
Macrophages and CD8+ T cells mediate the antitumor efficacy of 
combined CD40 ligation and imatinib therapy in gastrointestinal 
stromal tumors

Jennifer Q. Zhang1, Shan Zeng1, Gerardo A. Vitiello1, Adrian M. Seifert1, Benjamin D. 
Medina1, Michael J. Beckman1, Jennifer K. Loo1, Juan Santamaria-Barria1, Joanna H. 
Maltbaek1, Nesteene J. Param1, John A. Moral1, Julia N. Zhao1, Vinod Balachandran1, 
Ferdinand Rossi1, Cristina R. Antonescu2, and Ronald P. DeMatteo1,3

1Department of Surgery, Memorial Sloan Kettering Cancer Center, New York, NY

2Department of Pathology, Memorial Sloan Kettering Cancer Center, New York, NY

3Department of Surgery, Hospital of the University of Pennsylvania, Philadelphia, PA

Abstract

Tyrosine kinase inhibition of gastrointestinal stromal tumors (GIST) is effective but typically 

culminates in resistance and is rarely curative. Immunotherapy has potential application to GIST, 

as we previously showed that T-cell checkpoint blockade increases the antitumor effects of 

imatinib. Here, we showed that ligation of CD40 using an agonistic antibody (anti-CD40) 

activated tumor-associated macrophages (TAMs) in vivo in a knock-in mouse model of GIST 

harboring a germline mutation in Kit exon 11. Activated TAMs had greater TNF production and 

NFκB signaling and directly inhibited tumor cells in vitro. Anti-CD40 required concomitant 

therapy with imatinib for efficacy and depended on TAMs, and to a lesser extent CD8+ T cells, but 

not on CD4+ T cells or B cells. In an analysis of 50 human GIST specimens by flow cytometry, we 

found that CD40 was expressed on human TAMs and tumor cells yet was downregulated after 

response to imatinib. CD40 ligation did not have a direct inhibitory effect on human GIST cells. 

Our findings provide the rationale for combining anti-CD40 and tyrosine kinase inhibition to treat 

human GIST.
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Introduction

Gastrointestinal stromal tumors (GISTs) are the most common type of sarcomas and occur 

primarily in the stomach and small bowel, followed by other parts of the gastrointestinal 

tract (1). Approximately 75% of GISTs contain an activating mutation in KIT, whereas 10% 
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have a platelet-derived growth factor receptor α (PDGFRA) mutation (2, 3). The advent of 

tyrosine kinase inhibitors such as imatinib mesylate, which effectively targets both KIT and 

PDGFRα, has revolutionized the treatment of GISTs (1, 4, 5). However, imatinib is rarely 

curative and resistance frequently develops within two years (5, 6). Sunitinib and 

regorafenib are the second and third line inhibitors after imatinib failure, but these tyrosine 

kinase inhibitors usually fail within a few months (7, 8). Therefore, novel therapeutic 

strategies in addition to tyrosine kinase inhibition are needed.

Although GISTs are primarily defined by an activating mutation in KIT or PDGFRA, 

substantial evidence that the immune environment plays a critical role in modulating tumor 

growth exists. Both T cells and tumor associated-macrophages (TAMs) are important in the 

maintenance of the tumor microenvironment and are altered by treatment with imatinib, as 

we have previously shown (9-11). In particular, GIST TAMs become M2-like (i.e., pro-

tumoral and less activated) with imatinib therapy (10). We, therefore, sought a strategy to 

further activate TAMs through CD40 ligation. CD40 is a member of the tumor necrosis 

factor receptor family and is mainly expressed on antigen presenting cells (APCs) including 

macrophages, monocytes, dendritic cells, and B cells, as well as a variety of non-immune 

cells (12-14). Under normal conditions, CD40 ligand (CD40L, CD154) on activated T-helper 

cells interacts with APCs via CD40, resulting in CD8+ T cell activation (15). CD40 agonism 

in tumor models has been shown to depend upon CD8+ T cells (16-18), macrophages (19), 

and B cells (20). Even tumor cells can express CD40 on their cell surface and can undergo 

apoptosis or growth inhibition after CD40 ligation (21-23). Multiple agonistic CD40 

antibodies have been developed for clinical use and responses in melanoma and pancreas 

cancer have been reported (24).

In this study, we discovered that the combination of anti-CD40 and imatinib was effective in 

a preclinical model of GIST, and the mechanism depended on macrophages and partly on 

CD8+ T cells. We also identified CD40 expression in human GIST TAMs and tumor cells. 

Our studies support that TAMs may be manipulated for therapeutic benefit in human GIST.

Materials and Methods

Mice and treatments.

Age- and sex-matched 8-16 week old KitV558Δ/+ mice (25), KitV558Δ;T669I/+ mice (26), and 

NOD.Cg-PrkdcscdiIl2rgtm1Wjl/SzJ (NSG) mice (Jackson Laboratory) were used in 

accordance with an Institutional Animal Care and Use Committee protocol. Tumors in 

KitV558Δ/+ mice were established by 8 weeks of age. The treatment antibodies listed below 

were obtained from Bio X Cell unless otherwise indicated. KitV558Δ/+ mice received one 

dose of an agonistic CD40 antibody (clone FGK4.5, 100 μg intraperitoneal [i.p.]) or rat 

IgG2a (clone 2A3, 100 μg i.p.) on day 0, which indicates first day of treatment. Imatinib 

(600 mg/L in drinking water; Novartis) was started on day 3 and continued until the end of 

the experiment, unless otherwise indicated. Anti-CSF1R (clone AFS98) or Rat IgG2a (clone 

2A3) was given on day 0 (500 μg i.p.) and days −7, −5, −3, 1, 4, 8, and 11 (250 μg i.p.). 

