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1  | INTRODUC TION

Liver cancer ranks as the third most common cause of cancer-related 
deaths.1 Among all liver cancers, hepatocellular carcinoma (HCC) is 
the most common type; it accounts for approximately 90% of all 
liver cancer cases.2 Currently, two tyrosine kinase inhibitors (TKIs), 
sorafenib and lenvatinib, are the only systemic agents approved by 
the FDA as first-line treatment of HCC. They can only extend patient 
survival by approximately 3 months.3,4 Other drugs in second-line 

therapy, including several TKIs and immune checkpoint inhibitors, 
show slight survival advantages and antitumor activities, have lim-
ited therapeutic efficacy.5 Thus, there is obviously a need for more 
effective therapeutic agents for HCC patients.

Several studies have identified that HCC tumors feature highly 
focal amplification of fibroblast growth factor 19 (FGF19),6-9 a 
bile acid-induced and ileum-derived peptide growth factor that 
functions to regulate bile acid metabolism. FGF19 binds to its re-
ceptor, hepatocyte-expressed FGF receptor 4 (FGFR4), and its 
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Abstract
Hepatocellular carcinoma (HCC) is a common and particularly fatal form of cancer 
for which very few drugs are effective. The fibroblast growth factor 19 (FGF19) has 
been viewed as a driver of HCC development and a potential Ab target for develop-
ing novel HCC therapy. However, a previously developed anti-FGF19 Ab disrupted 
FGF19’s normal regulatory function and caused severe bile-acid-related side-effects 
despite of having potent antitumor effects in preclinical models. Here, we developed 
novel human Abs (G1A8 and HS29) that specifically target the N-terminus of FGF19. 
Both Abs inhibited FGF19-induced HCC cell proliferation in vitro and significantly 
suppressed HCC tumor growth in mouse models. Importantly, no bile-acid-related 
side effects were observed in preclinical cynomolgus monkeys. Fundamentally, our 
study demonstrates that it is possible to target FGF19 for anti-HCC therapies with-
out adversely affecting its normal bile acid regulatory function, and highlights the 
exciting promise of G1A8 or HS29 as potential therapy for HCC.

K E Y W O R D S

antibody therapy, bile acid, drug development, FGF19, HCC

www.wileyonlinelibrary.com/journal/cas
https://orcid.org/0000-0002-7784-0177
https://orcid.org/0000-0003-1305-7404
mailto:
https://orcid.org/0000-0002-1272-9662
http://creativecommons.org/licenses/by-nc/4.0/
mailto:suijianhua@nibs.ac.cn


     |  1751LIU et aL.

co-receptor, β-klotho (KLB), to repress the hepatic transcription of 
a gene encoding cholesterol-7-alpha-hydroxylase 1 (CYP7A1), an es-
sential enzyme for bile acid biosynthesis.10-14 In addition to its bile- 
acid-regulatory function, both FGF19 and its cognate receptor 
FGFR4 are highly expressed in tumors compared to adjacent non-tu-
morous tissues.15,16 The high expression of these proteins promotes 
tumor progression; moreover, it is also associated with poor prog-
nosis in HCC patients.16,17 In transgenic mice, the overexpression 
of FGF19 caused hepatocellular dysplasia, neoplasia, and ultimately 
HCC,18 yet these outcomes were abolished in FGFR4 knockout 
mice,19 thus mechanistically confirming the tumorigenic activity of 
aberrant FGF19/FGFR4 signaling.

Although several selective FGFR4 small molecule inhibitors are 
under development for the treatment of HCC, each of these ele-
vates bile acid synthesis and causes liver toxicity (either in preclini-
cal animal models or in early human clinical trials).20-24 Another drug 
development effort directly targeting FGF19 for treating HCC was 
based on a neutralizing anti-FGF19 Ab, 1A6. Treatment with 1A6 
prevented transgenic mice overexpressing FGF19 from developing 
HCC, and such treatment also suppressed the growth of HCC xe-
nografts in mice.6,15 Unfortunately, however, in a toxicology study, 
treatment with the humanized 1A6 Ab to cynomolgus monkeys in-
creased hepatic transcription of CYP7A1 and elevated bile acid syn-
thesis, thus dramatically altering bile acid metabolism and causing 
severe dose-limiting side effects.25 Considering both FGF19’s phys-
iological function in regulating bile acid metabolism and its tumor-
igenic activity in driving the pathogenesis of HCC, it is unclear if a 
strategy that targets FGF19 can effectively treat HCC while being 
safe for patients.

Previous studies exploring the function of FGF19’s N-terminus 
(NT) have established that a variant (M70) with NT substitutions 
and deletions, as well as a chimeric variant substituted with the 
20 N-terminal residues from FGF21 exhibit reduced ability to induce 
hepatocyte proliferation but retained their ability to suppress he-
patic Cyp7a1 expression.26-28 Building on these insights, we surmised 
that the NT of FGF19 may be essential for its tumorigenic activity 
but may not be required for its physiological bile-acid-regulatory 
function. We further hypothesized that selectively targeting the NT 
of FGF19 with an Ab instead of a small molecule drug may be both 
effective and safe.

