Cell Reperts_
Medicine

TNFR1 signaling promotes pancreatic tumor growth
by limiting dendritic cell number and function

Graphical abstract Authors

Muhammad S. Alam, Matthias M. Gaida,
Hagen R. Witzel, ..., Margaret C. Cam,
Serguei Kozlov, Jonathan D. Ashwell

Correspondence

alamms@mail.nih.gov (M.S.A.),
jda@pop.nci.nih.gov (J.D.A.)

Peo1 ) MHCHI
Tro-L1 [coso | TNFa

Apoptosis In brief
TNFR1 v

» blockade
Dendritic cell A
[

Alam et al. found that in pancreatic ductal
adenocarcinomas, the pro-inflammatory
cytokine TNF-a signals via TNFR1, its
major receptor, to prevent the infiltration
and activation of antigen-presenting
dendritic cells. These effects were
prevented by TNFR1 blockade, resulting
in increased T cell-mediated anti-tumor
Immunostimulatory immunity and inhibition of tumor
progression.
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SUMMARY

Pancreatic adenocarcinoma (PDAC) is one the most intractable cancers, in part due to its highly inflammatory
microenvironment and paucity of infiltrating dendritic cells (DCs). Here, we find that genetic ablation or anti-
body blockade of tumor necrosis factor receptor 1 (TNFR1) enhanced intratumor T cell activation and slowed
PDAC growth. While anti-PD-1 checkpoint inhibition alone had little effect, it further enhanced intratumor
T cell activation in combination with anti-TNFR1. The major cellular alteration in the tumor microenvironment
in the absence of TNFR1 signaling was a large increase in DC number and immunostimulatory phenotype.
This may reflect a direct effect on DCs, because TNF induced TNFR1-dependent apoptosis of bone-
marrow-derived DCs. The therapeutic response to anti-TNFR1 alone was superior to the combination of
DC-activating agonistic anti-CD40 and FIt3 ligand (FIt3L). These observations suggest that targeting
TNFR1, perhaps in concert with other strategies that promote DC generation and mobilization, may have

therapeutic benefits.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading
cause of cancer-related deaths in the Western world and is pre-
dicted to be the second leading cause of cancer deaths by
2030." PDAC is highly resistant to conventional therapeutic ap-
proaches and relatively refractory to immune checkpoint inhibi-
tion.” The nature of PDAC is complex, and its inflammatory tumor
microenvironment is a major source of pro-tumorigenic cytokines
and chemokines that lead to tumor initiation, progression, and
metastasis.'® Features of the inflammatory microenvironment
that have been reported to contribute to tumor progression
and therapeutic resistance are hypovascularity, a dense fibrotic
stroma with cancer-associated fibroblasts (CAFs),** infiltration
with myeloid-derived suppressor cells (MDSCs)® and tumor-asso-
ciated macrophages,®’ ineffective cytolytic CD8* T cells due to
exhaustion,®® and increased numbers of CD4" regulatory T
(Treg) cells.’®"" Another mechanism of immune escape is the
paucity of tumor-infiltrating dendritic cells (DCs), which are essen-
tial for effective anti-tumor T cell responses, in mice'? and

humans.'®'* Tumor DCs are heterogeneous populations involved
in different aspects of T cell responses. Batf3/Irf8-dependent
type 1 DCs (DC1s) are important in the cross-presentation of tumor
antigens to CD8" T cells, /rf4-dependent type 2 DCs (DC2s)
prime and polarize antigen-specific CD4* T helper (Th) cells,'®
Irf4-dependent monocytic DCs (moDCs) are capable of CD8*
T cell cross-priming'® and prime CD8" T cells, regulatory DCs
(mregDCs) produce large amounts of interleukin-12 (IL-12) ubiqui-
tously,"” and plasmacytoid DCs (pDCs) can produce large quanti-
ties of type | interferons.'® When activated, DCs increase expres-
sion of a number of functionally important molecules. Upregulation
of major histocompatibility complex-1l (MHC-II), CD80, and CD86
results in better antigen presentation and T cell costimulation.'®
Upregulated CD40 binds to CD40L on CD4™* T cells and enhances
DC production of critical cytokines such as IL-12.%° In human
PDAC, the levels of circulating DCs positively correlate with sur-
vival."®'* Furthermore, higher numbers of infiltrating DCs,"*"'* in
particular DC1s, DC2s, and pDCs, have been correlated with bet-
ter survival.”" Therefore, strategies to increase DC number in
PDAC would be expected to have therapeutic benefits.
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Tumor necrosis factor (TNF), an inflammatory cytokine involved
in various autoimmune and inflammatory diseases and cancer,??
has been shown to enhance PDAC growth.*?*?* Although TNF
is secreted by many cells, including in some cases tumor cells
themselves, TNF produced by CD4* T cells was shown to accel-
erate the growth of a PDAC cell line,”* and TNF produced by mac-
rophages®® and neutrophils®® was shown to play a pro-tumori-
genic role in an oncogene-driven PDAC mouse model.

TNF binds to and signals via two different receptors, the
ubiquitously expressed death-domain-containing TNF receptor
1 (TNFR1) and the tissue-restricted TNF receptor 2 (TNFR2).%”
Signaling via TNFR1 results in a variety of distinct biological re-
sponses, including the induction of pro-inflammatory cytokine
secretion via activation of mitogen-activated protein kinases
(MAPKSs) and canonical nuclear factor kB (NF-«xB), caspase-medi-
ated apoptosis, and RIP1/RIP3/MLKL-dependent necroptosis.”’
Unlike TNFR1, signaling via TNFR2 does not induce cell death
and upregulates NF-kB via the noncanonical pathway.?®?° Rela-
tively little is known about the effect of selective TNFR signaling
on PDAC-infiltrating hematopoietic cell subsets.

In this study, we explored the molecular and cellular mecha-
nisms by which TNF promotes PDAC progression. Using an
oncogenic K-ras-driven PDAC mouse model (KPC mice), we
found that signaling via TNFR1, but not TNFR2, in cells of the im-
mune system profoundly limits tumor-infiltrating DC number and
function, and its abrogation by genetic or therapeutic means led
to a marked increase in DC infiltration and activation, and a more
effective anti-tumor response.

RESULTS

Reduced KPC tumor growth in TNFR1-deficient mice

Although TNF has been shown to enhance PDAC growth,*#%
the underlying mechanism is unclear. To investigate this ques-
tion, we used a K-ras-driven genetically modified model of
PDAC that mimics the clinical disease. Initial studies were per-
formed with a cell line generated from primary KPC mouse
tumors. Tumor cells were injected subcutaneously into wild-
type (WT), TNFR1-deficient (Tnfr1~"), and TNFR2-deficient
(Tnfr2='") mice (Figures 1A and 1B). Cancer progression, as
measured by tumor volume over time and tumor weight at the
35-day experimental endpoint, was similar between WT and
Tnfr2~'~ mice, as were the numbers of tumor-infiltrating immune
cells (Figure 1C). The rate of tumor progression in TNFR1-defi-
cient mice, however, was clearly diminished and was accompa-
nied by an increase in the number of tumor-infiltrating cells,
including T cells. Both the percentage of infiltrating CD4* and
CD8* T cells that produced IFN-y- and/or TNF and the amount
of each produced per cell (measured by mean fluorescence in-
tensity [MFI]) were higher in Tnfr1 =/~ animals compared to the
other genotypes (Figures 1B-1D). In addition, expression of the
T cell programmed death 1 (PD-1) exhaustion marker was
reduced on both CD4* and CD8* T cells from Tnfr1 ™'~ mice
compared to WT or Tnfr2~~ T cells (Figures 1E and 1F). The
slower tumor growth in Tnfr7~/~ mice was not cell line specific,
as the growth of the Panc02 murine pancreatic cell line was
also reduced in Tnfr1~'~ mice (Figure S1B), which was accom-
panied by increased numbers of tumor-infiltrating immune cells
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and higher percentages of IFN-y-producing CD4* and CD8*
T cells (Figures S1C and S1D). Therefore, the reduced tumor
growth in Tnfr1~'~ mice correlated with more infiltrating and acti-
vated effector T cells.

Antibody blockade of TNFR1 with or without PD-1
checkpoint blockade

Although PDAC is relatively resistant to immune checkpoint
blockade,” we asked if anti-PD-1 could further increase the intra-
tumor T cell activity resulting from TNFR1 deficiency. Treatment of
KPC cell-inoculated WT mice with anti-PD-1 alone had only a
small effect on growth (Figures 2A and 2B). Tumor growth was
substantially slower in Tnfr1 ™/~ mice, and tumor weight was
modestly but not statistically significantly decreased with the
addition of anti-PD-1. The accumulation of tumor-infiltrating
CD4* and CD8" T cells reflected the differences in growth (Fig-
ure 2C). Treatment of WT mice with anti-PD-1 had no effect on
infiltrating T cell numbers compared to control. There was a 3-
to 4-fold increase in the number of tumor-infiltrating CD4* and
CD8* T cells in Tnfr1~'~ mice, which was not demonstrably
increased by the addition of anti-PD-1. The fraction of T cells pro-
ducing IFN-y and TNF after stimulation with phorbol 12-myristate
13-acetate (PMA) and ionomycin was similar between control and
anti-PD-1-treated WT animals but was increased by anti-PD-1
treatment in Tnfr1 '~ mice (Figure 2D). In contrast to the relatively
little change in T cell numbers, the addition of anti-PD-1 to TNFR1
knockout (KO) mice resulted in large increases in the percentage
of CD4* and, in particular, CD8" T cells that produced IFN-y and
TNF and the amounts of IFN-y produced per cell.

The effect of antibody-mediated blockade of TNFR1 in WT
mice was similar to that observed in Thfr1~/~ mice. Treatment
with anti-PD-1 alone had a small effect on tumor progression,
whereas treatment with anti-TNFR1 caused a substantial inhibi-
tion of tumor growth (Figure 2E). The effect of adding anti-PD-1
was difficult to assess because anti-TNFR1 alone was so effec-
tive. The accumulation of tumor-infiltrating T cells varied accord-
ingly, being much higher in mice treated with anti-TNFR1 with or
without anti-PD-1 (Figure S2A). As seen with tumors in Tnfr1 ™/~
mice, blockade of both TNFR1 and PD-1 signaling resulted in
large increases in the number of T cells producing IFN-y and
TNF, as well as the amount produced per cell (Figure S2B).
Taken together, although the addition of PD-1 blockade to
anti-TNFR1 had little enhancing effect on the number of tumor-
infiltrating T cells, the combination resulted in a robust increase
in their production of effector cytokines.

Lack of T cell TNFR1 signaling is insufficient to enhance
anti-tumor immunity

The increase in tumor-infiltrating T cell activation and function
caused by loss of TNFR1 signaling led us to speculate that the
T cells were a direct target of TNF. To determine if the effect of
TNF was T cell intrinsic, lymphocyte-deficient RAG2~'~ mice
were reconstituted with WT, Tnfr1’/’, or Tnfr2~/~ T cells and
inoculated with KPC cells 2 weeks later. Compared to mice
that did not receive any T cells, tumor growth was not inhibited
but actually enhanced, especially late in the response of mice
that received Tnfr2~'~ T cells (Figure S2C). Enhanced growth
may reflect the effect of T cell-derived TNF, which has been
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Figure 1. Reduced PDAC growth and increased intratumor T cell activation in TNFR1-deficient mice

(A-F) KPC cells were subcutaneously implanted in the flank of WT (n = 7), Tnfr1

/= (n=9), and Tnfr2~’~ (n = 6) mice. Tumor volumes were measured over time

(A) and were harvested for weighing (B) and isolation of infiltrating cells (C). Infiltrating cells were stimulated with ionomycin in the presence of monensin, and IFN-
v and TNF production in CD4* (Thy1.2*CD4%) and CD8* (Thy1.2*CD8B") T cells were determined by intracellular staining and flow cytometry (D). PD-1 expression
on CD4* (TCRB*CD4*) (E) and CD8" (TCRB*CD8™) (F) was measured by flow cytometry. The gating strategy for flow cytometry analyses is shown in Figure S1.

*p < 0.05, *p < 0.01, **p < 0.001. NS, not significant.

shown to enhance Panc02 PDAC tumor growth.? Similar results
were obtained with transferred purified CD8* T cells (Figure S2D).
These results suggest that signaling via T cell TNFR1 alone was
not sufficient to enhance an anti-tumor immune response.

