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Abstract  

The lack of targeted therapies available for triple-negative breast cancer (TNBC) patients 

who fail to respond to first-line chemotherapy has sparked interest in immunotherapeutic 

approaches. However, trials utilizing checkpoint inhibitors targeting the PD-1/PD-L1 axis in 

TNBC have had underwhelming responses. Here we investigated the interplay between type 

I IFN signaling and the PD-1/PD-L1 axis and tested the impact of combining IFN inducers, as 

immune activators, with anti–PD-1, to induce an antimetastatic immune response. Using 

models of TNBC, we demonstrated an interplay between type I IFN signaling and tumor cell 

PD-L1 expression that impacted therapeutic response. The data revealed that the type I IFN-

inducer poly(I:C) was an effective immune activator and antimetastatic agent, functioning 

better than anti–PD-1, which was ineffective as a single agent. Poly(I:C) treatment induced 

PD-L1 expression on TNBC cells, and combined poly(I:C) and anti–PD-1 treatment prolonged 

metastasis-free survival in a neoadjuvant setting via the induction of a tumor-specific T-cell 

response. Use of this combination in a late treatment setting did not impact metastasis-free 

survival, indicating that timing was critical for immunotherapeutic benefit. Together, these 

data demonstrated anti–PD-1 as an ineffective single agent in preclinical models of TNBC. 

However, type I IFN inducers were effective immune activators and neoadjuvant trials 

combining them with anti–PD-1 to induce a sustained antitumor immune response are 

warranted. 

 

Introduction 

Immunotherapy has gained momentum as a viable option to treat a subset of 

cancers. Therapies targeting immune checkpoint proteins such as cytotoxic T-Lymphocyte 

antigen 4 (CTLA4) and the programmed death-1 (PD-1) receptor have revolutionized the 

treatment of metastatic melanoma [1], [2]. The inhibitory action of PD-1 bound to its ligand 

(PD-L1) dampens immune activation – a mechanism exploited by tumor cells via 

upregulation of cell surface PD-L1 expression to evade immune detection and subsequent 

tumor-cell elimination [3], [4]. Studies exploring the efficacy of treatments such as 

nivolumab and pembroluzimab, PD-1-specific antibodies, have demonstrated 1-year survival 

rates of over 73% in patients with metastatic melanoma, a vast improvement over post-

chemotherapy survival [5], [6]. Extended follow up into the durable response of nivolumb 

reports a five-year overall survival rate of 34%; this is more than double the previous 

survival rate for patients with metastatic melanoma receiving chemotherapy [7]. Therefore, 

such agents are now being trialed in other cancer types, including breast cancer.  

In breast cancer, use of anti–PD-1/PD-L1 has received most attention in the triple-

negative breast cancer (TNBC) subtype. TNBC tumors have high PD-L1 expression compared 

to other subtypes [8], [9] and a high degree of tumor-infiltrating lymphocytes (TILs) [10], 

suggesting that they may be more immunogenic [11]. Additionally, due to the lack of 

targeted therapies available for this subtype, new approaches are urgently needed for 

patients who do not respond to first-line chemotherapy. Trials utilizing checkpoint inhibitors 
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in metastatic TNBC patients are ongoing. Reported response rates are encouraging, albeit 

lower than those reported in melanoma. A phase 1b trial (NCT01848834) assessing the 

safety and efficacy of pembroluzimab in pre-treated metastatic TNBC expressing PD-L1 

reported a response rate of 18.5% in 27 patients, and limited associated toxicities [12]. In 

this pilot study, there was little correlation between the degree of PD-L1 positivity and 

clinical response. In fact, interrogation of PD-L1 expression in TNBC has revealed that high 

primary tumor PD-L1 expression predicts a favorable outcome [8], [9]. Furthermore, PD-L1 

expression directly correlates with the degree of TILs, which is another favorable prognostic 

factor [10], [13], suggesting that PD-L1 expression reflects an active antitumor immune 

microenvironment. These studies indicate that interactions between the immune system 

and breast cancer cells determine cell fate and risk of metastatic relapse in TNBC.   

 One family of cytokines implicated in an antitumor immune response are the type I 

interferons (IFNs) [14], [15]. We have shown the importance of tumor-intrinsic type I IFN 

signals in antitumor immunity and control of metastatic progression in breast cancer, 

whereby loss of tumor cell IFN regulatory factor (IRF) 7, a key transcription factor in the IFN 

signaling pathway, occurs in bone metastases in a syngeneic TNBC mouse model [16]. 