In this study, we first identified Abs that specifically bind to 
FGF19 in an NT-dependent manner. We then demonstrated that 
one high-affinity NT-dependent Ab, G1A8, and its close variant 
Ab, HS29, effectively inhibit FGF19-induced HCC cell proliferation 
in vitro and significantly suppress HCC tumor growth in cell line- 
derived xenograft and patient-derived xenograft (PDX) mouse mod-
els. Importantly, G1A8 did not affect FGF19-mediated repression of 
mouse hepatic Cyp7a1 transcription. Moreover, G1A8 did not cause 
bile-acid-related side effects in cynomolgus monkeys. Collectively, 
our study demonstrates that selectively targeting the NT of FGF19 
with an Ab can be both effective and safe, and the Abs we devel-
oped, G1A8 and HS29, show strong promise to be further developed 
into a safe and therapeutic agent for treating FGF19-driven HCC.

2  | MATERIAL S AND METHODS

2.1 | Cell lines

FreeStyle 293-F cells were cultured according to the manufacturer’s 
instructions (Thermo Fisher Scientific). The human HCC Hep3B cells 
(ATCC) were cultured in DMEM supplemented with 10% FBS. The 
Hep3B-Luc23 stable cell line expressing firefly luciferase was gener-
ated through lentivirus transduction.

2.2 | Expression and purification of proteins

For FGF19 and its variants, including the NT deletion variant 
FGF19∆NT (residues Arg43-Lys216), the coding sequences were 
cloned into an expression vector with a C-terminal His-Avi-Tag. The 
vectors were transiently transfected alone or co-transfected with a 
vector encoding BirA biotin-protein ligase into 293-F cells. Cell su-
pernatants were collected at 3-5 days after transfection, and pro-
teins were purified using Ni-NTA affinity chromatography (Qiagen). 
Human IgG1 Ab expression and purification were similar to proce-
dures described previously.29

2.3 | Screening of Ab library against FGF19

The synthetic NT-peptide of FGF19 comprises residues Arg23-Ile42 
(corresponding to residues 1-20 of FGF19 following signal peptide 
cleavage) with a biotin modification at its C-terminus (CT). The NT-
peptide or the biotinylated FGF19 protein was captured on strepta-
vidin-conjugated magnetic M-280 Dynabeads and then used for 
phage-Ab library selection.29 After 2 rounds of selection, clones that 
bound to FGF19 with higher affinity than FGF19∆NT were screened 
out by ELISA for further characterization.

2.4 | 31A3 Ab sublibrary construction and selection 
for affinity improvement

A 31A3 sublibrary (1.2 × 108) with random mutated complemen-
tarity-determining regions (CDRs) was constructed using NNK de-
generate codons.30 The sublibrary selection and screening were 
undertaken using a similar method as described above. To obtain 
high-affinity hits, competitive elution with 31A3-hIgG1 was used.

2.5 | Enzyme-linked immunosorbent assay

Antigens were captured on NeutrAvidin (Sigma-Aldrich) coated 96-
well plates (MaxiSorp; Nunc). For direct-binding ELISA, 3-fold seri-
ally diluted testing Abs were added. For competition ELISA, 3-fold 
serially diluted testing Abs were mixed with competitor FGFR4-hFc. 
Binding was detected using an HRP-conjugated goat anti-hFc Ab.
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2.6 | Binding kinetic analysis by surface 
plasmon resonance

Kinetic analysis of human IgG1 Abs was carried out using a Biacore 
T200 system. Anti-hFc Ab was immobilized on a CM5 sensor chip 
using an amine-coupling kit (GE Healthcare). Antibodies were then 
captured on the sensor chip and followed by flowing FGF19 or 
FGF19 variants.

2.7 | Cell proliferation assay

The Hep3B cells were treated with FGF19 or FGF19 variants at 
various concentrations in DMEM supplemented with 1% FBS. For 
evaluation of the inhibition activity against FGF19-induced cell 
proliferation, 15 μg/mL Abs were added. Seventy-two hours later, 
cell proliferation was measured using CCK-8 (Dojindo Molecular 
Technologies).

2.8 | Expression of Cyp7a1 in liver

C57BL/6 mice (5-6 weeks old) were fasted overnight before i.p. in-
jection of 2 μg FGF19, FGF19 variants, or FGF19 together with 60 μg 
anti-FGF19 Abs. Mice livers were harvested 3 hours after i.p. injec-
tion for extracting total RNA and reverse transcribed into cDNA. 
Cyp7a1 mRNA expression level (relative to GAPDH) was evaluated 
by quantitative PCR with an ABI Fast 7500 instrument (Applied 
Biosystems).

