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ABSTRACT
Bemarituzumab (FPA144) is a first-in-class, humanized, afucosylated immunoglobulin G1 monoclonal 
antibody (mAb) directed against fibroblast growth factor receptor 2b (FGFR2b) with two mechanisms of 
action against FGFR2b-overexpressing tumors: inhibition of FGFR2b signaling and enhanced antibody- 
dependent cell-mediated cytotoxicity (ADCC). Bemarituzumab is being developed as a cancer therapeutic, 
and we summarize here the key nonclinical data that supported moving it into clinical trials. 
Bemarituzumab displayed sub-nanomolar cross-species affinity for FGFR2b receptors, with >20-fold 
enhanced binding affinity to human Fc gamma receptor IIIa compared with the fucosylated version. In 
vitro, bemarituzumab induced potent ADCC against FGFR2b-expressing tumor cells, and inhibited FGFR2 
phosphorylation and proliferation of SNU-16 gastric cancer cells in a concentration-dependent manner. In 
vivo, bemarituzumab inhibited tumor growth through inhibition of the FGFR2b pathway and/or ADCC in 
mouse models. Bemarituzumab demonstrated enhanced anti-tumor activity in combination with che-
motherapy, and due to bemarituzumab-induced natural killer cell-dependent increase in programmed 
death-ligand 1, also resulted in enhanced anti-tumor activity when combined with an anti-programmed 
death-1 antibody. Repeat-dose toxicity studies established the highest non-severely-toxic dose at 1 and 
100 mg/kg in rats and cynomolgus monkeys, respectively. In pharmacokinetic (PK) studies, bemarituzu-
mab exposure increase was greater than dose-proportional, with the linear clearance in the expected dose 
range for a mAb. The PK data in cynomolgus monkeys were used to project bemarituzumab linear PK in 
humans, which were consistent with the observed human Phase 1 data. These key nonclinical studies 
facilitated the successful advancement of bemarituzumab into the clinic.
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Introduction

The role of fibroblast growth factors (FGFs) in cancer is 
well known: FGFs can stimulate the transformation and 
proliferation of tumor cells and angiogenesis.1 The FGF 
family consists of 22 ligands and 4 fibroblast growth factor 
receptors (FGFRs).1 Splice variations lead to several recep-
tor variants, including 2 predominant isoforms each of 
FGFR1–3, termed b and c. The expression of individual 
FGFs and FGFRs is generally restricted to specific tissues, 
cell types, and/or developmental stages. In particular, tis-
sues of epithelial origin such as the stomach and skin 
express the fibroblast growth factor receptor 2 IIIb isoform 
(FGFR2b), whose 3 major ligands are FGF7, FGF10, and 
FGF22.2,3

FGFR2b can be highly expressed in tumors through 
amplification of the FGFR2 gene or transcriptional upre-
gulation of the FGFR2b isoform. As early as 1990, subsets 
of patients with gastric cancer were noted to have 

amplification of the FGFR2 gene.4 More recently, either 
overexpression of the FGFR2b receptor or amplification of 
FGFR2 have been identified as having prognostic impor-
tance in patients with gastric cancer.5–8 Overexpression of 
FGFR2b is significantly more common in the absence of 
amplification in advanced stage gastric cancer,9 and recent 
prospective evaluation in front line advanced and meta-
static gastric cancer estimates the prevalence of FGFR2b 
overexpression at approximately 32%.10 Furthermore, 
alterations in the FGF/FGFR2 signaling pathway have 
been observed in other cancers as well, including breast, 
ovarian, endometrial, lung, and bile duct cancers.11–14 

Thus, inhibition of FGFR2 signaling may be an effective 
mechanism of action for multiple cancer indications.5,6

Bemarituzumab, also referred to as FPA144 or AMG 552, is 
a first-in-class, recombinant, humanized, afucosylated immu-
noglobulin (Ig) G1 kappa monoclonal antibody (mAb) direc-
ted against FGFR2b. Bemarituzumab has 2 demonstrated 
mechanisms of action: blocking FGFR2b signaling by 
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competitive binding inhibition of FGFs and eliciting enhanced 
antibody-dependent cell-mediated cytotoxicity (ADCC) 
against FGFR2b-overexpressing tumor cells. Here, we demon-
strate in nonclinical studies that bemarituzumab can suppress 
FGFR2b signaling in a time- and concentration-dependent 
manner, and requires Fc gamma receptor (FcγR) engagement 
to significantly inhibit tumor growth in vivo. Moreover, the 
anti-tumor activity of bemarituzumab can be enhanced upon 
combination either with immune checkpoint blockade via anti- 
programmed death-1 (PD-1) or chemotherapy. Finally, when 
administered to rats and cynomolgus monkeys, bemarituzu-
mab demonstrated a greater than dose-proportional increase in 
exposure at lower doses with linear clearance and an acceptable 
toxicology profile at exposures expected to be efficacious in 
cancer patients. Together, these data were used to project the 
pharmacokinetic (PK) profile in humans and supported the 
advance of bemarituzumab into a first-in-human Phase 1 dose 
escalation and expansion study.

Results

Bemarituzumab binding affinity to FGFR2b and FcγRIIIa

To confirm rat and cynomolgus monkey were appropriate 
species for toxicology studies, the binding affinity of bemaritu-
zumab to the extracellular domain (ECD) of FGFR2b from rat, 
monkey, and human was measured by surface plasmon reso-
nance and found to be similar across all three species (Table 1). 
Bemarituzumab demonstrated sub-nanomolar equilibrium 
dissociation constants (KD) for rat, cynomolgus monkey, and 
human FGFR2b ECD with comparable associate and dissociate 
constants (Kon and Koff). Based on these data, rat and cyno-
molgus monkey were deemed appropriate species in which to 
perform toxicology studies with bemarituzumab.

After antibodies of the human IgG1 isotype bind to their 
target on tumor cells, immune cells that express FcγRIIIa, 
especially natural killer (NK) cells and macrophages, are 
recruited and activated to promote cancer cell death in 
a process known as ADCC. Bemarituzumab was specifically 
engineered to elicit enhanced ADCC against FGFR2b- 
expressing tumor cells. Bemarituzumab was produced in 
a Chinese hamster ovary (CHO) cell line that lacks the FUT8 
gene (α1,6-Fucosyltransferase) and therefore lacks a core 
fucose in the polysaccharide portion of the Fc domain of the 
antibody. The lack of this fucose resulted in higher affinity 
(>20-fold) of bemarituzumab to human FcγRIIIa compared 
to the fucosylated molecule (FPA144-F, the fucosylated version 
of the mAb) (Table 2).

Bemarituzumab in vitro activities

Multiple studies were performed to evaluate the in vitro activ-
ity of bemarituzumab. FGF-mediated phosphorylation of 
FGFR2b activates a signal transduction cascade that ultimately 
results in cell proliferation.15 Therefore, the effect of bemar-
ituzumab on FGFR2 phosphorylation and tumor cell prolifera-
tion was assessed in the SNU-16 human gastric cancer cell line. 

In the presence of increasing concentrations of bemarituzu-
mab, FGF7-induced FGFR2 phosphorylation and cell prolif-
eration were inhibited in a concentration-dependent manner 
in SNU-16 cells (Figure 1(a,b)). The inhibition reached max-
imum at bemarituzumab concentrations ≥6.25 µg/mL, which 
achieved >95% receptor occupancy based on binding affinity of 
bemarituzumab to FGFR2b.16 Furthermore, compared to the 
fucosylated anti-FGFR2b antibody (FPA144-F) (FPA144-F/ 
FGFR2b, Figure 2), bemarituzumab displayed enhanced con-
centration-dependent immune cell-mediated tumor cell killing 
for tumor cells with FGFR2b overexpression, as indicated by 
higher specific lysis (bema/FGFR2b, Figure 2). No ADCC was 
induced on Ba/F3 expressing FGFR2c (bema/FGFR2c, 
Figure 2), confirming bemarituzumab specificity for the 
FGFR2b isoform. Therefore, bemarituzumab demonstrated 
multiple mechanisms of action in vitro, including blockade of 
the FGFR2b signaling pathway and increased ADCC due to 
enhanced affinity to FcγRIIIa.

