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Abstract

Dense fibrosis and a robust macrophage infiltrate are key therapeutic barriers in pancreatic ductal 

adenocarcinoma (PDAC). CD40 activation can circumvent these barriers by inducing 

macrophages, originating from peripheral blood monocytes, to deplete fibrosis. The precise 

mechanism and therapeutic implications of this anti-fibrotic activity, though, remain unclear. Here, 

we report that IFN-γ and CCL2 released systemically in response to a CD40 agonist cooperate to 

redirect a subset of Ly6C+CCR2+ monocytes/macrophages to infiltrate tumors and deplete 

fibrosis. Whereas CCL2 is required for Ly6C+ monocyte/macrophage infiltration, IFN-γ is 

necessary for tumor-infiltrating monocytes/macrophages to shift the profile of matrix 

metalloproteinases (MMPs) in tumors leading to MMP-dependent fibrosis degradation. In 

addition, MMP13-dependent loss of extracellular matrix components induced by a CD40 agonist 

increased PDAC sensitivity to chemotherapy. Our findings demonstrate that fibrosis in PDAC is a 

bidirectional process that can be rapidly altered by manipulating a subset of tumor-infiltrating 

monocytes leading to enhanced chemotherapy efficacy.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is currently the fourth leading cause of cancer-

related deaths in the United States (1). With an overall five-year survival of only six percent, 

PDAC has demonstrated unusual resistance to standard therapies including chemotherapy, 
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immunotherapy and radiation (2). A hallmark of PDAC is a formidable tumor 

microenvironment marked by extensive fibrosis and a robust cellular infiltrate comprised of 

activated fibroblasts and immunosuppressive leukocyte populations including macrophages 

and regulatory T cells (3, 4). This desmoplastic reaction has been recognized as a major 

barrier to drug delivery and the productivity of immunotherapy (5-7). As a result, the tumor 

microenvironment has emerged as a promising therapeutic target in PDAC. However, the 

cellular and molecular mechanisms that regulate this microenvironment are still being 

elucidated. Whereas genetically disrupting key elements of desmoplasia can have deleterious 

consequences (8, 9), immunotherapeutic strategies that target cancer fibrosis have shown 

benefit in both mice and humans (10-12). Given these disparate outcomes with targeting 

desmoplasia in PDAC, an understanding of the in vivo mechanisms that regulate the tumor 

microenvironment is critical.

Tumor-infiltrating macrophages are commonly found associated with cancer fibrosis (13, 

14) and frequently predict a poor prognosis (15, 16). These macrophages derive from 

inflammatory (or classical) monocytes and are well-described proponents of tumor 

development, growth, and metastasis (17-19). In non-malignant disorders, monocytes can be 

key regulators of both the development and resolution of fibrosis (20-22). In the context of 

cancer however, macrophages are involved in extracellular matrix remodeling and act as 

promoters of cancer fibrosis (18, 23-25). The phenotype of macrophages, though, is 

dependent on signals received from their surrounding microenvironment. Consistent with 

this premise, we have previously demonstrated that systemic delivery of a CD40 agonist 

stimulates macrophages originating from peripheral blood monocytes to facilitate the 

depletion of extracellular matrix proteins and induce tumor regressions in both mice and 

patients with PDAC (11). This anti-tumor effect occurred independent of T cells despite the 

well-established role of CD40, a member of the TNF receptor superfamily, in the 

development of T cell-dependent anti-tumor immunity (26-28). However, the mechanism by 

which a CD40 agonist redirects monocytes with anti-fibrotic properties in vivo has remained 

elusive. In this report, we studied the KPC mouse model of PDAC which incorporates the 

expression of KrasG12D and Trp53R172H alleles targeted to the pancreas using Cre 

recombinase driven by the Pdx-1 promoter (29). Using this model, we investigated the 

mechanism by which monocytes deplete fibrosis in PDAC and found that this biology has 

important therapeutic implications.

Results

CD40 agonists induce a subset of monocytes to infiltrate PDAC

CD40-dependent anti-fibrotic activity is dependent on monocytes/macrophages and does not 

require T cells (11). Therefore, to address the mechanism of CD40-dependent anti-fibrotic 

activity in PDAC, we first characterized monocytes in the peripheral blood of KPC mice. 

Using fluorescence-activated cell sorting (FACS), mouse monocytes were identified by their 

expression of F4/80 and separated into sub-populations of resident (or non-classical) 

monocytes which lack expression of Gr-1 (Ly6C/Ly6G) and inflammatory (or classical) 

monocytes which express Gr-1 and Ly6C but not Ly6G (Supplementary Figure S1A-B). 

Unlike Gr-1neg resident monocytes, Gr-1+ inflammatory monocytes also uniquely express 
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the chemokine receptor, CCR2 (Supplementary Figure S1A-B). Accordingly, we found that 

inflammatory monocytes were increased in the peripheral blood of KPC mice compared to 

normal littermates (Figure 1A). This finding is consistent with observations in human PDAC 

patients showing increased peripheral blood mobilization of inflammatory monocytes (30).

We next examined the impact of treatment with an agonist CD40 antibody on inflammatory 

and resident monocyte subsets within the peripheral blood and found that both monocyte 

populations rapidly decreased within hours after anti-CD40 treatment (Figure 1B). To track 

the migration of monocytes into tissues in response to anti-CD40 therapy, we used 

fluorescently-tagged liposomes to label monocytes in vivo. This was possible because 

liposomes cannot traverse vascular boundaries and therefore, do not directly target myeloid 

cell populations within the tumor microenvironment (11, 31). We found that liposomes 

specifically targeted F4/80+ resident monocytes, which lack expression of Ly6C, and not 

F4/80+Ly6C+ inflammatory monocytes within the peripheral blood (Figure 1, C and D). 