2.9 | Animal experiments

Mice (6-8 weeks old NOD SCID and NSG) were s.c. injected with 
5 × 106 Hep3B cells in the right flank. Based on similar mean tumor 
bioluminescence intensities or tumor volumes, mice were divided 
into groups and received i.p. injection of 10 mg/kg anti-FGF19 or 
control Ab. Tumor bioluminescence intensities were measured using 
an IVIS Lumina III Imaging System (PerkinElmer). Tumor volume was 
measured with an electronic caliper and calculated using the for-
mula 3.14 × L × W2/6, where L and W are the largest and smallest 
measured diameters, respectively. All animal experiments were car-
ried out following the National Guidelines for Housing and Care of 
Laboratory Animals in China and under the approved Institutional 
Animal Care and Use Committee (IACUC) protocols at the National 
Institute of Biological Sciences. The study to evaluate antitumor ef-
ficacy of HS29 in PDXs in BALB/c nude mice was undertaken under 
the approved IACUC protocols at Crown Bioscience.

Safety assessment of G1A8 was carried out at JOINN 
Laboratories following approved IACUC protocols. Healthy cyno-
molgus monkeys (3-4 years old) weighing approximately 3 kg were 
i.v. injected with G1A8. Blood samples were collected at various time 
points for pharmacokinetic analysis of G1A8. Liver, ileum, and kidney 

samples were collected at the end of the study for mRNA expression 
analysis of genes related to bile acid metabolism.

2.10 | Crystallization and structural 
determination of the FGF19-G1A8 complex

Full-length FGF19 (residues 25-216) and G1A8-Fab were separately 
expressed in 293-F cells and individually purified by Ni-NTA chro-
matography (Qiagen). Subsequently, the FGF19-G1A8 complex was 
purified by a Superdex S200 column (GE Healthcare), and then con-
centrated to 18 mg/mL for crystallization using the hanging-drop 
vapor diffusion method. X-ray diffraction data were collected at the 
Shanghai Synchrotron Radiation Facility.31 Data were processed in 
HKL2000 and XDS. The crystals were of the P212121 space group, 
and contained two copies of the FGF19-G1A8 complex per asym-
metric unit. The structure was determined by molecular replacement 
using Phaser in Phenix with the following structures as search mod-
els: FGF19 (PDB-2P23) and a Fab 5F2 structure (PDB-3KDM). The 
model was iteratively built in Coot and refined in PHENIX.

2.11 | Statistical analysis

Ordinary one-way ANOVA or unpaired Student’s t tests were used 
for comparisons between groups. Two-way ANOVA and Turkey’s 
multiple comparison tests were used to assess continuous variables. 
Kaplan-Meier survival analysis and log-rank tests were used for sur-
vival analysis.

3  | RESULTS

3.1 | Generation of a fully human Ab G1A8 that 
targets NT of FGF19

To test whether the NT of FGF19 is essential for its tumorigenic activ-
ity but may not be required for its physiological bile-acid-regulatory 
function, we generated an FGF19 NT deletion variant (FGF19∆NT) and 
used a variety of assays to examine the functions of both full-length 
FGF19 and FGF19∆NT. Compared to full-length FGF19, the FGF19∆NT 
variant had significantly weaker binding affinity for FGFR4 (either 
in the presence or absence of its co-receptor KLB), and exerted sig-
nificantly reduced activity to induce tumor cell proliferation (Figure 
S1A,B). To compare the bile-acid-regulatory function between full-
length FGF19 and FGF19∆NT, we tested them in a mouse model in 
which exogenous FGF19 can exert its bile-acid-regulatory function 
through binding to the murine receptor FGFR4—which shares 90% 
amino acid identity with human FGFR4—to repress the murine he-
patic transcription of Cyp7a1.28,32 In this mouse model, we observed 
no difference between full-length FGF19 and FGF19∆NT in repres-
sion of the hepatic Cyp7a1 gene expression level (Figure S1C). In light 
of these results, we further explored if selectively targeting the NT 
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of FGF19 using an Ab could potentially inhibit its tumorigenic activ-
ity without deleteriously affecting its bile-acid-regulatory function.

To identify Abs targeting FGF19’s NT, we designed two selection 
strategies by using two different targets to select Abs from our large 
human Ab phage display library29: one was a synthetic NT-peptide 
of FGF19, and the other one was the full-length FGF19 (Figure 1A). 
After the library selections, we screened out positive clones for the 
full-length FGF19, and then identified a number of Abs that bind 
to FGF19 in an NT-dependent manner based on weak binding to 
FGF19∆NT as the screening criterion. Among the NT-dependent Abs 

identified, the 31A3 Ab had relatively high binding affinity and was 
thus selected for further analysis (Figure 1A-C).