Bemarituzumab in vivo activity as monotherapy and in 
combination with anti-PD-1 or chemotherapy

In vivo nonclinical efficacy of bemarituzumab was assessed using 
xenograft models in mice. First, the efficacy of bemarituzumab 
monotherapy to inhibit growth of FGFR2-amplified tumors was 
measured. For these experiments, OCUM-2M human gastric 
cancer cells were implanted in CB17/SCID mice. 
Bemarituzumab displayed therapeutic efficacy against OCUM- 
2M gastric tumors at all dose levels tested compared to the 
negative control (albumin) group. The inhibition of tumor growth 
was dose-dependent, with the 1 mg/kg dose having the least 
inhibitory effect and the highest dose of 5 mg/kg resulting in the 
greatest inhibition (Figure 3). Specifically, tumor growth inhibi-
tion and tumor regression were seen starting at the 1 mg/kg dose, 
with complete tumor regression observed in 1/15 mice at the 
1.5 mg/kg and 2 mg/kg doses, 4/15 mice at the 3 mg/kg dose, 
and 6/15 mice at the 5 mg/kg dose by Day 42.

Table 1. Binding affinities of bemarituzumab to FGFR2b ECDs from 3 species

Source of FGFR2b Kon (1/Ms) Koff (1/s) KD (Koff/Kon) (nM)

Rat 4.34E+04 2.65E-05 0.611
Cynomolgus monkey 4.39E+04 3.38E-05 0.770
Human 8.42E+04 4.88E-05 0.579

Kon = associate constant; Koff = dissociate constant; KD = equilibrium dis-
sociation constant. 

Surface plasmon resonance was used to determine binding affinities; 6 concentrations 
(0–500 nM) of FGFR2b ECD IgG fusion proteins were tested. Kon, Koff, and KD were 
calculated using the Biacore T100 Evaluation Software 1:1 binding model.

Table 2. Binding affinities of bemarituzumab and FPA144-F to human FcγRIIIa 
(V158)

Antibody KD (Koff/Kon) (nM)

FPA144-A (bemarituzumab) 9.2
FPA144-F (the fucosylated version) 207

Kon = associate constant; Koff = dissociate constant; KD = equilibrium dissociation 
constant. 

Surface plasmon resonance was used to determine binding affinities; 5 concen-
trations (0–1000 nM) of FcγRIIIa (V158) were tested. Kon, Koff, and KD were 
calculated using the Biacore T100 Evaluation Software 1:1 binding model.
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Next, the ability of bemarituzumab to block in vivo FGFR 
tumor signaling was examined. Specifically, CB17/SCID mice 
bearing SNU-16 xenografts were treated with a single intravenous 
(IV) dose of bemarituzumab at 10 mg/kg. Mice were sacrificed at 
2, 6, 24, and 72 hours post treatment, tumors were isolated, and 
western blotting was performed. The ability of bemarituzumab to 

decrease FGFR2b levels, decrease FGFR phosphorylation, and 
decrease phosphorylation of an immediate downstream signaling 
molecule (FGFR substrate 2; FRS2) is illustrated in Figure 4(A). 
All results are shown compared to a common housekeeping 
enzyme, glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
Sustained decreases in receptor phosphorylation and receptor 

Figure 1. Bemarituzumab inhibits FGFR2 phosphorylation and FGFR2b-mediated proliferation of SNU-16 cells. a: FGFR2 phosphorylation (pFGFR2) in SNU-16 cells 
treated with varying concentrations of bemarituzumab followed by 100 ng/mL FGF7 is shown. FGFR2 phosphorylation was measured via ELISA. b: Proliferation of SNU- 
16 cells treated with varying concentrations of bemarituzumab followed by 100 ng/mL FGF7 is shown. Proliferation was measured via cell viability assay. The 
experiments were performed in triplicate; data are presented as mean ±standard error of mean (SEM) relative light units (RLU).

Figure 2. Bemarituzumab elicits potent induction of ADCC activity against FGFR2b-expressing cells. Specific lysis of target cells as a percentage of maximal lysis in the 
presence of varying concentrations of bemarituzumab or FPA144-F is shown: Ba/F3 cells expressing full-length human FGFR2b treated with bemarituzumab (Bema/ 
FGFR2b); Ba/F3 cells expressing full-length human FGFR2b treated with FPA144-F (FPA144-F/GFGFR2b); Ba/F3 cells expressing full-length human FGFR2c treated with 
bemarituzumab (Bema/FGFR2c). Data are presented as mean ±standard error of mean (SEM); n = 3 per concentration/group.
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protein levels were obtained in CB17/SCID mice bearing SNU-16 
tumors that were treated over 82 days with twice weekly intraper-
itoneal (IP) doses of bemarituzumab at 10 mg/kg (Figure 4(B)).

To understand the contribution of ADCC in bemarituzu-
mab’s anti-tumor efficacy, an antibody engineered to abrogate 
binding to FcγR (bemarituzumab-N297Q) was compared to 
bemarituzumab in the syngeneic 4T1 model that expresses 
FGFR2b but to a lesser degree than FGFR2 gene-amplified or 
FGFR2b-overexpressed xenografts, such as OCUM-2M or 
SNU-16. In the syngeneic 4T1 model, twice weekly bemaritu-
zumab treatment (10 mg/kg, IP) significantly decreased tumor 
burden compared to the human Fc-IgG1 control, while bemar-
ituzumab-N297Q showed no discernible effect on tumor 
growth (Figure 5). These data support a role for ADCC activity 
through FcγR binding as a required mechanism for bemaritu-
zumab efficacy.

To assess the effects of bemarituzumab on the tumor micro-
environment, changes in infiltrating leukocytes post- 
bemarituzumab exposure were analyzed in 4T1 tumors. Mice 

harboring 4T1 tumors were treated with 1 or 2 doses of bemar-
ituzumab (20 mg/kg, IP) on Day 0 or Day 0 and Day 3, 
respectively, and euthanized 24 hours after 1 or 2 doses for 
immunohistochemistry analyses. Twenty-four hours after the 
first dose, bemarituzumab treatment let to a recruitment of NK 
cells and programmed death-ligand 1 (PD-L1) expressing cells 
were increased within the tumor (data not shown). As shown 
in Figure 6, bemarituzumab treatment led to a persistent 
recruitment of NK cells 24 hours after the second dose. In 
addition, PD-L1-expressing cells were persistently increased 
within the tumor after bemarituzumab treatment compared 
with either human Fc-IgG1 control or bemarituzumab- 
N297Q treatment. Furthermore, an increase in cluster of dif-
ferentiation 3 (CD3)-positive T cells was observed within 
tumors from mice treated with bemarituzumab that was not 
evident in mice treated with the bemarituzumab post first dose, 
or human Fc-IgG1 control or bemarituzumab-N297Q, sug-
gesting that these changes in the tumor microenvironment 
were dependent on both FGFR2b and FcγR engagement.

Figure 3. Bemarituzumab inhibits tumor growth in OCUM-2M tumor-bearing mice. Tumor volume (mm3) over time in OCUM-2M tumor-bearing mice treated with twice 
per week IV bemarituzumab at varying dose levels is shown. Albumin (5 mg/kg, IV) was used as the negative control. The first day of the treatment was day 4 post tumor 
implantation. Data are presented as mean ±standard error of mean (SEM); n = 15 per group.

Figure 4. Bemarituzumab decreases FGFR2 signaling in SNU-16 tumor-bearing mice. Western blot analyses of pan-phosphorylated FGFR (phospho-FGFR), total FGFR2b, 
phosphorylated FRS2 (phospho-FRS2), and total FRS2 in tumors from SNU-16 tumor-bearing mice are shown. All results were compared to a common housekeeping 
enzyme (GAPDH). a: Tumors from mice treated with a single IV dose of bemarituzumab (10 mg/kg) were collected at 2, 6, 24, and 72 hours post treatment (n = 3 per 
time point). Control groups included tumors collected at 2 hours from naive animals (n = 2) and at 24 hours post IgG treatment (10 mg/kg; n = 3). Bemarituzumab 
decreased phospho-FGFR and phospho-FRS2 within 2 hours, and decreased total FGFR2b levels within 6 hours. b: Tumors from mice treated with twice weekly IP doses 
of 10 mg/kg bemarituzumab or albumin were collected at 82 days post first bemarituzumab/albumin treatment (n = 3 per group). Compared with the albumin control 
group, bemarituzumab decreased phospho-FGFR, phospho-FRS2, and total FGFR2b levels.
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To confirm that tumor CD3-positive T-cell infiltration 
was reliant on bemarituzumab NK cell FcγR engagement, 
NK cells were depleted with an anti-asialo GM1 antibody 
(anti-ASGM1) in combination with 2 doses of bemarituzu-
mab as described above in mice harboring 4T1 tumors. 
After treatment with bemarituzumab alone, NK cells were 
more numerous. However, this increase was not observed 
when bemarituzumab was combined with anti-ASGM1, 
confirming that a majority of NK cells were successfully 
depleted with a single dose of anti-ASGM1 (Figure 7). 
Treatment with anti-ASGM1 alone had no effect on CD3- 
positive T cells within the tumor compared to human Fc- 
IgG1 control. However, anti-ASGM1 treatment in combi-
nation with bemarituzumab lead to a decrease in CD3- 
positive T cells within the tumor compared to 

bemarituzumab treatment alone. As demonstrated in 
Figure 6, treatment with bemarituzumab alone increased 
the number of PD-L1-positive cells, but when bemarituzu-
mab was given in combination with anti-ASGM1, PD-L1 
staining was reduced to the level of human Fc-IgG1 control 
(Figure 7). Together, these data suggest that depleting NK 
cells in mice harboring 4T1 tumors leads to an inability to 
recruit CD3-positive T cells and PD-L1-expressing cells to 
the tumor in response to bemarituzumab administration.

