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ABSTRACT

Objective Intrahepatic cholangiocarcinoma (ICC)—a

rare liver malignancy with limited therapeutic options—is
characterised by aggressive progression, desmoplasia

and vascular abnormalities. The aim of this study was to
determine the role of placental growth factor (PIGF) in ICC
progression.

Design We evaluated the expression of PIGF in
specimens from ICC patients and assessed the
therapeutic effect of genetic or pharmacologic inhibition
of PIGF in orthotopically grafted ICC mouse models. We
evaluated the impact of PIGF stimulation or blockade in
ICC cells and cancer-associated fibroblasts (CAFs) using
in vitro 3-D coculture systems.

Results PIGF levels were elevated in human ICC
stromal cells and circulating blood plasma and were
associated with disease progression. Single-cell RNA
sequencing showed that the major impact of PIGF
blockade in mice was enrichment of quiescent CAFs,
characterised by high gene transcription levels related
to the Akt pathway, glycolysis and hypoxia signalling.
PIGF blockade suppressed Akt phosphorylation and
myofibroblast activation in ICC-derived CAFs. PIGF
blockade also reduced desmoplasia and tissue stiffness,
which resulted in reopening of collapsed tumour vessels
and improved blood perfusion, while reducing ICC cell
invasion. Moreover, PIGF blockade enhanced the efficacy
of standard chemotherapy in mice-bearing ICC.
Conclusion

PIGF blockade leads to a reduction in intratumorous
hypoxia and metastatic dissemination, enhanced
chemotherapy sensitivity and increased survival in mice-
bearing aggressive ICC.

INTRODUCTION

Intrahepatic cholangiocarcinoma (ICC) is a cancer
type encompassing diverse epithelial tumours arising
in the liver.! ICC has an aggressive phenotype and
limited therapeutic options, which makes its prognosis

Significance of this study

What is already known on this subject?

» Intrahepatic cholangiocarcinoma (ICC) is a
rare liver malignancy with limited therapeutic
options at advanced stages (chemotherapy).

» ICC is characterised by aggressive progression,
desmoplasia and vascular abnormalities.

What are the new findings?

» Placental growth factor (PIGF) is highly
expressed in ICCs compared with normal liver
tissue, primarily in tumour stromal cells, and is
associated with poor outcomes.

» PIGF blockade enriched for more quiescent,
less activated cancer-associated fibroblasts,
characterised by high gene transcription levels
related to the Akt pathway, hypoxia and
glycolysis.

» PIGF blockade reduced desmoplasia, decreased
tissue stiffness and reopened collapsed tumour
vessels in vivo, resulting in improved blood
perfusion, a reduction in intratumoral hypoxia
and metastatic dissemination, enhanced
chemotherapy sensitivity and increased survival
in mice-bearing ICC.

How might it impact on clinical practice in the

foreseeable future?

» These findings demonstrate a new mechanism
by which PIGF mediates ICC desmoplasia and
progression.

» Blockade of PIGF is an immediately translatable
strategy to reprogramme the desmoplastic
and hypoxic ICC microenvironment and inhibit
its progression and resistance to standard
chemotherapy.

dismal.> Moreover, ICC incidence is increasing.’
Overall survival rate remains extremely poor: 5-year
survival rates are 15% for patients with early-stage
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ICC, 6% for those with regional lymph node involvement and 2%
for those with metastatic disease. Meanwhile, various genetic alter-
ations in ICC have been identified, leading to multiple clinical trials
of molecularly targeted agents for advanced disease.* > However,
these approaches benefit only the fraction of patients with appro-
priate genetic alterations. Systemic chemotherapy using gemcitabine
and cisplatin (Gem/Cis) remains the standard of care for all patients
with advanced ICC, but the benefits are limited.> ® New treatment
options are urgently needed.

A defining feature of ICC is the abundant tumour stroma
(desmoplasia), which has complex functional interactions with
cancer and normal stromal cells.” The desmoplastic stroma
consists of cancer-associated fibroblasts (CAFs), which closely
surround the neoplastic bile ducts and can provide ICC cells with
proliferative and prosurvival/antiapoptotic signals. These CAFs
may be activated hepatic stellate cells (HSCs) or portal fibro-
blasts with a myofibroblast-like phenotype.*? Activated CAFs
produce extracellular matrix (ECM) components and commu-
nicate with endothelial, perivascular, immune and cancer cells
to induce angiogenesis and immunosuppression, thus promoting
tumour progression.'’ In addition, the characteristic vascular
abnormalities and tissue hypoxia and desmoplasia also impede
drug delivery into the tumours, thereby contributing to resis-
tance to conventional chemotherapy.!!