We next evaluated whether 31A3 can inhibit HCC cell prolifer-
ation as specifically induced by FGF19; we treated the human HCC 
cell line Hep3B with 31A3 in the presence of exogenous FGF19. 
Encouragingly, 31A3 inhibited FGF19-induced proliferation of 
Hep3B cells (Figure S2A). Note that the antiproliferation effect of 
31A3 was less pronounced than that of 1A6, the aforementioned an-
ti-FGF19 Ab that targets the CT region of FGF19.15 Partially explain-
ing this observed difference, the FGF19-binding affinity of 31A3 is 

F I G U R E  1   Generation and characterization of the G1A8 Ab. A, Schematic diagram illustrating the generation of Ab G1A8 using Ab 
phage display technology. Antibodies that bind to fibroblast growth factor 19 (FGF19) with higher affinity than to FGF19 N-terminus (NT) 
deletion variant (FGF19∆NT) were identified and affinity matured. The amino acids of the complementarity-determining regions 3 (CDR3) 
of one identified Ab, 31A3, and its affinity-improved Ab G1A8 are shown; underlined amino acids indicate differences between the two 
Abs. HCDR3, heavy chain CDR3; LCDR3, light chain CDR3. B, Kinetic analysis of the binding of anti-FGF19 Abs to FGF19 using surface 
plasmon resonance. Representative kinetic curves for each Ab are shown. All kinetic parameters shown represent the mean and SE of three 
independent experiments. C, The binding of 31A3 and G1A8 to FGF19 depends on the NT of FGF19. D, G1A8 competes with FGF receptor 4 
(FGFR4) for binding to FGF19. Antibodies in their Fab form were mixed with 100 nM FGFR4-Fc in the presence of 20 μg/mL heparin. 
The competition activity of Abs is shown as the percentage of inhibition for FGFR4 binding to FGF19. The control is an antihepatitis B virus 
preS1 Fab Ab 2H5-A14.29 E, G1A8 inhibits FGF19-induced hepatocellular carcinoma cell proliferation. Hep3B was cultured with 20 ng/mL 
FGF19 and 15 μg/mL Abs. Control IgG, rituximab
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much weaker than that of 1A6 (Figure 1B). Consistently, we found 
that 31A3 was not able to suppress tumor growth in a Hep3B xeno-
graft mouse model (Figure S2B). These results collectively suggested 
that the FGF19-binding affinity of 31A3 could be insufficiently 
strong to confer inhibition of tumor growth in vivo.

We subsequently improved the affinity of 31A3 through muta-
genesis within 31A3’s two CDR3 regions that are known to confer 
particularly large impacts on binding were selected for mutagenesis. 
We constructed an Ab phage display sub-library comprising 31A3-
derived Abs with randomized mutations within the two CDR3s. We 
then used 31A3-hIgG1 as a competitor during this 31A3-derived 
sub-library selection to screen out binders with higher binding af-
finity to FGF19. This approach yielded a small panel of affinity-im-
proved Abs. The best performing hit from this panel, G1A8, having 
only three amino acid changes, exhibited a 27-fold affinity increase 
and a 60-fold slower dissociation rate, as well as substantially higher 
NT-dependency over the parental Ab 31A3 (Figure 1A-C). G1A8 
also efficiently competed with the receptor FGFR4 for binding to 
FGF19, with an IC50 value of 1.39 nM (Figure 1D). Additionally, G1A8 
exerted a strong antiproliferation effect on the growth of exoge-
nous-FGF19-treated Hep3B cells (Figure 1E).

3.2 | Structural characterization of the 
epitope of G1A8

To further understand the molecular basis of the G1A8-FGF19 in-
teractions and to precisely characterize the epitope of G1A8, we 
determined the structure of the Fab form of G1A8 in complex with 
FGF19 at 2.6 Å resolution by X-ray crystallography. The structure 
was solved using a molecular replacement method and refined to a 
Rwork/Rfree of 0.216/0.278, with good geometry (Table S1). The resi-
dues 37-172 of FGF19 showing well-defined electron density were 
modeled. The complex structure shows an apparently perfect shape 
complementarity, burying a total surface area of 983 Å2.

