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Myeloid cells facilitate T cell immune evasion in cancer yet are pliable and have antitumor potential. Here, by
cotargeting myeloid activation molecules, we leveraged the myeloid compartment as a therapeutic vulnerabil-
ity in mouse models of pancreatic cancer. Myeloid cells in solid tumors expressed activation receptors including
the pattern recognition receptor Dectin-1 and the TNF receptor superfamily member CD40. In mouse models of
checkpoint inhibitor-resistant pancreatic cancer, coactivation of Dectin-1, via systemic B-glucan therapy, and
CD40, with agonist antibody treatment, eradicated established tumors and induced immunological memory.
Antitumor activity was dependent on cDC1s and T cells but did not require classical T cell-mediated cytotoxicity
or blockade of checkpoint molecules. Rather, targeting CD40 drove T cell-mediated IFN-y signaling, which con-
verged with Dectin-1 activation to program distinct macrophage subsets to facilitate tumor responses. Thus,
productive cancer immune surveillance in pancreatic tumors resistant to checkpoint inhibition can be
invoked by coactivation of complementary myeloid signaling pathways.

INTRODUCTION

Therapies aimed at leveraging the cytotoxic potential of T cells [e.g.,
immune checkpoint blockade (ICB) and chimeric antigen receptor
T cell therapy] have revolutionized cancer treatment (I1). However,
many tumor histologies are profoundly resistant to T cell immuno-
surveillance (2—4). One key determinant of outcomes to T cell-tar-
geted immunotherapy is the immune composition of the tumor
microenvironment (TME) (5). The TME of T cell immunothera-
py-resistant tumors typically lacks T cells and demonstrates exten-
sive  myeloid inflammation, consisting of granulocytes,
macrophages, and monocytes (5-8).

Myeloid cells commonly undermine productive immunosurveil-
lance in cancer via suppression of T cell responses (9). However,
myeloid cells are crucial first responders to invading microbes/
tissue injury and thus are endowed with immunostimulatory func-
tionality (10). Furthermore, intratumoral myeloid cells are pliable
and, despite immunosuppressive programming, maintain the ca-
pacity for T cell priming, phagocytosis, and production of tumor-
icidal factors (11, 12). Thus, immune-resistant tumors are not
necessarily immunologically inert, because they can contain
myeloid cells capable of performing antitumor functions. Together,
these observations prompted us to consider whether activating the
myeloid infiltrate could reveal a therapeutic vulnerability in other-
wise immune-resistant tumors.

Key challenges that have yet to be overcome for successful target-
ing of myeloid cells in cancer include (i) avoiding activation of com-
pensatory immunosuppressive myeloid pathways that emerge upon
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targeting a single myeloid population/pathway and (ii) maintaining
the immunostimulatory capacity of myeloid cells that can be inad-
vertently suppressed or reduced by blocking or depleting treatments
(13, 14). Here, we found that cotargeting of dual myeloid-activating
pathways was synergistic, driving tumor eradication and immuno-
logical memory against ICB-resistant cancer. We showed that treat-
ment with an agonist against the tumor necrosis factor (TNF)
receptor superfamily member CD40 in combination with a
soluble B-glucan (BG), which targets the C-type lectin receptor
(CLR) Dectin-1, was sufficient to trigger productive immunosur-
veillance in ICB-resistant mouse models of pancreatic ductal adeno-
carcinoma. Underlying antitumor activity, CD40 agonist-induced
interferon-y (IFN-y)-signal transducer and activator of transcrip-
tion 1 (STAT1) signaling and Dectin-1 activation combined to
drive antitumor effector myeloid responses, bypassing the need
for classical T cell cytolytic mechanisms [e.g., perforin and tumor
major histocompatibility complex (MHC) expression] or blockade
of T cell immune checkpoints. Together, our results identify a
cancer immunotherapy strategy in which activation of complemen-
tary myeloid signaling pathways is sufficient to enforce productive
immunosurveillance in murine pancreatic cancer.

RESULTS

Intratumoral myeloid cells in pancreatic ductal
adenocarcinoma express activating receptors

Pancreatic ductal adenocarcinoma (PDA) is a prototype of myeloid
inflammation and resistance to T cell immunotherapy (15). There-
fore, we first analyzed publicly available single-cell RNA sequencing
(scRNA-seq) (16) generated from human PDA tumors. We compu-
tationally sorted myeloid cells (7763 total cells; Fig. 1A and fig. S1A)
and assessed expression of putative myeloid-activating receptors,
including TNF receptor (TNFR) superfamily members and
pattern recognition receptors (PRRs) (Fig. 1, B to C). Among the
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Fig. 1. Combined activation of myeloid receptors promotes synergistic cancer therapy in pancreatic ductal adenocarcinoma. (A) UMAP plot of myeloid cells in
human PDA (n = 16). (B) Dot plot of TNFR superfamily member and (C) PRR gene expression in myeloid cells from human PDA (n = 16). CLEC7A encodes for Dectin-1. (D)
Study schema showing mice (n = 8 or 9 per group) injected subcutaneously with PDA.7940B and treated with aCD40. (E) Kaplan-Meier survival analysis of (D). Numbers
indicate mice remaining alive at study end. (F) Study schema showing mice (n = 6 to 8 per group) injected subcutaneously with PDA.7940B and treated with aCD40 plus
systemic administration of the indicated PRR agonist. (G) Kaplan-Meier survival analysis of (F). Numbers indicate mice remaining alive at study end. (H) Study schema
showing mice with subcutaneous or orthotopic PDA.7940B tumors and treated with aCD40 [0.1 mg intraperitoneally (i.p.)], BG [1.2 mg intravenous (i.v.)], or the com-
bination. (I) Tumor volume over time. (J) Kaplan-Meier survival analysis of mice (n = 10 per group) treated as in (H). (K) Kaplan-Meier survival analysis of mice (n = 10 per
group) with orthotopic pancreas tumors. Log-rank tests were used (E, G, J, and K) for pairwise comparison among all groups. Asterisks represent significance testing
compared with control. *P < 0.05, **P < 0.01, and ****P < 0.0001. (E) to (K) are representative of two independent experiments.
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most abundantly expressed TNFRs was CD40, which has been
studied for its capacity to stimulate macrophage and dendritic cell
(DC) subsets (17, 18). Clinical-grade monoclonal antibodies with
agonist activity against CD40 induce on-target biological activity
in patients (19) yet thus far show limited clinical activity in early-
phase clinical trials (20, 21). We hypothesized that combined acti-
vation of CD40 and a second myeloid signaling pathway might
trigger a more effective antitumor immune response.

Myeloid clusters also expressed PRRs, which function to recog-
nize pathogen-associated molecular patterns (22). PRRs expressed
by intratumoral myeloid clusters included CLRs, Toll-like receptors
(TLRs), nucleotide oligomerization domain (NOD) receptors, and
stimulator of interferon genes (STING; Fig. 1C). PRRs were fre-
quently expressed by macrophage, monocyte, and granulocyte clus-
ters that lacked robust CD40 expression. Additional analysis of
scRNA-seq from human glioblastoma, microsatellite stable colorec-
tal cancer liver metastases, and head and neck squamous cell carci-
noma (23-25) showed similar myeloid cell expression of TNFR
superfamily members and PRRs, as observed in PDA, suggesting
generalizability of targets across diverse cancer types (fig. S1, B to
]). Together, these data suggest that CD40 and PRRs could be ratio-
nal targets for myeloid activation in cancer.