Placental growth factor (PIGF), which is a member of the vascular
endothelial growth factor (VEGF) family, binds to VEGFR1 but not
VEGFR2, as well as to neuropilin-1 and -neuropilin2 (Nrp1 and
Nrp2). PIGF binding to VEGFR1 and Nrp1 on endothelial cells can
lead to a crosstalk between Nrp1, VEGFR1 and VEGFR2, which
consequently enhances VEGF-driven responses.'> However, PIGF
can also transmit prosurvival and promigration signals to cancer
cells directly through Nrp1 in gastrointestinal cancer."”* Conversely,
tumour cells can produce PIGF to activate stromal cells and
promote angiogenesis, inflammatory and stromal cell recruitment
and metastatic progression.'*™”

PIGF expression, unlike that of VEGE, is undetectable in
healthy conditions but is highly upregulated in pathological
conditions, including hypoxia."® Therefore, PIGF inhibition
is expected to selectively inhibit pathological angiogenesis,
without affecting the growth or maintenance of physiological
vessels, which is likely to cause fewer side effects."* '* In support
of this, blockade of PIGF in mouse models has resulted in antitu-
mour effects mediated by changes on myeloid cells." Similarly,
Nrpl expression level is significantly higher in cholangiocarci-
noma tissues compared with adjacent normal biliary tissues, as
detected by quantitative real-time-PCR analyses and immunohis-
tochemistry (IHC).*® Nrp1 inhibition also reduced the prolifer-
ation and migration of cholangiocarcinoma cells and suppressed
tumour growth and lung metastasis in experimental models.?
Previously, we reported that the PIGF/Nrp1 axis in cancer cells
is a driver of paediatric medulloblastoma.*' This work has led to
a phase I trial in children with brain tumours (NCT02748135).

Here, we examined the impact of PIGF inhibition on the desmo-
plastic stroma and ICC cell viability and invasion. We also evalu-
ated the impact of genetic or pharmacologic PIGF inhibition on
tumour growth and metastatic progression in mice bearing orthot-
opic ICC in p53-null/Kras-mutant and Idh/Kras-mutant driven
tumours, and on tumour response to chemotherapy.

MATERIALS AND METHODS

Mouse models of ICC and treatments

We used two models of orthotopically implanted ICC, using
murine ICC cell lines derived from spontaneously arising

tlll’IlOLlI‘S.22 23

Primary culture and isolation of CAFs from murine tumours
CAFs were isolated from fresh ICC tissues by the outgrowth
method, as previously described.***

Single-cell RNA sequencing: droplet encapsulation and library
preparation

Single-cell RNAseq (scRNAseq) was performed using a modified
version of the DropSeq protocol.?®

Measurement of Young's modulus (stiffness)
The Young’s modulus (stiffness) of tumours was determined by
an unconfined compression test.”’

For additional details, see online supplemental methods and
table S1.

RESULTS

PIGF expression is increased with ICC progression in patients
We examined tissues from an archival cohort of patients diag-
nosed with different disease stages of ICC (N=43). We assigned
grading scores based on staining intensity and area (negative,
low, moderately high and high) using IHC*® %’ (online supple-
mental table S2). The vast majority of cases showed moder-
ately high/high expression for both PIGF and Nrp1; only 14%
of cases were negative for PIGF expression (online supple-
mental figure S1A). Moreover, PIGF expression scoring was
significantly associated with disease stage (p=0.042) (online
supplemental figure S1B) but not with overall survival (not
shown).

Since PIGF is a secreted protein, we next used RNA in situ
hybridisation to identify the cells expressing PIGF in tissue
samples from a clinically annotated cohort of ICC patients
(N=52) (online supplemental figure S1C). Nrp1 expression was
assessed by IHC. PIGF expression was predominantly found in
CAFs and endothelial cells, and rarely in cancer cells; in contrast,
Nrp1 was expressed by both ICC cells and CAFs (figure 1A-E
and online supplemental figure S1D,E). Expression of PIGF or
Nrp1 was rarely detected in surrounding liver tissues.

In addition, we analysed RNA-sequencing data from 28
patient-derived xenograft samples after separating them into
mouse and human reads (online supplemental table S3). Median
expression of PGF was significantly higher (16-fold) in the
mouse stroma compared with the human ICC cells (p<0.01)
(figure 1F). Median expression of Nrp1 was fourfold higher in
the mouse-derived stromal cells compared with human ICC cells,
but below the threshold of p=0.01. Of note, log2RPKM density
plots for all genes in mouse and human were largely overlapping.
Finally, we examined the levels of blood circulating PIGF in ICC
patients enrolled in clinical studies. We found elevated levels of
PIGF in patients with advanced disease (online supplemental
figure S1F).

These data were in line with analyses of The Cancer Genome
Atlas (TCGA) database,®® which showed that the PGF gene was
expressed at higher levels in human ICC tissues compared with
normal liver tissue (online supplemental figure S1G). Further-
more, mining data from published scRNAseq database®' showed
that PGF was expressed at higher levels in fibroblasts and endo-
thelial cells in human ICC tissues compared with other cell types
(online supplemental figure STH).

