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Abstract

One successful class of cancer immunotherapies, immune checkpoint inhibitory antibodies, 

disrupt key pathways that regulate immune checkpoints, such as cytotoxic T lymphocyte–

associated protein 4 (CTLA-4). These agents unleash the potency of antigen-experienced T cells 

that have already been induced as a consequence of the existing tumor. But only 20% of cancers 

naturally induce T cells. For most cancers, vaccines are require to induce and mobilize T effector 

cells (Teffs) to traffick into tumors. We evaluated the effects of anti–CTLA-4 given in combination 

with an antigen-specific dendritic cell vaccine on intratumoral Teffs in a murine pancreatic cancer 

model. The dendritic cell–targeted tumor antigen plus anti–CTLA-4 significantly increased the 

number of vaccine-induced CD4+ Teffs within the tumor. This increase was accompanied by a 

reduction in the size of the peripheral CD4+ Teff pool. We also found that IL-3 production by 

activated CD4+ T cells was significantly increased with this combination. Importantly, the CD4+ 

Teff response was attenuated in Il3−/− mice, suggesting mediation of the effect by IL-3. Finally, the 

induced T cell infiltration was associated with activation of the tumor endothelium by T cell–

derived IL-3. Our findings collectively provide a new insight into the mechanism driving Teff 

infiltration and vascular activation in a murine pancreatic cancer model, specifically identifying a 

new role for IL-3 in the anticancer immune response.

Graphical abstract

This paper demonstrates that combining anti–CTLA-4 antibody, an immune checkpoint inhibitory 

antibody used in cancer immunotherapy, with a dendritic cell vaccine triggers an increase in CD4+ 
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effector T cell infiltration into tumors in a mouse pancreatic cancer model, and IL-3 was identified 

as a critical mediator of this effect. These findings offer a potential strategy to improve cancer 

vaccine efficacy.
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Introduction

Immune checkpoint inhibitors (ICIs) provide durable antitumor immune responses for about 

20% of patients with advanced cancers. Cancer vaccines are being evaluated in combination 

immunotherapy approaches to enhance the activity of ICIs in ICI-sensitive and currently 

ICI-unresponsive cancer patients. The development of an effective cancer vaccine requires 

the induction and mobilization of T effector cells (Teffs) into a tumor. Potent anti–tumor 

responses can then be achieved by modulating immune checkpoint molecules on the 

vaccine-induced Teffs. Among the growing list of checkpoint molecules, cytotoxicity T 

lymphocyte–associated antigen-4 (CTLA-4) plays a critical role in tumor tolerance 1,2. The 

first observations for a function of CTLA-4 in tumor immunology came from studies using 

Ctla4−/− mice, in which lymphoproliferative disorders were shown to be associated with 

early mortality 3. Subsequently, anti–CTLA-4 monoclonal antibodies (mAbs), which block 

the engagement of CTLA-4 with its ligands B7.1 and B7.2 on murine antigen presenting 

cells (APCs), were shown to have anti-tumor activity 4. One such mAb, ipilimumab, a fully 

human IgG1, obtained FDA approval in 2011 for treatment of metastatic melanoma. 

Multiple clinical trials have documented the efficacy of ipilimumab in improving overall 

survival in metastatic melanoma patients with or without previous standard therapy, as well 

as in the adjuvant setting after surgical resection 5–7. Ipilimumab was the first ICI to be 

approved for the treatment of cancer. As a result, significant efforts are underway to uncover 

the multiple mechanisms by which ICIs alter the tumor microenvironment in favor of an 

antitumor immune response.

There is a strong correlation between the presence of tumor-infiltrating T lymphocytes 

(TILs) and clinical outcomes in melanoma, breast, prostate, renal cell, esophageal, 

colorectal, urothelial, and ovarian carcinomas 8–15. In both human and mouse studies, a high 

Teff/Treg ratio in particular is associated with a more favorable prognosis 4,14. Regulatory T 

cells (Tregs that are CD4+CD25+FOXP3+ T cells) are generally immunsuppressive and 

impede the proliferation and function of Teffs. Teffs provide the antitumor activity and do not 

express FOXP3. Thus, depletion of the Treg cell subset is favorable for an antitumor 

response. In addition, anti–CTLA-4 increases the intratumoral Teff/Treg ratio and this also 

correlates with improved tumor rejection 4. Notably, although prior mouse studies had 

demonstrated that depletion of the Treg subset was one mechanism of anti-CTLA-4 activity 
16, more recent studies on human samples treated with anti-CTLA-4 mAb have 

demonstrated that there is an increase in FOXP3+ Tregs rather than the expected decrease 17. 