Using this liposomal approach to label resident monocytes in vivo, we determined that 

resident and inflammatory monocytes displayed distinct migration patterns in response to 

CD40 therapy. Specifically, resident monocytes did not infiltrate tumor tissue after anti-

CD40 treatment (Figure 1E) but could be detected within peritumoral lymph nodes (Figure 

1E) and were found to accumulate in the spleen (Supplementary Figure S2A-B). In contrast, 

we observed a rapid infiltration of tumors by Gr-1+ cells within 18 hours after anti-CD40 

treatment (Figure 1F). Because Gr-1 is a composite epitope of Ly6C and Ly6G and thus 

expressed by both Ly6C+ myeloid cells and Ly6G+ granulocytes, we next examined tumor 

tissue for the presence of each of these cellular populations. We found an increase in Ly6C+ 

macrophages in PDAC tumors (Figure 1G) but detected no difference in the number of 

tumor-infiltrating Ly6G+ granulocytes (Figure 1H, Supplementary Figure S3). From these 

findings, we concluded that a CD40 agonist induces the trafficking of Ly6Chi inflammatory 

monocytes out of the peripheral blood with a corresponding infiltration of Ly6C+ 

macrophages into PDAC tumors.

Resident monocytes/macrophages coordinate CCL2-dependent inflammatory monocyte/
macrophage infiltration into PDAC tumors

The finding that resident monocytes targeted by liposomes do not infiltrate the tumor 

microenvironment was unexpected based on our previous observation that clodronate 

encapsulated liposomes (CEL) abrogate the anti-tumor and anti-fibrotic activity of a CD40 

agonist in the KPC model (11, 31). However, it remained possible that resident monocytes/

macrophages targeted by liposomes may regulate the activity of inflammatory monocytes in 
vivo. Therefore, we next examined the impact of depleting each of these myeloid subsets on 

the capacity of a CD40 agonist to facilitate degradation of extracellular matrix in PDAC 

tumors. To do this, we used CEL and anti-Ly6C depleting antibodies to selectively deplete 

Ly6Clo resident monocytes/macrophages and Ly6Chi inflammatory monocytes/

macrophages, respectively (Supplementary Figures S4A-F, S5A-C and S6A-B). We found 

that depletion of either myeloid subset effectively eliminated the anti-fibrotic activity of anti-

CD40 treatment (Figure 2, A and B). As CEL does not deplete tumor-associated 

macrophages (11, 31), these findings suggested a cross-talk between resident monocytes/

macrophages residing outside of the tumor microenvironment and tumor-infiltrating Ly6C+ 
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inflammatory monocytes/macrophages. Consistent with this possibility, we found that 

resident monocytes/macrophages targeted by liposomes (CEL) were necessary for a CD40 

agonist to induce the infiltration of Ly6C+ macrophages into PDAC tumors in KPC mice 

(Figure 2C, Supplementary Figure S7A). Thus, our findings show a role for both resident 

monocytes/macrophages and Ly6C+ inflammatory monocytes/macrophages in mediating 

anti-fibrotic activity induced with a CD40 agonist.

The recruitment of monocyte subsets to tissues is dependent on distinct chemokine signals 

with inflammatory monocytes responding to CCL2, a ligand of CCR2 (32). In patients 

treated with a fully human CD40 agonist, we detected increased levels of CCL2 within the 

peripheral blood one day after treatment (Figure 2D). Similar findings were observed in 

mice treated with a CD40 agonist where CCL2 levels were found to increase in the serum 

(Figure 2E) as well as tumor tissue (Figure 2F) one day after treatment. Consistent with 

previous reports (33, 34), we found that tumor cells were a rich source of CCL2 

(Supplementary Figure S7B). In the peripheral blood, though, the increase in CCL2 levels 

was inhibited by depletion of resident monocytes/macrophages using CEL (Figure 2E). 

Based on this finding, we hypothesized that resident monocytes/macrophages may regulate 

mobilization of inflammatory monocytes into the peripheral blood with subsequent 

infiltration into tumor tissue that is dependent on CCL2. Consistent with this hypothesis, we 

detected an increase in the ratio of inflammatory monocytes within the peripheral blood to 

bone marrow in response to anti-CD40 treatment that was dependent on resident monocytes/

macrophages (Figure 2G). While bone marrow mobilization of inflammatory monocytes did 

not require CCL2 (Figure 2G), antibody neutralization of CCL2 inhibited the infiltration of 

Ly6C+ inflammatory monocytes/macrophages into tumor tissue (Figure 2C, Supplementary 

Figure S7A) and subsequent degradation of the extracellular matrix (Figure 2, A and B). 

Together, these findings demonstrate that CD40-induced degradation of the extracellular 

matrix that surrounds PDAC requires CCL2-dependent recruitment of Ly6C+ inflammatory 

monocytes/macrophages, a process that is regulated by resident monocytes/macrophages 

which are present outside of the tumor microenvironment and act to promote inflammatory 

monocyte mobilization into the peripheral blood.

IFN-γ redirects inflammatory monocytes to degrade fibrosis in PDAC

Inflammatory monocytes are well-described proponents of cancer (17, 34). However, their 

activity is inherently pliable allowing for adaptation to distinct microenvironments (14). Our 

findings show that CD40 agonists can redirect inflammatory monocytes in PDAC with anti-

fibrotic activity. However, the signals that regulate this biology are unknown. We 

hypothesized that CD40 agonists may induce the release of soluble factors that shift the 

polarity of inflammatory monocytes in vivo. Therefore, we first investigated the cytokine 

response induced by anti-CD40 treatment. In mice, we found that anti-CD40 antibodies 

stimulated the systemic release of cytokines, including IFN-γ and IL-12, regardless of the 

presence of a tumor, illustrating that CD40 agonists induce a non-tumor specific immune 

activation (Figure 3A and Supplementary Figure S8A). Further, this systemic immune 

activation produced by anti-CD40 treatment was dependent on IFN-γ (Supplementary Figure 

S8B).
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To understand whether a similar response is observed in PDAC patients treated with a fully 

human CD40 agonist, we examined plasma samples obtained at baseline and one day after 

treatment. In patients, we also found an increase in both IFN-γ and IL-12 (Figure 3B and 

Supplementary Figure S8C). Additionally, we observed increases in chemokines regulated 

by IFN-γ including IP-10 and MIG, further supporting the activation of this pathway in vivo 
(Supplementary Figure S8C).

