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Abstract 20 

Immune evasion is a major obstacle ahead of pancreatic cancer therapy. Recent data implicate pro-21 

inflammatory macrophages in the progression of pancreatic ductal adenocarcinoma (PDAC) and 22 

its therapeutic response. However, whether or which of the pro-inflammatory macrophage 23 

subtypes play a crucial role in the immune escape of PDAC remains unclear. Here we identify a 24 

population of CD138+ tumor-associated macrophages (TAMs), characterized by their pro-25 

inflammatory and neutrophil-chemotactic activity, which undergo significant expansion in both 26 

PDAC patients and mouse models. These cells are elicited by a local synergy between IL-34-27 

syndecan-1 and PGE2-EP2 signaling and are associated with immune evasion and poor clinical 28 

outcomes in patients, while also promoting immune escape and disease progression in mouse 29 

models. Mechanistically, CD138+ TAMs establish a feedforward loop with immunosuppressive 30 

Siglec-F+ neutrophils, which exhibit elevated PGE2 expression, via the secretion of SAA3 and 31 

CXCL1. Targeting CD138+ TAMs by disrupting IL-34-syndecan-1 signaling with anti-IL-34 32 

neutralizing antibodies significantly suppresses PDAC progression, especially when combined 33 

with anti-PD-1 antibodies. Together, our study elucidates a CD138+ TAM-Siglec-F+ neutrophil 34 

axis that drives immune escape in PDAC and proposes a therapeutic strategy that integrates IL-35 

34-syndecan-1 signaling blockade with anti-PD-1 immunotherapy for the treatment of PDAC. 36 

  37 
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Main Text 41 

Introduction 42 

Pancreatic cancer, predominantly pancreatic ductal adenocarcinoma (PDAC), is recognized as one 43 

of the most aggressive solid malignancies, exhibiting nearly uniform mortality rates and ranking 44 

as the third leading cause of cancer-related deaths in the United States(1). PDAC is 45 

notoriously resistant to current therapies, including immunotherapy, primarily due to its 46 

immunosuppressive tumor microenvironment (TME)(2). Tumor-associated macrophages (TAMs), 47 

which are abundant within the PDAC TME, are believed to significantly influence tumor immune 48 

evasion(3), although it remains undefined which TAM subset plays a pivotal role. Traditionally, 49 

pro-inflammatory macrophages have been regarded as anti-tumorigenic, characterized by an M1-50 

like phenotype(4). Nonetheless, these macrophages harbor considerable heterogeneity and 51 

functional plasticity during disease progression and therapy(5). IL-1β+ TAMs trigger pathogenic 52 

inflammation, fueling PDAC development(6). Inflammatory macrophage-derived granulin and 53 

CXCL3 facilitate the generation of myofibroblasts, thereby driving tumor metastasis(7, 8). 54 

Conversely, upon exposure to radiotherapy, targeted therapy, and/or immunotherapy, the pro-55 

inflammatory polarization of macrophages plays a crucial role in reactivating anti-tumor 56 

immunity(9–11). However, whether or which of the pro-inflammatory macrophage subtypes play 57 

a crucial role during the immune evasion of PDAC is still unclear, as does the manner in which 58 

local signals elicit their functions. 59 

Previous studies have reported interactions between TAMs and neutrophils within the TME 60 

across several cancer types(12, 13). Mesothelin secretion by metastatic pancreatic cancer cells 61 

induces the expression of S100A9 in macrophages, which leads to increased neutrophil infiltration 62 

into the lungs and the formation of neutrophil extracellular traps (NETs), thereby supporting tumor 63 
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metastasis(14). Furthermore, dual targeting of CCR2+ TAMs and CXCR2+ neutrophils improves 64 

anti-tumor immunity compared to either strategy alone, indicating a compensatory response from 65 

the alternative myeloid subset(15). However, the interactions between TAMs and neutrophils 66 

within the primary tumor of PDAC and their roles in tumor immune evasion remain unclear. A 67 

better understanding of these interactions is needed to facilitate the rational targeting of TAMs to 68 

overcome immune evasion in PDAC.  69 

IL-34, a short-chain helical hematopoietic cytokine, plays a crucial role in regulating the 70 

differentiation, proliferation, and survival of myeloid cells(16, 17). It is increasingly evident that 71 

IL-34 significantly influences the immune escape and progression of several cancer types by 72 

inducing M2 polarization of TAMs(17, 18). Despite this, the specific roles of IL-34 in PDAC 73 

remain poorly understood. Syndecan-1, also known as CD138, serves as a functional receptor for 74 

IL-34; upon engagement, it stimulates the migration of myeloid cells and modulates the activation 75 

of CSF1R(19). Recent research has revealed that syndecan-1 localized on the surface of pancreatic 76 

cancer cells regulates macropinocytosis, an essential metabolic pathway that supports tumor 77 

growth(20). Nevertheless, the regulatory effects of IL-34-syndecan-1 signaling on the phenotype 78 

and function of myeloid cells within the TME, as well as the impact of this process on tumor 79 

immune evasion are still undefined. 80 

In this study, we delved into the influence of TAMs on the immune escape of PDAC, uncovering 81 

the expansion of a population of CD138+ TAMs in both PDAC patients and mouse models. This 82 

unique subset of TAMs exhibited pro-inflammatory and neutrophil-chemotactic activity. Their 83 

generation was collaboratively driven by IL-34-syndecan-1 and PGE2-EP2 signaling, establishing 84 

a feedforward loop with immunosuppressive PGE2-expressing Siglec-F+ neutrophils through the 85 

secretion of SAA3 and CXCL1, thereby contributing to tumor immune evasion. Notably, we 86 



6 

 

demonstrated that targeting CD138+ TAMs via the blockade of IL-34-syndecan-1 signaling 87 

effectively impeded PDAC progression, particularly when combined with anti-PD-1 antibodies. 88 

Our findings underscore the crucial roles of CD138+ TAMs in facilitating tumor immune evasion 89 

and provide valuable insights for developing combination therapy strategies that target these cells 90 

in conjunction with anti-PD-1 immunotherapy for the effective treatment of PDAC. 91 

 92 

Results  93 

A CD138+ TAM subset is identified and associated with immune evasion and poor outcomes 94 

in PDAC 95 

To explore the impact of tumor-infiltrating macrophages on immune evasion in PDAC, we 96 

assessed the cellular composition of the TME using multiplex immunohistochemistry (mIHC) 97 

staining on a tissue array comprising 41 paired adjacent benign and tumor tissues from PDAC 98 

patients (referred to as Cohort 2) (Supplemental Figure 1, A and B). The results revealed a 99 

significant decrease in the abundance of CD8+ T cells, accompanied by an increase in the density 100 

of natural killer (NK) cells, plasma cells, macrophages, neutrophils, and dendritic cells (DCs) in 101 

tumor tissues compared to adjacent benign tissues (Figure 1A). Furthermore, the analysis of T cell 102 

status within the PDAC TME indicated that the proportions of activated CD8+ cytotoxic T cells 103 

were significantly reduced, while the frequencies of exhausted CD8+ T cells and regulatory T (Treg) 104 

cells were markedly elevated (Figure 1B). These findings suggest the presence of an 105 

immunosuppressive TME in PDAC patients. 106 

  Notably, we identified a subset of TAMs expressing CD138, which was found to be expanded in 107 

the tumor tissues of PDAC patients in Cohort 2 (Figure 1C and Supplemental Figure 1B). The 108 

emergence of this subset was further validated in fresh samples from PDAC patients, including 109 
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adjacent benign tissues (n=58) and tumor tissues (n=103), collectively referred to as Cohort 1, 110 

utilizing flow cytometry (Figure 1, D-F). Thus, we investigated the roles of CD138+ TAMs in 111 

tumor immune escape. The findings demonstrated a negative correlation between the abundance 112 

of CD138+ TAMs and the presence of both CD8+ T cells and activated cytotoxic CD8+ T cells, 113 

while exhibiting a positive association with tumor cell density (Figure 1G). However, this 114 

abundance showed no significant relationship with the density of Treg cells or exhausted CD8+ T 115 

cells (Supplemental Figure 1C). These findings suggest that CD138+ TAMs contribute to tumor 116 

immune evasion by promoting the exclusion and dysfunction of CD8+ T cells. To further explore 117 

the impact of CD138+ TAMs on PDAC progression, we assessed their abundance in a tissue array 118 

comprising tumor samples from 114 patients with available prognostic information (designated as 119 

Cohort 3) using mIHC staining. Patients were categorized into two subgroups: CD138+ TAM-low 120 

(n=63) and CD138+ TAM-high (n=51), based on the density of CD138+ TAMs (Figure 1H and 121 

Supplemental Figure 1D). Kaplan-Meier survival analysis demonstrated that patients in the 122 

CD138+ TAM-high group experienced significantly shorter overall survival times compared to 123 

those in the CD138+ TAM-low group (p-value=0.0069, Figure 1H). Additionally, univariate 124 

analysis revealed a negative correlation between CD138+ TAM abundance and tumor 125 

differentiation (Supplemental Table 1), indicating that patients with elevated levels of CD138+ 
126 

TAMs are more likely to exhibit aggressive tumor behavior. Therefore, CD138+ TAMs may serve 127 

as potential indicators for PDAC progression. 128 

To confirm the presence of CD138+ TAMs in PDAC mouse models, we first established a 129 

spontaneous PDAC mouse model using KrasG12D/+Trp53R172H/+ Pdx1cre/+ (hereafter referred to as 130 

