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Abstract

Background & Aims: While cholangiocarcinomas (CCAs) commonly express programmed
cell death 1 (PD-1) and its ligand (PD-L1), they respond poorly to immune checkpoint
inhibitors (ICIs). We aimed to determine whether stimulating antigen-presenting cells, including
macrophages and dendritic cells, using a CD40 agonist could improve this response.
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Methods: We compared treatment responses in subcutaneous, orthotopic, and 2 plasmid-based
murine intrahepatic CCA (iCCA) models. Mice were treated for 4 weeks with weekly 1gG control,
a CDA40 agonistic antibody, anti-PD-1, or the combination of both (anti-CD40/PD-1). Flow
cytometric (FACS) analysis of lymphocytes and myeloid cell populations (including activation
status) was performed. We used dendritic cell knockout mice, and macrophage, CD4* and

CD8™ T cell depletion models to identify effector cells. Anti-CD40/PD-1 was combined with
chemotherapy (gemcitabine/cisplatin) to test for improved therapeutic efficacy.

Results: In all 4 models, anti-PD-1 alone was minimally efficacious. Mice exhibited a

moderate response to CD40 agonist monotherapy. Combination anti-CD40/PD-1 therapy led to

a significantly greater reduction in tumor burden. FACS demonstrated increased number and
activation of CD4* and CD8* T cells, natural killer cells, and myeloid cells in tumor and non-
tumor liver tissue of tumor-bearing mice treated with anti-CD40/PD-1. Depletion of macrophages,
dendritic cells, CD4+ T cells, or CD8+ T cells abrogated treatment efficacy. Combining anti-
CDA40/PD-1 with gemcitabine/cisplatin resulted in a significant survival benefit compared to
gemcitabine/cisplatin alone.

Conclusion: CD40-mediated activation of macrophages and dendritic cells in iCCA significantly
enhances response to anti-PD-1 therapy. This regimen may enhance the efficacy of first-line
chemotherapy.

Lay summary: Checkpoint inhibition, a common form of immune therapy, is generally
ineffective for the treatment of cholangiocarcinoma. These tumors suppress the infiltration and
function of surrounding immune cells. Stimulating immune cells such as macrophages and
dendritic cells via the CD40 receptor activates downstream immune cells and enhances the
response to checkpoint inhibitors.
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Introduction

Cholangiocarcinoma (CCA), comprising both intrahepatic cholangiocarcinoma (iCCA) and
extrahepatic CCA, represents the second most common primary liver malignancy accounting
for approximately 10% of such cancers.13 CCA carries a dismal prognosis with a 5-year
overall survival (OS) rate of 10% and a median OS of approximately 24 months. While
surgical resection offers the only chance for a cure, patients typically present with advanced
disease and fewer than 20% are deemed to have resectable tumors at the time of diagnosis.
Surgery only offers long-term benefit to an even smaller subset of patients as recurrence is
reported in up to 70% of those having undergone a complete resection. Therefore, nearly
every patient presenting with CCA will require effective systemic therapy during their
disease course.1# Current first-line therapy consists of multi-agent cytotoxic chemotherapy
with gemcitabine and cisplatin (Gem/Cis), but the efficacy of this approach remains very
limited.>® There are currently no other approved therapies for unresectable CCA. In addition
to its poor prognosis, its incidence has recently been rising, further emphasizing the need for
effective systemic therapies.:’
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Pre-clinical data on the role of immunotherapy for the treatment of CCA is scarce.®
Following some encouraging responses to immune checkpoint inhibitors (ICIs) in patients
with hepatocellular carcinoma, similar approaches are currently being investigated for
biliary tract cancers. Clinical trials involving small molecules and ICls are currently
underway.8-10 Studies examining the immune tumor microenvironment of patients with
CCA suggest that this cancer can evade and even impair effective immunosurveillance. One
mechanism by which this evasion occurs is through high expression of programmed cell
death ligand 1 (PD-L1) on tumor cells and tumor-associated macrophages. A recent study
reported that over 60% of patients with CCA had high amounts of PD-L1 expressed in
their tumors and that high expression was associated with decreased 0S.11:12 In contrast
programmed cell death 1 (PD-1) expression does not appear to correlate with recurrence-free
survival.13 An jn vitro study examining human CCA samples demonstrated that treatment
with anti-PD-1 and anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) increased
the cytotoxic potential of effector cells including natural killer (NK) cells and T cells.14
However, the success rate for treatment of CCA with ICls remains disappointing.9:10:15.16
The immune suppressive microenvironment thought to be associated with CCA may
contribute to the poor response to IClIs.