Based on the importance of IFN-γ for driving the systemic cytokine release seen with a 

CD40 agonist, we next investigated a role for IFN-γ in stimulating tumor-infiltrating 

monocytes with anti-fibrotic activity. To do this, we examined for the expression of 

phosphorylated STAT1 (pSTAT1), which is induced by IFN-γ signaling. In mice, we found 

elevated pSTAT1 levels in Ly6Chi inflammatory monocytes within the peripheral blood at 

one day after anti-CD40 treatment indicating that monocytes become systemically activated 

prior to their infiltration into tumor tissue (Figure 3C). Similarly, we found that patient-

derived plasma obtained at one day after anti-CD40 treatment, compared to baseline and 

multiple other time points, induced pSTAT1 expression in human monocytes (Figure 3D, 

Supplementary Figure S9A-C). We also found a striking increase in pSTAT1 expression by 

Ly6C+ macrophages in tumors of KPC mice one day after anti-CD40 treatment with 

pSTAT1 expression blocked by IFN-γ neutralization in vivo (Figure 3, E and F).

We next determined the significance of IFN-γ for Ly6C+ monocytes/macrophages to 

facilitate extracellular matrix degradation in PDAC. We found that neutralization of IFN-γ in 
vivo blocked extracellular matrix loss induced with anti-CD40 treatment (Supplementary 

Figure S10). Further, IFN-γ was necessary for Ly6C+ monocytes/macrophages to facilitate 

depletion of dominant components of the extracellular matrix including type I collagen and 

fibronectin (Figure 3G). Together these findings identify the IFN-γ/pSTAT1 signaling axis as 

a critical pathway for stimulating tumor-infiltrating monocytes/macrophages with anti-

fibrotic properties.

Inflammatory monocytes regulate the MMP expression profile in PDAC tumors

Macrophages can support cancer fibrosis by interacting with fibroblasts and producing 

soluble factors that promote their differentiation and subsequent deposition of extracellular 

matrix proteins (35). We first considered the possibility that CD40 agonists might decrease 

fibrosis in PDAC by inducing the loss of matrix-producing fibroblasts within the tumor 

microenvironment. However, we previously reported no impact of anti-CD40 treatment on 

the frequency of FAP+ fibroblasts within PDAC tumors (31). We also observed no changes 

in transcript levels of matrix proteins including type I collagen and fibronectin 

(Supplementary Figure S11A-B, Supplementary Table S1). In addition, FAP+ fibroblast 

proliferation was not altered with anti-CD40 treatment (Supplementary Figure S11C). Based 

on this data, we next considered whether CD40 agonists might induce active degradation of 

extracellular matrix proteins in PDAC. Consistent with this, we found that anti-CD40 

treatment selectively depleted type I collagen (TIC) and fibronectin (FN) without altering 

hyaluronan (HA) content within tumors (Supplementary Figure S12A-B). Because TIC and 

FN are long-lived resilient fibrillar proteins, this finding suggested a role for matrix 

metalloproteinases (MMPs), which are specific enzymes capable of mediating degradation 
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of TIC and FN. In non-malignant disorders, inflammatory monocytes have been found to 

regulate fibrosis resolution through the production of MMPs (20). Thus, we hypothesized 

that inflammatory monocytes responding to anti-CD40 treatment may acquire expression of 

distinct MMPs which selectively degrade components of the extracellular matrix that 

surrounds PDAC.

To investigate the role of MMPs in PDAC, we established a transplantable tumor model that 

reproduced a microenvironment indistinguishable from tumors arising spontaneously in the 

KPC mouse model (Supplementary Figure S13A-F). This was achieved by deriving low 

passage (<12 passages) tumor cell lines from spontaneously arising PDAC tumors isolated 

from KPC mice backcrossed onto the C57BL/6 genetic background. PDAC tumors 

established by subcutaneous injection in C57BL/6 mice developed a microenvironment 

marked by extensive fibrosis and an immune infiltrate dominated by myeloid cells 

(Supplementary Figure S13A-F). In this model, similar to our findings in KPC mice, we 

observed a decrease in extracellular matrix content with anti-CD40 treatment that was 

dependent on a robust infiltration of Ly6C+ inflammatory monocytes/macrophages 

(Supplementary Figure S14A-D). Gene expression analysis of whole tumor lysates revealed 

an increase in multiple Mmps in response to anti-CD40 treatment (Supplementary Figure 

S15) suggesting a shift in the MMP profile within the tumor microenvironment. In contrast, 

minimal effect on other extracellular matrix proteins and adhesion molecules was observed 

(Supplementary Figure S15). Consistent with this analysis, we also found by qRT-PCR a 

shift in the gene expression profile of Mmps, but not tissue inhibitors of metalloproteinases 

(Timps), within tumors treated with a CD40 agonist compared to control (Figure 4A, 

Supplementary Table S1).

Because Ly6C+ inflammatory monocytes/macrophages were necessary for anti-fibrotic 

activity induced with a CD40 agonist, we next examined their requirement for shifting the 

MMP profile within tumors. We found that anti-CD40 treatment enhanced expression of 

Mmp 3, 9, 10, 12 and 13 but only changes in Mmp 10, 12, and 13 were dependent on Ly6C+ 

inflammatory monocytes/macrophages (Figure 4B). Further, these changes in Mmp 
expression were still observed when Ly6G+ granulocytes were depleted (Figure 4B). Thus, 

these data indicate a role for Ly6C+ inflammatory monocytes/macrophages in altering the 

Mmp profile within the tumor microenvironment of PDAC.

MMP production is necessary for anti-CD40 agonists to degrade fibrosis in PDAC

To understand the mechanism by which Ly6C+ inflammatory monocytes/macrophages 

acquire the capacity to facilitate degradation of fibrosis in PDAC, we developed an in vitro 
model to simulate the tumor microenvironment in which murine-derived myeloid cells were 

applied to a collagen-based matrix containing human PDAC tumor cells. With this in vitro 
system, changes in Mmp expression unique to myeloid cells compared to tumor cells could 

be detected based on Mmp gene sequence variations seen between species. We found that 

myeloid cells applied to this system expressed low levels of Mmp10 and Mmp13 and high 

levels of Mmp12 (Supplementary Figure S16A-C). In response to stimulation with IFN-γ, 

myeloid cells exhibited a significant increase in only Mmp13 expression when applied to 

this in vitro model (Supplementary Figure S16C) consistent with our in vivo findings after 
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anti-CD40 treatment (Figure 4C). Here, we found that CD40-dependent changes in Mmp13 
expression seen in tumors in vivo were abrogated with IFN-γ neutralization, which 

demonstrates the importance of IFN-γ for shifting the Mmp profile in tumors (Figure 4C). 

Consistent with this premise, we also detected increased Mmp13 transcripts by RNA in situ 
hybridization in PDAC tumors from KPC mice one day after anti-CD40 treatment 

(Supplementary Figure S17).