Restoring tumor-cell IRF7 expression or systemic IFNα treatment could decrease bone 

metastasis and prolong survival, outcomes dependent on both innate and adaptive immune 

responses [16]. In support of a metastasis-suppressive role of this pathway, loss of the IFN 

signature in primary breast tumors is associated with an increased risk of bone metastasis in 

patients [16]. In multiple syngeneic TNBC mouse models, mice lacking the ability to respond 

to type I IFN signals [type I IFN receptor (IFNAR) deficient] are more susceptible to 

metastasis compared to wild-type mice [17]. Furthermore, work in melanoma shows that 

IFN signaling is a tumor suppressive pathway; in particular the downregulation of IFNAR1 

contributes to aggressive metastatic melanoma [18]. Together, this work implicates IFN-

driven crosstalk between tumor cells and immune cells in the antitumor immune response 

during metastatic progression.  

Type I IFNs have been used to treat melanoma [19], particularly in the adjuvant 

setting where such treatment prolongs disease-free survival in high-risk patients [20]. 

However, type I IFN treatment has shown limited efficacy when tested in the context of 

advanced breast cancer (reviewed in [14]), possibly resulting from the lack of randomization 

within trials, coupled with treatment in late-stage treatment-refractory patients. Although 

few trials have explored the early treatment setting, several Toll-like receptor (TLR) agonists 

known to induce type I IFNs have demonstrated activity in early-stage breast cancer [14], 

[21]. The combination of the TLR3 agonist poly(A:U) and chemotherapy (cyclophosphamide, 

methotrexate and 5-fluoro-uracil) or radiotherapy improved overall survival and 5-year 

relapse-free survival [14], [22]. Despite this, the benefit of poly(A:U) or other IFN-based 

treatments as single agents or adjuvants to chemotherapy and radiotherapy has yet to be 

explored in early-stage TNBC trials.  
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Type I IFN-based treatments lead to upregulation of a multitude of IFN-stimulated 

genes (ISGs) implicated in anticancer immune responses [14], [23], [24]. This includes 

tumor-intrinsic changes (antigen presentation and stress ligand expression) and the 

activation of adaptive and innate immune components, such as CD8+, CD4+ T lymphocytes 

and natural killer (NK) cells [14], [15], [24], as well as promoting the secretion of IFNγ – a 

type II IFN that is cytotoxic [25], [26]. However, an intrinsic brake on the IFN-based 

stimulation of immunity is the upregulation of immune checkpoints including PD-L1 and PD-

1 [27], which deactivate immune cells, largely to prevent autoimmunity [28]. Such 

homeostatic strategies however, could reduce the sustained impact of IFN-based 

therapeutic strategies. In line with this, therapeutic approaches combining immune 

activating agents with checkpoint blockade may be a viable immunotherapeutic strategy in 

patients.   

This study investigates the utility of targeting type I IFN activation against, and in 

combination with anti–PD-1, in both early and late treatment settings. As IFN-based 

immune activation can cause secondary dampening of immunity via PD-L1 induction [28], 

we hypothesized that PD-1 blockade would result in durable responses from immune 

activating therapies. We show that PD-1 blockade alone was ineffective as a single agent in 

several TNBC models regardless of treatment timing. We highlighted the anti-metastatic 

effect of targeting type I IFN activation via poly(I:C) administration and that its therapeutic 

benefit could be sustained via co-administration of anti–PD-1, particularly in the 

neoadjuvant treatment setting, and that this was associated with a sustained antitumor 

CD8+ T-cell response.   

 

Materials and Methods  

Cell lines and mice   

Human breast cancer cell lines were obtained from ATCC and DMSZ. TNBC cell lines 

were grown in DMEM supplemented with 10% FBS (Gibco) (CAL-120, MDA-MB-231, 

SUM159, HCC70, BT20, HCC1806) or RPMI supplemented with 10% FCS + 5μg/ml insulin 

(Sigma) (BT549, SUM149, MDA-MB-456), HER2+ (HCC1954, SKBR3, MDA-MB-453) and ER+ 

(BT483, T47D, MCF7) cell lines were also grown in 10% RPMI. Murine cell lines (67NR, 66cl4, 

4TO7 and 4T1) were sourced from Dr Fred Miller who derived the cell lines from a 

spontaneous mammary tumor that arose in a BALB/c mouse [29]. The highly-metastatic 

