Table S1 in the ESM). Interestingly, compared with
free zZEGFR, which was reported to have a K, of 5.4 nM
[28], the affinity of the trastuzumab-fused zEGFR decreased
by approximately one order of magnitude (Table S1 in the
ESM). As anticipated, trastuzumab did not bind EGFR.

In the next step, we analyzed the ability of the AffiMabs to
recognize their natural targets on different cancer cell lines.
For this purpose, the epidermoid carcinoma cell line A-431
and the ovarian carcinoma cell line SKOV3 were incubated
with either AffiMab or trastuzumab or zZEGFR alone. A-431
cells express high amounts of EGFR and moderate amounts
of HER?2, whereas SKOV3 cells express high levels of HER2
and lower levels of EGFR [29]. Binding was detected using
flow cytometry after staining with a secondary fluorescently
labeled anti-human IgG or anti-Affibody antibody, respec-
tively. Both AffiMabs showed elevated binding to A-431
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Fig.1 Generation of fully functional, bispecific AffiMabs. a Sche-
matic illustration of the two AffiMabs analyzed in this study; trastu-
zumab with the EGFR-binding Affibody molecule fused to the light
chain (left), Tra-zEGFR-L15, and trastuzumab with a heavy chain
fusion (right), Tra-zEGFR-H15. b Comparison of the AffiMabs with
trastuzumab on reducing sodium dodecyl sulphate—polyacrylamide
gel electrophoresis shows a shift for the heavy or light chain, respec-
tively, corresponding to the size of the zZEGFR Affibody molecule,
including linker, which demonstrates the successful fusion of the
Affibody molecule to trastuzumab. ¢ HER2-ECD was immobilized
on a surface plasmon resonance chip and subjected to subsequent
flows of AffiMabs or trastuzumab, respectively, and EGFR-ECDs. All
three molecules showed comparable binding to HER2. As expected,
trastuzumab was unable to bind EGFR. The heavy chain fusion Tra-
zEGFR-H15 shows slightly weaker binding to EGFR than the light
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chain fusion Tra-zEGFR-L15. d Binding to the natural target was
tested by incubating the AffiMabs and trastuzumab with the cancer
cell lines A-431 and SKOV3 and measuring the amount of bound
antibody by flow cytometry. The AffiMabs (dark blue and violet)
show strong binding to the EGFR overexpressing cell line A-431
(left). The peak shift to the right indicates stronger cell binding for
the AffiMabs than the Affibody molecule (orange) or trastuzumab
(green) alone because of their ability to bind both EGFR and HER2.
For HER2-overexpressing SKOV3 cells, binding of the AffiMabs was
comparable to that of trastuzumab. The Affibody molecule zZEGFR
alone showed low levels of cell binding. ECD extracellular domain,
EGFR epidermal growth factor receptor, HER2 human epidermal
growth factor receptor 2, RU response units, zZEGFR EGFR-binding
Affibody molecule Z 4,
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cells compared with trastuzumab or zEGFR, indicating a
favorable effect of bispecificity on cell binding (Fig. 1d).
However, for the HER2-overexpressing SKOV3 cell line,
AffiMabs exhibited equally strong binding as trastuzumab
but much stronger binding than zZEGFR. Given the low levels
of EGFR compared with HER2 on SKOV3 cells, the influ-
ence of EGFR binding on AffiMab binding is likely to be
marginal. Yet, these results show that the Affibody fusions
do not affect trastuzumab’s ability to bind HER2.

Since the fragment crystallizable (Fc)-region of an anti-
body fulfills important functions for antibody recycling, it
was important to ensure that the C-terminal HC-fusion did
not affect this function. To this end, we compared the abil-
ity of both Tra-zEGFR-H15 and trastuzumab to bind the
neonatal Fc receptor (FcRn), which is involved in antibody
recycling. Hela cells were stably transfected to express
FcRn-enhanced green fluorescent protein fusions. Cells were
incubated with trastuzumab- or Tra-zEGFR-H15-containing
cell supernatants at pH6 and pH8 and stained with fluores-
cently labeled goat anti-human IgG. Binding of Tra-zEGFR-
H15 to FcRn at pH 6 was comparable to that of trastuzumab
(Fig. S4 in the ESM). The minor difference in binding is
likely to be due to variations in antibody concentration
because cell supernatants were used. No binding of the
AffiMab could be detected at pH 8 (data not shown), indicat-
ing that the effect of HER2 or EGFR binding is negligible.

