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Abstract
Purpose Immunotherapy, such as checkpoint inhibitors against anti-programmed death-ligand 1 (PD-L1), has not been success-
ful in treating patients with pancreatic ductal adenocarcinoma (PDAC). Tumor-associated macrophages (TAMs), myeloid-
derived suppressor cells (MDSCs), dendritic cells (DCs), and the TGF-β cytokine are critical in anti-cancer immunity. We
hypothesized that TGF-β enhances the immunosuppressive effects of TAM, MDSC, and DC presence in tumors.
Methods Using a murine PDAC cell line derived from a genetically engineered mouse model, we orthotopically implanted
treated cells plus drug embedded in Matrigel into immunocompetent mice. Treatments included saline control, TGF-β1, or a
TGF-β receptor 1 small molecule inhibitor, galunisertib. We investigated TAM, MDSC, DC, and TAM PD-L1 expression with
flow cytometry in tumors. Separately, we used the TIMER2.0 database to analyze TAM and PD-L1 gene expression in human
PDAC tumors in TCGA database.
Results TGF-β did not alter MDSC or DC frequencies in the primary tumors. However, in PDACmetastases to the liver, TGF-β
decreased the proportion of MDSCs (P=0.022) and DCs (P=0.005). TGF-β significantly increased the percent of high PD-L1
expressing TAMs (32 ± 6 % vs. 12 ± 5%, P=0.013) but not the proportion of TAMs in primary and metastatic tumors. TAM PD-
L1 gene expression in TCGA PDAC database was significantly correlated with tgb1 and tgfbr1 gene expression (P<0.01).
Conclusions TGF-β is important in PDAC anti-tumor immunity, demonstrating context-dependent impact on immune cells.
TGF-β has an overall immunosuppressive effect mediated by TAM PD-L1 expression and decreased presence of DCs. Future
investigations will focus on enhancing anti-cancer immune effects of TGF-β receptor inhibition.
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Introduction

Approximately 10% of patients diagnosed with pancreatic
ductal adenocarcinoma (PDAC) will be alive 5 years after
diagnosis,1 and PDAC is projected to become the second
leading cause of cancer-related deaths in the next decade.2

The two current mainstay chemotherapies—FOLFIRINOX
(5-FU/leucovorin/oxaliplatin/irinotecan) or gemcitabine/pac-
litaxel—have limited efficacy with significant adverse
effects3–5 and nearly universal development of therapeutic
resistance.6, 7 A glaring failure in the development of PDAC
therapeutics remains the lack of targeted therapies that have
changed the landscape in many other cancers with small mol-
ecule inhibitors and immunotherapy.8–10 Checkpoint inhibi-
tors, perhaps the most effective immune-based approach for
targeted therapies for cancer, have not resulted in success for
patients with PDAC.11

Over the last decade, immunotherapy has revolutionized
the treatment of many malignancies.12 Specifically, the family
of drugs called immune checkpoint inhibitors targeting cyto-
toxic T lymphocyte–associated protein 4 (anti-CTLA-4), the
programmed cell death 1 receptor, and its ligand programmed
cell death-ligand 1 (anti-PD-1 and anti-PD-L1, respectively)
have emerged as frontline therapy for advanced cancers such
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as melanoma, non-small cell lung cancer, renal cell, and blad-
der cancer.13 Since FDA approval of the first checkpoint in-
hibitor ipilimumab for treatment of metastatic melanoma, 14

the number of immunotherapies has increased significantly.15

Despite some early promise for immune therapy against
PDAC, the overall enthusiasm has waned due to overall
ineffectiveness.16–22

Transforming growth factor-beta (TGF-β) has been shown
to play a dual role in the development of PDAC and can act
both as a promoter and tumor suppressor depending on the
context.23–25 TGF-β is a protein involved in numerous normal
and abnormal cellular process 10, 24, 26 and ubiquitous in
PDAC tumors.10, 24–29 TGF-β demonstrates a striking para-
dox as a tumor suppressor in patients with primary-site PDAC
(i.e., non-metastatic) but a tumor promoter in metastatic
PDAC.23, 25, 28–31 The TGF-β receptor (TGFβR) family 32,