We next examined for MMP protein expression within PDAC tumors after anti-CD40 

treatment compared to control. To do this, we first administered a pan-MMP substrate 

(MMPsense), which becomes fluorescent in vivo when cleaved by a broad spectrum of 

active MMPs. While we found evidence of enzymatically active MMPs primarily within 

F4/80+ macrophages and Ly6Chi macrophages within the tumor microenvironment, we 

detected no change in the total presence of active MMPs among these cells with anti-CD40 

treatment (Supplementary Figure S18A-B). This finding is again consistent with a shift in 

the MMP expression profile within tumors that is induced by a CD40 agonist rather than 

induction of global MMP activity. In further support of this notion, we observed an increase 

in MMP13 expressing cells within tumors one day after anti-CD40 treatment that was 

abrogated by anti-Ly6C antibody treatment as well as IFN-γ neutralization (Figure 5A). 

Interestingly, MMP13 expression was detected not only in F4/80+ myeloid cells but also 

FAP+ fibroblasts (Figure 5B, Supplementary Figure S19A-C).

Like most MMPs, MMP13 is secreted as an inactive pro-form that must be cleaved for it to 

actively degrade collagen. Therefore, we examined for the presence of enzymes which have 

known capacity to activate MMP13. These enzymes include MMP2 and MMP14 (36, 37). 

By gene expression analysis, Mmp14 was expressed at five-fold higher levels than Mmp2 
although neither was altered by treatment with a CD40 agonist (Supplementary Figure S20). 

Analysis of MMP14 protein expression within tumors by immunofluorescence imaging also 

revealed robust staining of MMP14 which was primarily seen within F4/80+ macrophages of 

control and anti-CD40 treated tumors in both the implantable (Figure 5C) and KPC PDAC 

models (Supplementary Figure S19C). Thus, tumors may be primed and ready to activate 

MMP13, which when expressed can then degrade the collagen-dense matrix that surrounds 

tumors.

We next examined the effect of MMP inhibition on the capacity of monocytes/macrophages 

responding to anti-CD40 treatment to mediate depletion of fibrosis in PDAC. Within 18 

hours of anti-CD40 therapy, Ly6C+ inflammatory monocytes/macrophages were found 

dispersed within tumor tissue and importantly, were located within areas displaying a loss of 

extracellular matrix (Figure 5D). In contrast, MMP inhibition was found to block TIC and 

FN degradation (Figure 5D-F, Supplementary Figure S21A-B) without impairing Ly6C+ 

inflammatory monocyte/macrophage recruitment to the tumor microenvironment (Figure 

5G). Finally. consistent with a role for MMP13 in fibrosis degradation induced by tumor-

infiltrating inflammatory monocytes/macrophages, we found that collagen degradation 

detected by Masson's trichrome was blocked, at least in part, by two selective inhibitors of 

MMP13 (Figure 5H, Supplementary Figure S22).
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CD40 agonists enhance chemotherapy efficacy in an IFN-γ, MMP and Ly6C-dependent 
manner

Dense fibrosis that surrounds PDAC is a significant barrier to chemotherapeutic efficacy (6, 

7, 38). Based on our findings that CD40 agonists alter extracellular matrix components in 

PDAC, we hypothesized that they may also be used to improve the efficacy of 

chemotherapy. To investigate this possibility, we first examined the kinetics of fibrosis 

depletion within PDAC tumors after anti-CD40 treatment. We found that the anti-fibrotic 

effect induced by a CD40 agonist was maintained for approximately one week with the 

onset of new matrix deposition first seen at approximately 4 days after treatment (Figure 6, 

A and B). Anti-CD40 therapy was also found to induce a hemorrhagic necrosis within 

tumors that was most pronounced on day 2 after therapy and could be seen on gross imaging 

of bisected tumors (Figure 6, A and C, Supplementary Figure S23A-C). However, in contrast 

to data reported with targeting hyaluronan (6, 7), we found that CD31+ blood vessels 

remained collapsed (Supplementary Figure S24A-B) despite fibrosis degradation and 

enhanced vascular leakage detected using Evans Blue dye (Supplementary Figure S23B).

We next examined the capacity of a CD40 agonist to “condition” the tumor 

microenvironment for enhanced chemotherapeutic efficacy. We found that gemcitabine 

administered two days after treatment with a CD40 agonist produced extensive tumor 

necrosis and significantly inhibited tumor proliferation, as determined by decreased Ki67 

expression within tumor cells (Figure 6D, Supplementary Figures S25A-B and S26A-B). In 

contrast, no significant impact on tumor cell death or proliferation was observed with 

gemcitabine alone which is consistent with its minimal clinical activity (39).

We then tested the impact on tumor growth of administering gemcitabine after a CD40 

agonist. We found that gemcitabine treatment at two days after anti-CD40 therapy induced 

tumor stasis/regression that was superior to gemcitabine alone and was dependent on both 

Ly6C+ cells and MMPs (Supplementary Figure S27). However, administering gemcitabine 

treatment at this time after a CD40 agonist was poorly tolerated and mice showed significant 

weight loss (Supplementary Figure S28), with a 30% mortality and a requirement for 

supportive care with fluid therapy. This poor tolerability to gemcitabine treatment when 

administered after a CD40 agonist has been reported previously (40). However, our 

observation that the anti-fibrotic effect of a CD40 agonist is maintained for at least one week 

(Figure 6A and C) suggested the possibility that delaying gemcitabine treatment to a later 

time may also be efficacious.

We next examined the anti-tumor effect and tolerability of gemcitabine administered five 

days after a CD40 agonist as this timing of treatment was previously found to be well-

tolerated in patients and to produce promising clinical activity (10, 11). With this treatment 

timing, we found that a CD40 agonist significantly enhanced the anti-tumor activity of 

gemcitabine with marked necrosis and inhibition of tumor proliferation seen one day after 

gemcitabine treatment that was comparable to administering gemcitabine two days after 

anti-CD40 therapy (Figure 6D, Supplementary Figure S25). In addition, combination 

treatment with a CD40 agonist followed by gemcitabine five days later was well-tolerated 

(Supplementary Figure S28) and induced tumor regression/stasis that was superior to either 

treatment alone (Figure 6E). Moreover, the capacity of a CD40 agonist to enhance the 
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efficacy of gemcitabine chemotherapy was dependent on Ly6C+ cells, IFN-γ, and MMPs 

including MMP13 (Figure 6F). Together, our findings reveal a novel mechanism by which 

tumor-infiltrating Ly6C+ inflammatory monocytes/macrophages responding to IFN-γ and 

CCL2 can be induced to shift the MMP profile within tumors for rapid degradation of 

fibrosis in PDAC leading to enhanced tumor sensitivity to gemcitabine chemotherapy.

