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Background: Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal forms of
cancer and is known to have low immunogenicity and an immunosuppressive microenviron-
ment. It is also characterized by high accumulation of dense stroma, composed of mostly
cancer-associated fibroblasts (CAFs). Multiple subsets of CAFs are described, with one of
them expressing the transforming growth factor (TGF)-f co-receptor endoglin. In previous
work, we and others have shown that endoglin-expressing CAFs stimulate tumor progression
and metastasis. Therefore, in this study, we set out to investigate the role of endoglin-
expressing CAFs in pancreatic cancer progression.

Methods: First, we investigated the expression of endoglin on CAFs in both human tissues
as well as a mouse model for PDAC. Since CAF-specific endoglin expression was high, we
targeted endoglin by using the endoglin neutralizing antibody TRC105 in the murine KPC
model for PDAC.

Results: Although some signs of immune activation were observed, TRC105 did not affect
tumor growth. Since 90% of the CD8+ T-cells expressed the immune checkpoint PD-1, we
investigated the combination with a PD1 checkpoint inhibitor, which did not enhance
therapeutic responses. Finally, genetic deletion of endoglin from collagen lal expressing
cells also did not affect the growth of the mouse KPC tumors.

Conclusion: Our results show that although endoglin is highly expressed on PDAC-CAFs
and signaling is efficiently inhibited by TRC105, this does not result in decreased tumor
growth in the KPC model for pancreatic cancer.
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Background

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal forms of cancer with
a 5-year survival rate of only 7%. The most common mutations are activating mutations
in KRAS (95%), loss of P53 (75%) and/or Smad4 (55%). This type of cancer is known to
have low immunogenicity and to display an immunosuppressive microenvironment. This
has resulted in the fact that immunotherapy through checkpoint inhibition has shown
limited clinical success. The immune system has a crucial role in cancer progression and
PDAC is capable of using various mechanisms for immune evasion, such as recruitment
of regulatory immune cells, the secretion of immunosuppressive chemokines and the
expression of cell-surface proteins, such as programmed death-ligand 1 (PD-L1), cyto-
toxic T-lymphocyte associated protein 4 (CTLA4) and colony-stimulating factor (CSF)-
1." Next to the immune component of the tumor microenvironment (TME), PDAC is
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typically characterized by high accumulation of non-tumor
cells together called the tumor stroma, which has been corre-
lated to the poor survival of PDAC patients,” but also of
various other solid tumors like breast-,> and colorectal cancer.*
Cancer-associated fibroblasts (CAFs) are the most abundant
cell type in the tumor stroma and exhibit diverse functions,
including extracellular matrix deposition and remodeling.’
CAFs can influence tumor progression and metastasis, for
example via interactions with cancer cells and infiltrating
immune cells.® Therefore, CAFs have been proposed as a
potential target for therapeutic interventions in PDAC.”

More recent work has, however, revealed that multiple
subsets of CAFs exist in PDAC,S’Q which can stimulate or
inhibit tumor progression. This was further emphasized by
showing that the depletion of all a-SMA expressing cells in
a murine model for PDAC can increase tumor
aggressiveness.'’

Our recent work in colorectal cancer revealed a subset of
a-SMA positive CAFs that express the Transforming Growth
Factor (TGF)-B co-receptor endoglin. The abundance of
endoglin-expressing CAFs was related to invasive behavior
and increased risk of metastasis in colorectal cancer and in a
murine model for prostate cancer.''"'* Endoglin is a trans-
membrane co-receptor for TGF-f ligands (mainly bone mor-
phogenetic protein (BMP)-9) and originally described for its
crucial role in angiogenesis. Later work revealed a significant
role of endoglin beyond the endothelial cell.'> TRC105
(Carotuximab, Tracon Pharmaceuticals, Inc) is a human
endoglin neutralizing antibody, blocking endoglin-BMP9
interactions. We and others have shown in multiple pre-

clinical models that TRC105 inhibits angiogenesis,'*'”

tumor grow’ch,16 and metastasis,'"*!”

and induces antibody-
dependent cellular cytotoxicity (ADCC) in mice.'®

Based on our previous findings that TRC105, next to
targeting endothelial cells, also targets endoglin-expres-
sing CAFs and regulatory T-cells (Tregs), we explored
whether endoglin could serve as a potential target to
improve PDAC outcomes.

In this study, we investigated the expression of endoglin
on CAFs in samples from patients with PDAC. Next, we
evaluated the therapeutic and immune-modulating effects of
the endoglin neutralizing antibody TRC105 in the murine-
derived Kras®'?P"* LSL-Trp53®! """ pdx-1-Cre (KPC) syn-
geneic transplantation model for pancreatic cancer.'® Our
results show that although endoglin is highly expressed on
PDAC-CAFs and signaling is efficiently inhibited by
TRC105, this does not result in decreased tumor growth in
the KPC model.