33 is a large family of cell membrane proteins that perform
intracellular SMAD protein phosphorylation upon activation
that require an extracellular ligand. While there are 3 gene
products for receptors specific to TGF-β, tgfbr1, tgfbr2, and
tgfbr3, type 1 and type 2 TGFβR represent the most common
and biologically relevant TGFβRs composed of gene prod-
ucts of tgfbr1 and tgfbr2. Recent work by Zhong et al.34 re-
ported that TGF-β receptor superfamily can induce
p38MAPK, which is the first step of non-SMAD TGF-β sig-
naling as demonstrated by our group and others.25, 35

Published data has also demonstrated that TGFβR inhibition
(TGFβRi) still allows for phosphorylation of p38MAPK and
subsequent non-SMAD intracellular signaling36 implying that
in some cells, it may be possible to induce intracellular mo-
lecular signaling while blocking a receptor.

There are a number of immune cells found in the PDAC
tumor microenvironment (TME) as well as a number of mech-
anisms in which PDAC is resistant to immunotherapy includ-
ing through TGF-β signaling.37–40 However, in many cases,
there are some tumors that do in fact elicit a T cell–mediated
anti-tumor response, suggesting a potential mechanism to
target.37 The immune TME is composed of tumor-associated
macrophages (TAMs) which are frequently found in close
proximity to PDAC cells.38, 41 In addition, recent work by
Hegde et al. found that a paucity of dendritic cells (DCs) in
the PDAC TME inhibited potent anti-tumor immune activity
as well.42 Myeloid-derived suppressor cells (MDSCs) are a
group of cells often found in the PDAC TME43, 44 consisting
of myeloid-MDSC (M-MDSC) and granulocyte (polymor-
phonuclear)-MDSC (PMN-MDSC). Interestingly, the pres-
ence of MDSC in the PDAC TME is almost mutually exclu-
sive with the presence of tumor-infiltrating lymphocytes44,
suggesting a potential mechanism for the failure of T cell
lymphocyte–based immune therapy.

Given the near ubiquitous presence of TGF-β in the PDAC
TME and its well-known role in modulating normal and ab-
normal immune cell function, we theorized that TGF-β may

affect the immune TME by impacting the proportion of im-
mune cells as well as activation of TAMs, a central immune
cell mediator. We utilized a model to measure the direct im-
mune cell effects of therapy in the TME rather than systemic
therapy to understand early tumor biology. We hypothesized
that TGF-β enhances the immunosuppressive effects of TAM,
MDSC, and DC presence in tumors.

Methods

All animal procedures were approved by the Institutional
Animal Care and Use Committee at the University of
Tennessee Health Science Center in accordance with the
American Association for Accreditation of Laboratory
Animal Care and the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals.

Mice and Cell Lines

C57BL/6J “B6” mice were purchased from The Jackson
Laboratory (Bar Harbor, ME) and implanted with 106 cells
from a syngeneic murine PDAC cell line derived from KPC
mice. KPC (KrasLSL.G12D/+; p53R172H/+; PdxCretg/+,
authenticated by LabCorp Cell Line Authentication Service
via short tandem repeat (STR) profiling, Burlington, NC) is
a genetically engineered mouse model that spontaneously
forms murine PDAC similar to human PDAC with KRAS
and TP53 mutations selective induced in the pancreas. By
orthotopically implanting KPC cells into syngeneic mice
(N=5 per treatment group), we can ensure an intact immune
system and control the identical tumor inoculum at the same
time. The KPC cell line was maintained in standard conditions
in DMEM media with 10% fetal bovine serum and 1% peni-
cillin-streptomycin.