Discussion

Inflammatory monocytes/macrophages are continually recruited to the tumor 

microenvironment where they most commonly support tumor development, growth, and 

metastasis (17, 34). For this reason, strategies are underway in the clinic to evaluate the 

therapeutic benefit achieved with inhibiting monocyte recruitment to tumor tissue, depleting 

monocytes in vivo, and blocking pro-tumor activities of monocytes (16, 30, 34, 41-44). 

However, these approaches which seek to sequester or inhibit monocytes may be at risk for a 

rapid rebound in tumor growth when therapy is interrupted (41). An alternative approach is 

to harness the myeloid response to cancer for its potential to be anti-fibrotic and to produce 

anti-tumor activity. We previously demonstrated that macrophages originating from 

peripheral blood monocytes were necessary for the efficacy of a CD40 agonist in PDAC 

(11). Anti-CD40 treatment was found to deplete the stroma that surrounds PDAC and to 

induce major tumor regressions in both mice and humans. This result implied that fibrosis in 

PDAC, often considered to be a rigid and irreversible phenomenon, is rather a dynamic and 

bidirectional process with the capacity to undergo resolution in the proper setting. Our data 

now show the importance of IFN-γ and CCL2 for a CD40 agonist to redirect inflammatory 

monocytes/macrophages to facilitate depletion of cancer fibrosis. This process was 

dependent on resident monocytes/macrophages which directed the mobilization of 

inflammatory monocytes into the peripheral blood from the bone marrow with subsequent 

CCL2-dependent infiltration into the tumor microenvironment. Tumor-infiltrating 

inflammatory monocytes/macrophages were then necessary to induce a shift in the MMP 

profile within tumor tissue leading to degradation of dominant extracellular matrix proteins, 

including type I collagen and fibronectin. These findings demonstrate the plasticity of both 

the myeloid response in PDAC as well as the fibrotic reaction that is a hallmark of this 

disease. In addition, our results reveal the key mechanistic steps (i.e monocyte polarization, 

trafficking, and effector activity) that are required for modulating this microenvironment 

through re-education of tumor-infiltrating monocytes/macrophages (Figure 7).

In our study, IFN-γ was necessary for a CD40 agonist to redirect tumor-infiltrating 

monocytes/macrophages with anti-fibrotic properties. This finding suggests that alternative 

immunomodulatory approaches such as toll-like receptor agonists or activators of anti-tumor 

T cell immunity, which can induce the systemic release of IFN-γ, may also be capable of 

stimulating monocytes/macrophages in vivo to degrade cancer fibrosis. We also found 

selective activation of the IFN-γ/pSTAT1 pathway in tumor-infiltrating Ly6C+ macrophages 

and in Ly6Chi inflammatory monocytes within the peripheral blood suggesting a role for 

IFN-γ produced outside of the tumor microenvironment in modulating the polarity of 

monocytes/macrophages prior to their infiltration into tumor tissue. The source of IFN-γ that 

directs this biology in vivo in response to anti-CD40 treatment is unknown but is unlikely to 

be T cells as they were dispensable for treatment efficacy (11). We have also found that 
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depletion of NK cells in vivo does not alter the serum levels of IFN-γ induced with a CD40 

agonist (data not shown) consistent with previously published work (45). While 

macrophages have also been suggested to be a source of IFN-γ induced by CD40 ligation in 
vivo (45), we did not observe any impact of depleting macrophages in vivo using clodronate 

encapsulated liposomes on the capacity of a CD40 agonist to induce the systemic release of 

IFN-γ (data not shown).

Chemokines direct the infiltration of monocytes into tumor tissue (46, 47). Within PDAC 

tumors, both malignant and non-malignant cells may produce CCL2 (34). We have found 

CCL2 to be necessary for anti-CD40 treatment to recruit anti-fibrotic monocytes to PDAC 

tumors. The importance of CCL2 for anti-CD40 efficacy suggests that tumors which lack or 

lose the capacity to produce CCL2 may be unresponsive to anti-CD40 therapy. Previous 

work in a breast cancer model has highlighted the importance of CCL2 produced by both 

malignant and non-malignant cells for recruiting monocytes to metastatic lesions (34). At 

present, the precise role of CCL2 production by malignant and non-malignant cells in PDAC 

for anti-CD40 efficacy remains unknown. However, variability in CCL2 expression by tumor 

cells may explain the treatment response heterogeneity that was seen in patients with PDAC 

treated with a CD40 agonist in combination with gemcitabine chemotherapy (10).

The anti-fibrotic mechanism mediated by inflammatory monocytes was dependent on MMPs 

in which MMP13 was found to be the only up-regulated MMP capable of degrading both 

collagen and fibronectin. However, additional MMPs, including MMP10 and MMP12, were 

also increased by anti-CD40 treatment in an inflammatory monocyte-dependent manner. 

These MMPs may be important for degrading fibronectin and other extracellular matrix 

proteins that comprise the dense fibrotic matrix that surrounds PDAC. MMP13 is a member 

of the family of zinc-dependent endopeptidases and is secreted in an inactive pro-form that 

is then cleaved to the active enzyme by extracellular proteinases, including MMP2 and 

MMP14 (36, 48). We observed expression of both MMP2 and MMP14 which may be 

required for activating collagenase activity by MMP13. Recently, MMP13 has been 

suggested to be a key enzyme produced by monocytes during the resolution phase of liver 

fibrosis induced with carbon tetrachloride (21). We propose that the balance of MMPs, 

rather than a single MMP, present within the tumor microenvironment is regulated by 

monocytes and can be shifted from pro- to anti-fibrotic. As monocytes have been found to be 

critical regulators of the resolution phase of fibrosis in several non-malignant disorders 

including lung and liver fibrosis (20, 49, 50), our data suggest the importance of tumor-

infiltrating inflammatory monocytes as therapeutic targets to manipulate fibrosis in cancer. 