Thus, the mechanism of anti-CTLA-4 therapy remains incompletely understood 18.
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The Steinman group and others have emphasized the role of tumor vasculature in mediating 

effective immunotherapy 19,20. The tumor’s vascular endothelium plays a critical role in 

regulating T cell homing into tumors and in the outcome of immunotherapy. The tumor 

endothelial barrier, often prohibitive to vaccine-induced Teffs, is in turn regulated by 

intratumoral cytokines, endothelial growth factors, and adhesion molecules expressed by 

endothelial cells. The endothelin B receptor (ETBR) has, for example, been identified as an 

important barrier for the tumor endothelium 21. Amplifying signals mediated by the 

endothelin 1 (ET-1)/ETBR axis suppress the upregulation of intercellular adhesion 

molecule-1 (ICAM-1). ICAM-1 is critical for T cell adhesion and subsequent 

transmigration, both under steady-state and during inflammatory conditions 22. Thus, 

blocking ETBR has been found to increase ICAM-1 expression, T cell homing to tumors, 

and tumor protection in a mouse ovarian cancer model 22. IL-3 has also been shown to 

induce tumor angiogenesis and thus hypothesized to be tumor-promoting; however, to our 

knowledge, this effect has not been proven in vivo 23.

Interestingly, while initially described as a broad hematopoietic growth factor, IL-3 is now 

recognized as an endothelial cell modulator, and it plays a key role in acute and chronic 

inflammation. IL-3 also regulates endothelial cell differentiation, proliferation, and 

activation 24,25. It also functions in the delayed–type hypersensitivity response, which is 

reduced significantly in Il3−/− mice after sensitization, and importantly, is accompanied by 

decreased infiltration of immune cells 26. In contrast, overexpression of IL-3 in transgenic 

mice is associated with increased autoimmunity against motor neurons and causes a motor 

neuron disease 27.

Here, we have examined the effect of anti–CTLA-4 antibody in combination with a dendritic 

cell vaccine on TILs in a pancreatic cancer mouse model. Vaccination with dendritic cell-

targeted tumor antigen plus anti–CTLA-4 triggered an increase in CD4+ Teff infiltration into 

tumors, reduced the peripheral Teff pool, increased activated T cell–derived IL-3 production, 

and enhanced IL-3–mediated activation of the tumor endothelium. In contrast, CD4+ Teff 

homing to tumors was attenuated in Il3−/− mice, identifying IL-3 as a critical mediator. Thus, 

our findings provide a hitherto uncharacterized mechanism for increased intratumoral CD4+ 

Teffs with vaccine plus anti-CTLA-4 antibody, thus offering a potential strategy to improve 

vaccine efficacy.

Materials and methods

Mice and cell lines

C57BL/6 mice (6–8 weeks old) were purchased from Jackson Laboratory. Il3−/− mice on a 

C57BL/6 background were kindly provided by Dr. Tomohiro Yoshimoto (Hyogo College of 

Medicine, Japan) 26. The mice were maintained under specific pathogen-free conditions and 

used in accordance with the guidelines of Animal Care and Use Committee at The 

Rockefeller University. The C57BL/6 syngeneic mouse pancreatic tumor cell line, Panc02 
28, was maintained in Dulbecco’s Modified Eagle Medium with 10% fetal bovine serum 

(FBS) and antibiotics. Mycoplasma screening was performed at the Monoclonal Antibody 

Core Facility of Memorial Sloan Kettering Cancer Center. Tumor cells used for experiments 

tested negative for mycoplasma.
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Antibodies and peptides

Anti-CD28 (clone 37N), anti-CD16/CD32 (clone 2.4G2), anti-CD4 (clone GK1.5), and rat 

control IgG (clone III/10) were purified from hybridoma culture supernatant with a Protein 

G column (all hybridoma cell lines were obtained from ATCC). Hamster anti–αCTLA-4 Ab 

(clone 9H10) and hamster control IgG were purchased from BioXcell. Anti-mouse 

DEC-205-MSLN (DEC-MSLN) chimeric mAb was produced by transient transfection of 

293T cells and purified on a Protein G column. FITC- or Alexa Fluor 700-αCD4 (RM4–5), 