Combined activation of myeloid receptors eradicates
pancreatic tumors in mice

Using ICB-resistant Kras and p53-driven mouse models of PDA
(26), we next investigated the antitumor activity of combinatory
myeloid pathway activation. Whereas treatment with an anti-
mouse CD40 antibody with agonist activity (aCD40) mediated
only transient tumor control (Fig. 1, D and E, and fig. S2A), system-
ic administration of a TLR7/8, STING, NOD2, or Dectin-1
(encoded by the CLEC7A gene) agonist in combination with
aCD40 led to high rates of tumor cures and triggered immunolog-
ical memory (Fig. 1, F and G, fig. S2, B and C). However, not all
PRRs were efficacious, with transient or minimal antitumor activity
seen with aCD40 combined with agonists of TLR2, TLR4,
and TLRO.

To further define the mechanistic underpinnings and clinical
relevance of myeloid activating therapy, we focused on targeting
Dectin-1 (also called CLEC7A), a receptor for B-glucans (BGs), in
combination with aCD40 (27). Unlike TLR7/8, NOD2, and STING,
which are currently targeted using intratumoral approaches, BG can
be delivered systemically in humans without significant toxicity
(28). BG showed modest clinical activity in combination with che-
motherapy in patients with cancer (29) and limited activity as
monotherapy in mouse models of PDA (Fig. 1, H and I).
However, BG combined with aCD40 showed synergy with
marked tumor control in subcutaneous and orthotopic models of
PDA and against two distinct mouse PDA tumor cell lines (Fig. 1,
H to K, and fig. S2, D and E). In addition, combination treatment
showed no evidence of increased rates of cytokine release syndrome
or hepatotoxicity (30), which are common adverse events with
aCD40 (fig. S2, F and G). Together, these results indicate that com-
binatory activation of myeloid signaling pathways can drive potent
antitumor immunity without triggering dose-limiting toxicity in
mouse models of PDA.

Wattenberg et al., Sci. Inmunol. 8, eadj5097 (2023) 17 November 2023

Myeloid agonists drive distinct intratumoral immune
landscapes

We next used mass cytometry (CyTOF) and dimensionality reduc-
tion with uniform manifold approximation and projection
(UMAP) analyses of orthotopic tumors to gain insight into the cel-
lular mechanisms underlying the activity of combined myeloid
agonist therapy (Fig. 2A and fig. S3A). scRNA-seq analysis of un-
treated pancreatic orthotopic tumors showed similar immune com-
position to that of autochthonous mouse models of PDA, based on
comparison with publicly available data (fig. S3B) (31). Evaluation
of CD45" leukocytes in orthotopic tumors at 10 days after BG,
aCDA40, or the combination identified broad remodeling of intratu-
moral myeloid and lymphoid cells (Fig. 2, B and C). Focusing first
on the myeloid compartment, we integrated the frequencies of all
myeloid clusters and identified distinct intratumoral myeloid land-
scapes to associate with each treatment alone or in combination
(Fig. 2, D and E, and fig. S3, C and D). Underlying these changes,
BG drove increased frequencies of programmed cell death 1 ligand 1
(PD-L1)"*8Ly6G" granulocytes (M6) and CD206'°"F4/80" macro-
phages (M7), whereas aCD40 was associated with increased fre-
quencies of inflammatory monocytes (M4) and IA/IE"F4/80"
macrophages (M5) (Fig. 2F and fig. S3, D and E). Combination
therapy triggered similar changes as seen after BG or aCD40 mono-
therapy, as well as specific changes, such as a significant decrease in
CD206"'PD-L1" macrophages (M8; Fig. 2F and fig. S3E). CD206"
marks a prototypical immunosuppressive macrophage subset
(32), suggesting that treatment shifted tumor-associated macro-
phages (TAMs) away from a tumor-promoting state. Together,
these data show that distinct changes in intratumoral myeloid com-
position can be triggered by the activation of distinct myeloid sig-
naling pathways.

We also performed dimensionality reduction analysis of intratu-
moral T cells, which revealed a major impact of aCD40 treatment,
and not BG, on T cell composition (Fig. 2, G and H, and fig. S3, F
and G). aCD40 treatment with or without BG increased the fre-
quency of CD4" T cells expressing Ki67, inducible T cell costimu-
lator (ICOS), and CD127 (L1) and CD8" T cells with low expression
of immunoregulatory molecules, including programmed cell death
1 (PD-1), cytotoxic T lymphocyte—associated protein 4 (CTLA-4),
lymphocyte activation gene 3 (LAG3), and T cell immunoglobulin
receptor and mucin domain—containing protein 3 (Tim3) (L2)
(Fig. 2I and fig. S3, G and H). Treatment with aCD40 also
reduced the frequency of several T cell clusters, including Foxp3"
regulatory T cells (L6). These data suggest that CD40 activation is
amajor driver of T cell biology in the context of combined myeloid-
activating therapy.

We next investigated the molecular underpinnings of the iden-
tified cellular changes using bulk RNA-seq of tumors. As with cel-
lular populations, broad transcriptional remodeling after treatment
was seen, related to both BG and aCD40 (fig. S4, A to C). Gene set
enrichment analysis showed that BG with or without aCD40 trig-
gered innate immune activation, cytokine production, and
myeloid migration pathways (Fig. 2, ] and K, and fig. S4D).
Hence, BG treatment drove increased myeloid-recruiting chemo-
kine expression (Cxcl2, Cxcl3, and Ccl2). This suggested that up-
regulation of chemokine axes mediated the observed increases in
granulocytes and macrophages with BG. In contrast, aCD40 with
or without BG primarily drove pathways supportive of lymphocyte
and T cell activation, as evidenced by up-regulation of T cell
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Fig. 2. Myeloid-targeting therapy drives distinct tumor immune landscapes. (A) Study schema. (B) t-SNE plots of selected lineage markers. (C) Density plots. (D) t-SNE
showing FlowSOM-defined myeloid clusters. (E) UMAP projection. Each dot is an individual mouse tumor defined by the relative frequencies of n = 10 CyTOF-defined
myeloid cell clusters in control (n = 5) mice and mice treated with BG (n = 5), aCD40 (n = 8), and BG/aCD40 (n = 8). (F) Heatmap of myeloid clusters. Bolded text indicates
selected clusters significantly altered by BG, aCD40, or BG/aCDA40 treatment as compared with control. Significance testing performed using one-way ANOVA with Tukey's
and displayed in fig. S3E. Columns represent biological replicates. (G) t-SNE of FlowSOM-defined T cell clusters. (H) UMAP projection. Each dot is an individual mouse
tumor defined by the relative frequencies of n = 10 CyTOF-defined T cell clusters in control (n = 5) mice and mice treated with BG (n = 5), aCD40 (n = 8), and BG/aCD40 (n =
8). (1) Heatmap of T cell clusters. Bolded text indicates clusters significantly altered by aCD40 or BG/aCD40 treatment as compared with control. Significance testing was
performed using one-way ANOVA with Tukey's test and is displayed in fig. S3H. Columns represent biological replicates. (J) Radar plot of selected myeloid-related GSEA
pathways based on bulk RNA-seq of tumors from control (n = 5) mice and mice treated with BG (n = 6), aCD40 (n = 6), and BG/aCD40 (n = 5). Axis is normalized enrichment
score relative to a range of 1.5 to 2.2. (K) Heatmap of selected genes related to myeloid migration gene set. (L) Radar plot of selected T cell-related GSEA pathways. Axis
and experimental approach is as in (J). (M) Heatmap of selected genes related to lymphocyte activation gene set.
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differentiation/activation genes (Cd27, Cd28, and Icos), T cell-sup-
porting cytokines (I1112b and II15), and antigen presentation genes
(B2m and H2-Aa; Fig. 2, L and M, and fig. S4E). In total, these cel-
lular and transcriptional data demonstrate that activation of BG
therapy drives innate immune programs and that aCD40 triggers
innate and adaptive immunity, yet only targeting of both myeloid
signaling pathways together is associated with productive
immunosurveillance.