Moreover, our findings provide new insights into the importance of MMPs in tumors for 

regulating chemotherapeutic efficacy. In particular, we have identified a novel role for 

MMP13 for enhancing the anti-tumor activity of gemcitabine chemotherapy in PDAC.

Communication between a tumor and its surrounding microenvironment is a complex 

process. Whereas some elements of fibrosis (e.g myofibroblasts) have been found to 

suppress tumor aggressiveness (8, 9), these same components which establish a dense 

extracellular matrix can protect malignant cells from cytotoxic therapies by impeding the 

penetration of small molecules delivered to the tumor bed (6, 7, 38). Elimination of this 

fibrotic barrier can improve the delivery of chemotherapy to tumor tissue resulting in 
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enhanced survival in mouse models of PDAC. In our studies, we have found that monocyte-

dependent resolution of fibrosis in PDAC induced with a CD40 agonist also improves the 

efficacy of gemcitabine chemotherapy. This enhancement in chemotherapy efficacy was 

dependent on IFN-γ, Ly6C+ inflammatory monocytes/macrophages, and MMPs, in 

particular MMP13. This finding demonstrates the potential of the immune response to 

cancer to be harnessed for improving standard cytotoxic therapies. The timing of 

chemotherapy administration after a CD40 agonist, though, is critical. Whereas gemcitabine 

administered at 2 days post a CD40 agonist was poorly tolerated, delaying gemcitabine to 5 

days post anti-CD40 treatment was both well-tolerated and efficacious. This is the same 

timing of treatment that was previously investigated in PDAC patients and found to be safe 

with evidence of therapeutic activity.

Immune based strategies (e.g. CD40 agonists) also offer the additional therapeutic 

possibility of direct anti-tumor activity. To this end, we observed significant tumor necrosis 

within 48 hours after anti-CD40 treatment. Tumor-associated macrophages from PDAC 

tumors treated with a CD40 agonist were previously shown to acquire direct anti-tumor 

activity which may be critical for controlling tumor outgrowth after modulating the stroma 

(11). This finding may explain why immunotherapies capable of depleting stromal elements 

(10-12) can suppress tumor outgrowth whereas strategies that merely eliminate stromal 

elements may accelerate tumor progression (8, 9).

In summary, the immune reaction to PDAC is emerging as a key target for cancer therapy. 

Within the tumor microenvironment, myeloid cells dominate and support a 

microenvironment that is immunosuppressive, resistant to standard therapies and conducive 

to tumor outgrowth (15, 18, 31, 33, 51). While the use of CD40 agonists has previously 

suggested the ability to shift the polarity of this microenvironment in vivo (11), the 

mechanistic basis of this biology and therapeutic implications have remained unknown. Our 

data now define the key steps in this process and show that the myeloid infiltrate recruited to 

PDAC can be re-educated (Figure 7). In addition, our findings identify a novel role for a 

CD40 agonist as a “lead-in” therapy to enhance the efficacy of chemotherapeutic and 

possibly biologic treatments for PDAC. Given the strong tropism of inflammatory 

monocytes for human cancers, these data support the investigation of therapeutic approaches 

that redirect inflammatory monocytes, rather than deplete them, in order to harness their 

recruitment to tumors and unleash their anti-fibrotic and anti-tumor potential.

Methods

Animals

KrasLSL-G12D/+, Trp53LSL-R172H/+, Pdx1-Cre (KPC) mice have been previously described 

(29). These mice were backcrossed to the C57BL/6 genetic background. Details are 

described in supplementary methods. Animal protocols were reviewed and approved by the 

Institute of Animal Care and Use Committee (IACUC) of the University of Pennsylvania.
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Clinical samples

Plasma was collected by centrifugation of peripheral blood from patients treated on a 

previously described study (10, 11) that evaluated CP-870,893, a fully human agonist CD40 

monoclonal antibody, in combination with gemcitabine for the treatment of patients with 

chemotherapy naive advanced PDAC. Samples were stored at −80C. Quantification of 

soluble cytokine and chemokines was determined using Luminex bead array technology 

(Life Technologies) as previously described (52). Written informed consent was required. 

The study was conducted in accordance with the Declaration of Helsinki and approved by 

local institutional review boards.

Animal experiments

For KPC mice, tumors were detected by palpation and confirmed by ultrasonography as 

previously described (11). In some experiments, low-passage PDAC cell lines derived from 

backcrossed KPC mice were implanted subcutaneously into syngeneic C57BL/6 mice and 

allowed to develop over 14-17 days to approximately 5 mm in diameter before mice were 

enrolled into treatment studies. Treatment studies are described in more detail in 

supplementary methods.

Histology, immunohistochemistry and immunofluorescence analysis

Immunohistochemistry, immunofluorescence and histopathology were performed on frozen 

tissue sections. RNA in situ hybridization was performed on paraffin embedded tissue 

sections. Frozen sections were air dried and fixed with 3% formaldehyde. Primary 

antibodies against mouse antigens and detailed methods are described in supplementary 

methods. Fluorescence and brightfield images were acquired on IX83 inverted (Olympus) 

and BX43 upright (Olympus) microscopes, respectively.

Immune analysis of mouse samples

Peripheral blood samples were obtained from the tail vein of mice as previously described 

(11). Flow cytometry analysis of peripheral blood cell subsets and cytokines is described in 

detail in the supplementary methods.

Cell lines

7940B was derived from a primary spontaneous PDAC tumor arising in the body of the 

pancreas (C57BL/6) of a male transgenic Pdx-Cre; LSL-KrasG12D; LSL-Trp53R172H (KPC) 

mouse. Passage 5 of the cell line was established and cryopreserved. Cell lines between 

passage 6-12 were used in experiments. Cell line authentication was based on histological 

analysis of the implanted cell line with comparison to the primary tumor from which the cell 

line was derived (Supplementary Figure S13A-F). Cell lines were tested for mycoplasma 

contamination and grown in DMEM with 10% FBS supplemented with 83 μg/mL 

gentamicin.

RNA and gene expression array

Tumor tissue was processed and stored in TRIzol at −80C. Tumor lysates were thawed on 

ice and allowed to equilibrate to room temperature before RNA was isolated using a Qiagen 
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RNeasy Mini kit according to manufacturer protocol. RNA was collected in RNase-free 

water and quantified using a NanoDrop Spectrophotometer. Gene expression array analyses 

and qRT-PCR used are described in detail in supplementary methods.