Methods

Cell Culture

The mouse PDAC cell line KPC-3 (Kras®'*?"* LSL-
Trp53R' 72" Pdx-1-Cre),"” (kindly supplied by the depart-
ment of Immunology, LUMC) with a targeted insertion of
codon-optimized Luc-2 (pGL4.10) [luc2] (Promega
Leiden, the Netherlands), mouse MC38 cells (kindly sup-
plied by the department of Immunology, LUMC) and
primary fibroblasts were all cultured in DMEM/F12 glu-
tamax medium (Invitrogen, Landsmeer, the Netherlands),
with 10% fetal bovine serum (FBS) (Gibco, Bleiswijk, the
Netherlands), 0.01 M HEPES, 0.1 pg/mL Gentamycin,
40U/mL Penicillin and 40 pg/mL Streptomycin (all
Invitrogen Landsmeer, the Netherlands) at 37°C and 5%
CO2. Mouse endothelial 2H11 cells (kindly supplied by
Dr. Sanchez-Duffhues, department of Cell and Chemical
Biology) and human PDAC cell lines MIA PaCa-2 and
PANC-1 (both cell lines obtained from ATCC, Manassas,
VA, USA) were cultured in DMEM medium with 10%
FBS, Penicillin and 40 pg/mL Streptomycin at 37°C and
5% CO2. The human PDAC cell line BxPC-3 (ATCC) in
RPMI-1640 (Invitrogen, Landsmeer, the Netherlands),
with 10% FBS, Penicillin and 40 pg/mL Streptomycin at
37°C and 5% CO2. Human endothelial (ECRF) cells
(kindly supplied by Dr. Fontein, AMC Amsterdam) were
cultured as described before.”® Both primary human and
mouse-derived fibroblasts were isolated by mechanically
dissociating the tumor and culturing the tumor pieces
using the culture medium described above. Fibroblasts
grew from the tissue fragments and were used between
passage 4 and 10. Fibroblasts were characterized by qPCR
for expression of a-SMA and vimentin and the absence of
CD31, CD45 and cytokeratin. Primary cells were charac-
terized as indicated above. All cells were tested monthly
and directly before in vivo use for mycoplasma contam-
ination by PCR. The MC38 cell line was authenticated by
STR profiling.

Western Blot

Fibroblasts were lysed in RIPA buffer (150 mM NaCl, 1%
NP-40, 0.25% deoxycholate, 0.1% SDS, 50 mM Tris (pH
8.0), 2mM EDTA, 1 mM NaVO4, 10 mM NaF and 1 mM
sodium orthovanadate (BDH Laboratory, Poole Dorset,
UK)). Protein content was determined by DC protein
assay according to the manufacturer’s protocol (BioRad
Hercules, USA). Western blot analysis was performed as
described before."* Membranes were incubated overnight
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with primary antibodies against endoglin (R&D systems,
Abington, UK), phosphorylated Smadl/5/8 (both Cell
Signaling Technologies, Leiden the Netherlands). Blots
were stripped and reprobed with an antibody against
actin (Millipore, Amsterdam, the Netherlands) antibody
as a loading control.

Animal Experiments

All performed animal procedures were approved by the
Central Authority for Scientific Procedures on Animals
(CCD). For all experiments, female C57/Bl6 jico mice
(Jackson) were used, which were allowed to acclimatize
for 7 days before the start of the experiment. Both genders
were used. Thirty minutes before the surgery, the mice
received a subcutaneous injection of 0.1 mg/kg buprenor-
phine (Indivior North Chesterfield, USA). Mice were
sedated using isoflurane (Pharmachemie B.V. Haarlem,
the Netherlands) and an incision of 1 cm was made in
the skin and peritoneal wall separately, after which the
pancreas was elevated. 10.000 KPC-3-Luc2 cells in 50 ul
PBS were injected in the tail of the pancreas. Afterwards,
the pancreas was carefully placed back, and the peritoneal
wall and skin were closed separately. Mice were rando-
mized to treatment groups and treatment was given intra-
peritoneally (i.p.) twice a week with either 15 mg/kg
bodyweight TRC105 (TRACON Pharmaceuticals, San
Diego, USA) or human IgG control (BioXcell, West
Lebanon, USA). For the combination therapy, mice were
injected with anti-endoglin as described above and twice a
week with either anti-PD-1 (clone J43, 10 mg/kg body-
weight, i.p. injection) or hamster IgG (both BioXcell, West
Lebanon, USA). Mice were monitored twice a week using
bioluminescent imaging. Mice were sacrificed 28 days
after tumor cell transplantation. The tumor was taken out
and measured using a caliper. Researchers were blinded to
treatment groups when analyzing tumors. The tumor was
divided for histology, flow cytometry analysis and snap-
frozen for RNA and protein isolation.