Orthotopic Tumor Implantation and Treatment

KPC cells were pre-treated in vitro with the assigned treatment
for 24 h and orthotopically implanted (106 cells/50μL; 1:1, v/
v with Matrigel with the assigned treatment embedded within
the Matrigel in order to limit off target effects of treatment and
sustain treatment in the PDAC TME). Orthotopic implanta-
tion was performed as previously described.29 Briefly, 50,000
KPC cells (provided as a kind gift fromDr.Williams Hawkins
at Washington University in St. Louis) were implanted into
the pancreatic tail of C57BL/6J mice (The Jackson
Laboratory, Bar Harbor, ME) according to our approved pro-
tocol (University of Tennessee Health Science Center
Institutional Animal Care and Use Committee) after induction
of general anesthesia. A left abdominal incision was made; the
spleen was identified and brought into the field which also
brought the pancreas into the field. A total of 50 μL of
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Matrigel was injected into the pancreas with the KPC cells and
treatment (see below). The spleen and pancreas were placed
back into their anatomic position. The abdominal muscle was
closed with absorbable suture. The skin was closed with tita-
nium clips (which were removed after 10 days). Mice were
placed into their cage on a warming pad until fully awake.
Groups were in replicates of 5. All experiments were per-
formed in accordance with relevant guidelines and regulations
as approved by UTHSC.

The treatments were equal volume of PBS control, recom-
binant murine TGF-β1 (10 ng/mL, BioLegend, San Diego,
CA ), or galunisertib (10 μM, Selleckchem/Thermo Fisher,
Pittsburgh, PA) as indicated. The cell lines were cultured
and maintained in complete media with 10% fetal bovine se-
rum (FBS) and penicillin-streptomycin at 37°C with 5% CO2
as recommended by the supplier. Two weeks after implanta-
tion, tumors were collected from the pancreas and liver and
analyzed as below. One to two mice per group did not develop
tumors. We verified that TGF-β1 treatment activated the
SMAD pathways with phosphorylation of SMAD2 (Ser465,
Ser467) as measured by immunohistochemistry of the tumors
(Thermo Fisher) at sacrifice (Supplemental Figure 1). GAL
treatment diminished endogenous TGF-β homodimer expres-
sion as measured by immunohistochemistry of the tumors at
sacrifice (Supplemental Figure 2).

Flow Cytometric Analysis of Immune Cells in TME

Tumor single cell suspensions were obtained using Mouse
Tumor Dissociation Kit (Miltenyi Biotec). Single cell suspen-
sions were incubated with Ghost dye (Tonbo, San Diego, CA)
to assess cell viability, FcR-blocking reagent (Tonbo), and
fluorescently labeled antibodies and incubated for 30 min as
previously described45. Controls consisted of single color
UltraComp Beads (Invitrogen)–positive and Fluorescence
Minus One (FMO)–negative controls. Data were acquired
using high-performance Bio-Rad ZE5 flow cytometer (Bio-
Rad) and analyzed using the flow cytometry analysis program
FlowJo (Treestar/BD Bio Sciences, Ashland, OR). Gating
strategy for immune cell populations is detailed in Fig. 1.

After gating total cells by plotting forward scatter versus
side scatter areas, single cells by plotting side scatter height
versus side scatter area, and live CD45+ cells by plotting
CD45 versus Ghost viability dye, immune cells were gated
as follows: myeloid cells (CD45+ CD11b+); M-MDSC
(CD45+ CD11b+ Ly6C-high Ly6G-); PMN-MDSC (CD45+
CD11b+ Ly6C-low Ly6G+); macrophages (TAM) (CD45+
CD11b+ Ly6C- Ly6G- F4/80+); and dendritic cells (DCs)
(CD45-high CD11b + CD11c+). Given the importance of
PD-L1 on PDAC TAMs38, 46, the proportion of TAMs with
high expression of PD-L1 was determined (CD274)
thereafter.

Validation of Gene Expression of PDAC TAMs With the
TIMER Data Set

Tumor IMmune Estimation Resource (TIMER2.0), a compre-
hensive tool to explore tumor immunological, clinical, and
genomic features across diverse cancer types (https://
cistrome.shinyapps.io/timer/),47 was used to analyze TGF-β
and TAM gene correlations. The TIMER database48, 49 in-
cludes more than ten thousand samples across thirty-two can-
cer types fromThe Cancer GenomeAtlas (TCGA) and applies
an established algorithm to estimate the abundance of immune
infiltrates from their gene expression profiles. In order to ex-
plore the relationship between TGF-β, TAMs, and PD-L1 in
pancreatic cancer, the TIMER database was interrogated to
find gene correlations between TGFB1, TGFBR1, and TAM
genes (CD68, CD163, CD206) and CD274 (PD-L1) in human
PDAC samples from TCGA.