Few pre-clinical models of CCA have been designed to test novel immune-based treatment
strategies and little remains known about the interplay between the microenvironment and
immunotherapeutics in CCA. A study evaluating the different subtypes of CCA found

that the immunogenic subtype was associated with better response to ICI suggesting

that antigen-presenting cells (APCs) such as macrophages and dendritic cells (DCs) may
contribute to T cell priming and activation.1” In CCA, the tumor microenvironment can
impede effector T cell proliferation and activation.18 As demonstrated in several pre-clinical
models, the crosstalk between APCs and effector cells is essential to overcoming the
immune suppression fostered by such tumors.19-22

The interaction between CD40, a receptor on macrophages and DCs, and its ligand CD154
(CD40 Ligand or CD40L) drives activation and downstream priming of effector CD8*

T cells.23-26 Agonistic anti-CD40 combination therapies have shown promising results in
pancreatic adenocarcinoma.2>27 We hypothesized that combining a CD40 agonist with

a PD-1 antagonist could overcome the immunosuppressive barriers present in the tumor
microenvironment. Using subcutaneous, orthotopic, and oncogene induced spontaneous
iCCA models, we demonstrate that CD40 agonists enhance response to ICIs while treatment
with anti-PD-1 alone did not provide meaningful anti-tumor benefits. When combined with
Gem/Cis, this regimen offered a significant OS benefit compared to Gem/Cis alone. To our
knowledge, this is the first study testing combination immune therapy for murine CCA.

Materials and methods

Mouse strains and reagents

C57BL/6 were purchased from The Charles River Laboratory. Baf3 knockout mice were
purchased from Jackson Laboratory. SB1 cells were generated by the Gores laboratory
(Mayo Clinic) and kindly provided by the Yarchoan laboratory (John’s Hopkins School
of Medicine).28 SB1 was screened for mycoplasma contamination and confirmed to be
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CCA based on immunohistochemistry (IHC) (Fig. S1). For /n vivo studies, the following
antibodies were used: agonistic anti-CD40 (clone FGK4.5), anti-PD-1 (clone 29F.1A12),
anti-CD4 (clone GK1.5), anti-CD8 (clone 2.43) (BioxCell). Gemcitabine and cisplatin
were obtained from the NIH veterinary pharmacy. All animals received humane care and
experiments were conducted according to local institution guidelines and approved by the
Animal Care and Use Committee of the National Institutes of Health, Bethesda, USA.

Subcutaneous tumor injection model

Subcutaneous injections were performed in 8-week-old C57BL/6 female mice. 1x10% SB1
CCA cells were suspended in 100 pl PBS and the solution was injected in the left flank.
Mice were randomized prior to treatment initiation and were treated with either bi-weekly
IgG control (alternating 10 ug/g and 5 ug/g) (days 3, 5, 10, 12, 17, 19, 24, 26 post tumor cell
injection) (n = 10), weekly anti-PD-1 (10ug/g) (days 5, 12, 19, 26 post tumor cell injection)
(n = 10), weekly anti-CD40 (5ug/g) (days 3, 10, 17, 24 post tumor cell injection) (n = 10),
or the combination anti-CD40+anti-PD-1 (n = 10) as above. Tumor size was measured by
caliper as greatest diameter. Mice were sacrificed when tumors reached 20 mm in diameter
or tumor necrosis exceeded 50%.2° Mouse survival was calculated as time from inoculation
to euthanasia. Measurements were performed by a blinded observer.

Intrahepatic tumor injection model

To induce liver tumors, 3 x 10° SB1 CCA cells mixed in 20 pl of a 50:50 solution of PBS
and Matrigel were injected under the liver capsule into the left liver lobe of anesthetized
recipient mice after subcostal laparotomy as described before.3%:31 Mice were then treated
with either bi-weekly 1gG control (10ug/g) (days 3, 5, 10, 12, 17, 19, 24, 26 post orthotopic
tumor cell injection) (n = 10), weekly anti-PD-1 (10ug/g) (days 5, 12, 19, 26 post orthotopic
tumor cell injection) (n = 10), weekly anti-CD40 (5ug/g) (days 3, 10, 17, 24 post orthotopic
tumor cell injection) (n = 10), or combination anti-CD40+anti-PD-1 (n = 10) with the
treatment schedule as above. Mice were then euthanized at day 28. Mice were weighed and
weights were compared between groups to evaluate treatment-associated adverse effects.
Livers were weighed and compared between groups. Tumors were then carefully excised
and weighed. Tumor to liver weight ratios were calculated and compared. Measurements
were performed by a blinded observer. For the isolation of tumor-infiltrating lymphocytes
(TILs), a different treatment regimen was used, as the aforementioned treatment regimen
resulted in minimal tumor burden in the combination treatment group, making it impossible
to isolate TILs. For this experiment, mice underwent orthotopic injection as above and were
treated with either 2 doses of 1gG2 control (days 11 and 13), 1 dose of CD40 agonist (day
11), 1 dose of anti-PD-1 (day 13), or both; TILs were harvested on day 15.