Anti-CD4 (clone GK1.5, 400 μg i.p.) or rat IgG2b (clone LTF-2, 400 μg i.p.) was given on 

days −3, −2, −1, 4, and 11 for CD4+ T-cell depletion. Anti-CD8 (clone 2.43, 250 μg i.p.) or 

rat IgG2b (clone LTF-2, 250 μg i.p.) was given on days −3, −2, −1, 5, and 12 for CD8+ T-
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cell depletion. Anti-IFNγ (clone XMG1.2, 500 μg i.p.) or rat IgG1 (clone HRPN, 500 μg 

i.p.) was given on days −2 and −1, then 250 μg i.p. on days 0, 2, 5, 8, 11, and 13. Anti-CD20 

(clone 18B12, 250 μg i.p., obtained from Biogen) or mouse IgG2a (clone C1.18.4, 250 μg 

i.p.) was given on days −14 and 0 for B-cell depletion. PLX5622 (1200 mg/kg chow; 

provided by Plexxikon) or control chow AIN-76A (Plexxikon) were started on day −7 and 

continued for the duration of the experiment. Clodronate liposomes 

(clodronateliposomes.org; 10 μg/gram mouse body weight i.p.) were given on day −3 and 

every 4-5 days thereafter.

For xenograft experiments, GIST T1 cells (1×106) in PBS mixed 1:1 with BD Matrigel 

Matrix Growth Factor Reduced (BD Biosciences) were injected subcutaneously into flanks 

of NSG mice, (5-6 mice per group) as previously described (27), and treated with IgG (Bio 

X Cell), anti-human CD40 (clone G28.5, 100 μg i.p.; Bio X Cell), IgG and imatinib, or anti-

human CD40 and imatinib. Anti-human CD40 or IgG were given on day 0 and imatinib or 

control water started on day 3 and continued until the end of the experiment. The human 

GIST-T1 cell line (provided by Dr. Takahiro Taguchi, Kochi Medical School) underwent 

confirmation of Kit expression and mutation status by Western blot and sequencing. Cells 

were stored in 10% DMSO in liquid nitrogen and used within one month of thawing. Cells 

were cultured in RPMI 1640 medium containing 10% FCS. Mycoplasma testing was 

performed prior to use.

Flow cytometry.

Flow cytometry was performed using a FACSAria (BD) and LSRFortessa (BD). Tumors and 

spleens from KitV558Δ/+ and KitV558Δ;T669I/+ mice were processed as previously described 

(11). After mincing, tumors were incubated in 5 mg/mL collagenase IV (Sigma-Aldrich) and 

DNAse I (0.5 mg/mL, Roche Diagostics) in HBSS for 30 minutes while shaking at 37°C. 

Spleens were mashed through a 70 micron filter and RBC lysis was performed using RBC 

lysis buffer (eBioscience). Bone marrow was harvested from the femur, resuspended in PBS, 

and filtered through a 40 micron filter. Single-cell suspensions were stained using antibody 

cocktail in 100uL of PBS + 5% fetal bovine serum in the dark at 4°C, washed, and analyzed 

immediately by flow cytometry. Mouse-specific antibodies conjugated to various 

fluorochromes were purchased: from Biolegend - CD45 (Clone 30-F11), PD1 (Clone 29F.

1A12), F4/80 (Clone BM8), CCR2 (Clone SA203G11); from BD Biosciences - CD45 

(Clone 30-F11), CD69 (Clone H1.2F3), CD11c (Clone HL3), MHCII (Clone M5/114.15.2), 

CD117 (Clone 2B8), CD40 (Clone HM40-3), Ly6C (Clone, AL-21), CD3 (Clone 

145-2C11), CD11b (Clone MI/70), CD4 (Clone RM4-5), CD4 (Clone GK1.5), CD80 (Clone 

16-10A1), CD86 (Clone GL1); from Invitrogen - F4/80 (Clone BM8), Granzyme B (Clone 

GB11), and from eBioscience - MHCII (Clone M5/114.15.2), CD8 (Clone 53-6.7), F4/80 

(Clone BM8), CD19 (Clone 1D3), CD117 (Clone ACK2).

Human-specific antibodies conjugated to various fluorochromes were purchased: from 

Biolegend - CD4 (Clone HB14), CD40L (Clone 24-31); from BD Biosciences - CD3 

(CloneSK7), CD56 (Clone B159), CD45 (Clone 2D1), CD19 (Clone HIB19), CD14 (Clone 

M5E2), CD11b (Clone D12), CD117 (Clone 104D2), and from eBioscience - CD66b (Clone 

G10F5). Cell culture supernatants were measured at three days using a cytometric bead array 
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(Mouse Inflammation Kit; BD Biosciences), as instructed. Annexin V staining was 

performed using the eBioscience Annexin V staining kit, as directed. TAMs were sorted 

using a viability dye, CD45, F4/80, and CD11b, using the Flow Cytometry Core Facility’s 

FACSAria. Purity was >90% by flow cytometry.

Cell isolation.

Single-cell suspensions of tumors were incubated with anti-mouse F4/80 microbeads 

(Miltenyi Biotec) and passed through two sequential LS columns per 3×107 cells, saving the 

final F4/80+ fraction, as per the manufacturer’s protocol, and were used immediately in cell 

culture experiments or pelleted, flash frozen, and stored at −80°C for use in subsequent 

mRNA analysis and western blotting. Kit+ tumor cell selection was performed by incubating 

single-cell suspensions of tumor cells with anti-human CD45 microbeads (Miltenyi Biotec) 

and collecting the negative fraction. The CD45− fraction was then incubated with CD117 

microbeads (Miltenyi Biotec), and the positive fraction was collected. Cells were pelleted, 

flash frozen, and stored at −80°C for use in subsequent western blotting. Purity was >90% 

by flow cytometry.

Cell assays and treatments.