Antitumor activity of myeloid agonist therapy is
independent of T cell immune checkpoints

Transcriptional analysis also identified up-regulation of the Pdcdl,
Cd274 (which encodes PD-L1), and Ctla4 immune checkpoints
(Fig. 3A). This prompted us to study whether myeloid activation
might combine with ICB to further improve responses. As expected,
mouse models of PDA were resistant to dual blockade of PD-1
(aPD-1) and CTLA-4 (aCTLA-4; Fig. 3, B and C, and fig. S4F), con-
sistent with the clinical phenotype of PDA (2). However, unexpect-
edly, the efficacy of BG/aCD40 was not improved upon with the
addition of dual ICB or dual ICB plus standard-of-care chemother-
apy gemcitabine with nab-paclitaxel (Fig. 3D and fig. S4G) (33). We

also tested the therapeutic potential of BG/aCD40 with or without
aPD-1 in a model of surgically resectable PDA (fig. S5A). Surgery
with neoadjuvant or adjuvant therapy is a common treatment par-
adigm for patients with localized solid tumors, yet relapse is
common (34, 35). BG/aCD40/aPD1 administered in the neoadju-
vant setting produced pathologic responses and neoadjuvant and
adjuvant treatment prolonged survival as compared with surgery
alone (fig. S5, B to D). However, aPD-1 and surgery were dispensa-
ble for the antitumor activity of BG/aCD40 (Fig. 3, E and F, and fig.
S5, E to H). Together, these data demonstrate that combinatorial
activation of myeloid signaling pathways can drive deep and
durable tumor responses independent of ICB and standard-of-
care treatments including chemotherapy and surgery.

T cells and ¢DC1s are required for antitumor activity

Given that ICB did not enhance the antitumor activity of BG/
aCD40, we next investigated whether T cells were necessary for
tumor control. Depletion of CD4" and CD8" T cells abrogated treat-
ment effectiveness, whereas CD4" or CD8" T cell depletion was as-
sociated with a partial decrease in tumor control (Fig. 4, A and B,
and fig. S5,1to L). In addition, cured mice showed T cell-dependent
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Fig. 3. Antitumor activity of myeloid agonist therapy is independent of T cell immune checkpoints. (A) Heatmap of selected genes related to T cell checkpoint
molecules. (B) Study schema of mice injected subcutaneously with PDA.7940B. (C) Kaplan-Meier survival analysis of mice (n =9 or 10 per group) treated with anti-PD-1
plus anti—-CTLA-4. Numbers indicate mice remaining alive at study end out of the total treatment cohort. (D) Kaplan-Meier survival analysis of mice (n = 6 to 8 per group)
treated with combinations of gemcitabine plus nab-paclitaxel, anti—-PD-1 plus anti—-CTLA-4 and BG/aCD40. (E) Neoadjuvant treatment study schema. (F) Kaplan-Meier
survival analysis of (E) with n = 9 or 10 mice per group. Log-rank tests were used (C, D, and F) for pairwise comparison among treatment groups. Significance testing

indicates comparison of anti—PD-1 plus anti—-CTLA-4 versus control (C) or BG/aCD40 versus BG/aCD40 plus the indicated additional therapies (D and F). (B) to (F) are
representative of two independent experiments.
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Fig. 4. Classical cytotoxicity pathways are not required for T cell immunosurveillance with myeloid agonist therapy. (A) Study schema of mice (n =9 or 10 per

group) injected subcutaneously with PDA.69. (B) Kaplan-Meier survival analysis of (A

). (C) Study schema of secondary tumor challenge. (D) Tumor volume over time.

Numbers indicate tumor-free mice at end of study. Two-way ANOVA with Tukey's test was used. (E) Study schema of mice with PDA.7940B orthotopic pancreatic tumors.
(F) Representative images of tumors stained for CD3 (purple), Ki67 (yellow), CK19 (teal), and nuclei (blue, hematoxylin) (top). Heatmaps showing density of CD3" cells
(bottom). (G) Quantification of CD3™ cells per mm?in control and BG-, aCD40-, and BG/aCD40-treated mice (n=5or 6 per group). (H) Quantification of CK19 percentage of
tumor region in control and BG-, aCD40-. and BG/aCD40-treated mice (n =5 or 6 per group). One-way ANOVA with Tukey's test was used in (G) and (H). (I) Study schema. (J)
Kaplan-Meier survival analysis of (I) with n =7 or 8 per group. (K) Study schema. (L) Kaplan-Meier survival analysis with n = 8 per group. Log-rank tests were used (B, J, and
L) for pairwise comparison among all groups. Displayed significance testing indicates BG/aCD40 compared with the indicated treatment group. Data are shown as mean +
SEM; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (A) to (L) are representative of at least two independent experiments.

immunological memory upon secondary tumor challenge (Fig. 4, C
and D, and fig. S5, M and N). Antitumor immunity triggered by
aCD40 when combined with ICB or chemotherapy is dependent
on type 1 ¢cDCs (cDC1) (36, 37). Consistent with this, tumor re-
sponses were significantly diminished, and durable control lost, in
cDCl-deficient Batf3*° mice treated with BG/aCD40 (fig. S6, A to
C). Furthermore, tumor infiltration by CD4" and CD8" T cells, as
well as T cell proliferation (measured by Ki67) in the peripheral
blood, was significantly decreased in Batf3*° mice as compared
with wild-type controls (fig. S6, D to F). These results show that
T cells are required for antitumor activity with BG/aCD40

Wattenberg et al., Sci. Immunol. 8, eadj5097 (2023) 17 November 2023

therapy and that T cell activation and recruitment are mediated
by ¢DCls.

Both Dectin-1 and CD40 have been implicated in enhancing T
cell priming (37, 38), and we reasoned that combination therapy
might be augmenting ¢cDC function. However, although BG
bound Dectin-1-expressing ¢cDCs type 2 (cDC2) and, to a lesser
extent, cDCls, the combination of BG and aCD40 only modestly
increased the expression of costimulatory molecules (CD40,
CD80, and CD86) on lymph node and splenic ¢cDCs beyond that
achieved by aCD40 alone (fig. S6, G to K). Furthermore, immuno-
histochemistry (IHC) analysis demonstrated that increased T cell
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infiltration into tumors was driven solely by aCD40 without a con-
tribution of BG (Fig. 4, E to G). T cell infiltration was not sufficient
to trigger eradication because only BG and CD40 treatment drove a
near-complete elimination of CK19" tumor cells and decreased
tumor cell proliferation despite marked increases in T cell infiltra-
tion with aCD40 monotherapy (Fig. 4H and fig. S7, A and B). In
sum, these data support that aCD40 and not BG is the major
driver of cDCI1-mediated T cell activation, which is necessary but
not sufficient for effective tumor control.

Canonical T cell cytotoxicity pathways are not required for
antitumor activity

We next sought to define the mechanistic contribution of T cells to
antitumor immunity induced by BG/aCD40. Spatial analysis of the
TME showed that the majority of T cells surrounded but did not
invade tumor lesions after aCD40 with or without BG (Fig. 4F).
This finding suggested that T cells may not be acting to kill
tumor cells via canonical perforin/granzyme cytotoxicity, which re-
quires direct T cell-tumor cell interactions via T cell receptor
(TCR)—peptide/MHC (pMHC) binding (39). Mouse PDA tumor
cells knocked out for MHC class I via CRISPR-Cas9 editing of
B2m, and which lacked MHC class II, remained responsive to
BG/aCD40 therapy (Fig. 4, I and ], and fig. S7, C to F). Moreover,
activity of BG/aCD40 also persisted in Prf1** mice, which display
deficits in T cell- and natural killer (NK) cell-mediated lysis due
to absent expression of perforin (40) (Fig. 4, K and L, and fig.

S7G). These data demonstrate that although T cells are required
for antitumor activity, they are not acting as cytotoxic effectors.