In summary, both AffiMabs recognized their targets, both
as soluble molecules and on the surface of cells, and could
bind them simultaneously. The Affibody fusions do not
affect HER2- or FcRn binding.

3.3 AffiMabs Elicit an Increased Cytotoxic Effect

After having established the ability of AffiMabs to recognize
both targets, we next analyzed the effect of AffiMabs on
tumor cell growth. For this purpose, gastric carcinoma NCI-
N87 cells were incubated with increasing concentrations of
AffiMab, trastuzumab, and controls. After a 4-day incuba-
tion, cell proliferation was assessed using the alamarBlue
assay for monitoring of viable cells. Bivalent ZEGFR, the
tumor necrosis factor (TNF)-binding mAb adalimumab (IgG
control), and an adalimumab-based AffiMab, Ada-zEGFR-
L15 (isotype control), did not affect cell growth, but a reduc-
tion in cell proliferation could be seen for trastuzumab, the
combination of trastuzumab and bivalent ZEGFR, and both
AffiMabs at concentrations above 2 nM (Fig. 2). Strik-
ingly, the AffiMab molecule reduced cell growth further
than trastuzumab or the combination of trastuzumab and
bivalent zZEGFR. Cell proliferation was decreased to 35%
of an uninhibited control after treatment with 133 nM of
Tra-zEGFR-L15, whereas the addition of the same amount
of trastuzumab or trastuzumab with bivalent zZEGFR only
reduced cell proliferation to 56 and 53%, respectively. This
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Fig.2 AffiMabs show greater cytotoxic effect than trastuzumab. NCI-
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(gray), trastuzumab (red), bivalent zZEGFR (yellow) or a combination
thereof (violet). The tumor necrosis factor-binding monoclonal anti-
body adalimumab (blue) and an adalimumab-based AffiMab, Ada-
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control, respectively. After 4 days, proliferation was measured with
the addition of alamarBlue. The controls and bivalent zZEGFR did
not affect the number of viable cells. Addition of trastuzumab with
or without (ZEGFR), reduced cell proliferation to around 53%. Both
AffiMabs decreased cell growth even further, indicating a synergis-
tic effect of simultaneous HER2 and EGFR binding. The average and
standard deviation of triplicates are shown. Cell growth after addition
of phosphate buffered saline was set to 100%. conc. concentration,
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indicates that the fusion of ZEGFR to trastuzumab conferred
cytotoxic properties to the AffiMab molecules that could not
be achieved by simply mixing the two components. Interest-
ingly, no differences in cytotoxic potential were observed
between the two AffiMabs (Fig. S5 in the ESM), suggesting
that the fusion site does not affect cytotoxicity.

3.4 AffiMabs Reduce Surface Levels of Human
Epidermal Growth Factor Receptor 2 (HER2)
and Epidermal Growth Factor Receptor

Having observed an increased cytotoxic effect of both
AffiMabs compared with a combination treatment of tras-
tuzumab and zEGFR, we aimed to further elucidate the
mechanism of action of these bispecific molecules. First,
we looked at the cell surface levels of HER2 and EGFR on
NCI-N87 cells after a 4-day exposure to 133 nM of the dif-
ferent binders, which was the concentration that gave rise to
the most distinct differences in the proliferation experiment.
To assess HER?2 surface levels, treated cells were stained
with a fluorescently labeled HER2-binding Affibody dimer
on ice, which does not compete with trastuzumab for binding
to HER2 (see the Methods and Fig. S6a in the ESM). Bind-
ing measurement of the anti-HER2 Affibody dimer by flow
cytometer showed a 35% signal reduction for samples treated
with trastuzumab, trastuzumab combined with zEGFR, and
both AffiMabs compared with an untreated control, the IgG
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Fig.3 AffiMabs reduce receptor surface levels. NCI-N87 cells
were incubated with 133 nM of the different binders, and, again,
adalimumab was used as IgG control. a HER2 surface levels after a
4-day incubation were measured in FACS by a fluorescently labeled,
HER2-binding Affibody dimer, which does not compete with trastu-
zumab for binding. Compared with the IgG control, HER2 surface
levels in AffiMab-treated samples were equally reduced (paired ¢
test; *p<0.05) as samples treated with trastuzumab or a combina-
tion of trastuzumab and zEGFR (paired ¢ test; non-significant). The
means and standard deviations of three independent experiments
are shown. HER2 surface levels in IgG control samples were set to
100%. b EGFR surface levels after a 4-day incubation were measured
in FACS by a second EGFR-binding monoclonal antibody. A certain

control or zZEGFR-treated cells (Fig. 3a). Both AffiMabs
reduced HER?2 surface levels equally as well as trastuzumab.

