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Fibroblast growth factor receptor 1 (FGFR1) is a receptor
tyrosine kinase that plays a major role in developmental pro-
cesses and metabolism. The dysregulation of FGFR1 through
genetic aberrations leads to skeletal and metabolic diseases as
well as cancer. For this reason, FGFR1 is a promising thera-
peutic target, yet a very challenging one due to potential on-
target toxicity. More puzzling is that both agonistic and
antagonistic FGFR1 antibodies are reported to exhibit similar
toxicity profiles in vivo, namely weight loss. In this study, we
aimed to assess and compare the mechanism of action of these
molecules to better understand this apparent contradiction. By
systematically comparing the binding of these antibodies and
the activation or the inhibition of the major FGFRI1 signaling
events, we demonstrated that the molecules displayed similar
properties and can behave either as an agonist or antagonist
depending on the presence or the absence of the endogenous
ligand. We further demonstrated that these findings translated
in xenografts mice models. In addition, using time-resolved
FRET and mass spectrometry analysis, we showed a function-
ally distinct FGFR1 active conformation in the presence of an
antibody that preferentially activates the FGFR substrate 2
(FRS2)-dependent signaling pathway, demonstrating that
modulating the geometry of a FGFR1 dimer can effectively
change the signaling outputs and ultimately the activity of the
molecule in preclinical studies. Altogether, our results high-
lighted how bivalent antibodies can exhibit both agonistic and
antagonistic activities and have implications for targeting other
receptor tyrosine kinases with antibodies.

Fibroblast growth factor (FGF) signaling is ubiquitous and
regulates major homeostatic processes, such as developmental
processes, metabolism, and phosphate homeostasis. Deregu-
lation of FGF signaling can cause diseases through gain- or
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loss-of-function mutations in FGF ligands or receptors (1, 2).
Among these diseases are many skeletal syndromes, lacrimo-
auriculo-dento-digital syndrome, and cancers. FGF receptor
(FGER) is therefore an attractive therapeutic target to treat a
wide variety of pathologies. However, therapeutic targeting of
FGFR may require either an agonist or antagonist depending
on the indication, and a thorough understanding of the
mechanism of action of the therapeutic molecule is critical.

In humans, four FGF receptors (FGFR1-4) exist and can be
activated by 18 different FGFs (3). The FGFRs belong to the
receptor tyrosine kinase (RTK) superfamily and consist of
three extracellular immunoglobulin domains (D1-D3), a
single-pass transmembrane (TM) domain, and a cytoplasmic
tyrosine kinase domain (KD) (4). The D2-D3 fragment con-
stitutes the FGF-binding domain (5), whereas D1 and an 8-
residue acid box fragment between D1 and D2 play a role in
receptor auto-inhibition (6). Alternative splicing of exons
encoding the C-terminal part of D3 of FGFR1-3 results in the
generation of b and c isoforms that determine FGF-binding
specificities (7). The specificity of canonical FGF:FGFR bind-
ing is also determined by association with cofactor heparin/
heparan sulfate proteoglycans (HSPGs), whereas endocrine
FGFs evolved to reduce affinity towards HSPG and rely on
binding to Klotho coreceptors instead (8). Canonical FGFs can
act in an autocrine or paracrine manner and play a critical role
during embryogenesis and organogenesis to promote growth,
differentiation, and tissue patterning. In adult tissues, these
FGFs regulate a wide variety of physiological processes
including but not limited to cell fate, developmental processes,
angiogenesis, and immunity (2). In addition to canonical FGFs,
there are three human endocrine FGFs (FGF19, FGF21, and
FGF23) that carry out diverse functions such as regulating bile
acid, carbohydrate and lipid metabolism, as well as phosphate
homeostasis (9-11).

Binding of canonical FGF to FGER results in the formation
of a functional unit consisting of two 1:1:1 FGF-FGFR-HSPG
complexes juxtaposed in a symmetrical dimer (12). In this
configuration, each ligand simultaneously contacts both re-
ceptors, and the receptor ectodomain interacts through a four
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Elucidation of the mode of action of FGFR1 monoclonal antibodies

amino acid residue patch in D2. Stabilization of the FGFR
dimer results in a conformational change in the TM domain
that brings the intracellular KDs into proximity and into a
favorable orientation towards each other, allowing trans-
phosphorylation and activation of the KDs to occur (13, 14). In
turn, the KDs activate intracellular substrates through a
cascade of phosphorylation events. Among them, two major
substrates determine the fate of the two main signaling path-
ways activated by FGFRs: namely the adaptor protein FGFR
substrate 2a (FRS2a) and phospholipase Cyl (PLCyl). FRS2a
phosphorylation leads to activation of the RAS/mitogen-
activated protein kinase (MAPK) pathway and the PI3K/pro-
tein kinase B (AKT) pathway, whereas PLCy1 is necessary and
sufficient to trigger the release of intracellular calcium stores
and activation of PKC (8, 15).

Receptor agonism may provide a therapeutic strategy for
certain indications. For example, FGF21, an endocrine FGF
that binds FGFR1c/Klotho-b complex, gained a lot of atten-
tion for its potential antiobesity and antidiabetic properties
after several preclinical studies demonstrated its ability to
improve insulin sensitivity, hepatosteatosis, and increase
weight loss (9, 16). Several FGF21 mimetics are now actively
being pursued in the clinic for the treatment of type 2 dia-
betes and nonalcoholic steatohepatitis. Engineering these
molecules to make them suitable for therapeutic use has been
a considerable challenge for pharmaceutical companies for
diverse reasons including short half-life, aggregation and
proteolysis of FGF21 analogs, toxicity of FGFR1 antibodies
(Abs), etc. (17). As an example, RIMADb1 and RIMADb2 are
FGFR1 phage-derived MAbs that were selected for their
agonistic activity and FGF21-like antidiabetic and lipid-
lowering properties in preclinical studies (18). Although
efficient at promoting weight loss in obese mice, the use of
R1MADbs resulted in the elevation of serum FGF23 and
hypophosphatemia, which ultimately led to the discontinua-
tion of the clinical use of these Abs (19).

Conversely, receptor antagonism is desired for other in-
dications, such as cancer. Amplification of chromosomal re-
gion 8p11-12 bearing FGFR1 is observed in approximately 6%
of all lung cancer patients and 10% of breast cancer patients,
predominantly in cases of estrogen receptor (ER) positive
cancer. The resulting elevated FGFR1 expression correlates
with poor prognosis (20). To date, most of the molecules in the
clinic targeting FGER for cancer indications are small molecule
inhibitors that target an ATP-binding pocket well-conserved
among FGFRs and FGFR-related RTKs (21). When dealing
with molecules presenting low specificity towards a given
target, one could expect a wide range of off-target toxicity
effects in addition to the expected on-target toxicity. Such on-
target toxicity effects include hyperphosphatemia as reported
for a selective FGFR1-3 inhibitor (AZD4547) following a dose
escalation in a phase 1 clinical study (22, 23).

As an alternative, Abs could provide a highly selective in-
hibitor for a specific FGFR isoform. While we and others were
successful generating such molecules (21, 24, 25), this
approach also comes with its own challenges. Antagonistic Abs
can function by interfering with ligand binding and/or by
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preventing receptor dimerization. However, the bivalent na-
ture of immunoglobulin G (IgG) may in fact promote dimer-
ization of receptors rather than prevent their interaction,
resulting in receptor activation in the absence of endogenous
ligand. Several preclinical studies report that antagonistic
FGFR1 MAbs induce weight loss, mimicking the phenotype
observed with agonistic FGFR1 MAbs (26, 27). This finding is
in direct contrast to the preclinical and clinical data obtained
with small molecule inhibitors of FGFR that do not show any
weight loss but report the expected hyperphosphatemia.

In this study, we set out to reconcile this reported functional
difference between Abs by elucidating the modes of action of
two agonistic FGFR1 MAbs (RIMADb) and an antagonistic
FGFR1 MAb (IMC-H7 MADb). Here, we demonstrated that
both RIMADb and IMC-H7 MAD display similar properties and
can behave as an agonist or antagonist depending on the
context. In addition, we described a functionally distinct
FGFR1 active conformation in the presence of an antibody that
preferentially activates the FRS2-dependent signaling pathway,
demonstrating that modulating the geometry of a FGFR1
dimer can effectively change its signaling output.