4T1.2 sub clone of the 4T1 line was derived in and sourced from Prof Robin Anderson’s 

laboratory [30], [31]. The EO771 cell line was derived from a spontaneous primary tumor in 

a C57BL/6 mouse and was kindly provided by Prof Robin Anderson [32]. All cells were 

engineered to express the mCherry and/or luciferase (Luc2) reporter genes through 

retroviral transduction (MSCV). BALB/c cell lines were cultured in α-MEM (5% FBS) and 

C57BL/6 cell lines were cultured in DMEM (10% FBS). All cell lines (human/murine) were 

passaged using EDTA (0.01% w/v in PBS) and cultured for no longer than 4 weeks. Tumor 
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lines were verified to be mycoplasma negative by the Victorian Infectious Diseases 

References Lab at regular intervals and before in vivo injection of cell lines (Melbourne, Vic, 

Australia).  

C57BL/6 and BALB/c mice were obtained from the Walter and Eliza Hall Institute of Medical 

Research (Melbourne, Vic, Australia) and the Animal Resources Centre (Perth, WA, 

Australia). Mice were used between the ages of 8-12 weeks. All experiments were approved 

by the La Trobe Animal Experimentation ethics committee.  

Flow cytometry analysis  

Analysis of cell surface PD-L1 expression in vitro and in vivo (circulating and 

infiltrating lymphocytes) was completed by flow cytometry using the FACS Canto II (BD 

Biosciences) and data analyzed using Flowjo software (Tree Star). To assess PD-L1 induction 

by IFNα (250 IU/ml, 500 IU/ml or 1000 IU/ml) and IFNγ (5ng/ml, 10ng/ml & 20ng/ml; 

Shendoah) cell lines were treated 48 hours prior to flow cytometry. Poly(I:C) (10μg/ml) in 

the presence or absence of MAR1 (10μg/ml; LifeTechnologies) was transfected into cells 

using lipofectamine 2000 (10μg/ml, LifeTechnologies) 24 hours prior to flow cytometry. 

Cells were stained with CD274-PE (Human; 1:50, M1H5; Cell Signalling Technologies, Mouse; 

1:300, M1H5; BD biosciences), IFNAR1-APC (1:300, MAR1-5A3; Biolegend) or relevant 

isotype controls (Human; mouse IgG1 к; Cell Signalling Technologies, Mouse; rat IgG2a к; 

Mouse IgG1 к eBiosciences; Biolegend). Data is represented as normalized mean 

fluorescence intensity (MFI) where the median fluorescent intensity and standard deviation 

of the sample is normalized to the isotype control. 

 

Immune cell analysis  

Blood obtained from the submandibular vein was used to profile circulating immune 

cells after red blood cell (RBC) lysis (155mM NH4Cl, 10mM KHCO3, 0.1mM EDTA, pH 7.3). 

Cells were stained with the following antibodies : CD8a-PE-Cy7 (53-6.7), CD4-APC-Cy7 

(GK1.5), CD69-APC (H1.2F3), CD44-FITC (1M7), CD62L-BV421 (MEL-14), CD279-PE (J43), 

NK1.1-APC-Cy7 (PK136), NKP46-A700 (29A1.4), TCRβ-FITC (H57-597), CD11b-BV421 

(M1/70), CD27-PerCP (LG-7F9) (all from BD Biosciences) and NKG2D-PE-Cy7 (CX5) 

(eBioscience) before being subject to flow cytometry analysis.  

Analysis of tumor-infiltrating lymphocytes was as above with the addition of mechanical and 

enzymatic (1mg/ml collagenase I (Sigma) and 30μg/ml DNAse I (Sigma) at 37°C) digestion to 

obtain a single cell suspension before RBC lysis.   

 

Intracellular cytokine staining (ICS) for IFNγ  

  To assess the number of antigen (Ag) specific CD8+ T cells present in the lungs of 

mice a single cell suspension was obtained using mechanical and enzymatic (1mg/ml 

collagenase I (Sigma) and 30μg/ml DNAse I (Sigma) at 37°C) digestion before RBC lysis 
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(155mM NH4Cl, 10mM KHCO3, 0.1mM EDTA, pH 7.3). Cell suspension was then re-

stimulated with 4T1.2 cells for 5 hours in the presence of brefeldin A (BFA) (10μg/ml, Sigma) 

before staining with CD8α-APC (53-6.7; BD biosciences) followed by IFNγ-PE (XMG1.2; BD 

biosciences) in the presence of saponin (0.4% v/v) (as previously described by Zanker et. al 

[33]). Samples were then subject to flow cytometry using the FACSCanto II (BD Biosciences) 

and data analyzed using Flowjo software (Tree Star). 