Thus, PIGF expression is predominant in tumour stroma and
is increased in advanced disease stages, while Nrp1 is broadly
expressed in ICC tissues.
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Figure 1  Expression of PIGF in human intrahepatic

cholangiocarcinoma (ICC). (A) Representative in situ hybridisation (PIGF-
ISH, red dots) staining of PIGF in ICC human tissue. (B) Same image of
(A) showing the overlay of classifying cells according to cell type (red,
PIGF-positive CAF; yellow, PIGF-negative CAF; grey, PIGF-negative I1CC
cell). (C) Representative serial section showing PDGFR staining (arrow
highlights positive cell) to identify fibroblasts. (D) Representative serial
section showing AE/AE3 staining (arrow highlights positive cell) to
identify cancer cells. (E) Representative serial section showing CD31
staining (DAB, arrow highlights positive cell) of endothelial cells (scale
bar 250 pym). (F) Differential levels of the Nrp7 and PGF gene expression
calculated by subtracting logRPKM for human (ICC cells) from mouse
(stromal cells) in a collection of 22 patient-derived xenograft (PDX)

ICC tissues (online supplemental table S3; note the significantly higher
expression levels in murine vs human PGF, *p<0.05). CAFs, cancer-
associated fibroblasts; PIGF, placental growth factor;

PIGF is secreted by ICC cells and HSCs and is increased in
hypoxic conditions

We next examined PIGF secretion in vitro and the impact of
hypoxia, a common feature of ICC. To this end, we examined
a panel of available murine ICC cells (425 and SS49), human
ICC cells (HUCCT1), and HSCs (one of the CAF precursors
in ICC), cultured in normoxic and hypoxic conditions. We
measured PIGF protein concentration in culture supernatant
using ELISA. All ICC cells and the HSCs secreted detect-
able levels of PIGF, and the concentration was significantly
increased in hypoxic conditions (1%0O, for 48hours) and
reduced by short-hairpin (sh)-RNA constructs for PIGF (online
supplemental figure S1I). We also found that high expression

levels of Nrpl—but not of Nrp2 or VEGFR1—were detect-
able in most murine and human ICC cell lines; these levels
were comparable to those seen in human umbilical vein endo-
thelial cells (online supplemental figure S1J).

Thus, PIGF expression is detectable and increased under
hypoxic conditions in HSCs and cancer cells, and Nrp1 is
expressed across human and mouse ICC lines.

PIGF blockade enriches for a subset of quiescent CAFs
characterised by a hypoxia-like phenotype, increased cell
glycolysis and Akt-related genes

To examine the role of PIGF/Nrp1 in ICC cells and CAFs, we
first generated orthotopic tumours by intrahepatic injection of
425 (p53/Kras-mutant) murine ICC cells. CAFs were isolated
from primary cultured tumour tissues using outgrowth and clonal
isolation methods. We obtained CAF clones after limited dilution,
which were expanded in individual wells of 96-well plates. Then,
we validated CAF identity using the mesenchymal cell markers
fibroblast activation protein (FAP), platelet-derived growth factor
receptor (PDGFR)P and o.—smooth muscle actin (SMA)* to distin-
guish them from other stromal or cancer cells (online supplemental
figure S2). In separate experiments, we dissociated the primary ICC
tissue and subjected the heterotypic tissue cultures to an antimouse
PIGF antibody (5D11D4) or IgG (control). This short term in vitro
culture method yielded a high degree of cell viability, allowing
scRNAseq analysis. scRNAseq analysis was performed using cells
collected after 24hours of anti-PIGF antibody treatment of the
whole tumour lysate, in the absence of hypoxia, to remove the
confounding factors related to hypoxia-induced changes. In addi-
tion, we performed scRNAseq analyses of 425 ICC cells and CAFs
cultured in vitro and used their transcription profile as a reference
for the whole tissue culture scRNAseq analyses.

In the whole tissue culture, transcriptional profiling using
scRNAseq analysis identified distinct ICC cell and CAF popula-
tions (figure 2A). ICC cell clustering was driven primarily by cell
cycle related genes and pathways. Since we found no significant
difference in proportions after anti-PIGF treatment, we grouped
all ICC populations for subsequent analysis. The cell population
most impacted by PIGF blockade was a CAF subset (labelled as
CAF _2). This population was strongly enriched after treatment
with anti-PIGF antibody, with treated cells representing about
80% of the cluster (figure 2B). This is a far greater proportion
than what would be expected if cell cluster partitioning in the
scRNAseq analysis was not dependent on treatment (p<0.0001;
Fisher’s exact test).