Results

FGFR1 R1IMAb1, R1IMAb2, and IMC-H7 competed with FGF
ligand binding

To begin to mechanistically understand the conflicting
agonist/antagonist activities for three FGFR1 Abs (RIMAbI,
RIMAb2 (18), and IMC-H7 MAD (26)), we sought to struc-
turally characterize how they interacted with FGFR1. Overlay
of the epitope of RIMADb1/2 that was identified using peptide
ELISAs (18) onto the structure of FGFR1:FGF2 complex (PDB
1CVS) (5) showed that the epitope of RIMAb1/2 only partially
overlapped with the FGF-binding site and more prominently
overlapped with the presumed dimerization interface of
FGFR1, suggesting that the MAbs may not be direct ligand
blockers (5, 28) (Fig. 1A). We then performed bio-layer
interferometry (BLI)-based epitope binning and demon-
strated that RIMAb1l, RIMAb2, and IMC-H7 bound to
overlapping epitopes (Figs. 1B and S1). In order to determine
whether the binding of these Abs could prevent the binding of
the natural ligand, we performed competitive binding experi-
ments. COS7 cells transiently expressing FGFR1c were incu-
bated with radiolabeled Iodine-125 FGF2 and increasing
concentrations of nonlabeled FGFR1 Abs. We observed
binding competition curves for RIMAb1, RIMAb2, and IMC-
H7 MAD with a half-maximal inhibitory concentration (ICs)
of 6.6 + 3.7,4.5 + 2.7, and 1.2 + 0.4 nM, respectively (Fig. 1C),
demonstrating that although the MAbs did not share the same
binding site as FGF (Figs. 1, A, B and S1), they still potently
prevented ligand binding most likely through steric hindrance
and/or conformational changes in FGFR1c.

FGFR1 MAbs and antigen-binding fragments inhibited FGFR1
signaling pathways activated by FGF

To understand the functional consequences of blocking
FGF with FGFR1 Abs, we assessed key events in the FGFR1
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Figure 1. R1 and IMC-H7 MAbs binding properties. A, overview of FGFRT homodimer structure and relevant epitopes. The extracellular domain of FGFR1
contains three Ig domains (D1-D3). An existing crystal structure of the D2D3 domains of FGFR1 bound to FGF2 (PDB 1CVS) provides a more detailed view of
the binding sites of FGF2 to FGFR1 and homodimerization interface of FGFR1 mediated through the D2 domains. One copy of FGFR1 is shown in dark blue
ribbons and the other copy is shown as a gray surface. The two FGF2 proteins are colored in orange. The epitope of R1IMAb1/2 (red) as determined by
peptide ELISAs is colored in red and overlaps predominantly with the FGFR1 homodimerization interface (18). B, bio-layer interferometry (BLI)-based epitope
binning demonstrates that RTMAb1, RTMAb2, and IMC-H7 bind to overlapping epitopes. RTMAb2 was captured on the surface and saturated with FGFR1
protein. R1FAb1 or IMC-H7 FAb were added. Neither the R1FAb1 or IMC-H7 FAb could bind to FGFR1 in the presence of RIMAb2. C, binding inhibition
curves of anti-FGFR1T RTMAb?1 (blue circle), RIMAb2 (red circle), and IMC-H7 MAb (black circle) in the presence of lodine-125 FGF2 on COS7 cells expressing
FGFR1c. Data are representative of two independent experiments are performed in triplicates. Data are means + S.D. FGFR1, Fibroblast growth factor

receptor 1.

signaling pathways: phosphorylation of FRS2 and ETS
domain—containing protein Elk-1 (Elk1), a nuclear target for
the MAPK signaling pathway, and recruitment of PLCyl
(Fig. 2A). We first tested increasing concentrations of the Abs
in the presence of a fixed concentration of FGF2 and moni-
tored the phosphorylation of the adaptor molecule FRS2 in
COS7 cells transiently expressing FGFR1c. We observed par-
tial blocking activities for all six molecules (Fig. 2B). We then
assessed the FGFR1 MAbs and corresponding antigen-binding
fragments (FAbs) in a B-galactosidase (GAL)-EIk1 luciferase
reporter assay to monitor the MAPK pathway downstream of
FRS2 phosphorylation. Our results showed that all three MAbs
and the corresponding FAbs effectively blocked FGF2-
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dependent luciferase activity (Fig. 2C). IMC-H7 MAb was
the most potent blocking antibody with an ICsq of 0.004 pM.

In addition, we assessed PLCy1 recruitment, another major
intracellular signaling pathway activated by FGFR1 activation.
Using a P-GAL fragments complementation assay, we
demonstrated that the FGFR1 Abs prevented the recruitment
of PLCyl to the receptor in the presence of FGF2, again
supporting the antagonistic activity of the Abs to inhibit FGF2-
mediated activation of FGFR1 (Fig. 2D).

To verify whether the antagonistic nature of the Abs could
be recapitulated in a cell line with amplified FGFR1 level, but
devoid of other FGFR family members, we treated the breast
cancer cell line CAL-120 with FGF1 and increasing amounts of
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Figure 2. Impact of R1 and IMC-H7 MAbs and FAbs on FGFR1-dependent signaling in the presence of FGF1 or FGF2. A, schematic representation of
FGFR1 signaling pathways activated in response to FGF1/2 binding. Measurement of (B) FRS2 phosphorylation in COS7 cells, (C) Elk1 activity in COS7 cells,
and (D) PLCy1 recruitment in U20S cells expressing FGFR1c and incubated in the presence of a constant amount of FGF2 and increasing amounts of R1 and
IMC-H7 MADbs or FAbs. For (B-D), data are normalized to the maximum signal obtained in the absence of Abs. Data are means + S.D. of at least three
independent experiments performed in triplicate. £, immunoblots performed on lysates prepared from CAL-120 cells incubated in the presence of 0.3 nM
FGF1 and 0.08 to 80 nM of FP-1039, 1 to 1000 nM of AZD4547, or 0.1 to 100 nM of R1MAb2 or IMC-H7 MAb. Immunoblots are representative of three
independent experiments. The quantitation data from these three independent experiments are shown in Fig. S2. F, CAL-120 cells 7-days proliferation assay
in the absence or presence of FGF1 (0.3 nM) and R1MAb2, IMC-H7 MADb, FGF ligand trap (FP-1039), or AZD4547. Data are normalized as follows: 100% =
0.3 nM FGF1 and 0% = no FGF1. Data are means + S.D and are representative of three independent experiments. FGF, fibroblast growth factor; FGFR1, FGF
receptor 1.
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Figure 3. Impact of R1 and IMC-H7 MAbs and FAbs on FGFR1-dependent signaling in the absence of FGF ligands. A, measurement of FRS2
phosphorylation in COS7 cells expressing FGFR1c and incubated in the presence of increasing amounts of R1 and IMC-H7 MAbs, FAbs, or FGF2. Data are
normalized to the maximum signal obtained with FGF2. Data are means + S.D. of at least three independent experiments performed in triplicate. B, MAPK
target gene transcript levels in CAL-120 cells upon treatment with RTMAb2 (1 pg/ml), IMC-H7 MAb (1 pg/ml), or FGFR small molecule inhibitor AZD4547
(0.2 uM) for 8 h. C, 7-days proliferation assay using CAL-120 cells treated with RTMAb2, R1FAb2, IMC-H7 MADb, IMC-H7 FAb, or FGF1 at indicated con-
centrations. D, representative images of cells treated with increasing amounts of RIMAb2 at day 0 and day 7 posttreatment. The scale bar represents
300 pm. B-D, data are means + S.D. and representative of three independent experiments, performed in triplicates. FGF, fibroblast growth factor; FGFR1, FGF

receptor 1; MAPK, mitogen-activated protein kinase.

RIMAb2, IMC-H7 MAb, AZD4547, a small molecule FGFR
kinase inhibitor, or FP-1039, a FGFR1c extracellular domain
fused with the Fc region of IgG1 (29). Phosphorylation of key
proteins involved in FGFR1 downstream signaling was
assessed with Western blot analysis. Consistent with our pre-
vious results, we observed decreased phosphorylation of
FGFR1, FRS2, PLCy1, AKT, with both RIMAb2 and IMC-H7
MAD (Figs. 2E and S2). The FGFRI-dependent signaling
pathway activated by FGF1 was, however, inhibited to a larger
extent in the presence of AZD4547 and FP-1039 (Figs. 2E and
S2). These observations were confirmed for RIMAD2 using the
breast cancer cell line MDA-MB-134 that also overexpresses
FGFRI (Fig. S3).