Results

Galunisertib Abrogates Differences in DC Frequencies
between Metastatic (Liver) and Primary (Pancreas)
PDAC Tumors in Mice

DCs are important for an effective tumor-specific T cell
response.50 Dysregulation of DCs occurs through a number
of mechanisms, including decreased levels of IL-6, that lead to
ineffective antigen presentation among other immunologic
defects.51 Since loss of DCs would allow tumor growth, we
investigated proportion of DCs in the TME. We found that
DCs, as a percent of CD45+ cells in the TME, are less com-
mon in metastatic PDAC in the liver compared to primary
tumors in the pancreas (P=0.0063, Fig. 2). TGF-β exacerbates
the targeting of DCs with greater DCs in primary pancreatic
tumors compared to liver metastases (P=0.0209, Fig. 2) which
is not ablated when TGF-β is co-administered with GAL.
DCs in the liver and pancreas were similar when GAL treat-
ment occurred alone (Fig. 2).

TGF-β Increases PMN-Myeloid-Derived Suppressor
Cell (PMN-MDSC) Frequencies in Primary PDAC but
not Metastatic Tumors

PMN-MDSCs have a similar frequency (percent of CD45+
cells in the TME) in primary PDAC and metastases to the
liver (Fig. 3). GAL had no effect on the density of PMN-
MDSCs in these tumors. TGF-β increased the density of
PMN-MDSCs in the pancreas compared to PBS-treated mice,
while significantly decreased the density in the metastases
(P=0.0493, Fig. 3). Upon combined treatment with TGF-β
and GAL, the effect of TGF-β was maintained and was not
blunted by TGF-β1 receptor inhibition (P=0.0336).
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Primary Pancreatic PDAC Tumors Contain Greater M-
MDSC than Liver Metastatic Tumors

Metastatic liver PDAC tumors had fewer M-MDSCs com-
pared to pancreatic tumors (P=0.0221). Overall, GAL was
not associated with changes in M-MDSC proportions
(P>0.05), while this difference was abrogated by TGF-β treat-
ment but not by GAL treatment (P=0.0198, Fig. 4). Combined
treatment with TGF-β + GAL decreased the proportion of M-
MDSCs (P=0.0075) without a difference between primary-
site pancreatic and metastatic liver PDAC tumors.

The Proportion of TAMs Did not Vary with Treatment
or Location

Primary and metastatic tumors did not have significant differ-
ences in the proportion of TAMs (Fig. 5A). TGF-β increased
overall TAM PD-L1 surface expression in PDAC tumors,

Figure 1 Experimental design and TME immune cell gating strategy. A
KPC cells were treated with PBS control, galunisertib (GAL), TGF-β, or
combined TGF-β + GAL. B Single cell suspensions were created by
harvesting tumors from mice and underwent flow cytometric analysis

for quantification of immune cells in the TME. The gating strategy iden-
tified PDAC myeloid-derived suppressor cells (MDSCs), tumor-
associated macrophages (TAMs), and dendritic cells (DCs)

Figure 2 Galunisertib (GAL) abrogates differences in dendritic cell (DC)
content between metastatic (liver) and primary (pancreas) PDAC tumors
in mice. DC frequencies were calculated as a percent of CD45+ cells in
the TME in mice treated with control (PBS), TGF-β receptor small mol-
ecule inhibitor GAL, TGFβ, or combined TGF β + GAL. Median and
range are shown as violin plot. Two-way ANOVA with Fisher’s least
square difference (LSD) was used to determine significance of < 0.05. P
values are indicated in the figure. N=3–4 mice per treatment

Figure 3 TGF-β significantly increases PMN-myeloid-derived suppres-
sor cell (PMN-MDSC) density differences between metastatic (liver) and
primary (pancreas) PDAC tumors which could not be abrogated with
inhibition of TGFβR1. PMN-MDSCs were calculated as a percent of
CD45+ cells in the TME in mice treated with control (PBS), TGF-β
receptor small molecule inhibitor galunisertib (GAL), TGF-β, or com-
bined TGF-β + GAL. Median and range are shown as violin plot. Two-
way ANOVA with Fisher’s least square difference (LSD) was used to
determine significance of < 0.05. P values are indicated in the figure.
N=3–4 mice per treatment
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suggesting a more immunosuppressed phenotype (P=0.013,
Fig. 5B) which was not found in the other treatment groups.