PerCP-Cy5.5-αCD8α (53–6.7), PE-αCD45 (30-F11), Pacific Blue-αCD3ε (17A2) and 

APC-αFOXP3 (FJK-16s) were purchased from eBioscience. PE-αKi-67 (B56), APC- or 

PECy7-αIFNγ (XMG1.2), purified αCD31 (MEC13.3), biotin-αICAM-1 (YN1/1.7.4), 

Alexa Fluor 488-goat αrat IgG Ab, Alexa Fluor 555-streptavidin, and Cytofix/Cytoperm 

Plus Kit were purchased from BD Bioscience. Live/Dead Fixable Aqua Viability Dye was 

obtained from Invitrogen. Overlapping (staggered by 4 amino acids) 15-mer peptides of 

MSN, HIV Gag p24 were synthesized in the Proteomic Resource Center of The Rockefeller 

University.

Immunization, tumor challenge and adoptive transfer

Mice were primed and boosted 4 weeks later with a DC-targeting vaccine composed of 5 μg 

DEC-MSLN, 50 μg poly-IC (InVivogen), and 25 μg agonistic anti-αCD40 Ab. Vaccine was 

administrated by i.p. injection in 200 μL PBS. For anti–CTLA-4 therapy, 100 μg anti–

αCTLA-4 Ab was given i.p. at day −1, 0, and +3 of the immunization (day 0). Hamster 

control IgG was used as control IgG. For CD4+ T cell depletion, 250 μg of anti–αCD4 or rat 

isotype control IgG were given i.p. at day −3, 0, and +3 of boost immunization (day 0). Mice 

were challenged in the right flank with 1×106 Panc02 cells 14 days after the boost 

immunization.

Cell isolation

For isolation of TILs, mice were sacrificed one week or one month after tumor challenge. 

Tumor tissues were minced and incubated with Liberase CI (1.67 Wünsch U/ml) and DNAse 

I (0.2 mg/mL) (Roche) at 37 °C for 30 min with gentle shaking. Digested tissues were 

passed through a 70 μm filter. The resulting cell suspension was washed three times and a 

Percoll gradient separation was performed to eliminate tumor debris and dead cells. TILs 

were analyzed by FACS for the expression of CD4, CD8, CD25, and FOXP3. CD4+ T cells 

were purified from enriched TILs by positive selection with anti-CD4 microbeads (Miltenyi 

Biotech). CD11c+ DCs were purified from collagenase-treated spleens with anti-CD11c 

microbeads. For isolation of lymphocytes from peripheral tissues, mice were perfused with 

PBS with heparin (75 U/mL). Lymphocytes from the lamina propia and peritoneal cavity 

were isolated as previously described 29,30. Lung tissues were minced, incubated with 0.13 

U/mL Liberase and 50 μg/ml DNase I (Roche) at 37 °C for 25 min and separated on a 

Percoll gradient. Liver tissue was mashed through stainless steel mesh and lymphocytes 

were separated on a Percoll gradient. Bone marrow cells were obtained by flushing two 

femurs with cold RPMI 1640. Cells from the resulting pellets were treated with ACK lysis 

buffer (Invitrogen) to remove red blood cells and washed before use. Peripheral blood 

lymphocytes were isolated using Lympholyte M (Cedarlane).
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Quantification of serum cytokines

Peripheral blood was collected 4 days after boost immunization by submandibular bleeding. 

Sera were collected using serum gel tube (SARSTEDT). Serum IL-3 was measured by the 

BD OptEIA Set Mouse IL-3 ELISA kit (mice were not repeat-bled for serum IL-3 

measurements). Serum IFN-γ was measured by the Ready-Set-Go ELISA set (eBioscience). 

Serum concentrations of TH1/TH2 cytokines (IFN-γ, TNF-α, IL-2, IL-4, and IL-10) were 

measured 0, 1, 4 and 14 days after immunization by the MSD mouse TH1/TH2 assay (Meso 

Scale Discovery).

Analysis of antigen–specific T cell responses

T cells were stimulated in vitro with MSLN or HIV gag p24 peptide mix (1 μg/mL) for 6 

hours, and with BFA for the last 5 hours. Note that the mix contained overlapping MSN and 

HIV Gag p24 15-mer peptides staggered by 4 amino acids. Intracellular IFN-γ production 

was measured by intracellular cytokine staining. To measure the production of TH1/TH2 

cytokines from in vitro stimulated TILs, supernatant from the DC:T cell co-cultures were 

collected 48 hours after stimulation and quantified by ELISA and MSD mouse TH1/TH2 

assays.