Taken together, our data suggested that FGFR1 R1MADbI,
R1IMADb2, and IMC-H7 MAbs and their respective FAbs
inhibited ligand-dependent activation of FGFR1. This was in
agreement with the previously reported antagonistic activity of
IMC-H7 MAD in the presence of ligand (26) and revealed the
antagonistic activity of RIMAb1 and R1IMAb2 under these
conditions.

We next determined if the FGFR1 Abs were able to inhibit
ligand-induced proliferation of CAL-120 cells in a 3D prolif-
eration assay. CAL-120 cells were incubated with increasing

SASBMB

concentrations of RIMAb2, IMC-H7 MAb, AZD4547, or FP-
1039 for 7 days. RIMAb2 or IMC-H7 MAb only minimally
decreased cell growth, whereas AZD4547 and FP-1039, both
known to decrease FGFR-dependent cell growth (22, 29), had a
profound, dose-dependent effect on cell proliferation (Fig. 2F).
These results suggested that the antagonistic activity of the
FGFR1 MAbs was not potent enough to cause an anti-
proliferative effect.

FGFR1 MAbs were partial FGFR1 agonists

Given the previously described agonistic activity of RIMAb2
(18) and the similar behavior of RIMAb2 and IMC-H7 MAD in
our assays, we hypothesized that both Abs may display some
degree of agonistic activity in the absence of ligand. To address
this question, we assessed the phosphorylation of FRS2 in
FGFR1c-expressing COS7 cells in the presence of increasing
amounts of bivalent MAbs or monovalent FAbs. In this
particular setting, no FGF was added to the cells. RIMAb1 and
R1MADb2 exhibited almost identical binding and functional
properties; therefore, we focused only on RIMAD2 for the next
series of experiments. Both RIMAb2 and IMC-H7 MAb
induced FRS2 phosphorylation to a similar extent, although

J. Biol. Chem. (2023) 299(1) 102729 5
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significantly less than that caused by FGF2 (% maximum
activation of 45.5, 40.1, and 100% for RIMADb2, IMC-H7 MAb,
and FGF2, respectively) (Fig. 3A). In contrast, the corre-
sponding FADb versions failed to yield FRS2 phosphorylation,
suggesting that the bivalent IgG may induce receptor dimer-
ization and subsequent activation of FGFR1c.

Similar results were obtained in the GAL-EIk1 luciferase
reporter assay, where RIMAb2 reached 13.9% maximum
activation, while the FAb version was inactive (Fig. S4). IMC-
H7 MAb had very minimal activity. Combined, these results
suggested that these two MAbs exhibited different degrees of
agonistic activity with IMC-H7 MADb being less potent and
only able to initiate proximal signaling events, such as phos-
phorylation of FRS2 (pFRS2).

We also confirmed agonistic activity of the MAbs in the
FGFR1-amplified CAL-120 cell line. Activation of FGFR1
resulted in a strong activation of the RAS-MAPK pathway via
FRS2 phosphorylation (15). Treatment with FGF1, RIMAb2,
or IMC-H7 MAD increased transcript levels of multiple MAPK
target genes including dual specificity phosphatase (DUSP)4,
DUSP6, Fos-related antigen 1 (FOSLI), and Sprouty RTK
signaling antagonist 4 (SPRY4) (Fig. 3B). Consistent with our
reporter assay data, ligand stimulation induced the strongest
agonistic response (Fig. 3B).

We next sought to explore the effect of the MAbs on CAL-
120 proliferation. In the presence of increasing concentrations
of RIMAb2 and IMC-H7 MAD, we observed a 3- to 4-fold
enhancement of cell growth, similar to that of FGF1
(Fig. 3C) and obtained representative spheroid images with
R1IMADb2 (Fig. 3D). Consistent with our signaling experiments
(Figs. 34 and S4), monovalent binding of RIMAb2 FAb and
IMC-H7 FAb did not induce cell proliferation. Taken together,
our data indicated that the three FGFR1 Abs have agonistic
properties and that bivalency is required to activate the FGFR1
signaling pathway.

FGFR1 MAbs did not activate PLCy1-dependent signaling
pathway

Since the bivalent RIMAb2 and IMC-H7 MAb (but not
their respective FAbs) activated FGFR1, we hypothesized that
the MAbs dimerize two FGFR1 monomers, which leads to
subsequent receptor activation. To assess the impact of FGF
versus the MAbs on FGFR1 complex formation, we labeled
cell-surface N-terminal SNAP-tagged FGFR1 with time-
resolved FRET (TR-FRET) compatible fluorophores and
monitored the TR-FRET signal similar to what we previously
described (30). In the presence of FGF2, we observed a 2.8-fold
increase in the TR-FRET signal indicative of the formation of
fully active FGFR1c dimers (Fig. 44). RIMAb2 and IMC-H7
MAD also induced an increase of the TR-FRET signal but to
a lesser extent (1.7- and 2-fold increases for RIMADb2 and
IMC-H7 MAD, respectively). Their respective FAbs did not
modulate the TR-FRET signal, suggesting that bivalency is
necessary for dimerization of the receptor. The significant
difference in TR-FRET signal between FGF2 and the MAbs
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suggested a different geometry and/or stability of the FGFR1c
dimers and likely reflected the partial agonist activity of FGFR1
Abs.

To investigate the functional consequences resulting from
different FGFR1 complex organizations, we compared down-
stream signaling changes in CAL-120 cells in the presence of
R1IMAb2, IMC-H7 MADb, or FGF1l. Western blot analysis
revealed an increase of phosphorylation of FGFR1 (Tyr®%/¢%%),
FRS2, ERK1/2, and AKT in all treatment conditions, although
the phosphorylation induced by RIMAb2 and IMC-H7 MAb
was significantly less than that caused by the ligand stimula-
tion, consistent with what we previously described (Figs. 4B
and S5). We did not observe phosphorylation of PLCyl
(Figs. 4B and S5) nor did we observe recruitment of PLCy1 to
FGFR1 upon R1IMAD2 or IMC-H7 MAbD treatment (Fig. 4C).
The PLCyl-docking site Tyr’®® on FGFR1 (15, 31) was not
phosphorylated in the presence of RIMAb2 and IMC-H7
MAD, explaining the absence of PLCyl recruitment
(Fig. 4C). Collectively, these results indicated that these FGFR1
MAbs have a unique mechanism of action compared to the
natural ligand.

To identify additional signaling differences between
R1MADb2 and FGF1 stimulation, we assessed phosphorylation
of key signaling proteins in CAL-120 cells in both treatment
conditions using a human phospho-kinase array kit. We
noticed one major signaling alteration between the two groups:
the phosphorylation of cCAMP response element-binding pro-
tein (CREB) appeared significantly reduced in the RIMAb2-
treated samples (Fig. 4D). To determine whether CREB
phosphorylation induced by FGFR1 pathway activation was
mediated through PLCyl, we compared FGF1- or RIMAb2-
induced downstream signaling in parental or PLCyl knock-
down CAL-120 cells. FGF1-induced phosphorylation of CREB
was significantly reduced in the absence of PLCyl. Further-
more, we did not observe CREB phosphorylation in parental
and PLCyl knockdown CAL-120 cells upon RIMADb2 treat-
ment, consistent with the inability of RIMADb2 to trigger
PLCy1 recruitment and activation (Fig. 4E).

Finally, we measured calcium release upon treatment with
FGFR1 MAbs or FGF2 in FGFR1c-expressing cells as this is
reported to be downstream of PLCyl signaling pathway acti-
vation (8, 15). As expected, FGF2 induced a dose-dependent
increase in calcium release (Fig. 4F). However, RIMAb2 and
IMC-H7 MAD failed to induce calcium release, confirming the
inability of the FGFR1 Abs to activate the PLCyl-dependent
signaling pathway. In summary, our data showed that FGFR1
MAbs selectively activated FGFR1 signaling through FRS2
phosphorylation but failed to recruit PLCyl and impact sub-
sequent signaling events, unlike the natural ligands FGF1 and
FGF2.