TNFR1-derived signals impair DC-dependent anti-tumor
immune responses

To determine whether TNFR1 signaling in hematopoietic cells
was responsible for suppressing anti-tumor immunity, lethally
irradiated 8-week-old KPC mice, which spontaneously develop
multifocal K-ras-driven PDAC at approximately 10-14 weeks
of age,*° were reconstituted with WT or Tnfr? '~ bone marrow
(BM). Notably, mice receiving TNFR1-deficient BM survived
approximately 3 times longer than mice receiving WT BM (50%
survival: WT, 22 days; Tnfr1~~, 72 days) (Figure 3A). Tumor-infil-
trating cells were isolated from another group of irradiated BM
chimeras 24 days after reconstitution and sort-purified into two
groups, CD45" (all hematopoietic cells) and CD45"CD11c*

(DCs). Single-cell RNA sequencing (scRNA-seq) analysis of
CD45* cells found that the immune cell composition was broadly
similar between the two groups, with comparable percentages
of CD4* and CD8" T cells (Figure 3B). There was a small increase
in the fraction of B cells with offsetting decreases on the percent-
ages of granulocytes and macrophages in the tumors of mice
receiving Tnfr1~'~ BM. A notable exception was DCs, which
were almost undetectable in WT but constituted approximately
5% of the total in mice receiving TNFR1-deficient BM. Further
analysis of sorted CD45"CD11c¢c* DCs found that all subsets
were increased in the absence of TNFR1 (Figure 3C). There
was also evidence of an enhancement in their ability to stimulate
T cells (gene signatures of each DC subset, DC1 [Xcr1, Wdfy4,
Cadm1, etc.], DC2 [Cd14, Sirpa], moDC [Adgre1, Ly6c6g, etc.],
mregDC [Ccr7, Birc3, Tmem176a, etc.], and pDC [Siglech, Sell,
Mpeg1, Bcl11a, etc.] are shown in Figure S3A). TNFR1-deficient
DC1s and DC2s had elevated expression of Cd40, a cell surface
receptor whose engagement leads to IL-12 production®’ and
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Figure 2. Treatment of subcutaneously injected KPC cells

(A-D) KPC cells were subcutaneously implanted in WT or TNFR1-deficient mice, and 2 weeks later, the tumors were injected with control (WT-ctrl, n = 5;
Tnfr1~'~-ctrl, n = 5) or anti-PD-1 antibody («-PD-1) (WT-a-PD-1, n = 4; Tnfr1~/~-a-PD-1, n = 5), and tumor progression was monitored. Growth is shown as the
percent increase from day 14. On day 38, the tumors were weighed (B) and tumor-infiltrating T cells enumerated (C) and stimulated with PMA/ionomycin to

induce cytokine production (D).

(E and F) WT mice were injected with KPC cells as in A. After 14 days, the tumors were injected with either control (n = 6), anti-PD-1 («-PD-1) (n = 6), anti-TNFR1
(2-TNFR1) (n = 6), or both -PD-1 and a-TNFR1 antibodies (a-PD-1 + a-TNFR1) (n = 5) (E). Growth is shown as the percent increase from day 14. Tumor weight
was measured on day 28 (F). “p < 0.05, *p < 0.01, ***p < 0.001, ****p < 0.0001. NS, not significant.

correspondingly higher expression of //12 from mregDCs (Fig-
ure 3D). In addition, TNFR1-deficient DC1s and DC2s had
much lower expression of Cd274 and Pdcd1lg2 (encoding PD-
L1 and PD-L2, respectively, ligands for T cell PD-1) (Figure 3D).
Gene set enrichment analysis (GSEA) identified elevated expres-
sion of genes in many pathways related to antigen presentation
in Tnfr1~'~ DCs (Figures 3E, S3B, and S3C). The numbers of im-
mune-suppressing Tregs were approximately 2-fold higher and
effector Th17 cells were 3-fold lower in tumors reconstituted
with WT compared to TNFR1-deficient BM (Figures 3F and
S3D). These data indicate that a major contributor to the aggres-
sive nature of oncogene-driven KPC PDAC is local immune
dysfunction caused by TNFR1-dependent suppression of DC
number and function.

TNFR1 blockade increases intratumor DC number but
not activation in the absence of T cells

Because of the similar nature of the autochthonous and subcu-
taneous KPC mouse model of PDAC, we investigated whether

4 Cell Reports Medicine 5, 101696, September 17, 2024

single-cell sequence data of higher DC infiltration were true for
the subcutaneous model. Total CD11c* cells including DC1s
(CD11c*MHC-II"XCR1%) and DC2s (CD11c*MHC-IIMSIRPA*) were
higher in TNFR1 KO mice compared to WT and TNFR2 KO
mice (Figure 4A, gating strategy; Figure S4A). TNFR2 KO mice
had the lowest number of total CD11C* cells with a few or no
DC1s and substantially reduced number of DC2s. Similar results
were obtained when different markers were used to identify clas-
sical DCs (cDCs, CD11b*Ly6c CD11c*MHC-II"CD24%), DC1s
(CD103%), and DC2s (CD11b*)*? (gating strategy: Figures S7B
and S7C). Similar results were obtained when different markers
were used to identify cDCs ( CD11b*Ly6¢c CD11c*MHC-
I"CD24"), DC1s (CD103*), and DC2s (CD11b*)*? (gating strat-
egy: Figures S4B and S4C). As similar data were obtained with
either gating strategy, we used XCR1 expression as a DC1 and
SIRPA as a DC2 marker in subsequent analyses.

Bilateral communication between DCs and T cells is required
for effective anti-tumor responses.’®' To determine how
TNFR1 signaling affects intratumor DC number and activity in
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Figure 3. Single-cell sequencing of tumor-infiltrating hematopoietic cells in radiation bone marrow chimeras

(A-F) KPC mice were lethally irradiated and reconstituted with either WT (n = 7) or TNFR1-deficient (n = 8) bone marrow. Survival of mice after transfer (day 0) is
shownin (A). Single-cell RNA-seq was performed with infiltrating CD45* cells from ~300 mm? tumors (B) and DCs (C). Violin plots of the indicated gene expression
in DCs (D). GSEA of WT DC2s compared to TNFR1-deficient DC2s. Downward curves represent genes enriched in TNFR1-deficient DCs (E). Uniform manifold
approximation and projection (UMAP) plot of CD4* tumor-infiltrating T cells (F). *p < 0.05.

the absence of TNFR1 signaling, established subcutaneous KPC
tumors in RAG2~'~ mice were treated with anti-TNFR1 or control
antibodies. Unlike its effect in WT mice, anti-TNFR1 had no effect
on tumor progression in the absence of T cells (Figures 4B and
S4D). It did, however, increase the infiltration of CD45* hemato-
poietic cells and DCs (Figure 4C). Notably, these CD11c* DCs
had an inactivated phenotype, being MHC-II'°, and fewer ex-
pressed CD40 or PD-L1 compared to sham-treated controls
(Figures 4C-4E). Therefore, T cells are not required for the
increased number of tumor-infiltrating DCs found in the absence
of TNFR1 signaling but are required for intratumor DC activation
and inhibition of tumor growth.

Blockade of TNFR1 and PD-1 inhibits spontaneous
PDAC growth

To determine if the effects of TNFR1 blockade on subcutane-
ously implanted KPC cells could be extended to the naturally
occurring disease, 7- to 8-week-old KPC mice were screened
by ultrasound for the appearance of pancreatic tumors. Animals

bearing tumors with volumes of 50-100 mm?® were randomized
into two groups, one receiving control antibody and the other
receiving anti-TNFR1 plus anti-PD-1. After 19-24 days, tumor
volumes were re-evaluated by ultrasound. Tumors were subse-
quently removed and dissected, and infiltrating cells were iso-
lated. Tumors were much smaller in mice receiving anti-TNFR1
plus anti-PD-1 compared to control (Figure 5A). This was asso-
ciated with higher percentages and absolute numbers of infil-
trating activated (B220~CD45*CD11¢* MHC-II") DCs, DC1s
(CD11c*MHC-II"XCR*), and CD11c*CCR7* mregDCs (Figures
5B and S5A, gating strategy; Figures S5B and S5C). There was
also an approximately 2-fold increase in the small number of tu-
mor-infiltrating DC1s (CD11c*MHC-II"XCR*). DC2s (CD11c*
MHC-II"'SIRPA*) were the predominant subset in PDAC, and
their number increased by approximately 3-fold in mice receiving
anti-TNFR1 together with anti-PD-1. This increase in DC number
was also observed by immunohistochemistry in tumor sections
of KPC mice treated with anti-TNFR1 alone (Figure 5C). Notably,
anti-TNFR1/PD-1 caused almost a doubling of the percentage of
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Figure 4. Effect of TNFR1 blockade on KPC tumors in RAG2-deficient mice

(A) KPC cells were subcutaneously implanted in the flank of WT (n = 5), Tnfr1 =/~

(n = 5), and Tnfr2~'~ (n = 5) mice. Tumor-infiltrating DCs were analyzed.

(B-E) KPC cells were subcutaneously implanted in RAG2 '~ mice, allowed to grow for 17 days, and then treated with control (n = 5) or anti-TNFR1 antibody (n = 6)
every 3 days. Tumor volumes were measured over time (B, left) and tumors removed on day 31 for weighing (B, right) and further analysis (C-E). *p < 0.05,

**p < 0.01, **p < 0.001, ***p < 0.0001. NS, not significant.

DCs expressing CD40, meaning that there was approximately a
6-fold expansion of CD40* DCs (Figure 5D). Both the fraction and
the actual number of infiltrating CD4* T and CD8" T cells were
increased by anti-TNFR1/PD-1 (Figure 5E). Quantitative real-
time PCR of DCs purified from KPC tumors found increased
1112 in the treated group (Figure 5F), as had been observed in irra-
diated KPC mice that received Tnfr1~/~ BM (see Figure 3D).
Taken together, the data demonstrate that anti-TNFR1/PD-1 in-
creases the number and activation state of infiltrating DCs in
K-ras-driven spontaneous tumors.

Comparison of TNFR1 blockade versus FIt3L plus
agonistic anti-CD40

A previous study found that the combination of FIt3 ligand (FIt3L)
and agonistic anti-CD40 antibodies increased the percentage of
intratumor DCs and prolonged survival in KPC mice.'? Because
the effect of anti-TNFR1 is similar, we asked how they compared,
alone or in combination. Established subcutaneous KPC cell
tumors were treated with these regimens individually or in combi-
nation (Figure 6A). Anti-TNFR1 alone substantially reduced
tumor growth compared to control (Figure 6B), which correlated
positively with an increased percentage of intratumor DCs
(Figures S6A and S6C, left panel) and number (Figure 6C, right
panel). Fit3L plus agonistic anti-CD40 also increased DC numbers
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and slowed tumor growth, but to a lesser extent (Figures 6B and
6C). There was little difference between the response to all three
reagents versus anti-TNFR1 alone. The predominant DC subset
remained DC2s in all therapeutic arms (Figure S6B). Of note,
whereas anti-TNFR1 inhibited DC PD-L1 expression, FIt3L and
agonistic anti-CD40 resulted in an approximately 2.5-fold in-
crease in cell surface levels (Figure 6D). Furthermore, the levels
of MHC-II expressed on tumor-infiltrating DCs, a measure of their
maturational and functional state, were much lower in anti-
CD40+FIt3L-treated mice compared to control, whereas MHC-II
levels on DCs from anti-TNFR1-treated mice were similar to if
not greater than control mice (Figure 6E). Therefore, compared
to anti-CD40+FIt3L, TNFR1 blockade was more effective in
increasing the number of intratumor immunostimulatory DCs,
which was reflected in better control of tumor growth.

TNFR1 signaling results in apoptotic death of BMDCs

To determine whether the consequences of anti-TNFR1 treat-
ment in vivo were due to a direct effect on DCs themselves, we
asked whether TNF affects the differentiation of BM precursors
to DCs, and if so via which receptor. BM cells from WT or
TNFR1-deficient mice were cultured with granulocyte-macro-
phage colony stimulating factor (GM-CSF) or FIt3L for 5 days
in the absence or presence of TNF. The addition of TNF to WT
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Figure 5. Simultaneous blockade of TNFR1 and PD-1 reduced KPC tumor growth
KPC mice in which established pancreatic tumors were detected by ultrasound were treated with either control (n = 7) antibody or anti-TNFR1 plus anti-PD-1

antibody (n = 11).

(A-D) Tumors were harvested (ctrl, n = 4; anti-TNFR1, n = 3; and anti-TNFR1 plus anti-PD-1, n = 6) at day 24, and measured tumor volume (A), infiltrating total DCs
(B, C), activated DCs (CD11c*CD40*) (D), and T cells (E) were analyzed. In the figure shown in C, pancreatic tumor tissues were stained for CD11c (green color)
and DAPI (blue). Histogram showed the number of CD11c-positive cells per high power field (HPF).