Inducible Fibroblast-Specific Endoglin
Knock-Out

To obtain tamoxifen inducible, fibroblast-specific endoglin
knock-out mice, mice, in which exon 5-6 of the endoglin
gene are flanked by LoxP sides,”’ were crossbred with
mice expressing cre-recombinase under control of the
Collagen lal promoter (Tg(Collal-cre/ERT2)1Crm
(Jackson Laboratory, Bar Harbor, USA) to obtain a

Collal®"®”". Genotyping (Supplementary Figure 1) was

performed for the presence of endoglin floxed sides as
described,”’ and for CRE using the protocol 19078
(Jackson laboratories). To induce recombination, mice
received 50 pL of a 100 mg/mL tamoxifen (Sigma-
Aldrich, Zwijndrecht, the Netherlands) solution in sun-
flower oil through oral gavage on three sequential days.
Control mice received sunflower oil. One day after the last
Tamoxifen dose KPC tumor cells were injected orthotopi-
cally as described above.

Immunohistochemistry

Tissue was fixed, dehydrated, and processed to paraffin as
described previously.'® Five um sections wereimmunohisto-
chemically stained using primary antibodies; goat anti-
human endoglin (BAF 1097, R&D systems, Abington, UK)
and goat anti-mouse endoglin (BAF 1320, R&D systems,
Abington, UK), mouse anti-a-SMA (clone: 1A4/ASM-1,
Progen, Heidelberg, Germany) mouse anti-pan-cytokeratin
(clone: PKC-26, Sigma-Aldrich, Zwijndrecht, the
Netherlands) and rabbit anti-vimentin (clone: D21H3, Cell
Signaling Technologies, Leiden, the Netherlands). In short,
sections were deparaffined and endogenous peroxidase was
blocked using 0.3% H,0, in methanol, rehydrated followed
by the antigen retrieval by boiling sections in 0.1M sodium
citrate (pH 6.0) buffer. Next, the sections were washed (1%
BSA/PBS) and stained with primary antibodies overnight.
The next day the slides were washed and incubated with
biotinylated secondary antibodies (DAKO, Carpinteria,
USA), washed and incubated with vectastain complex
(Vectorlabs, Peterborough, UK). The color was developed
using 3,3'Diaminobenzidine (Dako, Carpinteria, USA).
Nuclear staining was performed using Hematoxylin (EMD
Millipore Corporation, Amsterdam, the Netherlands). Slides
were dehydrated and mounted using entellan (Merck,
Darmstadt, Germany). Representative pictures were taken
with an Olympus BXSITF microscope (Olympus Life
Science Solutions, Zoeterwoude, the Netherlands). Image
quantification was performed using ImageJ software (NIH,
Bethesda, MD, USA),1 ! and researchers analyzing the tissues
were blinded to treatment groups. To quantify the number of
blood vessels 10x magnification of the endoglin staining was
used and the number of vessels in 3-5 fields of view (FOV)
were counted. For other stainings, the relative stained area
was calculated in 3-5 fields per tumor. For human pancreatic
tumors, CAF-specific endoglin expression was scored on a
scale of 1 to 4 (1: 0-10%; 2: 10-25%; 3: 25-50%, and 4:
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>50% endoglin positive CAFs vs total amount of CAFs) in a
blinded manner by two independent observers (LH and MP).

Immunofluorescent staining was performed as
described before.!' In short, sections were deparaffined
and antigen retrieval was performed as described above.
Slides were incubated with the primary antibodies fol-
lowed by incubation with goat anti mouse Alexa-488
(Thermo Fisher Scientific, Landsmeer, the Netherlands)
and streptavidin PE (BioLegend San Diego, USA) for a-
SMA and endoglin stainings, respectively, for 30 minutes.
Next, slides were washed and mounted with prolong gold
(Thermo Fisher Scientific, Landsmeer, the Netherlands).
Pictures were taken using a Confocal microscope, LICA
SP8 Lightning was used and pictures were processed using

LICA LAS-X software.

Flow Cytometry

Tumors were disrupted with scissors and incubated in 375
pg/mL Liberase TL solution (Sigma-Aldrich, Zwijndrecht,
the Netherlands) dissolved in DMEM/F12 containing 10%
FCS for 30 minutes at 37°C. To obtain single cells, the
suspension was filtered through Falcon™ Cell Strainers
with 70 pm pore size (Thermo Fisher Scientific,
Landsmeer, the Netherlands) and washed in FACS buffer
(0.5% bovine serum albumin (BSA), 0.02% NaNj; in
PBS). Cells were stained with antibodies described in
Supplementary Table 1 for 45 minutes at room tempera-
ture, washed 2x with FACS buffer, and measured on the
BD LSRII (BD bioscience, Vianen, the Netherlands) as
described before.'® Flow cytometry data analysis was per-

formed using Flowjo 10 software (BD bioscience, Vianen,
the Netherlands).

RT-qPCR

Samples were homogenized using a TissueLyser according
to manufacturers’ protocol (Qiagen, Hilden, Germany).
RNA was isolated from the tissue lysate using Nucleospin
RNA kit (Bioké, Leiden, the Netherlands), according to
manufacturers’ instructions. RNA concentration was deter-
mined using the nanodrop 3300 (Thermo Scientific, Breda,
the Netherlands). Next, complementary DNA synthesis was
performed using 1 pg RNA using the RevertAid First
Strand cDNA synthesis kit, according to manufacturers’
instructions (Thermo Scientific Breda, the Netherlands).
Quantitative PCR analyses were performed as described
before,'® using primers as described in Supplementary
Table 2 (Invitrogen Landsmeer, the Netherlands). All values
were normalized for GAPDH expression.