Unique phosphorylation signature of FGFR1 upon stimulation
with FGFR1 MAb explained the absence of PLCy1 recruitment

Western blot analysis as well as functional assays showed
that FGFR1 MAbs activated FRS2- but not PLCy1-dependent
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Figure 4. Assessment of differences in FGFR1 signaling pathways triggered by R1IMAb2 or IMC-H7 MAb versus FGF ligands. A, cell-surface SNAP-
tagged FGFR1c interaction determined using TR-FRET in the presence of buffer or isotype controls (blue histobars), FGF2 (purple histobar), or RIMAb2, FAb2,
IMC-H7 MAb, and FAb (black histobars). Results are normalized to the TR-FRET signal obtained in the absence of stimulation. B, Western blot analysis
performed using lysates prepared from FGFR1-amplified CAL-120 cells incubated with a concentration range of FGF1 starting at 1 nM or a concentration
range of RTMADb2 or IMC-H7 MAD starting at 10 nM. Immunoblots are representative of three independent experiments. The quantitation data from these
three independent experiments are shown in Fig. S5. C, PLCy1 recruitment measured in U20S cells expressing ProLink tagged FGFR1c and an Enzyme
Acceptor tagged SH2 domain in the presence of increasing amounts of R1TMAb2, IMC-H7 MAb, or FGF2. D, phosphorylation status of cancer-related kinases
assessed using phospho-kinase arrays in CAL-120 cells treated with FGF1/heparin or RIMAb2. Array Part A contains 29 Abs printed in duplicate, and array
Part B contains 16 Abs printed in duplicate. All arrays were processed at the same time. E, immunoblots and quantitation data of FGFR1 downstream
signaling molecules performed with lysates from CAL-120 cells transfected with either a nontargeting control (NTC) or PLCy7 siRNA and treated with FGF1 or
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signaling pathways, which implies that treatment with the
agonistic Abs or treatment with FGFR ligands may result in
distinct phosphorylation events. To comprehensively identify
receptor or signaling intermediates activated downstream of
FGFR1, we performed global tyrosine phosphoproteomic
analysis and compared FGF1 or RIMADb2 treated to control
treated CAL-120 cells (Figs. 54, S6, A and B). Overall, there
were about 6000 total peptide spectral matches (PSMs) con-
taining tyrosine phosphorylated species that matched about
950 proteins with phospho-tyrosine (pTyr) from which 5700
total PSMs were quantifiable (isolation specificity 20.5). The
peptide coverage of main proteins of interest assessed was
summarized (Fig. S7). The total number of pTyr sites detected
was greater upon FGF1 versus RIMADb2 treatment (Figs. 5B
and S6C). The level of all the major unique FGFR1 pTyr sites
increased upon addition of FGF1 (Fig. 5, C and D), but only
pTyr®®, a phosphorylation site that results in 50- to 100-fold
increased kinase activity (15), was more abundant in both
conditions (Fig. 5C). Consistent with our previous results
indicating antibody-mediated receptor activation through
FRS2, the proportion of most pTyr sites on FRS2 showed
enhanced phosphorylation in both treatments except for
pTyr'™ which was only phosphorylated in the presence of
FGF1. Downstream of FRS2, pTyr'®> on ERK1/2 and pTyr®”’
growth factor receptor—bound protein 2—associated protein 1
(Gabl) were induced by both treatments.

As expected, PLCyl pTyr sites were only phosphorylated
upon FGF1 incubation (Fig. 5D). Overall, we did not identify
any pTyr that were uniquely phosphorylated on the receptor
or on downstream effector proteins in the presence of FGFR1
MAbs.

Altogether, our mass spectrometry analysis confirmed our
previous functional data and revealed that treatment with
R1IMAD2 induced a distinct FGFR1 phosphorylation profile, in
which only residue pTyr®>® was phosphorylated leading to the
activation of the FRS2-dependent signaling pathway.

R1MAb2 and IMC-H7 agonistic effect is predominant in vivo

In vitro studies demonstrated that both FGFR1 MAbs can
act as agonist or antagonist depending on the presence or
absence of the natural ligand. In order to determine which
pharmacological effect is dominant in vivo, we sought to
investigate the effect of RIMAb2, IMC-H7 MAD, or the well-
validated small molecule inhibitor AZD4547 on the tumor
growth of CAL-120 breast xenografts in C.B-17 SCID mice.
We previously verified that CAL-120 cells relied on FGFR1
expression for proliferation (Fig. S8A). In this model, antago-
nistic activity would lead to CAL-120 tumor regression, while
agonistic activity would not attenuate tumor growth and
would cause mice body weight loss. As expected from an
FGFR1 antagonist, AZD4547 administration did not result in
body weight loss but led to a significant tumor regression

(Figs. 6, S8, B and C). In contrast, a single injection of RIMAb2
or IMC-H7 MAD resulted in a substantial body weight loss
(Fig. 6). The amplitude of the weight loss was more significant
for the RIMAD2 group and resulted in the termination of all
the mice on or before day 5. IMC-H7 MAD that displayed a
lower agonistic activity in vitro induced a less substantial body
weight loss (—10.2% at day 3) and the mice remained in the
study (Fig. 6). However, to preserve the welfare of the mice, no
additional doses of IMC-H7 MADb were administered; there-
fore, the potential effect on tumor growth could not be
assessed. To conclude, this study demonstrated that the
agonistic activity observed for both FGFR1 MAbs is predom-
inant in vivo and is responsible for the toxicity that manifested
as a substantial weight loss. Similar to our in vitro results, the
agonist effect of RIMAb2 was stronger than that of IMC-H7
MAD in vivo.

In summary, our study highlighted a distinct mechanism of
action of FGFR1 MAbs where in the absence of FGF ligands,
the Abs acted as partial agonists on the FRS2-dependent
signaling pathway. In this configuration, PLCyl was not
recruited (Fig. 7). Likely, the distance between the FGFR1
extracellular domains (ECDs) was increased in the presence of
the Abs as compared to natural ligands, resulting in a subop-
timal transphosphorylation of the KDs under this condition.
We do not have any data supporting a specific arrangement of
the TMs or the KDs and their position in the model is spec-
ulative. In the presence of FGF ligands, RIMAb2 and IMC-H7
MAD acted as competitive antagonists by sterically hindering
FGF binding and, therefore, decreasing the signaling outcomes
from FRS2- and PLCyl-dependent signaling pathways (Fig. 7).

Discussion

The RTK family is an important target for therapeutics
across multiple indications. Among the therapeutic options,
mADbs are yielding transformative results in the clinic. Bivalent
Abs can naturally induce RTK dimerization and activation,
thus generating and selecting Abs capable of antagonizing
receptor signaling can be challenging. However, we can refer
to successful examples such as trastuzumab and pertuzumab
that are approved for the treatment of human epidermal
growth factor receptor 2 (HER-2) positive breast cancer
(32-35) or the epidermal growth factor receptor (EGFR) tar-
geting Abs cetuximab and panitumumab, both indicated for
the treatment of colorectal and head and neck cancers (36). In
the FGEFR field, a few antagonistic Abs show promising results
in preclinical studies (37) and in clinical development:
bemarituzumab for the treatment of gastric cancers harboring
FGFR2b overexpression and vofatamab (B-701) indicated for
urothelial carcinomas harboring FGFR3 alterations (21, 24).
The common denominator between all these molecules is a
unique mechanism of action that allows for the inhibition of
the downstream signaling pathway and subsequent cell

R1MADb2 48 h posttransfection. The quantitation data are means + S.D. of three independent experiments. Student’s t-tests for 2 comparisons: *p < 0.05. F,
calcium release signal measured upon stimulation of FGFR1c-expressing HEK293 cells with increasing amounts of RIMAb2, IMC-H7 MADb, or FGF2. For (C and
F), data are normalized to the maximum signal obtained with FGF2. For (A, C, and F) data are means + S.D. of at least three independent experiments
performed in triplicate. One-way ANOVA with Tukey’s multiple comparison test: ****p < 0.0001. FGF, fibroblast growth factor; FGFR1, FGF receptor 1; TR-

FRET, time-resolved FRET.
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receptor 1; pTyr, phospho-tyrosine.

proliferation either by preventing receptor dimerization, ligand
binding, and/or stabilizing an auto-inhibited conformation of
the receptor (38, 39). In addition, MAbs may elicit an
antibody-dependent cell-mediated cytotoxicity or an antibody-
dependent cellular phagocytosis response through Fc-
mediated activity (32).