TAMs used in coculture experiments were bead-isolated from in vivo treated (IgG, anti-

CD40, IgG and imatinib, anti-CD40 and imatinib) KitV558Δ/+ tumors. The murine S2 GIST 

cell line was derived in our laboratory from an untreated KitV558Δ/+ tumor (10). Kit mutation 

status was confirmed by sequencing. Cells were stored in 10% DMSO in liquid nitrogen and 

used within one month of thawing. Cells were cultured in RPMI 1640 medium containing 

10% FCS. Mycloplasma testing was performed prior to use. Using 96-well round bottom 

plates, 4×104 TAMs were cocultured with 1×103 S2 cells using RPMI 1640 medium 

containing 10% FCS for 3 days. Cell viability assays were performed in 96-well plates using 

Cell Counting Kit-8 (Dojindo), according to the manufacturer’s protocol. Human GIST T1 

(28) and HG129 (27) (KIT exon 11 mutation), and GIST882 (KIT exon 13 mutation, 

provided by Jonathan Fletcher) were maintained in RPMI-1640 media and 10% FCS as 

previously described (11).

4×106 GIST-T1 cells were treated with imatinib (100 nM; Novartis), recombinant human 

IFNγ (100 ng/mL; R&D Systems), recombinant human TGFβ (10 ng/mL; R&D Systems), 

recombinant human TNFα (10 ng/mL; R&D Systems).

Quantitative real-time PCR.

Total RNA was extracted from tumor tissues or cells, reverse transcribed using TaqMan 

Reverse Transcription Agents, and amplified (singleplex) using 20ng cDNA in duplicate 

with PCR TaqMan probes for murine CD40 (Mm00441891_m1), CCL2 
(Mm00441242_m1), IFNG (Mm01168134_m1), TNF (Mm00443258_m1), TGFB 
(Mm01178820_m1), IL6 (Mm00446191_m1), IL10 (Mm00439616_m1), and GAPDH 
(Applied Biosystems, commercially available full gene expression assays); and human TNF 
(Hs00174128_m1), IFNG (Hs00989291_m1), TGFB (Hs00998133_m1), and CD40 
(Hs01002915_g1). Quantitative PCR was performed using a ViiA™7 real-time PCR system 

(Applied Biosystems, commercially available full gene expression assays). Data were 

Zhang et al. Page 4

Cancer Immunol Res. Author manuscript; available in PMC 2018 October 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



calculated by the 2−ΔΔCt method as described in the manufacturer’s instructions and 

expressed as fold increase over control.

Western blot.

Protein from snap frozen tissues was isolated as before (25). In brief, snap frozen tumor 

tissue was homonized in a PowerGen 10000 homogenizer (Thermo Fisher Scientific) in lysis 

buffer and incubated for 30 minutes on ice. Lysates were cleared by centrifugation at 4°C for 

10 minutes. Protein from cell pellets was isolated by pipetting in NP-40 cell lysis buffer 

(Life Technologies) containing 1% PMSF, incubating on ice for 30 minutes, and removing 

cleared lysate after centrifugation. Antibodies were purchased from Cell Signaling 

Technology- phospho-KIT Y719, KIT (Clone D13A2), phospho-AKT Ser473, AKT (Clone 

11E7), phospho-ERK T202/Y204, ERK1/2, phospho-4EBP1 S65, phospho-NFκB p65 

Ser536, GAPDH, and from Santa Cruz - CD40 (Polyclonal C-20).

Immunohistochemistry.

Immunohistochemistry (IHC) was performed as before (11). Ki67 (Vector Laboratories) and 

CD40 (Polyclonal C-20; Santa Cruz) staining of mouse and human tissues, respectively, was 

performed by the institutional Molecular Cytology Core. Slides were either imaged on an 

Axio wide-field microscope (Zeiss) or scanned with MIRAX scan (Zeiss) and analyzed with 

Pannoramic Viewer by laboratory member. Ki67 was quantified by manually counting 

stained nuclei in the field size, as indicated. Trichrome staining was quantified using ImageJ 

software’s Colour Deconvolution Plug-In (29).

Patient Samples.

Fifty tumor samples were obtained from 43 patients with GIST who underwent surgery at 

our institution and written consent was given for participation in an Institutional Review 

Board-approved protocol. Tumors were all GISTs by pathology with at least 0.5 grams of 

tissue available for analysis. Samples were sent directly from the operating room to the 

tissue procurement service, where they were sectioned for pathology as well as for research. 

Samples were stored at 4°C and processed within 2 hours of removal. Human tumor tissue 

was processed in the same manner as murine tumors described above. Mitotic rate was 

gathered from surgical pathology reports. Paraffin-embedded tumor and adjacent lymph 

node were stained for CD40 as stated above.

Statistical analysis.

Unpaired, two-tailed Student t test was performed on datasets using Graph Pad Prism 6.0 

(Graph Pad Software). A P value < 0.05 was considered significant. Data are shown as mean 

± SEM or median. Spearman correlation was performed where applicable.

Results

Anti-CD40 activates TAMs and recruits inflammatory monocytes

In order to investigate the effects of anti-CD40 in murine GIST, we used KitV558Δ/+ mice, 

containing a mutation in exon 11 of Kit, the most frequently affected site in human GIST. 
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The mice develop a single, non-metastatic GIST in the cecum with 100% penetrance (25). 

Previously, we showed in KitV558Δ/+ mice and human GISTs that TAMs are inflammatory 

and antitumoral (M1-like) at baseline but become less inflammatory (M2-like) after imatinib 

therapy (10). However, no therapeutic advantage to depleting TAMs during imatinib therapy 

in KitV558Δ/+ mice was seen (10). Therefore, we sought to activate TAMs using an agonistic 

CD40 antibody (anti-CD40) to improve imatinib’s antitumor effects. In KitV558Δ/+ mice, 

CD40 was expressed on subsets of APCs within the tumor and spleen, including 

macrophages, monocytes, dendritic cells (DCs), and B cells (Fig. 1A-B). TAMs were 

defined as CD45+Ly6G−CD11b+F4/80+Ly6Clo, whereas monocytes were defined as 

CD45+Ly6G−CD11b+F4/80+Ly6Chi (Supplementary Fig. S1A) (30). Dendritic cells were 

defined as CD45+F4/80−CD11c+MHCII+ (Supplementary Fig. S1B), and B cells as 

CD45+CD3−CD19+. Within the tumor, monocytes and TAMs had the highest percentage of 