Statistical analysis

The sample sizes used for these animal studies were guided by a previous study in our
laboratory in which similar or identical liver tumor models were used. For all models,
randomization and blinding were performed. Statistical analysis was performed with
GraphPad Prism 8 (GraphPad Software). Significance of the difference between groups

was calculated by Student’s unpaired #test, one-way ANOVA (Tukey’s and Bonferroni’s
multiple comparison test) or log-rank test. p<0.05 was considered as statistically significant.
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For further details regarding the materials and methods used, please refer to the CTAT table
and supplementary information.

Results

Murine iCCA has poor response to anti-PD-1 monotherapy

SB1 tumor cells, a murine iCCA tumor line,28 displayed the typical CCA growth pattern
and immunohistopathological features, including cytokeratin (CK)-19, PD-1 and PD-L1
positivity on IHC (Fig. 1A,B), as well as protein overexpression of YAP, CK-7, and CK-17
(Fig. S1A-E). The therapeutic efficacy of anti-PD-1 monotherapy for iCCA was then tested
in mice bearing subcutaneous SB1 tumors. Compared to control IgG, treatment with anti-
PD-1 monotherapy had no effect on tumor growth (p= 0.2162) (Fig. 1C) or survival (p=
0.3454) (Fig. 1D). These results are consistent with the clinical observation that anti-PD-1
monotherapy is not effective in patients with CCA.9:10.15.16

Given that combining anti-PD-1 with other therapies presents an effective treatment option
for several types of cancers, we queried whether this strategy applied to iCCA.2532 Insights
into the tumor microenvironment of iCCA can guide the design of new immunotherapeutic
strategies. As such, we performed IHC analysis for various immune markers in SB1 tumors.
As expected, there were few CD4* T and CD8* T cells surrounding or infiltrating the tumor
(Fig. S1F,G). Interestingly, prominent tumor and peri-tumoral infiltration of CD11c* DCs
and Ibal* macrophages was observed (Fig. S1H,1). Accompanying the presence of these
APCs, a significant amount of CD40* non-tumor cells were found in SB1 tumors (Fig.
1E+F). Using a tissue microarray, CD40* was also detected in patient tumors (Fig. 1G).
Interestingly, high tumor CD40 expression was associated with improved OS in a cohort

of patients with CCA (n = 49) (p= 0.0205) (Fig. 1H) and multivariate analysis revealed
that CD40 was an independent prognostic marker (p = 0.0152) (Table 1). The presence

of CD40* immune cells suggests that CD40-mediated activation of APCs can potentially
enhance response to other immune therapeutics and may be used to treat iCCA.

Combined treatment with CD40 agonist and PD-1 antagonist effectively impairs murine
iCCA growth

Next, we tested the effect of CD40 activation using an agonistic anti-CD40 antibody
(FGK4.5) alone or in combination with anti-PD-1 in subcutaneous SB1 iCCA tumor
model.23:25.33 Mice were treated with 4 doses of each agent between days 3 and 26