(F) 1112b expression of purified DCs measured by quantitative real-time PCR. Each data point represents pooled DCs from 3 mice. *p < 0.05, **p < 0.01,

***p < 0.001. NS, not significant.

BM inhibited DC generation (Figure 7A; Figure S7A) and, as pre-
viously shown,*® induced much higher levels of PD-L1 compared
to GM-CSF or FIt3L alone (Figures 7B and S7B). In contrast, cul-
ture of TNFR1-deficient BM with TNF resulted in more DCs than
GM-CSF or FIt3L alone, which presumably was due to signaling
via TNFR2 (Figure 7A). Unlike WT BM, TNF had no effect on
PD-L1 in the absence of TNFR1 (Figures 7B and S7B). PDAC tu-
mors have been reported to have higher bacterial abundance,
and antibiotic treatment has improved clinical outcome in
patients receiving gemcitabine.®* Therefore, we tested whether
TNF can induce PD-L1 on DCs in the presence of LPS and found
results similar to those using non-activated DCs (Figure S7C).
The effect of TNF on DC number could be due to the inhibition
of differentiation and growth or an increase in cell death. To
test the latter, BM-derived DCs (BMDCs) were generated from

WT or TNFR1-deficient BM and then cultured with or without
TNF in the presence of lipopolysaccharide (LPS), CpG, or me-
dium alone. TNF caused the apoptotic death of WT but not
TNFR1-deficient BMDCs, as determined by a large reduction
in their number (Figure 7C, left panel) accompanied by activation
of caspase-3 (Figure 7D, middle and right panel). Similar results
were obtained when the BMDCs were activated with CpG or LPS
(Figures S7D and S7E). TNF-induced apoptosis was prevented
by the pan-caspase inhibitor ZVAD, as determined by cell recov-
ery (Figure 7E) and annexin V staining (Figure 7F).

TNF impairs DC ability to activate antigen-specific

T cells in the tumor microenvironment

The finding that TNF elevated PD-L1 and decreased IL-12 pro-
duction by DCs suggests that TNF-conditioned DCs would be
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Figure 6. Comparative efficacy of TNFR1 blockade vs. FIt3L and agonistic anti-CD40 in treating subcutaneous KPC cell tumors

(A-D) KPC cells were subcutaneously injected into WT or TNFR1-deficient mice and allowed to grow for 17 days. Schematic representation of therapeutic
regimen is shown in (A), and the percent tumor growth since day 17 is shown in (B). On day 32, the percentage and number of tumor-infiltrating DCs (C) and their
PD-L1 (D) and MHC-II expression (E) were measured. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. NS, not significant.

poor antigen-presenting cells. To evaluate antigen-specific T cell
responses in the TNF-rich PDAC microenvironment, we injected
KPC cells subcutaneously into afTCR transgenic OT-II mice,
whose T cells are overwhelmingly CD4* and recognize oval-
bumin (OVA) peptide 323-339 presented by I-AP.*° Once tumors
were established, they were injected on two consecutive days
with 2 x 10° OVA-pulsed WT or TNFR1-deficient BMDCs that
had been generated in the presence or absence of TNF. Tumors
were harvested 2 days after the second BMDC injection and infil-
trating cells were analyzed. Transfer of TNF-conditioned WT but
not TNFR1-deficient BMDCs resulted in half as many CD45™ tu-
mor-infiltrating cells as medium-conditioned BMDCs (Fig-
ure S7F). This was primarily due to a marked reduction in the
number of af T cells (Figure 7G). Moreover, as observed with
irradiated KPC mice reconstituted with Tnfr1 '~ BM (Figure 3G),
among the small number of T cells in the tumors receiving TNF-
conditioned BMDCs, the fraction of Tregs was much higher than
in controls. Therefore, BMDCs that survive in the presence of
TNF acquire immunoregulatory characteristics that limit anti-
gen-specific T cell accumulation and function in PDAC.

TNFR1 expression inversely correlates with DC

numbers in human PDAC

The mouse models of PDAC revealed that TNFR1 signaling
decreased DC number and inhibited their function in the tumor.
To ask if the relationship between TNFR1 signaling and
PDAC DC infiltration observed in mice correlates with the
human disease, we first analyzed publicly available data from
The Cancer Genome Atlas Program (database: https://www.
cancer.gov/ccg/research/genome-sequencing/tcga). Higher
expression of TNFR1 in PDAC tumor tissue, as determined by
bulk RNA sequencing, correlated with poorer survival (Fig-
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ure S8A). Furthermore, analysis of scRNA-seq datasets of
PDAC-infiltrating cells®® found that higher TNFR1 expression in
myeloid cells inversely correlated with the number of DC1s and
DC2s (Figure S8B). We used quantitative real-time PCR to quan-
tify the expression of TNFRSF1A (TNFR1) and TNFRSF1B
(TNFR2) in neoplastic tissues collected from 35 patients with
PDAC. There were no differences in PDAC patient clinical pa-
rameters between the groups with lower (<1, median age 64)
and higher (>1, median age 72) TNFR1 expression (Figure S8C).
The absolute levels of TNFRSF1A and TNFRSF1B varied consid-
erably and had no relationship to the levels of XCR1 or SIRPA.
However, when the data were segregated by the ratio of
TNFRSF1A to TNFRSF1B, fewer DC1s (less XCR1) were found
when the ratio favored TNFRSF1A (Figure S8D). A ratio of >1
also correlated with higher expression of PD-L1 (CD274). The
correlation of this inverse relationship and fewer intratumor
DC1s was confirmed by histopathological staining (Figure SSE).
These data suggest that as in mice, TNF contributes to human
PDAC dysfunctional anti-tumor immunity by suppressing DCs.

DISCUSSION

PDACs are complex solid tumors with a low mutational burden
and an inflammatory and immunosuppressive microenviron-
ment.®” The desmoplastic stroma, with a collagen-rich extracel-
lular matrix, abundance of CAFs, and hypovascularity, may
limit access by immune cells and impair delivery of therapeutic
drugs, resulting in aggressive tumor growth and drug resis-
tance.®® Inflammation has been cited as one of the hallmarks
of cancer due to its tumor-promoting effects.®*“° Cytokines
and chemokines produced by inflammatory cells can induce
tumor growth, stimulate angiogenesis, induce fibroblast
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Figure 7. Effect of TNF on WT and TNFR1-deficient BMDCs

(A and B) Bone marrow cells from WT or TNFR1-deficient mice were cultured with GM-CSF in the presence or absence of TNF for 5 days (BMDCs). Cells were
counted by light microscopy (A) and PD-L1 expression on CD11c* cells was determined by flow cytometry (B).
(C) After 5 days, BMDCs were cultured for another 48 h in the presence of TNF or medium alone and live cells counted (C) and active caspase-3/7 measured by

flow cytometry (D).

(E and F) After day 5, BMDCs were cultured for an additional 48 h under the indicated conditions live cells (E) and apoptosis measured by staining with annexin V

and propidium iodide (PI) (F).

(G) DCs were generated from either OT-Il or OT-lIxTnfr1~/~ bone marrow as in A, pulsed with OVA whole protein overnight, washed, and 2 x 10° cells intra-
tumorally injected into OT-Il KPC tumor-bearing mice. Three days after injection, tumor-infiltrating cells were isolated and analyzed. *p < 0.05, **p < 0.01,

***p < 0.001, ***p < 0.0001. NS, not significant.

maturation and migration, and promote metastatic spread via
lymphatic networks.*® Additionally, intratumor immunosuppres-
sive mediators produced by myeloid-derived suppressor cells
(MDSCs), DCs, M2-macrophages, Tregs, or Bregs, glucocorti-
coids regenerated from inactive metabolites by the tumors
themselves, and cell surface checkpoint molecules and their li-
gands such as PD-1, PD-L1, TIM3, and CTLA4 can all contribute
to an ineffective anti-tumor immune response.*’

TNF, a hallmark of inflammation and abundant in the PDAC
microenvironment, has been shown to promote PDAC growth
in mice”®*? and humans.*® Several mechanisms for this activity
have been suggested. TNF induces NF-kB-dependent epithelial-
mesenchymal transition (EMT) in PDAC,** as well as endothelial-
mesenchymal transition, an important source of CAFs, at least
in part by downregulating the endothelial receptor tyrosine ki-
nase TIE1.?® EMT is implicated in resistance of tumor cells to
apoptosis and chemotherapy, acquisition of stem-like attributes,
and increased invasiveness and metastasis.*® TNF also repro-
grams more differentiated “classical” pancreatic neoplastic
cells to assume a “basal-like” aggressive state’® and promotes
an immunosuppressive microenvironment by upregulating
the expression of tumor PD-L1.”® A major pro-inflammatory
signaling pathway downstream of TNFR1 is initiated by its acti-

vation of p38,*” and specific inhibition of T cell p38, which is acti-
vated via an MAPK-independent alternative pathway, *® inhibited
PDAC growth and improved the survival of KPC mice.?* In line
with this, blocking of IL-17A, a cytokine downstream of TNF,**
improved tumor burden in KPC mice."?

Despite such evidence, attempts to treat PDAC with TNF
blockers have had mixed results. For example, blocking TNF
with antibodies in mice inhibited pancreatic tumor growth and
metastasis®>*? and showed promise in treating human PDAC
xenografts.*® Despite this, TNF blockade with etanercept, a sol-
uble fusion protein containing the TNF-binding domain of
TNFR2, did not significantly enhance the efficacy of gemcitabine
as a single agent in patients with advanced pancreatic cancer.*’
Among the possible reasons for this is that TNF also signals via
TNFR2, which has been shown to enhance anti-tumor immunity
by inducing CD8" T cell proliferation and function.”® In contrast,
TNFR2 signaling in KPC cells was found to have a tumor-intrinsic
growth-promoting role due to upregulation of NF-kB-dependent
growth and survival pathways and increased tumor PD-L1
expression.”’ Understanding the cell-specific biological conse-
quences downstream of each TNF receptor is therefore highly
relevant to the design of therapies to thwart TNF’s tumorigenic
effects.
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DCs are potent antigen-presenting cells, and their scarcity in
the PDAC tumor microenvironment is a key reason for immune
escape.®” Upon activation, DCs upregulate a large number of
molecules that are essential for immune cell migration and acti-
vation, including pattern recognition receptors, chemokine re-
ceptors (e.g., CCRY7), costimulatory molecules (e.g., CD80,
CD86, and CD40), MHC class | and Il, and cytokines (e.g., IL-
12, IL-1B, and TNF).>*** Low numbers of DCs have been
observed in PDAC tumors in patients®” and KPC mice,'? and
among a cohort of patients with PDAC, the level of circulating
DCs positively correlated with better survival.’®'* Several fac-
tors in the PDAC microenvironment contribute to impaired DC
function: tumor-derived TGF-, IL-10, and IL-6 suppress DC sur-
vival and proliferation,>> MDSCs inhibit DC maturation,®® and a
subset of immunosuppressive CD11b* DCs can induce Treg
generation and cytotoxic T cell (CTL) suppression.”® In addition,
in PDAC tumors, DCs undergo loss or downregulation of anti-
gen-processing and presenting molecules, such as the trans-
porter for antigen presentation and human leukocyte antigen
class 1.°” To circumvent impaired DC function, attempts have
been made to create DC vaccines by activating DCs bearing tu-
mor-associated antigens with synthetic peptides or purified pro-
teins, DNA, RNA or viruses, tumor lysates, or with tumor cells
themselves.®® Such DC vaccines have shown some promise in
clinical trials, improving survival by 4-16.5 months,*® but differ-
ence in expression of tumor antigens among patients and com-
plications such as delayed type of hypersensitivity responses
have limited these strategies. It may be that the goal of
enhancing anti-tumor immunity by improving antigen presenta-
tion could be achieved by TNFR1 blockade without the problems
associated with manipulating DCs ex vivo. Selective TNFR1
might be useful in other settings as well, as TNFR1 deficiency
has been shown to enhance the maturation of DC and CD8*
T cell function in lymphocytic choriomeningitis virus and hepatitis
virus infections.®%:°

We and others found that DC2s are the predominant DC sub-
set in mouse and human PDAC."#%%6":52 GSEA found that lack
of TNFR1 signaling resulted in their increased expression of
cellular activation of antigen-processing pathways that second-
arily lead to enhanced CD8" T cell-mediated cytotoxicity.
Although DCs are particularly effective at antigen cross-presen-
tation to CD8* T cells,®*®* moDCs and DC2s can also perform
this function.®>°” The upregulation of a host of genes involved
in antigen processing and presentation, such as §2m, Calr,
Tapbp, and others, in TNFR1-deficient mice suggests that TNF
may suppress this ability in tumor-infiltrating DC2s. Furthermore,
TNFR1 deficiency likely increases intratumor DC number by in-
hibiting apoptosis, irrespective of DC subset. Although TNFR1
blockade in the absence of T cells resulted in increased intratu-
mor DC numbers, they did not acquire an activated phenotype.
This is likely largely because signaling via cell surface CD40 is
a major mechanism for DC activation, and activated CD4*
T cells are the predominant source of its ligand, CD40L.*" We
did observe a higher number of infiltrating Th17 cells after
TNFR1 KO BM transfer, a helper subset with a pro-tumorigenic
role in PDAC."? However, the number of Th17 cells in the tumor
microenvironment was exceedingly small and unlikely to have an
impact in this model. Together, the results are consistent with a
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model in which TNFR1 blockade leads to intratumor DC accu-
mulation because of decreased apoptosis, improved local anti-
gen presentation and increased antigen-specific T cell activa-
tion, CD40-mediated positive feedback, and licensing of CD8*
T cell anti-tumor activity.