CD40 staining (Fig. 1A-B). Neutrophils (CD45+CD11b+Ly6G+) (Supplementary Fig. S1A) 

and myeloid-derived suppressor cells (MDSCs, CD45+F4/80−CD11b+ and Ly6G+ or Ly6C+) 

(Supplementary Fig. S1B) represented less than 1% of intratumoral immune cells. DCs and 

MDSCs were not altered by treatment (Fig. S1C). Three days after a single injection of anti-

CD40 in KitV558Δ/+ mice, monocytes increased within the tumor, whereas TAMs, as a 

percentage of CD45+ cells, remained stable (Fig. 1C). The infiltrating monocytes were more 

inflammatory, expressing higher CD11c, CD80, and CD40 (Fig. 1D). TAMs upregulated the 

activation markers CD80 and CD40, whereas CD11c increased slightly but was already high 

at baseline, as was MHCII, consistent with their M1-like properties (Fig. 1D) (10). One day 

after anti-CD40 injection, the percentage of monocytes (Ly6C+CD11b+) in the bone marrow 

was reduced (Fig. 1E), yet they had increased activation markers (Fig. 1F). A large increase 

in the production of CCL2, a monocyte chemoattractant, was seen within the tumor (Fig. 

1G). Combined, these data suggested that anti-CD40 not only activated TAMs in vivo, but 

also rapidly mobilized activated monocytes from the bone marrow into the tumor.

CD40 ligation increases the antitumoral effects of imatinib

Given our findings that anti-CD40 could activate and attract inflammatory myeloid cells, we 

hypothesized that anti-CD40 therapy would increase the antitumor effects of imatinib. We 

treated KitV558Δ/+ mice, that had established tumors, with a single dose of anti-CD40 or 

control IgG on day 0, followed by continuous imatinib or vehicle starting on day 3, and then 

tumors were analyzed at 2 weeks (Fig. 2A). KitV558Δ/+ mice have reproducible tumor sizes 

based on age and sex, allowing the use of tumor weight as a marker of efficacy(9). The 

combination of anti-CD40 and imatinib decreased tumor weight and size compared to 

imatinib alone (Fig. 2B, C). The effect was more pronounced, with decreased cellularity 

with H&E staining, increased collagen deposition seen with trichrome staining, and 

decreased proliferation indicated by Ki67 staining (Fig. 2D, E). Imatinib alone did not 

produce a histologic effect by H&E in KitV558Δ/+ mice, despite drastically decreasing tumor 

weight and generating a moderate Trichrome response, as we have observed previously (31). 

Consistent with these findings, the combination of anti-CD40 and imatinib further decreased 

the percentage of Kit+ tumor cells and the amount of Kit protein per tumor cell, as assessed 

by flow cytometry (Fig. 2F, G). Western blots showed that anti-CD40 and imatinib 

decreased p-KIT and the downstream pathway mediators p-AKT and p-ERK (Fig. 2H). 
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Collectively, our findings highlighted the importance of the CD40-CD40L axis in GIST and 

demonstrated the antitumor efficacy of anti-CD40 when combined with imatinib.

Anti-CD40 combination therapy is macrophage-dependent

To determine the mechanism of the antitumor effects of anti-CD40 and imatinib, we tested 

the effect of TAM depletion. We have previously showed that TAMs can be depleted in 

KitV558Δ/+ mice by inhibiting CSF1R with either the blocking antibody AFS98 or the small 

molecule CSF1R inhibitor PLX5622 (10). However, neither PLX5622 or anti-CSF1R 

(AFS98) administration during combined anti-CD40 and imatinib therapy depleted TAMs 

(Fig. 3A, Supplementary S2A), likely owing to monocyte recruitment resulting from CD40 

ligation. Anti-CD40 and imatinib in combination with either PLX5622 or αCSF1R resulted 

in an F4/80hi and F4/80lo TAM population (Fig. 3B, Supplementary S2B). The F4/80hi 

TAMs were higher in Ly6C, MHCII, and CD11c expression compared to F4/80lo TAMs in 

mice treated with combination anti-CD40, imatinib, and PLX5622 (Fig. 3C). We, therefore, 

attempted to block the recruitment of new TAMs from the periphery during anti-CD40 and 

imatinib therapy. The addition of clodronate liposomes (32) to the CSF1R inhibitor 

PLX5622 successfully depleted TAMs (Fig. 3D). TAM depletion abrogated the efficacy of 

combined anti-CD40 and imatinib therapy based on tumor weight, percentage of Kit+ tumor 

cells, collagen density by Trichrome, Ki67 by IHC, H&E, and KIT signaling (Fig. 3D-F). 

TAM depletion in the setting of anti-CD40 and imatinib therapy did not alter the numbers of 

DCs and monocytes as a percentage of CD45+ cells (Supplementary Fig. S3).

We next sought to determine whether anti-CD40–activated TAMs could directly inhibit 

tumor cell growth. KitV558Δ/+ mice treated with anti-CD40 and imatinib were sacrificed four 

days later after treatment start, and TAMs were isolated and cocultured with murine GIST 

S2 cells derived from a KitV558Δ/+ tumor (10). S2 cells cocultured with TAMs from mice 

treated with anti-CD40 alone or anti-CD40 plus imatinib had lower viability (Fig. 3G) and 

greater apoptosis by Annexin V staining (Fig. 3H). TAMs from mice treated with anti-CD40 

alone or anti-CD40 plus imatinib also produced more TNF and IL6 when cultured alone or 

with S2 cells (Fig. 3I). CD40 engagement can activate a number of downstream pathways, 

including NFκB, PI3K, and MAPK (33). TAMs from KitV558Δ/+ mice treated with anti-

CD40 in combination with imatinib exhibited increased phosphorylation of NFκB p65 but 

demonstrated no change in the PI3K pathway mediator p-4EBP1 or MAPK pathway (Fig. 

3J). This indicated that anti-CD40–induced changes in GIST TAMs were partially mediated 

through the NFκB pathway, a known inducer of multiple inflammatory cytokines (34, 35). 