ELISA

Part of the tumor (10-20 mg) was lysed with RIPA buffer
as described above, supplemented with a proteinase inhi-
bitor cocktail (Roche, Indianapolis, USA). Subsequently,
the tissues were disrupted and homogenized with the
TissueLyser and centrifuged for 10 minutes at 11.000 rcf.
Protein concentrations were determined with the DC
Protein Assay. To investigate tissue TGF-B1 and TRC105
concentrations, enzyme-linked immunosorbent assays
(ELISA) were performed. The TGF-B1 ELISA was per-
formed as described before.”” For the TRC105 ELISA
Maxisorp flat bottom 96 well plates (NuncTM, Thermo
Scientific, Breda, the Netherlands) were coated with 0.1ug/
well recombinant human endoglin (R&D systems,
Abington, UK) in 0.2M carbonate-bicarbonate pH 9.4
overnight at 4°C. Next, (and after each step) the plate
was washed with PBS/0.05% Tween20 (PBST, Merck,
Darmstadt, Germany). Subsequently, plates were blocked
with assay diluent (1% BSA in PBST) for 1 hour and
incubated with the samples for 2 hours and washed.
Thereafter, 0.01667ug/mL goat anti-human IgG conju-
gated HRP antibody (Bethyl Laboratories Montgomery,
USA) was added for 60 minutes. After washing, the
plate was incubated with substrate TMB (Thermo Fisher
Scientific, Landsmeer, the Netherlands) buffer for 12 min-
utes in dark. 2N H,SO,4 was added to stop the reaction and
the absorbance was read at 450 nm using the cytation-5
plate Reader (Biotek, Winooski, USA).

Statistical Analysis

Data indicate mean + standard deviation (SD). Differences
between groups were calculated using Students’ #-test,
Mann—Whitney analysis, or ANOVA where appropriate
using GraphPad Prism 8 software. P values <0.05 were
considered statistically significant.

Results
Endoglin is Highly Expressed on CAFs in

Human and Mouse Pancreatic Tumors

To investigate endoglin expression on CAFs, 25 non-pre-
treated human pancreatic tumors and normal human pan-
creatic tissue were immunohistochemically stained for
endoglin, a-SMA (a marker for activated fibroblasts),
cytokeratin (a marker for epithelial cells) and vimentin (a
stromal marker). High accumulation of a-SMA-expressing
cells with an elongated phenotype was observed in pan-
creatic tumors (Figure 1A). Endoglin expression was seen
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Figure | Endoglin is highly expressed on CAFs in human pancreatic tumors. (A) Representative images of human pancreatic cancer (representative from n = 25 PDAC
patients) and normal pancreas stained for a-SMA, endoglin, cytokeratin, and vimentin. Endothelial cells (black arrow) and endoglin expressing CAFs (white arrow). (B)
Immunofluorescent double staining for a-SMA and endoglin in human PDAC tumors. (C) Endoglin mRNA expression by human cells; ECRF endothelial cells, MIA PaCa-2,
PANC-I and BxPC-3 PDAC cells and 8 patient derived primary pancreatic CAFs. (D) Endoglin protein expression on human pancreatic fibroblasts. Basal and BMP9-induced
downstream signaling (PSMAD) was inhibited with TRC105 (full-length blot shown in Supplementary figure 4A-C).
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on both a-SMA positive cells as vimentin positive cells
and was absent in cytokeratin-expressing cells, suggesting
a substantial endoglin positive subset of CAFs in pancrea-
tic tumors (Figure 1A), next to the highly positive
endothelial cells. In normal pancreatic tissue mostly
endothelial endoglin expression with limited positive
fibroblasts were observed (Figure 1A, lower panel). No
difference in distribution of CAF-specific endoglin expres-
sion was observed when tumor borders were compared to
and B).
Colocalisation of endoglin and a-SMA was confirmed by

tumor cores (Supplementary figure 2A

immunofluorescent double staining (Figure 1B). Next,
CAF-specific endoglin expression was scored on a scale
of 1 to 4 in a cohort of PDAC patients. The majority of the
tumors analyzed (20/25 tumors were evaluable) were
scored 3 or 4 indicating high CAF-specific endoglin
expression (Supplementary figure 3).

Next, we investigated the presence of endoglin-expres-
sing CAFs in a murine model for pancreatic cancer and in
normal murine pancreas tissue. KPC-3 cells were injected
orthotopically, once tumors were 5x5x5 mm mice were
sacrificed and tumors were stained for cellular markers.
KPC tumors were characterized by significant stromal
accumulation (Figure 2A), as described before.'” Next to
expression of endoglin on endothelial cells, endoglin stain-
ing was present on elongated, spindle-like cells coloca-
lized with the a-SMA and vimentin staining. In normal
murine pancreas tissue mostly endothelial endoglin
expression was observed (Figure 2A, lower panel).
Colocalisation of endoglin and a-SMA was confirmed by
immunofluorescent double staining (Figure 2B). Isotype
controls show no aspecific staining of the antibodies on
human and mouse tissues (Supplementary figure 2C and

D). These data indicate endoglin expression on CAFs in
human and mouse PDAC tissues, rendering mouse models
a suitable tool to study the role of endoglin-expressing
CAFs in pancreatic cancer.