In accordance with G1A8’s designed feature of specifically tar-
geting the NT of FGF19 as described above, the majority of the 
residues comprising G1A8’s epitope are at the FGF19’s NT, which 
is situated above the cleft between the variable heavy chain (VH) 
and light chain (VL) (Figure 2A,B). The structure also revealed that 
residues 168-172 of the FGF19 are in close proximity with the NT 
at the interaction interface of FGF19 and G1A8. The Leu169 resi-
due and the NT together form hydrophobic interactions with Tyr51 
and Pro57 from light chain CDR (LCDR) 2 (Figure 2A-C). The elec-
tron density for the FGF19 CT (residues 173-216) is invisible, likely 
due to its intrinsic flexibility.32,33A stretch of roughly 8 residues 
(residues 38-45) of the FGF19 NT engage extensive interactions 
with all six CDR loops from both the VH and VL of G1A8 through 
a mix of hydrophobic and polar contacts (Figure 2C and Table S2). 
The side chain of FGF19 NT residue Trp38 is anchored in a hydro-
phobic pocket formed by Ala33, Ser52, Ser57, Tyr59, Gln102, and 
Leu104 from heavy chain CDR (HCDR) 1-3, while Arg45 of FGF19 
on the other side engages salt bridge interactions with Glu103 and 

Asp52 from HCDR3 and LCDR2, respectively (Figure 2C). Indeed, an 
FGF19 Trp38Ala mutant had reduced binding affinity for G1A8, and 
Arg45Ala mutant completely lost the binding (Figure 2D), confirming 
the essentiality of these interactions. Arg45 also makes additional 
hydrogen bond interactions with Asn100 from HCDR3 of G1A8 
(Figure 2C). G1A8’s parental Ab 31A3 has a Val at this same position 
(Figure 1A); this difference likely accounts for 31A3’s lower affinity 
than G1A8.

3.3 | Antitumor activity of G1A8 in xenograft 
mouse models

As G1A8 significantly inhibited FGF19-induced proliferation of tumor 
cells in vitro (Figure 1E), we further evaluated its antitumor activ-
ity using xenograft mouse models (Figure 3). We first established a 
Hep3B-Luc23 cell line that stably expresses luciferase and thus ena-
bled measurement of tumor growth using in vivo bioluminescence 
imaging. Mice were s.c. injected with these Hep3B-Luc23 cells, and 
then were divided into three groups with similar mean tumor biolumi-
nescence intensities prior to receiving Ab treatment (10 mg/kg) twice 
each week for 4 weeks. The Ab treatment started at day 4 after tumor 
cell implantation, an early stage of tumor development. Monitoring of 
tumor growth over time by measuring tumor volumes and biolumi-
nescence intensities showed that G1A8 and 1A6 each significantly 
suppressed tumor growth compared to the isotype control Ab; there 
was no significant difference between the two Abs (Figure 3A-C).

We also evaluated G1A8’s antitumor efficacy against xeno-
graft tumors formed from transplanted WT Hep3B cells. Antibody 
treatment was started when tumor volumes reached approximately 
100 mm3 in size at day 20 after tumor cell implantation, a relatively 
late stage of tumor development. Hep3B-bearing mice were divided 
into three groups with similar mean tumor volumes and received Ab 
treatment (10 mg/kg) twice each week for 3 weeks. As with the afore-
mentioned results for Hep3B-Luc23 xenografts, both G1A8 and 1A6 
significantly inhibited Hep3B tumor progression (Figure 3D); more-
over, both Abs significantly prolonged survival of mice (Figure 3E).

3.4 | Safety assessment of G1A8 in mouse and 
cynomolgus monkey

As G1A8 cannot bind to murine FGF15, the aforementioned mouse 
tumor xenograft models are not suitable for assessing the safety pro-
files of G1A8 treatment; specifically, FGF15 is the murine ortholog of 
human FGF19 and shares only 49% amino acid identity with FGF19.34 
Nevertheless, recalling that human FGF19 can exert its bile-acid-regu-
latory function in mouse via murine FGFR4 to repress hepatic Cyp7a1 
transcription28,32 (Figure S1C), we were able to assess whether G1A8 af-
fects hepatic Cyp7a1 transcription in this mouse model. Encouragingly, 
and unlike 1A6, G1A8 did not affect FGF19-induced repression of he-
patic Cyp7a1 transcription (Figure S3A), indicating that G1A8 does not 
apparently interfere with FGF19’s bile-acid-regulatory function.
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Pai et al.25 showed that treatment with the humanized an-
ti-FGF19 Ab (1A6) in cynomolgus monkeys caused disrupted bile 
acid metabolism by interrupting FGF19’s function and thereby in-
creasing CYP7A1 expression; this was accompanied by clinical man-
ifestations including reduced body weight, low food consumption, 
and severe diarrhea, and ultimately resulted in unscheduled eutha-
nasia of all animals after one dose in the 10 and 30 mg/kg treatment 
groups.25 We first verified that G1A8 binds cynomolgus FGF19 and 
human FGF19 with similar binding affinities (Figures 1B and S3B). 
We then assessed whether G1A8 impairs the bile-acid-regulatory 
function of FGF19 in cynomolgus monkeys. Four cynomolgus mon-
keys were randomized into two groups and received control saline or 
10 mg/kg G1A8 at day 1 and 30 mg/kg G1A8 at day 16. Each group 
included one male and one female monkey. Blood samples were col-
lected throughout the duration of the study (Figure 4A).