TGFB1 and TGFBR1 Gene Expression Positively
Correlate with TAM Signature and PD-L1 (CD274)
Gene Expression in Human PDAC Samples from TCGA

Since TGF-β ultimately regulates gene expression, we inves-
tigated TAM gene expression signature associated with gene
expression of TGF-β and its receptor. Using the Tumor
IMmune Estimation Resource (TIMER, https://cistrome.
shinyapps.io/timer/) version 2.0, we identified that genes
comprising the TAM signature (CD68-macrophage marker,
CD163-scavenger receptor, or CD206-mannose receptor) sig-
nificantly correlated with the expression of TGFB1 or
TGFBR1 in TAMs (Fig. 6). In addition, TGFB1 gene expres-
sion significantly correlated with tumoral CD274/PD-L1 (r =
0.28, P<0.0002, Fig. 6) as well as each gene in the TAM
signature (each correlation r>0.26, P<.0004, Fig. 6). Finally,
TGFBR1 gene expression also significantly correlated with
CD274/PD-L1 (r = 0.45, P<0.0001, Fig. 6) as well as each
gene comprising the TAM signature (each correlation r >0.36,
P<.0001, Fig. 6).

Discussion

A complex set of immunosuppressive cells in the PDACTME
are likely the primary diver for the failure of immunotherapy
in patients.52 Among the many cells in the immune TME,
TAMs represent a fundamental cell in the immune TME that

Figure 4 Primary PDAC tumors (pancreas) contain greater M-MDSC
which may be downregulated by TGF-β. The percent of M-MDSCs in
the pancreatic tumor or liver metastases is presented as % of CD45+ cells
in mice treated with control (PBS), TGF-β receptor small molecule in-
hibitor Galunisertib (GAL), TGF-β, or combined TGF-β +GAL.Median
and range are shown as violin plot. Two-way ANOVAwith Fisher’s least
square difference (LSD) was used to determine significance of < 0.05. P
values are indicated in the figure. N=3–4 mice per treatment

Figure 5 The proportion of TAMs did not vary with treatment or
location. A The percent of TAMs in the pancreatic tumor or liver
metastases is presented as % of CD45+ cells in mice treated with
control (PBS), TGF-β receptor small molecule inhibitor galunisertib

(GAL), TGF-β, or combined TGF-β + GAL. Median and range are
shown as violin plot. B Pancreatic tumors treated with TGF-β showed
higher percentage of PD-L1–positive TAMs compared to PBS-treated
mice
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affects not only other immune cells but also cancer-associated
fibroblasts (CAFs) that serve as regulators of the immune
milieu as well.40 Both TAMs and CAF may be sources of
TGF-β.46, 53–55

Given the ubiquitous presence of the TGF-β cytokine in
the PDAC TME, the ongoing clinical trials designed to har-
ness anti-TGF-β receptor are exciting.56 However, from our
work and others, it is apparent that off-target effects of
TGFβRi may undermine this therapy if not addressed a priori.
For example, a recent phase 1 clinical trial found that
gemcitabine plus GAL was associated with a 43% rate of
stable disease, but the median progression-free survival was
only 64 days suggesting limited clinical utility.57 Given the
broad effect of TGF-β on multiple types of immune cells,24 it
is not surprising that gemcitabine plus GAL has limited effi-
cacy in isolation. Aberrant activation of Akt, p38MAPK, and
ERK in PDAC tumors, especially in the setting of KRAS or
SMAD4mutation, contributes to the confusion in understand-
ing non-SMAD (non-canonical) TGF-β signaling.24, 25, 32, 33

In order to identify potential mechanisms of immune cell
escape from TGFβRi, we studied critical changes between
metastatic-site and primary-site PDAC in an immunocompe-
tent murinemodel using pre-treatment to prime cells and treat-
ments embedded in the TME. Unlike other scenarios where
the whole mouse is treated, we focused our treatments in the
PDAC TME by embedding the treatment in Matrigel and

collecting tumors after 2 weeks—relatively early in
tumorigenesis.