To further investigate endoglin expression on CAFs,
human and mouse primary pancreatic tumors were cul-
tured to isolate CAFs. Fibroblasts were confirmed to be
positive for vimentin and a-SMA and negative for CD31
(endothelial marker), CD45 (leukocyte marker) and
EpCAM (epithelial marker) by qPCR. CAFs cultured
from both mouse and human primary tumors showed
high endoglin mRNA expression (Figures 1C and 2C).
Furthermore, endoglin expression was not detected on
mouse KPC as well as MC38 colorectal tumor cells.
Low but detectable endoglin expression was detected on

MIA PaCa-2 and PANC-1 (both harboring a KRAS muta-
tion) pancreatic cancer cells while low endoglin expres-
sion was detected on BxPC-3 cells (wildtype KRAS). Next
to the epithelial tumor cells, analysis of eight patient-
derived CAFs showed detectable expression of endoglin
in vitro. Absolute mRNA levels of endoglin varied among
the isolated CAF subsets. These data show that endoglin is
expressed on CAFs in human and mouse pancreatic
tumors and in vitro on pancreatic cancer derived CAFs,
while being absent on epithelial tumor cells.

TRCI05 Inhibits BMP-9 Induced Signaling
in vitro

Since endoglin can bind BMP-9 and induce downstream
signaling, we investigated if the endoglin neutralizing anti-
body TRC105 was able to inhibit endoglin signaling in
pancreatic fibroblasts. High basal phosphorylation of
SMADI, a downstream target of endoglin signaling, was
observed, which could be partially inhibited by TRC105
(Figure 1D, Supplementary figure 4A-C). Stimulation with

BMP?9 strongly increased SMADI phosphorylation, which
could be inhibited by TRC105, signifying that indeed
TRC105 can bind endoglin on fibroblasts and inhibit
BMP-9-induced endoglin-mediated downstream signaling
in vitro.

TRCI105 Does Not Affect Tumor Growth

in a Murine Model for Pancreatic Cancer
To investigate the therapeutic potential of anti-endoglin
therapy in PDAC we injected murine KPC cells orthoto-
pically in mice. After 14 days mice were treated with
TRC105 as described and sacrificed 28 days post tumor
implantation. The data revealed that there were no signifi-
cant differences in either tumor volume (Figure 3A) or
tumor weight (Figure 3B) upon TRC105 treatment. Since
TRC105 acts, next to inhibiting ligand binding, via
immune dependent mechanisms, we assessed immune
cell infiltration by flow cytometric analysis on these
tumors. Tumors were characterized by low CD45+
immune cell infiltration (4% of the live cell population in
IgG control mice), which was hardly affected by TRC105
treatment (5%) (Figure 3C). Although the total percentage
of CD45+ infiltrating immune cells did not change, we
observed a significant increase in the percentage CD8+
cytotoxic T-cells in tumors from TRC105 treated mice
(Figure 3D), which, are instrumental in the therapeutic
effects of TRC105."'>'®
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Figure 2 Endoglin is highly expressed on CAFs in mouse pancreatic tumors. (A) Representative images of mouse pancreatic tumors (KPC) (representative from n = 5) and
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Since endoglin is highly expressed on endothelial cells  observed in the number of endoglin-expressing blood ves-
and previous research showed decreased blood vessel for-  sels upon TRC105 therapy (Figure 3E and F). Next, the
mation upon TRC105 treatment,'®'” we investigated the total stromal content of the tumors was analyzed using

number of tumor blood vessels. No differences were vimentin staining. These results revealed that total
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(28 days after tumor inoculation, n = 7 animals per group). (C) Percentage of intratumoral CD45+ cells (gated from live gate) by using flow cytometry. (D) Percentage of
CD8+ T-cells (from CD45 gate, n = 6-7 mice per group. (E) Representative histological images and quantifications of endoglin (F), vimentin (G) and a-SMA (H) (n = 7
animals per group). (I) Intratumoral TRCI05 levels in tumor lysates determined by ELISA (n = 5 control, n = 3 TRCI05). All graphs represent mean * SD. Student’s T-test
was performed to calculate differences indicated in the graphs *p = <0.05 **p = <0.01.

vimentin levels were slightly increased in the KPC tumors
treated with TRCI105, although not significantly (p
0.087, Figure 3E and G). This could imply that fibroblast
proliferation or immune infiltration is increased by
TRC105. However, probably due to the high biological
variation, this did not reach statistical significance. Finally,

we determined the number of a-SMA expressing CAFs in
the tumors, which did not differ between control and
TRC105 treated mice (Figure 3E and H).