IFN-y is sufficient to enforce antitumor activity of Dectin-1
activation
We next investigated the molecular contributions of intratumoral T
cells to the antitumor response using scRNA-seq analysis of ortho-
topic tumors (22,706 total cells) at 8 days after treatment (Fig. 5A
and fig. S8, A to C). Computational sorting of lymphoid cells iden-
tified 13 populations, including NK cells, NKT cells, type 2 innate
lymphoid cells (ILC2s), B cells, plasma cells, rare gamma-delta (yd)
T cells, and alpha-beta (a/B) T cells (Fig. 5A and fig. S8D). Consis-
tent with CyTOF and RNA-seq data, the major treatment-related
changes in the lymphoid compartment were of T cells and were
driven by aCD40 with or without BG. To this end, aCD40 was as-
sociated with decreased regulatory T cells and increased CD4" Tcf7-
and CD4" Tox-expressing T cell clusters (Fig. 5B). In addition,
aCD40 or BG/aCD40 transcriptionally activated and increased the
frequency of CD8" Cxcr6 T cells, a stem-like population, which ac-
cumulates in tumor stromal niches (41), and CD8" Cx3crl T cells, a
tumor-specific effector memory-like population (42). In agreement
with this, CD8" Cxcr6 and CD8" Cx3cr1 T cell clusters were putative
tumor antigen—specific T cells based on enrichment in a 50-gene
tumor-specific T cell gene set (fig. SSE) (43).

A major function of T cells is tumor cell killing via classical
contact-dependent cytotoxicity pathways, yet in the context of
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Fig. 5. IFN-y is expressed by T cells and enforces the antitumor activity of Dectin-1-targeted therapy. (A) Study schema (left) and UMAP projection of computa-
tionally sorted lymphoid cells defined by scRNA-seq (right). Two samples (each consisting of two or three pooled tumors) per treatment condition were analyzed. (B) Dot
plot of relative change in frequency of lymphoid populations comparing treatment with control. Values are log, fold change. Size represents the percentage of the
population of total cells in each condition. Color represents the number of up-regulated DEGs in the indicated treatment versus control. (C) Gene set score of Regulation
of Cytokine Production (GO:0001816) gene set. PC, plasma cell; B, B cell; NK, NK cell. (D) Dot plot of selected cytokines in T cells from BG/aCD40-treated tumors. (E) IHC for
CD3 (yellow) and nuclei (blue, hematoxylin) and RNA in situ hybridization for Ifng (brown). Arrows highlight CD3"Ifng™ cells. (F) Study schema. (G) Kaplan-Meier survival
analysis of (F) in mice treated with intratumoral (i.t.) IFN-y (n = 6) or IFN-y/BG. Log-rank test was used. *P < 0.05. (F) to (G) are representative of two independent

experiments.
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BG/aCD40, tumor MHC expression was not required for efficacy.
Consistent with this, T cell clusters affected by aCD40 did not
show up-regulation of a T cell cytotoxicity gene set (fig. S8F). In
contrast, genes associated with positive regulation of cytokine pro-
duction were highly expressed in CD4" and CD8" T cell subsets
after aCD40 or BG/aCD40 (Fig. 5C). Further analysis identified
Ifng to be among the most highly expressed cytokines by T cells
in BG/aCD40-treated tumors (Fig. 5, D and E). Ifng expression
was restricted to CD4" and CD8" T cells and a rare NK cell popu-
lation (fig. S8G). IFN-y is a multifunctional cytokine, which can re-
program myeloid cells and directly affect tumor cells (44).
Intratumoral administration of mouse recombinant IFN-y, in the
absence of CD40 activation, was sufficient to enforce the antitumor
activity of BG therapy, prolonging survival in BG-resistant mouse
models of PDA (Fig. 5, F and G). Overall, these data suggest that
aCD40 drives T cell infiltration and production of IFN-y, which
combines with BG therapy to mediate antitumor immunity.

Host Dectin-1 is necessary for antitumor activity

Having established the major determinants of antitumor activity as-
sociated with CD40 activation, we next aimed to define the role of
the BG receptor Dectin-1. Profiling of tumor-infiltrating leukocytes
in untreated mouse PDA tumors showed a similar pattern of
Dectin-1 expression as that seen in human solid tumors. Dectin-1
was expressed by Ly6C" monocytes and F4/80" TAMs, as well as
CD11c" DCs and CD19" B cells and, at lower levels, Ly6G" cells
(fig. S9, A to E). In addition, we assessed the binding of BG to intra-
tumoral immune cells by treating wild-type and Clec7a* mice
bearing pancreatic orthotopic tumors with fluorescently labeled
BG (BG-DTAF). Dectin-1 expression and Dectin-1-dependent
binding of BG by intratumoral immune cells were discordant, sug-
gesting selective biodistribution of BG. Flow cytometry showed that
most Dectin-1-dependent binding of BG at 18 hours after treat-
ment was to Ly6C™ monocytes and Ly6G* granulocytes but not
F4/80" TAMs, T or B lymphocytes, or CD45-negative cells
(tumor cells and fibroblasts; Fig. 6A and fig. S9, F and G). Despite
B cell expression of Dectin-1 and BG binding to Ly6G" cells, these
cell types did not play a major role in the antitumor response
because treatment with mouse anti-CD20 or anti-Ly6G depleting

antibodies had no significant impact on survival in tumor-
bearing mice treated with BG/aCDA40 (fig. S9, H to K). These data
suggest that monocytes are a major target of BG therapy. Monocytes
differentiate into TAMs in the TME, and consistent with this,
scRNA-seq analysis using pseudotime, a measure of a transition
through differentiation, demonstrated an increase from monocytes
to TAMs in BG/aCD40-treated tumors (fig. SOL). Functionally,
Dectin-1 was required for antitumor activity, because suppression
of tumor growth and prolonged survival driven by BG/aCD40
was not seen in Clec7a* mice (Fig. 6, B and C, and fig. SOM). Fur-
thermore, tumors obtained from BG/aCD40-treated wild-type
mice, but not Clec7a*® mice, showed a significant increase in
TAM-to—tumor cell ratio as compared with untreated mice
(Fig. 6, D and E), supporting a role for Dectin-1 signaling in remod-
eling the TME and potentially affecting TAM biology.

Antitumor activity is independent of tumor-intrinsic IFN-y
signaling

Having identified a potential role for BG in targeting monocytes
and TAMs, we next investigated how CD40 activation might con-
verge with this biology to trigger cancer immunosurveillance. We
first evaluated for evidence of IFN-y-responsive cells in the TME.
IHC analysis of tumors showed robust activation of the IFN-y sig-
naling pathway member STAT1 (measured by p-STAT1™7°") in
CK19" tumor cells and CK19"® stromal cells, associated with
aCD40 treatment (fig. S10, A and B). IFN-y can directly affect
tumor cells, inducing senescence and apoptosis (45). However,
BG/aCD40 treatment triggered similarly deep responses against
wild-type and mouse PDA tumor cells CRISPR-Cas9—edited with
knockout of IFN-yR1 (fig. S10, C to F). These findings suggest
that stromal cells are the primary target of IFN-y and might contrib-
ute to antitumor activity of BG/aCD40.