KPC) mice(21). Tumor samples were collected at the stage when the disease burden in KPC mice 131 

became evident. As expected, a significant number of CD138+ TAMs were identified in the tumor 132 
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tissues of KPC mice (Figure 1, I-L). These observations were further corroborated in the orthotopic 133 

KPC mouse model (Supplemental Figure 1, E-H) and in another spontaneous PDAC mouse model, 134 

KrasLSL-G12DTgfβR2flox/floxPtf1acre/+ (hereafter referred to as KTC) mice(22) (Supplemental Figure 135 

1, I-L). Collectively, these findings indicate that CD138+ TAMs are expanded in the PDAC TME 136 

and may contribute to tumor progression by promoting immune evasion. 137 

 138 

CD138+ TAMs exhibit robust pro-inflammatory and neutrophil-chemotactic activity  139 

Previous studies have documented the emergence of an anti-inflammatory population of CD138+ 
140 

macrophages during the resolution of lupus(23), infectious diseases(24), and the progression of 141 

abdominal aortic aneurysm(25). These cells are characterized by the elevated expression levels of 142 

IL-10R, CD206, and CCR2, as well as the activation of the cAMP/PKA/CREB pathway. This 143 

prompted us to investigate whether CD138+ TAMs within the PDAC TME represent such anti-144 

inflammatory populations. We conducted a transcriptional comparison between CD138+ and 145 

CD138- TAMs in orthotopic tumors using Smart-seq. Contrary to our expectations, the 146 

transcriptional profile of CD138+ TAMs did not exhibit up-regulation of Il10ra, Il10rb, Mrc1, or 147 

Ccr2, nor did it demonstrate enrichment in the cAMP signaling pathway (Supplemental Figure 2, 148 

A and B). This may be attributed to the high expression of the cAMP-hydrolyzing enzyme 149 

phosphodiesterase 4D (Pde4d)(26) in these cells (Supplemental Figure 3F). Flow cytometric 150 

results confirmed the low expression levels of IL-10R and CD206 in CD138+ TAMs from patients 151 

with PDAC (Supplemental Figure 2C). These findings suggest that CD138+ TAMs may constitute 152 

a subset of macrophages separated from the previously identified anti-inflammatory population. 153 

To further investigate the phenotype of CD138+ TAMs within the PDAC TME, single-cell RNA 154 

sequencing (scRNA-seq) was performed on F4/80+ cells sorted from tumor tissues of the 155 
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orthotopic KPC model. Following quality control, we extracted and analyzed a total of 11,711 156 

cells from ten mice. Genes were identified and embedded in a non-discriminative manner, with 157 

dimensionality reduction executed using uniform manifold approximation and projection (UMAP). 158 

Seven clusters were identified and categorized into six macrophage subclusters, along with one 159 

dendritic cell (DC) subcluster, which was distinguished by the up-regulation of the classical DC 160 

marker, Flt3 (Figure 2, A and B). Among the macrophage subclusters, MM2 exhibited elevated 161 

expression of Cxcl9 and Stat1, indicative of an ‘M1 (hot)’ phenotype(27). MM6 was characterized 162 

by high expression levels of pro-inflammatory genes (Il1b and Clec4e) and aligned with 163 

inflammatory and non-cytotoxic IL-1β+ macrophages(28). Additionally, a subcluster (MM3) was 164 

identified as a transitional population between monocytes and macrophages, retaining monocyte 165 

markers such as Plac8 and Ly6c2(29). Other TAM clusters expressed genes linked to cell cycle 166 

regulation (Ube2c, Top2a, and Mki67 in MM4) or an M2-like phenotype (Mrc1, Pdgfc, and Wwp1 167 

in MM5)(30, 31). Our analysis revealed a subcluster (MM1) with high expression levels of Sdc1, 168 

the gene encoding CD138 (Figure 2, A and B). A publicly available scRNA-seq dataset from the 169 

pancreas of healthy mice and those with acute pancreatitis(32) was integrated with our data to 170 

compare the proportions of macrophage subsets (Supplemental Figure 3, A-C). We observed that 171 

the frequency of Sdc1+ macrophages exhibited the most marked increase among all macrophage 172 

subsets within tumor tissues (Supplemental Figure 3D). Furthermore, gene signature scores for 173 

these macrophage subsets were computed from a bulk RNA-seq dataset of PDAC patients sourced 174 

from The Cancer Genome Atlas (TCGA), utilizing the marker genes identified in the scRNA-seq 175 

data. Patients were categorized into two groups based on their gene signature score levels. Survival 176 

analysis indicated that patients in the MM1 score-high group experienced significantly shorter 177 

overall survival times (Supplemental Figure 3E). These findings suggest that Sdc1+ macrophages 178 
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may play a critical role in promoting the progression of pancreatic cancer. Consequently, we 179 

conducted Gene Set Enrichment Analysis (GSEA) for Sdc1+ macrophages. The results indicated 180 

that the transcriptome of this population was enriched in neutrophil chemotaxis (Cxcl1, Ccl2, and 181 

Cxcl3), positive regulation of secretion (Sdc1, Tlr4, and Anxa2), acute phase response (Saa3, Fn1, 182 

and Ednrb), and cellular response to hypoxia (Egln3, Ak4, and Pgk1), while being depleted of 183 

pathways related to the regulation of NK cell-mediated immunity, antigen presentation, and 184 

complement activation, as determined by Gene Ontology (GO) terms (Figure 2, C and D). Smart-185 

seq data revealed a comparable gene signature in CD138+ macrophages isolated from orthotopic 186 

tumors, characterized by the up-regulation of pro-inflammatory and neutrophil-chemotactic 187 

factors, including Saa3 and Cxcl1 (Supplemental Figure 3F). Flow cytometry and mIHC analysis 188 

confirmed a marked elevation of SAA3 (SAA1, the ortholog of murine SAA3(33)) and CXCL1 in 189 

CD138+ TAMs derived from tumor tissues of PDAC patients and orthotopic mouse models (Figure 190 

2, E-G). These findings underscore CD138+ TAMs as a unique subset of macrophages 191 

characterized by the expression of pro-inflammatory and neutrophil-chemotactic programs within 192 

the PDAC TME. 193 

 194 

IL-34 and PGE2 elicit CD138+ TAMs 195 

To explore the mechanisms responsible for the generation of CD138+ TAMs, we established a 196 

CD45.1/CD45.2 chimera model with orthotopic KPC tumors (Supplemental Figure 4A). Flow 197 

cytometry analysis revealed that CD138+ TAMs in the chimeric mice predominantly expressed 198 

CD45.1 (Supplemental Figure 4, B and C), indicating that these cells originate from circulating 199 

monocytes rather than from tissue-resident macrophages. Given that syndecan-1 serves as a 200 

functional receptor for IL-34(34), we investigated the potential roles of IL-34 in eliciting the 201 
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CD138+ TAM state. To determine the expression of IL-34 in PDAC, scRNA-seq was conducted 202 

using tumor tissues isolated from orthotopic KPC mice 21 days post-implantation. The data were 203 

then integrated with a publicly available scRNA-seq dataset from blood samples of three 204 

orthotopic KPC mice(6). Following quality control, we extracted and reanalyzed a total of 22,061 205 

cells. Genes were identified and embedded in a non-discriminative manner, with dimensionality 206 

reduction performed using UMAP. Eight clusters were identified and categorized into two non-207 

immune cell types: ductal cells and cancer-associated fibroblasts (CAFs), as well as six immune 208 

cell types: monocytes/macrophages, neutrophils, DCs (including cDC1 and cDC2), B cells, T/NK 209 

cells, and mast cells (Supplemental Figure 5A). Signature genes for each cluster were cross-210 

referenced with established markers from the literature to accurately identify the different cell 211 

types represented by the clusters (Supplemental Figure 5B). The results revealed that IL-34 was 212 

predominantly derived from ductal cells (Supplemental Figure 5C). mIHC analysis confirmed a 213 

substantial increase in IL-34 levels in tumor cells from both orthotopic KPC mice and patients 214 

with PDAC (Supplemental Figure 5, D-G). However, treatment of mouse bone marrow-derived 215 

macrophages (BMDMs) with IL-34 did not induce syndecan-1 expression or the synthesis of 216 

SAA3 and CXCL1, suggesting the requirement of additional factors (Figure 3, A-C). Prostaglandin 217 

E2 (PGE2), a lipid inflammatory mediator, was found to be elevated in PDAC(35–37), stimulating 218 

syndecan-1 expression in BMDMs(24). Furthermore, our findings indicated a notable rise in PGE2 219 

levels in the serum of both orthotopic KPC mice and individuals with PDAC (Supplemental Figure 220 

6, A and B). RT-PCR data revealed elevated expression levels of Ptgs2 (COX-2, a critical enzyme 221 

in PGE2 synthesis(38)) in neutrophils isolated from orthotopic KPC tumors 10 days post-222 

implantation (Supplemental Figure 6C), suggesting that PGE2 is primarily derived from tumor-223 

infiltrating neutrophils prior to the emergence of CD138+ TAMs (Supplemental Figure 15). Thus, 224 
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we investigated whether PGE2 contributed to the production of CD138+ TAMs. Flow cytometric 225 

analysis demonstrated that PGE2 alone up-regulated the expression of syndecan-1 in a dose-226 

dependent manner, while exhibiting limited effects on the synthesis of SAA3 and CXCL1 in 227 

BMDMs (Figure 3, A-C and Supplemental Figure 6, D and E). However, its co-treatment with IL-228 

34 resulted in a robust production of SAA3 and CXCL1 in BMDMs (Figure 3, A-C). Bulk RNA-229 

seq revealed a distinct set of transcripts that were synergistically induced by IL-34 plus PGE2 230 