Initial examination of this CAF_2 population indicated low
levels of proliferation/G1 arrest and low expression of collagen
type I, PDGFR-f and transforming growth factor (TGF)-f rela-
tive to the other CAF populations (online supplemental figure
S3). A pathway analysis demonstrated this CAF_2 population
exhibits high glycolysis and a hypoxia-like phenotype (online
supplemental table S4), despite being cultured in normoxic
conditions (figure 2C,D and online supplemental figure S4).
Aside from hypoxia and glycolysis related pathways, the CAF 2
population exhibited significant alterations in the AKT pathway-
related genes when compared with the other CAF populations
(figure 2E).

Thus, the scRNAseq analysis identified the CAFs as the major
cell population affected by PIGF blockade. The primary tran-
scriptomic disruption induced by PIGF blockade involved path-
ways related to cell proliferation and hypoxia. These effects are
potentially mediated by the AKT pathway in this more quiescent
CAF subset.
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Figure 2 Single cell RNA sequencing analysis of gene expression
changes after PIGF blockade. (A) tSNE plot (each dot represents a cell)
demonstrating different populations of CAFs and ICC cells based on
transcriptional profiles in whole tumour lysate from orthotopic 425 ICC
model cultured in vitro with anti-PIGF antibody. The CAF_2 (arrow)
cluster was strongly enriched after PIGF blockade. (B) Expression of
the PGF gene (encoding for PIGF) across CAF and ICC cell clusters.

(C) Proportion plot demonstrating representation of treated and
control cells in each cluster. (C—E) The cluster of cells affected by PIGF
blockade showed a gene expression pattern associated with increased
expression in genes related to hypoxia (hyp) (C) glycolysis (glyc) (D)
and Akt pathways (path) (E). *P<0.05; **p<0.001; ***p<0.0001. CAF,
cancer-associated fibroblast; ICC, intrahepatic cholangiocarcinoma;
PIGF, placental growth factor; tSNE, t-distributed stochastic neighbor
embedding.

PIGF promotes a myofibroblast-like phenotype in CAFs via
Akt/NF-kB signalling

We next dissected the role of the PIGF/Akt axis using the
CAFs isolated from murine ICC tissue. The CAF subsets
expressed fibroblast markers (FAP, PDGFR-B) but exhibited
a differential activation phenotype and are herein referred to
as myofibroblast-like (my)CAFs (highly activated, a-SMA™M) or
quiescent (q)CAFs (figure 3A,B and online supplemental figure
S2A,C). Western blotting and qPCR analyses showed that qCAFs
expressed lower gene and protein levels of profibrotic markers
(sma, acta2 and ctgf) and fibrosis-induced growth factors (tgfb,
smad2, ccl3, sdfla) (online supplemental figure S2B). By bulk
RNA sequencing analysis, we found that qCAFs showed a tran-
scriptional enrichment in factors related to the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) pathway
(figure 3C and online supplemental figure S2D,E). The NF-xB
pathway is known as one of the downstream targets of the Akt
pathway. Moreover, using Western blotting and IHC, we found
that Nrp1 was expressed in qCAFs (figure 3D and online supple-
mental figure S2F).

Next, we investigated whether PIGF stimulation mediates
CAF activation. We found that exposure to recombinant (r)
PIGF activated Akt and p65, and induced a.—SMA expression
in murine CAFs and human HSC:s (figure 3E and online supple-
mental figure S5A,B). Consistent with the scRNAseq cell results,
anti-PIGF treatment downregulated Akt/NF-xB pathway acti-
vation in both CAFs and HSCs—despite maintenance of high
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Figure 3  PIGF promotes a myofibroblast-like phenotype in CAFs

via increased NF-kB/Akt activation. (A, B) RNAseq analysis of two

CAF clones (A) comparing high o-SMA-expressing myCAF versus low
o-SMA-expressing qCAF versus 425 cells (B) (see online supplemental
dataset 1). (C) GSEA shows enrichment in NF-kB pathway-related genes
in qCAF cells versus control (425 ICC cells). (D) High protein expression
of Nrp1 but not Nrp2 or VEGFR1 in CAFs. (E) Recombinant PIGF further
activates NF-kB/Akt axis and increases o-SMA expression in qCAFs,
while PIGF blockade using 5D11D4 (5D11) treatment downregulates
NF-kB/Akt pathway and o-SMA expression. Moreover, inhibition of
PI3K using the compoundBKM120 and NF-kB with the compound QNZ
also inhibited activation of NF-kB and c-SMA expression. (F) Both PIGF
blockade and PI3K inhibition reduced the expression of profibrotic
genes in qCAFs (analysed in triplicate). CAF, cancer-associated
fibroblast; PIGF, placental growth factor.

total Akt levels—and inhibited o-SMA and TGF-B expression
in a dose-dependent manner (figure 3E and online supplemental
figure S5A,B). Moreover, direct inhibition of PI3K/Akt by the
inhibitor BKM120 or of NF-kB pathway using the compound
QNZ showed decreased o.—SMA expression in CAFs and HSCs
(figure 3E and online supplemental figure S5A). Furthermore,
both PIGF and PI3K inhibition downregulated myofibroblast-
related genes in CAFs (figure 3F). Finally, examination of a
publicly available dataset showed a significant direct correlation
between PGF and ACTA2 genes in human ICC (online supple-
mental figure S5C).