DC tissue content suggests that DCs are more prevalent in
the primary pancreatic tumor site which is dependent upon
TGF-β signaling. Given the antigen presentation function of
DCs, we theorized that decreased presence of DCs would
impair effective anti-tumor immunity leading to accelerated
tumor growth. Namely, fewer DCs would be expected in the
liver compared to the pancreas after orthotopic implantation
which was in fact found (Fig. 2, P<0.05). However, upon
GAL treatment, we found that the difference between DC
proportions in each site dramatically decreased but was exac-
erbated by TGF-β treatment. The lack of DCs would be ex-
pected to allow for metastatic (liver) tumor growth. Given the
ability for DCs to activate cytotoxic cells,58 the paucity of DCs
in the liver may be one mechanism by which PDAC and
TGF-β induce immunosuppression.

The importance of MDSCs in regulating PDAC anti-tumor
immunity is an area of growing research.40, 59 Of the two
subtypes of MDSC, PMN-MDSC are the most prevalent sub-
type in both pancreas and liver at about 20–50% of CD45+
cells compared to M-MDSCs, comprising just 5–15% of
CD45+ cells, as is similar to other cancers.60 While both types
of MDSCs are highly immunosuppressive, the effects of
PMN-MDSC are more tumor promotive.60 In control mice,
there is not a significant difference in PMN-MDSC content.

Figure 6 TGFB1 and TGFBR1 gene expression positively correlates with
markers of TAMs and PD-L1 (CD274) gene expression in human PDAC
samples from TCGA. Using Tumor IMmune Estimation Resource

(TIMER, https://cistrome.shinyapps.io/timer/) informatics, expression of
genes from the TAM signature (CD68/CD163/CD206) correlate to
expression of TGFB1 and TGFBR1
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TGF-β increases pancreatic tumor PMN-MDSC content rela-
tive to liver metastasis (P=0.0087). This differential expres-
sionwas not ablated by the addition of GAL to TGF-β therapy
(P=0.0336). Like DCs, pancreas primary tumor has signifi-
cantly greater M-MDSC compared to liver metastases. TGF-β
reduced this content and this reduction was not reversed by
TGF-β + GAL coadministration.

Recently, Mota Reyes et al. found that neoadjuvant che-
motherapy in PDAC patients remodeled the pancreatic
TME by decreasing the proportion of MDSC cells, sug-
gesting transition to an anti-cancer, inflammatory TME.61

Interestingly, this was found in multiple types of chemo-
therapeutic regimens, suggesting a biologic effect, not
therapy-specific phenomenon. While we did not identify
any changes in M-MDSC, we did unexpectedly find that
TGF-β decreased the proportion of MDSC in the liver
(metastases) but not the pancreas compared to control-
treated mice. This difference was maintained with TGF-β
and GAL co-treatment. This data, in isolation, could sug-
gest that reduced immunosuppression was ongoing in liver
metastases. However, the same tumors also had lower
levels of DCs. Taken together, our findings suggest a com-
plex picture of immune modulation where the balance is
likely still favoring overall immune suppression.

We next investigated the effects of TGF-β and GAL on the
proportion of TAMs and expression of PD-L1 on them.
Recent work by Strauss et al demonstrated that selective de-
letion of PD-L1 from TAMs and M-MDSCs differentiated to
TAMs resulted in enhanced anti-tumor immune activity.59

Our previous work and others have found that the TAM-
TGF-β axis is critical for tumor immunosuppressive pheno-
type in PDAC.22, 28, 29, 46 Here, we did not identify significant
differences between the proportion of TAMs in pancreas or
liver tumors. Likewise, treatments did not significantly alter
the frequencies in total TAMs. However, we found that across
both disease sites, the number of PD-L1 expressing TAMs
was significantly increased with TGF-β administration com-
pared to controls (Fig. 5B). Increased PD-L1 expression
would be expected to directly induce an immunosuppressive
TME via induction of an exhausted phenotype in cytotoxic T
cells and DC dysfunction.6, 22, 40, 52, 62 This observation in
conjunction with the reduction in DCs in liver metastases
implicates a mechanism of action for TGF-β–induced loss
of immune cell surveillance.