Antigen-presenting cells, including DCs, express the TNF re-
ceptor superfamily member CD40 on the cell surface.®® Engage-
ment with its ligand CD40L (CD154), which is primarily ex-
pressed by activated CD4* T cells, results in DC upregulation
of MHC molecules, CD80 and CD86, and IL-12, all of which
enhance antigen presentation and T cell activation.®' Agonistic
CD40 antibodies mimic the activity of CD40L and can substitute
for it in murine models of T cell-mediated immunity.®®°° Further-
more, agonistic anti-CD40 antibodies increase the effectiveness
of DC vaccines by reducing T cell tolerance and enhancing anti-
gen-specific cytotoxic T cell responses in tumor-bearing mice.”°
In an orthotopic model of PDAC, anti-CD40 agonistic antibody
treatment inhibited intratumoral IL-27 production from myeloid
cells, a cytokine that correlates with poor patient outcome.”"
Several preclinical models, including spontaneous KPC mouse
model, found that the anti-CD40 agonists enhanced the effec-
tiveness of chemotherapy.”®”?~"* In human trials, chemotherapy
combined with agonistic anti-CD40 has shown promising anti-
tumor immune response in solid tumors such as melanoma,”®
mesothelioma,’® and pancreatic cancer.”®’” Although a previ-
ous study using a KPC mouse variant reported that anti-CD40
plus FIt3L modestly increased MHC-II levels on tumor-infiltrating
DCs,'? we found that this combination resulted in a substantial
reduction. The reason for the difference is unclear, but may be
due to differences in the tumor models tested, the tumor ge-
netics, or some other unknown variables. In any case, our finding
that agonistic anti-CD40 in combination with FIt3L upregulated
DC surface PD-L1 may limit the efficacy of such therapy.
Although also resulting in activated DCs, anti-TNFR1 actually
had the opposite effect on PD-L1, which may explain at least
in part why it was more effective in inhibiting KPC cell growth.

Although antibodies targeting cell surface molecules in some
cases mediate their biological effects in vivo by inducing anti-
body-dependent cellular cytotoxicity (ADCC) and/or antibody-
dependent cellular phagocytosis (ADCP), we think they are
an unlikely explanation for the efficacy of the anti-TNFR1 ham-
ster IgG1 used in this study. First, TNFR1 is widely expressed,
including on cells of the immune system, yet injection of anti-
TNFR1 antibodies resulted in increased numbers of tumor-infil-
trating hematopoietic and immune cells. Second, ADCC is medi-
ated primarily by natural killer cells’® and ADCP by phagocytic
cells,”® which are both present in RAG2~’~ mice. However,
anti-TNFR1 treatment effect had no measurable effect on tumor
growth compared to control. Finally, the results obtained with
antibody blockade mirrored those obtained with genetic ablation
of TNFR1. Together, these observations make it highly likely that
it was inhibition of TNFR1 signaling and subsequent enhance-
ment of adaptive immunity, not antibody-dependent innate re-
sponses, that accounted for inhibition of tumor growth.

As of this writing, there are five Food and Drug Administration-
approved “TNF blockers” in clinical use. They include anti-TNF
antibodies and antibody derivatives (infliximab [Remicade], ada-
limumab [Humira], certolizumab pegol [Cimzia], and golimumab
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[Simponi]) and a TNF decoy receptor (etanercept [Enbrel], a
fusion protein containing the TNFR2 TNF-binding domain
coupled with the Fc portion of human IgG1).%° A number of clin-
ical trials have explored their efficacy in the treatment of cancer,
and the results in PDAC trials have not been promising. When
TNF blockers were used with the widely used gemcitabine,
they were found to be safe but without therapeutic benefit
compared to gemcitabine alone.*®®" As pointed out in the latter,
this may have been due to the advanced state of the cancers and
insufficient TNF blockade, because we found that when non-tu-
mor cells in the tumor microenvironment cannot produce TNF,
treatment with agonistic anti-CD40 and FIt3L was very effective
and actually eliminated established KPC cell tumors. Therefore,
a combination of “pro-DC” therapies, such as FIt3L plus anti-
CD40 accompanied by TNF or TNFR1 blockade, might be a
more effective strategy.

Limitations of the study

The TNFR1 KO mice lack its expression in all tissues. We were
able to determine that the effect of TNFR1 signaling on PDAC
was mediated by hematopoietic cells, but we cannot formally
determine that DCs are the primary target. Experiments with tis-
sue-specific Cre and floxed Tnfrsfia will be required for this.
Furthermore, the in vivo experiments use a hamster anti-
TNFR1 antibody, and an anti-hamster response may attenuate
the response to prolonged treatment. Murinization of these anti-
bodies might provide a better therapeutic reagent.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
o Lead contact
o Materials availability
o Data and code availability
e EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Mice
o Cell lines
o PDAC patients
e METHOD DETAILS
o Adoptive T cell transfer
o lIsolation of tumor infiltrating T cells from subcutaneously inoculated
tumors and intracellular staining
Preparation of a single-cell suspension from pancreatic tumor tis-
sues
Survival study of KPC mice after bone marrow transfer
Single cell sequence data analysis
Real-time PCR
Treatment of subcutaneous and spontaneous KPC tumors
Generation of BMDC and apoptosis assay
RNA isolation and quantitative real-time PCR
o Immunohistochemistry
o QUANTIFICATION AND STATISTICAL ANALYSIS

o

O O O O 0 O

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
xcrm.2024.101696.

¢? CellPress

OPEN ACCESS

ACKNOWLEDGMENTS

We thank Zheng-Gang Liu for Tnfr1~'~ mice, Joost Oppenheim for Tnfr2~/~
mice, the Center for Advanced Preclinical Research (CAPR) program at the
Frederick National Laboratory for Cancer Research for providing KPC mice
and primary cells, and Joseph Kalen and Lisa Riffle at the Small Animal Imag-
ing Program (FNLCR) for assistance with ultrasound imaging of pancreatic tu-
mors. This work was supported by the Intramural Research Program of the
Center for Cancer Research, National Cancer Institute, National Institutes of
Health. M.M.G. and H.R.W. were supported by the German Research Founda-
tion (SFB1292 project number 318346496, TPQ1 and TP22; GA1818/2-3).

AUTHOR CONTRIBUTIONS

M.S.A. and J.D.A. designed the experiments, analyzed the data, and wrote the
manuscript. M.S.A. and S.O. performed mouse experiments. M.M.G. and
H.R.W. performed the experiments with human PDAC tissues. A. Abbasi, A.
Abdelmaksoud, N.W., and M.C.C. analyzed single-cell sequencing data.
S.K. and T.G. performed in vivo experiments with KPC mice.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Received: March 22, 2024
Revised: June 28, 2024
Accepted: July 30, 2024
Published: August 22, 2024

REFERENCES

1. Rahib, L., Smith, B.D., Aizenberg, R., Rosenzweig, A.B., Fleshman, J.M.,
and Matrisian, L.M. (2014). Projecting cancer incidence and deaths to
2030: the unexpected burden of thyroid, liver, and pancreas cancers in
the United States. Cancer Res. 74, 2913-2921. https://doi.org/10.1158/
0008-5472.CAN-14-0155.

2. Li, H.B., Yang, Z.H., and Guo, Q.Q. (2021). Immune checkpoint inhibition
for pancreatic ductal adenocarcinoma: limitations and prospects: a sys-
tematic review. Cell Commun. Signal. 19, 117. https://doi.org/10.1186/
$12964-021-00789-w.

3. Kleeff, J., Beckhove, P., Esposito, I., Herzig, S., Huber, P.E., Léhr, J.M.,
and Friess, H. (2007). Pancreatic cancer microenvironment. Int. J. Cancer
121, 699-705. https://doi.org/10.1002/ijc.22871.

4. Greer, J.B., and Whitcomb, D.C. (2009). Inflammation and pancreatic can-
cer: an evidence-based review. Curr. Opin. Pharmacol. 9, 411-418.
https://doi.org/10.1016/j.coph.2009.06.011.

5. Kemp, S.B., Pasca di Magliano, M., and Crawford, H.C. (2021). Myeloid
Cell Mediated Immune Suppression in Pancreatic Cancer. Cell. Mol. Gas-
troenterol. Hepatol. 12, 1531-1542. https://doi.org/10.1016/].jcmgh.2021.
07.006.

6. Boyer, S., Lee, H.J., Steele, N., Zhang, L., Sajjakulnukit, P., Andren, A.,
Ward, M.H., Singh, R., Basrur, V., Zhang, Y., et al. (2022). Multiomic char-
acterization of pancreatic cancer-associated macrophage polarization re-
veals deregulated metabolic programs driven by the GM-CSF-PI3K
pathway. Elife 17, e73796. https://doi.org/10.7554/eLife.73796.

7. Zhu, Y., Herndon, J.M., Sojka, D.K., Kim, K.W., Knolhoff, B.L., Zuo, C.,
Cullinan, D.R., Luo, J., Bearden, A.R., Lavine, K.J., et al. (2017). Tissue-
Resident Macrophages in Pancreatic Ductal Adenocarcinoma Originate
from Embryonic Hematopoiesis and Promote Tumor Progression. Immu-
nity 47, 597. https://doi.org/10.1016/j.immuni.2017.08.018.

8. Bauer, C., Kihnemuth, B., Duewell, P., Ormanns, S., Gress, T., and
Schnurr, M. (2016). Prevailing over T cell exhaustion: New developments
in the immunotherapy of pancreatic cancer. Cancer Lett. 387, 259-268.
https://doi.org/10.1016/j.canlet.2016.02.057.

Cell Reports Medicine 5, 101696, September 17, 2024 11



https://doi.org/10.1016/j.xcrm.2024.101696
https://doi.org/10.1016/j.xcrm.2024.101696
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://doi.org/10.1186/s12964-021-00789-w
https://doi.org/10.1186/s12964-021-00789-w
https://doi.org/10.1002/ijc.22871
https://doi.org/10.1016/j.coph.2009.06.011
https://doi.org/10.1016/j.jcmgh.2021.07.006
https://doi.org/10.1016/j.jcmgh.2021.07.006
https://doi.org/10.7554/eLife.73796
https://doi.org/10.1016/j.immuni.2017.08.018
https://doi.org/10.1016/j.canlet.2016.02.057

¢? CellPress

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

12

OPEN ACCESS

. Ino, Y., Yamazaki-Itoh, R., Shimada, K., Iwasaki, M., Kosuge, T., Kanai, Y.,

and Hiraoka, N. (2013). Immune cell infiltration as an indicator of the im-
mune microenvironment of pancreatic cancer. Br. J. Cancer 708,
914-923. https://doi.org/10.1038/bjc.2013.32.

Zhang, Y., Lazarus, J., Steele, N.G., Yan, W, Lee, H.J., Nwosu, Z.C., Hal-
brook, C.J., Menjivar, R.E., Kemp, S.B., Sirihorachai, V.R., et al. (2020).
Regulatory T-cell Depletion Alters the Tumor Microenvironment and Ac-
celerates Pancreatic Carcinogenesis. Cancer Discov. 10, 422-439.
https://doi.org/10.1158/2159-8290.CD-19-0958.

Wang, X., Lang, M., Zhao, T., Feng, X., Zheng, C., Huang, C., Hao, J.,
Dong, J., Luo, L., Li, X., et al. (2017). Cancer-FOXP3 directly activated
CCLS5 to recruit FOXP3*Treg cells in pancreatic ductal adenocarcinoma.
Oncogene 36, 3048-3058. https://doi.org/10.1038/onc.2016.458.

Hegde, S., Krisnawan, V.E., Herzog, B.H., Zuo, C., Breden, M.A., Knolhoff,
B.L., Hogg, G.D., Tang, J.P., Baer, J.M., Mpoy, C., et al. (2020). Dendritic
Cell Paucity Leads to Dysfunctional Immune Surveillance in Pancreatic
Cancer. Cancer Cell 37, 289-307.e9. https://doi.org/10.1016/j.ccell.
2020.02.008.

Hirooka, S., Yanagimoto, H., Satoi, S., Yamamoto, T., Toyokawa, H., Ya-
maki, S., Yui, R., Inoue, K., Michiura, T., and Kwon, A.H. (2011). The role of
circulating dendritic cells in patients with unresectable pancreatic cancer.
Anticancer Res. 31, 3827-3834. https://www.ncbi.nlm.nih.gov/pubmed/
22110205.

Yamamoto, T., Yanagimoto, H., Satoi, S., Toyokawa, H., Yamao, J., Kim,
S., Terakawa, N., Takahashi, K., and Kwon, A.H. (2012). Circulating
myeloid dendritic cells as prognostic factors in patients with pancreatic
cancer who have undergone surgical resection. J. Surg. Res. 173,
299-308. https://doi.org/10.1016/j.jss.2010.09.027.