Increased production of TNF and IL6 production, along with decreased IL10 production, in 

TAMs was observed after two weeks of therapy in KitV558Δ/+ mice (Fig. 3K), suggesting 

that the TAMs became more functionally M1 with combination therapy. Thus, TAMs were 

essential for the antitumor activity of anti-CD40 and imatinib.

KIT inhibition and sequence of therapy may be important for tumor response.

Because anti-CD40 alone activated TAMs but did not induce antitumor effects, we sought to 

determine whether the addition of imatinib was necessary because of its ability to inhibit 

KIT or whether it was due to some other off-target effect. KitV558Δ;T669I/+ mice are imatinib-

resistant, due to the inability of imatinib to bind to the doubly mutated protein, and develop 
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cecal GISTs that are fivefold smaller than GISTs of KitV558Δ/+ mice (26). At baseline, more 

monocytes and fewer TAMs were present in KitV558Δ;T669I/+ tumors (Fig. 4A). However, the 

tumors of KitV558Δ;T669I/+ mice responded similarly to anti-CD40 at three days, with 

increased intratumoral monocytes and CD11c, CD80, and CD40 expression on TAMs (Fig. 

4B and C). The combination of anti-CD40 and imatinib did not have an antitumor effect in 

imatinib-resistant KitV558Δ;T669I/+ mice, as measured by Ki67 and H&E (Fig. 4D and E). 

The small size of KitV558Δ;T669I/+ tumors precluded using weight as an indicator of 

antitumor efficacy. These data suggested that KIT inhibition was necessary for the 

combination of anti-CD40 and imatinib to be effective.

Because imatinib can sometimes suppress the immune system by decreasing IFNγ, 

inhibiting dendritic cells, and modulating TAMs from M1 to M2 (10, 11, 36), we 

hypothesized that giving imatinib first may diminish the efficacy of combination therapy. 

Administration of imatinib followed by anti-CD40 three days later failed to decrease tumor 

weight and Ki67 IHC count at two weeks (Supplementary Fig. S3A and B), and the 

histologic effect was reduced (Supplementary Fig. S3C). TAMs isolated from KitV558Δ/+ 

mice treated with imatinib followed by anti-CD40 did not have increased TNF and IL6 

production when cultured alone or with S2 cells (Supplementary Fig. S3D), unlike TAMs 

isolated from KitV558Δ/+ mice treated with anti-CD40 first (Fig. 3H). Taken together, these 

data indicated the importance of administering anti-CD40 first for an optimal tumor 

response.

Anti-CD40 combination therapy partially depends on CD8+ T cells

Because many prior studies have shown the importance of T cells in the context of anti-

CD40 cancer therapy, we investigated the role of T cells in KitV558Δ/+ mice treated with anti-

CD40. Three days after injection of anti-CD40 alone in KitV558Δ/+ mice, intratumoral and 

splenic CD4+ and CD8+ T cells were activated, with upregulation of CD69, granzyme B, 

and PD-1 (Fig. 5A). After two weeks of therapy, the addition of anti-CD40 did not change 

CD3+ T cells as a percentage of CD45+ cells (Fig. 5B) or CD45+ cells as percentage of total 

cells (Supplementary Fig. S5). After depletion of CD8+ T cells, anti-CD40 plus imatinib still 

decreased the percentage of Kit+ tumor cells and induced histologic changes compared to 

imatinib alone, but less reduction in tumor weight, less collagen accumulation, and less 

effect on Ki67 staining was seen (Fig 5C and D). Conversely, CD4+ T-cell depletion during 

combined anti-CD40 and imatinib therapy did not affect the changes in tumor weight, 

percentage of Kit+ tumor cells, collagen (Trichrome), Ki67 staining, or cellularity by H&E 

(Fig. 5D and E). B cells, which expressed CD40 (Fig. 1A and B), did not contribute to the 

antitumor effect (Fig. 5D and F). Taken together, these studies indicated that the effects of 

combined anti-CD40 and imatinib partially depended on CD8+ T cells but were independent 

of CD4+ T cells and B cells.

CD40 ligation does not directly inhibit GIST cells.

We found that CD40 was also expressed on some tumor cells from KitV558Δ/+ mice (Fig. 

6A)at a similar frequency as on TAMs (Fig. 6B). Imatinib therapy for two weeks 

downregulated CD40 expression on Kit+ tumor cells from KitV558Δ/+ mice, whereas anti-

CD40 increased it (Fig. 6C). CD40 was also expressed on the surface of the human GIST 
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cell lines GIST T1, GIST 882, and HG129 (Fig. 6D). Imatinib did not decrease CD40 

expression on GIST T1 cells in vitro (Fig. 6E). CD40 expression on GIST T1 cells was 

increased by IFNγ, and to a lesser extent TNF and TGFβ (Fig. 6F). Because imatinib 

decreased tumor IFNγ, TNF, and TGFβ in KitV558Δ/+ tumors (Fig. 6G), CD40 

downregulation in Kit+ tumor cells may be due to the indirect effect of imatinib on these 

cytokines. To assess whether anti-CD40 had a direct inhibitory effect on tumor cells in vivo, 

we treated established GIST T1 xenografts with human anti-CD40. No significant antitumor 

effects were observed (Fig. 6H). Thus, anti-CD40 did not directly inhibit human GIST cells.

CD40 is expressed in human GISTs and correlates with treatment status

To ascertain the clinical relevance of some of our mouse findings, we analyzed CD40 

expression in 50 GISTs from 43 patients (Supplementary Table S1). Diffuse expression by 

immunohistochemistry was seen (Fig. 7A). CD40 was expressed on TAMs (Fig. 7B) and 

freshly-isolated Kit+ tumor cells (Fig. 7C and D), but a wide variation in expression was 

found (Fig. 7E). CD40 expression on Kit+ tumor cells and TAMs was lower in sensitive (i.e., 

responding to imatinib) tumors compared to untreated or resistant tumors but, otherwise, did 

not correlate with location, mutation, or mitotic rate (Fig. 7F), which are markers of tumor 

biology in human GIST. Within individual tumors specimens, no strong correlation of CD40 

expression between tumor cells and TAMs was found (Fig. 7G). Among multiple tumors 

from the same patient, tumor cells had similar CD40 staining, as did TAMs (Fig. 7H). 