The observation that bemarituzumab treatment led to NK 
cell-dependent increases in PD-L1 at the tumor suggested that 
combining bemarituzumab with PD-1/PD-L1 blockade, such 
as anti-PD-1 therapy, could result in increased anti-tumor 
efficacy. To assess this, bemarituzumab in combination with 
anti-PD-1 (RMP1.14) was tested in mice harboring 4T1 

Figure 5. Bemarituzumab, but not an ADCC-deficient FGFR2b antibody, leads to tumor suppression in a syngeneic tumor model with modest FGFR2b expression. a: 
Tumor volume (mm3) over time in mice bearing 4T1 mammary orthotopic tumors treated with twice per week bemarituzumab (10 mg/kg, IP) or bemarituzumab-N297Q 
(10 mg/kg, IP) are shown. Human Fc-IgG1 (hFc-G1,10 mg/kg, IP) was used as the negative control. The first day of treatment was Day 11 post tumor implantation. Data 
are presented as mean ±standard error of mean (SEM); n = 15 per group. b: at day 25 post tumor implantation, mean tumor volumes from mice in panel a were 
significantly different (****p < .0001). Statistical significance was determined by 1 way ANOVA followed by Tukey’s multiple comparisons test. Each symbol represents 
an individual animal.
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tumors. Anti-PD-1 alone had minimal effect on tumor growth 
compared to albumin control (Figure 8(a,b)). In contrast, twice 
weekly bemarituzumab treatment (10 mg/kg, IP) significantly 
inhibited mean tumor burden as a single agent by approxi-
mately 30%. The combination of bemarituzumab and anti-PD 
-1 led to an additional approximately 20% mean tumor growth 
inhibition over bemarituzumab alone, suggesting that 

modulating the 2 pathways together may lead to enhanced 
and sustained efficacy in tumors with moderate FGFR2b 
expression, although the difference was not statistically 
significant.

The combination of bemarituzumab with chemotherapeutic 
regimens commonly used for treatment of patients with gastric 
cancer was also evaluated in the OCUM-2M xenograft model. 

Figure 6. Bemarituzumab induces tumor-specific innate and adaptive immune profile changes. Mice bearing 4T1 tumors were treated with 20 mg/kg IP bemarituzumab 
(Bema), bemarituzumab-N297Q (Bema-N297Q), or human Fc-IgG1 (hFc-G1) on day 0 (when tumors reached approximately 150 mm3) and day 3, and then euthanized 
24 hours later on day 4 for immunohistochemistry analysis. Representative fluorescence of NKp46, PD-L1, and CD3-positive T cells (CD3 T cells) 24 hours post second 
dose of treatment are shown.

Figure 7. Bemarituzumab-induced increases in PD-L1 and CD3-positive T cells depends on NK cell recruitment. Mice bearing 4T1 tumors were treated with either: 
human Fc-IgG1 negative control (10 mg/kg, IP) on day 0 (when tumors reached approximately 125 mm3) and day 3 (hFc-G1), anti-ASGM1 (50 mg/kg, IV) once on day 0, 
bemarituzumab (10 mg/kg, IP) on day 0 and day 3 (Bema), or anti-ASGM1 (50 mg/kg, IV) on day 0 and bemarituzumab (10 mg/kg, IP) on day 0 and day 3 (anti-ASGM1 
+ Bema). Mice were euthanized on day 4 for immunohistochemistry analysis. Representative fluorescence of NKp46, PD-L1, and CD3-positive T cells (CD3+ T cells) are 
shown.
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Twice weekly bemarituzumab (5 mg/kg, IP) combined with 
weekly 5-fluorouracil (5-FU) (30 mg/kg, IP) and oxaliplatin 
(5 mg/kg, IP) demonstrated greater inhibition of tumor growth 
in the OCUM-2M xenograft model of gastric cancer compared 
to monotherapy bemarituzumab or 5-FU/oxaliplatin at the 
doses tested (Figure 8(c,d)). Importantly, the addition of 
bemarituzumab to chemotherapeutics did not increase toxicity 
associated with chemotherapy as measured by weight loss in 
mice up to the last measurement of body weight on Day 32. In 
other animal models, such as HSC-39 xenografts, the tumors 
were too sensitive to chemotherapy alone for combination 
experiments to be informative.

Bemarituzumab PK in rats and cynomolgus monkeys

The PK of bemarituzumab was first tested in rats. 
Bemarituzumab PK data following a single IV injection at 
1.5 mg/kg (4 rats), 10 mg/kg (4 rats), and 30 mg/kg (3 rats) 
are shown in Figure 9(a). Bemarituzumab exposure 
increased greater than dose-proportionally from 1.5 mg/kg 
to 30 mg/kg, likely due to target-mediated drug disposition 
(TMDD) that was saturable at higher doses. The area under 
the concentration-time curve from time 0 extrapolated to 
infinity was 35.8 ± 2.96 μg×day/mL for the 1.5 mg/kg group, 
484 ± 61.8 μg×day/mL for the 10 mg/kg group, and 
2620 ± 275 μg×day/mL for the 30 mg/kg group (Table 3). 

Correspondingly, the clearance rates declined as the dose 
increased from 42.2 ± 3.67 mL/day/kg in the 1.5 mg/kg 
group, to 20.9 ± 2.51 mL/day/kg in the 10 mg/kg group, 
and to 11.5 ± 1.27 mL/day/kg in the 30 mg/kg group. Anti- 
bemarituzumab antibody was not measured in this study. 
The clearance of bemarituzumab in rats at high doses sug-
gested that these results were in the range for a typical mAb 
with linear PK.17

In cynomolgus monkeys, bemarituzumab and FPA144- 
F had comparable plasma concentration-time profiles fol-
lowing a single IV injection at either 10 mg/kg (3 mon-
keys) or 13.5 mg/kg (1 monkey) (Figure 9(b)). Dose 
proportionality could not be assessed since a range of 
doses were not tested. A rapid drop in plasma concentra-
tion was observed after Day 21 following administration of 
bemarituzumab or the fucosylated version of bemarituzu-
mab (FPA144-F), suggesting the presence of anti-drug 
antibodies (ADA) and/or TMDD. All 4 monkeys were 
tested for ADAs at pre-dose and Day 49, and only 1 
monkey receiving bemarituzumab showed a weak positive 
signal for ADAs on Day 49, without any apparent effect 
on PK. These data suggest the fast clearance in the low 
concentration range was likely due to TMDD. The clear-
ance was estimated to be approximately 6–9 mL/day/kg 
for both bemarituzumab and FPA144-F in cynomolgus 
monkeys (Table 3).

Figure 8. Bemarituzumab displays enhanced anti-tumor activity when combined with anti-PD-1 or chemotherapeutics. a: Tumor volume (mm3) over time in mice 
bearing 4T1 mammary orthotopic tumors treated with twice per week bemarituzumab (10 mg/kg, IP), anti-PD-1 (5 mg/kg, IP), or bemarituzumab (10 mg/kg, IP) and 
anti-PD-1 (5 mg/kg, IP) in combination (Combo) are shown. Albumin (10 mg/kg, IP) was used as the negative control. The first day of the treatment was day 12 post 
tumor implantation. Data are presented as mean ±standard error of mean (SEM); n = 15 per group. b: at day 19 post tumor implantation, mean tumor volumes from 
mice in panel a were either statistically significant (**p < .01, ***p < .001) or not statistically significant (ns). Each symbol represents an individual animal. c: Tumor 
volume (mm3) over time in OCUM-2 M tumor-bearing mice treated with twice per week bemarituzumab (5 mg/kg, IP), weekly 5-FU (30 mg/kg, IP) and oxaliplatin (5 mg/ 
kg, IP), or twice per week bemarituzumab (5 mg/kg, IP) and weekly 5-FU (30 mg/kg, IP)/oxaliplatin (5 mg/kg, IP) in combination (Combo) are shown. Human IgG1(5 mg/ 
kg, IP) was used as the negative control (hIgG1). The first day of the treatment was post tumor implantation day 5 for 5-FU/oxaliplatin and day 11 for bemarituzumab. 
Data are presented as mean ±SEM; n = 9–10 per group. d: at day 63 post tumor implantation, mean tumor volumes from mice in Panel c were either statistically 
significant (*p < .05, ***p < .001, ****p < .0001) or not statistically significant (ns). Each symbol represents an individual animal. Statistical significance was determined 
by 1 way ANOVA followed by Tukey’s multiple comparisons.
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Together, the consistency of nonspecific clearance across 
species from these PK studies demonstrated that bemarituzu-
mab had PK characteristics consistent with a typical mAb 
therapeutic, supporting the prospect for a predictable bemar-
ituzumab PK profile in humans.