Histology and immunofluorescent microscopy

Tumors were dissected and snap frozen in optimal cutting temperature solution. Sections (10 

μm) were cut from frozen tumors using a cryomicrotome and then fixed in acetone/ethanol 

mix for 10 min and stained with anti-αCD4, anti-αCD31, and/or anti-αICAM-1-biotin Ab. 

Samples were analyzed with an inverted LSM 510 laser scanning confocal microscope 

(Zeiss) or A×70 upright brightfield microscope (Olympus) with a 20× water immersion 

objective.

Statistical analysis

Group sizes for T cell and serum responses varied between three and five biological 

replicates. Experiments were repeated independently two or three times. Two-tailed 

Student’s t-test was performed on cytokine and ELISA data sets using GraphPad Prism 

software. P values < 0.05 were considered statistically significant.

Results

Anti–CTLA-4 interacts with a DC-targeted vaccine to promote tumor infiltration by CD4+ 

Teffs

To examine the effect of anti–CTLA-4 on vaccine-induced CD4+ T effector cell infiltration 

into pancreatic tumors, we used a DC-targeted prophylactic vaccination protocol in a mouse 

pancreatic tumor model (Panc02 transplantable tumor cells) (Fig. 1A). Our previous study 

showed that targeting a tumor antigen, human mesothelin (MSLN), to the DEC-205 (DEC) 

receptor together with a DC maturation stimulus induced robust systemic CD4+ T cell 

responses in mice 31. Nevertheless, and despite the observed systemic CD4+ T cell 

responses, DC-targeted vaccines had only a small impact on CD4+ Teff infiltration into 

tumors.
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Mice were vaccinated according to the protocol shown in Figure 1A, and CD4+ Teff 

infiltration and function was evaluated 33 days following tumor challenge. Ex vivo re-

stimulation of tumor-infiltrating CD4+ T cells with MSLN peptide or irrelevant peptide mix 

(HIV gag) revealed that the combinatorial strategy (anti–CTLA-4 plus vaccine) significantly 

enhanced the number of intratumoral MSLN-specific, IFN-γ–secreting CD4+ Teffs (Fig. 1B 

and C). The total number of tumor–infiltrating CD4+ T cells was also significantly increased 

(Fig. 1D and E). To exclude blood lymphocyte contamination from tumor-draining vessels, 

we separately performed a perfusion experiment, wherein the right ventricle was ruptured 

and the left ventricle perfused with a large volume of heparinized PBS, and this yielded 

similar results (data not shown). The data collectively show that anti–CTLA-4 therapy 

together with a DC-targeted vaccine promotes CD4+ Teff infiltration into Panc02 tumors. In 

addition, we found that vaccine plus anti–CTLA-4 significantly increased the total number 

of CD8+ Teffs and FOXP3+ Tregs in the tumor. However, while the CD8/CD4 T cell ratio 

remained unaffected, there was an increase in the ratio of CD4+ and CD8+Teff/Treg ratio 

with the vaccine (Fig. 1E). Anti–CTLA-4 when given with vaccine did not further increase 

these Teff/Treg ratios.

Teff mobilization from periphery into tumor

Accumulation of vaccine–induced CD4+ Teffs can result from either the expansion of the 

existing Teff pool and/or an increase in cell migration from peripheral tissues. We first 

investigated whether our vaccine, consisting of a mesothelin-targeted DEC-205 mAb in 

combination with anti-CD40 mAb and poly-IC as adjuvants, can expand Teffs in peripheral 

tissues, with or without anti–CTLA-4. We found that vaccine alone increased the frequency 

of MSLN-specific Teffs in vaccine-draining mesenteric lymph nodes, spleen, peritoneal 

cavity, liver, lamina propria, and peripheral blood 14 days after boost immunization and 

before tumor implantation (Fig. 2A). However, a greater expansion of Teffs was noted only 

in mesenteric lymph nodes when anti–CTLA-4 was combined with vaccine compared with 

vaccine alone (Fig. 2A).