CD40L expression was also present and highest in intratumoral CD4+ T cells (Fig. 7I). The 

presence of CD40 expression in human GISTs supports the possibility that CD40-based 

therapy may be effective in human GIST.

Discussion

Agonistic CD40 therapy further inhibited tumor growth in KitV558Δ/+ GIST-bearing mice 

when combined with imatinib, and the mechanism depended largely on macrophages and 

less on CD8+ T cells. Previously, we reported that TAMs in KitV558Δ/+ tumors and human 

GISTs are M1-like at baseline, as they expressed activation markers, stimulated T cells, and 

secreted pro-inflammatory cytokines (10). Four weeks of TAM depletion with the small 

molecule CSF1R inhibitor PLX5622 increased tumor weight in KitV558Δ/+ mice. Imatinib 

therapy in both KitV558Δ/+ mice and GIST patients polarized TAMs to a more M2-like 

phenotype. Nevertheless, TAM depletion in the setting of imatinib therapy did not further 

reduce tumor weight in KitV558Δ/+ mice(10). Therefore, we sought alternative approaches to 

manipulate TAMs for therapeutic advantage during imatinib therapy. Anti-CD40 therapy 

activated TAMs and recruited inflammatory monocytes into the tumor microenvironment. 

TAMs from KitV558Δ/+ mice treated with anti-CD40 and imatinib produced more 

inflammatory cytokines and achieved greater direct tumor inhibition in vitro. Even after two 

weeks of treatment, the activated TAMs were more M1-like and continued to produce 

increased TNF and IL6 compared to TAMs from mice treated with imatinib alone. Murine 

GISTs increased CCL2 production after CD40 ligation, likely contributing to the recruitment 

of inflammatory monocytes to the tumor from the bone marrow and amplification of the 

antitumor response. We demonstrated that TAM depletion abrogated the tumor weight and 

histologic effects of anti-CD40 and imatinib therapy.
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The effects of anti-CD40 in many other tumor models have relied on CD8+ T cells (16–18). 

In our GIST model, we found that CD8+ T cells appeared to play a partial role in the anti-

CD40 and imatinib effect. Combination therapy during CD8+ T-cell depletion achieved only 

a small decrease in tumor weight, yet a moderate decrease in Ki67 staining and a moderate 

increase in collagen was observed. Thus, the predominant mechanism of combined anti-

CD40 and imatinib appeared to be through TAMs. We found that treatment with anti-CD40 

upregulated PD-1. Just as CD40 has been cited as a resistance mechanism to PD-1/PDL-1 

blockade (37, 38), the PD-1/PDL-1 axis has also been implicated in resistance to anti-CD40 

(39). It is conceivable that anti–PD-1 therapy may ameliorate T-cell exhaustion induced by 

anti-CD40 and enable sustained T-cell activation in the setting of macrophage activation.

The mechanism of combined CD40 ligation and imatinib, therefore, was mediated 

predominantly by activated intratumoral TAMs and partly by CD8+ T cells. The resulting 

tumor cell loss and reduction in proliferation were accompanied by a decrease in KIT 

signaling, which we have observed previously after extensive tumor destruction, such as 

after treatment with crizotinib (a MET inhibitor) and imatinib (27). Although tumor cells 

expressed CD40 in our mouse model and in human GIST specimens, anti-CD40 did not 

have a direct inhibitory effect on tumor growth in GIST T1 xenografts.

It is important to recognize that although imatinib decreases tumor weight in KitV558Δ/+ 

mice at one week by 50-70%, the histologic effects in the residual cells are minimal (31). In 

contrast, in human GISTs, imatinib induces profound histologic effects, including necrosis, 

decreased cellularity, and fibrosis, although the duration of treatment is much longer. 

However, tumor weight may not be a reliable measure of outcome for anti-CD40 and other 

therapies that may initially induce intratumoral inflammation and edema. Wolchok et al. 

established that response to immunotherapy may be better measured by immune-related 

response criteria compared to traditional assessment of treatment response (40), as immune 

cell infiltration into lesions may be inaccurately interpreted as progressive disease. 

Therefore, we utilized several other measurements to determine the antitumor effects of anti-

CD40 and imatinib, including percentage of Kit+ cells, tumor proliferation by Ki67 staining, 

treatment effect on H&E histology, and fibrosis by Trichrome staining.

We found that CD40 expression on a human GIST cell line was partially regulated by IFNγ, 

TNF, and TGFβ. Each of these cytokines was reduced in bulk KitV558Δ/+ tumors by 

imatinib, and may be the cause of decreased tumor cell CD40 expression in KitV558Δ/+ mice 

with imatinib.

Although anti-CD40 monotherapy in KitV558Δ/+ mice stimulated TAMs (assessed by the 

expression of activation markers, cytokine production, and in vitro tumor cell killing), no 

detectable antitumor effects in vivo were observed. These findings imply that either the 

tumor microenvironment restrains activated macrophages or tumor cells are resistant to 

activated TAMs. We previously demonstrated in our mouse model that immunotherapy with 

either PD-1 or CTLA-4 blockade is not as effective without imatinib, in part, due to tumor 

production of IDO, which suppresses T cells (9, 11). It is likely that a similar 

immunosuppressive mechanism exists against TAMs, either through direct tumor-

macrophage interaction or tumor cell factors. Imatinib reduces KIT signaling and tumor cell 
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proliferation, which are likely needed for antitumor TAM activity in vivo, as suggested by 

the inability of anti-CD40 and imatinib to exert an antitumor effect in an imatinib-resistant 

mouse model. The dependence of immunotherapy on imatinib in GIST is an important and 

recurrent theme.