Transcriptional programming of TAMs

Analysis of nontumor cells within the TME identified F4/80" TAMs
to be a major contributor to the stromal compartment both within
(intratumoral) and bordering (border) tumor lesions (Fig. 7A). Fur-
thermore, the combination of BG/aCD40 led to a significant in-
crease in intratumoral TAMs by 10 days after treatment (Fig. 7B),
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Fig. 6. Host Dectin-1 is required for antitumor activity of myeloid activating therapy. (A) Quantification of BG-DTAF expression 18 hours after treatment in WT (n = 3)
and Clec7a*® (n =7) mice. Mann-Whitney U tests were performed. (B) Study schema in mice implanted subcutaneously with PDA.7940B tumors. (C) Kaplan-Meier analysis
of (B) with n =9 or 10 mice per group. Log-rank test was used for pairwise comparison among all groups. Significance testing represents BG/aCD40 (WT) versus BG/aCD40
(Clec7a"). (D) Representative IHC of PDA.7940B orthotopic tumor for F4/80 (purple), CK19 (teal), and nuclei (blue, hematoxylin). Dotted line denotes tumor border. (E)
Quantification of IHC in control WT mice (n = 7) and BG/aCD40-treated WT (n = 7) and Clec7a*® (n = 5) mice. Log,-transformed values are shown. Data represents two
combined independent experiments. One-way ANOVA with Tukey's was used. M®, macrophage. Data are shown as mean + SEM; *P < 0.05. (A) to (C) are representative of
two independent experiments.
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suggesting that TAMs may be playing a crucial role in the antitumor
response driven by BG/aCD40. Given these findings, we used
scRNA-seq and THC to dissect the molecular and spatial responses
of TAM and monocyte subsets to treatment. Computational sorting
of scRNA-seq—defined myeloid cells identified four TAM popula-
tions and two monocyte populations (Fig. 7C and fig. S10G). Con-
sistent with known TAM phenotypes, the presence or absence of
Mrcl (which encodes CD206) and Clga coexpression defined two
groups of TAMs (Fig. 7C). CD206"C1q" macrophage accumulation
in solid tumors is associated with T cell exhaustion and cancer pro-
gression (46). Spatial characterization of TAM subsets showed that
CD206"TAMs populated the tumor border region, whereas
CD206"**TAMs were found in the intratumoral region (Fig. 7D).
Moreover, CyTOF analysis demonstrated enrichment of immuno-
suppressive-like CD206"F4/80"TAMs in untreated tumors and a
significant decrease in the ratio of CD206" to CD206"°®F4/
80"TAMs with BG/aCDA40 therapy, consistent with an influx of an-
titumor-like CD206"¢TAMs into the intratumoral region (Fig. 7E
and fig. SI0H). Furthermore, differentially expressed gene (DEG)
analysis of TAMs defined by Mrcl (Cd206) expression identified
BG to be the primary driver of TAM transcriptional state at 8
days after treatment, with the greatest impact on MrcI"®TAMs
and fewer transcriptional changes in Mrc1"TAMs and monocytes
(Fig. 7, F and G). In addition, Mrc1"°® and Mrcl™ TAMs from
BG/aCD40-treated tumors showed immunostimulatory transcrip-
tional programs, including defense response and biotic stimulus,
whereas only Mrc1"® TAMs showed peroxisome activity (Fig. 7H
and table S1 and S2). Although BG was the major driver of these
pathways, up-regulation of the IFN-y-responsive genes Statl and
Ly6a was associated with aCD40 treatment. Furthermore, p-
STAT1""7°'"F4/80" TAMs were identified by IHC within both
the tumor border and intratumoral regions after aCD40 or
aCD40/BG therapy, consistent with TAM reactivity to IFN-y
(Fig. 7, A and I). Together, these data suggest that transcriptional
programming of spatially discrete TAMs is mediated by aCD40-as-
sociated IFN-y-STAT1 signaling in combination with BG therapy.

Monocytes and TAMs are required for optimal antitumor
activity

Last, we assessed the functional role of monocytes and TAMs in the
antitumor response triggered by BG/aCD40. To this end, depletion
of Ly6C" cells using anti-Ly6C antibody treatment significantly
reduced the efficacy of BG/aCD40 (Fig. 7, J to L), consistent with
a Ly6C"®" monocyte-derived source of immunostimulatory
TAMs in PDA (47). Furthermore, pharmacologic targeting of
CSF1-CSF1R signaling using GW2580 (CSF1Ri) or phagocytic
cells using clodronate liposomes (CELs) also significantly reduced
survival in mice treated with BG/aCD40 (Fig. 7, ] to L). CEL primar-
ily targets phagocytic cells outside the TME, and CSF1Ri targets in-
tratumoral TAMs (48). Thus, these data show that systemic
phagocytic cells, a potential source of intratumoral TAMs, and
CSF1R-dependent TAM:s are crucial for optimal antitumor activity.
In addition, peripheral blood analysis confirmed the myeloid cell-
depleting effects of CSF1Ri, CEL, and anti-Ly6C and showed no
impact on CD4" or CD8" T cell activation triggered by BG/
aCD40 (fig. S10, I to M). Thus, these pharmacologic agents effec-
tively targeted expected myeloid subsets without disrupting cDC1-
mediated T cell activation. Together, these data identify a mecha-
nism by which Dectin-1 and aCD40-associated IFN-y signaling in
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monocytes and TAMs drive productive immunosurveillance
against T cell immunotherapy-resistant tumors.

DISCUSSION

Prior strategies aimed at targeting the myeloid response to cancer
have been limited by compensatory changes in additional immuno-
suppressive myeloid cell populations and loss of myeloid immunos-
timulatory functions (49). Here, we show that coactivation of
myeloid cells using a CD40 agonist (aCD40) combined with PRR
agonists synergized to invoke productive immunosurveillance in
mouse models of pancreatic cancer. To define the mechanisms
and clinical relevance of combinatory myeloid pathway activation,
we focused on aCD40 plus BG therapy. At the cellular level, cDCls,
T cells, Ly6C" monocytes, and CSF1R-dependent TAMs were nec-
essary for maximal therapeutic activity triggered by coactivation of
CD40 and Dectin-1, whereas B cells and granulocytes were dispen-
sable. Thus, antitumor activity driven by BG and aCD40 treatment
relies on distinct contributions from multiple adaptive and innate
leukocyte subsets, which converge to establish a concerted immu-
nological response to cancer.

Monotherapy with a CD40 agonist or BG therapy shows only
modest antitumor activity in patients with solid tumors (19, 29)
and in animal models, which we confirmed in our study. In con-
trast, coadministration of aCD40 plus BG therapy in ICB-resistant
mouse models of PDA was synergistic and triggered tumor eradica-
tion, highlighting that targeting multiple distinct myeloid-activat-
ing receptors can drive productive immunosurveillance.
Furthermore, although BGs can bind multiple CLRs (27), in our
study, genetic deletion of Clec7a in mice abrogated antitumor activ-
ity triggered by BG/aCD40. Therefore, our data identifies a previ-
ously unappreciated role for Dectin-1 signaling in unleashing the
capacity of aCD40 to invoke productive immunosurveillance.

Dectin-1 signaling can mediate diverse cellular responses, de-
pending on ligation by soluble or particulate BGs, duration of acti-
vation, and integration of additional signaling pathways (27). In
some contexts, chronic Dectin-1 signaling has been implicated in
promoting tumorigenesis and T cell evasion (50). In contrast, we
found that acute activation of Dectin-1 in combination with
aCD40 invoked robust antitumor immunity. Several factors may
contribute to this, including the use of a soluble BG and the acute
nature of Dectin-1 activation in our study. In addition, prior work
showed that IFN-y can sensitize macrophages to Dectin-1-mediat-
ed signaling through Spleen tyrosine kinase (Syk) (51). Consistent
with this, we found IFN-y to enforce the antitumor activity of BG.
This finding suggests that integration of intracellular signaling re-
sponses to cytokine receptor and PRR activation can drive
context-dependent cellular fates. To this end, our findings show
that IFN-y and BG targeted multiple myeloid cell subsets within
the TME. However, the precise roles of distinct myeloid cell
subsets remain unclear, including the relative contribution of com-
binatory cytokine and PRR activation to their cellular fate. Future
studies will be needed to elucidate molecular mechanisms by
which cytokines modulate cellular outcomes to PRR activation in
distinct immune cell subsets.