T cell infiltration was also measured one week (day 7) or one month (day 30) after tumor 

challenge by quantifying the frequencies of MSLN-specific CD4+ T cells in spleen, tumor-

draining lymph nodes, peripheral blood, and peritoneal cavity. No significant differences 

were noted in the vaccine plus anti–CTLA-4 Ab group versus vaccine alone group at the 7-

day time point (Fig. 2B). However, at the 30-day time point, MSLN-specific CD4+ T cells in 

the peripheral blood and peritoneal cavity were reduced when anti–CTLA-4 was given 

together with vaccine, compared with vaccine alone (Fig. 2B). This reduction was associated 

with an increase in intratumoral CD4+ Teffs (Figs. 1E and2B), suggesting that these Teffs are 

mobilized from peripheral blood and the peritoneal cavity into the tumor.

To determine whether the increases in CD4+ Teffs arose from increased cell proliferation 

within tumors, we evaluated the expression of the proliferative marker Ki-67 (Fig. 2C). We 

noted that while our DC-targeted vaccine increased the Ki-67 labeling in both CD4+ Teff and 

Treg cells, its combination with anti–CTLA-4 displayed no additional effect. These latter 

data suggest that the increase in intratumoral Teffs by anti–CTLA-4 does not arise primarily 

from local T cell proliferation. Taken together, the results show that increases in intratumoral 
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CD4+ Teffs are not the result of an expanded peripheral or tumor Teff pool, but rather arise 

from the active mobilization of vaccine-activated T cells from the periphery into tumor 

tissue.

Anti–CTLA-4 increases IL-3 production by CD4+ Teffs

To examine the lineage characteristics of the tumor-infiltrating Teffs, we purified 

intratumoral CD4+ T cells and measured cytokine production by stimulation in vitro with 

DCs pulsed with a MSLN or HIV gag p24 peptide mix (see Materials and Methods for 

details). Surprisingly, instead of solely inducing a TH1 (IL-2 and IFN-γ) response, the 

addition of anti–CTLA-4 to vaccine significantly increased both TH1 and TH2 (IL-4 and 

IL-10) cytokines (Fig. 3A). There was also a striking ~8-fold increase compared with 

vaccine alone in the levels of IL-3, a cytokine known to be produced by both TH1 and TH2 

lineages 32. However, TNF-α levels were increased similarly in vaccine alone and vaccine 

plus anti–CTLA-4 groups.

To determine whether the vaccine induced mixed TH1/TH2 hypercytokinemia systemically, 

we quantified serum cytokine levels at different time points after boost immunization (Fig. 

3B). Vaccine itself induced increases in serum cytokine levels to variable extents as early as 

1 day after boost, with maximal increases noted at day 4, and reductions at day 14. Notably, 

there were further significant elevations in serum IL-2 and IL-3 levels upon the addition of 

anti–CTLA-4 compared with vaccine alone. This difference between vaccine alone and 

vaccine plus anti–CTLA-4 was not seen with serum IL-4, IFN-γ and TNF-α levels. To 

assess whether IL-3 in the serum was derived from vaccine-induced CD4+ T cells, we 

depleted CD4+ T cells using an anti–CD4 antibody; this completely abrogated the vaccine-

induced serum IL-3 elevations (Fig. 3C). Thus, we conclude that the vaccine increases IL-3 

production by CD4+ T cells, both systemically and locally.

IL-3–dependent accumulation of intratumoral Teffs through interactions with ICAM-1 in the 
vascular endothelium

Given that IL-3 is known to activate the vasculature 33,34, our finding of high IL-3 levels 

produced by tumor-infiltrating CD4+ Teff cells suggested that IL-3 may in fact promote T 

cell infiltration through interactions with the tumor endothelium. To confirm a function for 

IL-3 in T cell infiltration, two groups of mice were immunized with the DC–targeting 

vaccine, one with and one without anti–CTLA-4. One month after tumor challenge, 

lymphocytes were harvested from tumor, tumor-draining lymph nodes, spleen, peripheral 

blood, and peritoneal cavity. Quantification of vaccine-induced CD4+ Teffs showed that 

while anti–CTLA-4 collaborated with the vaccine to increase CD4+ Teffs into the tumors in 

wild type mice, there was no effect in Il3−/− mice (Fig. 4A). Instead, in Il3−/− mice, the 

addition of anti–CTLA-4 to vaccine led to an accumulation of tumor–reactive T cells in 

peripheral blood at 7 days and in tumor–draining lymph nodes at day 30 after tumor 

challenge (Fig. 4B).