Gardner, A., and Ruffell, B. (2016). Dendritic Cells and Cancer Immunity.
Trends Immunol. 37, 855-865. https://doi.org/10.1016/j.it.2016.09.006.

Brisefio, C.G., Haldar, M., Kretzer, N.M., Wu, X., Theisen, D.J., Kc, W., Du-
rai, V., Grajales-Reyes, G.E., lwata, A., Bagadia, P., et al. (2016). Distinct
Transcriptional Programs Control Cross-Priming in Classical and
Monocyte-Derived Dendritic Cells. Cell Rep. 15, 2462-2474. https://doi.
org/10.1016/j.celrep.2016.05.025.

Maier, B., Leader, A.M., Chen, S.T., Tung, N., Chang, C., LeBerichel, J.,
Chudnovskiy, A., Maskey, S., Walker, L., Finnigan, J.P., et al. (2020). A
conserved dendritic-cell regulatory program limits antitumour immunity.
Nature 580, 257-262. https://doi.org/10.1038/s41586-020-2134-y.

Zhou, B., Lawrence, T., and Liang, Y. (2021). The Role of Plasmacytoid
Dendritic Cells in Cancers. Front. Immunol. 72, 749190. https://doi.org/
10.3389/fimmu.2021.749190.

Weculek, S.K., Cueto, F.J., Mujal, A.M., Melero, |., Krummel, M.F., and San-
cho, D. (2020). Dendritic cells in cancer immunology and immunotherapy.
Nat. Rev. Immunol. 20, 7-24. https://doi.org/10.1038/s41577-019-0210-z.

Cella, M., Scheidegger, D., Palmer-Lehmann, K., Lane, P., Lanzavecchia,
A., and Alber, G. (1996). Ligation of CD40 on dendritic cells triggers pro-
duction of high levels of interleukin-12 and enhances T cell stimulatory ca-
pacity: T-T help via APC activation. J. Exp. Med. 184, 747-752. https://doi.
org/10.1084/jem.184.2.747.

Plesca, I., Benesova, ., Beer, C., Sommer, U., Mdller, L., Wehner, R., Hei-
duk, M., Aust, D., Baretton, G., Bachmann, M.P., et al. (2022). Clinical Sig-
nificance of Tumor-Infiltrating Conventional and Plasmacytoid Dendritic
Cells in Pancreatic Ductal Adenocarcinoma. Cancers 74, 1216. https://
doi.org/10.3390/cancers14051216.

Bradley, J.R. (2008). TNF-mediated inflammatory disease. J. Pathol. 214,
149-160. https://doi.org/10.1002/path.2287.

Adjuto-Saccone, M., Soubeyran, P., Garcia, J., Audebert, S., Camoin, L.,
Rubis, M., Roques, J., Binétruy, B., lovanna, J.L., and Tournaire, R. (2021).
TNF-a. induces endothelial-mesenchymal transition promoting stromal
development of pancreatic adenocarcinoma. Cell Death Dis. 712, 649.
https://doi.org/10.1038/s41419-021-03920-4.

Cell Reports Medicine 5, 101696, September 17, 2024

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Cell Reports Medicine

Alam, M.S., Gaida, M.M., Bergmann, F., Lasitschka, F., Giese, T., Giese,
N.A., Hackert, T., Hinz, U., Hussain, S.P., Kozlov, S.V., and Ashwell, J.D.
(2015). Selective inhibition of the p38 alternative activation pathway in infil-
trating T cells inhibits pancreatic cancer progression. Nat. Med. 27, 1337-
1343. https://doi.org/10.1038/nm.3957.

Dixit, A., Sarver, A., Zettervall, J., Huang, H., Zheng, K., Brekken, R.A., and
Provenzano, P.P. (2022). Targeting TNF-a-producing macrophages acti-
vates antitumor immunity in pancreatic cancer via IL-33 signaling. JCI
Insight 7, €153242. https://doi.org/10.1172/jci.insight.153242.

Bianchi, A., De Castro Silva, I., Deshpande, N.U., Singh, S., Mehra, S.,
Garrido, V.T., Guo, X., Nivelo, L.A., Kolonias, D.S., Saigh, S.J., et al.
(2023). Cell-Autonomous Cxcl1 Sustains Tolerogenic Circuitries and Stro-
mal Inflammation via Neutrophil-Derived TNF in Pancreatic Cancer. Can-

cer Discov. 13, 1428-1453. https://doi.org/10.1158/2159-8290.CD-
22-1046.
Webster, J.D., and Vucic, D. (2020). The Balance of TNF Mediated Path-

ways Regulates Inflammatory Cell Death Signaling in Healthy and
Diseased Tissues. Front. Cell Dev. Biol. 8, 365. https://doi.org/10.3389/
fcell.2020.00365.

Moatti, A., and Cohen, J.L. (2021). The TNF-o/TNFR2 Pathway: Targeting
a Brake to Release the Anti-tumor Immune Response. Front. Cell Dev.
Biol. 9, 725473. https://doi.org/10.3389/fcell.2021.725473.

Alam, M.S,, Otsuka, S., Wong, N., Abbasi, A., Gaida, M.M., Fan, Y., Meer-
zaman, D., and Ashwell, J.D. (2021). TNF plays a crucial role in inflamma-
tion by signaling via T cell TNFR2. Proc. Natl. Acad. Sci. USA 118,
©€2109972118. https://doi.org/10.1073/pnas.2109972118.

Hingorani, S.R., Wang, L., Multani, A.S., Combs, C., Deramaudt, T.B., Hru-
ban, R.H., Rustgi, A.K., Chang, S., and Tuveson, D.A. (2005). Trp53R172H
and KrasG12D cooperate to promote chromosomal instability and widely
metastatic pancreatic ductal adenocarcinoma in mice. Cancer Cell 7,
469-483. https://doi.org/10.1016/j.ccr.2005.04.023.

Ma, D.Y., and Clark, E.A. (2009). The role of CD40 and CD154/CD40L in
dendritic cells. Semin. Immunol. 27, 265-272. https://doi.org/10.1016/j.
smim.2009.05.010.

Hotblack, A., Holler, A., Piapi, A., Ward, S., Stauss, H.J., and Bennett, C.L.
(2018). Tumor-Resident Dendritic Cells and Macrophages Modulate the
Accumulation of TCR-Engineered T Cells in Melanoma. Mol. Ther. 26,
1471-1481. https://doi.org/10.1016/j.ymthe.2018.03.011.

Bertrand, F., Montfort, A., Marcheteau, E., Imbert, C., Gilhodes, J., Fill-
eron, T., Rochaix, P., Andrieu-Abadie, N., Levade, T., Meyer, N., et al.
(2017). TNFa. blockade overcomes resistance to anti-PD-1 in experimental
melanoma. Nat. Commun. 8, 2256. https://doi.org/10.1038/s41467-017-
02358-7.

Fulop, D.J., Zylberberg, H.M., Wu, Y.L., Aronson, A., Labiner, A.J., Wisni-
vesky, J., Cohen, D.J., Sigel, K.M., and Lucas, A.L. (2023). Association of
Antibiotic Receipt With Survival Among Patients With Metastatic Pancre-
atic Ductal Adenocarcinoma Receiving Chemotherapy. JAMA Netw. Open
6, e234254. https://doi.org/10.1001/jamanetworkopen.2023.4254.

Robertson, J.M., Jensen, P.E., and Evavold, B.D. (2000). DO11.10 and
OT-Il T cells recognize a C-terminal ovalbumin 323-339 epitope.
J. Immunol. 164, 4706-4712. https://doi.org/10.4049/jimmunol.164.
9.4706.

Cheng, S., Li, Z.,, Gao, R., Xing, B., Gao, Y., Yang, Y., Qin, S., Zhang, L.,
Ouyang, H., Du, P., et al. (2021). A pan-cancer single-cell transcriptional
atlas of tumor infiltrating myeloid cells. Cell 184, 792-809.e23. https://
doi.org/10.1016/j.cell.2021.01.010.

Perez, V.M., Kearney, J.F., and Yeh, J.J. (2021). The PDAC Extracellular
Matrix: A Review of the ECM Protein Composition, Tumor Cell Interaction,
and Therapeutic Strategies. Front. Oncol. 77, 751311, https://doi.org/10.
3389/fonc.2021.751311.

Lin, W., Noel, P., Borazanci, E.H., Lee, J., Amini, A., Han, LW., Heo, J.S.,
Jameson, G.S., Fraser, C., Steinbach, M., et al. (2020). Single-cell tran-
scriptome analysis of tumor and stromal compartments of pancreatic


https://doi.org/10.1038/bjc.2013.32
https://doi.org/10.1158/2159-8290.CD-19-0958
https://doi.org/10.1038/onc.2016.458
https://doi.org/10.1016/j.ccell.2020.02.008
https://doi.org/10.1016/j.ccell.2020.02.008
https://www.ncbi.nlm.nih.gov/pubmed/22110205
https://www.ncbi.nlm.nih.gov/pubmed/22110205
https://doi.org/10.1016/j.jss.2010.09.027
https://doi.org/10.1016/j.it.2016.09.006
https://doi.org/10.1016/j.celrep.2016.05.025
https://doi.org/10.1016/j.celrep.2016.05.025
https://doi.org/10.1038/s41586-020-2134-y
https://doi.org/10.3389/fimmu.2021.749190
https://doi.org/10.3389/fimmu.2021.749190
https://doi.org/10.1038/s41577-019-0210-z
https://doi.org/10.1084/jem.184.2.747
https://doi.org/10.1084/jem.184.2.747
https://doi.org/10.3390/cancers14051216
https://doi.org/10.3390/cancers14051216
https://doi.org/10.1002/path.2287
https://doi.org/10.1038/s41419-021-03920-4
https://doi.org/10.1038/nm.3957
https://doi.org/10.1172/jci.insight.153242
https://doi.org/10.1158/2159-8290.CD-22-1046
https://doi.org/10.1158/2159-8290.CD-22-1046
https://doi.org/10.3389/fcell.2020.00365
https://doi.org/10.3389/fcell.2020.00365
https://doi.org/10.3389/fcell.2021.725473
https://doi.org/10.1073/pnas.2109972118
https://doi.org/10.1016/j.ccr.2005.04.023
https://doi.org/10.1016/j.smim.2009.05.010
https://doi.org/10.1016/j.smim.2009.05.010
https://doi.org/10.1016/j.ymthe.2018.03.011
https://doi.org/10.1038/s41467-017-02358-7
https://doi.org/10.1038/s41467-017-02358-7
https://doi.org/10.1001/jamanetworkopen.2023.4254
https://doi.org/10.4049/jimmunol.164.9.4706
https://doi.org/10.4049/jimmunol.164.9.4706
https://doi.org/10.1016/j.cell.2021.01.010
https://doi.org/10.1016/j.cell.2021.01.010
https://doi.org/10.3389/fonc.2021.751311
https://doi.org/10.3389/fonc.2021.751311

Cell Reports Medicine

39.

40.

41,

42,

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

ductal adenocarcinoma primary tumors and metastatic lesions. Genome
Med. 12, 80. https://doi.org/10.1186/s13073-020-00776-9.

Felix, K., and Gaida, M.M. (2016). Neutrophil-Derived Proteases in the
Microenvironment of Pancreatic Cancer -Active Players in Tumor Progres-
sion. Int. J. Biol. Sci. 72, 302-313. https://doi.org/10.7150/ijbs.14996.

Coussens, L.M., and Werb, Z. (2002). Inflammation and cancer. Nature
420, 860-867. https://doi.org/10.1038/nature01322.

Tie, Y., Tang, F., Wei, Y.Q., and Wei, X.W. (2022). Imnmunosuppressive
cells in cancer: mechanisms and potential therapeutic targets.
J. Hematol. Oncol. 715, 61. https://doi.org/10.1186/s13045-022-01282-8.

Egberts, J.H., Cloosters, V., Noack, A., Schniewind, B., Thon, L., Klose, S.,
Kettler, B., von Forstner, C., Kneitz, C., Tepel, J., et al. (2008). Anti-tumor
necrosis factor therapy inhibits pancreatic tumor growth and metastasis.
Cancer Res. 68, 1443-1450. https://doi.org/10.1158/0008-5472.CAN-
07-5704.

Zhao, X., Fan, W., Xu, Z., Chen, H., He, Y., Yang, G., Yang, G., Hu, H.,
Tang, S., Wang, P., et al. (2016). Inhibiting tumor necrosis factor-alpha di-
minishes desmoplasia and inflammation to overcome chemoresistance in
pancreatic ductal adenocarcinoma. Oncotarget 7, 81110-81122. https://
doi.org/10.18632/oncotarget.13212.