(Figure 3D). These transcripts were notably enriched in the transcriptome of Sdc1+ TAMs and 231 

among the driver genes of the monocyte-to-Sdc1+ TAM transition, as evidenced by scRNA-seq 232 

data, which included reclustering of the monocyte/macrophage subset (Figure 3E and 233 

Supplemental Figure 7, A-D). These genes encoded for proteins that trigger acute inflammation 234 

(Saa3) and enhance neutrophil recruitment (Cxcl1, Ccl2, and Cxcl3) (Figure 3D). Furthermore, the 235 

morphology, migration, and phagocytosis of CD138+ macrophages induced by the combination of 236 

IL-34 and PGE2, along with CD138+ TAMs isolated from orthotopic tumors, were analyzed. We 237 

found that both of them showed enlarged size, irregular shape, extended pseudopods, and enhanced 238 

migration and phagocytic capabilities compared to the control group (Supplemental Figure 8). 239 

Together, these findings suggest that IL-34 and PGE2 induce the production of CD138+ TAMs. 240 

  To further confirm this hypothesis, we examined the effects of IL-34 and PGE2 on the 241 

differentiation of CD138+ TAMs in vivo. RT-PCR analysis revealed a dramatic increase in the 242 

transcriptional levels of EP2 (encoded by Ptger2) rather than other PGE2 receptors(39) in both 243 

CD138+ TAMs isolated from orthotopic tumors and BMDMs exposed to PGE2 (Supplemental 244 

Figure 7, E and F). Furthermore, the introduction of PGE2 receptor inhibitors into the BMDM 245 

cultures demonstrated that the EP2 antagonist (PF-04418948) notably inhibited the effect of PGE2 246 

on the up-regulation of syndecan-1 expression (Supplemental Figure 7, G and H). Thus, we 247 
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established an orthotopic model comprising Ptger2flox/flox; Csf1r-Cre (hereafter referred to as 248 

Ptger2-cKO) mice and a KPC cell line with silenced IL-34 expression, which was subsequently 249 

analyzed using flow cytometry (Supplemental Figure 7, I-K). The results indicated that either 250 

silencing IL-34 expression or conditionally knocking-out of Ptger2 in monocytes/macrophages 251 

effectively impeded the generation of CD138+ TAMs in the orthotopic tumors (Figure 3, F-H). To 252 

determine whether IL-34 relies on syndecan-1 for mediating CD138+ TAM differentiation, 253 

BMDMs derived from Sdc1flox/flox; Csf1r-Cre (hereafter referred to as Sdc1-cKO) mice, which 254 

allow for the conditional knockout of Sdc1 in monocytes/macrophages, were exposed to IL-34 and 255 

PGE2. Flow cytometric analysis showed that the knockout of Sdc1 in BMDMs significantly 256 

suppressed their synthesis of SAA3 and CXCL1 (Figure 3, I and J). The introduction of Synstatin, 257 

a selective inhibitor of syndecan-1(40), into the BMDM culture system yielded similar results 258 

(Figure 3, K and L). Collectively, these phenomena demonstrate that CD138+ TAMs are induced 259 

by IL-34-Syndecan-1 and PGE2-EP2 signaling.  260 

Next, we investigate the molecular mechanisms through which IL-34 and PGE2 drive the 261 

differentiation of CD138+ TAMs. Notably, we observed an up-regulated gene set enriched in the 262 

PI3K-Akt, NF-kappa B, and Rap1 signaling pathways in Sdc1+ TAMs (Supplemental Figure 9A). 263 

These pathways are well-established downstream signaling routes for CSF1R (a classical IL-34 264 

receptor) and PGE2 receptors(41, 42). Upon introducing antagonists or inhibitors targeting these 265 

pathways into the culture systems, we found that inhibitors of the PI3K-Akt (PI3K/AKT-IN-1) 266 

and NFκB (JSH-23) pathways suppressed the synthesis of SAA3 and CXCL1, while leaving 267 

CD138 expression unaffected in BMDMs cultured with IL-34 and PGE2 (Supplemental Figure 9, 268 

B-D). In contrast, the EPAC/Rap1 pathway antagonist, ESI-08, significantly inhibited the 269 

expression of CD138, as well as the production of SAA3 and CXCL1 (Supplemental Figure 9, B-270 



14 

 

D). These findings indicate that IL-34 activates the PI3K/Akt/NFκB pathway, while PGE2 271 

primarily stimulates the EPAC/Rap1 pathway, collectively driving the differentiation of CD138+ 
272 

TAMs. Together, these findings demonstrate that IL-34 and PGE2 collaboratively induce the 273 

generation of CD138+ TAMs within the PDAC TME and enhance the synthesis of pro-274 

inflammatory factors such as SAA3 and CXCL1 in these cells. 275 

 276 

CD138+ TAMs promote the progression of PDAC by facilitating tumor immune escape 277 

To investigate the roles of CD138+ TAMs in the progression of PDAC, an adoptive transfer assay 278 

was conducted using the orthotopic KPC model. Briefly, CD138+ TAMs extracted from orthotopic 279 

tumors were intravenously injected into orthotopic KPC mice every 3 to 4 days for a total of three 280 

injections, starting at 10 days post-tumor implantation (Figure 4A). The infiltration of CD138+ 
281 

TAMs into the TME was confirmed through flow cytometry (Supplemental Figure 10A). The 282 

results indicated that mice receiving the adoptive transfer of CD138+ TAMs exhibited increased 283 

tumor weight and enhanced cell proliferation in tumor tissues, suggesting a more aggressive cancer 284 

phenotype compared to the control groups (Figure 4, B and C and Supplemental Figure 10, B and 285 

C). Notably, survival analysis revealed significantly shorter overall survival times in the group 286 

injected with CD138+ TAMs (Figure 4D). Flow cytometric analysis revealed a marked reduction 287 

in the infiltration of CD8+ T cells in mice following the adoptive transfer of CD138+ TAMs (Figure 288 

4E). scRNA-seq data indicated an increased proportion of CD8+ T cells exhibiting a naïve 289 

phenotype, accompanied by a decrease in the fractions of effector-memory (TEM), precursor-290 

exhausted (Tpex), intermediate-exhausted (intermediate Tex), terminally-exhausted (Tex), and 291 

proliferating subsets within tumors that received the adoptive transfer of CD138+ TAMs (Figure 292 

4F and Supplemental Figure 10D). Furthermore, CD8+ T cells in tumors injected with CD138+ 
293 
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TAMs showed diminished activity and cytotoxicity, as evidenced by the reduced expression of 294 

effector factors (Ifng, Gzmb, and Nkg7), a lower IFN-γ production score, and down-regulation of 295 

pathways related to CD8+ T cell proliferation and activation (Figure 4, G-I). These findings 296 

emphasize the potential roles of CD138+ TAMs in accelerating PDAC progression by promoting 297 

tumor immune evasion. We further validated the pro-tumorigenic roles of CD138+ TAMs using an 298 

orthotopic mouse model developed with Sdc1-cKO mice, in which CD138+ TAMs were 299 

specifically depleted (Supplemental Figure 10E). Tumor weight was significantly reduced in Sdc1-300 

cKO mice with orthotopic KPC tumors compared to control mice (Figure 4J and Supplemental 301 

Figure 10F). Furthermore, histopathological analysis revealed that the depletion of CD138+ TAMs 302 

led to decreased cell proliferation and increased apoptosis in the tumor tissues (Figure 4, K and L 303 

and Supplemental Figure 10G). Importantly, Sdc1-cKO mice bearing orthotopic KPC tumors 304 

exhibited a dramatic increase in overall survival times compared to those in the control group 305 

(Figure 4M). To evaluate the immune status of the TME, we assessed tumor-infiltrating 306 

lymphocytes through flow cytometry and scRNA-seq. The results demonstrated a significant 307 

increase in the infiltration of CD8+ T cells (Figure 4N), as well as in the fractions of TEM, Tpex, 308 

intermediate Tex, Tex, and proliferating subsets among CD8+ T cells within the tumor tissues of 309 

mice in the Sdc1-cKO group (Figure 4O and Supplemental Figure 10H). Furthermore, tumor-310 

infiltrating CD8+ T cells in the Sdc1-cKO group displayed signs of activation, as supported by 311 

increased expression of effector factors, a higher IFNγ production score, and up-regulation of 312 

pathways associated with T cell proliferation and activation (Figure 4, P-R). These results suggest 313 

that the depletion of CD138+ TAMs can effectively hinder the development of PDAC by activating 314 

the anti-tumor immunity of CD8+ cytotoxic T cells. Additionally, we investigated the tumor-315 

promoting roles of CD138+ TAMs using a chimera mouse model established by spontaneous KPC 316 
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and Sdc1-cKO mice (Supplemental Figure 10I). The results revealed a notable reduction in tumor 317 

incidence rates among the KPC/Sdc1-cKO chimera mice (Supplemental Figure 10J). Collectively, 318 

these findings underscore the substantial role of CD138+ TAMs in driving the advancement of 319 

PDAC by promoting tumor immune evasion. 320 

 321 

A feedforward loop involving CD138+ TAMs and Siglec-F+ neutrophils drives immune escape 322 

in PDAC 323 

To explore the mechanisms by which CD138+ TAMs promote immune evasion in PDAC, we first 324 

established a co-culture system using ovalbumin (OVA)-stimulated OT1 CD8+ T cells and TAMs 325 

isolated from mice bearing orthotopic KPC tumors. Flow cytometric analysis revealed no 326 

significant changes in IFNγ levels in OT1 CD8+ T cells when co-cultured with CD138+ TAMs 327 