post tumor cell injection and tumors were monitored until mice reached the threshold for
euthanasia (Fig. 2A). Anti-PD-1 monotherapy did not show any effect on tumor growth (o
= 0.4495) or mouse survival (p=0.3034) (Fig. 2B,C). Agonist anti-CD40 monotherapy
resulted in a moderate reduction in SB1 tumor growth (p = 0.0007) (Fig. 2B). However,
combination treatment with anti-CD40/PD-1 showed a significantly stronger anti-tumor
effect than anti-CD40 alone (1gG Ctl vs. anti-CD40/PD-1 p<0.0001, and anti-CD40 vs. anti-
CD40/PD-1 p=0.0108) (Fig. 2B). Similarly, anti-CD40 agonist therapy improved survival
(0<0.0001) but combination therapy provided an enhanced protection and resulted in long-
term survivors (1gG Ctl vs. anti-CD40/PD-1 p<0.0001, and anti-CD40 vs. anti-CD40/PD-1 p
=0.00636) (Fig. 2C).
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To better mimic the pathophysiology of human iCCA, SB1 tumor cells were orthotopically
injected into mouse livers. Mice were treated with 4 doses of either CD40 agonist, anti-
PD-1, or both between days 3 and 26 post tumor cell injection; mice were sacrificed on day
28. Anti-PD-1 monotherapy resulted in a small reduction in tumor burden (p = 0.0045) (Fig.
2D-F). Similar to the findings in subcutaneous tumors, CD40 agonist monotherapy inhibited
SB1 tumor growth (p<0.0001), but a combination of anti-CD40/PD-1 offered a stronger
anti-tumor effect than either monotherapy (p<0.0001) (Fig. 2E-F). In the same experimental
setting, combination therapy with anti-PD-1 and anti-CD40 also significantly prolonged
survival (p<0.01 compared to all other groups, Fig. 2E). To further confirm our finding,

we delivered plasmids coding for AKT and YAP into mouse livers by hydrodynamic tail
vein injection, a well-established murine iCCA model.3* Tumors were detectable 3 weeks
post plasmid injection (Fig. S2B,C) and treatment was administered as above between days
21-44, following which mice were sacrificed on day 49 (Fig. 2G). Consistently, combination
therapy of anti-CD40/PD-1 resulted in a significant reduction of tumor burden of primary
iCCA compared to control (p = 0.0026) or monotherapy with anti-CD40 (p = 0.0363) or
anti-PD-1 (p = 0.0004). Anti-PD-1 or anti-CD40 monotherapy did not offer any significant
benefit (Fig. 2H-1, Fig. S2D). Finally, we decided to confirm the results of anti-CD40/PD-1
in a second genetically induced tumor model. Plasmids encoding for AKT and NICD (an
activated form of NOTCH) were injected by hydrodynamic tail vein injection into mouse
livers3® and mice were treated with anti-PD-1 monotherapy, anti-CD40 monotherapy of

the combination of anti-CD40/PD-1. Again, combination therapy with anti-CD40/PD-1
provided the strongest anti-tumor effect when histological sections from treated livers were
compared to mice, which had received 1gG control (p<0.05, Fig. 2J). In summary, using 4
mouse CCA tumor models, our results consistently demonstrated that anti-PD-1 combined
with CD40 agonist presents an effective treatment against iCCA.

Double therapy causes local immune cell infiltration, proliferation, and activation

Next, we studied the effect of anti-PD-1 and/or anti-CD40 treatment on immune cells in
iCCA to better understand the underlying immunological mechanism resulting in inhibition
of tumor growth. For the examination of TILs, we performed flow cytometry analysis to
determine the frequency and function of CD4* and CD8™" T cells, NK cells, macrophages
and DCs. t-distributed stochastic neighbor embedding analysis indicated a minor increase
in CD4*, CD8* and NK cell numbers (Fig. 3A) after combination therapy and more
pronounced changes in CD4*, CD8" and NK cell activation (Fig. 3B). Agonistic anti-CD40
monotherapy (single agent or in combination with anti-PD-1) showed the greatest increase
in tumor-infiltrating macrophages, NK cells, CD44*CD62L*CD4" effector memory and
CDS8™ T cells, with significant changes in DCs after anti-CD40/PD-1 treatment (Fig. 4A-F),
which was not seen in immune cells of the spleen, a surrogate for systemic responses (Fig.
S3).

Next, activation markers (CD69, interferon (IFN)-y, and PD-1) on lymphoid cells and
myeloid cells (CD86 and MHCII) were evaluated. Anti-PD-1 monotherapy did not change
the frequency of activated CD4* and CD8* T cells, NK cells, macrophages and DCs (Fig.
5A-H). On the other hand, CD40 activation and combination therapy resulted in a significant
but equivalent increase in the frequency of CD86" macrophages, MHCII* DCs, and CD69"
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NK cells (Fig. 5A-D). Interestingly, an increase in the frequency of CD69*CD8* T cells,
PD-1*CD4* and CD8* T cells as well as IFN-y* in CD4* T and CD8* T cells was seen
after combination treatment with anti-CD40/PD-1 (Fig. 5C-H), which were not observed in
spleen (data not shown). Tumor-specific cytotoxicity was tested after /n vitro stimulation

of CD8* T cells from SB1-tumor-bearing mice using SB1 tumor cells and analysis of
lysosomal-associated membrane protein-1 (CD107) surface expression. Only CD8* T cells
from anti-CD40/PD-1-treated mice revealed an increased CD107 signal, which was not seen
with single agent treatment (Fig. 51). Finally, changes in CD4* T cell subsets (Th1, Th2,
Th17, and Tregs) were examined, but no specific changes were seen after combination
therapy with anti-CD40/PD-1 (Fig. S4).