Our results highlight a key role for noncytotoxic functions of T
cells in the antitumor response. Antitumor activity was indepen-
dent of classical T cell cytotoxicity pathways, because responses
were maintained against tumor cells lacking MHC expression and
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IFN-y signaling and in transgenic mouse models deficient in per-
forin. Loss of tumor MHC expression or sensitivity to IFN-y are
common resistance mechanisms to ICB (52), suggesting that com-
bined myeloid activation may be a strategy to overcome immune
resistance associated with ICB failure. Moreover, we found that
ICB did not augment antitumor immunity induced by combination
myeloid-activating therapy, showing that effective myeloid engage-
ment can circumvent the need for blocking immune checkpoint
molecules expressed by T cells. Thus, productive cancer immuno-
surveillance does not necessarily require canonical T cell cytotoxic-
ity pathways or inhibition of T cell immune checkpoints.

Our data suggest that CD40 activation and BG therapy converge
at the level of monocytes and TAMs, which may act as antitumor
effector cells. TAMs can exert multiple and redundant tumor cyto-
toxic functions, including production of reactive oxygen species
(ROS), nitric oxide (NO), and cytokines and phagocytosis of
tumor cells (53). In addition, immunostimulatory TAMs can act
as antigen-presenting cells (APCs) (47), potentially supporting
feedforward antitumor immune circuits consisting of tumor-specif-
ic T cells and APCs. Hence, a limitation of our study is that our find-
ings provide only partial insight into the specific functional
contributions of tumoricidal and antigen-presenting TAM path-
ways in the setting of BG/aCD40. Future studies aimed at defining
the impact and role of discrete monocyte/TAM cytotoxicity path-
ways on tumor cells may inform promising cancer therapies. In
summary, these findings define a previously undescribed immuno-
therapy paradigm via coactivation of complementary myeloid sig-
naling pathways. A clinical trial (NCT05484011) studying the
combination of BG and aCD40 for the treatment of patients with
PDA is underway.

MATERIALS AND METHODS

Study design

The goal of this study was to demonstrate the antitumor potential
and mechanism of action of combinatory myeloid pathway activa-
tion for the treatment of ICB-resistant solid tumors. To test this, we
combined an anti-CD40 monoclonal antibody with agonist activity
(FGK45) with a soluble BG agonist of the CLR Dectin-1 in ICB-re-
sistant mouse models of pancreatic ductal adenocarcinoma (PDA).
To define the cellular and molecular mechanisms underlying the
antitumor activity of CD40 and Dectin-1 coactivation, we integrated
pharmacologic depletion of immune cell subsets, transgenic mouse
models (Batf3*°, Clec7a*, and Prf1*°), CRISPR-Cas9 engineering
of tumor cells (B2m*® and Ifngr1*®) and orthogonal multi-omics
(RNA-seq, scRNA-seq, mass cytometry, and multiplex IHC). Ex-
periments in this study were conducted two or three times unless
otherwise specified in the figure legends. In vivo studies were con-
ducted using mice block-randomized to treatment groups in an un-
blinded manner. No outliers were excluded.

Mice

Eight- to 10-week-old male and female C57BL/6 (stock no. 000664),
B6.129S(C)-Batf3"X™m™[y (stock 013755), C57BL/6-Prf1"!54/]
(stock 002407), and B6.129S6—Clec7atmlcdb/] (stock 012337) mice
were ordered from the Jackson Laboratory or bred in house. Mice
were housed under pathogen-free conditions in a barrier facility,
and animal protocols were reviewed and approved by the Institute
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of Animal Care and Use Committee at the University of Pennsylva-
nia (protocol number 803605).

Cell lines

Polyclonal PDA.7940B, PDA.69 tumor cells derived from LSL-
Kras®"?P/*LSL-Trp53%"7?"/*;Pdx-1-Cre  mice and clonal
PDA.8572.E12 tumor cells derived from KPC mice expressing the
yellow fluorescent protein (YFP)-lineage tag were acquired as pre-
viously described (54) and used in subcutaneous and orthotopic
tumor models. Cell culture was conducted using Dulbecco’s modi-
fied Eagle's medium (DMEM; Corning) supplemented with 10%
fetal bovine serum (FBS; VWR), 1% L-glutamine (Thermo Fisher
Scientific), and gentamicin (83 pg/ml; Thermo Fisher Scientific)
at 37°C and 5% CO,. All cell lines used routinely tested negative
for mycoplasma contamination.

Generation of CRISPR-edited tumor cell lines

PDA.8572.E12 tumor cells were transiently transfected with pX459-
Cas9-sgRNA (single guide RNA) targeting B2m or Ifngrl with Lip-
ofectamine 2000 reagent (Thermo Fisher Scientific). pSpCas9(BB)-
2A-Puro (PX459) V2.0 was a gift from F. Zhang (Addgene plasmid
no. 62988; http://n2t.net/addgene:62988; RRID:Addgene_62988)
(55). Transfected tumor cells were selected by applying puromycin
(Clontech)—containing medium for 48 hours. Validation of target
knockout was conducted on clones generated by limiting dilution.
Tumor cells were treated with or without murine IFN-y (100 ng/ml;
PeproTech) for 24 hours, and H-2kb/H-2kd and PD-L1 were as-
sessed by flow cytometry. Knockout of IFNgR1 was also confirmed
using flow cytometry. CRISPR sgRNA sequences included B2m
sgRNA_1 (5-CTCAAATTCAAGTATACTCA) and Ifngrl
sgRNA_1 (5-GGTATTCCCAGCATACGACA).

Tumor models

For subcutaneous tumor models, PDA.7940B cells (5 x 10° or 1 x
10°), PDA.69 cells (5 x 10° or 1 x 10°), and PDA.8572.E12 (1 x 10°)
cells were injected subcutaneously into the flanks of mice. For or-
thotopic tumor models, mice were anesthetized using continuous
isoflurane. Once analgesia was administered, depth of anesthesia
was evaluated, and sterilization of the abdomen was performed. A
laparotomy was made over the left upper quadrant of the abdomen.
The spleen and pancreas were exteriorized onto a sterile field, and
PDA.7940B cells (5 x 10°) were injected into the tail of the pancreas
using a 30-gauge needle (Covidien). Observation of a liquid bleb at
the site of injection with minimal fluid leakage was used to confirm
appropriate injection. The spleen and pancreas were then returned
to the peritoneal cavity. The peritoneum was closed with absorbable
suture (Ethicon PDS II), and the skin was closed with surgical
staples (AutoClip). For secondary tumor challenge, mice that
showed tumor eradication after treatment and remained tumor-
free for >100 days were rechallenged with 1 x 10° tumor cells inject-
ed subcutaneously.

Pancreatectomy model

For pancreatectomy/splenectomy models, an orthotopic tumor was
initiated with PDA.7940B cells (1 x 10°) and allowed to engraft for
10 days before surgery or initiation of neoadjuvant therapy. In the
case of neoadjuvant therapy, surgery was conducted 10 to 14 days
after treatment onset. For surgery, mice were anesthetized with con-
tinuous isoflurane. Analgesia was administered; depth of anesthesia
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was evaluated, and the abdomen was sterilized. A left upper quad-
rant laparotomy was created, and the distal pancreas and spleen
were resected using electrocautery (Gemini). Hemostatic control
was maintained. The peritoneum was closed with absorbable
suture (Ethicon PDS II), and the skin was closed using surgical
staples (AutoClip). In mice treated with neoadjuvant BG/aCD40,
before resection of the spleen and pancreas, splenic vessels were
ligated using ligation clips (Horizon) to prevent hemorrhage in
the setting of treatment-related splenomegaly. Necropsy was per-
formed at time of death, and mice were confirmed to have progres-
sive cancer (presence of recurrent pancreatic tumor and metastases
to liver, lung, peritoneum, or lymph node) were included in the sur-
vival analysis.