Pancreatic tumors are known for their high intratu-
moral pressure and low penetrance of therapeutic
To investigate whether

compounds.> therapeutic
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TRC105 levels are reached in the tumor, we determined
intratumoral TRC105 concentrations by ELISA. High
intratumoral accumulation of TRC105 (Figure 3I) was
observed, indicating that therapeutic levels of TRC105
are present in the tumor. Taken together, these data show
that TRC105 penetrates mouse PDAC tumors, increases
the percentage of CD8+ cytotoxic T-cells, but does not
inhibit tumor growth or affect CAF density.

Combining TRC105 with Anti-PD| Does

Not Increase Therapeutic Responses

Previously, we have shown that the therapeutic effects of
TRC105 are dependent on infiltrating immune cells.'®
Given the low percentage of CD45+ cells in the KPC
this
Therefore, we generated luciferase expressing KPC-3

tumors, might hamper therapeutic responses.
tumor cells (KPC-luc2), enabling bioluminescent visuali-
zation and increasing immunogenicity of the tumor. In a
pilot study, KPC-luc2 tumors showed reduced tumor
growth, accompanied by an increased number of immune
cells, of which a fraction expressed the T-cell activation
markers LAG3, TIM3, and PD-1, and altered expression
of cytokines compared to non-luciferase expressing KPC
tumors (Supplementary figure SA-E).
80-90% of the T-cells
(Supplementary figure 5D) and we have previously
that combined TRC105/PD1

increased therapeutic efficiency,’> we investigated the

Since expressed PD-1

shown therapy shows
combination in this model. KPC-luc2 cells were injected
orthotopically and 14 days after tumor inoculation mice
were randomized based on bioluminescent signal from the

tumor cells (Supplementary figure 5F), after which therapy

was started. Tumor growth was followed by biolumines-
cent imaging. This was shown not to be representative due
to de novo pigment formation on the shaved mouse skin,
blocking bioluminescent signal (Supplementary figure

5G). Therefore, the bioluminescent signal did not correlate
to the tumor volume in this experiment (Supplementary
figure 5H). At the end of the experiment, mice were
sacrificed and tumor volume was determined by caliper.
No significant differences were detected between the treat-
ment groups (Figure 4A). Although no differences were
detected in tumor volume, there was a clear accumulation
of TRCI105 in the tumor as measured by ELISA
(Figure 4B), while no correlation was observed between
the TRC105 levels and the tumor volume (Supplementary

figure 5I).

Next, the tumor immune infiltrate was examined by flow
cytometry. Although most cell populations did not differ
between groups (Figure 4D-I), a slightly decreased percen-
tage of CD4+ CD25+ cells (Treg-like cells) was detected in
TRC105 treated groups (Figure 4F), albeit not statistically
significant. Since Tregs are one of the major producers of
TGF- in pancreatic tumors,* we investigated tumor TGF-
B1 levels by ELISA. Surprisingly, increased tumor TGF-B1
levels were detected in the TRC105 and TRC105/PD1 trea-
ted mice (Figure 4C).

Early Treatment with TRCI105 After
Tumor Inoculation Changes the Tumor
Microenvironment without Affecting

Tumor Growth

Since the growth speed of KPC tumors is very high, this might
limit the opportunities for therapeutic interventions. To inves-
tigate if an earlier start of treatment could enhance therapeutic
benefits, TRC105, PD1, or combination therapy was initiated 1
day after tumor transplantation and continued twice per week
for 28 days. At the end of the experiment, no significant
differences in tumor volume were observed between all groups
(Figure 5A). Although tumor volumes did not differ, some
changes were observed in the immune composition of the
tumors. No differences were detected in the total immune
infiltrate (Figure 5B), but a non-significantly increased
(p = 0.08) percentage of CD3+ T-cells was observed in the
TRC105 group (Figure 5C), composed of both the CD4+ and
CD8+ population (p = 0.19 and p = 0.06 respectively,
Figure 5D and E). A trend towards similar changes was also
visible in the TRC105/PD1 combination therapy group.
Although the number of total CD4+ T-cells was increased,
the percentage of CD25+ CD4+ Tregs cells was slightly
0.087,
Figure 5F). Due to the altered presence of immune cells, we

decreased upon TRCI105 monotherapy (p =

analyzed cytokine levels by gPCR. mRNA expression analysis
revealed altered cytokine expression (IL-1p, IL-2, IL-6, IL-10,
TNFa, INFy, Granzyme B) in tumor homogenates (Figure 5G)
upon combination therapy. Interestingly, especially increased
granzyme B mRNA expression was observed upon TRC105/
PD1 therapy, as we previously have seen in colorectal cancer
models.'® Finally, we investigated the stroma composition by
immunohistochemistry. No differences were observed in the
abundance of a-SMA, endoglin, vimentin and cytokeratin
expressing cells (Figure 5H). These data indicate that treatment
with TRC105 or a combination with PD-1 elicits increased
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Figure 4 Combining TRC105 with anti-PD | does not increase therapeutic responses in KPC-3luc2 tumors. (A) Tumor volume in mm? upon |3 days of therapy and 28 days
after tumor inoculation (n = 4-5 mice per group). (B) Intratumoral levels of TRC105 and (C) TGF-B1 determined by ELISA (n = 3-5 per group due to limited amount of
sample). (D) Total percentage of infiltrating CD45+ immune cells, (E) percentage of CD4+ T-cells out of CD45+ gate and (F) CD4+ CD25+ Treg-like cells out of the CD4+
gate. (G) Percentage of CD8+ T-cells and expression of PD-1 (H) and LAG3 (1) on CD8+ cells (n = 4-5 mice per group). All graphs represent mean + SD. One-way ANOVA

was used to calculate differences.

cytokine expression and immune cell infiltration, but this is not

sufficient to induce therapeutic responses.