A similar experiment was performed to look at EGFR
surface levels. For this, the treated cells were stained with
a mouse anti-EGFR mAb, which was detected with a fluo-
rescently labeled anti-mouse IgG. A reduction in binding
signal could be observed for samples treated with zEGFR,
trastuzumab combined with zEGFR, and both AffiMabs
compared with an untreated control, an IgG control, or tras-
tuzumab-treated cells (Fig. 3b). However, signal reduction
also occurred after the competition analysis, where NCI-
N87 cells were sequentially incubated with the AffiMabs or
controls, followed by the anti-EGFR mAb and the secondary
antibody for only 1 h on ice to prevent receptor internaliza-
tion (see the Methods and Fig. S6b in the ESM). This sug-
gested that the anti-EGFR mAb and zEGFR have at least
partly overlapping epitopes or sterically hinder each other.
Attempts to remove the AffiMabs and the control binders
from the cell surface using acid washes prior to labeling
with the anti-EGFR mAb remained unsuccessful. However,
a direct comparison of the signal reduction brought about
by epitope competition (Fig. S6b in the ESM) and the sig-
nal reduction observed after a 4-day incubation (Fig. 3b)
revealed a significant difference. While competitive binding
accounts for the reduction in signal observed for zZEGFR

(on

120+
100+
80+
60-
40+

EGFR surface level
[% of control]

degree of binding competition with zZEGFR was observed, which
accounts for the reduced levels measured for ZEGFR and zEGFR with
trastuzumab. The further reduction in EGFR surface levels elicited by
the AffiMabs is significant and could be ascribed to the simultane-
ous engagement of EGFR and HER2 (paired ¢ test; ***p <0.0001;
**p <0.01). No effect on EGFR levels could be detected after treat-
ment with trastuzumab. The means and standard deviations of six
independent experiments are shown. HER?2 surface levels in IgG con-
trol samples were set to 100%. EGFR epidermal growth factor recep-
tor, FACS fluorescence-activated cell sorting, HER2 human epidermal
growth factor receptor 2, IgG immunoglobulin G, PBS phosphate
buffered saline, zEGFR EGFR-binding Affibody molecule Z,4;

and trastuzumab in combination with zZEGFR, the further
reduction in binding signal measured for both AffiMabs
cannot be explained by competition for binding to EGFR.
This reduction by more than 20 percentage points compared
with trastuzumab with EGFR is significant (¢ test, p <0.005)
and thus suggests a biological cause. Previously, receptor
clustering and subsequent increased internalization with
impaired recycling has been mentioned as an explanation
for reduced receptor levels brought about by multispecific
antibodies [30]. Unfortunately, confocal microscopy analysis
did not show any distinct differences in receptor expression
or localization on the cells imaged for our AffiMabs com-
pared with an IgG control (Fig. S7 in the ESM).

3.5 Cytotoxic Effect of AffiMabs is Associated
with Downregulation of Housekeeping Genes
at the Transcript Level

To understand what rendered the AffiMab molecules supe-
rior to trastuzumab in the cytotoxicity study, we performed
a transcriptome analysis of the cells. RNA was isolated
from NCI-N87 cells after a 2-day treatment with AffiMab
molecules, trastuzumab, zEGFR, trastuzumab with zEGFR,
Humira, or PBS, and a cDNA library of all mRNAs was
sequenced. Cells treated with trastuzumab or any of the
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trastuzumab-based AffiMab molecules showed an overall
high transcriptome similarity (Fig. S8 in the ESM).