Maier, H.J., Schmidt-Strassburger, U., Huber, M.A., Wiedemann, E.M.,
Beug, H., and Wirth, T. (2010). NF-kappaB promotes epithelial-mesen-
chymal transition, migration and invasion of pancreatic carcinoma cells.
Cancer Lett. 295, 214-228. https://doi.org/10.1016/j.canlet.2010.03.003.

Palamaris, K., Felekouras, E., and Sakellariou, S. (2021). Epithelial to
Mesenchymal Transition: Key Regulator of Pancreatic Ductal Adenocarci-
noma Progression and Chemoresistance. Cancers 13, 5532. https://doi.
org/10.3390/cancers13215532.

Tsukamoto, M., Imai, K., Ishimoto, T., Komohara, Y., Yamashita, Y.I., Na-
kagawa, S., Umezaki, N., Yamao, T., Kitano, Y., Miyata, T., et al. (2019).
PD-L1 expression enhancement by infiltrating macrophage-derived tumor
necrosis factor-a leads to poor pancreatic cancer prognosis. Cancer Sci.
110, 310-320. https://doi.org/10.1111/cas.13874.

Brinkman, B.M., Telliez, J.B., Schievella, A.R., Lin, L.L., and Goldfeld, A.E.
(1999). Engagement of tumor necrosis factor (TNF) receptor 1 leads to
ATF-2- and p38 mitogen-activated protein kinase-dependent TNF-alpha
gene expression. J. Biol. Chem. 274, 30882-30886. https://doi.org/10.
1074/jbc.274.43.30882.

Salvador, J.M., Mittelstadt, P.R., Guszczynski, T., Copeland, T.D., Yama-
guchi, H., Appella, E., Fornace, A.J., and Ashwell, J.D. (2005). Alternative
p38 activation pathway mediated by T cell receptor-proximal tyrosine ki-
nases. Nat. Immunol. 6, 390-395. https://doi.org/10.1038/ni1177.

Wu, C., Fernandez, S.A., Criswell, T., Chidiac, T.A., Guttridge, D., Villa-
lona-Calero, M., and Bekaii-Saab, T.S. (2013). Disrupting cytokine
signaling in pancreatic cancer: a phase /Il study of etanercept in combina-
tion with gemcitabine in patients with advanced disease. Pancreas 42,
813-818. https://doi.org/10.1097/MPA.0b013e318279b87f.

Tam, E.M., Fulton, R.B., Sampson, J.F., Muda, M., Camblin, A., Richards,
J., Koshkaryev, A., Tang, J., Kurella, V., Jiao, Y., et al. (2019). Antibody-
mediated targeting of TNFR2 activates CD8* T cells in mice and promotes
antitumor immunity. Sci. Transl. Med. 17, eaax0720. https://doi.org/10.
1126/scitransimed.aax0720.

Zhang, X., Lao, M., Xu, J., Duan, Y., Yang, H., Li, M., Ying, H., He, L., Sun,
K., Guo, C., et al. (2022). Combination cancer immunotherapy targeting
TNFR2 and PD-1/PD-L1 signaling reduces immunosuppressive effects
in the microenvironment of pancreatic tumors. J. Immunother. Cancer
10, e003982. https://doi.org/10.1136/jitc-2021-003982.

Dallal, R.M., Christakos, P., Lee, K., Egawa, S., Son, Y., and Lotze, M.T.
(2002). Paucity of dendritic cells in pancreatic cancer. Surgery 137,
135-138. https://doi.org/10.1067/msy.2002.119937.

Cabeza-Cabrerizo, M., Cardoso, A., Minutti, C.M., Pereira da Costa, M.,
and Reis e Sousa, C. (2021). Dendritic Cells Revisited. Annu. Rev. Immu-

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

67.

¢? CellPress

OPEN ACCESS

nol. 39, 131-166.

053707.

Dalod, M., Chelbi, R., Malissen, B., and Lawrence, T. (2014). Dendritic cell
maturation: functional specialization through signaling specificity and
transcriptional programming. EMBO J. 33, 1104-1116. https://doi.org/
10.1002/embj.201488027.

Bellone, G., Carbone, A., Smirne, C., Scirelli, T., Buffolino, A., Novarino, A.,
Stacchini, A., Bertetto, O., Palestro, G., Sorio, C., et al. (2006). Cooperative
induction of a tolerogenic dendritic cell phenotype by cytokines secreted
by pancreatic carcinoma cells. J. Immunol. 7177, 3448-3460. https://doi.
org/10.4049/jimmunol.177.5.3448.

Kenkel, J.A., Tseng, W.W., Davidson, M.G., Tolentino, L.L., Choi, O., Bhat-
tacharya, N., Seeley, E.S., Winer, D.A., Reticker-Flynn, N.E., and Engle-
man, E.G. (2017). An Immunosuppressive Dendritic Cell Subset Accumu-
lates at Secondary Sites and Promotes Metastasis in Pancreatic Cancer.
Cancer Res. 77, 4158-4170. https://doi.org/10.1158/0008-5472.CAN-
16-2212.

https://doi.org/10.1146/annurev-immunol-061020-

Pandha, H., Rigg, A., John, J., and Lemoine, N. (2007). Loss of expression
of antigen-presenting molecules in human pancreatic cancer and pancre-
atic cancer cell lines. Clin. Exp. Immunol. 7148, 127-135. https://doi.org/10.
1111/j.1365-2249.2006.03289.x.

Yang, J., Shangguan, J., Eresen, A,, Li, Y., Wang, J., and Zhang, Z. (2019).
Dendritic cells in pancreatic cancer immunotherapy: Vaccines and combi-
nation immunotherapies. Pathol. Res. Pract. 215, 152691. https://doi.org/
10.1016/j.prp.2019.152691.

Suresh, M., Singh, A., and Fischer, C. (2005). Role of tumor necrosis factor
receptors in regulating CD8 T-cell responses during acute lymphocytic
choriomeningitis virus infection. J. Virol. 79, 202-213. https://doi.org/10.
1128/JV1.79.1.202-213.2005.

Ding, X., Yang, W., Shi, X., Du, P., Su, L., Qin, Z., Chen, J., and Deng, H.
(2011). TNF receptor 1 mediates dendritic cell maturation and CD8 T cell
response through two distinct mechanisms. J. Immunol. 787, 1184-
1191. https://doi.org/10.4049/jimmunol.1002902.

Barilla, R.M., Diskin, B., Caso, R.C., Lee, K.B., Mohan, N., Buttar, C.,
Adam, S., Sekendiz, Z., Wang, J., Salas, R.D., et al. (2019). Specialized
dendritic cells induce tumor-promoting IL-10*IL-17* FoxP3"*® regulatory
CD4* T cells in pancreatic carcinoma. Nat. Commun. 710, 1424. https://
doi.org/10.1038/s41467-019-09416-2.

James, C.A., Baer, J.M., Zou, C., Panni, U.Y., Knolhoff, B.L., Hogg, G.D.,
Kingston, N.L., Kang, L.I., Lander, V.E., Luo, J., et al. (2023). Systemic Al-
terations in Type-2 Conventional Dendritic Cells Lead to Impaired Tumor
Immunity in Pancreatic Cancer. Cancer Immunol. Res. 77, 1055-1067.
https://doi.org/10.1158/2326-6066.CIR-21-0946.

Meyer, M.A., Baer, J.M., Knolhoff, B.L., Nywening, T.M., Panni, R.Z., Su,
X., Weilbaecher, K.N., Hawkins, W.G., Ma, C., Fields, R.C., et al. (2018).
Breast and pancreatic cancer interrupt IRF8-dependent dendritic cell
development to overcome immune surveillance. Nat. Commun. 9, 1250.
https://doi.org/10.1038/s41467-018-03600-6.

Diamond, M.S., Lin, J.H., and Vonderheide, R.H. (2021). Site-Dependent
Immune Escape Due to Impaired Dendritic Cell Cross-Priming. Cancer Im-
munol. Res. 9, 877-890. hitps://doi.org/10.1158/2326-6066.CIR-
20-0785.

Sheng, J., Chen, Q., Soncin, I., Ng, S.L., Karjalainen, K., and Rued|, C.
(2017). A Discrete Subset of Monocyte-Derived Cells among Typical Con-
ventional Type 2 Dendritic Cells Can Efficiently Cross-Present. Cell Rep.
21, 1203-1214. https://doi.org/10.1016/j.celrep.2017.10.024.

Gutiérrez-Martinez, E., Planes, R., Anselmi, G., Reynolds, M., Menezes,
S., Adiko, A.C., Saveanu, L., and Guermonprez, P. (2015). Cross-Presen-
tation of Cell-Associated Antigens by MHC Class | in Dendritic Cell Sub-
sets. Front. Immunol. 6, 363. https://doi.org/10.3389/fimmu.2015.00363.

Embgenbroich, M., and Burgdorf, S. (2018). Current Concepts of Antigen
Cross-Presentation. Front. Immunol. 9, 1643. https://doi.org/10.3389/
fimmu.2018.01643.

Cell Reports Medicine 5, 101696, September 17,2024 13



https://doi.org/10.1186/s13073-020-00776-9
https://doi.org/10.7150/ijbs.14996
https://doi.org/10.1038/nature01322
https://doi.org/10.1186/s13045-022-01282-8
https://doi.org/10.1158/0008-5472.CAN-07-5704
https://doi.org/10.1158/0008-5472.CAN-07-5704
https://doi.org/10.18632/oncotarget.13212
https://doi.org/10.18632/oncotarget.13212
https://doi.org/10.1016/j.canlet.2010.03.003
https://doi.org/10.3390/cancers13215532
https://doi.org/10.3390/cancers13215532
https://doi.org/10.1111/cas.13874
https://doi.org/10.1074/jbc.274.43.30882
https://doi.org/10.1074/jbc.274.43.30882
https://doi.org/10.1038/ni1177
https://doi.org/10.1097/MPA.0b013e318279b87f
https://doi.org/10.1126/scitranslmed.aax0720
https://doi.org/10.1126/scitranslmed.aax0720
https://doi.org/10.1136/jitc-2021-003982
https://doi.org/10.1067/msy.2002.119937
https://doi.org/10.1146/annurev-immunol-061020-053707
https://doi.org/10.1146/annurev-immunol-061020-053707
https://doi.org/10.1002/embj.201488027
https://doi.org/10.1002/embj.201488027
https://doi.org/10.4049/jimmunol.177.5.3448
https://doi.org/10.4049/jimmunol.177.5.3448
https://doi.org/10.1158/0008-5472.CAN-16-2212
https://doi.org/10.1158/0008-5472.CAN-16-2212
https://doi.org/10.1111/j.1365-2249.2006.03289.x
https://doi.org/10.1111/j.1365-2249.2006.03289.x
https://doi.org/10.1016/j.prp.2019.152691
https://doi.org/10.1016/j.prp.2019.152691
https://doi.org/10.1128/JVI.79.1.202-213.2005
https://doi.org/10.1128/JVI.79.1.202-213.2005
https://doi.org/10.4049/jimmunol.1002902
https://doi.org/10.1038/s41467-019-09416-2
https://doi.org/10.1038/s41467-019-09416-2
https://doi.org/10.1158/2326-6066.CIR-21-0946
https://doi.org/10.1038/s41467-018-03600-6
https://doi.org/10.1158/2326-6066.CIR-20-0785
https://doi.org/10.1158/2326-6066.CIR-20-0785
https://doi.org/10.1016/j.celrep.2017.10.024
https://doi.org/10.3389/fimmu.2015.00363
https://doi.org/10.3389/fimmu.2018.01643
https://doi.org/10.3389/fimmu.2018.01643

¢? CellPress

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

14

OPEN ACCESS

Ridge, J.P., Di Rosa, F., and Matzinger, P. (1998). A conditioned dendritic
cell can be a temporal bridge between a CD4+ T-helper and a T-killer cell.
Nature 393, 474-478. https://doi.org/10.1038/30989.

Schoenberger, S.P., Toes, R.E., van der Voort, E.l., Offringa, R., and Me-
lief, C.J. (1998). T-cell help for cytotoxic T lymphocytes is mediated by
CD40-CD40L interactions. Nature 393, 480-483. https://doi.org/10.
1038/31002.

Diehl, L., den Boer, A.T., Schoenberger, S.P., van der Voort, E.l., Schu-
macher, T.N., Melief, C.J., Offringa, R., and Toes, R.E. (1999). CD40
activation in vivo overcomes peptide-induced peripheral cytotoxic
T-lymphocyte tolerance and augments anti-tumor vaccine efficacy. Nat.
Med. 5, 774-779. https://doi.org/10.1038/10495.

Burrack, A.L., Rollins, M.R., Spartz, E.J., Mesojednik, T.D., Schmiechen,
Z.C., Raynor, J.F., Wang, |.X., Kedl, R.M., and Stromnes, |.M. (2021).
CD40 Agonist Overcomes T Cell Exhaustion Induced by Chronic Myeloid
Cell IL-27 Production in a Pancreatic Cancer Preclinical Model.
J. Immunol. 206, 1372-1384. https://doi.org/10.4049/jimmunol.2000765.