Collal-Specific Endoglin Deletion Alters

Immune Cell Composition without

Affecting Tumor Growth

To further investigate the effects of endoglin expression on
fibroblasts in pancreatic tumors we generated an inducible,

Collagen 1al driven endoglin knock-out mouse (Collal®"&”
). CRE-mediated recombination was induced by three con-
secutive days of tamoxifen administration, after which KPC-
luc2 tumor cells were injected orthotopically. The Collal
driven endoglin deletion did not affect endothelial endoglin
expression (Supplementary figure 6). After 28 days, mice

were sacrificed and tumor volumes were measured. No dif-
ferences in tumor volume were observed between wildtype
and Collal®™¢" mice (Figure 6A). Additionally, the
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Figure 5 Early treatment with TRC105 does not affect tumor growth but changes the tumor microenvironment. (A) Tumor volume in mm? upon 27 days of therapy and 28
days after tumor inoculation (n = 5-8 mice per group). (B) Percentage of infiltrating immune cells (CD45+). (C) CD3+, (D) CD8+ and (E) CD4+ cells out of CD45 gate. (F)
Intratumoral CD4+ CD25+ Treg-like cells out of CD4 gate (n = 5-8 mice per group). (G) Heatmap summarizing qPCR data normalized to the control group of different
cytokines, growth factors and stromal markers (n = 5-8 mice per group). (H) Representative histological pictures of a-SMA, endoglin, cytokeratin and vimentin staining (n =
5-8 mice per group). All graphs represent mean + SD. One-way ANOVA was used to calculate statistical differences. *p = <0.05.

abundance of a-SMA and endoglin expressing cells did not
differ between the groups (Figure 6B). Next, we analyzed the
effects of Collal-specific endoglin deletion on recruitment
of tumor infiltrating immune cells by flow cytometry. The
presence of CD45+ immune cells was similar between the

controls and the Collal®"¢”" mice (Figure 6C). Although no
significant differences were found in the percentage of the
total number of CD3+ T-cells (Figure 6D), the percentage of
CD8+ T-cells decreased, with a concomitant increase in the
percentage of CD4+ T-cells (Figure 6E and F). The activation
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Figure 6 Collal specific endoglin knock-out does not affect tumor growth but alters immune cell composition. (A) Tumor volume in mm? after 28 days of tumor
inoculation (n = 7 mice per group). (B) Representative pictures of histological samples stained with a-SMA and endoglin (n = 6 mice per group). (C) CD45+ immune
infiltrate and (D) CD3 + T-cells (from CD45+ gate). (E) CD8+ and (F) CD4+ cells from (from CD3+ gate). (G) Percentage CD8+ PDI+ cells (from CD8+ gate). (H)
Percentage of CD8+ LAG-3+ cells (from CD8+ gate) (n = 6 mice per group). (I) Heatmap summarizing qPCR data normalized to the control group of different cytokines
growth factors and stromal markers (n = 6 mice per group) ND in the graph indicates not-detectable. All graphs represent mean * SD. Student’s T-test was performed to

calculate significances indicated in the graphs **p = <0.01.

markers LAG-3 and PD-1 on the CD8+ T-cells did not differ
between the two groups (Figure 6G and H). Finally, mRNA
expression analysis for a range of cytokines revealed no
differences between Collal-specific endoglin knock-out

mice and controls (Figure 61). These data show that Collal
driven deletion of endoglin increases the percentage of CD4+
T-cells, without affecting KPC-luc2 tumor growth in
vivo.
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Discussion

In this study, we evaluated endoglin as a potential target
for the treatment of pancreatic cancer. Although endoglin
was highly expressed on both human- and mouse CAFs in
pancreatic tumors, no changes in tumor volume were
observed when targeting endoglin by TRC105 or geneti-
cally deleting endoglin from Collal expressing cells,
although some changes in the immune infiltrate were
observed.

Although previous data on colorectal cancer mouse mod-
els showed that endoglin in combination with PD-1 was very
effective in reducing tumor growth,'® this could not be
achieved in the KPC model for pancreatic cancer. Pancreatic
cancer is characterized by high stromal accumulation, which is
thought to limit the success rates of many current treatment
options which are effective in other solid cancers. This might
be due to forming a physical stromal barrier limiting the
number of immune cells or drugs that can enter the tumor.*’
Therefore, targeting CAFs might result in a degradation of this
physical barrier, thereby increasing therapeutic efficacy. In this
study, we showed that although a dense stroma was present,
TRC105 accumulated within the tumor and induced changes
in immune cell composition- and activation upon TRC105 and
combination therapies. Surprisingly, this did not lead to ther-
apeutic effects. An explanation might lie in the presence of
different CAF subsets.