This similarity was also demonstrated by differential
expression analysis between untreated cells, i.e., only PBS
was added, and samples treated with Tra-zEGFR-H15, Tra-
zEGFR-L15, or trastuzumab. In this analysis, the majority
of significantly (adjusted p <0.01) up- and downregulated
genes were shared between AffiMab- and trastuzumab-
treated cells compared with nontreated cells (Fig. S9a,b in
the ESM); however, the AffiMabs appeared to induce a more
intense effect as a larger portion of these genes displayed a
doubling or halving of gene expression (Fig. S9c,d in the
ESM).

A GSEA was performed to analyze differences in path-
way regulation between the different treatments rather than
specific genes.

As we were interested in understanding the increased
cytotoxicity observed for our AffiMabs compared with tras-
tuzumab, the GSEA focused on these three binders. The
decrease in cell proliferation seen for the AffiMabs in the
alamarBlue assay (Fig. 2) was also reflected in the GSEA.
Here, many pathways related to housekeeping functions
and proliferation, such as DNA replication and repair, gly-
colysis, and cell cycle, were downregulated in cells treated
with Tra-zZEGFR-H15 or Tra-zEGFR-L15 compared with
cells treated with trastuzumab (Fig. 4; Fig. S10 in the ESM).
Interestingly, pathways related to apoptosis were not signifi-
cantly changed. This observation could be confirmed by a
flow cytometric analysis of cells that had undergone differ-
ent treatments. Treated cells were stained with annexin V

Cancer associated genes:
[ JHERS3/ErbB3

Human epidermal
growth factor
receptor 3

TPI3K
Phosphoinositide
3-kinase

= {:3 = [ EBB

signalling
pathway

!
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Fig.4 AffiMab treatment induces downregulation of housekeep-
ing pathways and upregulation of cancer-related pathways. Differ-
ential expression and a gene set enrichment analysis was carried out
on cells treated with AffiMabs, trastuzumab, and controls. The ErbB
pathway was significantly upregulated after treatment with any of the
two AffiMabs compared with trastuzumab. On the gene level, nota-
bly HER3/ErbB3 and PI3K were significantly upregulated, whereas
EGFR/ErbB1, HER2/ErbB2, and HER4/ErbB4 were not. Housekeep-
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and propidium iodide to differentiate apoptotic from necrotic
cells (Methods section in the ESM). Flow cytometric analy-
sis revealed a slight but nonsignificant increase in percent-
age of apoptotic cells for samples treated with AffiMabs
compared with treatment with trastuzumab, monovalent
zEGFR, or adalimumab (Fig. S11 in the ESM), suggesting
that induction of apoptosis is not the main driving force for
the observed cytotoxic effect of the AffiMabs.

In summary, the transcriptome analysis revealed that,
upon treatment with AffiMabs, pathways associated with cell
metabolism, cell cycle, and protein synthesis were down-
regulated, which could explain the increased cytotoxic effect
seen with AffiMab treatment.

3.6 Transcriptome Analysis Indicates Cellular
Adaptation via HER3 Transcript Upregulation

The GSEA also indicated that some pathways were also
upregulated in the AffiMab-treated samples compared
with trastuzumab (Fig. S10 in the ESM). Several of those
pathways have been associated with cancer, e.g., the notch
signaling pathway. Interestingly, the ErbB pathway was
recognized as significantly upregulated after treatment with
Tra-zEGFR-H15 compared with trastuzumab. While this
pathway is not listed among the significantly upregulated
pathways after treatment with Tra-zEGFR-L15, when look-
ing at gene level, most of the significantly upregulated ErbB
pathway genes for Tra-zEGFR-H15 were also upregulated
for Tra-zEGFR-L15 (Table S2, Fig. S3 in the ESM). Com-
pared with trastuzumab, HER3/ErbB3 and PI3K in particular

Housekeeping pathways:

I Metabolism
Glycolysis
Gluconeogenesis
Pentose phosphate pathway

[CCell division
Cell cycle
DNA replication
Mismatch repair

[ Protein synthesis
Ribosome
RNA polymerase
Aminoacyl tRNA biosynthesis
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ing function pathways were significantly downregulated. Among
these were metabolic pathways such as the glycolysis and pentose
phosphate pathways, cell division pathways such as cell cycle and
DNA replication, and protein synthesis pathways, such as ribosome
and RNA polymerase. EGFR epidermal growth factor receptor, HER3
human epidermal growth factor receptor 3, P13K phosphoinositide 3
kinase
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were upregulated after treatment with either AffiMab. How-
ever, we could not detect any significant change in transcript
level for AKT and ERK/MAPKI. Increased expression of
HER3 and signaling through the PI3K/AKT pathway is
known as an escape pathway upon EGFR or HER2 inhibi-
tion [31, 32]. Thus, these results suggest that the cells try to
bypass the inhibition of the other two ErbB receptors. How-
ever, these findings from the transcriptome analysis could
not be confirmed by our observations at the protein level on
Western blots. Following a 4-day treatment with AffiMabs
or controls, we analyzed the protein and phosphorylation
levels of the four ErbB receptors and the downstream signal-
ing molecules ERK and AKT. Surprisingly, no distinct dif-
ferences in phosphorylation or protein expression could be
detected (Fig. S12 in the ESM), suggesting that the observed
upregulation on transcript level might not translate to the
protein level.

Intrigued by the observation of higher transcript levels
of the HER3 receptor, we set out to test whether additional
blocking of the HER3 receptor could further increase the
cytotoxic effect of our AffiMab molecules. To this end,
we measured cell viability after a 3-day treatment with
increasing concentrations of Tra-zEGFR-L15 AffiMab or
Tra-zEGFR-L15 supplemented with equimolar amounts of
a HER3-binding Affibody molecule. This Affibody mole-
cule, zZHER3, has earlier been described as able to block the
interaction of the HER3 receptor with its ligand heregulin
and thus inhibit downstream signaling [33]. The addition
of soluble zHER3 to our AffiMab did not result in a fur-
ther reduction of the number of viable cells than what was
achieved with the AffiMab alone (Fig. S13 in the ESM). A
slight shift in half maximal inhibitory concentration value
was observed for the combination treatment of Tra-zEGFR-
L15 and zHER3 compared with Tra-zZEGFR-L15 alone, but
this shift was nonsignificant (extra-sum-of-squares F test,
p>0.05). This might confirm the earlier hypothesis that
HER3 is only overexpressed at the transcript but not the
protein level.

4 Discussion

In this study, we have described the generation and func-
tional analysis of bispecific AffiMabs. Solid-phase cloning
allowed the C-terminal genetic fusion of an EGFR-binding
Affibody molecule to either the LC or the HC of the HER2-
binding therapeutic antibody trastuzumab. The AffiMabs
generated in this way recognize their targets, HER2 and
EGFR, as both recombinant ECDs and membrane pro-
teins and bind to FcRn (Fig. 1; Fig. S4 in the ESM). Both
AffiMabs reduced proliferation of the gastric cancer cell line
NCI-N87 more efficiently than trastuzumab or a combination
of trastuzumab and zEGFR (Fig. 2; Fig. S5 in the ESM). To

understand the mechanism behind this increased cytotoxic
effect, we measured the cell surface levels of EGFR and
HER?2 and analyzed the phosphorylation state and transcript
levels and the percentage of apoptotic cells.

Results from transcriptome analysis following the differ-
ent treatments showed that the AffiMab molecules enhanced
the effect of trastuzumab. Genes relating to proliferation,
DNA replication, and repair, glycolysis, and cell cycle were
downregulated in cells treated with AffiMabs compared with
those treated with trastuzumab (Fig. 4; Fig. S10 in the ESM).
This could explain the lower viable cell density observed in
the AffiMab-treated cells. Interestingly, pathways relating to
cancer, particularly genes associated with the ErbB signaling
pathway, were upregulated after AffiMab treatment (Fig. 4;
Figs. S10 and S3 in the ESM). This might indicate that the
cells try to compensate for the reduced signaling through
EGFR and HER?2 by overexpressing, for example, HER3
and PI3K. This theory was tested in another proliferation
analysis, this time with a HER3 inhibitor in addition to the
AffiMab molecule (Fig. S13 in the ESM). However, no dif-
ference in antiproliferative behavior was detected between
the AffiMab and the AffiMab supplemented with a HER3-
inhibiting Affibody. Given the Affibody we used was ear-
lier described as inhibiting heregulin-induced cancer cell
growth [33], supplementation of the growth medium with
heregulin might have yielded a clearer result [34]. Another
potential explanation is provided by the finding from West-
ern blot analysis (Fig. S12 in the ESM) that no differences
in protein expression or phosphorylation of the ErbB recep-
tors and selected downstream signaling molecules were
detected, which in turn can potentially be accounted for by
the fact that genes essential for protein synthesis were also
downregulated upon AffiMab treatment. In conclusion, it
can be hypothesized that the cells are trying to compensate
for the blocking of EGFR and HER?2 through upregulation
of HER3, but this remains ineffective because of impaired
protein synthesis. Our data, from both the transcriptomics
analysis and the propidium iodide and annexin V staining
could not establish a major influence of apoptosis on the
observed cytotoxic effect.