Bioinformatic interrogation of breast cancer TCGA gene expression data  

The TCGA Human Breast Invasive Carcinoma normalized RNA quantities were 

accessed using the Firehose platform [34]. The IFN [16], [35] and IFN core (HBEGF, STAT1, 

IRF7, IFI44, IL13RA1, CD86, CSF2RB, CD44, TLR3, IER3, IFITM3, RUNX3, CTSS ) signatures 

were compared to PDL1 (CD274) expression. Pearson correlation coefficients (r), scatter 

plots and significance values were computed in R (version 3.3.2).   

In vivo treatment and metastasis analysis  

For in vivo experiments, 1x105 cells (EO771 or 4T1.2) were re-suspended in PBS and 

injected into the 4th mammary fat pad (IMFP) in a 20μl volume on day 0. Poly(I:C) 

(25μg/mouse; Sigma) or saline was administered intravenously (IV), whereas anti–PD-1 

(RPM1-14, Bioxcell) IgG (2A3, Bioxcell) was administered intraperitoneal (IP) at 

250μg/mouse. To evaluate the effect of poly(I:C) on immune cell activation in 4T1.2 tumor-

bearing mice poly(I:C) was administered thrice weekly from days 2-11 post tumor cell 

inoculation.  

Mice receiving the combined treatment strategy (treatment before and after primary tumor 

resection) were randomized into groups and administered poly(I:C) on days 6, 8, 11, 13, 15 

and 18 and anti–PD-1 on days 8, 11, 15 and 18. 

For the late treatment setting, after primary tumor removal, mice received poly(I:C) on days 

13, 15, 18, 20, 22 and 25, and anti–PD-1 on days 15, 18, 22 and 25.  

For the neoadjuvant treatment setting mice received poly(I:C) on days 2, 4, 6, 9 and 11, and 

anti–PD-1 on days 4, 6, 9 and 11.  

Mammary tumors were resected on day 12 (BALB/C) or day 15 (C57BL/6) post-tumor cell 

inoculation and weighed. Mice were sacrificed upon signs of metastatic distress with all 

mice being taken at the same time point for metastasis assays. At end point, mice were 

imaged using an IVIS Lumina XR-III (Caliper Life Sciences, Australia) under inhaled isoflurane 

anesthesia before lungs were rapidly excised and subjected to ex vivo imaging. mCherry 

fluorescence or bioluminescent intensity (12 minutes post-IP injection of 1.5mg D-Luciferin; 

Gold technology) was measured and normalized between all images in a group using Living 

Image 4.4 software (Caliper Life Sciences). Metastatic burden was assessed using 

quantitative real-time PCR as described below. Survival curves were generated using Prism 

(GraphPad). 

Quantification of metastatic burden  
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Real-time (RT) qPCR was used to quantify metastatic burden (as previously described 

by Eckhardt et al. [36]) by comparing the ratio of mCherry (present in tumor cells) to 

vimentin (NC_000068, present in all cells) sequences in genomic DNA preparations from 

homogenized and proteinase K (100μg/ml, Merck) digested lungs and spines. PCR reactions 

were performed using SsoAdvanced universal probes supermix reagents (BioRad) and C100 

Thermal Cycler with CFX96/CFX384 RealTime System module (BioRad) and primers were as 

follows: mCherry FWD: 5’-GACCACCTACAAGGCCAAGAAG-3’; REV: 5’-

AGGTGATGTCCAACTTGATGTTGA-3’; hydrolysis probe: 5’/56-

FAM/CAGCTGCCC/ZEN/GGCGCCTACA/3IABkFQ/ 3’: mVimentin FWD: 5’- 

AGCTGCTAACTACCAGGACACTATTG-3’; REV: 5’-CGAAGGTGACGAGCCATCTC-3’; hydrolysis 

probe: 5’HEX/CTTTCATGTTTTGGATCTCATCCTGCAGG/TAMRA/3’. Metastatic burden 

(arbitrary units; AU) was based on the quantification cycle (Cq) for mCherry relative to 

vimentin and displayed as relative tumor burden (RTB) using the following equation:

, where,   

Histology and immunohistochemistry (IHC)  

  Prior to paraffin embedding and sectioning, all tissues were fixed in 10% neutral 

buffered formalin for 24 hours. For detection of PD-L1 expression tissues were subjected to 

heat-induced epitope pressure cooker retrieval (110°C for 5 min) in EDTA buffer (1mM 

EDTA, pH 8) before incubating with anti-PD-L1 (AF1019; 1μg/ml, R&D biosystems) at 4°C 

overnight. Tissues were then incubated with enzyme conjugated secondary antibody 

followed by incubation with Avidin/Biotinylated enzyme Complex (ABC) (Vectastain) and 

visualisation with the diaminobenzidine (DAB) (Vectastain) color development system. 

