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Abstract

In tumor-bearing animals, the membrane phospholipid phosphatidylserine (PS) suppresses 

immune responses, suggesting that PS signaling could counteract the antitumor effect of antibody-

driven immune checkpoint blockade. Here, we show that treating melanoma-bearing mice with a 

PS-targeting antibody enhances the antitumor activity of downstream checkpoint inhibition. 

Combining PS-targeting antibodies with CTLA-4 or PD-1 blockade resulted in significantly 

greater inhibition of tumor growth than did single-agent therapy. Moreover, combination therapy 

enhanced CD4+ and CD8+ tumor-infiltrating lymphocyte numbers; elevated the fraction of cells 

expressing the proinflammatory cytokines IL2, IFNγ, and TNFα; and increased the ratio of CD8 

T cells to myeloid-derived suppressor cells and regulatory T cells in tumors. Similar changes in 

immune cell profiles were observed in splenocytes. Taken together, these data show that antibody-

mediated PS blockade enhances the antitumor efficacy of immune checkpoint inhibition.
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Introduction

Cancer immunotherapy is predicated on enhancing the body’s natural defenses to control 

tumor growth by circumventing key processes that drive immune suppression and promote 

tolerance (1–3). These include soluble mediators, such as IL10 (4) and TGFβ (5), and 

various cell types, including regulatory T cells (Treg; refs. 6, 7), myeloid-derived suppressor 

cells (MDSC; ref. 3), and M2-like tumor-associated macrophages (8).

Several therapeutic approaches inhibit T-cell checkpoint mechanisms. These include 

antibodies that block the activity of CTLA-4 and PD-1 immunoregulatory pathways, which 

the FDA has recently approved for the treatment of malignant melanoma and lung cancer 

(9–13). This progress has led to an intense search for agents that block other inhibitory 

pathways, including indoleamine-2, 3-dioxygenase (IDO; refs. 14, 15), lymphocyte-

activation gene 3 (LAG3; refs. 16, 17), and Tim3 (18, 19) and for agonists that activate 

immune stimulatory pathways, such as 4–1BB (CD-137; refs. 20, 21), OX40 (22, 23), 

inducible T-cell costimulator (24), and GITR. Indeed, in preclinical melanoma studies, the 

combination of multiple immunotherapies (e.g., anti–PD-1 and anti–CTLA-4) has shown 

significantly better efficacy than single-agent therapy. Unfortunately, a large fraction of 

melanoma patients remain nonresponsive even when combination therapy is employed (12, 

13).

The membrane phospholipid, phosphatidylserine (PS), is an upstream immune checkpoint 

(25–27). In normal, nontumorigenic cells, PS is localized in the inner leaflet of the plasma 

membrane but becomes externalized to the outer leaflet of the plasma membrane in cells in 

the tumor microenvironment because of hypoxia, oxidative stress, cytokine signaling, and 

cell trafficking (25, 28). Externalized PS is also a well-characterized cell marker that is 

primarily responsible for the recognition and uptake of dying apoptotic cells by phagocytes 

and for quelling potential autoimmune responses (28). Activation of phagocytic cells is 

mediated by the interaction of PS with the TAM (TYRO3, AXL, and MERTK) and TIM (T-

cell immunoglobulin and mucin) families of PS receptors that induce expression of immune 

suppressive cytokines, dampen inflammatory signaling mechanisms, and inhibit innate 

immune cellular responses (29–31). Tumor vasculature––endothelial cells (32, 33), tumor-

derived microvesicles (34), and tumor cells all exhibit PS-mediated "apoptotic mimicry" to 

suppress proinflammatory antitumor immune responses (35–37). Externalization of PS also 

dampens the adaptive immune response. When intratumoral dendritic cells bind and ingest 

PS-expressing cells, they maintain an immature phenotype that prevents the expression of 

costimulatory molecules required for functional antigen presentation (26, 38). Moreover, PS 

externalized on tumor-derived microvesicles suppresses activation of T-cell responses (39), 

and administration of PS-expressing liposomes containing insulin restores tolerance in a 

murine model of autoimmune diabetes (40). Lastly, although chemotherapy induces tumor 

cell apoptosis, the concomitant expression of PS on these cells (41, 42) further suppresses 

potential immune-associated antitumor responses (43).