The conflicting reports of FGFR1 agonistic and antagonistic
Abs leading to a similar phenotype in vivo prompted us to
conduct a thorough investigation on the pharmacological
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properties of a representative set of Abs (18, 26, 27, 40). Here,
we showed that RIMAbs can function both as agonists and
antagonists in a context-specific manner. RIMAb1 and
R1IMADb2 were obtained using phage display and selected for
their agonistic FGF21-like antidiabetic, lipid-lowering, and
weight loss properties in obese mice (18). However, dosing of
these molecules in adult mice results in mild hypo-
phosphatemia, which ultimately led to the discontinuation of
these Abs as potential therapeutic candidates (19). Conversely,
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Figure 6. Impact of FGFR1 MAbs and AZD4547 on weight loss in C.B-17 SCID mice inoculated with CAL-120 cells. Body weight changes of C.B-17 SCID
mice bearing similar sized tumors after administration of vehicle, AZD4547, IMC-H7 MAb, or RIMAb2 were monitored. Grouped analysis and individual
curves (n = 9 per group) are shown. FGFR1, Fibroblast growth factor receptor 1.

IMC-H7 MADb was selected for its antagonistic property suit-
able for anticancer therapy, but administration of IMC-H7
MADb unexpectedly led to weight loss in mice and monkeys
through reversible hypophagia (26). Given the weight loss seen
with IMC-H7 MAD treatment, we speculated that IMC-H7
MAb was not solely a FGFR1 antagonist as described.
Indeed, we demonstrated that similar to RIMAbs, IMC-H7
MAD also displayed agonist behavior and induced significant
proliferation of FGFR1-amplified CAL-120 cells. BLI-based
epitope binning suggested that the epitopes of RIMAbs and
IMC-H7 MAbD partially overlapped on D2 but were distinct
from the FGF-binding pocket. Therefore, we hypothesized that
these MAbs compete with FGF ligand binding through steric
effects or a conformational change rather than a direct
competition to exert their antagonist activity. However, in the
absence of ligand, the bivalent IgGs acted as an FGFR1 agonist
through the cross-linking of two FGFR1 monomers to drive
cell proliferation.

Lelliott et al. characterize the dual agonist/antagonist ac-
tivity of their FGFR1c MAb. While their FGFR1c MAD induces
body weight loss in obese mice (27), the authors could not
firmly conclude whether the physiological effect of their MAb
could be attributed to the agonistic or antagonistic activity.
Compelling evidence in the literature and clinical studies
demonstrate the benefits of FGF21 mimetics for the treatment
of metabolic disorders, suggesting that the activation of
FGFRIc is responsible for the weight loss (17, 18, 41). In
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addition, weight loss is not reported as an adverse effect for the
FGER small molecule inhibitors tested in the clinic for cancer
indications (2). In our in vivo study, we compared side-by-side
the FGFR1c MAbs presenting a dual activity with a FGFR
small molecule inhibitor and demonstrated that, in contrast to
AZD4547, FGFRlc MADbs treatment induced significant
weight loss. Given the predominant agonistic effect of the
MADbs resulting in toxicity in vivo, we were unable to assess
antagonistic effect of the MAbs on tumor growth.

Depending on the desired therapeutic benefit (metabolic
versus oncologic indications), one should carefully consider
the activity of the MAb in both the presence and absence of
ligand in order to identify molecules with the most optimal
therapeutic index.

In addition to the dual antagonistic/agonistic activity, our
study highlighted a functionally distinct active FGFR1
conformation when bound to an mAb. In the presence of FGF,
the ECDs of two adjacent FGFRs contact one another as well
as heparin through the Ig-like domain D2 (IgD2) (12, 42). The
epitopes of the FGFR1 MAbs tested were located at the
dimerization interface of IgD2. Consequently, the ECDs could
not come into contact through D2 as they would in the FGFR1
active conformation. Consistent with the estimated distance
between two FAbs arms, the D2 domains were most likely
about 6 to 12 nm apart (43). This hypothesis was supported by
the lower TR-FRET signal measured between FGFR1 ECDs in
the presence of MAb than the signal obtained with FGF2. The
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Figure 7. Proposed model of FGFR1 activation in the presence of FGF ligand, FGFR1 Ab alone (R1IMAb or IMC-H7 MADb), or FGF ligand and FGFR1
MADb. In the presence of FGF, FGFR forms stable dimers with FGF contacting both receptors and both FGFR1 extracellular domains interacting through a
small patch in D2. A conformational change occurs at the TM level that translates into full activation of the FRS2- and PLCy1-dependent signaling pathways.
In the presence of the FGFR1 MADb, the ECDs are further apart and cannot interact through D2, which may result in a KD configuration favorable to
phosphorylation events supporting FRS2-dependent signaling only and cell proliferation. When both MAb and FGF ligand are present, the MAb indirectly
competes with FGF binding, and at high MAb concentration, a similar phenotype as previously described with MAb alone is observed. FGF, fibroblast

growth factor; FGFR1, FGF receptor 1; KD, kinase domain.

MAD was therefore likely to stabilize a different orientation/
conformation of the ECDs of adjacent FGFR1 monomers. How
this translates into the relative conformation of the TM helices
and the intracellular KDs remains to be elucidated. However,
our signaling results supported a particular arrangement of
both domains incompatible with full agonistic activity.
Another possible explanation to the difference in signaling
would be that FGF ligands and MAbs may differentially sta-
bilize FGFR1 dimers similar to what was reported for EGFR
ligands (44, 45).

Previous structure-function studies performed on EGFR
fragments support the requirement for an N-terminal inter-
action between the TM helices to promote an antiparallel
interaction between juxtamembrane segments, resulting in the
formation of active asymmetric kinase dimerization. EGF
binding acts by triggering this N-terminal interaction between
the TM domains (46, 47). Similar observations are noted for
FGEFR, where a switch in the TM helices from unliganded
FGFR dimers to ligand-specific configurations is reported in
the presence of FGF1 and FGF2. FGF1- and FGF2-bound
states are structurally and functionally distinct, with FGF2
resulting in the highest degree of phosphorylation (48). In the
presence of RIMAb or IMC-H7 MADb, we hypothesized that
the likelihood of obtaining such a fully functional TM helices
switch was minimal due to the spacing of FGFR1 ECDs
(~6-12 nm). Instead, the MAbs most likely stabilized an in-
termediate FGFR1 dimer state, in which the ECDs were loosely
associated through antibody cross-linking, but the TM helices
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position toward one another was suboptimal. Huang et al.
describe the requirement for FGFR KDs to act in concert to
recruit and transphosphorylate PLCy (31). Our studies sug-
gested an incorrect or suboptimal orientation of the KDs in the
presence of the tested MAbs. Under this configuration, only
residue pTyr®®® on FGFR1 was phosphorylated, suggesting that
the accessibility to other potential phosphorylation sites may
have been a limiting factor. We did not see any additional
unexpected phosphorylation of tyrosine. Of note, we did not
assess phosphorylation of serine threonine sites. It should be
noted that FGFR1 phosphorylation sites are phosphorylated
with different kinetics, pTyr®®® being among the first sites to be
activated and Tyr’® the latest. It is thus reasonable to hy-
pothesize that the biased agonism observed toward the FRS2-
mediated pathway is the result of a partial activation signal that
is insufficient to reach a threshold and trigger the phosphor-
ylation events further downstream.

In contrast to PLCy, the adaptor molecule FRS2 is consti-
tutively bound to the FGFR1 juxtamembrane region. The
unique phosphorylation of pTyr®®® on FGFR1 was sufficient to
induce phosphorylation of most of the pTyr sites on FRS2.
Both RIMAb and IMC-H7 MAD increased CAL-120 prolif-
eration, which was in line with the activation of the FRS2-
dependent MAPK signaling pathway (8), and further sup-
ported that PLCy recruitment was not required to induce cell
proliferation.

Our work has implications for the design of agonistic or
antagonistic MAbs targeting FGFR or other RTK molecules.
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For example, our FAb data provided additional support for the
strategy of developing monovalent one-armed Abs as RTK
antagonists (49). For a FGFR agonist, designing molecules that
target different epitopes and/or possess various geometries will
be required to maximize pathway activation. For example,
several reports observe diverse signaling profiles for RTK and
cytokine receptors in the presence of mAbs or other engi-
neered molecules capable of inducing ECD dimerization
(50-53). In some cases, dimerization alone does not suffice to
trigger a full agonistic response (52). In addition to proximity,
the receptor geometry matters. Garcia et al. conducted a
thorough investigation to determine the relationship between
receptor topography and modulation of signaling outputs (54,
55). By designing a series of surrogate DARPin ligands to
systematically alter the angle and distance between erythro-
poietin receptor, they were able to generate a range of full,
biased, and partial agonism of erythropoietin receptor
signaling (54, 55). Translating these results to the FGFR and
RTK field will be important to designing agonistic molecules
for metabolic indications.