Tissues were counterstained using hematoxylin.  

Statistical analysis 

Student’s two-tailed t-tests were used to evaluate significant differences between 

groups. Mantel-Cox log-rank tests were used to evaluate differences in survival time. 

GraphPad Prism software (GraphPad) was used for all analyses. P < 0.05 was considered 

statistically significant.  

 

Results  

IFNs induced PD-L1 expression in TNBC primary tumors 

To determine the heterogeneity of PD-L1 expression we first assessed differences in 

cell surface PD-L1 expression using flow cytometry across a range of cell lines, representing 

different subtypes. Of the cell lines evaluated, the TNBC subtype expressed the highest 

baseline PD-L1 expression (Fig. 1A). HER2+ (ER-/PR-/HER2 amplified) and ER+ cell lines 

expressed varying levels of PD-L1, however ER+ cells demonstrated the lowest expression 

(Fig. 1A). Although this pattern was concordant with PD-L1 expression in patient tissue 
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cohorts [8], [9], expression was variable within our cell lines (Fig. 1A). As PD-L1 is an ISG and 

is induced in tumor cells by IFNγ [37], we assessed the impact of IFNα and IFNγ on cell 

surface expression of PD-L1 in breast cancer cells. After a 48-hour incubation, IFNα and IFNγ 

treatment induced PD-L1 cell surface expression in a range of human breast cancer cell lines 

(Fig. 1B).  

 The cell line work suggested a correlation between IFN signaling and PD-L1 

expression. To test whether such a correlation exists in patient-derived breast tumors, we 

utilized the TCGA RNAseq database to compare the expression of our previously identified 

type I IFN gene signature ([16], [35]) and PD-L1. We identified a correlation between the IFN 

signature and also a core list we have developed that represents an active signaling pathway 

(HBEGF, STAT1, IRF7, IFI44, IL13RA1, CD86, CSF2RB, CD44, TLR3, IER3, IFITM3, RUNX3, CTSS)  

and PD-L1 expression (Fig. 1C, D). A link between therapeutic IFN induction and PD-L1 

expression in patients is yet to be tested, although our results support a link between an 

active type I IFN state and PD-L1 in TNBC patients. 

 

IFN and IFN-agonists increase PD-L1 expression both in vitro and in vivo  

As with the human cells lines, mouse lines exhibited heterogeneous baseline PD-L1 

cell surface expression. The BALB/C series of cell lines (derived from a syngeneic TNBC 

mouse model) are well characterized for their metastatic propensity [29], [31]. We observed 

that PD-L1 expression was higher in the non-metastatic 67NR and weakly metastatic 66cl4 

cell lines than in the highly metastatic 4T1 and 4T1.2 cell lines (Fig. 2A). The inverse 

correlation between PD-L1 expression and risk of metastasis is consistent with reports in 

TNBC patient tissues [8], [9]. Regardless of baseline PD-L1 expression, both IFNα and IFNγ 

induced PD-L1 expression, up to 8- and 17-fold respectively (Fig. 2A). Varying doses of IFN 

revealed a dose-dependent increase in PD-L1 expression (Supplementary Fig. S1A, B). As TLR 

agonists that stimulate IFN production are being trialed clinically, we wanted to test 

whether the TLR3 agonist poly(I:C) also increased PD-L1 expression. Transfection of cells 

with poly(I:C) for 24 hours significantly upregulated cell surface PD-L1 expression (P > 0.05). 