It has become clear that CAFs are a very diverse popula-
tion of cells with multiple CAF subtypes and functions.?*>’
Attempts to classify CAFs have led to proposed subsets of
inflammatory CAFs (iCAFs) and myofibroblastic CAFs
(myCAFs) in PDAC.*® iCAFs are characterized by low
expression of a-SMA and high expression of IL-6, whereas
myCAFs are characterized by high expression of a-SMA
and low expression of IL-6. ICAFs have been shown to
promote PDAC progression, whereas myCAFs restrict
tumor progression.”’ In our experiments, decreased o-
SMA and increased IL-6 mRNA levels in the mice treated
with TRC105 were detected (Figure 5G and Supplementary
figure 7). Interestingly, increased IL-6 protein levels were
also seen in the serum of patients treated with TRC105,*
which might suggest an increase of iCAFs upon TRC105
therapy. Although IL-6 is not only produced by CAFs, IL-6
can promote tumor growth, angiogenesis,’' and invasion.-
32734 Interestingly, PD-L1 blocking in combination with
anti-IL-6 therapy reduced tumor progression in murine
pancreatic cancer.>> Since increased IL-6 has been observed
in both mice and humans treated with TRC105, a

combination of TRC105 with anti-IL-6 might thus be rele-
vant to study.

Next to the suggested myCAFs and iCAF subsets,
multiple other subsets of CAFs were described, including
the endoglin-expressing CAF subset in prostate- and color-
ectal cancer.'"!'? In breast cancer, we could show
decreased a-SMA-expressing CAFs upon endoglin target-
ing with TRC105 in vivo."
described to play a role in liver fibrosis and cardiac
36,37 with

TRC105 or by means of Collal driven deletion of endo-

Endoglin has also been

fibrosis. Surprisingly, targeting endoglin
glin did not affect the number a-SMA expressing cells,
indicating alternative mechanisms in PDAC.

CAFs in PDAC and KPC tumors have been reported to
reduce the migration of cytotoxic (CD8+) T-cells.’®
Interestingly, Collal driven endoglin deletion promoted
the infiltration of CD4+ T-cells in the tumor and decreased
CD8+ T-cells. In contrast, increased CD8+ T-cells were
found upon TRCI105 therapy, suggesting that TRCI105
enables the migration and activation of CD8+ T-cells.
This might be due to altering the tumor microenvironment
by the targeting of endoglin positive blood or lymphatic
vessels or endoglin expressing Tregs.'™ This was not
observed in the Collal driven endoglin knockout mice,
confirming that TRC105 was instrumental in increasing
the intratumoral CD8+ T-cell count. Although TRC105
was not able to reduce the a-SMA expressing cells in the
KPC tumors, other therapies like Focal Adhesion Kinase
(FAK) targeting reduced fibrosis in KPC tumors making
them susceptible to anti-PD-1 therapy,*° stressing the
importance of combining therapies targeting multiple com-
ponents of the tumor microenvironment.

Next to targeting CAFs, our recent work showed spe-
cific targeting of endoglin expressing Tregs by TRC105,'®
a phenomenon which was also observed in patients treated
with TRC105.*' Interestingly, in this study, we also
observed a trend towards a decreased percentage of CD4
+CD25+ Tregs upon TRC105 treatment (p = 0.087),
which, however, did not affect
(Figure 5A). In pancreatic cancer, it was recently
described that a complete depletion of FoxP3-expressing

tumor  growth

Tregs increases carcinogenesis by reducing intratumoral
TGF-p1 levels.”* However, our data show an increase in
intratumoral TGF-B1 levels, which might be due to many
cells in the tumor microenvironment producing TGF-B1.
Although the role of Tregs in PDAC is yet unclear, recent
work showed that disrupting the homing of Tregs via
CCRS or targeting Tregs using anti-OX40 resulted in
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sustained  anti-tumor  responses in  PDAC.***
Interestingly, both CCR5 and OX40 are described to pro-
mote fibrosis.**** Moreover, targeting OX40 blocks tissue
fibrosis, which is induced by activated fibroblasts.*>*
These findings highlight the importance and successes of
targeting CAF subsets within the pancreatic tumors, open-

ing new opportunities for PDAC.

Conclusions

In conclusion, while high endoglin expression was observed
on CAFs in pancreatic cancer, targeting endoglin by TRC105
as monotherapy, in combination with PD1 checkpoint inhibi-
tors, or by genetic deletion of endoglin from Collal expres-
sing cells did not inhibit tumor growth in the KPC model for
pancreatic cancer. Interesting changes in immune cell infiltra-
tion might open up opportunities to explore the role of endo-
glin further. Additional studies will be required to investigate
the delicate balances and effects of changes in the tumor
microenvironment driving pancreatic tumor progression.
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