PS-targeting antibodies that bind with high affinity to PS through β2-glycoprotein 1 

(β2GP1) have been developed (33, 41). These antibodies bind indirectly to PS-expressing 

membranes by cross-linking two molecules of β2GP1 that interact directly with externalized 
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PS. Preclinical studies have shown that PS-targeting antibodies localize to PS-expressing 

tumors and tumor endothelial cells and elicit strong antitumor effects when combined with 

chemotherapy or radiotherapy (33, 41, 42, 44). A PS-targeting antibody, bavituximab, is 

currently being tested in multiple advanced stage clinical trials for the treatment of solid 

tumors (45, 46).

In this study, we examined whether a PS-targeting antibody, ch1N11, enhances the antitumor 

activity of established checkpoint inhibitors in mouse melanoma. Our data show that 

combination therapy with ch1N11 and downstream immune checkpoint blockade induces 

more CD8+ T cells and fewer immune suppressive MDSCs and M2 macrophages, resulting 

in potent antitumor efficacy.

Materials and Methods

Cell lines

Mouse melanoma K1735 (47) was obtained in 2010 from the laboratory of Dr. Isaiah Fidler, 

The University of Texas MD Anderson Cancer Center (Houston, TX). B16F10 was obtained 

from the ATCC (CRL-6475) in 2013. B16F10 and K1735 cells are of mouse origin and were 

not authenticated before use. Cells were maintained in RPMI-1640 (GIBCO) supplemented 

with 10% heat-inactivated FBS (GIBCO) and cultured for approximately 3 weeks before 

use. Cells were confirmed to be free of Mycoplasma before use.

Antibodies

PS-targeting antibody chimeric 1N11 (ch1N11) is a mouse IgG2a-κ with human variable 

heavy and light chain regions, which binds PS in the presence of both mouse and human 

beta-2 glycoprotein 1 (Supplementary Fig. S1). C44, a mouse IgG2a isotype control, and 

hybridoma cell line producing UC10–4F10–11, a mAb to mouse CTLA-4, were obtained 

from the ATCC. Purified mAb to mouse PD-1 (clone RMP1-14) was obtained from 

BioXcell. All antibodies injected in animals tested negative for endotoxin with a limit of 

detection of 0.05 EU/mL of stock antibody. Specific mAbs to mouse antigens used for 

fluorescence-activated cell sorting (FACS) analysis were CD3, CD4, CD8a, CD137, Ki-67, 

granzyme B, FoxP3, IFNγ, TNFα, CD11b, F4/80, GR-1, CD11c, and CD45, and were 

obtained from BD Pharmingen or E-Bioscience. Additional information on the specific 

antibodies is provided in Supplementary Table S1.

Animal studies

MaleC3H/He mice and female C57BL/6 mice 6 to 10 weeks old were purchased from 

Charles River Laboratories. All studies were approved by the Institutional Animal Care and 

Use Committee at the University of California, Irvine and University of Texas Southwestern 

Medical Center. K1735 tumor cells were suspended at 107/mL, and B16F/10 tumor cells 

were suspended at 2 × 106/mL in 50% (v/v) Matrigel in PBS and 0.1 mL was injected s.c. 

into the right flank. Tumor volumes (V) were calculated using the formula V = L × W2/2, 

were L is the largest and W is the smallest diameter of the tumor. Percent tumor growth 

inhibition (%TGI) was calculated using the formula %TGI = 1 – (T/C) × 100, where T = 

mean tumor volume of treated group at the end of study, C = mean tumor volume of control 
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group at the end of study. Antibodies were administered i.p. in phosphate-buffered saline 

once or twice per week at 5 to 10 mg/kg as indicated.