Addition of MAR1, a type I IFNα receptor (IFNAR) blocking antibody, abrogated poly(I:C) 

induced PD-L1 upregulation (Fig. 2B), confirming that poly(I:C) is stimulating PD-L1 

expression via type I IFN production/signaling. This finding was independent of intrinsic 

IFNAR expression, with no differences detected between all cell lines evaluated 

(Supplementary Fig. S1C) Next, we evaluated expression of PD-L1 in orthotopic 4T1 

mammary tumors derived from mice that had either received recombinant IFNα or a vehicle 

control. Our results demonstrate an increase in intratumoural expression of PD-L1 in mice 

treated with IFNα compared to untreated (Fig. 2C, no detectable expression in control to 

moderate expression in 50-60% cells in treatment group). Similarly, there was an increase in 

the number of PD-L1 positive tumor cells and higher staining intensity in the 4T1.2 (30%, 

moderate intensity in control to 70% moderate-high intensity with treatment) and E0771 

(5% low intensity to > 70% high intensity staining) tumors of mice treated with poly(I:C) (Fig. 
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2C). These results were concordant with our in vitro analysis. Taken together, this data 

demonstrates that tumor cell PD-L1 expression can be induced by IFN, and supports the 

hypothesis that PD-L1 is a marker of elevated immune signaling.  

We also characterized the expression of activation ligands and PD-1 on the surface of 

circulating immune cells in tumor-bearing mice treated with poly(I:C). As expected, poly(I:C) 

led to enhanced CD4+ and CD8+ T- and NK-cell activation as indicated by the increase in 

activation ligands (CD69/NKG2D) (Supplementary Fig. S2A, B). Further analysis of the NK 

cells revealed an increase in CD27+/-CD11b+ expression (Supplementary Fig. S2C). 

CD27+CD11b+ NK cells have an enhanced ability to secrete cytokines, and CD27-CD11b+ NK 

cells have efficient cytolytic function [38]. Our results suggest that poly(I:C) treatment may 

enhance NK-cell activation and effector function, consistent with the known action of IFNs 

on immune activation. Both T and NK cells express PD-1, with poly(I:C) further increasing 

this expression, an effect more pronounced on NK cells (Supplementary Fig. S2D). Together, 

this suggested responses to poly(I:C) treatment could be improved if treatment also 

included anti–PD-1 to block the tumor cell PD-L1 interaction with cytotoxic T-cell or NK-cell 

PD-1 to further enhance an antitumor immune response.   

Poly(I:C) and anti–PD-1 combination treatment slowed tumor growth and metastases  

The EO771-mCherry syngeneic model was used to assess the impact of poly(I:C) 

and/or anti–PD-1 on primary tumor growth. Cells were injected intra mammary fat pad 

(IMFP) and mice received a priming dose of poly(I:C), followed by the combination of 

poly(I:C) and anti–PD-1 or single agent therapy (Fig. 3A). Analysis of primary tumor weight 

on  day 15 after tumor cell inoculation revealed that combination therapy reduced tumor 

weight, whereas single agents alone did not impact primary tumor size compared to control 

(Fig. 3B). At day 15 post-primary tumor resection, mCherry tumor cells were visualized by ex 

vivo fluorescence imaging and a reduction in lung metastatic burden was evident in the 

combination therapy group. Quantification of mCherry fluorescence revealed that both 

poly(I:C) alone and in combination with anti–PD-1 decreased lung metastasis (Fig. 3C, D). 

Such an impact was not observed in the anti–PD-1 treatment group that received anti–PD-1 

alone. 

Analysis of circulating immune cells during treatment confirmed an increase in the 

proportion of T cells expressing CD69 in the combination treatment group (Supplementary 

Fig. S3A). Furthermore, analysis of the CD8+ T cells revealed an increase in the percentage of 

CD44+CD62L+ populations on day 14 in response to the combination treatment 

(Supplementary Fig. S3). Evidence suggests that CD44+CD62L+ CD8+  T cells are 

representative of a central memory population [39], suggesting that poly(I:C) both alone 

and in combination with anti–PD-1 can increase the central memory population. 

Poly(I:C) and anti–PD-1 combination treatment increases tumor-specific T-cell response 

In order to assess the impact of combination therapy in a more aggressive model, we 

used the highly metastatic 4T1.2-luc2 cell line. Cells were injected IMFP into BALB/C mice 

Research. 
on September 12, 2017. © 2017 American Association for Cancercancerimmunolres.aacrjournals.org Downloaded from 

Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. 
Author Manuscript Published OnlineFirst on August 28, 2017; DOI: 10.1158/2326-6066.CIR-17-0150 

http://cancerimmunolres.aacrjournals.org/


and treatment initiated when tumors were palpable (day 6) (Fig. 4A). Analysis of primary 

tumor weight on day 12 post-inoculation revealed that the combination therapy 

significantly decreased primary tumor weight compared to single agents alone (P > 0.05) 