Based on the results found in the mouse model, we inves-
tigated gene correlations in the TCGA data set. Unlike genetic
expression22, 38 markers for DC and MDSC which are not
well characterized, gene expression markers of TAMs are
much better defined. We identified that gene expression of
early markers of TGF-β signaling (the receptor, specifically)
are well-correlated with PD-L1 expression in the tumors as
well as markers of TAM phenotype (Fig. 6), demonstrating
activation of a TAM immunosuppressive gene expression

profile due to TGF-β receptor activation. While this data is
only correlative, it is supportive that early changes in the im-
mune TME take place due to TGF-β signaling and these
mechanisms ensue through tumor progression. It is supportive
that this interaction induces a novel cellular program with
long-term effects on immune cells in both the primary- and
metastatic-site immune TME.

Our novel finding that TGF-β both exacerbates the differ-
ences in the proportion of DCs that present antigen in meta-
static PDAC and increases TAMs with high PD-L1 expres-
sion implies an immune TME is much more complex than our
model describes. It supports that that TGF-β paradox exists as
a balance between inflammatory, anti-tumor immune TME
(i.e., loss of MDSCs), and immunosuppressed, pro-cancer im-
mune TME (i.e., increased PD-L1+ TAMs and loss of DCs).
Given that TGF-β is released from PDACs and CAFs in the
TME, it is likely that the TGF-β paradox is a balance between
the quantity of TGF-β and the proportion and function of
immune cells in the TME.

There are a number of limitations to our work. While the
immunocompetent mouse implanted with murine PDAC cells
model recapitulates the human PDAC TME well, it is only a
model, and in this case, we focused on the early effects of
molecules in the TME, not the host. Patient-derived primary
and metastatic samples would be more advantageous for us to
examine the TME and TGF-β concentrations directly, but
since PDACmetastasectomy is not routinely performed, there
are limited patient-derived specimens available with a com-
plete immune TME. Thus, we utilized a large publicly avail-
able database to interrogate existing gene expression and im-
mune cell populations. Importantly, TGF-β and its receptor
expression significantly correlated with TAMs in human
PDAC samples. Likewise, both TGF-β and its receptor also
correlated with the potent immune checkpoint ligand PD-L1,
which was in line with findings from our KPC transplants
treated with TGF-β. Therefore, using the power of informatics
in the large TCGA database, we provide supportive transla-
tional evidence of the potential for TGF-β in creating immu-
nosuppressive, dysfunctional TAMs. The specific role of
TGF-β and its receptor in TAM immunosuppression in the
TME is under active investigation. Reprogramming the mye-
loid compartment in PDAC and other cancers is an area of
intense research.12 Finally, we focused our work on liver me-
tastases as these were the most common in our model (and in
patients). However, among other sites, patients have peritone-
al and lung metastases that are clinically important, molecular
unique,3 but not well recapitulated in our system.

Overall, TGF-β which is highly present in TME drives
greater accumulation of DCs in pancreatic tumors, but this is
potentially overshadowed by great increases in PMN-
MDSCs. Inhibition of the TGFβR did not improve this dif-
ferential, thus emphasizing that both anti-tumor and immuno-
suppressive immune cells must be examined in the TME to
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best understand how TGF-β or inhibition of this pathway
impacts the tumor immune TME.

Conclusion

Anti-tumor immune cells, such as DCs, and pro-tumor TAMs
are detected in PDAC tumors in the pancreas and liver. While
TAMs do not display dynamic regulation between tissue sites
or with varied therapies targeting the TGF-β pathway, our
results suggest that an immunosuppressive effect mediated
by PD-L1+ TAMs may be initiated by TGF-β. Furthermore,
DCs are highly variably regulated between sites and in re-
sponse to therapies. DCs are significantly greater in pancreatic
site tumors compared to liver metastases; this difference is lost
with GAL treatment. Interestingly, TGF-β administration par-
allels control-treated mice, wherein the differential between
pancreatic site and liver metastases is significant with nearly
5-fold greater DCs in tumors in the pancreas compared to the
liver. Of note, this difference cannot be reversed with dual
TGF-β + GAL therapy.
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