As IL-3 is known to stimulate endothelial cell differentiation, proliferation, and activation 
24,35,36, we tested whether the IL-3 produced in response to anti–CTLA-4 and DC-targeted 

vaccine results in the activation of tumor endothelial cells, which would, in turn, enhance T 
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cell adhesion and transendothelial migration. Analysis of frozen tumor sections for 

endothelial cell activation markers by immunocytochemistry revealed a significant increase 

in the expression of ICAM-1 on tumor endothelial cells (CD31+ cells) in wild-type mice 

receiving vaccine plus anti–CTLA-4 (Fig. 4C). However, treatment with vaccine alone did 

not increase ICAM-1 expression on CD31+ endothelial cells. Neither was this increase 

observed in Il3−/− mice, indicating that ICAM-1 expression mediated by anti-CTLA-4 is 

dependent on IL-3 expression. Figure 4D further confirms the enhanced localization of 

CD4+ Teff cells in tumor tissue in wild type mice, but not in Il3−/− mice. Overall, therefore, 

the data suggest an IL-3–dependent activation of tumor endothelium after treatment with 

anti–CTLA-4, resulting in CD4+ Teff cell infiltration into tumors.

Discussion

Combination therapy using an antigen-specific, DC-targeted vaccine and anti–CTLA-4 

uncovered a new mechanism for enhanced vaccine-induced CD4+ Teff infiltration into a 

mouse pancreatic cancer model. Specifically, this combination increases the expression of 

IL-3 by activated CD4 Teffs; the cytokine in turn facilitates Teff cell trafficking into tumors 

by upregulating ICAM-1 expression on endothelial cells. Our findings are the first to 

implicate IL-3 as a key mediator of increased intratumoral CD4 Teffs with anti–CTLA-4 

therapy.

Our data show that while the DC-targeted vaccine increases intratumoral MSLN-specific, 

IFN-γ–producing CD4+ Teffs, a substantially greater response was noted when vaccine was 

used in combination with anti–CTLA-4. This is consistent with previous studies both in 

mouse models and in advanced cancer patients. For example, in a mouse melanoma model, 

anti–CTLA-4 in combination with a GM-CSF–producing vaccine, GVAX, significantly 

increased Teff cell infiltration into melanomas 19. Likewise, patients treated with anti–

CTLA-4 increased T cell infiltration into human tumors 37,38. However, while an association 

between anti–CTLA-4 therapy and increased intratumoral Teff accumulation is now well 

established, the precise mechanisms underlying T cell accrual remains less well understood.

In addition, we also addressed two additional previously unanswered questions—where do 

the intratumoral Teffs originate from and what is the mechanism of their enhanced 

accumulation in response to anti–CTLA-4? First, our data provide compelling evidence for 

increased mobilization of Teffs from the periphery into tumor, rather than an expanded 

peripheral pool size, in situ expansion of intratumoral cells, or reduced cellular egress. 

Specifically, tracking studies over time revealed an increase in intratumoral Teff number in 

association with reduced peripheral blood and peritoneal cavity Teffs. These data thus 

suggest that Teff cells from the periphery have the ability to infiltrate tumors and that this 

infiltration can be promoted by anti–CTLA-4 treatment. Second, as abnormal tumor 

vasculature is a known barrier for T cell infiltration 21, we assumed that it was unlikely that 

intratumoral Teffs will reach equilibrium with the peripheral pool via blood and lymph 

circulation. Consistent with this, we did not observe sustained increases in the T cell pool 

size in major peripheral lymphoid tissues. While there was a small increase of Teffs in 

vaccine-draining lymph node before tumor challenge, the effect was transient. Thus, 

intratumoral Teff cells are unlikely to arise from an expanded pool of peripheral Teff cells. 

Zaidi et al. Page 8

Ann N Y Acad Sci. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Interestingly, despite previous reports of proliferative effects of anti–CTLA-4 on 

intratumoral Teff cells 19, we did not observe increased Ki-67 expression with anti–CTLA-4 

in this model when compared with the control vaccine group. This inconsistency may be a 

timing issue since previous studies used “prophylactic” protocols and our study used a 

protracted “treatment” protocol. Finally, we found virtually no expression of CD62L or 

CCR7 on the tumor-infiltrating CD4+ Teffs (unpublished data) that would suggest egress of 

intratumoral Teffs to distant lymph nodes. This may nonetheless reflect a loss of the ability 

of T cells to migrate out of the tumor tissue. The interaction of CTLA-4 with the natural 

ligands CD80/CD86 may hinder or promote T cell motility, depending upon the cellular 

context and animal models 39–42. Further studies are thus required to determine if anti–

CTLA-4 impairs the motility of intratumoral Teffs, particularly when used in combination 

with vaccine.