(Fig. 4B). Ten days after primary tumor resection, bioluminescence was used to detect 4T1.2 

lung metastases in vivo and ex vivo. Bioluminescence was visibly decreased in the 

combination therapy group, indicating a reduction in overall metastatic burden (Fig. 4C), 

specifically in the lung (Fig. 4D). Quantitative DNA analysis of resected organs confirmed 

that combination treatment reduced metastatic burden in the lungs (Fig. 4E) of these mice 

compared to single agent and control treated mice. Analysis of the lymphocyte population 

in the lungs of these mice revealed that the combination therapy significantly increased the 

number of tumor cell-specific IFNγ-producing CD8+ T cells compared to poly(I:C) (P > 0.05) 

(Fig. 4F, G). This increase in CD8+ T-cell activity offers some rationale into the effectiveness 

of combining poly(I:C) and anti–PD-1 therapy.   

Combination therapy was more effective in a neoadjuvant treatment setting  

 Having shown that the combination therapy was successful in this model, we wanted 

to test its impact in treatment settings relevant to the clinical context, mimicking either an 

early neoadjuvant setting before the detection of overt metastases or a late treatment 

setting whereby treatment commenced after primary tumor resection when metastases are 

detectable.  

For the early neoadjuvant treatment setting, treatment commenced on day 2, and was 

ceased prior to primary tumor resection (Fig. 5A). Analysis of primary tumor weight revealed 

that poly(I:C) treatment reduced primary tumor weight compared to vehicle control and 

anti–PD-1 therapy groups (Fig. 5B), and the effect was more pronounced with combination 

therapy (Fig. 5B). Anti–PD-1 treatment alone had no effect on primary tumor weight. 

Analysis of tumor-infiltrating lymphocytes revealed that both single agents and combination 

therapy increased the total number of TILs (Fig. 5C). However, when we assessed the nature 

of these TILs, we found that only poly(I:C) treatment increased the percentage of CD8+ and 

CD4+ T cells expressing CD69 (Fig. 5D). Both poly(I:C) and the combination therapy increased 

the percentage of NK cells expressing CD69/NKG2D, suggesting an increase in the activation 

status of immune cells infiltrating the primary tumor (Fig. 5E). During treatment, we also 

assessed circulating immune cells where we detected an increase in the percentage of 

CD69+ and CD27+/-CD11b+ expressing NK cells in the poly(I:C) and the combination groups on 

day 10 (Fig. 5F). Thus, poly(I:C) not only increased TIL activation but also circulating immune 

cells, the latter of which likely combats metastatic spread.  

We next assessed the impact of therapy on metastatic burden. Bioluminescent 

imaging of the thoracic cavity 11 days post tumor-resection (experimental end point) 

revealed reduced lung metastasis in poly(I:C) and combination treated mice (Fig. 6A, B). RT-

qPCR analysis revealed that, again, anti–PD-1 therapy alone had no impact on lung 

metastasis and that both poly(I:C) and the combination therapy abrogated metastatic 

burden in the lungs in the neoadjuvant setting (Fig. 6C). Analysis of immune populations in 
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the lung revealed that only combination therapy induced IFNγ+ CD8+ T cells (Fig. 6D, E), 

suggesting that the addition of anti–PD-1 to poly(I:C) therapy was required to induce a 

sustained T-cell antitumor response and that this could prolong metastasis-free survival. To 

test, this we performed metastasis-free survival studies, mimicking the neoadjuvant setting 

with mice being individually monitored for evidence of metastasis (Fig. 7A). Poly(I:C) single 

agent therapy prolonged metastasis-free survival compared to control, yet anti–PD-1 alone 

had no impact on survival (median survival- 30, 25 and 24 days respectively; Fig. 7B). 

Combination therapy significantly extended overall survival in this aggressive model 

(median survival, 38 days; Fig. 7B, P > 0.05) compared to single agents alone, supporting the 

combination of poly(I:C) and anti–PD-1 for prolonged antitumor immune response.  

Such a survival benefit was not observed in a late treatment setting, in the absence 

of a primary tumor. We again used the highly metastatic 4T1.2-luc cells, which were injected 

IMFP and treatment was initiated after primary tumor resection (Fig. 7C). Comparison of 

survival between treatment groups revealed that neither single agents or combination 

therapies had an impact on metastasis-free survival, with a median survival of 23-24 days 

for all groups (Fig. 7D).  This was in stark contrast to the observed impact of such therapies 

in the neoadjuvant setting, suggesting that immune-mediated elimination of tumor cells 

was not effective against overt metastases in the absence of a primary tumor. 