Toxicology studies in rats and cynomolgus monkeys

Repeat-dose Good Laboratory Practice (GLP) toxicity studies were 
performed in rats and cynomolgus monkeys. In both species, 
bemarituzumab was dosed IV once weekly for 13 weeks at doses 
of 1, 5, and 100 mg/kg, followed by 9-week (rat) or 15-week 
(cynomolgus monkey) recovery phases.

Bemarituzumab administered to rats resulted in treatment- 
related findings at all dose levels with a clear dose relationship: 
most of the effects were more pronounced for animals given 
doses of 5 mg/kg and 100 mg/kg. The most prominent findings 
were incisor abnormalities (missing incisors, malocclusion, 
and discolored white teeth) that were accompanied by body 
weight loss and lack of weight gain caused by the decreased 
food intake due to the incisor deformation. 
Histopathologically, dysgenesis of the incisor was observed 
and the oral tissue demonstrated increases of ulceration and 
inflammatory cell infiltrates, most likely caused by the teeth 
malformation. Dysgenesis of the upper incisor teeth were char-
acterized by primary and secondary changes. Primary changes 
included the complete loss of the enamel organ (replacement of 
the enamel organ by a thick zone of dense connective tissue 
resembling periodontal membrane) and disorganization of the 
pulp cavity and associated odontoblast and dentin layers. 
Primary changes were regularly accompanied by changes inter-
preted to be secondary to incisor malformation. These 
included remodeling of the tooth alveolus, increased thickness 
of the periosteum, scalloping of bone at the alveolar margin, 
formation of new woven bone at the alveolar margin, and the 
extension of new bone into the alveolar space and/or mal-
formed tooth. The changes in teeth were consistent with the 
observation that FGFR2b signaling controls regeneration of 
rodent incisors, which is a rodent-specific phenomenon.18–20

Bemarituzumab-related ophthalmic findings of corneal dystro-
phy were observed during the dosing phase in the eyes of some 
rats in the 5 and 10 mg/kg groups. Microscopic findings in the 
ocular tissues of these animals were corneal epithelial atrophy, 
corneal neutrophil infiltrates, and anterior chamber neutrophil 
infiltrates in the eye and Harderian gland (atrophy). Atrophy of 
the corneal epithelium was characterized by thinning of the cor-
neal epithelium from the typical 5–7 cell layers observed in control 
animals to 1–3 cell layers in the affected animals. The observed 
changes in the cornea were consistent with the reported role of 
FGFR2b in cornea development and maintenance.21,22

Figure 9. Bemarituzumab demonstrates biphasic disposition in rats and cynomol-
gus monkeys following a single IV injection. a: Bemarituzumab plasma concentra-
tion in rats following a single IV injection at 1.5 mg/kg (●; n = 4), 10 mg/kg (■; 
n = 4), or 30 mg/kg (▲; n = 3). Based on the concentration profiles, 2 animals (1 in 
the 1.5 mg/kg group and 1 in the 10 mg/kg group) were suspected of inadvertent 
subcutaneous dosing. b: Plasma concentrations of bemarituzumab and FPA144-F 
in cynomolgus monkeys following a single IV injection of bemarituzumab 10 mg/ 
kg (̶■̶; n = 1), bemarituzumab 13.5 mg/kg (̶●̶; n = 1), or FPA144-F 10 mg/kg (-●-, 
-■-; n = 2). Each symbol represents a concentration time point for an individual 
animal. The lower limit of quantification (–) was 50 ng/mL.

Table 3. Summary of rat and cynomolgus monkey PK parameters

Species Treatment Dose (mg/kg)

PK Parameter

Cmax (µg/mL) AUC0-inf (µg×day/mL) CL (mL/day/kg)

Rat Bemarituzumab 1.5 (n = 3)a 25.6 ± 1.30a 35.8 ± 2.96a 42.2 ± 3.67a

10 (n = 3)a 141 ± 50.2a 484 ± 61.8a 20.9 ± 2.51a

30 (n = 3) 699 ± 58.7 2620 ± 275 11.5 ± 1.27
Cynomolgus monkey Bemarituzumab 10 (n = 1) 257 1380 7.20

13.5 (n = 1) 466 1510 8.88
FPA144-F (the fucosylated version) 10 (n = 1) 297 1470 6.72

10 (n = 1) 313 1570 6.48

AUC0-inf = area under concentration-time curve from time 0 extrapolated to infinity; CL = clearance; Cmax = maximum observed plasma concentration. 
Bemarituzumab or FPA144-F was administered as a single IV injection at the indicated doses. Plasma samples were collected at various time points following the dose, 

and concentrations were determined via ELISA. The PK parameters for rats are displayed as mean ±standard deviation (n = 3 per dose). 
aTwo rats (1 of 4 in both the 1.5 and 10 mg/kg groups) were suspected of inadvertent subcutaneous dosing and therefore removed from the PK analysis.
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Bemarituzumab-related atrophy of the mammary gland was 
observed in a subset of rats in all dose groups and both genders. 
The microscopic finding in mammary gland may relate to the 
importance of FGFR2b signaling for the survival and prolifera-
tion of mammary luminal epithelium.23 Additionally, admin-
istration of bemarituzumab resulted in exacerbation of 
background microscopic findings in the prostate gland of 
male rats in all dose groups, the nonglandular stomach of 
male and female rats given doses of 5 and 100 mg/kg, and the 
lung of male and female rats given doses of 100 mg/kg. Apart 
from the effects on incisors, recovery was evident at the end of 
the recovery phase for all described findings. The highest non- 
severely-toxic dose (HNSTD) for bemarituzumab in rats was 
determined to be 1 mg/kg when given weekly for 13 weeks with 
a 9-week recovery phase based on the observation that all 
findings in the 1 mg/kg dose group were minimal, without 
clinical consequences, and recoverable.

Bemarituzumab was well tolerated in cynomolgus monkeys. 
There were no bemarituzumab-related effects in clinical obser-
vations, ophthalmic exams, safety pharmacology (cardiac, 
respiratory, or central nervous system) or clinical pathology 
(hematology, coagulation, clinical chemistry, urinalysis). There 
were no bemarituzumab effects on the teeth or oral tissues. At 
terminal necropsy, dose-dependent atrophy of the corneal 
epithelium was observed in some cynomolgus monkeys given 
5 mg/kg and 100 mg/kg, similar to the rat findings. Atrophy 
was characterized by bilateral thinning of the corneal epithe-
lium from the typical 4–6 cell layers observed in control ani-
mals to 2–3 cell layers. The corneal findings were not evident in 
recovery animals, indicating complete recovery. A dose- 
dependent atrophy of the mammary gland was also observed 
in cynomolgus monkey females in all dose groups. This atro-
phy was not observed at the recovery necropsy, demonstrating 
complete recovery after the 15-week recovery period. Since the 
microscopic findings in the cornea and mammary were not 
associated with clinical sequelae and were recoverable, neither 
finding was considered adverse. The HNSTD for bemarituzu-
mab in cynomolgus monkeys was considered to be at or above 
100 mg/kg when given weekly for 13 weeks with a 15-week 
recovery phase.

Prediction of human PK of bemarituzumab based on 
cynomolgus monkey data only

Bemarituzumab PK data from the single IV dose PK study in 
cynomolgus monkeys up to Day 21 were used to project bemar-
ituzumab linear PK in humans using a species-invariant time 
method.17 The projected human plasma concentration-time pro-
files obtained by this method were described well by a linear, 
2-compartment model (Figure 10). The following human PK para-
meter estimates of bemarituzumab were projected: clearance of 
5.07 mL/day/kg and volume of distribution phase for the central 
compartment (V1) of 42.5 mL/kg. Both the projected clearance and 
V1 were in the range of a typical human IgG1 antibody with linear 
PK.17 The predicted human linear clearance and V1 were compar-
able to the population PK estimation of human clearance and V1 
(5.43 mL/day/kg and 56.2 mL/kg, respectively) for a typical male 
patient at 61 kg with albumin at 3.7 g/dL based on PK data from the 
Phase 1 trial.16

Discussion

Bemarituzumab is a humanized, afucosylated IgG1 kappa mAb 
that specifically binds to and blocks signaling through FGFR2b, 
which has been shown to be dysregulated in subsets of patients 
with gastric,4,5,11,24,25 lung,26 breast,14 ovarian,13 and bile duct 
cancers,12 among others. Here, we summarize the key noncli-
nical studies that supported moving bemarituzumab into clin-
ical trials, including assessment of binding affinity to both 
FGFR2b and FcγRIIIa, in vitro activities through either bind-
ing to FGFR2b or FcγRIIIa, anti-tumor activities in xenograft 
models, PK and toxicology studies in both rats and cynomolgus 
monkeys, and projection of PK profiles in humans.