We found that combination of vaccine with anti–CTLA-4 induced a mixed intratumoral and 

systemic inflammatory response involving both TH1 and TH2 cytokines. With the exception 

of TNF-α, anti–CTLA-4 plus vaccine enhanced the expression of both TH1 and TH2 

cytokines compared with vaccine alone. Prominent among these was IL-3, which was also 

persistently elevated in the circulation. Furthermore, and importantly, anti–CTLA-4 alone, 

without vaccine, was unable to increase cytokine expression, pointing to the requirement of 

vaccine-activated T cells. Moreover, whereas vaccine triggered Teff infiltration in both Il3−/− 

and wild-type mice, the absence of IL-3 prevented further Teff accrual with the addition of 

anti-CTLA-4. This latter finding suggests that the effect of anti–CTLA-4, but not vaccine, is 

dependent on IL-3. We also found that CD4+ T cells were the dominant, albeit not the sole 

source of IL-3, as anti–CTLA-4–induced IL-3 expression was only partly attenuated in mice 

depleted of CD4+ T cells. It is therefore likely that CD8+ T cells also contribute to IL-3 

production, and although we have not studied this directly, CD8+ T cells do accumulate 

intratumorally upon combined vaccine and anti–CTLA-4 therapy. Whereas, as noted before, 

IL-3 production can be regulated by CTLA-4 signals 32, this to our knowledge is the first 

report on the permissive function of intratumoral IL-3 in mediating the effect of anti–

CTLA-4 therapy.

Mechanistically, we posit that the IL-3 produced in response to vaccine and anti–CTLA-4 

activates the IL-3 receptor (IL-3R) expressed on tumor vasculature, and in doing so, 

modulates the expression of adhesion molecules. Indeed, a lack of T cell infiltration can 

arise from the loss of adhesion molecules on tumor endothelium 43,44. And, when combined 

with vaccines, anti–CTLA-4 has previously been shown to increase the expression of 

ICAM-1/VCAM-1 on endothelial cells 19, an effect linked to increased Teff ingress and 

tumor regression. Likewise, anti–CTLA-4 plus vaccine, and not vaccine or anti–CTLA-4 

alone, increased ICAM-1 expression on CD31+ endothelial cells. That this effect was 

markedly reduced in tumors from Il3−/− mice suggests that IL-3 mediates the effect, and that 

this action occurs likely via IL-3R. It is also known that IL-3R expression can be induced by 

IFN-γ and TNF-α 33,34. While anti–CTLA-4 itself did not further enhance IFN-γ and TNF-

α, our DC–targeted vaccination did elicit inflammation that could potentially increase 

endothelial cell IL-3R expression and thereby enhance IL-3 sensitivity. Indeed, a permissive 

relationship between anti–CTLA-4, the IL-3/IL-3R complex, and ICAM-1 is not unexpected 
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as an increase in intratumoral IL-3 expression is known to increase the expression of 

ICAM-1, which then facilitates T cell ingress 45–47.

In summary, we find that while vaccine-induced Teff activation triggers IL-3 production, this 

is not enough to get peripheral T cells into tumors. IL-3–associated T cell infiltration also 

requires the addition of anti–CTLA-4 to upregulate adhesion molecules on tumor-resident 

endothelial cells via further IL-3 production. As a yet uncharacterized mechanism for 

intratumoral T cell accumulation, we highlight a gatekeeper role for IL-3. We further 

surmise that knowledge of IL-3 expression in clinical settings 37,38 may help establish a new 

biomarker for prognosis and therapeutic efficacy.
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Figure 1. 
Anti-CTLA–4 in combination with a protein vaccine increases intratumoral T effector cells. 