(Supplemental Figure 11), suggesting that CD138+ TAMs do not directly influence CD8+ T cell 328 

function. Given the marked crosstalk between Sdc1+ TAMs and neutrophils revealed by CellChat 329 

(Figure 5A), the enrichment of signaling pathways related to neutrophil chemotaxis in the 330 

transcriptome of Sdc1+ TAMs (Figure 2, C and D), and the known crucial roles of neutrophils in 331 

tumor growth and immune evasion in PDAC(43), we addressed the possibility that CD138+ TAMs 332 

drive the progression of PDAC by modulating the properties of neutrophils. Sub-clustering of 333 

neutrophils based on scRNA-seq data (Supplemental Figure 5A) uncovered four distinct neutrophil 334 

subsets within the TME of orthotopic KPC mice (Figure 5B). MN1 was characterized by the 335 

expression of genes encoding cell surface proteins that bind to sialic acid (Siglecf) and enzymes 336 

essential for the synthesis of lipid mediators of inflammation (Ltc4s, Ptgs1, and Cysltr1), aligning 337 

with previously described populations(44); MN3 exhibited a unique set of interferon-stimulated 338 

genes (ISGs), including Ifit3, Ifit1, and Irf7, corresponding to interferon-stimulated neutrophils(45). 339 
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Other neutrophil clusters displayed high expression of ribosome-related genes (Rps26, Rps12, and 340 

Rpl23 in MN4) and genes related to cell structure and motility (Tmsb4x in MN4)(46) or heat shock 341 

protein-associated genes (Hspa1b, Hspa1a, and Hsp90aa1 in MN2) (Figure 5C). Subsequently, 342 

our data were integrated with the dataset from the pancreas of healthy mice and those with acute 343 

pancreatitis(32) to compare the fractions of neutrophil subsets (Supplemental Figure 3, A and B 344 

and Supplemental Figure 12A). The results revealed a marked increase in the proportions of MN1 345 

and MN2 within orthotopic KPC tumors (Supplemental Figure 12B). Notably, the gene signature 346 

score of MN1, but not MN2, exhibited a significant correlation with the poor prognosis of PDAC 347 

patients, as indicated by the dataset from TCGA (Supplemental Figure 12C). Flow cytometry 348 

analysis confirmed a higher frequency of Siglec-F+ neutrophils in the tumor tissues of orthotopic 349 

KPC mice compared to wild-type mice (Supplemental Figure 12, D-F). Thus, we conducted 350 

transcriptomic analysis of Siglec-F+ neutrophils isolated from the orthotopic tumors using bulk 351 

RNA-seq, followed by GSEA of the scRNA-seq subsets of neutrophils based on the gene signature 352 

of these cells. The results demonstrated significant comparability in transcriptional programs 353 

between sorted Siglec-F+ neutrophils and the MN1 subset (Figure 5D and Supplemental Figure 354 

12G), indicating that Siglec-F can be utilized to identify the MN1 subset. Siglec-F+Ly6g+ cells 355 

derived from orthotopic tumors were confirmed to be a subset of neutrophils, as evidenced by their 356 

multi-lobed nuclei and pale pink cytoplasm containing fine, light purple granules, which were 357 

visible through Wright-Giemsa staining. Additionally, these cells exhibited minimal expression of 358 

CCR3 (Supplemental Figure 12H). Notably, a significant increase in the proportion of Siglec-F+ 
359 

neutrophils was observed in the tumor tissues of orthotopic KPC mice following the adoptive 360 

transfer of CD138+ TAMs (Figure 5, E-G). However, the depletion of CD138+ TAMs through 361 

genetic ablation of IL-34-syndecan-1 signaling using Sdc1-cKO mice resulted in a significant 362 
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decrease in the proportion of the neutrophil subset within orthotopic tumors (Figure 5, H-J). 363 

Furthermore, a notable increase in the frequency of SIGLEC-8+ neutrophils, which correspond to 364 

the human equivalent of murine Siglec-F+ neutrophils(47), was observed in the primary tumors of 365 

PDAC patients from Cohort 2 (Figure 5, K and L). To investigate the correlation among CD138+ 
366 

TAMs, SIGLEC-8+ neutrophils, and tumor cells in patients, we conducted a mIHC assay on tissue 367 

arrays derived from Cohort 2 and 3. Our findings indicated a positive correlation between the 368 

frequency of SIGLEC-8+ neutrophils and CD138+ TAMs, as well as between the abundance of 369 

SIGLEC-8+ neutrophils and tumor cells in the tumor tissues of these patients (Figure 5, M-O, and 370 

Supplemental Figure 1B). Furthermore, the analysis of localization patterns revealed that CD138+ 
371 

TAMs exhibited significantly higher effective scores and percentages, two indicators that integrate 372 

both cell proximity and numbers to evaluate cell distribution(48), compared to CD138- TAMs 373 

(Supplemental Figure 12, I-L). This suggests a co-localization and effective cell-to-cell interaction 374 

between CD138+ TAMs and SIGLEC-8+ neutrophils. Notably, the presence of SIGLEC-8+ 
375 

neutrophils was correlated with negative outcomes in patients with PDAC (Figure 5P). Patients 376 

with elevated levels of both CD138+ TAMs and SIGLEC-8+ neutrophils exhibited the most 377 

unfavorable prognosis (Figure 5Q). Altogether, these findings imply a potential influence of 378 

CD138+ TAMs on the activity and accumulation of Siglec-F+ (SIGLEC-8+) neutrophils and the 379 

pro-tumorigenic roles of this neutrophil subset. 380 

To investigate whether CD138+ TAMs directly influence the characteristics of Siglec-F+ 
381 

neutrophils, neutrophils extracted from the bone marrow of wild-type mice were exposed to 382 

conditioned medium (CM) derived from either CD138+ or CD138- TAMs (Figure 6A). The results 383 

revealed a significant increase in the proportions of Siglec-F+ neutrophils when exposed to CD138+ 
384 

TAM-CM (Figure 6, B and C). A similar phenomenon was observed in cultures of human 385 
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peripheral blood-derived neutrophils (PBDNs) when exposed to CD138+ TAM-CM from PDAC 386 

patients (Figure 6, D and E). In vitro chemotaxis analysis (Figure 6F) demonstrated that CD138+ 
387 

TAM-CM markedly enhanced neutrophil trafficking, in comparison to CD138- TAM-CM (Figure 388 

6G). Phenotypic analysis indicated that CD138+ TAMs exhibited elevated expression levels of 389 

factors that mediate neutrophil properties, such as SAA3 and CXCL1(49) (Figure 2, B-G and 390 

Supplemental Figure 3F). Further examination of the impacts of SAA3 and CXCL1 expressed by 391 

CD138+ TAMs on neutrophil characteristics, using bone marrow-derived neutrophil (BMDN) 392 

culture systems (Figure 6, A and F), revealed that SAA3 promoted the polarization of Siglec-F+ 
393 

neutrophils (Figure 6, H and I), while CXCL1 enhanced neutrophil migration (Figure 6J). This 394 

observation was corroborated by the blockade of BMDN polarization into Siglec-F+ neutrophils 395 

induced by CD138+ TAM-CM using anti-SAA3 neutralizing antibodies (Figure 6, K and L). To 396 

explore the mechanism by which SAA3 induces the polarization of Siglec-F+ neutrophils, we 397 

conducted KEGG enrichment analysis of differentially expressed genes (DEGs) in Siglec-F+ 
398 

neutrophils utilizing bulk RNA-seq data. The results indicated that the up-regulated genes in these 399 

cells were significantly enriched in MAPK signaling pathways (Figure 6M), a canonical 400 

downstream pathway of SAA3(50–52). Upon introducing inhibitors targeting the p38 MAPK 401 

pathway and FPR2 (a primary receptor of SAA3(52)) into the BMDN cultures, we found that both 402 

inhibitors markedly impeded the polarization of BMDNs into Siglec-F+ neutrophils (Figure 6, N 403 

and O). These phenomena suggest that SAA3 induces the polarization of Siglec-F+ neutrophils 404 

through binding to FPR2 and subsequently stimulating the p38 MAPK pathway. Collectively, 405 

these findings demonstrate that CD138+ TAMs play a crucial role in regulating the polarization 406 

and migration of Siglec-F+ neutrophils through the actions of SAA3 and CXCL1. 407 
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We next explore whether and how Siglec-F+ neutrophils promote immune evasion in PDAC. 408 

Analysis of bulk RNA-seq data revealed that genes up-regulated in Siglec-F+ neutrophils were 409 

significantly enriched in pathways related to arachidonic acid metabolism and NET formation, as 410 

defined by KEGG terms (Figure 6M). Furthermore, Siglec-F+ neutrophils exhibited a greater 411 

capacity for NET formation in in-vitro cultures compared to their Siglec-F- counterparts (Figure 7, 412 

A and B). NET formation has been implicated in the exclusion and dysfunction of CD8+ T cells 413 

within the TME(53, 54). Notably, our results demonstrated the activation of CD8+ T cells in 414 

orthotopic tumors following the depletion of CD138+ TAMs via the genetic ablation of IL-34-415 

syndecan-1 signaling (Figure 4, N-R and Supplemental Figure 10H). Thus, we examined whether 416 

Siglec-F+ neutrophils exert direct effects on CD8+ T cells. To this end, we established a co-culture 417 

system utilizing OVA-activated OT1 CD8+ T cells and neutrophils isolated from orthotopic tumors. 418 