The efficacy of anti-CD40/PD-1 therapy in iCCA depends on DCs, macrophages, CD4* T
and CD8" T cells

Next, we studied the effect of DCs and macrophages, using Batf3 knockout mice and
clodronate liposome depletion, on the effectiveness of anti-CD40/PD-1 treatment using
orthotopic SB1 tumor-bearing mice as described previously. In Batf3 knockout mice,

the effect of anti-CD40 treatment was completely absent and markedly reduced after
combination therapy with anti-CD40/PD-1 (Fig. 6A). Compared to control liposome,
clodronate liposome completely abrogated the tumor reduction caused by combination
therapy (p<0.001) (Fig. 6B,C). These results are consistent with our finding that anti-PD-1
monotherapy is ineffective against iCCA and that activating CD40 signaling in myeloid cells
can boost the efficacy of T cell-dependent therapy. Next, antibody-mediated cell depletion
of CD4" T or CD8* T cells was performed, and its impact on combination therapy in
orthotopic SB1 tumor-bearing mice was tested. As expected, control 1gG treatment had no
effect on the anti-tumor function of anti-CD40/PD-1 therapy (Fig. 6D). In contrast, depleting
either CD4* T or CD8™ T cells significantly abrogated the efficacy of combination therapy
and resulted in significantly larger iCCA tumors (p= 0.0001 and p = 0.0039, respectively)
(Fig. 6D), suggesting that both CD4" and CD8™ T cells were necessary for the anti-tumor
efficacy of the treatment.

Addition of anti-CD40/PD-1 enhances response to chemotherapy in mice with advanced

iCCA

Chemotherapy with Gem/Cis remains the standard care for patients with CCA.> We

first tested whether anti-CD40/PD-1 combination therapy provides better protection than
chemotherapy against iCCA. Significantly smaller SB1 orthotopic tumors were found in
mice treated with either Gem/Cis or anti-CD40/PD-1 when compared to mice treated
with 1gG2 control (p<0.0001 for both) (Fig. 7A-C). However, no significant difference

in tumor burden was found between the Gem/Cis- and anti-CD40/PD-1-treated mice (Fig.
7A-C). Next, we combined Gem/Cis chemotherapy with immunotherapy to treat mice with
advanced iCCA tumors. SB1 subcutaneous tumor-bearing mice with tumors measuring
10 mm at the time of treatment initiation were used (Fig. 7D). Gem/Cis treatment was
still able to reduce the tumor growth (p<0.0001) (Fig.7C) and improve OS significantly
(p<0.0001) (Fig. 7TE+F). However, combination with anti-CD40/PD-1 therapy showed
significant improvements in tumor growth inhibition (p= 0.0108) (Fig. 7E) and OS (p=
0.0053) (Fig. 7F) compared to Gem/Cis alone.
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Anti-CD40/PD-1 therapy is well tolerated in mice

Tumor-free C57BL/6 mice treated with IgG control, anti-PD-1, anti-CD40, or anti-CD40/
PD-1 did not display any significant difference in weight at the time of necropsy (Fig. S6A)
and normal alanine aminotransferase, aspartate aminotransferase and alkaline phosphatase
levels were observed (Fig. S6B-D); histological analysis of livers, kidney and bone marrow
revealed no abnormalities in mice treated with Gem/Cis plus anti-CD40/PD-1 (data not
shown). These results suggest that this treatment appears to be well tolerated and does not
appear to cause significant hepatotoxicity in mice.