Bemarituzumab inhibited FGFR2 signaling and tumor 
growth in mice bearing FGFR2-amplified tumors (SNU-16 
and OCUM-2M human gastric cancer cells, respectively). 
Bemarituzumab also inhibited tumor growth in mice bearing 
4T1 mammary orthotopic tumors that express FGFR2b, but to 
a lesser degree than FGFR2 gene-amplified or FGFR2b- 
overexpressed xenografts. However, anti-tumor activity with 
bemarituzumab was not observed in NUGC-4 and NCI-87 
gastric cancer xenografts with low levels of FGFR2b expression 
(data not shown). These results are consistent with bemaritu-
zumab’s mechanism of action through blockade of FGFR2b 
signaling.

Bemarituzumab was also specifically engineered to elicit 
enhanced ADCC against FGFR2b-overexpressing tumors. 
Bemarituzumab lacks a fucosyl residue in the Fc domain and is 
produced in FUT8-knockout CHO cells.27 The lack of the fuco-
syl residue results in enhanced affinity for activating FcγRIIIa 
and subsequent increased potency in stimulating ADCC activity.

Supporting the contribution of ADCC to mediate the poten-
tial efficacy of bemarituzumab, the 4T1 model in immune- 
competent mice demonstrated both a reduction in tumor bur-
den and a persistent recruitment of NK cells with bemarituzu-
mab treatment. However, a modified antibody lacking Fc 
effector function neither inhibited tumor growth nor led to 

Figure 10. Projected human plasma concentration using PK data from cynomol-
gus monkeys. Predicted bemarituzumab plasma concentration-time profile (med-
ian [solid line], 5% and 95% quantiles [dashed lines], 90% prediction interval 
[shaded area]) in humans following 1 mg/kg IV administration. Bemarituzumab 
concentration-time profiles were scaled from cynomolgus monkey PK data using 
Dedrick approach with exponent of 0.85 and 1 for clearance and V1, respectively.
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the recruitment of NK cells. Together these data support 
a potential role for ADCC as a mechanism of bemarituzumab 
tumor growth inhibition. In addition, treatment with bemaritu-
zumab increased PD-L1-expressing cells within the tumor 
microenvironment, providing a strong rationale that bemaritu-
zumab may combine effectively with PD-1/PD-L1 blockade for 
additional tumor growth inhibition, which was observed when 
mice bearing 4T1 mammary orthotopic tumors were treated 
with bemarituzumab and anti-PD-1.

Bemarituzumab also demonstrated enhanced anti-tumor 
activity in combination with chemotherapeutic regimens com-
monly used for treatment of patients with gastric cancer. 
Advanced-stage gastric cancer is heterogeneous.28 Specifically 
relevant to bemarituzumab, in the clinic, a single biopsy to test 
for FGFR2 amplification has a reported sensitivity of only 40% due 
to genetic variability.29 Therefore, combining orthogonal thera-
pies (such as chemotherapy with an anti-FGFR2b therapy and/or 
an anti-PD-1 therapy) has the potential to improve patient 
outcomes.

The mAb clearance pathways appear to determine whether 
enhancement of binding to FcγR affects the mAb PK. Leabman 
et al.30 characterized the PK of 3 antibody variants with increased 
FcγRIIIa binding affinity caused by afucosylation at asparagine 
residue 297 in the Fc domain (N297) and compared them to 
their corresponding wild-type antibody in cynomolgus monkeys, 
and concluded that altered FcγRIIIa binding affinity did not 
affect PK. Mortensen et al.31 reported that, of 2 high-affinity anti- 
IgE antibodies (HAE1 and HAE2), HAE2, which contains an Fc 
region altered to reduce binding to FcγR, has greater exposure 
relative to HAE1 due to decreased clearance of HAE2:IgE com-
plexes by the Fcγ-mediated clearance pathway. We found that 
bemarituzumab, an afucosylated IgG1 kappa mAb directed 
against FGFR2b with >20-fold higher affinity to FcγRIIIa com-
pared with the wild-type mAb, maintained a similar PK profile in 
cynomolgus monkeys. This suggests that formation of complexes 
like anti-IgE mAb:IgE might not contribute to bemarituzumab 
clearance, which is consistent with the low expression of FGFR2b 
in normal monkeys. Since internalization was observed following 
bemarituzumab binding to FGFR2b in tumor cell lines (data not 
shown), bemarituzumab-induced internalization of FGFR2b 
might contribute to the target-mediated clearance in general.

Bemarituzumab was well tolerated in cynomolgus monkey 
when administered once per week for 13 weeks up to 100 mg/ 
kg. However, administration to rats once per week for 13 weeks 
at 1, 5, or 100 mg/kg resulted in treatment-related findings at 
all dose levels. With the exception of the rodent-specific 
changes of the incisors, some degree of recovery was evident 
for all findings at the end of the recovery phase. Since all 
findings in the 1 mg/kg dose group were minimal, without 
clinical consequences, and recoverable, the HNSTD was deter-
mined to be 1 mg/kg when given weekly for 13 weeks.

The first-in-human starting dose of bemarituzumab in trial 
FPA144-001 (NCT02318329) was 0.3 mg/kg every 2 weeks.32 

The human equivalent dose of the HNSTD of 100 mg/kg in 
cynomolgus monkey is 32.3 mg/kg, and the safety factor based 
on a human equivalent dose for 0.3 mg/kg is 108. Although the 
human equivalent dose of the HNSTD of 1 mg/kg in rat was 
0.17 mg/kg, since no lesions in the tongue were observed in 
monkeys even at the highest dose level of 100 mg/kg, and the 

mRNA expression pattern of FGFR2b in adult human tissues is 
very low in the tongue, and if such lesions occurred, they would 
be monitorable in the clinic by oral examination, the cynomol-
gus monkey was considered the more relevant species and the 
starting dose of 0.3 mg/kg in human was deemed to be 
reasonable.

The PK of bemarituzumab in cynomolgus monkeys was 
used to predict the nonspecific PK of bemarituzumab in 
humans. The cynomolgus monkey was selected to scale PK to 
humans because it is generally considered the most relevant 
species for predicting the human PK of mAbs.17 The binding 
affinity of bemarituzumab in monkeys and humans are com-
parable (0.770 nM vs 0.579 nM), and the clearance and volume 
distribution for a mAb that lacks known endogenous host 
targets in humans can be reasonably predicted based on mon-
key data, since disposition and elimination pathways are very 
similar in the 2 species.17,33,34 Cynomolgus monkey data sug-
gested that TMDD and not ADA-mediated clearance or neu-
tralization of bemarituzumab was likely responsible for the 
faster clearance observed after Day 21, therefore only PK data 
up to Day 21, which was dominated by nonspecific clearance, 
was used for the human PK projection. In addition, only linear 
PK in human is clinically relevant. In monkeys, the estimated 
clearance was approximately 6–9 mL/day/kg, which is in the 
expected range of clearance of a typical human IgG1.17 The 
predicted clearance in humans of 5.07 mL/day/kg and V1 of 
42.5 mL/kg are also as expected for a typical human 
IgG1.17,35,36 The Phase 1 PK data in patients further confirmed 
the human PK projections: the PK of bemarituzumab was 
observed to be linear in the dose range of 1–15 mg/kg, with 
linear clearance as 5.43 mL/day/kg and V1 as 56.2 mL/day/kg.16

In summary, bemarituzumab has sub-nanomolar affi-
nity to FRFR2b with >20-fold enhanced binding affinity 
to FcγRIIIa compared with the fucosylated wild-type mAb, 
demonstrated both in vitro and in vivo biological activ-
ities, was well tolerated in cynomolgus monkeys with 
nonspecific clearance similar to typical therapeutic anti-
bodies, and could be reasonably scaled to humans. In 
addition, the assessment of adequate toxicity in rats, as 
well as cynomolgus monkey as the most relevant species, 
enabled the successful progression into clinical trials.

Materials and methods

All research with animals reported here was conducted in 
compliance with applicable animal welfare acts and with the 
formal approval of local animal care committees.