Flow cytometry analysis showed a significant reduction in IFNγ levels in OT1 CD8+ T cells when 419 

co-cultured with Siglec-F+ neutrophils, as opposed to those co-cultured with Siglec-F- neutrophils 420 

(Figure 7, C and D). Importantly, SIGLEC-8+ neutrophils isolated from the tumor tissues of PDAC 421 

patients exhibited similar inhibitory effects on CD8+ T cells (Figure 7, E and F). This suggests that 422 

Siglec-F+ neutrophils possess the ability to impair the cytotoxicity of CD8+ T cells. To investigate 423 

whether CD138+ TAMs hinder the cytotoxicity of CD8+ T cells by modulating the properties of 424 

neutrophils, BMDNs exposed to CM from either CD138+ or CD138- TAMs were introduced into 425 

the co-culture system (Figure 7G). It was observed that only neutrophils primed by CD138+ TAM-426 

CM were capable of reducing IFNγ levels in OT1 CD8+ T cells (Figure 7, H and I). Notably, 427 

neutrophils treated with SAA3 (Figure 7G), a factor that is highly expressed by CD138+ TAMs, 428 

exhibited similar immunosuppressive effects on CD8+ T cells (Figure 7, J and K). These findings 429 

indicate that CD138+ TAMs impair the anti-tumor functions of CD8+ T cells by stimulating the 430 
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polarization of Siglec-F+ neutrophils via the influence of SAA3. It is widely recognized that PGE2 431 

is a major metabolite of arachidonic acid metabolism(55), leading to the hypothesis that these cells 432 

inversely up-regulate the expression of syndecan-1 on TAMs by secreting PGE2, thereby 433 

promoting the generation of CD138+ TAMs. An enzyme-linked immunosorbent assay (ELISA) 434 

confirmed a marked elevation in PGE2 levels in the CM from Siglec-F+ neutrophils (Figure 7L). 435 

Subsequently, BMDMs isolated from wild-type mice were exposed to CM from either Siglec-F+ 
436 

or Siglec-F- neutrophils derived from orthotopic tumors (Figure 7M). Flow cytometry analysis 437 

revealed a marked increase in CD138 expression on BMDMs in the group treated with Siglec-F+ 
438 

neutrophil-CM compared to those exposed to Siglec-F- neutrophil-CM (Figure 7, N and O). 439 

Furthermore, we observed a synergistic effect between CD138+ TAMs and Siglec-F+ neutrophils 440 

on the functional impairment of CD8+ T cells in co-culture systems, although CD138+ TAMs alone 441 

did not affect their functions (Supplemental Figure 13). Taken together, these findings demonstrate 442 

the presence of a feedforward loop between CD138+ TAMs and Siglec-F+ neutrophils in the TME, 443 

which results in immune evasion in PDAC by suppressing the anti-tumor activities of CD8+ T cells. 444 

We then investigated the presence of this loop in other cancer types. The results indicated a 445 

significant increase in the abundance of CD138+ TAMs and SIGLEC-8+ neutrophils in the tumor 446 

tissues of patients with hepatocellular carcinoma (HCC). In contrast, such an increase was not 447 

observed in patients with intrahepatic cholangiocarcinoma (ICC) (Supplemental Figure 14). Given 448 

that both IL-34 and PGE2 levels were elevated and correlated with tumor progression and 449 

metastasis in HCC, but not in ICC(56, 57), we speculate that the CD138+ TAM-Siglec-F+ 
450 

neutrophil axis may have developed in cancer types characterized by elevated levels of both IL-34 451 

and PGE2. 452 

 453 
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Anti-IL-34 antibodies in combination with anti-PD-1 immunotherapy effectively abrogate 454 

the progression of PDAC 455 

Next, we investigated the impact of disrupting the feedforward loop between CD138+ TAMs and 456 

Siglec-F+ neutrophils by blocking IL-34-syndecan-1 signaling on the PDAC progression. Given 457 

that flow cytometric results indicated that these two subsets prominently emerged 14 days after 458 

tumor implantation (Supplemental Figure 15), anti-IL-34 antibodies were administered 459 

intraperitoneally to orthotopic KPC mice bi-daily, commencing nine days post-tumor injection, 460 

with tumor tissues harvested 21 days after implantation (Figure 8A). A marked reduction in tumor 461 

weight was observed in the anti-IL-34 antibody treatment group (Figure 8B and Supplemental 462 

Figure 16A). Pathological analysis revealed that treatment with anti-IL-34 antibodies led to 463 

decreased cell proliferation and increased apoptosis within the tumor tissues (Figure 8, C and D 464 

and Supplemental Figure 16B). Notably, survival analysis demonstrated a significant increase in 465 

overall survival times for mice receiving anti-IL-34 antibody treatment compared to the control 466 

group (Figure 8E). 467 

To determine whether the therapeutic effects of anti-IL-34 antibodies depend on the blockade 468 

of the CD138+ TAM-Siglec-F+ neutrophil axis, we examined the cellular compositions within the 469 

TME of orthotopic KPC mice following treatment with anti-IL-34 antibodies. The results 470 

demonstrated a significant reduction in the percentage of CD138+ TAMs and Siglec-F+ neutrophils 471 

(Figure 8, F-N), accompanied by a notable increase in the frequencies of CD8+ T cells post-472 

treatment with anti-IL-34 antibodies, although other effector cell subsets did not exhibit significant 473 

alterations (Figure 8O). Subsequent phenotypic analysis revealed an expansion of effector CD8+ 
474 

T cells; nevertheless a considerable proportion of CD8+ T cells displayed a late-exhausted state, 475 

and NK cells were not activated within the TME (Figure 8, P-S and Supplemental Figure 16, C-476 
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G). This indicates that T cell exhaustion occurs in the PDAC TME during treatment with anti-IL-477 

34 antibodies. Thus, a therapeutic strategy combining anti-IL-34 antibodies with anti-PD-1 478 

immunotherapy was evaluated in orthotopic KPC mice (Figure 8A). The results revealed a notable 479 

delay in tumor progression in mice receiving the combination therapy compared to those treated 480 

with single agents (Figure 8, B-D and Supplemental Figure 16, A and B). More importantly, mice 481 

treated with the combination therapy exhibited remarkably longer survival times than those in the 482 

control groups (Figure 8E). Subsequently, we assessed the immune status of the TME in mice that 483 

underwent combination therapy. The results revealed a marked increase in the percentages of CD8+ 
484 

T cells and effector CD8+ T cells, alongside a substantial reduction in late-exhausted CD8+ T cells 485 

(Figure 8, O-S and Supplemental Figure 16, C-E). Furthermore, NK cells within the TME did not 486 

exhibit significant activation (Supplemental Figure 16, F and G). These observations demonstrate 487 

that anti-PD-1 immunotherapy enhances therapeutic efficacy against PDAC by reversing CD8+ T 488 

cell exhaustion within the TME when combined with anti-IL-34 antibodies. Notably, the 489 

combination therapy continued to prolong overall survival times in orthotopic KPC mice, even 490 

when initiated 21 days post-tumor implantation (Figure 8T). Considering that CD138+ TAMs drive 491 

the polarization of Siglec-F+ neutrophils through the activation of the SAA3/FPR2/p38 MAPK 492 

pathway, we tested a therapeutic strategy that combined anti-IL-34 antibodies, anti-PD-1 493 

antibodies, and WRW4 (a FPR2 antagonist) in orthotopic KPC mice. Unexpectedly, survival 494 

analysis revealed no improvement in overall survival times in mice when WRW4 was introduced 495 

into the therapeutic strategy (Supplemental Figure 16H). Collectively, these findings indicate that 496 

anti-IL-34 antibodies dramatically enhance the management of PDAC by impeding the 497 

immunosuppressive feedforward loop between CD138+ TAMs and Siglec-F+ neutrophils, and 498 
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demonstrate improved therapeutic effects, particularly when combined with anti-PD-1 499 

immunotherapy. 500 

 501 

Discussion 502 

Over the past few decades, numerous studies have explored the potential of immunotherapy to 503 

improve overall survival in patients with PDAC and in mouse models(58). However, the majority 504 

of immunotherapy strategies, whether administered alone or in combination, have proven 505 

ineffective, primarily due to the tumor’s ability to evade the immune system. This study identifies 506 

the emergence of a unique population of CD138+ TAMs that expands in both PDAC patients and 507 

mouse models, characterized by pro-inflammatory and neutrophil-chemotactic activity. This 508 

expansion correlates with tumor immune escape and unfavorable outcomes in patients, and is 509 

crucial for immune evasion and disease progression in mice. Through phenotypic and functional 510 

analyses, we determined that these cells establish a reciprocal relationship with 511 

immunosuppressive Siglec-F+ neutrophils by secreting SAA3 and CXCL1. This interaction 512 

facilitates PDAC immune evasion by hindering the cytotoxic actions of CD8+ T cells. By blocking 513 

the generation of CD138+ TAMs, the progression of pancreatic tumors can be prevented, 514 

particularly when combined with anti-PD-1 immunotherapy. Thus, our findings propose a 515 

combinatorial therapeutic strategy to impede the advancement of PDAC. 516 

It should be noted that although both IL-34 and PGE2 have been reported to promote M2 517 

polarization of macrophages in acute inflammation and several cancer types(17, 18, 24, 59, 60), 518 

their combined actions have been rarely mentioned. To the best of our knowledge, this study 519 

provides the initial documentation of a localized synergy between IL-34-syndecan-1 and PGE2-520 