Animal treatment protocol

Sex-matched 8- to 10-week-old mice were block-randomized in an
unblinded manner. Sample sizes were estimated on the basis of pilot
studies to provide adequate numbers of mice in each group for stat-
istical analysis. Mice were monitored three times per week and eu-
thanized on the basis of defined criteria including tumor volume
>1000 mm?, loss of >20% body weight, lethargy, or other signs of
distress. For subcutaneous studies, mice (<1%) in which tumors did
not establish or were euthanized because of distress despite no sig-
nificant tumor outgrowth were excluded. For antibody treatments
of mice, the abdomen was sterilized, and antibodies diluted in
100 pl of phosphate-buffered saline (PBS) were administered by in-
traperitoneal injection using a 30-guage needle. Anti-CD40 (clone
FGK45; catalog no. BE0016-2; RRID: AB_1107647; 0.1 mg) was ad-
ministered on day 0. Mice (~5%) that did not show depletion of
CD19" B cells at 24 hours after treatment with anti-CD40 were ex-
cluded as previously described (30). For T cell depletion, anti-CD4
(clone GK1.5; catalog no. BE0003-1; RRID: AB_1107636; 0.2 mg)
and anti-CD8 (clone 2.43; catalog no. BE0061; RRID:
AB_1125541; 0.2 mg) were given on days —3, 0, 4, 7, and 11
unless otherwise specified. Anti-Ly6C (clone MONTSI; catalog
no. BE0203; RRID: AB_2687696; 0.5 mg) was delivered on days
-1, 0, 1, 5, and 9. Anti-CD20 (clone MB20-11; catalog no.
BE0356; RRID: AB_2894775; 0.2 mg) was given on day —1. Anti-
Ly6G (clone 1A8; catalog no. BP0075-1) was administered on day
—1 (0.5 mg) and days 0, 1, 5, and 9 (0.2 mg). Anti-PD-1 (clone
RMP1-14; catalog no. BE0146; RRID: AB_10949053; 0.2 mg) was
given on days 0, 4, and 7 (neoadjuvant); days 7, 11, and 14 (adju-
vant); or days —3, 0, 3,6, 9, 12, 15, 18, and 21. Anti-CTLA-4 (clone
9H10; catalog no. BE0131; RRID: AB_10950184; 0.2 mg) was given
on days —3, 0, 3, and 6. All antibodies were purchased from Bio X
Cell. Gemcitabine (120 mg/kg) and nab-paclitaxel (120 mg/kg) were
suspended in PBS and administered by intraperitoneal injection on
day —2. Imprime PGG (odetiglucan) is a clinical-grade soluble, -
1,3/1,6 glucan derived from Saccharomyces cerevisiae (28). Imprime
labeled with 5-(4,6-dichlorotriazinyl) aminofluorescein (5-DTAF),
a reactive dye with absorption/emission maxima of 492/516, was
used for binding studies. BG and BG-DTAF (1.2 mg; HiberCell
Inc.) were systemically delivered via tail-vein or intraperitoneal in-
jection in 100 pl of PBS using a 30-guage needle on day 0. Clodro-
nate-encapsulated liposomes (Liposoma) were administered by
intraperitoneal injection, as per the manufacturer’s instructions,
on days =2, 0, 2, 5, and 9. GW2580 (160 mg/kg; Selleckchem)
was diluted in 0.5% hydroxypropylmethylcellulose and 0.1%
Tween-80 and administered by oral gavage on days —2, —1, 0, 1,
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2,5,6,7,8,and 9. Pam3CSK4 (0.2 mg; InvivoGen), lipopolysaccha-
ride (50 pg; InvivoGen), CpG (50 pg; InvivoGen), R848 (50 pg; In-
vivoGen), DMXAA (0.5 mg; InvivoGen), and MDP (0.3 mg;
InvivoGen) were diluted in sterile water and administered by intra-
peritoneal injection on day 0. For intratumoral treatment, mouse
recombinant IFN-y (3 pg; PeproTech) was suspend in 50 pl of
PBS and administered intratumorally.

Cytokine and AST/ALT analysis

Blood was obtained by retro-orbital collection and centrifuged at
13,000 rpm for 20 min. Serum was collected and stored at —80°C
until use. Aspartate transaminase (AST) and alanine transaminase
(ALT) levels were acquired by IDEXX BioAnalytics. Cytokines were
measured using Luminex assay.

Flow cytometry

Flow cytometry staining and acquisition were conducted as previ-
ously described (54, 56). Briefly, peripheral blood was collected by
tail vein bleed, incubated in ACK lysing buffer (Life Technologies)
for 5 min, and washed with PBS. Single cells were isolated from
spleen and lymph node by mechanical dissociation followed by fil-
tering through a 70-pm nylon strainer (Corning). Tumors were
minced with microdissecting scissors at 4°C in DMEM containing
collagenase (1 mg/ml; Sigma-Aldrich) and deoxyribonuclease
(DNase; 150 U/ml; Sigma) and incubated at 37°C for 45 min with
intermittent agitation. Tissues were filtered through a 70-um nylon
strainer (Corning). Cells were then incubated in ACK lysing buffer
(Life Technologies) for 5 min, washed with DMEM, counted using a
TC20 automated cell counter (Bio-Rad), and stained using Aqua
dead cell stain kit (Life Technologies) for 20 min at room temper-
ature. After washing, cells were incubated with a master mix of
primary conjugated antibodies for surface staining for 30 min at
4°C. For intracellular staining, cells were permeabilized using Fixa-
tion/Permeabilization Buffer (eBioscience) followed by incubation
with primary conjugated antibodies. The antibodies used are de-
scribed in table S3. Data acquisition was performed on a FACSCan-
to II (BD Biosciences). Analysis of flow cytometric data was
performed using FlowJo version 10.2 (BD).

Mass cytometry

For mass cytometry processing, orthotopic tumors were processed
in the same manner as for flow cytometry and then filtered through
a 70-um nylon strainer (Corning), washed with metal-free FACS
buffer (PBS, 0.2 mM EDTA, and 2% FBS), and incubated in ACK
lysing buffer (Life Technologies) for 5 min. After washing in FACS
buffer, cells were incubated in 1 mM 198PT monoisotopic cisplatin
(Fluidigm), fixed in Cytofix fixation buffer (BD), and cryopreserved
until staining. Thawed cells were counted and washed, and 2 x 10°
cells or fewer per sample were barcoded by incubation with palladi-
um metal tags as per the manufacturer’s instructions (Fluidigm).
Pooled cells were then incubated with permeabilization working
solution (eBioscience) with 2% mouse serum and mouse anti-
CD16/32 and stained with a lymphoid or myeloid-focused antibody
master mix (tables S4 and S5) for 30 min at room temperature. Cells
were washed and fixed in 2.4% formaldehyde with iridium nucleic
acid intercalator (125 nM; Fluidigm) overnight at 4°C. Cells were
cryopreserved and stored at —80°C until acquisition on a Helios
mass cytometer (Fluidigm). Acquisition was performed with cells
resuspended at a concentration of 1 x 10° cells/ml in cell acquisition
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solution with 5% EQ beads (Fluidigm). Bead normalization and de-
barcoding of flow cytometry standard (FCS) files was performed
using Helios software (Fluidigm). Events were gated to remove dou-
blets and dead cells and for positive or negative selection of markers
of interest (CD45, CD3, and CD3"°¢B220"°¢) using Flow]Jo version
10.2 (BD). TSNE analysis, phenograph (57), and FlowSOM (58)
clustering were performed using the cytofkit2 and visualized with
ggplot2 packages in R. Density plots were generated using the
stat_density_2d function and UMAPs using the umap package
(V0.2.10.0) R package. Heatmaps were made using the Pheatmap
package (v1.0.12) in R.