Antibody reagents

Bemarituzumab was produced in a CHO cell line that lacks the 
FUT8 gene (a1, 6-fucosyltransferase) at Five Prime Therapeutics, 
Inc. (FivePrime; South San Francisco, CA) for the nonclinical 
studies summarized here. GAL-FR21 was the parent version of 
bemarituzumab with binding specificity to FGFR2b.37 

Bemarituzumab-N297Q was also produced at FivePrime 
(South San Francisco, CA). The other antibody reagents used 
are described in the corresponding methods for each study 
below.
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Cell lines

OCUM-2M is a FGFR2 gene-amplified, FGFR2b protein over-
expressing gastric cancer cell line that was obtained from 
Public University Corporation Osaka City University, Japan 
(Source: Dr. Masakazu Yashiro). SNU-16 gastric cell lines 
(with FGFR2 amplification) were commercially acquired 
(ATCC; Catalog #CRL-5974). 4T1 is a derived breast adeno-
carcinoma cell line and was commercially acquired (ATCC; 
Catalog #CRL-2539). All cell lines were mycoplasma-negative 
tested by IDEXX Laboratories (Columbia, MO) using a real- 
time polymerase chain reaction.

Binding affinity using surface plasmon resonance

The binding affinity of bemarituzumab for FGFR2b ECD IgG 
fusion protein (FGFR2b-Fc) of rat, cynomolgus monkey, or 
human was measured using surface plasmon resonance 
(Biacore T200, GE Healthcare Life Science, Marlborough, 
MA). Bemarituzumab was immobilized on a dextran chip 
using the amine coupling kit and 100 mM ethylenediamine 
in 100 mM sodium borate, pH 8.0, was used as the blocking 
reagent. Six different concentrations (0–500 nM) of FGFR2b- 
Fc proteins diluted in HEPES-buffered saline with 0.05% sur-
factant P20 running buffer were flowed over the immobilized 
antibody.

To determine binding affinity for FcγRIIIa (V158) by sur-
face plasmon resonance, bemarituzumab or FPA144-F was 
captured on the chip via Protein A. Protein A was covalently 
attached to a dextran chip using the same protocol as above. 
Five concentrations (0–1000 nM) of FcγRIIIa (V158) were 
diluted in running buffer and flowed over the captured 
antibody.

The association constant, dissociation constant, and affinity 
for bemarituzumab binding to human FGFR2b and human 
FcγRIIIa (V158) were calculated using the Biacore T100 
Evaluation Software 1:1 binding model.

In vitro inhibition of SNU-16 cell FGFR2 phosphorylation

The effect of bemarituzumab on tumor cell FGFR2 phosphor-
ylation in vitro was measured in SNU-16 cells. Approximately 
10,000 SNU-16 cells were plated onto a 96-well plate in RPMI 
media (Mediatech; Catalog #MT10-041-CV) with 0.05% 
bovine serum albumin (BSA) (Bovine Albumin Fraction 
V Solution [7.5%]; Life Technologies; Catalog #15260037), 
which were incubated at 37°C with 5% CO2 for 4 hours. 
Next, SNU-16 cells were treated with varying concentrations 
of bemarituzumab diluted in RPMI media with 0.05% BSA for 
30 minutes. SNU-16 cells were then treated with 100 ng/mL 
FGF7 (Peprotech; Catalog #100-19) with 1 µg/mL heparin 
(final concentrations) diluted in RPMI media with 0.05% 
BSA, and incubated at 37°C with 5% CO2 for 5 minutes. Cold 
1X RIPA lysis buffer (EMD Millipore; Catalog #20-188) con-
taining 1X Halt Protease and Phosphatase Inhibitor Cocktail 
(VWR; Catalog #PI78441) was then added, and the plate was 
sealed and incubated on ice for 10 minutes. The plate was 
subsequently shaken for 5 minutes, and stored at −80°C until 
the enzyme-linked immunosorbent assay (ELISA) procedure.

Phospho-FGFR2 was measured via ELISA using the 
Phospho-FGF R2 Alpha DuoSet IC (R&D Systems; Catalog 
#DYC684-2) following the manufacturer’s protocol, except 
with half of the suggested volumes. After washing out the 
detection antibody, 50 μL/well of 1:1 premixed SuperSignal 
ELISA Pico Chemiluminescent Substrate (Thermo Fisher 
Scientific; Catalog #37069) was added. Plates were protected 
from light, shaken gently for 30 seconds, and then immediately 
read on an EnVision Microplate Reader (Perkin Elmer). The 
experiment was performed in triplicate.

In vitro inhibition of SNU-16 cell proliferation

The effect of bemarituzumab on tumor cell proliferation 
in vitro was measured in SNU-16 cells. Approximately 5,000 
SNU-16 cells were plated onto a 96-well plate in RPMI media 
(Mediatech; Catalog #MT10-041-CV) with 0% fetal bovine 
serum (FBS) (Mediatech; Catalog #35-010-CV) to serum starve 
the cells, which were incubated at 37°C with 5% CO2 for 
16 hours/overnight. Next, SNU-16 cells were treated with vary-
ing concentrations of bemarituzumab diluted in RPMI media 
with 0% FBS for 30 minutes. SNU-16 cells were then treated 
with 100 ng/mL FGF7 (Peprotech; Catalog #100-19) with 1 µg/ 
mL heparin (final concentrations) diluted in RPMI media with 
0% FBS, and incubated at 37°C with 5% CO2 for 4 days. To 
harvest cells for the cell viability assay, the 96-well plate was 
spun down at 2000 revolutions per minute for 5 minutes. Half 
of the total volume in the well (approximately 100 μL) was then 
slowly aspirated without disrupting the cells. CellTiter-Glo 
reagent (100 μL) from the CellTiter-Glo Luminescent Cell 
Viability Assay (Promega; Catalog #G7571) was then added, 
following the manufacturer’s protocol for preparation. Plates 
were shaken for 2 minutes and then incubated at room tem-
perature for 8 minutes. Plates were protected from light during 
incubation with the CellTiter-Glo reagent. Cell proliferation 
was read via luminescence on an EnVision Microplate Reader 
(Perkin Elmer). The experiment was performed in triplicate.

In vitro ADCC activity measurement

The target cell in this assay was an engineered cell line expres-
sing the full-length human FGFR2b described as Ba/F3 
FGFR2b, and the effector cells were peripheral blood mono-
nuclear cells obtained fresh from individual human donors 
(AllCells; Catalog #PB001). As a negative control, bemarituzu-
mab was also tested using a target cell line that was engineered 
to express the FGFR2c variant of the receptor (Ba/F3 FGFR2c 
cells), to which bemarituzumab does not bind. ADCC was 
measured by combining freshly purified peripheral blood 
mononuclear cells (effector cells) from a single human donor 
with Ba/F3 FGFR2b cells (target cells) at a 25:1 ratio for 
16 hours for both bemarituzumab and fucosylated anti 
FGFR2b antibody (FPA144-F).

The CytoTox 96 Non-Radioactive Cytotoxicity Assay 
(Promega; Catalog #G1780) was used to assess ADCC. This 
assay quantitatively measures lactate dehydrogenase, a stable 
cytosolic enzyme that is released on cell lysis, or loss of 
plasma membrane integrity, or necrosis. Released lactate 
dehydrogenase in culture supernatants was measured with 
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a 30-minute coupled enzymatic assay that resulted in the 
conversion of a tetrazolium salt (INT) into a red formazan 
product. The amount of color formed is directly proportional 
to the number of lysed cells. Where possible, maximal lysis 
was determined in the presence of 5% Triton X-100, and 
spontaneous release was determined in the absence of anti-
body. Percentage of specific lysis was calculated as follows as 
a percentage of maximal lysis less spontaneous release: 
(experimental-spontaneous release)/(maximal-spontaneous 
release)×100. The percentage of specific lysis is positively 
correlated with ADCC activities.

Efficacy studies in OCUM-2M tumor-bearing mice

Tumors were established by subcutaneously inoculating female 
CB17 SCID mice (ages 7–8 weeks) from Charles River with 
5 × 105 OCUM-2M cells suspended in a solution of 50%/v of 
Dulbecco’s phosphate-buffered saline (PBS) (Cellgro; Catalog 
#21-031) and 50%/v of MatriGel (BD Biosciences; Catalog 
#354234).

In the single-agent tumor growth inhibition study, treat-
ment began when tumors reached volumes of 125–150 mm3, 
which was 4 days post tumor cell implantation. Dose-responses 
were assessed using twice per week IV doses of bemarituzumab 
at 1, 1.5, 2, 3, and 5 mg/kg (15 mice/group). Human albumin 
U.S.P (Grifols; Catalog #NDC 61953–0002-1) was used as the 
control (twice weekly doses of 5 mg/kg, IV).