Overall, our study provided insight into the challenges of
developing antibody therapeutic molecules, especially toward
dimeric cell-surface receptors. It highlighted the importance of
optimizing several functional assays in the presence or absence
of the endogenous ligand for lead selection so that both
agonist and antagonist activities can be properly assessed. In
addition, it is necessary to ensure that these assays can capture
signaling events occurring along the entire signaling pathway
in order to identify agonists that may display a functional
behavior different from the natural ligands and induce the
desired effect in vivo. Our study supported the possibility to
modulate signaling outputs by stabilizing specific receptor
conformations and has implications for the development of
therapeutic Abs toward dimeric receptors beyond the FGFR
field.

Experimental procedures
Generation of Abs and FGFR1c-Fc

Constructs for mammalian expression of IgGs and FAbs for
R1IMAbI, RIMAD2, and IMC-H7 were generated in house by
gene synthesis. Plasmids encoding for the light chain and
heavy chain were cotransfected into HEK293 cells and purified
using a HiTrap column (GE Healthcare) with MabSelect Sure
resin (GE Healthcare) followed by size-exclusion chromatog-
raphy (SEC) with a Superdex S200 10/300 Gl size exclusion
column (GE Healthcare) (56). To generate protein for epitope
binning, a construct encoding Asn'**-Ser®”! of FGFRI1b fol-
lowed by a C-terminal His tag was used. The plasmid was
transfected into HEK293 cells and purified using Ni-NTA
Superflow resin (Qiagen) followed by SEC with a Superdex
S$200 10/300 Gl size exclusion column (GE Healthcare). To
generate the FGFR1c receptor as a ligand trap, a construct
encoding Met'-Lys**® of FGFR1c followed by the sequence of
human IgG1 Fc (EU numbering, Asp**'-Lys**”) was used. The
plasmid was transfected into HEK293 cells and purified using a
HiTrap column (GE Healthcare) with MabSelect Sure resin
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(GE Healthcare) followed by SEC with a Superdex S200
10/300 Gl size exclusion column (GE Healthcare).

Epitope binning using Octet

Epitope binning of the Abs was completed using cross
competition assays preformed on an Octet Red-384 system
(ForteBio/Sartorius) using BLI. The cross-competition assays
employed a classic sandwich strategy. Anti-human Fc capture
biosensors were used to capture human IgG1 constructs of
each Ab using a concentration of 25 pg/ml in blocking buffer
(PBS, 0.5% bovine serum albumin (BSA), 15 PPM Proclin;
Sigma Aldrich) at 25 °C for 300 s (“Capture#1”). The captured
Abs were then incubated with His-tagged FGFR1b protein
(N143-S371) at 25 pg/ml in blocking buffer at 25 °C for 200 s
to allow binding and complex formation between the captured
Abs and target protein (“Capture#2”). The biosensors con-
taining the Ab—antigen complexes were finally incubated with
various FAbs at 25 pg/ml in blocking buffer at 25 °C for 300 s
(“Capture#3”). An increase in signal (nm) recorded by the
biosensors indicates that the FAb can simultaneously bind to
FGFR1 in the presence of the IgG and that these two Abs
occupy nonoverlapping epitopes. No increase in signal (nm)
recorded by the biosensors indicates that the FAb cannot
simultaneously bind to FGFR1 in the presence of the IgG and
that these two Abs occupy overlapping epitopes.

Cell culture

Engineered U20S cells expressing ProLink (PK)-tagged
FGFR1 and an enzyme acceptor—tagged PLCyl were pur-
chased from DiscoverX and cultured according to the manu-
facturer’s instructions. All other cell lines were from the
Genentech cell line repository and were tested for Myco-
plasma. CAL120 cells were maintained in Roswell Park Me-
morial Institute (RPMI) 1640 medium supplemented with 10%
fetal bovine serum (FBS) and 2 mM L-Glutamine. COS7 were
cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% FBS and 2 mM L-Glutamine. MDA-MB-
134-VI were cultured in Leibovitz’s L15 media supplemented
with 20% FBS and 2 mM L-Glutamine.

FGFR1 MAbs cell-binding competition assay

COS7 cells expressing human FGFR1c were seeded in cold
binding buffer (Opti-minimal essential medium + 2% FBS +
50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
[Hepes], pH 7.2 + 0.1% Sodium Azide) at 100,000 cells per
well. A fixed concentration of Iodine-125 FGF2 (R&D Systems,
#233-FB-500/CF/lot HKW14318113) radiolabeled using the
NEX244 Iodogen method (PerkinElmer) was mixed with
serially diluted FGFR1 MAbs starting at 333 nM. The antibody
mixture was added to the cells and incubated at room tem-
perature for 2 h under gentle agitation. The cells and Abs were
then transferred to Millipore multiscreen filter plates. The
filter plates were washed 4 times with 250 pl of cold binding
buffer and dried for at least 30 min, and the filters were
punched into 5 ml polystyrene tubes. The radioactivity was
measured using a PerkinElmer Wallac Wizard 2470 Gamma
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Counter set at 1 count per minute with 0.8 counting efficiency.
The data were fitted using the heterologous one site-fit Ki
competitive binding model in GraphPad Prism.

MSD Phospho-FRS2 (Tyr196) assay

COS7 cells were transiently transfected with vectors
encoding receptor FGFR1 using Lipofectamine 2000 according
to the manufacturer’s instructions (Life Technologies, Inc.)
and seeded at 100,000 cells/well in a 96-well plate. After a 24-h
incubation at 37 °C, 5% CO,, transfected cells were cultured
for 2 h in serum-free medium with FGF2 ligand and/or FGFR1
Abs at various concentrations. Cells were then lysed using
complete lysis buffer provided in the MSD Phospho-FRS2
(Tyr196) Assay Whole Cell Lysate Kit (K150K]JD-2).
Phospho-FRS2 was measured using the MSD multiassay assay
system per the manufacturer’s instructions (MSD).

GAL-ELK1 luciferase reporter assay

COS7 cells were transiently transfected with vectors
encoding receptor FGFR1c, a transcriptional activator (pFA2-
Elk1), a firefly luciferase reporter gene driven by GAL4-binding
sites (pFR-luc), and a Renilla luciferase (RLSV40) using Lip-
ofectamine 2000 according to the manufacturer’s instructions
(Life Technologies, Inc.). Cells were seeded (100,000 cells/well)
in a 96-well plate and incubated overnight. On the next day,
transfected cells were cultured for an additional 6 h in serum-
free medium with FGF ligand and/or IgG protein at various
concentrations. The luciferase activity was determined using
Dual-Glo Luciferase Assay System (Promega) and a CLAR-
IOstar reader (BMG LABTECH).

PLCy1 recruitment assay

Engineered U20S cells expressing ProLink (PK)-tagged
FGFR1 and an enzyme acceptor—tagged PLCyl (DiscoverX)
were plated (40,000 cells/well) in a 384-well plate and incu-
bated overnight at 37 °C, 5% CO,. After a 24 h incubation,
cells were cultured with FGF ligand and/or FGFR1 Abs diluted
in DiscoverX-recommended medium for 22 h. Following
stimulation, signal was detected using the PathHunter Detec-
tion Kit according to the recommended protocol. The signal
was recorded with a CLARIOstar reader (BMG LABTECH).