These results indicate that PIGF activates Akt/NF-kB pathway
and promotes the myofibroblast-like (0-SMAM) phenotype in
CAFs.

CAFs promote ICC cell invasion via PIGF expression

To further study the paracrine interaction between CAFs and
ICC cells mediated by PIGF, we compared the 3-D invasion
capabilities using real-time analyses of heterotypic spheroid
co-cultures. The co-culture of 425 ICC cells with qCAFs showed
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Figure 4 Impact of PIGF inhibition on ICC cell invasion. (A-D)
Representative images of in vitro 3-D coculture of 425 ICC cells with
GFP-expressing qCAFs versus ICC cells alone (A); CAFs increased the
spheroid formation compared with 425 ICC cells alone, and this effect
was suppressed by PIGF blockade with 5D11D4 (5D11) antibody (B);
Scale bar, 160 pm. In addition, 3-D co-culture of ICC cells with CAFs
(C) further increased ICC cell invasion, and PIGF blockade with 5D11
antibody inhibited this effect (D). (See online supplemental movie S1).
(E, F) Analysis of ICC cells alone in 3-D (spheroid) invasion assays (E)
showed that PIGF knockdown or anti-PIGF treatment using 5D11D4
(5D11) inhibited 425 ICC cell invasion in Matrigel (F); this effect

was rescued by addition of recombinant (r)PIGF exposure in PIGF
knockdown cells (see online supplemental movie S2). All experiments
were performed in triplicate; p values from Tukey’s test. CAF, cancer-
associated fibroblast; ICC, intrahepatic cholangiocarcinoma; PIGF,
placental growth factor.

larger spheroid formation than when ICC cells were cultured
alone (figure 4A,B). To evaluate ICC cell invasion in real time,
we used a time-lapse 3-D culture system with an Olympus IX81
Confocal microscope equipped with the Fluoview software
(lens: 10X air; slice thickness: 1-5 um). In brief, spheroids were
grown on top of a 1.5% agarose gel under serum-free conditions.
When these spheroids were transferred to Matrigel-coated wells,
they showed increased invasion into the surrounding matrix. By
measuring the invasion area, we found that co-culture signifi-
cantly enhanced cell invasion area when compared with ICC
cells alone; this enhancement was almost completely inhibited
by repression of PIGF in the ICC cells or PIGF blockade with
antibodies (figure 4C,D and online supplemental movie S1).

We next assessed the direct effect of PIGF inhibition on ICC
cell viability and invasiveness. PIGF-knockdown induced a
significant but small reduction of proliferation in vitro (p<0.05)

Hepatology

in murine ICC cells (425 and S$S49), while PIGF blockade had
no impact on the size of established spheroids (online supple-
mental figure SS5D,E). However, evaluation of ICC cell invasion
in real-time showed that PIGF knockdown or blockade with the
antimouse PIGF antibody 5D11D4 significantly suppressed the
invasive capabilities of 425 ICC cells, including in the presence
of CAF-conditioned media. The invasive ability was rescued by
addition of rPIGF to PIGF-knockdown ICC cells (figure 4E-F
and online supplemental figure SSF, movie S2).

Using Western blotting, we found that both PIGF knockdown
and 5D11D4 treatment decreased the level of phosphorylated Akt
in 425 and SS49 murine ICC cells; this effect was prevented by
adding rPIGF to the PIGF-knockdown cells (online supplemental
figure S5G,H). In addition, knockdown of Nrp1 expression in
human ICC cells resulted in a decrease in Akt phosphorylation
(online supplemental figure SSI). Finally, stimulation of ICC cells
with rPIGF activated Akt in Nrp1 intact cells but not in Nrp1-
knockdown cells (online supplemental figure S5]J).

Taken together, these results show that CAFs stimulate the
invasive 3-D growth of ICC cells, which can be inhibited by PIGF
blockade.

Genetic or pharmacological PIGF inhibition in ICC delays
tumour progression in mice

We next investigated the in vivo role of PIGF in tumour progression
using orthotopic ICC models generated by intrahepatic injection of
cells derived from tumours spontaneously arising in p53%°/Kras®1*°
mice (425 cells) and Idh2R?7*/Kras®'?P mice (S549 cells). These
ICC models exhibited excessive ECM accumulation and abun-
dance of o.—SMA-positive myofibroblast-like CAFs surrounding
vascular structures associated with neoplastic ducts. Moreover, they
displayed a hypoxic tumour microenvironment and similar clinical
symptoms to human ICC, such as abundant bloody ascites and
frequent metastases to distant organs.