Encouragingly, all of the monkeys finished two full courses of G1A8 
treatment, and none of them exhibited any of the clinical side effects 
reported for 1A6, such as reduced body weight, low food consump-
tion, or diarrhea (Figure 4B). The previous study of 1A6 treatment (a 
single dose) in monkeys reported a marked increase in serum total bile 
acid (TBA) levels, alanine transaminase (ALT), and aspartate transami-
nase (AST).25 Although monkeys in the G1A8 treatment group initially 
showed a slight increase in serum TBA concentration at day 15 (first 
testing time point) after G1A8 (10 mg/kg) treatment, no further in-
crease was observed following the second injection of a higher dose 
of 30 mg/kg at day 16; rather, a decrease was observed (Figure 4C). 
This suggests that the slight increase in the serum TBA level observed 
at day 15 can likely be explained by normal physiological variations in 
the animals. The serum levels of total bilirubin, ALT, and AST showed 
no significant differences in monkeys treated with either control 

F I G U R E  2   Structural analysis of the fibroblast growth factor 19 (FGF19)-G1A8 complex. A, Ribbon representation of FGF19-G1A8 in 
orthogonal views. FGF19 is shown in magenta; the variable heavy chain (VH) and variable light chain (VL) of G1A8 are in green and cyan, 
respectively. C, C-terminus; N, N-terminus. B, Surface view of the FGF19-G1A8 complex. C, Detailed view of the G1A8-FGF19 interface. 
Dashed lines represent hydrogen bonds. LCDR3, light chain complementarity-determining region; HCDR3, heavy chain complementarity-
determining region. D, Binding activity of G1A8 to WT FGF19 and FGF19 alanine mutants as analyzed using surface plasmon resonance
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saline or G1A8, suggesting that G1A8 does not cause liver damage 
(Figure 4D-F).

We also collected monkey tissue samples from the organs (liver, 
ileum, and kidney) that are responsible for bile acid recycling to evalu-
ate the expression levels of multiple genes known to impact bile acid 
metabolism (Figure 4G,H). In the liver, no increase in CYP7A1 gene ex-
pression was found in animals treated with G1A8, and the expression 
of other genes known to encode bile acid transporter proteins did not 
show any significant increase compared to control animals (Figure 4G). 
In the kidney and ileum, the expression of bile acid transporter genes 
did not differ between the G1A8 and control groups (Figure 4H,I), in-
dicating G1A8 does not disrupt the recycling and metabolism of bile 
acid. Pathological examination revealed no abnormalities in any ani-
mal. The G1A8 serum concentration-time profiles for the two different 
dosages revealed similar terminal half-life durations for G1A8 of 174 
and 188 hours in cynomolgus monkeys dosed with 10 and 30 mg/kg, 
respectively (Figure 4J,K). Taken together, these pilot safety assess-
ment experiments in cynomolgus monkey did not detect any bile-ac-
id-related toxicity in response to G1A8, thus highlighting that G1A8 
treatment in a therapeutic setting is unlikely to cause significant mal-
absorption of bile acid or other bile-acid-related side effects.

3.5 | Fibroblast growth factor-19-dependent 
antitumor activity of G1A8’s close derivative HS29 in 
PDX models

We subsequently used Ab engineering to further improve the physico-
chemical properties of G1A8 and eventually obtained an Ab, HS29, with 
only two amino acid substitutions in the HCDR3 region of G1A8 that 

had highly favorable physicochemical properties, eg, improved thermal 
stability and expression yield. Importantly, HS29 retains G1A8’s bind-
ing epitope, high binding affinity, competition activity against FGF19 
binding to FGFR4 in the presence or absence of co-receptor KLB, and 
strong antiproliferation activity (Figure S4). In addition, G1A8 and 
HS29 did not show apoptotic or cytotoxic effects (Figure S5).

We next examined HS29’s antitumor activity in human HCC PDX 
models, including an FGF19-expressing HCC model and an FGF19-
negative HCC model (Figure 5A,B). Treatment with HS29 started 
when the mean tumor volume reached approximately 150 mm3. Mice 
bearing FGF19-expressing tumors showed arrested tumor growth 
after HS29 treatment (Figure 5A). Whereas the HS29-treated mice 
maintained steady weights and remained healthy throughout the ex-
periment, mice in the control group showed significant weight loss as 
tumors continued to grow, and two control mice died prior to the end 
of the study because of rapid tumor progression (Figure 5C). Notably, 
no response to HS29 treatment was observed for the PDX model 
that lacked FGF19 expression (Figure 5B). At the end of the study, 
FGF19 mRNA expression in tumor samples was examined by quantita-
tive PCR and confirmed that the FGF19-expressing tumor had strong 
FGF19 mRNA expression (more than 20-fold higher than the Hep3B 
cell line) whereas the FGF19-negative tumor had barely detectable 
FGF19 mRNA levels (Figure 5D). Collectively, these results confirmed 
that the antitumor effects of HS29 are FGF19-dependent.