Western blot

CAL-120 or MDA-MB-134-VI cells were serum-starved in
0.1% BSA RPMI 1640 medium for 4 h. Cells were then treated
with either 15 ng/ml FGF1 (R&D Systems, #232-FA/lot
CQ3518101) and 10 pug/ml heparin (Sigma) for 30 min or 1 pg/
ml RIMAD2 for 1 h. To prepare extracts for immunoblotting,
cells were washed once with ice-cold PBS and lysed with Cell
Extraction Buffer (Invitrogen) containing protease (Roche) and
phosphatase inhibitors (Sigma). Insoluble material was
removed by centrifugation, and protein concentration was
determined using a BCA Protein Assay (Pierce). Equal
amounts of protein lysates were loaded onto a 4 to 12%
NuPage Bis-Tris gel (Invitrogen). Proteins were transferred
using the iBlot Gel Transfer Device (Invitrogen). Rabbit Abs to
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phospho-PLCy1 (Tyr”®?) (#14008/lot 4), PLCy1 (#5690/lot 1),
phospho-CREB (Ser'??) (#9198/lot 18), CREB (#9197/lot 17),
phospho-FRS2 (Tyr'*®) (#3864/lot 5), phospho-FRS2 (Tyr**®)
(#3861/lot 5), phospho-FGFR (Tyr®>¥%%) (#52928/lot 1),
phospho-FGFR1 (Tyr”®®) (#84309, lot 1), FGFR1 (#9740/lot 4),
phospho-ERK (Thr?*?/Tyr***) (#9101/lot 30), ERK1/2 (#¥9102/
lot 27), phospho-AKT (Ser*”®) (#4060/lot 24), and AKT
(#9272/lot 27) were obtained from Cell Signaling, FRS2
(#ab183492/lot GR153352-9) from Abcam, mouse Abs to
GAPDH (#MAB374/lot 2955484) from EMD Millipore and to
B-actin (#A5441/lot 127M48667) from Sigma. Specific
antigen—antibody interaction was detected with a horseradish
peroxidase-conjugated secondary goat anti-rabbit IgG (Jackson
ImmunoResearch, #111-035-144/lot 132409) or goat anti-
mouse IgG (Jackson ImmunoResearch, #115-035-146/lot
139407) using enhanced chemiluminescent detection reagents
SuperSignal West Pico or Femto Chemiluminescent Sub-
strates (Pierce). Films were scanned on an Epson Perfection
V600 Photo scanner and images were quantified using Image]J
(National Institutes of Health).

Cell proliferation assay

CAL-120 cells were plated in growth medium containing 1%
FBS and heparin (10 pg/ml) in the presence or absence of
FGF1 at 1000 cells/well in 96-well ultra-low attachment plates
(Costar) after passing through a 70 um cell strainer (Falcon).
The following day, treatments were serially diluted starting at
the indicated concentrations, then added to cells in triplicate.
AZD4547 was obtained from Selleckchem as a 10 mM dime-
thylsulfoxide stock solution. Seven days posttreatment,
Promega’s CellTiter-Glo 3D Luminescent Cell Viability Assay
reagent was added per manufacturer’s protocol. Luminescence
was read using a PerkinElmer EnVision Multilabel Plate
Reader.

qRT-PCR assay

CAL-120 cells were plated in growth medium containing 1%
EBS at 600,000 cells/well in 8-well plates. The next day, cells
were treated as indicated. Eight hours posttreatment, total
RNA was extracted using Ambion’s MagMAX-96 Total RNA
Isolation kit and the KingFisher Flex instrument. RNA
expression was determined using predesigned TagMan gene
expression assays (DUSP4 Hs01027785_ml, DUSP6
Hs00169257_m1, FOSL1 Hs04187685_ml, SPRY4
Hs00540086_m1, GAPDH Hs02758991_gl) and TaqMan
RNA-to-Ct 1-Step Kit using a ViiA 7 Real-Time PCR System
(Applied Biosystems).

Intracellular calcium measurement

Black 384-well culture plates with clear bottoms were
seeded with 20,000 CAL-120 cells/well and incubated
overnight. Cells were then incubated with a dye loading
solution including a calcium indicator dye (BD Biosciences),
probenecid (BD Bioscience), and 1x enhancer (BD Biosci-
ence) in Hank’s balanced salt solution buffer (GIBCO)
containing 0.02% BSA (R&D Systems) and 20 mM Hepes

J. Biol. Chem. (2023) 299(1) 102729 13



Elucidation of the mode of action of FGFR1 monoclonal antibodies

adjusted to pH 7.4 for 1 h at 37 °C, 5% CO,. FGF ligand
and/or FGFR1 Abs were added at various concentrations,
and the signal was recorded using an uFDSS instrument
(Hamamatsu) with excitation of 485 nm and emission of
525 nm.

SNAP-tag labeling and TR-FRET measurement

Stable COS7 cells expressing N-terminus SNAP-tagged
FGFR1 were seeded in a white 96-well plate and incubated
overnight at 37 °C, 5% CO,. Cells were then labeled with
100 nM donor-conjugated benzyl-guanine SNAP-Lumi4-Tb
(PerkinElmer) and 1 uM acceptor-conjugated benzyl-guanine
SNAP-A467 (New England BioLabs) diluted in Dulbecco’s
modified Eagle’s medium containing 10% FBS for 1 h at 37 °C,
5% CO,. After three washes in PBS, the Lumi4-Tb emission
and the TR-FRET signal were recorded at 620 and 665 nm,
respectively, at t = 0 and t = 15 min postligand addition using a
CLARIOstar reader (BMG LABTECH). The TR-FRET in-
tensity was calculated as followed: (signal at 665 nm from cells
labeled with SNAP donor and SNAP acceptor) - (signal at
665 nm from the same population of transfected cells labeled
with SNAP donor and non-labeled SNAP). The TR-FRET ratio
represents the TR-FRET intensity divided by the donor
emission at 620 nm.

Phospho-kinase arrays

CAL-120 cells were plated in growth medium at
3,000,000 cells per 10-cm plate. The following day, cells were
serum-starved in 0.1% BSA RPMI 1640 for 4 h. Cells were then
treated with either 15 ng/ml FGF1 and 10 pg/ml heparin for
30 min or 1 pg/ml RIMAD2 for 1 h. Cells were washed once
with ice-cold PBS and lysed with Cell Extraction Buffer
(Invitrogen) containing protease (Roche) and phosphatase in-
hibitors (Sigma). Insoluble material was removed by centrifu-
gation, and protein concentration was determined by BCA
Protein Assay (Pierce). Differences in phospho-protein levels
were assessed using Proteome Profiler Human Phospho-
Kinase Array Kit (R&D Systems) according to the manufac-
turer’s protocol.

PLCy1 and FGFR1 knockdowns

ON-TARGETplus Nontargeting Control Pool (D-001810-
10-20), ON-TARGETplus Human PLCG1 siRNA (L-003559-
00-0005), and ON-TARGETplus Human FGFRI siRNA
(L-003131--00-0020) were obtained from Dharmacon. For
PLCyI knockdown, RNAIMAX Transfection Reagent (Invi-
trogen) was used to deliver 50 nM siRNA to CAL-120 cells
plated at 300,000 cells/well in 8-well plates. At 48 h post-
transfection, cells were serum-starved in 0.1% BSA RPMI 1640
for 4 h. Cells were then treated with either 15 ng/ml FGF1 and
10 pg/ml heparin for 30 min or 1 pg/ml RIMAD2 for 1 h, and
Western blot analysis was conducted as described in the
Experimental procedures section above.

For FGFRI1 knockdown, CAL-120 cells were transfected
using RNAIMAX Transfection Reagent (Invitrogen) with
10 nM siRNA and plated at 2500 cells per well in 96-well ultra-
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low attachment plates (Costar). Forty eight hours post-
transfection, a cell proliferation assay was conducted as
described in the Experimental procedures section above.

Proteomic sample preparation

CAL-120 cells were harvested and lysed in 20 mM Hepes at
pH 8.0, containing 9 M urea, 1 mM sodium orthovanadate,
2.5 mM sodium pyrophosphate, and 1 mM p-glycer-
ophosphate. Whole cell lysates from PBS-treated, FGF1-
treated (20 min), and RIMADb2-treated (1 h) CAL-120 cells
(3 bioreplicates per condition, total of nine samples) were
digested with trypsin and prepared for proteomic analysis.
Samples were sonicated using a Misonix Microson XL soni-
cator followed by centrifugation at 20,000g for 20 min at 15 °C.
Protein concentration was determined using a Bradford assay
(Bio-Rad). Samples were reduced in 5 mM DTT at 37 °C for
1 h followed by alkylation with 15 mM iodoacetamide at room
temperature for 20 min in the dark. Proteins were subjected to
a serial digestion using Lys-C (Wako) at an enzyme:substrate
(E:S) ratio of 1:50 at 37 °C for 4 h followed by tryptic digestion
(Promega) at an E:S ratio of 1:50 at 37 °C overnight in 2 M
urea. The peptide mixture was acidified with 20% TFA and
desalted using C;g cartridge (500 mg absorbent) from Waters.
Peptides were eluted with 3 x 2.0 ml of 60% acetonitrile
(ACN)/0.1% TFA followed by peptide concentration mea-
surement using a quantitative colorimetric peptide assay kit
(Thermo Fisher Scientific). Equal amounts of peptides per
condition (17 mg) were aliquoted and lyophilized overnight.