Flow cytometry

K1735 tumors were excised from mice when volumes of approximately 800 to 1,000 mm3 

were achieved. B16F10 tumors were excised from mice on day 12 after implantation. The 

tumors were minced and digested with a cocktail containing collagenase (1 mg/mL; Sigma), 

hyaluronidase (0.1 mg/mL; Sigma), and DNase type IV (200 units/mL; Sigma) for 2 hours 

at 20°C and passed through a 70-μm sieve (Falcon). The cell suspensions were washed twice 

with PBS and stained with the indicated antibodies for 20 minutes at 4°C. Intracellular 

staining of cytokines in tumor-infiltrating T cells (TIL) was determined by culturing tumor 

suspensions in complete medium for 5 hours with ionomycin (500 ng/mL; Sigma Aldrich), 

phorbol myristate acetate (5 ng/mL; Sigma Aldrich), and Golgi Plug (BD Biosciences) at 3 

μg/mL. Surface-stained cells were fixed, permeabilized, and stained using a kit for 

intracellular cytokines (BD Biosciences) and for FoxP3 (eBioscience) according to the 

manufacturer’s instructions. Cells were analyzed using a FACS Verse flow cytometer 

(Becton Dickenson), and analysis was performed using Flow Jo v10.0.8 (FlowJo, LLC).

Immunohistochemistry

Tumors were embedded in optimal cutting temperature medium, frozen in a dry-ice 

isopentane bath, and sectioned through the largest radius. Tissue sections (5 mm) were 

stained for the following cell types: Total immune cells (CD45), T cells (CD3, CD4, and 

CD8), TAMs (F4/80), M1-type TAMs (iNOS and F4/80), M2-type TAMs (Arg-1 and F4/80), 

MDSCs (CD11b and Gr-1), and Tregs (CD4 and FoxP3). Additional information on specific 

antibodies is provided in Supplementary Table S1. The sections were stained with 

peroxidase- or alkaline phosphatase–labeled secondary antibodies and counterstained with 

hematoxylin and analyzed by bright-field microscopy. Slides were digitized using an Aperio 

ScanScope XT Image System, and immunostained cells were quantified using Aperio 

Imagescope software. Specific staining was determined by calculating the number of pixels 

showing positive immunostaining in each tumor less the intensity of an isotype control. 

Necrotic regions were excluded.

IFNγ ELISpot

Splenocytes from antibody-treated B16-bearing mice were harvested 12 days after tumor 

implantation. Single-cell splenocyte preparations were resuspended in RPM1–1640 

supplemented with 10% FCS, and antibiotics at 106 cells/mL and 100 μL aliquots were 

added, in triplicate, to wells of ELISpot microplates coated with anti-mouse IFNγ Ig. Plates 

were incubated for 48 hours at 37°C, and spots were developed with anti-mouse IFNγ IgG–

HRP conjugate followed by peroxidase substrate. Spots were counted using an automated 

ELISpot plate reader.

Statistical analysis

Statistical analyses were conducted using Graph Pad Prism version 6 for Windows 

(GraphPad Software). Statistically significant differences between treatment groups were 
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determined by the Student t test. Values of P < 0.05 were considered statistically significant. 

Asterisks on graphs denote the level of statistical significance for P < 0.05 (*), P < 0.01 (**), 

P < 0.005 (***), and P < 0.001 (****).