Statistical analysis

Statistical analyses were carried out using GraphPad Prism software. Box plots represent the 

first to third quartile of data with the median shown. Whiskers in the box plot represent the 

minimum and maximum values. Multiple comparisons testing was performed using one-way 

Anova with Bonferroni correction. All other comparisons were determined by Student's t or 

Mann-Whitney tests where indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of significance

We report that CD40 agonists improve chemotherapy efficacy in pancreatic carcinoma by 

redirecting tumor-infiltrating monocytes/macrophages to induce fibrosis degradation that 

is dependent on matrix metalloproteinases. These findings provide novel insight into the 

plasticity of monocytes/macrophages in cancer and their capacity to regulate fibrosis and 

modulate chemotherapy efficacy in pancreatic carcinoma.
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Figure 1. Monocyte subsets show distinct trafficking patterns in response to agonist CD40 
therapy in KPC mice
(A) Peripheral blood counts for F4/80+Gr-1neg resident monocytes (RM) and F4/80+Gr-1+ 

inflammatory monocytes (IM) in control (Ctrl) littermates and tumor-bearing KPC mice. Bar 

shows mean; n=17-25 per group, *, P<0.05; ****, P<0.0001. (B) Percent change in 

monocyte subsets within blood of KPC mice one day after treatment. n=4-7 per group, *, 

P<0.05. (C) KPC mice were treated with unlabeled liposomes (Ctrl) versus DiI-labeled 

liposomes (DiI+ Lipo) and blood was analyzed 24 hours later. Shown is a representative 

histogram of CD45+CD19negF4/80+ monocytes labeled with DiI-liposomes in vivo. (D) 
Representative FACS plot showing relationship between labeling with DiI-liposomes in vivo 
and Ly6C expression to identify subsets of CD45+CD19negF4/80+ monocytes. (E) KPC 

mice were injected i.p. with DiI-labeled liposomes one hour before treatment with istoype 

control or anti-CD40 antibodies. Tumor tissue was analyzed 48 hours later. Shown is 

immunofluorescence imaging of peritumoral lymph nodes and tumor to detect monocyte/

macrophages labeled with DiI-labeled liposomes (red) and EpCAM+ tumor cells (green). 

n=3 mice. One representative image of three is shown per group. Scale bar, 100 μm. (F) 
Representative images of anti-Gr-1 stained tumor tissue from KPC mice one day after 

treatment. Scale bar, 100 μm. Quantification of (G) Ly6C+ myeloid cells (n=4-5 mice per 
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group) and (H) Ly6G+ cells (n≥3 mice group) within tumor tissue of KPC mice one day 

after treatment. *, P<0.05, unpaired 2-tailed t-test.
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Figure 2. Anti-fibrotic activity of a CD40 agonist requires CCL2-dependent inflammatory 
monocyte recruitment to tumor tissue
KPC mice were treated with isotype control antibody, anti-CD40, or anti-CD40 in 

combination with clodronate encapsulated liposomes (CEL), anti-Gr-1, anti-Ly6C or anti-

CCL2. Shown are (A) representative images of PDAC sections stained with Masson's 

trichrome to detect extracellular matrix deposition (blue) one day after treatment and (B) 
quantification of extracellular matrix. n = 3-9 mice per group. Scale bar, 100 μm. (C) 
Quantification of Ly6C+ myeloid cells in PDAC tumors of KPC mice one day after 

treatment. n=3-4 mice per group. (D) Plasma CCL2 levels in PDAC patients at baseline 

(Pre) and 24 hours post treatment with the fully human CD40 agonist CP-870,893 n=5-13 

subjects per group. Significance determined using Mann-Whitney test. (E) Serum CCL2 

levels in KPC mice one day after treatment with isotype control (Ctrl) or anti-CD40 

antibodies administered with or without CEL. n=7-14 mice per group. (F) Relative Ccl2 
mRNA levels in PDAC implanted tumors from mice at one day after treatment. n=9-10 mice 

per group. (G) Ratio of peripheral blood:bone marrow F4/80+ Ly6C+ inflammatory 

monocytes (IM) one day after treatment. n = 4-6 mice per group. Significance testing was 

performed using unpaired 2-tailed Student's t test, unless otherwise specified. *, P<0.05; **, 

P<0.01; ***, P<0.001; ****, P<0.0001.

Long et al. Page 20

Cancer Discov. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. IFN-γ/STAT-1 signaling is necessary to redirect inflammatory monocytes with anti-
fibrotic activity
(A) Wild-type non-tumor bearing mice and KPC tumor-bearing mice were treated with 

isotype control (Ctrl) or anti-CD40 antibody. Serum was collected 24 hours after treatment 

for analysis. Shown are serum levels (pg/mL) of IFN-γ. n=17-20 mice per group for wild-

type and n=10 mice per group for KPC. **, P<0.01; ***, P< 0.001. (B) Plasma cytokine 

levels were determined in PDAC patients at baseline (Pre) and 24 hours (Day +1) post 

treatment with the fully human CD40 agonist CP-870,893. Shown are levels (pg/mL) for 

IFN-γ. n=13 patients at baseline; n=5 patients after CP-870,893; **, P < 0.01; Mann-

Whitney test. (C) Intracellular flow cytometry detection of pSTAT1 in murine peripheral 

blood leukocyte subsets one day after treatment. MFI, mean fluorescence intensity. n=5 per 

group, from two independent experiments; *, P<0.05, unpaired t-test. (D) Shown is pSTAT1 

expression in human monocytes treated with plasma collected from PDAC patients at 

baseline (Pre) and multiple time points after CP-870,893 treatment. n=3; ****, P<0.0001, 

one-way Anova with Bonferroni correction for multiple pairwise comparison testing. (E) 
Representative immunofluorescence images showing co-localization of pSTAT1 in Ly6C+ 

inflammatory monocytes in PDAC tumors of KPC mice one day after treatment. Scale bar, 

50 μm. (F) Quantification of pSTAT1 expression detected one day after treatment by 

immunofluorescence staining of tumor sections. n=4-5 mice per group; ****, P < 0.0001; 

Long et al. Page 21

Cancer Discov. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



unpaired 2-tailed t-test. (G) Quantification of extracellular matrix protein within tumors. 