Discussion

Our results are consistent with previous analyses demonstrating that checkpoint blockade
confers minimal benefit in patients with CCA, despite positive tumor staining for PD-L1 and
PD-1.9-1115.16 |HC of our murine iCCA samples revealed a high number of macrophages
(Ibal*) and DCs (CD11c*), as well as a relatively high expression of CD40. The presence
of CD40" immune cells was also observed in tumors from patients with iCCA. Importantly,
high CD40 expression in human iCCA tumors was associated with improved survival. A
CDA40 signal is often necessary for the induction of effective anti-tumor immune responses,
and treatment with a CD40 agonist provided significant benefit in pre-clinical models of
breast and pancreatic cancer and an early phase clinical trial of pancreatic adenocarcinoma
(PDAC).23.25.26,:32,36,37 \\We hypothesized that priming of APCs by activating the CD40
signal in the tumor microenvironment can enhance downstream activation of effectors cells
and sensitize CCA to checkpoint blockade. Indeed, combination treatment with a CD40
agonist and PD-1 antagonist resulted in a significantly lower tumor burden in all 4 of our
murine iCCA models compared to the control or monotherapy groups. To our knowledge,
this is the first study examining combination immunotherapy in murine models of iCCA and
demonstrating the potential benefits of using a CD40 agonist for the treatment of primary
liver malignancies.

Using flow cytometric analysis, we examined the changes in both infiltration and activation
of myeloid, CD4* T, CD8" T, and NK cells in tumors and non-tumor liver tissue. In line
with a recent study, our results demonstrated that checkpoint blockade was insufficient

for effector cells to infiltrate and attack iCCA tumors.38 CD40 agonism appeared to be

the principal driver of myeloid cell proliferation and activation as described before,33:39
However, optimal increases in the frequency of CD4* T cells as well as activation of CD4*
T and CD8™* T cells could only be achieved with combination therapy. While the role of NK
cells appears to be controversial 1433 our CCA models demonstrate that anti-CD40/PD-1
drives increased frequency and activation of NK cells.

We also identified the immune cells mediating the anti-CCA function of the anti-CD40/
PD-1 therapy. As expected, depleting APCs using chlodronate greatly abrogated treatment
efficacy. In addition, anti-CD40/PD-1 only slightly reduced iCCA tumor growth in type 1
conventional DC deficient Batf3 knockout mice showing that both DCs and macrophages
are needed for a therapeutic response. Further depletion studies showed that removing either
CD4* T and CD8* T cells significantly impaired the tumor inhibition by anti-CD40/PD-1
therapy, suggesting that both CD4* T and CD8* T cells are critical downstream effector
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cells. Our finding on the importance of CD8* T cells is in line with many reports that

CDS8™ T cells are necessary for effective anti-PD-1 therapy. In contrast, the role of CD4*

T cells in tumor immunotherapy is controversial. FOXP3* CD4* T regulatory cells are

well known to inhibit various anti-tumor responses and depletion of CD4" T cells has

been reported to benefit tumor treatment by removing T regulatory cells.1433 On the other
hand, emerging evidence suggests that CD4" T cells are also an important component of
anti-tumor immunity. In our study, CD4" T cell depletion abrogated treatment efficacy. This
could be explained by the increased activation and proliferation of effector memory CD4*
T cells but not FOXP3* CD4* T cells in response to anti-CD40/PD-1. These findings may
reflect organ-specific variations in the mechanism of action.33

Treatment with Gem/Cis offers limited benefits in patients with CCA. In our models,
Gem/Cis and anti-CD40/PD-1 confer comparable outcomes, suggesting that neither

provide sufficient translatable benefits.? Studies examining CCA’s microenvironment
describe tumors that foster immune suppression and hinder innate and adaptive immune
surveillance.11:12.14,18,40-46 Thyjs js likely to contribute to poor responses to 1CI.11.14 Our
models’ minimal response to anti-PD-1 further illustrates the need for additional stimulus

to enhance immune responses in iCCA. Several studies propose increasing tumor antigen
presentation using vaccines or cytotoxic treatments to enhance the efficacy of immune-based
therapies.3347-50 Gem/Cis are cytotoxic agents known to provoke cellular damage and
potentially increase tumor antigen presentation.51-54 Interestingly, we show that combining
Gem/Cis with anti-CD40/PD-1 offers significant improvement in control of tumor growth
and OS even when treatment is initiated at an advanced disease stage. While anti-CD40/
PD-1 resulted in mild increases in activation and infiltration of macrophages and DCs,

this treatment’s efficacy was dramatically increased when preceded by Gem/Cis. These
agents may result in indirect priming of macrophages and DCs by increasing tumor antigen
presentation, which, in turn, lead to better responses to anti-CD40. The addition of anti-PD-1
or anti-CTLA-4 may lift the inhibition exerted directly on NK and effector T cells, however,
anti-CTLA-4 may also be associated with increased toxicity.>°