Microscopic analysis

Mouse tissues were fixed in 10% formalin for 48 hours at room tem-
perature, washed twice in PBS, and stored in 70% ethanol at 4°C.
Tissues were processed and embedded to generate formalin-fixed
paraffin-embedded (FFPE) blocks. Specimens were sectioned at 5
pum onto Superfrost Plus microscope slides (VWR International,
catalog 48311-703). Automated IHC and RNA in situ hybridization
were performed using a Ventana Discovery Ultra automated slide
staining system (Roche). The following primary antibodies were
used against mouse antigens: CD3 (Abcam, Polyclonal; catalog
no. ab5690; RRID: AB_305055), Ki67 (Cell Signaling Technology;
Clone D3B5; catalog no. 12202; RRID: AB_2620142), F4/80 (Cell
Signaling Technology; Clone D2S9R; catalog no. 70076; RRID:
AB_2799771), pSTAT1 (Cell Signaling Technology, Clone 58D6;
catalog no. 9167; RRID: AB_561284), CD206 (Abcam; Clone
EPR25215; catalog no. Ab300621; RRID: AB_2935881), and CK19
(Abcam; Clone EPNCIRI27B; catalog no. ab133496; RRID:
AB_11155282). RNA in situ hybridization reagents were obtained
from ACDBio. Staining was performed as previously described
(59). Briefly, slides were baked and deparaffinized, followed by
heat-induced epitope retrieval using Cell Conditioning Solution
(Roche), sequential incubation with discovery inhibitor (Roche),
and S block (Roche). Slides were then stained with primary anti-
body, linking antibody, and then chromogen substrate. Stained
slides were air-dried at room temperature.

IHC image analysis

Whole slide images were obtained using an Aperio C2 scanner
(Leica) and analyzed using algorithms developed with Visiopharm
Integrator System software (version 2020.01). Cells were detected
and classified on the basis of colorimetric characteristics within
regions of interest (ROIs) using custom algorithms. ROIs were man-
ually delineated around regions of tumor (intratumoral ROI,
defined by CK19) or the tumor border (border ROI, defined from
the edge of CK19-positive regions to the tumor edge). Regions con-
taining adipose tissue, necrotic lesions, and artifactual staining were
excluded from analysis. Immune infiltrates were quantified within
the ROI. Cell numbers were normalized to ROI area and expressed
as densities (cells per mm?) or percentage of ROI (F4/80 and CK19).
CD3" cell density plots were generated using Visiopharm.

RNA isolation and sequencing

Total RNA was extracted from 5-pm serial sections obtained from
FFPE tissues using the RNeasy FFPE kit (QIAGEN). Preparation of
a standard RNA library was performed by the Wistar Institute Ge-
nomics Facility. Briefly, 3 mRNA-seq libraries were generated from
100 ng of DNase I-treated total RNA using the QuantSeq FWD
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Library Preparation Kit (Hexogen) according to the manufacturer’s
directions. Overall library size was determined using the Agilent Ta-
peStation and the DNA 5000 ScreenTape (Agilent). Libraries were
quantitated using real-time polymerase chain reaction (PCR; Kapa
Biosystems). Libraries were pooled, and single-read, 100-base pair
next-generation sequencing was performed on a NextSeq 2000
(Ilumina).

Analysis of RNA-seq data

Reads were mapped to the GRCm38/mm10 genome using the Base-
Space Suite (Illumina). Gene expression was normalized, and differ-
ential gene expression was calculated across groups using DESeq2
(v1.32.0) (60). A gene was considered differentially expressed
between two groups with an adjusted P value of <0.01 and log,
fold change >1.2 or <—1.2. Principal components analysis (PCA)
was performed on all detected genes using the regular log transfor-
mation from DESeq2. Data were visualized using volcano plots from
DESeq2 and heatmaps from the Pheatmap R package (v1.0.12).
Gene set enrichment analysis was conducted using the GSEABase
(v1.54.0) R package. Radar plots were generated using the fmsb
package (v0.7.5) in R.

Single-cell sequencing

Two samples (consisting of two or three pooled tumors) per treat-
ment condition were processed for scRNA-seq. After tissue digest of
orthotopic tumors as described above, next-generation sequencing
libraries were prepared using the 10x Genomics Chromium Single
Cell 3’ Reagent kit v3.1 per the manufacturer's instructions. Librar-
ies were uniquely indexed using the Chromium dual Index Kit,
pooled, and sequenced on an Illumina NovaSeq 6000 sequencer
in a paired-end, dual-indexing run. Sequencing for each library tar-
geted 20,000 mean reads per cell. Data were then processed using
the Cell Ranger pipeline (10x Genomics, v.6.1.2) for demultiplexing
and alignment of sequencing reads to the mm10 transcriptome and
creation of feature-barcode matrices.

Single-cell sequencing analysis

For analysis of previously published scRNA-seq datasets (16, 23-25,
31) counts, gene information, and barcode matrix output were
downloaded from the NIH Gene Expression Omnibus database
[www.ncbi.nlm.nih.gov/geo/; accession numbers GSE155698
(human PDA), GSE163120 (human GBM), GSE164690 (human
HNSCC), and GSE125588 (spontaneous mouse models of PDA)]
and www.cancerdiversity.asia/scCRLM/ (human CRC). Analysis
was performed using Seurat (version 4.04; https://satijalab.org/
seurat/) (61) and R (version 4.1.1) (62). For quality control, data
were filtered to include cells with a minimum of 200 genes, and
genes that were present in greater than three cells were included.
Cells that contained reads for more than 2500 or fewer than 200
genes were excluded, as were cells that contained more than 30%
of reads aligned to mitochondrial genes. Data were normalized
using the NormalizeData function with the LogNormalize
method and scale factor of 10%, Highly variable genes (n = 2000)
were identified with the “vst” selection method, and genes were
scaled and centered to a mean of 0 using the ScaleData function.
The RunPCA function was applied using previously identified
genes for linear dimensionality reduction. Batch correction was per-
formed using the R package Harmony (version 1.0) (63). The Find-
Neighbors and FindClusters functions were implemented to

13 of 16

€202 ‘v0 Joquiaoad Uo B10°90Us 195 MMM//SANY WO | PSPEO [UMOC]


http://www.ncbi.nlm.nih.gov/geo/
http://www.cancerdiversity.asia/scCRLM/
https://satijalab.org/seurat/
https://satijalab.org/seurat/

SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

identify cell clusters using a resolution of 0.5 (all cells, lymphoid
cells) or 0.4 (TAM and monocytes). Nonlinear dimensionality re-
duction was performed using the RunUmap feature to visualize
clusters in a two-dimensional space. Cluster markers were identified
using the FindAllMarkers function, testing for DEGs between cells
in a single cluster as compared with all other clusters. Clusters were
defined by manual review of cluster-specific DEGs and the MyGe-
neSet tool (ImmGen). DEG analysis was conducted using Find-
Markers. A gene was considered differentially expressed between
two groups with an adjusted P value of <0.05 and log, fold
change >0.8 or <—0.8. Gene signatures were generated using Add-
ModuleScore and visualized by feature plot using FeaturePlot_sc-
Custom in the scCustomize R package. For heatmaps of DEGs,
the average of each gene was calculated using AverageExpression,
scaled, and visualized using DoHeatmap. Pseudotime analysis was
conducted using Monocle3.

Statistical analysis

Student's ¢ tests and Mann-Whitney U tests were used for compar-
ison of unpaired variables, using a two-sided alpha of 0.05. Where
appropriate, multiple comparison testing was performed using one-
or two-way analysis of variance (ANOVA) with Tukey's test with a
false discovery rate <0.05. Survival analysis was conducted using
Kaplan-Meier methodology, and log-rank (Mantle Cox) was used
to compare survival between groups. Spearman correlation coeffi-
cients were calculated to quantify correlations between features.
Statistical analysis was conducted using Prism (GraphPad Software,
version 9.2.0) and R (version 4.1.1) (62).
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