In the combination tumor growth inhibition study with 
bemarituzumab and chemotherapy, tumor volume was 
assessed in 4 groups of mice (9–10 mice/group): 1 group 
received twice weekly doses of bemarituzumab (5 mg/kg, IP); 
another group received weekly 5-FU (30 mg/kg, IP) and oxa-
liplatin (5 mg/kg, IP); a third group received both twice weekly 
doses of bemarituzumab (5 mg/kg, IP) and weekly 5-FU 
(30 mg/kg, IP) and oxaliplatin (5 mg/kg, IP); and the fourth 
group received twice weekly doses of human IgG1 (5 mg/kg IP; 
FivePrime) as the control group. Weekly 5-FU and oxaliplatin 
treatment began on Day 5 post tumor cell implantation, when 
tumors reached volumes of 100–150 mm3. Bemarituzumab 
and human IgG1 treatment began on Day 11 post tumor cell 
implantation.

For both the single-agent and combination studies, tumor 
volumes were measured using a digital caliper and the formula 
(L× W2)/2, where L = tumor length and W = tumor width.

Western blot analyses using tumors collected from SNU-16 
xenografic model

Tumors were established by subcutaneously inoculating female 
CB17 SCID mice (ages 7–8 weeks) from Charles River with 
5 × 106 SNU-16 cells suspended in a solution of 50%/v of RPMI 
(Mediatech; Catalog #MT10-041-CV) and 50%/v of MatriGel 
(BD Biosciences; Catalog #354234).

To assess the effects of a single dose of bemarituzumab on 
FGFR signaling in SNU-16 tumor-bearing mice, bemarituzu-
mab (10 mg/kg, IV) was administrated when the average tumor 
size reached 200 mm3. Tumors from mice treated with bemar-
ituzumab were collected at 2, 6, 24, and 72 hours post treat-
ment (3 mice per time point) for western blot analysis. Tumors 

were collected at 2 hours from naive animals (2 mice) and at 
24 hours post treatment from the IgG (10 mg/kg; Galaxy 
Biotech) treatment group (3 mice) as controls.

To assess the effects of repeated doses of bemarituzumab on 
FGFR signaling in SNU-16 tumor-bearing mice, bemarituzu-
mab (10 mg/kg, IP) was administrated twice weekly once the 
average tumor size reached 100 mm3, which took 7 days post 
tumor cell implantation in this study. The control group was 
treated with twice weekly human albumin U.S.P (10 mg/kg, IP; 
Grifols; Catalog #NDC 61953–0002-1). Tumors from both 
groups (3 per group) were collected 89 days post tumor cell 
implantation (82 days post first bemarituzumab/albumin treat-
ment) for western blot analysis.

Each individual tumor collected for western blot analysis 
was lysed and homogenized with RIPA lysis buffer (EMD 
Millipore; Catalog #20-188) and an MP Biomedical homoge-
nizer FastPrep-24 Instrument (MP Biomedical; Catalog 
#116002500), then the Pierce BCA Protein Assay Kit and 
Reagents (VWR International; Catalog #PI23227) were used 
to obtain total protein concentrations. Standard western blot 
procedures were used with the same amount of total protein 
loaded in each lane. Primary antibodies included anti-phospho 
-FGFR1-4 (Y653/Y654) (R&D Systems; Catalog #AF3285), 
anti-phospho-FRS2 Y436 (R&D Systems; Catalog #AF5126), 
anti-FRS2 (clone 462910) (R&D Systems; Catalog #MAB4069), 
and anti-GAPDH (GeneTex; Catalog #GTX627408). 
Secondary detection was performed using peroxidase 
AffiniPure Goat Anti-Mouse IgG, Fcγ fragment specific 
(Jackson ImmunoResearch Laboratories; Catalog #115-005- 
071). For chemiluminescence detection, Pierce ECL Western 
Blotting Substrate (VWR International; Catalog #PI32106) was 
used.

Efficacy studies in the 4T1 mouse mammary syngeneic 
tumor model

For the 4T1 tumor growth inhibition studies, tumors were 
established in female BALB/c mice (Charles River) by ortho-
tropic injection under the 4th mammary papilla (teat) from 
the head. Each mouse was inoculated with 5 × 104 4T1 cells 
(50 µL of the cells suspended in PBS at 1 × 106 4T1 cells/mL 
concentration). In the first experiment, after tumors reached 
125 mm3 ± 25 mm3, mice were sorted according to tumor 
size and dosed with either human Fc-IgG1 (Bio X Cell; 
Catalog #BE0096), bemarituzumab, or bemarituzumab- 
N297Q via biweekly IP injections at 10 mg/kg each (15 
mice/group). The first day of treatment was Day 11 post 
tumor implantation. In the second experiment, after tumors 
reached 100 mm3 ± 25 mm3, mice were sorted according to 
tumor size and dosed with either human albumin (Grifols; 
Catalog #NDC 61953–0002-1) at 5 mg/kg, anti-PD-1 (Bio 
X Cell; Catalog # BP0146) at 5 mg/kg, bemarituzumab at 
10 mg/kg, or anti-PD-1 at 5 mg/kg in combination with 
bemarituzumab at 10 mg/kg via biweekly IP injections (15 
mice/group). The first day of treatment was Day 12 post 
tumor implantation. For both experiments, tumor volumes 
were measured using a digital caliper and the formula 
(L× W2)×3.14/6, where length (L) is a larger value than 
width (W).
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For immunohistochemistry analyses, BALB/c mice (Charles 
River) were inoculated with 5 × 104 4T1 cells by orthotropic 
injection as described above and 2 separate experiments were 
conducted. In the first experiment, once tumors reached approxi-
mately 150 mm3 (Day 0), mice were sorted according to tumor 
size into 3 dosing groups (5 mice per group): bemarituzumab 
(20 mg/kg, IP), bemarituzumab-N297Q (20 mg/kg, IP), or 
human Fc-IgG1 (20 mg/kg, IP; Bio X Cell; Catalog #BE0096). 
Mice received 2 doses of their respective treatment: 1 dose on Day 
0, and a second dose on Day 3. Mice were euthanized 24 hours 
post dose on Day 4 and processed for histology. In the second 
experiment, once tumors reached approximately 125 mm3 

(Day 0), mice were sorted according to tumor size into 4 dosing 
groups (10 mice per group): Group 1 was dosed with human Fc- 
IgG1 control (10 mg/kg, IP) on Day 0 and 3; Group 2 was dosed 
with rabbit anti-asialo GM1 (50 mg/kg, IV; Wako Chemicals), an 
antibody designed to deplete NK cells, once on Day 0; Group 3 
was dosed with bemarituzumab (10 mg/kg, IP) on Day 0 and Day 
3; Group 4 was dosed with rabbit anti-asialo GM1 antibody 
(50 mg/kg, IV) on Day 0 and bemarituzumab (10 mg/kg, IP) 
on Day 0 and Day 3. Mice were euthanized 24 hours post dose on 
Day 4 and processed for histology.

For histology, mice were euthanized with CO2 and then 
perfused with PBS, pH 7.4. Briefly, the mouse chest was opened 
rapidly, and a syringe with a 20-gauge needle was used to infuse 
40 mL of PBS into the aorta via an incision in the left ventricle. 
Blood and PBS exited through an opening in the right atrium. 
The 4T1 orthotopic tumors were removed and immersed in 
10% neutral buffered formalin at 4°C. After 2 hours the tissues 
were rinsed 3 times with PBS and then transferred in 30% 
sucrose in PBS overnight. The next day the tumors were frozen 
in optimal cutting temperature compound and stored at −80 C.

Serial sections (20 µm thick) of each tumor were cut. 
Sections were dried on Superfrost Plus slides (VWR) for 1 
to 2 hours. Specimens were permeabilized with PBS contain-
ing 0.3% Triton X-100 and incubated in 5% goat normal 
serum in PBS 0.3% Triton X-100 (blocking solution) for 
1 hour at room temperature to block nonspecific antibody 
binding. After 1 hour the blocking solution was removed and 
the sections were incubated in the primary antibodies over-
night. To detect NK cells, sections were incubated with rat 
anti-NKp46 (CD335; Biolegend; Catalog# 137602) diluted 
1:500 in blocking solution. To detect PD-L1, sections were 
incubated with rat anti-PD-L1 (eBioscience; Catalog #14- 
5982-82) diluted 1:500 in blocking solution. To detect CD3- 
positive T cells, sections were incubated with hamster anti- 
CD3 antibody (BD Biosciences; Catalog #553058) at 1:500 in 
blocking solution. NK cells and PD-L1 staining were per-
formed in serial sections, as both primary antibodies were 
generated in rat. Secondary antibody only negative control 
specimens were incubated in 5% normal serum rather than 
primary antibodies.