EP2 signaling in the polarization of tumor-infiltrating monocytes into pro-inflammatory CD138+ 
521 
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TAMs. The underlying mechanism involves the activation of the PI3K/Akt/NFκB signaling 522 

pathway by IL-34, in conjunction with the EPAC/Rap1 pathway stimulated by PGE2. Supporting 523 

this model, previous studies have demonstrated the following: (1) Up-regulation of both IL-34 and 524 

COX-2 in PDAC has been observed (35–37, 61). (2) PGE2 exerts regulatory effects on syndecan-525 

1 expression in macrophages(24, 62). (3) Syndecan-1 acts as a functional receptor for IL-34 in 526 

macrophages(19, 34, 59). (4) Macrophages induced by IL-34 promote the polarization of 527 

Th1/Th17 cells in rheumatoid arthritis, a chronic inflammatory environment (32). (5) PGE2 528 

facilitates tumor immune escape through the impairment of antigen presentation by Cxcl9/10+ 
529 

inflammatory monocytes(63). Thus, in response to the chronic, dysregulated, persistent, and 530 

unresolved inflammatory state within the PDAC TME(64), tumor-infiltrating monocytes likely 531 

undergo a distinct differentiation program, giving rise to an atypical pro-inflammatory macrophage 532 

subtype in PDAC.  533 

Both TAMs and tumor-infiltrating neutrophils play crucial roles in tumor immune escape(65). 534 

Several studies have documented a bidirectional interplay between these two myeloid cell types 535 

within tumors(66, 67). However, the specific interactions between TAMs and neutrophils in the 536 

TME of PDAC have not been extensively explored. This study emphasizes a role of SAA3, 537 

secreted by CD138+ TAMs, in polarizing tumor-infiltrating neutrophils towards an 538 

immunosuppressive Siglec-F+ phenotype, characterized by enhanced synthesis of PGE2 and the 539 

release of NETs. This process occurs through the binding of SAA3 to FPR2, subsequently 540 

activating the p38 MAPK signaling pathway in neutrophils. In turn, Siglec-F+ neutrophils facilitate 541 

syndecan-1 expression via PGE2 production, which further enhances IL-34-syndecan-1 signaling 542 

in TAMs. This interaction creates a feedforward loop that ultimately drives immune evasion in 543 

PDAC. Notably, the emergence of a small number of CD138+ macrophages in adjacent benign 544 



26 

 

tissues of PDAC patients and in the pancreatic tissues of wild-type mice suggests that this 545 

feedforward loop is initially driven by gradually increasing levels of IL-34 secreted by tumor cells 546 

during the early stages of pancreatic cancer. Furthermore, the elevated expression levels of Ptgs2 547 

in tumor-infiltrating neutrophils prior to the establishment of this loop suggest that these cells 548 

provide the initiating PGE2 signal necessary to trigger this loop. 549 

Our preclinical studies demonstrate that the administration of anti-IL-34 antibodies effectively 550 

inhibits the progression of pancreatic tumors by enhancing the anti-tumor responses of effector 551 

CD8+ T cells. Notably, these antibodies exhibit improved therapeutic effects when combined with 552 

anti-PD-1 immunotherapy. In contrast, anti-PD-1 antibodies administered independently do not 553 

enhance overall survival in mice. Similar trends have been reported in clinical trials, where PDAC 554 

tumors show limited responsiveness to anti-PD-1 immunotherapies(58, 68). Thus, these findings 555 

indicate that targeting CD138+ TAMs through the blockade of IL-34-syndecan-1 signaling 556 

facilitates a transition of the PDAC TME from immunosuppressive to immunoreactive. This 557 

transition may enable anti-IL-34 antibodies to effectively synergize with anti-PD-1 558 

immunotherapy, potentially converting entirely unresponsive PDAC tumors into responsive ones 559 

in clinical settings. Our findings indicate that the introduction of the FPR2 antagonist into the 560 

combination therapeutic strategy did not confer any benefit in overall survival times in mice. This 561 

lack of improvement may be attributed to the presence of multiple ligands of FPR2, including 562 

lipoxin A4, which has been reported to play inhibitory roles in tumor progression and metastasis 563 

of PDAC(69, 70). 564 

  In summary, we have identified a unique population of CD138+ TAMs elicited by IL-34 and 565 

PGE2 in both PDAC patients and mouse models. This specific TAM subset establishes a 566 

feedforward loop with immunosuppressive PGE2-secreting Siglec-F+ neutrophils through the 567 
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actions of SAA3 and CXCL1, which leads to immune evasion and thereby fosters a pro-tumor 568 

TME. Targeting this population with anti-IL-34 antibodies may yield clinical benefits for PDAC 569 

patients, especially when combined with anti-PD-1 immunotherapy. Therefore, the combined 570 

application of anti-IL-34 and anti-PD-1 antibodies may sustain anti-tumor responses, providing a 571 

therapeutic avenue for improved PDAC management. 572 

 573 

Methods 574 

Sex as a biological variable 575 

This study included both male and female patients, as well as healthy donors, ensuring that there 576 

was no bias in the grouping. The results were consistent regardless of gender. All animal 577 

experiments were conducted using male mice.  578 

 579 

Patient samples 580 

Fresh tissue and serum samples were collected from patients with PDAC in Cohort 1, all of whom 581 

underwent surgical resection at the First Affiliated Hospital, Zhejiang University School of 582 

Medicine. This cohort comprised 103 PDAC patients who had not received any prior treatments. 583 

Additionally, a total of 41 paired adjacent benign and tumor tissues from PDAC patients in Cohort 584 

2, along with 156 unpaired tumor tissues from patients in Cohort 3 were utilized to create two 585 

distinct tissue arrays at Wuhan Servicebio Technology. Detailed patient information for Cohort 3, 586 

which includes data on 114 patients with available prognostic information, is provided in 587 

Supplemental Data file 1. Patients in Cohort 3 were stratified into groups according to the 588 

abundance of  CD138+ TAMs and/or the frequency of SIGLEC-8+ neutrophils, utilizing the optimal 589 

p-value cutoff determined by the Mann-Whitney test. A total of 13 patients with HCC and 15 590 
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patients with ICC underwent surgical resection at the First Affiliated Hospital of Zhejiang 591 

University School of Medicine, from which paired adjacent benign and tumor tissues were 592 

collected for the preparation of tissue sections. 593 

 594 

Animals 595 

Male C57BL/6 mice aged 6 to 8 weeks were purchased from the Model Animal Research Center 596 

of Nanjing University in China. The KrasLSL-G12D, Trp53LSL-R172H, and Pdx-1-cre genetically 597 

engineered mice were procured from the Jackson Laboratory and subsequently crossed to generate 598 

the spontaneous KPC mouse model. KrasLSL-G12D; TgfβR2flox/flox; Ptf1a-cre (KTC) mice were 599 

generously provided by Prof. Hideaki Ijichi (Department of Gastroenterology at the University of 600 

Tokyo, Bunkyo-ku, Tokyo, Japan) and Harold L Moses (Department of Cancer Biology at 601 

Vanderbilt-Ingram Cancer Center, Nashville, Tennessee, USA). Ptger2-flox (Strain NO. T018685), 602 

Sdc1-flox (Strain NO. T015943), and Csf1r-Cre (Strain NO. T005640) mice were acquired from 603 

GemPharmatech (Nanjing, China). Ptger2-flox and Sdc1-flox mice were crossed with Csf1r-Cre 604 

mice to generate Ptger2flox/flox; Csf1r-Cre (Ptger2-cKO) and Sdc1flox/flox; Csf1r-Cre (Sdc1-cKO) 605 

mice, respectively. All mice were maintained under specific-pathogen-free conditions at the 606 

Experimental Animal Center of the First Affiliated Hospital, Zhejiang University School of 607 

Medicine. 608 

For the orthotopic tumor models, a total of 5X105 KPC cells were resuspended in cold PBS and 609 

mixed at a 1:1 dilution with Matrigel (Corning) to achieve a final volume of 25μl, which was then 610 

injected into the pancreas. Mice were euthanized on day 21 post-tumor implantation, except for 611 

those designated for survival analysis. The endpoint of the survival analysis was defined as the 612 

time at which all mice in either the control or experimental group had succumbed. 613 
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 614 

Anti-IL-34 and/or anti-PD-1 antibody and/or WRW4 treatment in vivo 615 

Mice were intraperitoneally injected with 200μg of anti-IL-34 antibody (Cat MAB5195, R&D 616 

Systems) every other day, totaling six doses, starting on Day 9 after the orthotopic inoculation of 617 

5X105 KPC cells. Anti-PD-1 antibody (200μg/mice, Cat BE0146, Bioxcell) was administered 618 

intraperitoneally on 12 and 16 days post-tumor implantation. WRW4 (1mg/kg, MedChemExpress) 619 

was injected intraperitoneally daily, commencing on Day 9 following tumor implantation. At 21 620 

days post-injection, all mice were sacrificed, except for those designated for survival analysis. The 621 

endpoint of the survival analysis was determined as the time at which all mice in the control group 622 

had perished. Tumor tissues were collected for flow cytometric analysis or immunohistochemical 623 

staining. For the survival analysis of the combination therapy against advanced tumors, the 624 

administration of anti-IL-34 antibodies began on Day 21, while anti-PD-1 antibodies were injected 625 

starting on Day 24 following tumor implantation. 626 

 627 

Statistics 628 

Statistical analyses were conducted using GraphPad Prism 9. Results are presented as mean ± 629 

standard error of the mean (SEM), with significance evaluated through unpaired or paired two-630 

tailed Student’s t-tests, unless otherwise specified. P-values less than 0.05 were considered 631 

statistically significant. For correlation assessments, either Pearson’s or Spearman’s correlation 632 

analyses were utilized. Differences in survival analysis were determined using the log-rank test. 633 