Immunodffinity enrichment of pTyr peptides and tandem
mass tag labeling

Immunoaffinity capture of pTyr peptides was performed
using the antibody-recognizing pTyr motif according to the
PTMScan protocol published by Rush et al. (57). PTMScan
Proteomics System was in-licensed from Cell Signaling
Technologies. The enriched peptide mixture was dried down
completely followed by chemical labeling with tandem mass
tag (TMT) (Thermo Fisher Scientific) for quantitation. The
dried peptide mixture was reconstituted in 20 ul of Hepes
(200 mM, pH 8.5) + 3 pl of ACN + 5 ul TMT reagent (each vial
of 0.8 mg of TMT reagent was reconstituted in 40 pl of ACN).
Labeling was performed at room temperature for 1.5 h. From
each condition, 1 pl was mixed, desalted, and analyzed to
determine labeling efficiency. The reaction was quenched with
5% hydroxylamine once labeling efficiency was determined to
be at least 95%. Samples were mixed at equal amounts fol-
lowed by desalting and drying. The dried peptides from the
9-plex were subjected to a second round of immunoaffinity
enrichment to minimize nonspecificity. The resulting enriched
peptide mixture was desalted and dried prior to mass spec-
trometry analysis. TMT channels were assigned as followed:
PBS, replicate 1, TMT10-126, 126.1277; PBS, replicate 2,
TMT10-127N, 127.1246; PBS, replicate 3, TMT10-127C,
127.1309; FGF1-treated, replicate 1, TMT10-128N, 128.1281;
FGF1-treated, replicate 2, TMT10-128C, 128.1341; FGF1-
treated, replicate 3, TMT10-129N, 129.1317; RI1IMADb2-
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treated replicate 1, TMT10-129C, 129.1376; RIMAb2-treated
replicate 2, TMT10-130N, 130.1348, and R1MADb2-treated
replicate 3, TMT10-130C, 130.1409.

Mass spectrometry analysis

The enriched pTyr peptides were reconstituted in 2% ACN/
0.1% formic acid/water and loaded onto C;g column (1.7 pm
Ethylene Bridged Hybrid (BEH), 130 A, 0.1 x 250 mm) (New
Objective) using a NanoAcquity ultra performance liquid
chromatography system (Waters) at a flow rate of 0.6 pl/min.
A gradient of 2% to 30% solvent B (0.1% FA/2% water/ACN) at
0.5 pl/min was applied over 155 min with a total analysis time
of 180 min to separate the peptides. Duplicate injections were
made for technical replicates. Peptides were analyzed using an
Orbitrap Lumos instrument (Thermo Fisher Scientific). Pre-
cursor ions (MS1) were analyzed in the Orbitrap (automatic
gain control [AGC] target 1,000,000; 120,000 mass resolution,
50 ms maximum injection time), and the 10 most abundant
species were selected for fragmentation (MS2). Ions were
filtered based on charge state = 2 (z = 2, 3, & 4-6) and
monoisotopic peak assignment, and dynamic exclusion (45 s +
10 parts per million [ppm]) was enabled. Each precursor ion
was isolated at a mass width of 0.5 Th followed by fragmen-
tation using collision-induced dissociation (CID at 35
normalized collision energy); MS2 AGC target was set at
20,000 with a maximum injection time of 200 ms. Multiple
fragment ions were isolated using synchronous precursor se-
lection prior to higher energy collisional dissociation (55
normalized collision energy, synchronous precursor selection
notches = 8, AGC target = 200,000, maximum injection time
of 350 ms) MS3 fragmentation and Orbitrap analysis at 50,000
resolution.

Bioinformatics

Tandem mass spectrometry (MS/MS) data was searched
using the Mascot search algorithm (Matrix Sciences) against a
concatenated forward-reverse target-decoy database (Uni-
ProtKBconcat 2016_06) consisting of human proteins and
common contaminant sequences. Spectra were assigned us-
ing a precursor mass tolerance of 50 ppm and fragment ion
tolerance of 0.8 Da. Static modifications included carbami-
domethyl cysteine (+57.0215 Da) and TMT (229.1629 Da) on
both the N-terminus of the peptides and lysine residues.
Variable modification included oxidized methionine
(+15.994 Da) and phosphorylation on serine, threonine, and
tyrosine residues (+79.9663 Da). Trypsin specificity with up to
three miscleavages was specified. PSMs were filtered at 5%
false discovery rate followed by protein filtering at 2% false
discovery rate. A Score algorithm was used for phosphory-
lation site localization (58). For each PSM, TMT reporter ions
were quantified with an in-house software package known as
Mojave by calculating the highest peak within 20 ppm of
theoretical reporter mass windows at MS3 level and cor-
recting for isotope purities. Isolation specificity was calcu-
lated by dividing summed peak intensities from peptide
precursor by total peak intensities within an isolation
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window. A subset of pTyr peptides was filtered for further
statistical analysis.

Statistical analysis of mass spectrometry data

Quantification and statistical testing of the TMT proteomics
data was performed with MSstatsTMT v1.2.7, an open-source
R/Bioconductor package. Prior to MSstatsTMT analysis, the
PSMs were filtered as follows. PSMs were filtered out if they:
(1) were from decoy proteins, (2) were from peptides with
length less than 7 amino acids, (3) had an isolation specificity
less than 0.5, and (4) had a summed reporter ion intensity
(across all 9 channels) lower than 30,000. In the case of
redundant PSMs (multiple PSMs in one MS run that map to
the same peptide), the PSMs were summarized by summing
the reporter ion intensities per peptide and channel. Next,
MSstatsTMT summarized the peptide quantitation to the
unique phosphorylation site level using Tukey median polish
summarization. As a final step, the differential abundance
analysis between conditions was performed in MSstats TMT
based on a linear mixed-effects model per site. The inference
procedure was adjusted by applying an empirical Bayes
shrinkage.

Tumor xenograft study

In vivo studies were approved by Genentech’s Institutional
Animal Care and Use Committee (IACUC) and adhered to the
ILAR Guide for the Care and Use of Laboratory Animals.
Naive, 14 to 15-week-old C.B-17 SCID.bg mice (Charles River
Labs) were inoculated in the #2/3 mammary fat pad with 10
million CAL-120 cells suspended in Hank’s balanced salt so-
lution and matrigel (BD Biosciences). Once tumors reached a
size of 127 to 217 mm3 (x = 155.7 + 20.7 mm> SD), mice were
randomized into treatment cohorts and test article adminis-
tration began (n = 9/group). The vehicle [0.5% methylcellulose,
1% Tween-80 (MCT)] and AZD4547 (12.5 mg/kg) groups
were dosed orally, daily for 24 days. The IMC-H7 MAb and
R1MAD2 groups, each received a single 1 mg/kg dose, intra-
peritoneally. Length (/) and width (w) of each tumor were
measured using digital calipers (Fred V. Fowler Company, Inc.)
and tumor volumes were calculated (V = w? x 0.5). Body
weights were measured using an Adventurer Pro AV812 C
scale (Ohaus Corporation).

Tumor growth analysis was performed using a package of
customized functions in R (Version 4.1.0 [2021-05-18] R
Foundation for Statistical Computing) (59). Estimates of
group-level efficacy were obtained by calculating a growth
contrast that represents the ratio of exponential tumor growth
for the treatment and reference groups over a common study
period. Exponential growth in each group is calculated by
computing the area under the curve of the fit on the natural
log scale for this time range, correcting the area under the
curve for the starting tumor burden. Contrast values <1
indicate an antitumor effect; the smaller the value below 1, the
greater the magnitude of the antitumor effect. A value of 1 is
indicative of no treatment effect (i.e., the daily fold changes are
equivalent in both groups). Values in parenthesis indicate the
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upper and lower boundaries of the 95% confidence interval for
the difference based on the fitted model and variability mea-
sures of the data.

Data availability

All data are available in the main text or the supporting
information.
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