Results

PS targeting enhances the efficacy of checkpoint blockade

Single-agent treatment of murine melanomas with inhibitors of the CTLA-4 or PD-1 

pathways has been shown to inhibit tumor growth; however, combinatorial therapy that 

inhibits multiple immune checkpoints results in significantly improved efficacy (1, 48). We 

found that antibody-mediated blockade of PS signaling enhanced the efficacy of anti–

CTLA-4 and anti–PD-1 antibodies in two murine melanoma models. Treatment of animals 

with K1735 tumors with ch1N11 inhibited tumor growth by 29% compared with control IgG 

(Fig. 1A). Combination of ch1N11 and anti–CTLA-4 antibody inhibited tumor growth by 

68% compared with 13% using anti–CTLA-4 treatment alone (Fig. 1A), whereas 

combination of ch1N11 and PD-1–blocking antibodies inhibited tumor growth by 87% 

compared with 69% for anti–PD-1 treatment alone (Fig. 1B). Similar results were obtained 

with a second melanoma line. The treatment of animals bearing B16 tumors with ch1N11 

inhibited tumor growth by 40% to 58% compared with control IgG (Fig. 1C and D). 

Treatment of mice bearing B16 tumors with a combination of ch1N11 and CTLA-4 

blockade inhibited tumor growth by 72%, compared with 47% using anti–CTLA-4 alone 

(Fig. 1C), whereas combination of ch1N11 and PD-1–blocking antibodies inhibited tumor 

growth by 65%, compared with 42% using anti–PD-1 treatment alone (Fig. 1D). These 

results suggest that inhibition of an upstream PS-mediated immune suppressive signaling 

pathway significantly enhances the therapeutic efficacy of downstream immune checkpoint 

inhibition (P < 0.05).

PS blockade increases immune cell infiltration

The elevated antitumor responses induced by ch1N11 in combination with anti–PD-1 in 

mice bearing B16 and K1735 tumors suggest that therapy might have induced a phenotypic 

change of TILs in the tumor microenvironment. In the B16 model, the combination of 

ch1N11 and anti–PD-1 increased the frequency of CD45+ TILs compared with either 

ch1N11 or anti–PD-1 alone (Fig. 2A). A statistically significant increase in CD8+ TILs was 

observed in animals treated with anti–PD-1 as a single agent, or in combination with 

ch1N11 (Fig. 2B). Moreover, a statistically significant difference was observed in the TIL 

CD8+/Treg (CD4+FoxP3+) ratio in animals treated with a combination of ch1N11 and anti–

PD-1 compared with anti–PD-1 alone (Fig. 2D). No statistical difference in the TIL CD4+/

Treg (CD4+FoxP3+) ratio was observed among the different treatment groups (Fig. 2C). In 

the K1735 model, animals treated with ch1N11 and anti–PD-1 had more CD45+ (P < 0.05) 

and CD8+ T cells (P < 0.005; Fig. 2E and F; Supplementary Fig. S2) compared with anti–

PD-1 alone or control-treated mice. These changes correlated with an increase in the CD4+/

Treg ratio (P < 0.0001) and CD8+/Treg ratio (P < 0.01; Fig. 2G and H).
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Combination therapy increases TIL activation and enhances TIL effector function

TILs are often characterized as exhausted by their lack of proliferation, limited production of 

IL2, IFNγ, and TNFα in response to stimuli, and loss of cytolytic function. To determine 

whether the therapeutic effect of antibody-mediated PS blockade combined with PD-1 

inhibition was a result of reactivation of tumor-infiltrating CD8+ T cells, we utilized an ex 
vivo stimulation protocol designed to favor analysis of preactivated T cells. Responsiveness 

was assessed by measuring cytokine production by FACS (Fig. 3). In the B16 model, a 

statistically significant increase in CD4+ IFNγ+ cells was observed in TILs from animals 

treated with the combination of ch1N11 and anti–PD-1 compared with control antibody 

therapy. TILs from anti–PD-1 and combination-treated animals had similar numbers of 

CD8+ IFNγ+ cells, but more than control-treated animals. Both CD4+ and CD8+ cells that 

secreted TNFα had similar TIL frequencies in anti–PD-1 and combination-treated animals, 

but both treatments yielded more of these cells than control-treated animals. In the K1735 

model, the frequency of CD4+ and CD8+ TILs producing IFNγ was higher in animals 

treated with the combination o ch1N11 and anti–PD-1 compared with single agent and 

control-treated animals. Similarly, the number of CD4+ and CD8+ TILs producing TNFα 
was higher in animals treated with combination therapy, compared with single-agent therapy. 