The optimal cutoff point for patients in Cohort 3 was calculated using Mann-Whitney tests within 634 

SPSS Statistics software. Bioinformatics statistical analyses were performed in R (v4.4.1). For 635 

comparisons between two groups, the Wilcoxon rank-sum test was employed to assess differences 636 
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in population means, with significance defined as a p-value less than 0.05, unless otherwise 637 

indicated. 638 

 639 

Study approval 640 

All participants provided signed informed consent and the research protocol was approved by the 641 

Ethics Committee of the First Affiliated Hospital, Zhejiang University School of Medicine 642 

(IIT20210023B-R1). The animal experiments were conducted in strict accordance with the 643 

guidelines and standards approved by the Institutional Animal Care and Use Committee (IACUC). 644 

 645 

Data availability 646 

The datasets generated and/or analyzed during the current study are available in the Genome 647 

Sequence Archive (GSA) under accession number CRA017890. The data reanalyzed for this study 648 

can be accessed in the Gene Expression Omnibus (GEO) using the accession code GSE217846, 649 

which pertains to the scRNA-seq of blood samples from orthotopic KPC mice. Additionally, the 650 

scRNA-seq data of healthy pancreas and acute pancreatitis in mice can be found in the European 651 

Nucleotide Archive (ENA) browser under the project identifier PRJNA978570. All code utilized 652 

in this study is accessible at https://jhuanglab.github.io/sdc1_mac/. Values for all data points in 653 

graphs are reported in the Supporting Data Values file. 654 
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Figures  834 

 835 

Figure 1. A CD138+ TAM subpopulation is identified and associated with immune evasion 836 

and poor prognosis in PDAC. (A-C) Abundance of various immune cell types (A) and the 837 

proportions of activated cytotoxic and exhausted CD8+ T cells within CD8+ T cells, Treg cells 838 

among T cells (B), and CD138+ TAMs among macrophages (C). The analysis utilized mIHC data 839 
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from 41 paired adjacent benign and tumor tissue samples collected from PDAC patients in Cohort 840 

2. (D) Representative images of CD138+ macrophages in adjacent benign (n=58) and tumor tissues 841 

(n=103) from PDAC patients in Cohort 1. (E and F) Quantification of (D) with graphs depicting 842 

the frequencies of CD138+ macrophages in CD68+ macrophages (E) and in CD45+ cells (F). (G) 843 

Correlation among the abundance of CD138+ TAMs, CD8+ T cells, activated cytotoxic CD8+ T 844 

cells, and Pan-CK+ tumor cells in tumor tissues from PDAC patients in Cohort 2 (n=41). (H) 845 

Kaplan-Meier survival curves generated for the abundance of CD138+ TAMs calculated through 846 

multispectral analysis of tumor tissues from PDAC patients in Cohort 3. This analysis categorized 847 

patients into two groups: CD138+ TAM-high and CD138+ TAM-low (graph on the right), revealing 848 

median survival times of 9.5 and 12 months, respectively (p-value=0.0069, HR 1.685, 95% CI 849 

1.098 to 2.584). (I) Flow cytometric images of CD138+ macrophages in the tumor tissues of 850 

spontaneous KPC mice. (J and K) Quantification of (I), representing the frequencies of CD138+ 
851 

macrophages in F4/80+ macrophages (J) and in CD45+ cells (K) (n=8 per group). (L) 852 

Immunofluorescence microscopy images of tumors from spontaneous KPC mice showing the 853 

presence of CD138+ macrophages (white arrows). Scale bar, 10μm. *p<0.05, **p<0.01, 854 

***p<0.001, and ****p<0.0001 by paired or unpaired t-test (A-C, E, F, J, and K), by Pearson’s 855 

correlation analysis (G), and by log-rank analysis (H). Data represent mean ± SEM.  856 

 857 
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 858 

Figure 2. The CD138+ TAM subset exhibits pro-inflammatory and neutrophil-chemotactic 859 

activity. (A) UMAP plots illustrating F4/80+ cells sorted from orthotopic tumors, with colors 860 

representing distinct scRNA-seq clusters. (B) Heatmap displaying the scaled expression levels of 861 

marker genes across the identified macrophage and DC subsets. (C) GSEA of GO biological 862 

processes on genes ranked by log2FC between Sdc1+ TAMs and other clusters. Abbreviations 863 

include: Mphs for macrophages; Res. for response; Reg. for regulation; TGF-beta for transforming 864 

growth factor beta; Ag for antigen; Pro. for processing; Pre. for presentation; NK for natural killer; 865 
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Act. for activation; IFN-beta for Interferon Beta. (D) Heatmap illustrating the expression of 866 

selected genes belonging to the indicated categories as shown in (C), comparing Sdc1+ TAMs with 867 

other subsets depicted in (A). (E) Frequencies of SAA3+CXCL1+ cells in F4/80+ macrophages 868 

derived from the pancreas of wild-type mice, as well as in F4/80+CD138- and F4/80+CD138+ 
869 

TAMs from orthotopic KPC mice. (F) Quantification of (E) (n=5 per group). (G) Representative 870 

mIHC images depicting CD68+CD138+SAA1+CXCL1+ TAMs (white arrows) in paired adjacent 871 

benign and tumor tissues from PDAC patients in Cohort 2. *p<0.05 by Kruskal-Wallis test with 872 

Dunn's multiple comparison test  (F). Data represent mean ± SEM.  873 

 874 
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 875 

Figure 3. The formation of CD138+ TAMs is induced via IL-34-syndecan-1 and PGE2-EP2 876 

signaling. (A) Representative flow cytometric images illustrating the expression levels of CD138, 877 
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CXCL1, and SAA3 in F4/80+ cells from BMDM cultures treated with IL-34 and/or PGE2. (B and 878 

C) Quantification of (A), showcasing the percentages of CD138+ (B) and CXCL1+SAA3+ (C) 879 

within F4/80+ population (n=3 per group). (D) Heatmap of the relative expression of genes 880 

synergized by IL-34 plus PGE2 in BMDM cultures. (E) GESA of genes synergized by IL-34 plus 881 

PGE2, on genes ranked by their correlation with the fate probability of the monocyte-to-Sdc1+ 
882 

TAM trajectory (left) and by log2FC between each monocyte/macrophage (mono/mph) subset 883 

versus other monocytes/macrophages (right). (F) Representative images showing the expression 884 

of CD138, CXCL1, and SAA3 in F4/80+ cells within tumor tissues from control or Ptger2-cKO 885 

mice bearing orthotopic KPCvector or KPCIl34-KO tumors. (G and H) Quantification of (F), 886 

illustrating the percentages of CD138+ (G) and CXCL1+SAA3+ (H) within F4/80+ macrophages 887 

(n=7 per group). (I) Flow cytometric images of CXCL1+ SAA3+ macrophages in the cultures of 888 

BMDMs derived from control or Sdc1-cKO mice in the presence of IL-34 and PGE2. (J) 889 

Quantification of (I), showing the percentages of CXCL1+SAA3+ within F4/80+ macrophages (n=3 890 

per group). (K) Representative images of CXCL1+SAA3+ macrophages in BMDM cultures treated 891 

with IL-34 and PGE2, with or without Synstatin, a selective inhibitor of syndecan-1. (L) 892 

Quantification of (K), highlighting the percentages of CXCL1+SAA3+ in F4/80+ macrophages 893 

(n=3 per group). *p<0.05, **p<0.01, and ****p<0.0001 by Kruskal-Wallis test with Dunn's 894 

multiple comparison test (G and H) and by unpaired t-test (J and L). Data represent mean ± SEM. 895 

 896 
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 897 

Figure 4. CD138+ TAMs facilitate the progression of PDAC by promoting tumor immune 898 

evasion. (A) Experimental approach utilized for the adoptive transfer of CD138+ or CD138- TAMs 899 
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isolated from CD45.1+ orthotopic tumors into CD45.2+ orthotopic KPC mice. (B and C) 900 

Quantification of tumor weight in mice (B) and the number of Ki67+ cells per 40X field in tumor 901 

sections (C) (n=6 per group). (D) Overall survival probabilities of mice received the adoptive 902 

transfer (n=8 per group). (E) Quantification of the frequencies of effector cell subsets within 903 

CD45+ cells in tumor tissues (n=6 per group). (F) Analysis of UMAP (left) and the proportions 904 

(right) of CD8+ T cell clusters in tumor tissues. (G) Heatmap of the relative expression of effector 905 

cytokines in tumor-infiltrating CD8+ T cells. (H) GSEA of the gene set related to IFNγ production. 906 

(I) GSEA of pathways associated with CD8+ T cell proliferation and activation. (J) Quantification 907 

of tumor weight in mice (n=9 per group). (K and L) Quantification of the number of Ki67+ cells 908 

(K) and the percentage of CC3+ area (L) per 40X field in tumor sections (n=6 per group). CC3, 909 

cleaved caspase-3. (M) Overall survival probabilities of control and Sdc1-cKO mice (n=8 per 910 

group). (N) Quantification of the frequencies of effector cell subsets within CD45+ cells in tumor 911 

tissues (n=9 per group). (O) Analysis of UMAP (left) and the proportions (right) of CD8+ T cell 912 

clusters in tumor tissues. (P) Heatmap of the relative expression of effector cytokines in tumor-913 

infiltrating CD8+ T cells. (Q) GSEA of the gene set related to IFNγ production. (R) GSEA of 914 

pathways associated with CD8+ T cell proliferation and activation. *p<0.05, **p<0.01, and 915 