The magnitude of the antitumor effects in KitV558Δ/+ mice with established GISTs depended 

on the sequence of anti-CD40 and imatinib administration. When imatinib was started three 

days before anti-CD40 injection, TAMs were less activated and produced less TNF and IL6 

four days later. Thus, imatinib modulated the tumor microenvironment (directly or via tumor 

cell inhibition) or TAMs to dampen TAM activation by anti-CD40. Our findings are 

consistent with those of Byrne et al., who found in a mouse model of pancreas cancer that 

hepatotoxicity occurs only when anti-CD40 is given prior to chemotherapy (41), indicating 

that an anti-CD40–induced effect is mitigated by chemotherapy. However, in that study, 

tumor inhibition was not affected by the sequence of therapy.

Lastly, we found that CD40 was expressed by TAMs and tumor cells in human GISTs, just 

like in our mouse model. No correlation between the expression of CD40 on tumor cells and 

TAMs was seen, suggesting that microenvironment factors, such as cytokine levels, do not 

fully dictate CD40 expression. However, expression was similar among different tumors 

from the same patient, suggesting that tumor intrinsic factors or host factors are responsible 

for the magnitude of CD40 expression. As in KitV558Δ/+ mice, CD40 expression decreased 

with tyrosine kinase inhibition. CD40 expression was restored in patients who developed 

drug resistance, indicating that the effects of imatinib on CD40 expression were not direct 

but, rather, mediated via the inhibition of KIT signaling in tumor cells. Although CD40 

expression did not correlate with location, mutation, or mitotic rate, a trend towards lower 

expression in wild-type GISTs was found, all of which were either untreated or resistant. 

Thus, CD40 expression appears to depend on the molecular pathogenesis of GIST, and anti-

CD40 may not be indicated for certain GIST subtypes. In conclusion, CD40 is expressed in 

murine and human GIST, anti-CD40 improved upon the antitumor effects of imatinib 

therapy, and the mechanism depended largely on TAMs and partially on CD8+ T cells. 

Therefore, combined treatment with anti-CD40 and imatinib has clinical potential for the 

treatment of GIST.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Anti-CD40 activates TAMs and recruits inflammatory monocytes.
(A) Representative flow plots of CD40 expression in the indicated cell types within an 

untreated tumor (top) and spleen (bottom). (B) Graph of CD40+ cells as percentage of the 

indicated cell type in the tumor and spleen. KitV558Δ/+ mice (5 mice/group) were treated for 

3 days with anti-CD40 (αCD40) alone. (C) Intratumoral monocytes (CD45+Ly6G−CD11b
+F4/80+Ly6Chi) and TAMs (CD45+Ly6G−CD11b+F4/80+Ly6Clo) were identified and 

assessed for (D) percentage of CD11c, MHCII, CD80, and CD40 expression. (E) Bone 

marrow (BM) monocytes (Ly6C+CD11b+) in KitV558Δ/+ mice were identified 1 day after 

αCD40 alone (5 mice/group) and assessed for (F) percentage of CD11c, MHCII, CD80, and 

CD40 expression by flow cytometry. (G) CCL2 mRNA expression in bulk tumors from mice 
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1 day after αCD40. Data represent 1-5 experiments, mean ± SEM, *P < 0.05 using Student’s 

t test.
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Figure 2. CD40 ligation increases the antitumoral effects of imatinib.
(A) Treatment schedule for combination therapy with anti-CD40 (αCD40) and imatinib 

(IM) in KitV558Δ/+ mice, detailing a single injection of αCD40 on day 0, followed by 

continuous imatinib starting on day 3. All analyses were done after 2 weeks of treatment. 

3-7 mice/group. (B) Tumor weight. (C) Photograph of representative tumors. Bar represents 

1 cm. (D) Representative H&E, trichrome, and Ki67 staining of tumors. Bar represents 100 

μm. (E) Ki67 count representing the number of positively stained nuclei in one 900 × 700 

μm field per tumor (left) and collagen quantification by Trichrome staining (right). (F) Flow 

cytometry showing representative plots of Kit+ tumor cells (CD45−Kit+). (G) Flow 

cytometry assessment of percentage Kit-expressing cells and Kit mean fluorescence 
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intensity (MFI) of Kit+ tumor cells. (H) Western blot for total and phosphorylated proteins. 

Data represent 3 experiments, mean ± SEM, *P < 0.05 using Student’s t test.
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Figure 3. Anti-CD40 combination therapy is macrophage dependent.
(A) Percentage of TAMs 2 weeks after treatment, as indicated, and (B) representative flow 

plots (4-8 mice/group). (C) Ly6C, MHCII, and CD11c expression as percentage of F4/80hi 

or F4/80lo TAMs in mice treated with combination anti-CD40 (αCD40), imatinib (IM), and 

PLX5622. (D) Percentage of TAMs of CD45+ cells, tumor weight, percentage of Kit+ tumor 

cells, collagen staining by Trichrome, and Ki67 count representing the number of positively 

stained nuclei in one 800 × 720 μm field in KitV558Δ/+ mice depleted of TAMs (by PLX5622 

and liposomes) at 2 weeks (4-10 mice/group). (E) Representative H&E tumor sections. Bar 

represents 100 μm. (F) Western blot of phospho-KIT in bulk tumors of KitV558Δ/+ mice 

depleted of TAMs. TAMs from KitV558Δ/+ mice treated in vivo for 4 days with a single 
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injection of αCD40 on day 0 and imatinib starting on day 3 or the corresponding controls 

(pooled from 3-4 mice) were plated in 96-well round-bottom plates, either alone or 

cocultured with the S2 tumor cell line for 3 days. (G) Cell viability was measured by optical 

density at 450 nm (OD450). (H) Representative flow plots of Annexin V staining of CD45− 

S2 tumor cells with corresponding bar graphs. Supernatants were harvested to measure (I) 
TNF and IL6 production with a cytometric bead array. (J) Western blot of TAMs isolated 

from KitV558Δ/+ mice 4 days after treatment with αCD40 and imatinib. (K) Relative TNF, 

IL6, and IL10 mRNA of TAMs flow sorted from KitV558Δ/+ mice 2 weeks after treatment. 