In addition, the frequency of intracellular IL2-producing CD4+TILs was higher after 

combination therapy, compared with animals treated with either single agent alone. In the 

K1735 model, granzyme B and Ki67 expression were used as a measure of CD8+ T-cell 

tumor-killing potential and cell activation (Fig. 4). Animals treated with ch1N11 and anti–

PD-1 had more Ki67 (Fig. 4A) and granzyme B (Fig. 4B) in their CD8+ TILs than those 

from animals treated with single-agent therapy. In addition, the increase in the numbers of 

CD4+CD137+ (Fig. 4C) and CD11b+ iNOS+ cells (Fig. 4D) was greater in combination-

treated animals compared with animals given single-agent therapy. These data suggest that 

blockade of PS signaling in combination with PD-1 checkpoint inhibition induces 

polyfunctional activation of tumor-infiltrating CD8+ T cells.

Increased cytokines in splenocytes after PS blockade

To determine whether blockade of PS combined with inhibition of downstream immune 

checkpoints enhanced a systemic tumor-specific immune response, we evaluated the number 

of cytokine-producing splenocytes by FACS and Elispot (Fig. 5). In the K1735 model, the 

number of IFNγ+-producing CD8+ cells was higher in animals treated with ch1N11 and 

anti–PD-1 compared with control and single treatment groups. In addition, the number of 

TNFα-secreting CD4+ cells was higher in animals treated with ch1N11 and anti–PD-1 alone 

and in combination compared with control-treated animals. In the B16 model, splenocytes 

from animals dosed with a combination of ch1N11 and anti–PD-1 had the highest number of 

IFNγ Elispots (109 ± 25), which was significtantly higher than anti–CTLA-4 (29.4 ± 4, P < 

0.005), ch1N11 (16.6 ± 3.2, P < 0.001), anti–PD-1 (41.6 ± 5.5, P < 0.001), and ch1N11 + 

anti–CTLA-4 (73.6 ± 13.9, P < 0.05) groups; the effectiveness of combined ch1N11 and 

anti–CTLA-4 was significantly higher than ati–CTLA-4n alone (73.6 ± 13.9 vs. 29.4 ± 4.2, 

P < 0.01), indicating that there were significantly more functional T cells in the spleens of 

combination-treated groups. In addition, combination treatment slightly increased the 

frequency of IFNγ-producing splenocytes in naïve tumor-free mice; however, the frequency 
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was significantly higher in tumor-bearing mice than that of tumor-free mice, indicating 

tumor-specific T-cell immunity (Supplementary Fig. S3).

Reduction in MDSCs and Tregs after PS blockade

To determine if the enhanced numbers of activated TILs and splenocytes by ch1N11 

correlated with a reduction in cells with immunosuppressive phenotypes, spleens and tumors 

from treated animals were analyzed for MDSCs (CD11b+ GR-1+) and Tregs (CD4+ FoxP3+) 

by FACS (Fig. 6). A reduction in the frequency of tumor-associated CD11b+ GR-1+ cells 

(Fig. 6A, P < 0.05) and CD11b+ Arg-1+ cells (Fig. 6B, P < 0.05) was observed in K1735 

tumors following treatment with ch1N11 and anti–PD-1 antibodies compared with control 

and anti–PD-1 antibody alone (see also Supplementary Fig. S2). A reduction in CD11b+ 

Gr-1+ MDSCs following combination therapy was also observed in splenocytes from mice 

bearing K1735 tumors compared with those from anti–PD-1-treated animals alone (Fig. 6C, 

P < 0.05). Splenic Tregs were reduced in K1735 tumor-bearing animals treated with 

combination therapy compared with control animals (Fig. 6D, P < 0.01). In B16 tumors, no 

difference in the percentage of tumor Tregs or MDSC was observed in the treatment groups 

(Fig. 6E and F). Overall, these data suggest that blockade of PS signaling in combination 

with PD-1 checkpoint inhibition reduces these suppressive cell phenotypes in the tumor and 

spleen, resulting in enhanced antitumor responses and tumor regression.