4  | DISCUSSION

Drug development for HCC therapy has been disappointing to date. 
The multikinase inhibitors sorafenib and lenvatinib are the only two 

F I G U R E  3   Antitumor activity of antifibroblast growth factor 19 (FGF19) Abs in hepatocellular carcinoma xenograft mouse models. A-C, 
G1A8 inhibited tumor growth in a cell line-derived xenograft model established using luciferized Hep3B-Luc23 cells in NOD SCID mice 
(n = 6/group). D, E, G1A8 inhibited tumor growth in a xenograft model established using WT Hep3B cells in NSG mice. Tumor volumes and 
survival curves are shown. Time points for Ab treatment are marked by arrows. Control (Ctrl.) IgG, rituximab
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FDA approved first-line treatments for HCC. However, sorafenib 
lacks efficient inhibition activity against FGFR4,35 and lenvatinib 
shows much more potent inhibition activity for vascular endothe-
lial growth factor receptors than for FGFRs.36,37 It is therefore rea-
sonable to surmise that these agents might be ineffective for the 
treatment of patients with aberrant FGF19-FGFR4 signaling axis. 
Increased FGF19 expression was found in HCC patients, and as 
many as 48% of liver tumors were positive for FGF19 expression.15,17 
Moreover, after surgical resection of liver tumors, HCC patients still 
have higher serum FGF19 levels than healthy individuals,16 and most 
HCC patients experience disease recurrence even after tumor resec-
tion, suggesting that a supra-physiological level of FGF19 might in-
duce excessive cell proliferation and drive HCC development. Hence, 
a therapeutic strategy specifically targeting FGF19 that could inhibit 

the excessive cell proliferation induced by FGF19 during HCC devel-
opment may also protect patients from HCC recurrence.

In this study, we generated high-affinity NT-targeting Abs (G1A8 
and HS29) by using extensive library screening and Ab engineer-
ing, and demonstrated  their strong antitumor efficacy in xenograft 
mouse models and their safety in cynomolgus monkeys. Although 
we only included four cynomolgus monkeys in the safety assessment 
study of G1A8 in our preclinical pilot study, it is notable that none of 
the G1A8-treated monkeys manifested any bile-acid-related toxic-
ity or clinical symptoms. To more reliably evaluate G1A8’s potential 
side-effects, a safety study that includes larger numbers of animals, 
as well as higher doses and long-term treatment with G1A8 or its 
close engineered derivative HS29 under good laboratory practice 
conditions will be needed. In such a safety study, detailed analysis 

F I G U R E  4   Safety assessment of G1A8 in cynomolgus monkeys. A, Schematic diagram illustrating the timeline of G1A8 treatment and 
sampling from animals. Four cynomolgus monkeys were divided into two groups receiving i.v. of control saline or G1A8. Each group consists 
of one male and one female monkey. B, Body weight of cynomolgus monkeys. C-F, Blood biochemistry: serum total bile acid (TBA), total 
bilirubin (TBIL), alanine transaminase (ALT), and aspartate transaminase (AST) at various time points. Arrows indicate treatment days. 
Dashed lines and dotted lines indicate normal reference intervals of biochemical parameters in the male and female cynomolgus monkeys, 
respectively. G-I, Expression of genes related to bile acid metabolism. Tissue samples were harvested at the end of the study. Expression of 
selected genes in liver, ileum, and kidney were analyzed by quantitative PCR. J, K, Pharmacokinetic profile of G1A8. Serum concentrations of 
G1A8 following treatment with 10 mg/kg G1A8 on day 1 or 30 mg/kg G1A8 on day 16 are shown
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of bile acid composition after G1A8 or HS29 treatment will also help 
to more comprehensively evaluate bile acid metabolism in response 
to these Ab therapies.

It is noteworthy that it is very challenging to generate high-affin-
ity Abs specifically targeting the NT of FGF19. The NT (residues 23-
39, corresponding to residues 1-17 of FGF19 following signal peptide 
cleavage) is intrinsically flexible as revealed by two previously deter-
mined FGF19 structures.32,33 Consistently, in our FGF19/G1A8 com-
plex structure, these NT residues are also disordered; only residues 
38-45 that engage extensive interactions with the six CDR loops of 
G1A8 show well-ordered electron density. Thus, both the intrinsic 
flexibility of the NT and the limited number of targetable epitope 
residues at the NT contribute to the challenges of obtaining NT-
selectively targeting Abs.