(A) Immunization and tumor challenge protocol. (B and C) Mice were challenged with 

pancreatic cancer cells (Panc02) two weeks after boost immunization. MSLN-specific CD4+ 

T cells were quantified in enriched TILs by intracellular IFN-γ staining ~30 days after 

tumor challenge. Representative FACS data (B) and quantified percentage of IFN-γ+ cells in 

the viable CD45+CD3+CD4+ population (C) are shown. Each dot represents tumor-

infiltrating lymphocytes (TILs) pooled from 2 or 3 tumors. (D) Analysis of frozen tumor 

sections by immunofluorescent confocal laser microscopy. Tumors were dissected and fresh 

frozen in optimum cutting temperature solution (OCT), cut and stained for CD4 (green) and 

CD31 (red). Images were acquired with a 20× water immersion objective. Bar, 50 μm. (E) 
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Quantification of the number of different T cell populations in TILs by flow cytometry. Data 

in B–E are representative of three (B and C) and two (D and E) individual experiments.
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Figure 2. 
Increased mobilization of vaccine-induced T effector cells from the periphery to tumor with 

anti–CTLA-4. (A) Two weeks after boost immunization, vaccine-induced, MSLN-specific 

CD4+ T cells were quantified by intracellular IFN-γ staining in lymphocytes from spleen, 

mesenteric lymph node (MLN), peritoneal exudate (PEC), peripheral blood (PBL), bone 

marrow (BM), liver, lamina propria (LP), and lungs. Percentage of IFN-γ+ cells in viable 

CD3+CD4+-gated cells is shown. (B) Immunized mice were challenged with Panc02 tumor 

cells. Seven or 30 days after tumor challenge, MSLN-specific CD4+ T cells were quantified 
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by intracellular IFN-γ staining in spleen, tumor-draining LN (TDLN), PBL, and PEC. (C) 

Expression of Ki-67 in intratumoral CD4+ Teff and Treg cells. Enriched TILs were stained 

for CD3, CD4, and Live/Dead Aqua, followed by permeabilization, fixation, and staining for 

Ki-67 and FOXP3. Representative FACS data are shown. Data are representative of two or 

three individual experiments (n = 4 mice per group). *P < 0.01, **P < 0.01, ***P < 0.001, 

NS: not significant.
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Figure 3. 
Anti–CTLA-4 increases IL-3 production by CD4+ T effector cells. (A) TH1/TH2 cytokine 

production by CD4+ TILs. Purified CD4+ TILs were re–stimulated with CD11c+ DCs pulsed 

with Gag p24 or human mesothelin (MSLN) peptide mix in vitro for 48 hours. Supernatants 

were analyzed for IL-3 levels by ELISA, and for other TH1/TH2 cytokines by MSD assay 

(see Materials and Methods). (B) Kinetics of serum TH1/TH2 cytokine production in 

vaccinated mice. Sera from immunized mice were harvested at 0, 1, 4 or 14 days after boost 

immunization. Serum TH1/TH2 cytokine levels were quantified as in A. (C) CD4-depleting 

Ab or control rat IgG was injected −3, 0, and 3 day of boost immunization. Serum IL-3 

levels were measured by ELISA four days after the boost. Data in A–C are representative of 

two (C) or three (A and B) experiments (n = 3–4 mice per group). **P < 0.01, ***P < 0.001, 

NS: not significant.
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Figure 4. 
Increased intratumoral T effector cells with anti-CTLA-4 is dependent on IL-3. (A) Il3−/− 

mice or wild type (WT) littermates were vaccinated with CTLA-4–blocking Ab or control 

(Ctrl) IgG, and challenged with Panc02 tumor cells. Thirty days after tumor challenge, 

FACS-purified CD4+ TILs were re–stimulated with splenic CD11c+ cells pulsed with human 

mesothelin (MSLN) or Gag p24 peptide mix. MSLN-specific CD4+ T cells were quantified 

by intracellular IFN-γ staining. (B) MSLN-specific CD4+ T cells were quantified in 

lymphocytes from spleen, tumor-draining lymph nodes (TDLN), peripheral blood 

lymphocytes (PBL), and PEC in Il3−/− mice. (C) Tumors were dissected and flash frozen in 

optimum cutting temperature (OCT) solution, cut, and stained for CD4 (green) and CD31 

(red). Images were acquired with a 20× water immersion objective. (D) Tumor sections were 

stained for the expression of ICAM-1 (green) and CD31 (red) 30 days after tumor challenge. 

Bar, 50 μm. Data in A–D are representative of three individual experiments (n = 3–4 mice 

per group). ***P < 0.001, NS: not significant.
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