Discussion

An underlying challenge to virtually all cytotoxic cancer therapies is therapy-induced 

exposure of PS that exacerbates immunosuppression in the tumor microenvironment (38, 49, 

50). We have found that PS-driven immune suppression can be inhibited by antibody-

mediated PS blockade (38, 51). In the present study, we demonstrate that inhibition of 

upstream PS-mediated immune suppression enhances the efficacy of downstream checkpoint 

blockade in two murine melanoma models. Blockade of PS combined with anti–CTLA-4 or 

anti–PD-1 improved tumor control and antitumor immune activation as determined by 

multiple parameters, including the following: (i) an increase in the activated CD4+ and 

CD8+ TILs and peripheral immune cells; (ii) a reduction in immunosuppressive intratumoral 

and peripheral MDSCs and Tregs; and (iii) induction of proinflammatory cytokines IL2, 

IFNγ, and TNFα from tumor-reactive immune cells. These data are consistent with results 

from prior studies that found antibody-mediated PS blockade dramatically increased the 

ratio of M1:M2 macrophages and increased the number of mature dendritic cells in tumors 

while reducing MDSCs (51). In this study, we have evaluated the effect of PS-targeting 

antibodies in combination with anti–CTLA-4 and anti–PD-1 in two melanoma models with 

different sensitivities to therapy. B16 tumors are less immunogenic than K1735 tumors, 

grow rapidly, and are moderate responders to treatment by immune checkpoint inhibitors 

(52). In contrast, K1735 tumors are more immunogenic than B16, grow more slowly, and are 

able to better respond to immune checkpoint blockade. In addition, our observations on the 

numbers of tumor and peripheral MDSCs and Tregs, and sensitivity to reducing these 

suppressive cell populations in K1735 versus B16 tumors, may further contribute to the 

relative responsiveness of these tumors to therapy. In summary, blockade of PS signaling in 
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combination with PD-1 checkpoint inhibition increases the frequency and activation state of 

CD8+ TILs and enhances the ratio of CD8+ cells to immunosuppressive MDSCs and Tregs.

The sustained antitumor effect of passive antibody treatment is mediated by specific 

targeting and/or blocking of suppressive ligands and the interaction of Fc-receptors on 

myeloid effector cells. Data from previous studies indicate that the Fc portion of PS-

targeting antibodies contributes to differentiation of mature dendritic cells because the 

F(ab’)2 fragment alone has lower potential to differentiate splenic monocytic MDSCs from 

macrophages and dendritic cells (51). Studies show that antibodies to CD20 ligate FcγRIIA 

receptors on CD11c+ dendritic cells generate a vaccinal effect by stimulating long-term 

cellular immune responses (53). Thus, the induction of IFNγ secretion from TILs and 

peripheral immune cells of tumor-bearing animals treated with ch1N11 and anti–PD-1 

antibodies may be due to cross-presentation of tumor antigens via Fc receptors on dendritic 

cells or macrophages. The combination of ch1N11 and anti–CTLA-4 or anti–PD-1 in the 

B16 tumor model significantly increased the frequency of IFNγ-producing splenocytes 

compared with single-agent therapy. In contrast, few IFNγ-producing splenocytes were 

observed from naïve tumor-free animals dosed with the same antibody combinations, 

suggesting that tumor antigens were required for stimulation (see Supplementary Fig. S3). 