***p<0.001 by Kruskal-Wallis test with Dunn's multiple comparison test (B and E), by log-rank 916 

analysis (D and M), and by unpaired t-test (J-L, and N). Data represent mean ± SEM. 917 
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 919 

Figure 5. There exists a significant cell-to-cell interaction between CD138+ TAMs and Siglec-920 

F+ neutrophils in PDAC. (A) Cell-to-cell interactions among Sdc1+ TAMs and other major 921 
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clusters, visualized using CellChat. (B) UMAP plots illustrating the reclustering of neutrophils. 922 

(C) Heatmap depicting the scaled expression of marker genes across neutrophil subsets. (D) GSEA 923 

of the gene set comprising DEGs between Siglec-F+ and Siglec-F- neutrophils in orthotopic tumors, 924 

based on the marker genes of neutrophil subsets. (E) Images depicting the presence of Siglec-F+ 925 

neutrophils in orthotopic tumors following the adoptive transfer of CD138+ TAMs. (F and G) 926 

Quantification of (E) (n=6 per group). (H) Images displaying Siglec-F+ neutrophils in the 927 

orthotopic tumors of Sdc1-cKO mice. (I and J) Quantification of (H) (n=8 per group). (K) Images 928 

showing SIGLEC-8+ neutrophils (white arrows) in PDAC patients. (L) Quantification of (K) 929 

(n=37-38 per group). (M) Images revealing the co-localization of CD138+ TAMs (red arrow) with 930 

SIGLEC-8+ neutrophils (white arrow) in PDAC patients. (N and O) The correlation among 931 

SIGLEC-8+ neutrophils, CD138+ TAMs, and Pan-CK+ tumor cells in PDAC patients. (P) Kaplan-932 

Meier survival curves generated based on the frequencies of SIGLEC-8+ neutrophils. The curves 933 

reveal a median survival of 9.0 months for the SIGLEC-8+ Neu-high group compared to 12 months 934 

for the SIGLEC-8+ Neu-low group (p-value = 0.0057, HR 1.860, 95% CI 1.198 to 2.888). (Q) 935 

Kaplan-Meier survival curves generated for CD138+ TAM abundance and SIGLEC-8+ neutrophil 936 

frequency. Comparison between CD138+-high, SIGLEC-8+-high and CD138+-low, SIGLEC-8+-937 

low groups yields a median survival of 9.0 vs. 13.0 months (p-value = 0.0010, HR 2.635, 95% CI 938 

1.482 to 4.687). *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 by Kruskal-Wallis test with 939 

Dunn's multiple comparison test (F and G), by paired or unpaired t-test (I, J, and L), by 940 

Spearman’s correlation analysis (N and O), and by log-rank analysis (P and Q). Data represent 941 

mean ± SEM. 942 
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 944 

Figure 6. CD138+ TAMs promote the polarization and migration of Siglec-F+ neutrophils 945 

through the actions of SAA3 and CXCL1. (A) Schematic diagram illustrating the culture of 946 

BMDNs treated with CM derived from CD138+ or CD138- TAMs isolated from orthotopic tumors, 947 

as well as with SAA3 and/or CXCL1. (B and H) Representative images depicting the frequencies 948 



52 

 

of Siglec-F+ in Ly6g+ neutrophils in BMDN cultures upon treatment with CM (B) or CXCL1 and/or 949 

SAA3 (H). (C) Quantification of (B) (n=3 per group). (D) Images revealing the percentages of 950 

SIGLEC-8+ in CD66B+ neutrophils in human PBDN cultures exposed to CM derived from CD138+ 
951 

or CD138- TAMs in PDAC patients. (E) Quantification of (D) (n=4 per group). (F) Experimental 952 

approach to evaluate the cell migration capacity of BMDNs through a transwell culture system 953 

exposed to CM derived from CD138+ or CD138- TAMs isolated from orthotopic tumors, as well 954 

as to SAA3 and/or CXCL1. (G and J) Quantification of the number of migrated cells in the 955 

transwell culture system exposed to CM (G) or CXCL1 and/or SAA3 (J) (n=3 per group). (I) 956 

Quantification of (H) (n=3 per group). (K) Representative images depicting the frequencies of 957 

Siglec-F+ in Ly6g+ neutrophils in BMDN cultures exposed to CD138+ TAM-CM with or without 958 

anti-SAA3 neutralizing antibodies. (L) Quantification of (K) (n=3 per group). (M) KEGG 959 

enrichment analysis of DEGs between Siglec-F+ and Siglec-F- neutrophils derived from orthotopic 960 

tumors. (N) Images displaying the frequencies of Siglec-F+ in Ly6g+ neutrophils in BMDN cultures 961 

exposed to SAA3 with or without WRW4 (a FPR2 antagonist) or p38 MAPK-IN-1 (a p38 MAPK 962 

pathway inhibitor). (O) Quantification of (N) (n=3 per group). *p<0.05 and **p<0.01 by Kruskal-963 

Wallis test with Dunn's multiple comparison test (C, E, and I) and by unpaired t-test (L). Data 964 

represent mean ± SEM. 965 
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 967 

Figure 7. A feedforward loop between CD138+ TAMs and Siglec-F+ neutrophils drives tumor 968 

immune evasion by inhibiting the anti-tumor effects of CD8+ T cells. (A) Representative 969 

images showing NET formation (white arrows) in Siglec-F+ and Siglec-F- neutrophils isolated from 970 

orthotopic tumors. Scale bar, 20μm. (B) Quantification of (A) by calculating the percentage of the 971 

total area covered by the SYTOX Green–positive region (n=30 per group). (C) Plots depicting 972 
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IFNγ production by OT1 CD8+ T cells from co-cultures of splenocytes from OT1 transgenic mice 973 

with either Siglec-F- or Siglec-F+ neutrophils sorted from orthotopic tumors. (D) Quantification of 974 

(C) (n=3 per group). (E) Images depicting IFNγ production by activated CD8+ T cells from co-975 

cultures involving CD8+ T cells derived from human peripheral blood and either tumor-infiltrating 976 

SIGLEC-8- or SIGLEC-8+ neutrophils in patients with PDAC. (F) Quantification of (E) (n=3 per 977 

group). (G) Schematic diagram illustrating the co-cultures of splenocytes isolated from OT1 978 

transgenic mice with BMDNs treated with CM derived from CD138+ or CD138- TAMs sorted 979 

from orthotopic tumors, as well as with CXCL1 and/or SAA3. (H and J) Plots displaying IFNγ 980 

production by OT1 CD8+ T cells from the indicated co-culture groups upon treatment with CM (H) 981 

or CXCL1 and/or SAA3 (J). (I) Quantification of (H) (n=5 per group). (K) Quantification of (J) 982 

(n=3 per group). (L) Quantification of PGE2 levels in CM derived from Siglec-F- and Siglec-F+ 
983 

neutrophils sorted from orthotopic tumors (n=3 per group). (M) Schematic diagram illustrating the 984 

cultures of BMDMs upon treatment with CM derived from Siglec-F+ or Siglec-F- neutrophils 985 

sorted from orthotopic tumors. (N) Images showing the percentages of CD138+ macrophages in 986 

BMDM cultures treated with CM. (O) Quantification of (N) (n=3 per group). *p<0.05 and 987 

**p<0.01 by unpaired t-test (B, D, and F) and by Kruskal-Wallis test with Dunn's multiple 988 

comparison test (I and L). Data represent mean ± SEM.  989 
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 991 

Figure 8. Anti-IL-34 antibodies abrogate tumor progression and enhance responses to anti-992 

PD-1 immunotherapy in PDAC by disrupting the CD138+ TAM-Siglec-F+ neutrophil axis. (A) 993 
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Experimental design employed to evaluate the therapeutic efficacy of anti-IL-34 antibodies in 994 

conjunction with anti-PD-1 antibodies in PDAC. (B) Quantification of tumor weight (n=8 per 995 

group). (C and D) Quantification of Ki67+ cell counts (C) and the percentage of CC3+ area (D) per 996 

40X field in tumor sections (n=8 per group). (E) Overall survival probabilities of mice (n=8 per 997 

group). The dashed line indicates the timepoint when the combination therapy commenced. (F and 998 

I) Flow cytometric images showing CD138+F4/80+ (F) and SAA3+CXCL1+ (I) macrophages in 999 

the tumor tissues of mice following anti-IL-34 antibody treatment. (G and H) Quantification of (F) 1000 

(n=6 per group). (J and K) Quantification of (I) (n=6 per group). (L) Representative plots 1001 

illustrating the presence of Siglec-F+ neutrophils in the tumor tissues of mice upon treatment with 1002 

anti-IL-34 antibodies. (M and N) Quantification of (L) (n=6 per group). (O) Quantification of the 1003 

frequencies of effector cell subsets among CD45+ cells in the tumor tissues (n=6 per group). (P 1004 

and R) Representative images depicting CD44+CD62L- effector (P) and TIM3+SLAMF6-PD-1+ 
1005 

late-exhausted (R) CD8+ T cells within the tumor tissues. (Q) Quantification of (P) (n=6 per group). 1006 

(S) Quantification of (R) (n=6 per group). (T) Overall survival probabilities of mice (n=8 per 1007 

group). The dashed line indicates the timepoint when the combination therapy commenced. 1008 

*p<0.05, **p<0.01, and ***p<0.001 by Kruskal-Wallis test with Dunn's multiple comparison test 1009 

(B-D, O, Q, and S), by log-rank analysis (E and T), and by unpaired t-test (G, H, J, K, M, and N). 1010 

Data represent mean ± SEM. 1011 
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