We first evaluated the effect of PIGF expression knockdown
in cancer cells using shRNA constructs for PIGF (sh-PIGF) vs
a scrambled sh-RNA (sh-control) (online supplemental figure
1G and figure 5C), with or without anti-mouse PIGF anti-
body (5D11D4) vs IgG control. Measurement of plasma PIGF
concentration confirmed the near complete blockade of circu-
lating PIGF in the mice treated with 25 mg/kg 5D11D4 (online
supplemental figure S6A). We found that genetic ablation of
PIGF expression in ICC cells significantly delayed the initial
growth of 425 ICC tumours in SCID mice, and that complete
pharmacologic blockade with 5D11D4 significantly delayed the
growth of established 425 ICCs (figure 5A,B). Moreover, anti-
PIGF treatment of established sh-PIGF tumours further inhibited
ICC growth compared with all other groups (figure 5A,B).

To investigate the mechanism of benefit of PIGF inhibition,
we conducted a time-matched study in which all mice were
sacrificed on day 11 after the start of treatment. We found that
anti-PIGF treatment significantly decreased the cell prolifera-
tion index in orthotopic ICC tumour tissues, assessed by Ki67
staining (figure 5C,D). Furthermore, PIGF inhibition prevented
the formation of bloody ascites and significantly reduced regional
(lymph node) and distant (lung) metastasis (figure SE-G). These
results were confirmed in the S549 model of ICC, in which PIGF
blockade significantly delayed tumour growth (online supple-
mental figure S6B).

Finally, to interrogate the specific roles of stroma-derived versus
tumour-derived PIGF, we orthotopically implanted 425 ICC cells
in PIGF-proficient vs PIGF-deficient C57Bl/6 mice. Tumour forma-
tion was reduced after implantation of ICC cells with decreased
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Figure 5 Impact of genetic inhibition of PIGF in ICC cells on I1CC
growth and/or pharmacologic blockade of PIGF on established tumour
progression. (A, B) PIGF knockdown in ICC cells delayed tumour

onset, while complete pharmacological blockade significantly delayed
established ICC growth in the orthotopic 425 model (individual

growth curves in (A) and average tumour size with SD in surviving

mice in (B)). (C, D) Representative IHC for Ki-67 as a marker of cell
proliferation in tumour sections from the four treatment groups (C);
PIGF blockade—but not PIGF knockdown in ICC cells—significantly
reduced in vivo ICC cell proliferation in size-matched orthotopic 425
tumours (D). (E) PIGF blockade significantly reduced the occurrence of
bloody ascites. (F, G) Combined genetic and pharmacologic inhibition of
PIGF reduced metastasis to the lymph nodes (F) and lungs (G). P values
from Mann-Whitney U test (A, B), Tukey's test (D, G) and Fisher’s test (E,
F). In vivo studies were performed in duplicate; n=10 mice per group.
Scale bars, 100 pm in (C). ICC, intrahepatic cholangiocarcinoma; IHC,
immunohistochemistry; PIGF, placental growth factor.

PIGF expression and when stromal cells were deficient in PIGF, and
completely prevented when both tumour and stromal cell PIGF
expression was inhibited (online supplemental figure S6C).

Thus, PIGF expression plays a critical role in the initial ICC
growth, and stroma-derived PIGF is mediating tumour forma-
tion and progression in two genomically distinct murine ICC
models.

PIGF blockade reduces tumour desmoplasia and tissue
stiffness, and results in increased blood perfusion in 1ICC
Next, we studied the functional impact of PIGF inhibition on
relevant components of the tumour microenvironment. Anal-
ysis of ICC tissues showed a high vascular density, but many
of the tumour vessels were collapsed (figure 6A), similar to
human ICC (figure 1E and online supplemental figure 6D).
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Figure 6 PIGF inhibition reduces ICC desmoplasia and improves
tumour blood perfusion by opening collapsed vessels. (A) PIGF
inhibition induced opening of collapsed blood vessels (representative
IHC of vessels in inset). (B) Representative immunofluorescence (IF)
for collagen I and CK19 (upper panel) and a-SMA and CK19 (lower
panel) in tumours after PIGF inhibition. (C—E) Quantification of IF

data showing that PIGF blockade and PIGF knockdown in ICC cells
reduced CK19-positive cell area (C) and collagen | expression (D);
o-SMA+ ‘myofibroblast-like" CAF density was reduced in the PIGF
knockdown groups, most substantially after PIGF blockade (E). (F) PIGF
blockade significantly decreased tumour stiffness. (G) Representative
OCT of patent blood vessels in ICC with or without PIGF blockade.