Tumor sections were analyzed one day after treatment with control (Ctrl) or anti-CD40 

antibodies with or without anti-IFN-γ antibody neutralization. n=5-9 mice per group; *, P < 

0.05; **, P < 0.01; unpaired 2-tailed t-test determined from 4-6 images per mouse.
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Figure 4. CD40 agonist induces a shifts in the MMP gene expression profile in tumors that is 
dependent on inflammatory monocytes and IFN-γ
(A) Heat map showing global gene expression in tumor homogenates from mice with 

implanted PDAC tumors one day after treatment with control (n = 9) or anti-CD40 (n = 10). 

Statistical significance was determined using one-way Anova with Bonferroni correction for 

multiple comparisons testing. P values are shown to right of heat map. (B) Tumor-bearing 

mice were treated with control or anti-CD40 with or without depletion of Ly6C+ 

inflammatory monocytes or Ly6G+ granulocytes. Shown is relative transcript expression for 

Mmp3, Mmp9, Mmp10, Mmp12, and Mmp13. n=5-10 mice per group. (C) qRT-pCR 

analysis from tumor homogenate cDNA isolated one day after treatment. Displayed are fold 

changes in Mmp genes relative to control treatment. For panels B-C, significance testing 

was performed using unpaired 2-tailed Student's t test. *, P < 0.05; **, P<0.01; ****, 

P<0.0001.
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Figure 5. Anti-fibrotic activity of a CD40 agonist is dependent on MMPs
Mice with implanted PDAC tumors were analyzed one day after treatment with isotype 

control or anti-CD40 antibody with or without anti-Ly6C or anti-IFN-γ antibodies. (A) 
Shown is quantification by immunofluorescence staining of MMP13 expressing cells in 

tumors. n=5-12 mice per group. (B) Representative immunofluorescence images showing 

MMP13 (green) expression by F4/80+ (red, top panel) and FAP+ (red, bottom panel) cells in 

tumors one day after treatment with anti-CD40. Scale bar, 10 μm. (C) Representative 

immunofluorescence images showing MMP14 (green) expression by F4/80+ (red) cells in 

tumors after treatment with control (top panel) and anti-CD40 (bottom panel). Scale bar, 20 

μm. (D) Mice with implanted tumors were analyzed one day after treatment with isotype 

control or anti-CD40 with or without a broad spectrum MMP inhibitor (iMMP; Actinonin). 

Representative immunofluorescence images show type I collagen (TIC, red) among Ly6C+ 

inflammatory monocytes (green) one day after treatment. Nuclei are stained with DAPI 

(blue). One representative image is shown out of five images per tumor section per group. 

Scale bar, 100 μm. (E) Quantification of type I collagen and (F) fibronectin within tumors 

after isotype control (Ctrl) or anti-CD40 treatment with or without MMP inhibitor (iMMP; 

Actinonin). n=3-4 mice per group. (G) Quantification of Ly6C+ cells in tumor tissue after 
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treatment. n=3-4 mice per group. (H) Quantification of extracellular matrix detected in 

tumors by Masson's Trichrome one day after treatment with isotype control or anti-CD40 

antibodies with or without selective inhibitors of MMP13 (iMMP13 #1, WAY-170523; 

iMMP13 #2, 544678-85-5) or a broad spectrum MMP inhibitor (iMMP, Actinonin). n=4-8 

per group. For panels A and E-H, significance testing was performed using unpaired 2-tailed 

Student's t-test. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 6. CD40 agonist improves gemcitabine efficacy in PDAC
(A) Representative H&E, Masson's Trichrome, and gross images of implanted PDAC tumors 

obtained from mice at defined time points after treatment with anti-CD40 antibodies with 

comparison to isotype control (Ctrl). Scale bars, 500 μm (H&E) and 100 μm (Masson's 

Trichrome). (B) Quantification of collagen content in PDAC tumors detected by Masson's 

trichrome relative to control treatment. n=7-8 tumors per group. (C) Quantification of tumor 

necrosis seen on H&E imaging. n=7-8 tumors per group. (D) Mice with implanted PDAC 

tumors were treated with anti-CD40 on day 0 followed by gemcitabine on day 2 or 5 as 

indicated with comparison to gemcitabine alone. Shown is quantification of tumor necrosis 

and cellular proliferation (Ki67) detected by H&E and immunohistochemical staining, 

respectively, at one day after gemcitabine treatment. n=5 mice per group. (E) Mice with 

implanted PDAC tumors were treated with or without anti-CD40 antibody on day 0 followed 

by gemcitabine on day 5. Shown is fold change in tumor volume from time of gemcitabine 

treatment to 6 days later. n = 8-9 mice per group. (F) Effect of anti-Ly6C, anti-IFN-γ, broad 

spectrum MMP inhibitor (iMMP, Actinonin) and MMP13 specific inhibitors (iMMP13 #1, 

WAY-170523; iMMP13 #2, 544678-85-5) on tumor necrosis induced with gemcitabine 

administered 5 days after anti-CD40 therapy with comparison to anti-CD40 and gemcitabine 

alone. Tumor necrosis is quantified one day after treatment with gemcitabine. For panels B-
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F, significance testing was performed using one-way Anova with Bonferroni correction for 

multiple pairwise comparisons or unpaired 2-tailed Student's t test. *, P<0.05; **, P<0.01; 

***, P<0.001; ****, P<0.0001.

Long et al. Page 27

Cancer Discov. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Proposed step-wise model for anti-fibrotic activity induced with a CD40 agonist in 
PDAC
Treatment with a CD40 agonist induces the systemic release of IFN-γ which activates 

CCR2+ inflammatory monocytes (IM) and polarizes their phenotype toward anti-fibrotic 

(Step 1: Polarization). Inflammatory monocytes are then recruited to the tumor 

microenvironment in a CCL2-dependent manner that is regulated by resident monocytes/

macrophages (RM) residing outside of the tumor microenvironment (Step 2: Trafficking). 

Within the tumor microenvironment, tumor infiltrating inflammatory monocytes alter the 

MMP profile leading to rapid degradation of extracellular matrix proteins including type I 

collagen and fibronectin (Step 3: Effector Activity). Together, depletion of extracellular 

matrix components induced by inflammatory monocytes enhances the sensitivity of tumors 

to gemcitabine chemotherapy.
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