The activated immune response bias after PS therapy is likely the result of several 

mechanisms, including the following: (i) opsonization of tumor-derived, PS-expressing 

microvesicles or cell fragments and subsequent activation of Fc receptors on splenic 

macrophages; (ii) blockade of immunosuppressive signaling mediated by TIM (especially 

TIM-3) and TAM PS receptors on immune cells; and (iii) enhanced cross-presentation of 

tumor antigens by mature dendritic cells due to proinflammatory cytokine upregulation of 

MHC class II and costimulatory molecules CD80 and CD86.

In summary, we have shown that PS-targeting anti improve the efficacy of anti–CTLA-4 or 

anti–PD-1 therapy in murine models of melanoma, suggesting that these combinations have 

the potential to improve outcome in patients with advanced-stage melanoma. Bavituximab, a 

chimeric PS-targeting antibody, is currently being evaluated in late-stage clinical trials for 

the treatment of cancer patients with solid tumors (46, 54), and strong antitumor activity has 

been demonstrated in melanoma clinical trials using checkpoint inhibitor antibodies 

targeting CTLA-4 (10), PD-1 (12, 13), and PD-L1 (55). It is increasingly apparent that 

successful immunotherapy requires tumor cell killing, induction of proinflammatory 

immune responses, and concomitant reduction of immunosuppressive signals leading to 

increased tumor infiltration by activated T cells. Based on the distinct mechanism of action 

and multiple points of blockade, PS-targeting antibodies such as bavituximab may enhance 

the antitumor responses of immune checkpoint inhibitors by further blocking suppressive 

signals in the tumor microenvironment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
PS blockade enhances the efficacy of checkpoint inhibition in melanoma tumor models. 

Mice were inoculated s.c. (day 0) with 1 × 106 K1735 in C3H (A and B) or 1 × 106 B16 in 

C57BL/6 (C and D), after tumors were established, mice were randomized into groups of 5 

to 10 animals per group. Animals were administered i.p. at a dose of 5 mg/kg C44 (isotype 

control), anti–CTLA-4, anti–PD-1, or ch1N11 in a volume of 200 μL, alone or in 

combinations as indicated. C3H mice were treated once per week for 4 to 6 weeks. B16 

melanoma tumors in C57Bl/6 mice were treated on days 3, 7, and 10. Data are presented as 

mean ± SEM of 2 to 3 studies of 5 to 10 animals per treatment group. Statistically 

significant differences between groups were identified by the Student t test. *, P < 0.05 and 

***, P < 0.005.
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Figure 2. 
Immunophenotypic analysis of TILs in B16 and K1735 melanoma following combination 

therapy with antibodies targeting PS and PD-1. A–D, mice with B16 tumors were treated on 

days 3, 7, and 10 after tumor implantation with a single antibody or a combination of 

ch1N11 and anti–PD-1, and tumors were excised on day 12. E–H, K1735 tumors from mice 

treated weekly with a single antibody or a combination of ch1N11 and anti–PD-1 were 

excised when tumors reached a size of 800 to 1,000 mm3. Single-cell preparations of B16 or 

K1735 tumors were stained with antibodies specific to CD45+ (A and E), CD8+ (B and F), 

CD4+ Teff/Treg ratio (C and G), and CD8 Teff/Treg ratio (D and H). Data are expressed as 

group mean and individual animals of %CD45/total cells of dissociated tumor, %CD8+/

CD45+, %CD4+/Treg (CD4+CD25+FoxP3+), and %CD8+/Treg by FACS analysis. 