Sotomayor, E.M., Borrello, I., Tubb, E., Rattis, F.M., Bien, H., Lu, Z., Fein,
S., Schoenberger, S., and Levitsky, H.l. (1999). Conversion of tumor-spe-
cific CD4+ T-cell tolerance to T-cell priming through in vivo ligation of
CD40. Nat. Med. 5, 780-787. https://doi.org/10.1038/10503.

Nowak, A.K., Robinson, B.W.S., and Lake, R.A. (2003). Synergy between
chemotherapy and immunotherapy in the treatment of established murine
solid tumors. Cancer Res. 63, 4490-4496. https://pubmed.ncbi.nim.nih.
gov/12907622.

Winograd, R., Byrne, K.T., Evans, R.A., Odorizzi, P.M., Meyer, A.R.L., Ba-
jor, D.L., Clendenin, C., Stanger, B.Z., Furth, E.E., Wherry, E.J., and Von-
derheide, R.H. (2015). Induction of T-cell Immunity Overcomes Complete
Resistance to PD-1 and CTLA-4 Blockade and Improves Survival in
Pancreatic Carcinoma. Cancer Immunol. Res. 3, 399-411. https://doi.
org/10.1158/2326-6066.CIR-14-0215.

Vonderheide, R.H. (2020). CD40 Agonist Antibodies in Cancer Immuno-
therapy. Annu. Rev. Med. 71, 47-58. https://doi.org/10.1146/annurev-
med-062518-045435.

Nowak, A.K., Cook, A.M., McDonnell, A.M., Millward, M.J., Creaney, J.,
Francis, R.J., Hasani, A., Segal, A., Musk, A.W., Turlach, B.A., et al.
(2015). A phase 1b clinical trial of the CD40-activating antibody CP-
870,893 in combination with cisplatin and pemetrexed in malignant pleural
mesothelioma. Ann. Oncol. 26, 2483-2490. https://doi.org/10.1093/an-
nonc/mdv387.

Beatty, G.L., Torigian, D.A., Chiorean, E.G., Saboury, B., Brothers, A,,
Alavi, A., Troxel, A.B., Sun, W., Teitelobaum, U.R., Vonderheide, R.H.,
and O’Dwyer, P.J. (2013). A phase | study of an agonist CD40 monoclonal
antibody (CP-870,893) in combination with gemcitabine in patients with
advanced pancreatic ductal adenocarcinoma. Clin. Cancer Res. 19,
6286-6295. https://doi.org/10.1158/1078-0432.CCR-13-1320.

Lo Nigro, C., Macagno, M., Sangiolo, D., Bertolaccini, L., Aglietta, M., and
Merlano, M.C. (2019). NK-mediated antibody-dependent cell-mediated

Cell Reports Medicine 5, 101696, September 17, 2024

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Cell Reports Medicine

cytotoxicity in solid tumors: biological evidence and clinical perspectives.
Ann. Transl. Med. 7, 105. https://doi.org/10.21037/atm.2019.01.42.

Tay, M.Z., Wiehe, K., and Pollara, J. (2019). Antibody-Dependent Cellular
Phagocytosis in Antiviral Immune Responses. Front. Immunol. 70, 332.
https://doi.org/10.3389/fimmu.2019.00332.

Fischer, R., Kontermann, R.E., and Pfizenmaier, K. (2020). Selective Tar-
geting of TNF Receptors as a Novel Therapeutic Approach. Front. Cell
Dev. Biol. 8, 401. https://doi.org/10.3389/fcell.2020.00401.

Wiedenmann, B., Malfertheiner, P., Friess, H., Ritch, P., Arseneau, J.,
Mantovani, G., Caprioni, F., Van Cutsem, E., Richel, D., DeWitte, M.,
et al. (2008). A multicenter, phase Il study of infliximab plus gemcitabine
in pancreatic cancer cachexia. J. Support Oncol. 6, 18-25. https://
pubmed.ncbi.nim.nih.gov/18257397.

Chen, X., Nie, Y., Xiao, H., Bian, Z., Scarzello, A.J., Song, N.Y., Trivett,
A.L., Yang, D., and Oppenheim, J.J. (2016). TNFR2 expression by CD4
effector T cells is required to induce full-fledged experimental colitis.
Sci. Rep. 6, 32834. https://doi.org/10.1038/srep32834.

Choksi, S., Lin, Y., Pobezinskaya, Y., Chen, L., Park, C., Morgan, M., Li, T.,
Jitkaew, S., Cao, X., Kim, Y.S., et al. (2011). A HIF-1 target, ATIA, protects
cells from apoptosis by modulating the mitochondrial thioredoxin, TRX2.
Mol. Cell 42, 597-609. https://doi.org/10.1016/j.molcel.2011.03.030.

Hippen, A.A., Falco, M.M., Weber, L.M., Erkan, E.P., Zhang, K., Doherty,
J.A., Vaharautio, A., Greene, C.S., and Hicks, S.C. (2021). miQC: An adap-
tive probabilistic framework for quality control of single-cell RNA-
sequencing data. PLoS Comput. Biol. 17, €1009290. https://doi.org/10.
1371/journal.pcbi.1009290.

Stuart, T., Butler, A., Hoffman, P., Hafemeister, C., Papalexi, E., Mauck,
W.M., Hao, Y., Stoeckius, M., Smibert, P., and Satija, R. (2019). Compre-
hensive Integration of Single-Cell Data. Cell 177, 1888-1902.e21. https://
doi.org/10.1016/j.cell.2019.05.031.

Mclnnes, L., Healy, J., and Melville, J. (2018). UMAP: Uniform Manifold
Approximation and Projection for Dimension Reduction. arXiv. http://
arxiv.org/abs/1802.03426v3.

Aran, D., Looney, A.P., Liu, L., Wu, E., Fong, V., Hsu, A., Chak, S., Naika-
wadi, R.P., Wolters, P.J., Abate, A.R., et al. (2019). Reference-based
analysis of lung single-cell sequencing reveals a transitional profibrotic
macrophage. Nat. Immunol. 20, 163-172. https://doi.org/10.1038/
s41590-018-0276-y.

Finak, G., McDavid, A., Yajima, M., Deng, J., Gersuk, V., Shalek, A.K.,
Slichter, C.K., Miller, H.W., McElrath, M.J., Prlic, M., et al. (2015). MAST:
a flexible statistical framework for assessing transcriptional changes and
characterizing heterogeneity in single-cell RNA sequencing data. Genome
Biol. 76, 278. https://doi.org/10.1186/s13059-015-0844-5.

Korotkevich, G., Sukhov, V., Budin, N., Shpak, B., Artyomov, M.N., and
Sergushichev, A. (2016). Fast gene set enrichment analysis. bioRxiv.
https://www.biorxiv.org/content/10.1101/060012.full.pdf.


https://doi.org/10.1038/30989
https://doi.org/10.1038/31002
https://doi.org/10.1038/31002
https://doi.org/10.1038/10495
https://doi.org/10.4049/jimmunol.2000765
https://doi.org/10.1038/10503
https://pubmed.ncbi.nlm.nih.gov/12907622
https://pubmed.ncbi.nlm.nih.gov/12907622
https://doi.org/10.1158/2326-6066.CIR-14-0215
https://doi.org/10.1158/2326-6066.CIR-14-0215
https://doi.org/10.1146/annurev-med-062518-045435
https://doi.org/10.1146/annurev-med-062518-045435
https://doi.org/10.1093/annonc/mdv387
https://doi.org/10.1093/annonc/mdv387
https://doi.org/10.1158/1078-0432.CCR-13-1320
https://doi.org/10.21037/atm.2019.01.42
https://doi.org/10.3389/fimmu.2019.00332
https://doi.org/10.3389/fcell.2020.00401
https://pubmed.ncbi.nlm.nih.gov/18257397
https://pubmed.ncbi.nlm.nih.gov/18257397
https://doi.org/10.1038/srep32834
https://doi.org/10.1016/j.molcel.2011.03.030
https://doi.org/10.1371/journal.pcbi.1009290
https://doi.org/10.1371/journal.pcbi.1009290
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.cell.2019.05.031
http://arxiv.org/abs/1802.03426v3
http://arxiv.org/abs/1802.03426v3
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1038/s41590-018-0276-y
https://doi.org/10.1186/s13059-015-0844-5
https://www.biorxiv.org/content/10.1101/060012.full.pdf

Cell Reports Medicine

¢? CellPress

OPEN ACCESS

STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
CD11c Monoclonal Antibody (N418), FITC Invitrogen Cat# 11-0114-82
RRID: AB_464940
CD45.2 Monoclonal Antibody Invitrogen Cat# 45-0454-82
(104), PerCP-Cyanine5.5 RRID: AB_953590
CD40 Monoclonal Antibody Invitrogen Cat# 48-0402-82
(HM40-3), eFluor™ 450 RRID: AB_2574017
MHC Class Il (I-A/I-E) Monoclonal Antibody Invitrogen Cat# 47-5321-82
(M5/114.15.2), APC-eFluor™ 780 RRID: AB_1548783
CD197 (CCR7) Monoclonal Antibody Invitrogen Cat# 56-1971-82
(4B12), Alexa Fluor™ 700 RRID: AB_657687
CD274 (PD-L1, B7-H1) Monoclonal Antibody Invitrogen Cat# 25-5982-82
(MIH5), PE-Cyanine7 RRID: AB_2573509
CD45R (B220) Monoclonal Antibody Invitrogen Cat# 25-0452-82
(RA3-6B2), PE-Cyanine7 RRID: AB_469627
TCR beta Monoclonal Antibody Invitrogen Cat# 56-5961-82
(H57-597), Alexa Fluor™ 700 RRID: AB_2802349
CD4 Monoclonal Antibody (GK1.5), Invitrogen Cat# 47-0041-82
APC-eFluor™ 780 RRID: AB_11218896
CD8b Monoclonal Antibody (eBioH35-17.2 Invitrogen Cat# 48-0083-82
(H35-17.2)), eFluor™ 450 RRID: AB_11218504
IFN gamma Monoclonal Antibody Invitrogen Cat# 11-7311-82
(XMG1.2), FITC RRID: AB_465412
TNF alpha Monoclonal Antibody Invitrogen Cat# 48-7321-82
(MP6-XT22), eFluor™ 450 RRID: AB_1548825
CD1083 (Integrin alpha E) Monoclonal Invitrogen Cat# 48-1031-82
Antibody (2E7), eFluor™ 450 RRID: AB_2574033
CD24 Monoclonal Antibody (M1/69), Invitrogen Cat# 25-0242-82
PE-Cyanine7 RRID: AB_10853806
F4/80 Monoclonal Antibody (BM8), Invitrogen Cat# 56-4801-82
Alexa Fluor™ 700 RRID: AB_2574503
Ly-6G Monoclonal Antibody (1A8-Ly6g) Invitrogen Cat# 17-9668-82
RRID: AB_2573307
Brilliant Violet 650™ anti-mouse/rat BioLegend Cat# 148220
XCR1 Antibody RRID: AB_2566410
PE anti-mouse CD172a (SIRPa) Antibody BioLegend Cat# 144012

Anti-Mouse CD120a (TNFR1)

(Clone 55R-170) — Purified in vivo
PLATINUM™ Functional Grade
Armenian Hamster IgG Isotype
Control - Purified in vivo PLATINUM™
Functional Grade

InVivoPlus anti-mouse CD40

InVivoPlus rat IgG2a isotype control,
anti-trinitrophenol

Leinco Technologies

Leinco Technologies

BioXCell

BioXCell

RRID: AB_2563550

Cat#T950
RRID: AB_2832124

Cat#T376
RRID:AB_2894150

Cat#BP0016-2
RRID: AB_1107601

Cat#BP0089
RRID:AB_1107769

(Continued on next page)

Cell Reports Medicine 5, 101696, September 17, 2024 el



¢? CellPress

OPEN ACCESS

Cell Reports Medicine

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

InVivoMAb recombinant FIt-3L-Ig (hum/hum) BioXCell Cat#BP0342
RRID:BE0342

InVivoPlus anti-mouse PD-1 (CD279) BioXCell Cat#BP0273

RRID:AB_2687796

Biological samples

Human PDAC tissues University Medical Center Mainz, N/A
JGU-Mainz, 55131 Mainz, Germany

Chemicals, peptides, and recombinant proteins

LIVE/DEAD™ Fixable Blue Dead Cell Invitrogen Cat#L.34962

Stain Kit, for UV excitation

CellEvent™ Caspase-3/7 Green Invitrogen Cat#C10427

Flow Cytometry Assay Kit

Recombinant Mouse TNF-a. (carrier-free) BioLegend Cat#575204

Recombinant Mouse GM-CSF (carrier-free) BioLegend Cat#576304

Deposited data

Single cell sequencing raw data

NCBI Gene Expression Omnibus
(https://www.ncbi.nIim.nih.gov/geo/)

[Database]: [GSE260964]

Experimental models: cell lines

KPC cell line In house generated #95775
Experimental models: organisms/strains
C57BL/6 The Jackson Laboratory Cat#000664

RRID: IMSR_JAX:000664
B6.129S7-Rag1im'Momyy The Jackson Laboratory Cat#002216

RRID: IMSR_JAX:002216
Rag2-Model RAGN12 (Constitutive knock out) Taconic Biosciences N/A
KPC (Kras®'2P/+; p53R172H* ppX1-Cre) mice Center for Advanced N/A

Preclinical Research, NCI
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Data and code availability
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

WT B6 (C57BL/6) (Stock#000664) mice were purchased from the Jackson Laboratory. Rag2~~ (Rag2-RAGN12) mice were obtained
from Taconic Biosciences. Tnfr2~/~ mice were obtained from Joost Oppenheim, Center for Cancer Research, National Cancer Insti-
tute, NIH, Frederick, MD,%? Tnfr1 '~ mice from Zheng-Gang Liu, Center for Cancer Research, National Cancer Institute, NIH, Be-
thesda, MD.%% KPC mice (Kras®'2P/*; p537172H+: pDX1-Cre carrying oncogene Kras®'2P*; p53R172%/+: pPDX1-Cre) were obtained
from Center for Advanced Preclinical Research, Frederick National Laboratory for Cancer Research, NIH. All single constituent alleles
of the KPC model have been crossed for at least 15 generations onto a standardized C57BL/6 background prior to intercrossing to
assemble a tri-allelic model. All mice were maintained in a National Cancer Institute (NCI) specific pathogen-free animal facility, and
all animal experiments were performed under an NCI Animal Care and Use Committee—approved animal study protocol.