Based on the increasing incidence and dismal prognosis associated with CCA, as well

as the very limited success of current therapies, new and effective treatment options are
urgently needed.! The combination of cytotoxic and immunotherapeutic agents is approved
for breast cancer and lung cancer and is currently being investigated for PDAC.36:56:57 Qur
findings suggest that this approach should also be investigated for CCA. The expression

of CD40 on healthy tissue including hepatocytes raises some concerns regarding liver
damage and therefore treatment tolerability.>8 Strategies to minimize such risks are currently
underway.>%:60 Clinical evaluation of safety, tolerability, and efficacy of treatment with

a CD40 agonist and anti-PD-1 following administration of cytotoxic chemotherapy is
warranted.

In summary, the CCA tumor microenvironment impairs response to checkpoint blockade.
Treatment with a CD40 agonist overcomes this inhibition and slows CCA tumor
progression. Combining a CD40 agonist with anti-PD-1 checkpoint blockade offers
significantly greater reduction in tumor burden than either monotherapy alone. This
treatment primarily results in the localized proliferation and activation of myeloid cells,

J Hepatol. Author manuscript; available in PMC 2022 November 14.
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including macrophages and DCs, and lymphocytes, including CD4+ T, CD8+ T, and NK
cells. This therapy depends on macrophages, CD4* T, and CD8* T cells for efficacy.
Treatment combining cytotoxic chemotherapy followed by anti-CD40/PD-1 results in
optimal tumor control and prolonged OS in murine models of advanced CCA.
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Fig. 1. PD-1 and CD40 in murine and human CCA.
IHC staining for (A) PD-1 and (B) PD-L1 (arrow) in tumor and adjacent liver of SB1

orthotopic CCA tumor-bearing mouse. (C) Tumor growth and (D) Kaplan-Meier curves for
subcutaneous SB1 CCA tumor-bearing C57BL/6 mice treated with anti-PD-1 (n =5 per
group). IHC stain for CD40 (arrow) in (E) murine orthotopic CCA. (F) Halo quantification
of IHC staining for CD4, CD8, Ibal (macrophages), CD11c (DCs), PD-1, and CD40 in
murine orthotopic CCA samples (n = 5). (G) IHC stain for CD40 (arrow) in human CCA.
(H) Kaplan-Meier curves of patients with high (n = 29) vs. low (n = 28) expression of CD40
in their CCA tumor samples. Log-rank (Mantel-Cox) test. CCA, cholangiocarcinoma; IHC,
immunohistochemistry; PD-1, programmed cell death 1; PD-L1, programmed cell death
ligand 1.
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Fig. 2. Response to anti-PD-1, anti-CD40, and anti-CD40+anti-PD-1 (anti-CD40/PD-1) in 4
different intrahepatic CCA mouse models.
(A) Experimental set-up for subcutaneous tumor model (B) Flank tumor measurements over

time (days) for subcutaneous SB1 CCA tumor-bearing C57BL/6 mice (n = 10 per group,
mice with tumors >20 mm were euthanized, but continued to be reported as 20 mm) (C)
corresponding survival analysis (n = 10 per group). (D) Experimental set-up for orthotopic
tumor model using SB1 tumor cells. (E) Survival analysis (n = 5 per group, one animal in
the combination group was censored at d59) and (F) analysis of tumor to liver ratios 28
days post tumor cell injection (n = 10 per group). (G) Experimental set-up for AKT-YAP
and AKT-NOTCH induced tumor model (H) Representative livers (top) and H&E stains
(bottom) of livers from YAP+AKT HD inj. CCA tumor-bearing C57BL/6 mice (n = 8 per
group) (1) and analysis of tumor to liver ratios 49 days post plasmid injection (n = 8 per
group). (J) Analysis of tumor to tissue ratios in AKT-NICD injected mice (n = 8-9 per
group). (one-way ANOVA for F & I, student’s t test for J and Log-rank (Mantel-Cox) test
for C&E. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). CCA, cholangiocarcinoma; HD,
hydrodynamic; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1.
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Fig. 3. Flowcytometry analysis of immune cell populationsin TILsfrom orthotopic SB1 CCA
tumor-bearing mice treated with anti-PD-1, anti-CD40, or anti-CD40+anti-PD-1 (anti-CD40/
PD-1).