Data represent 2-3 experiments, mean ± SEM, *P < 0.05 using Student’s t test.
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Figure 4. KIT inhibition may be needed for tumor response.
(A) Monocytes and TAMs, as a percentage of CD45+ cells, in the imatinib (IM) sensitive 

(KitV558Δ/+) and imatinib resistant (KitV558Δ;T669I/+) tumors. KitV558Δ;T669I/+ tumors were 

analyzed by flow cytometry 3 days after anti-CD40 (αCD40) and assessed for (B) 
intratumoral monocytes and TAMs, as a percentage of CD45+ cells, and (C) TAMs were 

assayed for expression of CD11c, CD80, and CD40 expression. KitV558Δ;T669I/+ mice were 

treated with a single αCD40 injection on day 0, followed by continuous imatinib on day 3. 

(D) Ki67 count representing the number of positively stained nuclei in one 800 × 730 μm 

field per tumor. (E) Representative H&E and Ki67 IHC. Bar represents 50 μm. Data 

represent 2 experiments, mean ± SEM, *P < 0.05 using Student’s t test.
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Figure 5. Anti-CD40 combination therapy is partially dependent on CD8+ T cells.
(A) Left: Histograms of CD69, granzyme B (GranzB), and PD-1 expression on CD4+ and 

CD8+ T cells from the tumor (top) and spleen (bottom) of KitV558Δ/+ mice (5–6 mice/group) 

3 days after injection of IgG (red) or anti-CD40 (αCD40; blue). Right: Quantitation of 

results. MFI, mean fluorescence intensity. (B) CD3+ T cells as percentage of CD45+ cells in 

the tumor. (C) CD8+ T cells as percentage of CD3+ T cells in the tumor, tumor weight, Kit+ 

tumor cells as percentage of total cells, collagen staining by Trichrome, and Ki67 count 

representing the number of positively stained nuclei in one 800 × 720 μm field in KitV558Δ/+ 

mice at 2 weeks that were depleted of CD8+ T cells and treated as indicated (7 mice/group). 

Imatinib: IM (D) Representative H&E tumor sections at 2 weeks. Bar represents 100 μm. 
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(E) CD4+ T cells as percentage of CD3+ T cells in the tumor, tumor weight, Kit+ tumor cells 

as percentage of total cells, collagen staining by Trichrome, and Ki67 count representing the 

number of positively stained nuclei in one 600 × 600 μm field in KitV558Δ/+ mice depleted of 

CD4+ T cells at 2 weeks (3-5 mice/group). (F) B cells as percentage of CD45+ cells, tumor 

weight and Kit+ tumor cells as percentage of total cells, collagen staining by Trichrome, and 

Ki67 count representing the number of positively stained nuclei in one 600 × 600 μm field in 

KitV558Δ/+ mice depleted of B cells at 2 weeks (6-7 mice/group). Data represent 2 

experiments, mean ± SEM, *P < 0.05 using Student’s t test.
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Figure 6. CD40 ligation does not directly inhibit GIST cells.
Untreated KitV558Δ/+ mice (n=4) were analyzed for (A) CD40 expression on Kit+ tumor 

cells by flow cytometry and (B) CD40 expression was quantitated as a percent of Kit+ cells 

or TAMs. (C) CD40 expression as percent of Kit+ cells with the indicated treatment at 2 

weeks (4-6 mice/group). Anti-CD40 (αCD40); Imatinib (IM). (D) CD40 expression by flow 

cytometry. (E) GIST T1 cells were treated in vitro for 8 hours, as indicated, and tested for 

relative CD40 mRNA levels. (F) GIST T1 cells were treated in vitro for 6 hours, as 

indicated, and tested for relative CD40 mRNA levels. (G) Relative IFNγ, TNF, and TGFβ 
mRNA expression in bulk tumor from KitV558Δ/+ mice at 2 weeks. (H) Mice (5-6 mice/

group) with established GIST T1 xenografts were injected once with anti-human CD40 
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followed by starting continuous imatinib 3 days later. Tumors were measured by calipers 

every 2-4 days. Treatments are as follows: IgG (black), anti-human CD40 (purple), IgG and 

imatinib (blue), anti-human CD40 and imatinib (red). Data represent mean ± SEM, *P < 

0.05 using Student’s t test.
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Figure 7. CD40 is expressed in human GISTs and correlates with treatment status.
(A) Representative CD40 staining in selected human GISTs, with lymph node (Node) as a 

positive control. Bar represents 50 μm. (B) Representative histogram of CD40 expression 

(blue) on human GIST TAMs by flow cytometry compared to isotype (gray). (C) 
Representative gating of CD40+Kit+CD45− tumor cells in human GIST (left) and histogram 

of CD40 expression (right, blue) on human Kit+ tumor cells by flow cytometry compared to 

isotype (gray). (D) Western blot of Kit+ tumor cells isolated from 4 separate human GIST 

specimens. (E) Dot plot of percentage of CD40+ Kit+ tumor cells (n=50) and TAMs (n=44) 

by flow cytometry, and (F) the results were stratified by treatment status, location, mutation, 

and mitotic rate. “Untreated” tumors were from patients who never received a tyrosine 
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kinase inhibitor before surgery. “Sensitive” tumors were responding to imatinib or another 

tyrosine kinase inhibitor at the time of surgery. “Resistant” tumors were progressing despite 

treatment with imatinib or another tyrosine kinase inhibitor. (G) Spearman correlation of 

linear regression analysis comparing percentage of CD40+ Kit+ tumor cells and CD40+ 

TAMs from individual human GISTs by flow cytometry. (H) Percentage of CD40+ Kit+ 

tumor cells (left) and TAMs (right) by flow cytometry among different tumors from the 

same patient (n=4). (I) Percentage of CD40L+ T cells (CD45+CD3+NK1.1−) and NK cells 

(CD45+CD3−NK1.1+) within the tumor as assessed by flow cytometry. Bar represents 

median, *P < 0.05 using Student’s t test unless otherwise indicated.
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