The FGF family members have a homologous core region 
formed by 12 antiparallel β-strands flanked by divergent NT and 
CT.38 The primary sequence variations among the NT and CT of 
various FGFs account for their different biological activities.39,40 
FGF19 belongs to the endocrine FGF19 subfamily that also in-
cludes FGF21 and FGF23. The crystal structure of FGF19’s CT 
tail bound to soluble KLB has been determined,41 whereas the 
structure of the ternary complex of FGF19-FGFR4-KLB is yet to 
be solved. A recently solved crystal structure of FGF23 in complex 
with its receptor FGFR1c and co-receptor α-klotho (KLA) revealed 
that KLA tethers FGFR1c and FGF23 to form a stable ternary com-
plex. In the complex, the globular NT region and the rod-like CT 
region of FGF23 are critical for binding to FGFR1c and KLA, re-
spectively. Heparin sulfate (HS) is required for the dimerization 
of the 1:1:1 FGF23-KLA-FGFR1c complex; the FGF23 signaling 
through FGFR1c depends on both KLA binding and HS-mediated 
dimerization.42 It remains to be determined whether FGF19, KLB, 
and FGFR4 form a ternary and/or quaternary complex in a similar 

manner. As FGFR4 is the essential and indispensable receptor for 
mediating both FGF19’s physiological function in regulating bile 
acid metabolism and its tumorigenic activity in driving the patho-
genesis of HCC,43-45 it is therefore especially important to uncover 
the structure-function relationships that govern FGF19’s tumori-
genic and bile-acid-regulatory activities.

Nonetheless, our current understanding is that the CT of 
FGF19 determines FGF19’s binding specificity towards co-receptor 
KLB,41,46-48 and thus FGF19’s endocrine actions primarily function in 
the liver—the only tissue that highly expresses both FGFR4 and KLB; 
the NT of FGF19 may be essential for its tumorigenic activity but 
may not be required for its physiological bile-acid-regulatory func-
tion (Figure S1).26-28,45,49 It appears that the NT 38-42 residue region 
of FGF19 (the critical binding site for G1A8 and HS29) can contribute 
to FGFR4 activation with respect to hepatocyte proliferation, which 
is independent of the binding between KLB and FGF19’s CT.48,49 
Moreover, recall that the aforementioned FGF19 NT variant, M70, 
exerts different biological activities—in bile acid regulation and tu-
morigenicity—but exhibits no difference in its binding affinity for its 
receptor FGFR4.28 Specifically, M70 does not induce tumor forma-
tion owing to its inability to activate the STAT3 pathway downstream 
of FGFR4 compared to FGF19, but retains the ability to activate the 
FGFR4-dependent signaling pathways of bile acid regulation.27,28

It is intriguing how our NT-targeting Abs (GA18 and HS29) 
exert antitumor growth activities without causing obvious side ef-
fects related to FGF19’s bile-acid-regulatory function. The unique 
features of our NT-targeting Abs likely result from their selective 
interruption of the FGF19-FGFR4 interactions that is required for 
tumorigenesis. Building on the aforementioned structural and 
functional findings, we surmised that the interaction of FGF19’s 
CT with KLB plays the most critical role in tethering receptors and 
implementing all of FGF19’s activities; whereas the globular NT 

F I G U R E  5   Evaluation of antitumor 
activity of HS29 in hepatocellular 
carcinoma patient-derived xenograft 
(PDX) models. A-C, Tumor volumes 
or body weights of BALB/c nude mice 
bearing fibroblast growth factor-19 
(FGF19)+ or FGF19− PDX. Mice were 
divided into groups (n = 5/group) with 
similar mean tumor volume and received 
10 mg/kg HS29 i.p. or no treatment as 
control (Ctrl.). D, FGF19 mRNA expression 
in tumor samples. Each data point 
represents one mouse tumor sample. 
The level of FGF19 mRNA expression 
in Hep3B was used as a reference. 
The dashed line indicates the reliable 
detection limit of the assay
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interacts with FGFR4 and may modulate the receptor dimeriza-
tion, hence regulates downstream receptor signaling strength. 
Thus, Abs (ie, 1A6) targeting a region proximal to FGF19’s CT may 
lead to a complete loss of FGF19’s activities, including its phys-
iological activity. Antibodies (ie, G1A8 and HS29) targeting the 
FGF19-NT may only reduce receptor signaling strength to a level 
that can still maintain FGF19’s physiological activity in bile acid 
metabolism (Figure S6).

In summary, we developed Abs that open the door for further 
exploitation of the widely-appreciated potential benefits of FGF19-
targeted therapy for HCC patients. More generally, our study is a clear 
example of how an Ab can successfully disrupt a cancer-related target 
that was previously thought to be undruggable. Importantly, aberrant 
FGF19-FGFR4 signaling has also been associated with the patho-
genesis of many other cancers, including breast cancer,50-52 prostate 
cancer,53,54 colon cancer,15,55 and lung cancer,15,56,57 suggesting that 
blockade of FGF19 signaling using G1A8 or HS29 Ab could be a useful 
strategy for developing treatments of many types of cancer.
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