(H) Anti-PIGF treatment significantly reduced intratumour hypoxia,
reflected by reduced hif1 transcription. P values from Tukey’s test

(A, C-E) and Mann-Whitney U teat (F, H). Scale bars, 500 ym in (C).
ANOVA, analysis of variance; ICC, intrahepatic cholangiocarcinoma;
IHC, immunohistochemistry; OCT, optical coherence tomography; PIGF,
placental growth factor.

Here, vessel collapse was associated with desmoplasia (ie, high
density of myofibroblast-like (a-SMA+) CAFs and collagen I
expression (figure 6B-E, online supplemental figures S6E and
S7), and increased tissue stiffness (figure 6F). PIGF blockade—
but not PIGF knockdown in ICC cells—decreased the expres-
sion of collagen I, as well as tissue stiffness, resulting in the
opening of blood vessels (figure 6A-D and online supple-
mental figure S6E). A significant reduction in 0-SMA required
both PIGF knockdown in ICC cells and antibody blockade
(figure 6E). Opening of collapsed blood vessels resulted in
improved blood perfusion and significantly reduced intratu-
morous hypoxia, reflected by reduced hif1 transcription after
treatment (figure 6G-H). There were no significant differences
in tumour-associated macrophage numbers or polarisation
(online supplemental figure S8).

These results indicate that tumour stromal cells are a key factor in
PIGF-mediated desmoplasia by deposition of collagen I in murine
ICC.
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Figure 7  PIGF blockade enhances the anti-tumour effects of
conventional chemotherapy and increases survival. (A, B) The
combination of anti-PIGF antibody 5D11D4 (5D11) with conventional
gemcitabine plus cisplatin (GC) chemotherapy for 3 weeks significantly
delayed tumour growth compared with GC or 5D11 alone (individual
growth curves in A) and average tumour size with SD in surviving

mice in B). (B) Kaplan-Meier survival distributions after continuous
treatment with GC, 5D11 or their combination vs control in mice with
established ICC. In vivo studies were performed in duplicate; n=10 mice
per group. (D) Addition of 5D11 did not further reduce the viability of
425 cells after gemcitabine (Gem) treatment in vitro. P values from
Mann-Whitney U test (B) and log-rank test (D). (E) Proposed mechanism
of action of PIGF blockade in ICC: PIGF is produced primarily by CAFs
and affects both cancer and stromal cells in an autocrine and paracrine
manner in ICC. PIGF inhibition reduces ICC cell invasion and tumour
desmoplasia and stiffness, which enhances blood perfusion and the
efficacy of chemotherapy. CAF, cancer-associated fibroblast; ICC,
intrahepatic cholangiocarcinoma; PIGF, placental growth factor.

Anti-PIGF treatment enhances the efficacy of standard
chemotherapy against ICC in mice

Having revealed the impact of PIGF blockade on vascular
function and desmoplasia, we examined the impact of PIGF
blockade on ICC response to a standard chemotherapy regimen.
We compared the efficacy of anti-PIGF therapy when combined
gemcitabine and cisplatin (Gem/Cis) versus each therapy alone
or control IgG in the orthotopic 425 ICC model. We found
that combination therapy (Gem/Cis plus anti-PIGF antibody)
for 3 weeks (ie, until mice in control group were sacrificed)
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significantly enhanced tumour growth delay (figure 7A,B).
This benefit was associated with significant decreases in bloody
ascites and pleural effusions (online supplemental figure S9A,B).
Moreover, when treatment was given continually, combination
therapy significantly increased overall survival compared with
each treatment alone, with an HR of 0.04 vs control (p<0.0001)
and an HR=0.31 vs Gem/Cis (p=0.018) (figure 7C).

We next examined whether PIGF blockade impacted ICC cell
sensitivity to chemotherapy. In vitro evaluation of cytotoxicity
using an MTT assay showed that exposure to Gem induced a dose-
dependent cell killing in 425 cells. However, the cytotoxicity of
Gem was not affected by concomitant PIGF or NF-kB blockade in
ICC cells (figure 7D and online supplemental figure S9C).

Collectively, these results show that PIGF blockade can
substantially enhance the efficacy of chemotherapy in ICC in
vivo via tumour stroma-mediated mechanisms.

DISCUSSION

ICCs are characterised by aggressive (invasive) growth and an
abundant stroma (desmoplasia), mediated by several molecular
pathways and a hypoxic tumour microenvironment.* PIGF can
promote the formation of an abnormal vasculature and increased
hypoxia via elevated matrix deposition and increased tissue stiff-
ness—all of which are determinants for tumour aggressiveness
and resistance to treatment.'* ' 3*3% We report here that PIGF
and Nrpl are broadly expressed in human ICC, particularly
in the stroma, and that PIGF expression levels are elevated by
hypoxia and in advanced disease. We found that PIGF is highly
expressed by CAFs in ICC, promoting desmoplasia by the induc-
tion of CAF activation and invasive tumour growth through
CAF/ICC cell interactions (figure 7E).