Strikingly, although zZEGFR did not show any cytotoxic
effect on its own or in combination with trastuzumab, the
genetic fusion of zZEGFR to trastuzumab conferred an addi-
tive cytotoxic effect. The clearest difference between a
combination treatment and AffiMab treatment is the abil-
ity of the AffiMab to downregulate EGFR surface expres-
sion. According to flow cytometric measurement, AffiMabs
reduced surface HER2 as much as trastuzumab did but also
reduced surface EGFR, which the combination of trastu-
zumab and zZEGFR did not achieve (Fig. 3). Unfortunately,
we were unable to confirm this observation using confocal
microscopy, possibly because of the inherent limitations of
the method, because only a limited number of cells were
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analyzed, or because an insufficient magnification was used.
For EGFR, the low surface expression in the untreated state
rendered an optical detection of reduced expression difficult.

The transcriptomics analysis did not indicate a transcrip-
tional regulation of EGFR expression, but other possible
ways to explain the reduced surface levels remain. Lowered
EGFR levels can be due to reduced protein synthesis, a the-
ory supported by the transcriptome data, or increased protein
degradation, the latter being a reported mechanism of action
for trastuzumab on HER2 [35]. Also, a higher endocyto-
sis rate combined with impaired recycling, which Spangler
et al. [30] found to be a mode of action of their multispecific
EGFR binder, could explain the observed reduction in EGFR
levels. We consider it likely that all these processes (reduced
protein synthesis, increased degradation, and impaired recy-
cling) contribute to the observed effect of lower EGFR sur-
face levels. With EGFR surface levels on NCI-N87 being
low from the start compared with HER2 levels, the increase
in endocytosed EGFR or reduction of total EGFR presum-
ably is too small to be detected by confocal microscopy or
Western blot, respectively.

5 Conclusions

The present study has shown that AffiMab molecules
potentiate the effect of trastuzumab in inhibiting cancer cell
growth; however, to corroborate the therapeutic advantage of
these molecules, the cytotoxic effect should be confirmed on
primary cancer cells displaying different levels of EGFR and
HERR?2 to establish how receptor density influences the cyto-
toxic effect. Moreover, we envision future studies assessing
the in vivo effect of our molecules as well as in vivo stability
and pharmacokinetics.

Overall, our results highlight the potential of the AffiMab
format in therapeutic applications. The solid-phase cloning
technique we employed, with its inherent modularity, allows
the simple generation of AffiMabs with other therapeuti-
cally relevant target specificities, e.g. HER2 and IGF1R, as
well as the generation of multivalent or multispecific mol-
ecules similar to the proteins generated by LaFleur et al.
[18]. With regards to the transcriptional upregulation of
HER3 and the findings by Spangler et al. [30] that multi-
specific antibodies induce a higher degree of cross-linking,
resulting in increased receptor internalization, a trispecific
molecule targeting EGFR, HER2, and HER3 would be of
interest. Previous studies have highlighted the importance
of linker length and orientation of the Affibody molecule
in a fusion protein [19, 36], thus motivating further optimi-
zation of the AffiMab format with regards to linker length
and Affibody molecule direction, which again is simplified
by the modular nature of the solid-phase cloning technique.
Also, based on our results from the FcRn binding, which
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indicate that the Fc region is accessible, an analysis of the
ability of AffiMabs to elicit antibody-dependent cell-medi-
ated cytotoxicity, complement-dependent cytotoxicity, and
antibody-dependent phagocytic cytotoxicity will be interest-
ing topics for future investigation as an intact Fc region is
an asset of AffiMabs compared with other bispecific protein
formats. The presented results and possibilities for the bispe-
cific HER2-EGFR-AffiMabs also highlight the potential of
this bispecific format as a prospective therapeutic and as a
means to elucidate cancer biology.
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