(A) t?SNE plots comparing CD4* T, CD8* T, and NK (CD37/NK1.1%) cell frequency in
control vs. anti-CD40/PD-1. (B) t-SNE plots comparing frequency of CD4* T, CD8* T, and
NK (CD37/NK1.1*) cells positive for CD69 in control vs. anti-CD40/PD-1. (n = 4 for IgG
control group and n = 5 per group for other groups). NK, natural killer; PD-1, programmed
cell death 1; PD-L1, programmed cell death ligand 1; TILs, tumor-infiltrating lymphocytes;

t-SNE, t-distributed stochastic neighbor embedding.
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Fig. 4. Flow cytometry analysis of immune cell populations among hepatic lymphocytes of

tumor-bearing micetreated with anti-PD-1, anti-CD40, or anti-CD40/PD-1.

Frequency of (A) macrophages (CD11b*/F4/80%), (B) DCs (CD11C*), (C) NK cells, (D)
CD4* T cells, (E) effector memory (CD44*/CD62L~/CD4*) T cells, and (F) CD8" T cells
(n = 6 per group for CD4, effector memory, and CD8 cell analysis. n = 5 per group for
macrophage, DC and NK analysis). (one-way ANOVA, *p<0.05; **p<0.01; ***p<0.001;
**** n<0.0001). DC, dendritic cell; NK, natural killer; PD-1, programmed cell death 1;
PD-L1, programmed cell death ligand 1.
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Fig. 5. Flow cytometry analysis of immune cell activation among hepatic lymphocytes of tumor-
bearing mice treated with anti-PD-1, anti-CD40, or anti-CD40/PD-1.

Frequency of (A) CD86* macrophages (CD11b*/F4/80%), (B) MHCII* DCs (CD11C™), (C)
CD69* CD8™ T cells (D) CD69* NK (CD37/NK1.1%) cells (E) PD-1* CD8* T cells (F)
PD-1* CD4* T cells (G) IFN-y*CD8* T cells and (H) IFN-y*CD4* T cells (n = 5-7 animals
per group) (1) CD107*CD8* T cells after /n vitro stimulation with tumor cells in response to
anti-PD-1, anti-CD40 and anti-CD40/PD-1 treatment (n = 5 per group). (one-way ANOVA,
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). DC, dendritic cell; IFN, interferon; NK,
natural killer; PD-1, programmed cell death 1; PD-L1, programmed cell death ligand 1.
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Fig. 6. Effects of dendritic cell, macrophage, CD4 T cell, and CD8 T cell depletion on
effectiveness of combination anti-CD40/PD-1 treatment.

(A) SB1 tumor-bearing Batf3 KO and wild-type controls were treated with anti-CD40 or
anti-CD40/PD-1 and tumor to liver ratios were determined 28 days post tumor cell injection
(n =3 per group). (B) Experimental set-up for depletion experiments shown in (C) and (D):
Orthotopic SB1 tumor-bearing C57BL/6 mice received anti-CD40/PD-1 between day 3 and
26 and were sacrificed on day 28. Cell depletion was started 2 days prior to orthotopic tumor
implantation. (C) Tumor to liver ratios for mice after depletion of macrophages (n = 6-8
animals per group) (D) Tumor to liver ratios for mice after depletion of CD4* and CD8* T
cells (n = 7 per group) vs. 1gG control (one-way ANOVA, *p<0.05; **p<0.01; ***p<0.001;
****<0.0001). KO, knockout; PD-1, programmed cell death 1.
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Fig. 7. Efficacy of anti-CD40/PD-1 compared to and combined with standard of care
chemotherapy (Gem/Cis).

(A) Experimental set-up for B+C. (B) Representative livers (top) and tumors (tumors)

for orthotopic SB1 tumor-bearing C57BL/6 mice treated with weekly anti-CD40/PD-1 vs.
Gem/Cis (n = 6 per group) and sacrificed 28 days post tumor cell injection. (C)Tumor

to liver ratios for mice described in (A). (D) Experimental set-up for E+F (E) Tumor
measurement over time for subcutaneous SB1 tumor-bearing mice treated once tumors

>10 mm with Gem/Cis vs. Gem/Cis + anti-CD40/PD-1 (n = 7 animals per group, mice
with tumors >20 mm were euthanized, but continued to be reported as 20 mm). (F) Kaplan-
Meier curves comparing survival of mice described in (D). (one-way ANOVA, *p<0.05;
****n<0.0001). Gem/Cis, gemcitabine and cisplatin; PD-1, programmed cell death 1.
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