Cell lines

The KPC cell line 95775 (mycoplasma-free) was generated from a B6-KPC tumor bearing mouse. The murine pancreatic cancer B6
cell line Panc02 was a gift from Jack Greiner, NCI; mycoplasma-free). Cells were grown in DMEM containing 10% fetal calf serum
supplemented with penicillin/streptomycin and L-glutamine (complete medium) at 37°C in 5% CO..

PDAC patients

Tissue samples were provided by the tissue bank of the University Medical Center Mainz in accordance with the regulations of the
tissue biobank and the approval of the ethics committee of the University Medical Center Mainz. The study was approved by the
ethics committee of the University of Mainz (statement code: 2019-14390; Landesarztekammer Rheinland-Pfalz), and written
informed consent was obtained from all patients. The clinical parameters analyzed included local tumor extent/size (T stage), region-
ary lymph node metastasis (N stage), distant organ metastasis (M stage), tumor cell invasion in lymphatic vessels (L stage) or blood
vessels (V stage), perineural tumor invasion (Pn stage), the presence of tumor cells in the surgical resection margin (R stage), and
histopathological grading (G stage).

METHOD DETAILS

Adoptive T cell transfer

For adoptive transfer experiments, T cells were isolated from spleens and lymph nodes of WT, Tnfr1~'~, and Tnfr2~/~ with a purity of
>90%. 10° cells/200 L PBS were injected into the tail veins of recipient mice. After 2 weeks, 8 x 10° KPC cells were inoculated in the
right flank and tumor growth was monitored. Tumor size and burden did not exceed that allowed by the NCI animal study protocol
LICB-054.

Isolation of tumor infiltrating T cells from subcutaneously inoculated tumors and intracellular staining

KPC tumors were explanted and minced into 1-2 mm pieces followed by incubation in RPMI (Gibco) containing DNase | (Roche) and
Liberase (Roche) for 30 min. The digested tissue was pressed once through a 100 um strainer and twice through a 70 um strainer (BD
Falcon) to create a single-cell suspension. After Percoll (Cytiva) density gradient separation, cells were stimulated with PMA/ionomy-
cin in the presence of monensin at 37°C for 4 h. Cells were washed in FACS buffer (1% bovine serum albumin plus 0.1% sodium
azide), stained for live/dead and cell surface markers for 30 min on ice, followed by washing with Perm/Wash solution for 30 min
at 4°C. Cells were stained for 1 h at room temperature with antibodies and washed once with Perm/Wash solution, twice with
FACS buffer, and analyzed by flow cytometry (FACS Fortessa). Data were analyzed by FlowJo 10.4 software.

Preparation of a single-cell suspension from pancreatic tumor tissues

Pancreatic tumors from treated and untreated KPC mice have been rapidly dissected upon euthanasia by CO, asphyxiation.
Single cell suspensions were prepared using Mouse Tumor Dissociation kit (Cat# 130-096-730, MACS Miltenyi Biotec) and a Gentle
Macs Agitator (Miltenyi Biotec) following original manufacturer’s protocol. Briefly, dissected tumors have been cut into small frag-
ments (1-2 mm?®) and lysed in RPMI media supplemented with a proprietary cocktail of proteases for 1 h at 37°C with continuous
agitation. Lysed tissues have been subsequently subjected to additional mechanic homogenization and final single cell suspensions
prepared by filtering the homogenates through a 40 micron nylon cell strainer (Corning, Cat# CLS352340).

Survival study of KPC mice after bone marrow transfer
8-week-old KPC mice were treated with oral antibiotics for 1 week and then irradiated with 9 Gy. Mice were reconstituted with WT or
TNFR1-deficient 107 T cell-depleted (Dynabeads, Invitrogen) BM cells from WT or DKI mice. Mice were monitored for survival.

Single cell sequence data analysis

Barcodes filtration was done using miQC.%* Individual sample normalization was done using SCTransform through Seurat V3% Dou-
blets were detected using DoubletFinder V2 with a doublet estimate of 3% followed by data integration using the same package with
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default settings, clustering, dimension reduction and sample integration was performed using the Seurat V3 Package. Clustering was
performed using the SLM algorithm and a resolution of 0.6 and projected using Uniform Manifold Approximation and Projection
(UMAP)®® using the top 50 principal components (PCs). Average gene expression per cluster was calculated and clusters were an-
notated using SingleR®” with the https://www.immgen.org dataset in addition to manual inspection for CD4 and CD8a. clusters. DC
subsets were chosen based on SingleR annotation and manual inspection then using a resolution of 0.1 and top 30 PCs. Differential
expression was performed using the FindMarkers function in Seurat with the options pseudocount.use = 0.5 and test.use =
“MAST”,®® which uses a hurdle model for handling the zero inflated single cell data. GSEA analysis was performed by -log10 multi-
plied by p-value then multiplied by fold change sign from the differential expression analysis then fed into f{GSEA.%°

Real-time PCR
Dendritic cells from KPC tumor single cell suspensions were purified using CD11c¢™ cell isolation kit (Miltenyi Biotech Inc.). Total RNA
was isolated using Qiagen RNeasy Plus mini Kit and was reverse-transcribed using Omniscript RT kit (Qiagen) according to the
manufacturer’s instructions. Power SYBR Green premix (Applied Biosystems) was used for quantitative PCR. All data were normal-
ized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) RNA and are presented as expression relative to this control. The
primers were:

IL-12B-Fwd: 5'- GACATTCTGCGTTCAGGTCCAG -3, IL-12B-Rev: 5'- CATTTTTGCGGCAGATGACCGTG-3'; GAPDH-Fwd: 5'-
CATCACTGCCACCCAGAAGACTG-3', GAPDH- Rev: 5'- ATGCCAGTGAGCTTCCCGTTCAG-3.

Treatment of subcutaneous and spontaneous KPC tumors

Subcutaneous

Mice (WT or Tnfr1~'~) were subcutaneously inoculated with 8 x 10° cells in 50 uL PBS and allowed to grow for 2 weeks. Treatment
with antibodies were performed by intratumor injection with different dose and frequencies: control Ab (2 times a wk, dose: 200 ng/
injection), anti-TNFR1 (2 times a wk, dose: 200 pg/injection), anti-PD-1 (2 times a wk, dose: 100 ng/injection), anti-CD40 agonistic
antibody (once in every 5 days, dose: 100 ng/injection), and/or FIt3L (every day for 5 consecutive days, dose: 30 pg/injection followed
by 3 days interval before next round of 5 consecutive injection). Tumor growth was monitored over time. Except the survival study,
tumor infiltrating cells were analyzed.

Spontaneous

KPC mice were screened by ultrasound and those with established tumors were divided in different groups depending on the exper-
iments. When detected for tumor presence in the pancreas (day0/d0), mice were intraperitoneally treated with antibodies with similar
frequencies and doses. Treatment continued until the mice get sick or reach human endpoint. At the end of the study, histopathology
of the for H&E stain and DC staining.

Generation of BMDC and apoptosis assay

Bone marrow cells were flashed out with PBS, lysed with ACK lysing buffer (Cat#BP10-548E, Lonza) and cultured with 50 ng/mL GM-
CSF for 5 days. Cells were further cultured for 48 h in the presence or absence of TNF in unstimulated, LPS (1 pg/mL), CpG (1 ng/mL)
stimulated condition. Active caspase3_7 was measured by CellEvent Caspase-3/7 Green Flow Cytometry Assay Kit using the manu-
facturer instruction.

RNA isolation and quantitative real-time PCR

50-100 sections (5 um) of cryopreserved human tissue were prepared using a microtome (cryostat), lysed with TRI Reagent Solution
(Invitrogen), and RNA isolated according to the manufacturer’s instructions. cDNA was synthesized from 2 ug per sample with the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and then diluted with nuclease-free water. For quantitative
real-time PCR, the SYBR Green PCR Master Mix (Applied Biosystems) was used. The reaction was performed using the
QuantStudio 3 System (Applied Biosystems). Following primers were used: RNA18S forward 5-CATGGCCGTTCTTAGTTGGT-3,
RNA18S reverse 5'-ATGCCAGAGTCTCGTTCGTT-3', XCR1 forward 5'-GATTCAGATGCTCTAAACGTC-3’, XCR1 reverse 5'-AGAAA
CACCAGGCAGTATAG-3', CD1C forward 5'-GATGTATGTACACAGGCAAG-3', CD1C reverse 5'-CAGCATTAGGAAGAATATCACC-
3, IL12B forward 5-AGAAAGATAGAGTCTTCACGG-3/, IL12B reverse 5-AAGATGAGCTATAGTAGCGG-3, SIRPA forward
5-GAACGGAACATCTATATTGTGG-3', SIRPA reverse 5-CATGCAACCTTGTAGAAGAAG-3', TNF forward 5'-CTCAGCCTCTTC
TCCTTC-3', TNF reverse 5'-AGAAGATGATCTGACTGCC-3', ITGAE forward 5'-GGTGGGAGAAGAATTTAAGAG-3', ITGAE reverse
5'-CATGCTGATGATGTTGTACC-3', CD274 forward 5'-CTCCAAATGAAAGGACTCAC-3', CD274 reverse 5-TCCCTTTTCTTAA
ACGGAAG-3', WDFY4 forward 5-AAGTCAGGAAACAAAGTGTC-3', WDFY4 reverse 5-AGAAGTGTGACTACAATCCTC-3,
TNFRSF1A forward 5-GCCTAGACACTGATGACC-3', TNFRSF1A reverse 5'-TGCTGTATTGCGCCTC-3', TNFRSF1B forward
5'-AGCACTGGCGACTTC-3', TNFRSF1B reverse 5-ACAAGGGCTTCTTTTTCAC-3', PDCD1LG2 forward 5-TATCTGAACCTG
TGGTCTTG-3, PDCD1LG2 5'-GAATTCTTGTTCAGAGTCCAG-3'.

Immunohistochemistry

For visualization of infiltrated XCR1 positive cells, immunohistochemistry was performed. Formalin fixed and paraffin embedded tis-
sue was cut into 3 um thick slides (n = 35). After deparaffinization and re-hydration, a heat-induced antigen retrieval was conducted
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using an acidic buffer for FOXP3 (35 min; pH 6.1; Dako EnVision, Glostrup, Denmark) or a basic buffer for XCR1 (20 min; pH 9.0; Dako
EnVision), followed by with the primary antibodies for 30 min at room temperature. The used antibodies were mouse anti-human
FOXP3 (1:200; abcam) and rabbit anti-human XCR1 (1:1000; Invitrogen). After incubation with a secondary antibody (Dako), the bind-
ing was visualized with DAB+ chromogen (Dako). Slides were digitalized using an automated slide scanner (Aperio AT2, Leica Bio-
systems, Nussloch, Germany) at 400 x magnification. Visualization and counting were performed in two representative slide areas of
1 mm? using QuPAth 0.4.2 software (GitHub).

QUANTIFICATION AND STATISTICAL ANALYSIS

All values are presented as mean + SEM or SD, as indicated. Statistical analysis was performed with GraphPad Prism 7 software.
Statistical significance was determined with the unpaired t-test, and p < 0.05 was considered to be statistically significant.
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