The next day, after rinsing with PBS containing 0.3% Triton 
X-100, specimens were incubated for 4 hours at room tempera-
ture with the following secondary antibodies diluted 1:400 in PBS: 
Alexa Fluor 594-labeled goat anti-rat (Jackson ImmunoResearch; 
Catalog #112-585-167) and Alexa Fluor 488-labeled goat anti- 
hamster (Jackson ImmunoResearch; Catalog #127-545-160). 
After, specimens were rinsed with PBS containing 0.3% Triton 

X-100, then were fixed in 1% paraformaldehyde, rinsed again 
with PBS, and mounted in Vectashield with DAPI (Vector; 
Catalog #H-1200). DAPI was used to label the cell nuclei. 
Specimens were examined with a Zeiss Axiophot 2 plus fluores-
cence microscope equipped with an AxioCam HRc camera.

PK in rats and cynomolgus monkeys

Bemarituzumab PK was tested in female Sprague Dawley rats 
administered as a single IV injection at 1.5, 10, or 30 mg/kg 
with 4 animals/dose level. The plasma samples were collected 
on 0.05, 24, 48, 96, 192, 264, and 384 hours following the dose. 
The samples were stored at −80°C before assay. In the 30 mg/kg 
group, data from only 3 animals are available (samples were 
not received for 1 animal). Two animals (1 in the 1.5 mg/kg 
group and 1 in the 10 mg/kg group) were suspected of inad-
vertent subcutaneous dosing and therefore removed from the 
analysis of PK parameters displayed in Table 3.

Bemarituzumab PK was tested in cynomolgus monkeys 
administered as a single IV injection at 10 or 13.5 mg/kg per 
animal (1 monkey/dose). FPA144-F was also tested in cyno-
molgus monkeys administered as a single IV injection at 
10 mg/kg (2 monkeys). The plasma samples were collected at 
0.083, 0.5, 1, 2, 6, 24, 48, 96, 168, 240, 336, 504, 672, 840, 1008, 
and 1176 hours following the dose. Anti-bemarituzumab anti-
body samples were collected at pre-dose and at Day 49 post- 
dosing. The samples were stored at −80°C before assay.

Determination of bemarituzumab concentration in rats 
and cynomolgus monkeys

ELISAs were developed and validated to measure bemari-
tuzumab plasma concentration in rats and cynomolgus 
monkeys. Briefly, human FGFR2b ECD fused to the Fc 
domain of IgG1 (FGFR2b-Fc) was used to capture bemar-
ituzumab to a standard microtiter plate. The captured 
bemarituzumab was detected with horseradish peroxidase- 
conjugated rabbit anti-human IgG-F(ab’)2 antibody 
(Jackson ImmunoResearch; Catalog #309-035-006).

The lower limit of quantification (LLOQ) of the method in 
rat plasma was 50 ng/mL. The overall inter-assay precision 
calculated as percent coefficient of variation (CV) was 2.3% 
and the inter-assay accuracy calculated as percent relative error 
(RE) was 3.1%. The LLOQ of the method in monkey plasma 
was 50 ng/mL. The overall inter-assay precision calculated 
as percent CV was 13.8% and the inter-assay accuracy calcu-
lated as percent RE was 3.9%.

Measurement of anti-bemarituzumab antibodies in 
cynomolgus monkey plasma

Immunogenicity was assessed by measuring anti- 
bemarituzumab antibodies using a bridging assay with 
electrochemiluminescence detection consisting of screen-
ing and confirmation steps. The positive control was an 
anti-FPA144 antibody (Galaxy Biotech; Lot id-FR21. 
B.16.1). The test samples were diluted at 1:20 and tested 
in duplicate.
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13-week repeat-dose GLP study in rats

A pivotal 13-week repeat-dose GLP toxicology study with 
bemarituzumab was conducted in Crl:CD(SD) rats at 
Covance Laboratories (Madison, WI). Bemarituzumab was 
administered weekly for 13 weeks by IV infusion. Three dose 
levels (1, 5, or 100 mg/kg) and a vehicle control (20 mM 
L-histidine, 270 mM sucrose, and 0.01% polysorbate 20) were 
evaluated. Main group animals (15 rats/sex/group) were sched-
uled for terminal necropsy on Day 92, 1 week after the last 
dose. Recovery group animals (5 rats/sex/group) were main-
tained for all dose levels for 11 weeks following the end of 
treatment to assess reversibility, persistence, and delayed 
occurrence of any observed toxic effects.

13-week repeat-dose GLP study in cynomolgus monkeys

A 13-week repeat-dose GLP toxicology study with bemaritu-
zumab was performed in cynomolgus monkeys (Macaca fasci-
cularis) at Covance Laboratories (Madison, WI). 
Bemarituzumab was administered weekly for 13 weeks by IV 
infusion at doses of 1, 5, and 100 mg/kg. A vehicle control 
(20 mM L-histidine, 270 mM sucrose, and 0.01% polysorbate 
20, pH 6) was also evaluated. Main group animals (four mon-
keys/sex/group) were necropsied on Day 92, 1 week after the 
final administration. Recovery group animals (2 monkeys/sex/ 
group) were maintained for all dose levels for 16 weeks follow-
ing the end of treatment to assess reversibility, persistence, or 
delayed occurrence of any observed toxic effects.

Projection of human PK profiles based on cynomolgus 
monkey data only

The mAb plasma concentration-time profiles in monkeys fol-
lowing 13.5 and 10 mg/kg IV administration of bemarituzu-
mab were transformed to human concentration-time profiles 
using the species-invariant time method described by the fol-
lowing equations,17 where Timehuman is PK time in human, 
Timecyno is PK time in cynomolgus monkey, 
Concentrationhuman is mAb plasma concentration in human, 
Concentrationcyno is mAb plasma concentration in cynomol-
gus monkey, Dosehuman is dose in the human PK study (mg/ 
kg), and Dosecyno is dose in the cynomolgus monkey PK study 
(mg/kg). A scaling exponent of 0.85 was used to estimate 
human clearance, and a scaling exponent of 1 was used to 
estimate human V1. 

Timehuman ¼ Timecyno

� ð
Body weighthuman

Body weightcyno
Þ

Exponentvolume � Exponentclearance

(1) 

Concentrationhuman ¼ Concentrationcyno �
Dosehuman

Dosecyno

� �

� ð
Body weighthuman

Body weightcyno
Þ

Exponentvolume

(2) 

The bi-exponential PK profiles obtained from the species- 
invariant time method were fit to a 2-compartmental model IV 
bolus input, first order elimination to estimate the PK parameters 
using ADAPT 5 User’s Guide,38 which served as input for Monte 
Carlo simulations of plasma mAb concentrations in humans. The 
simulations were performed in NONMEM (7.4.3, ICON 
Development Solutions, Ellicott City, MD) for 1000 subjects. 
Covariate effects on PK parameters and covariance between clear-
ance and V1 was not included in the model structure. For the 
simulations, the inter-individual variability on clearance and V1 
was assumed to be 30% based on what are generally observed in 
humans for mAbs.35

Statistical analyses

Statistical significance was determined by 1 way ANOVA fol-
lowed by Tukey’s multiple comparisons test using GraphPad 
Prism 7.04. Significance is denoted as *p < .05, **p < .01, 
***p < .001, ****p < .0001.

List of Abbreviations

5-FU 5-fluorouracil
ADA anti-drug antibodies
ADCC antibody-dependent cell-mediated cytotoxicity
anti-ASGM1 anti-asialo GM1 antibody
BSA bovine serum albumin
CD3 cluster of differentiation 3
CHO Chinese hamster ovary
CV coefficient of variation
ECD extracellular domain
ELISA enzyme-linked immunosorbent assay
FBS fetal bovine serum
FcγR Fc gamma receptor
FGF fibroblast growth factor
FGFR fibroblast growth factor receptor
FGFR2b fibroblast growth factor receptor 2 IIIb
FivePrime Five Prime Therapeutics, Inc.
FRS2 FGFR substrate 2
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GLP Good Laboratory Practice
HAE high-affinity anti-IgE antibody
HNSTD highest non-severely-toxic dose
Ig immunoglobulin
IP intraperitoneal
IV intravenous(ly)
LLOQ lower limit of quantification
mAb monoclonal antibody
NK natural killer
PBS phosphate-buffered saline
PD-1 programmed death-1
PD-L1 programmed death-ligand 1
PK pharmacokinetic(s)
RE relative error
TMDD target-mediated drug disposition
V1 volume of distribution phase for the central 
compartment.
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