In murine ICC models, PIGF blockade suppressed orthot-
opic tumour growth, in part by decreasing Akt activation and
reducing the proliferation and invasion of ICC cells. Interest-
ingly, we found that PIGF blockade had the greatest impact on
subsets of CAFs exhibiting high Akt activation. Activation of
the Akt/NF-«b signalling promoted a myofibroblast-like pheno-
type in murine CAFs with increased expression patterns associ-
ated with cell proliferation, hypoxia and glycolysis. Akt/NF-kxb
signalling has been associated with an activated phenotype of
CAFs in breast, pancreatic, prostate and ovarian cancers.’
The inhibition of this pathway induced a significant reduction
of chemokine and cytokine stimulation in CAFs.'> Here, we
show that inhibiting PIGF or Akt and NF-kB activity reduced the
myofibroblast-like phenotype in murine CAFs and HSCs, one of
the precursors of CAFs in human ICC.

CAFs are the major source of matrix components in ICC.}
However, recent reports identified several subsets of CAFs based
on transcriptional signatures and highlighted the benefits of
targeting those that provide support to cancer cells during tumour
progression.”” 31 ¥* We provide here new mechanistic insights
into the antidesmoplastic effect of PIGF blockade. Specifically,
myofibroblast-like (0-SMAM) CAFs secrete multiple profibrogenic
factors, including PIGF and TGF-B, and induced morpholog-
ical activation and proliferation in close interaction with cancer
cells.’**** The abundance of myofibroblast-like CAFs and CAF-
mediated desmoplasia increases tissue stiffness, which induces
collapse of tumour vessels and intratumorous hypoxia, similar to
pancreatic cancer.* The myofibroblast CAF phenotype may be regu-
lated by several pathways, including Rho GTPase, c-Jun N-terminal
kinase and Hedgehog. ' **** In evaluating CAF clones derived from
ICC with differential activation, we found differential expression
in markers such as TGF-B and a-SMA. PIGF exposure increased
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Akt and p65 activation, as well as myofibroblast-like expression of
0o-SMA and TGF-f in more quiescent CAFs. Conversely, blockade
of PIGF prevented these effects.

Previous studies have investigated anti-PIGF therapy in
liver cancers, including cirrhosis, hepatocellular carcinoma
and cholangiocarcinoma models.'® ** * These studies invoked
mechanisms of benefit related to antiangiogenic/antivascular
(vascular pruning) effects, as well as effects on inflammation
(on the infiltration of tumour-associated macrophages), medi-
ated by VEGFR1.*® Here, we are reporting a distinct mecha-
nism of benefit for PIGF inhibition in ICC, involving decreased
cancer cell invasion and myofibroblast-like activation in CAFs.
These effects resulted in decreased desmoplasia and hypoxia—
by opening of blood vessels as opposed to vessel pruning—as
demonstrated in preclinical mouse models of ICC. This effect
potentiated the tumour growth delay in two genomically distinct
mouse models and increased overall survival from a treatment of
Gem/Cis, the standard therapy for advanced ICC patients.

Future prospective clinical studies will be necessary to estab-
lish whether these effects of PIGF blockade will translate into a
benefit in the hypovascular human ICC.* *” However, previous
studies have established that anti-VEGFR approaches have no
efficacy in biliary tract cancers, including when combined with
chemotherapy in randomised clinical trials of agents targeting
VEGFR1.* Moreover, as reviewed in refs.49 50, all prior
attempts to improve on the efficacy of chemotherapy have
failed in randomised trials over the last decade, leaving Gem/Cis
chemotherapy as the only proven efficacious option currently
available for biliary tract cancers, as per ABC-02 trial data.

Recent reports converge towards an interplay between tumour
hypoxia, fibrosis and immune evasion as determinants of tumour
progression and treatment resistance in ICC subsets.”'™® Our
findings have clinical implications for other emerging therapies,
such as radiotherapy or immune checkpoint blockade, which
have shown promise in ICC.’** For example, programmed cell
death 1 (PD-1) blockade has shown efficacy in microsatellite
instable carcinomas, including ICC.’® PD-ligand 1 is expressed
in 33%-46% of resected human ICC samples and is associated
with poor prognosis.’” *® Therefore, determining whether repro-
gramming of the ICC microenvironment by PIGF blockade could
also enhance the efficacy of radiotherapy or immunotherapy in
ICC is warranted.

In summary, we demonstrate here that PIGF is a mediator of
ICC progression and is a potential therapeutic target. Antibody
blockade of PIGF in ICC models reprogrammed the desmo-
plastic microenvironment, resulting in enhanced efficacy of stan-
dard chemotherapy. These results reveal a new and actionable
approach for a novel combination therapy in this disease with a
dismal prognosis.
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