Statistically significant differences between treatment groups were determined by the 

Student t test. *, P < 0.05; **, P < 0.01; ***, P < 0.005; and ****, P < 0.001.
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Figure 3. 
Cytokine expression in TILs from mice bearing K1735 melanoma following combination 

therapy with antibodies targeting PS and PD-1. Mice with B16 tumors were treated on days 

3, 7, and 10 after tumor implantation with a single antibody or a combination of ch1N11 and 

anti–PD-1, and tumors were excised on day 12. K1735 tumors from mice treated weekly 

with a single antibody or a combination of ch1N11 and anti–PD-1 were excised when 

tumors reached a size of 800 to 1,000 mm3. Single-cell preparations of tumors were 

stimulated in vitro with PMA and ionomycin for 24 hours and in the presence of brefeldin A 

for the last 6 hours. Cells were stained for surface CD4, CD8, and CD45 followed by 

intracellular staining of IFNγ, IL2, and TNFα. Data are expressed as the group mean and 

individual animal TILs positive for a specific for a surface marker by FACS analysis. 

Statistically significant differences between treatment groups were determined by the 

Student t test. *, P < 0.05; **, P < 0.01; and ***, P < 0.005.
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Figure 4. 
Activation of TILs in B16 and K1735 melanoma following combination therapy with 

antibodies targeting PS and PD-1. K1735 tumors from mice treated weekly with a single 

antibody or a combination of ch1N11 and anti–PD-1 were excised when tumors reached a 

size of 800 to 1,000 mm3. TILs were stained for coexpression of CD8 and Ki67 (A), CD8 

and granzyme B (B), CD4 and CD137 (C), and CD11b and iNOS (D). Data are expressed as 

the group mean and individual animal TILs positive for a specific surface marker by FACS 

analysis. Statistically significant differences between treatment groups were determined by 

the Student t test. *, P < 0.05; **, P < 0.01; ***, P < 0.005; and ****, P < 0.001.
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Figure 5. 
Cytokine production in splenocytes in B16 and K1735 melanoma following combination 

therapy with antibodies targeting PS and PD-1. A and B, mice with K1735 tumors were 

treated weekly with single-agent therapy as indicated, or a combination of ch1N11 and anti–

PD-1 and spleens were excised when tumors reached a size of 800 to 1,000 mm3. 

Splenocytes from each treatment group were stained for surface CD4, CD8, and CD45 

followed by intracellular staining of IFNγ and IL2. C, mice with B16 tumors were treated 

on days 3, 7, and 10 after tumor implantation with single-agent therapy as indicated or a 

combination of ch1N11 and anti–PD-1 or anti–CTLA-4, and spleens were excised on day 

12. Splenocytes from each treatment group were analyzed for IFNγ secretion by ELISpot. 

A–C, data are expressed as the group mean and individual animal TILs positive for a 

specific surface marker by FACS analysis or ELISpot count. Statistically significant 

differences between treatment groups were determined by the Student t test. *, P < 0.05 and 

***, P < 0.005.
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Figure 6. 
Reduction in MDSCs and Tregs following combination therapy of antibodies targeting PS 

and PD-1. Mice with B16 tumors were treated on days 3, 7, and 10 after tumor implantation 

with a single antibody or a combination of ch1N11 and anti–PD-1 and spleens, and tumors 

were excised on day 12. K1735 spleens and tumors from mice treated with a single antibody 

or combinations of antibodies were excised when tumors reached a size of 800 to 1,000 

mm3. Single-cell preparations of tumors were stained with antibodies specific for CD45, 

MDSC (CD11b+, GR-1+), Treg (CD4+, CD25+, FoxP3+), and Arg-1. A, summary graph of 

the percentage of CD45+ CD11b+ in K1735 tumors. B, the percentage of Arg-1+ CD11b+ in 

K1735 tumor. C, the percentage of MDSC in spleen in K1735 tumor-bearing mice. D, the 

percentage of Tregs in spleen of K1735 tumor-bearing mice. E, the percentage of Tregs in 

B16 tumors. F, the percentage of MDSCs in B16 tumors. Data are presented as results for 

individual animals and mean per treatment group. Statistically significant differences 

between treatment groups were determined by the Student t test. *, P < 0.05 and **, P < 

0.01.
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