 

 Discussion  

This study highlights the anti-metastatic effects of targeted type I IFN activation in 

multiple models of TNBC. Analysis of the interplay between IFNs and PD-L1 expression 

revealed the secondary upregulation of PD-L1 and PD-1 in response to enhanced immune 

activation and IFN production. Our in vivo analyses into co-administration of anti–PD-1 and 

poly(I:C) revealed that anti–PD-1 is ineffective as a stand-alone agent but can prolong the 

antitumor T-cell response and therapeutic benefit of poly(I:C), specifically in the 

neoadjuvant setting.  

Investigating the interplay between enhanced IFN signaling and PD-L1 expression, 

confirmed PD-L1 as an IFN-regulated gene in TNBC. PD-L1 is a known ISG that is upregulated 

in response to immune activating cytokines in both tumor and tumor-associated stromal 

cells [40]. We found that a key set of type I IFN genes, encompassing essential transcription 

factors, correlated with PD-L1 expression in TNBC, as described by other groups in primary 

and metastatic melanoma [41]. Tumoral PD-L1 expression reflects an active antitumor 

microenvironment [42], offering support as to why PD-L1 is a good prognostic factor in 

TNBC [8], [9]. PD-L1 expression correlates with the presence of TILs, and tumors that are 

rich in immune cells or ‘hot’ have been associated with a better prognosis in both TNBC and 

melanoma [10], [43]–[45]. We have also previously shown that retained tumor-intrinsic IFN 

in the primary tumor is associated with increased relapse-free survival in breast cancer [16].  
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By using a treatment that directly enhances IFN signaling both in tumor and immune 

cells, we increased the intratumoral and microenvironmental immune activation in 

previously ‘immune cell poor’ or ‘cold’ tumors, which resulted in improved survival 

outcomes. As noted previously, there is a lack of utility of IFN-based treatments in breast 

cancer due to the inconsistent efficacy data in late metastatic treatment settings [14]. Our 

data supports the ineffectiveness of IFN-based treatments in the late metastatic treatment 

setting where poly(I:C) offered no survival benefit at all. This is in support of the continued 

success of IFN treatment in adjuvant high risk melanoma, where it is used before overt 

metastases are present [20]. Our study demonstrated that a neoadjuvant approach with 

poly(I:C) treatment was better for suppressing metastatic spread than later treatment 

settings. A benefit of a neoadjuvant approach rather than late stage immunotherapy in 

TNBC has also been reported by others [46], and is consistent with previous breast cancer 

trials where poly (A:U) showed most promise in an early treatment setting [14]. We 

hypothesize that a loss of intrinsic IFN signaling in the tumor may predict benefit from IFN-

based therapies.  

Clinical trials designed to test the efficacy of anti–PD-1/PD-L1 agents in breast cancer 

include patients have been based on the presence of tumoral PD-L1 expression. Our work 

however, along with other work in breast and melanoma, suggests that baseline PD-L1 

expression is not a sufficiently sensitive predictor of response [6], [12]. In a phase 1b clinical 

trial where TNBC patients were recruited based on PD-L1 positivity ( > 1%), the efficacy of 

pembroluzimab was underwhelming with a response rate of 18.5% [12]. Another study 

suggested that anti–PD-1 was an effective single agent in a neoadjuvant TNBC mouse model 

[46]. Our data, on the other hand, shows a lack of efficacy of anti–PD-1 as a single agent in 

multiple models of TNBC. Others have similarly found a lack of response to anti–PD-1 in 

mouse models of TNBC [47]. The lack of anti-metastatic effect of anti–PD-1 reveals the 

inability of anti–PD-1 alone to induce an antitumor immune response. This demonstrates 

that a potent immune stimulator in addition to anti–PD-1 is required for an anti-metastatic 

response. In line with a link between anti–PD-1 response and an active tumor-infiltrate, 

increased CD8+, CD3+ and CD45RO+ T-cell densities at the invasive tumor margin correlate 

with response to anti–PD-1 in melanoma [48]. Although we have shown that both anti–PD-1 

and poly(I:C) alone and in combination increase intratumoral lymphocytes, our data 

demonstrates that it is the nature of such TILs that correlate with response to therapy. Anti–

PD-1 treatment alone was not sufficient for TIL activation in our study, whereas 

combination with poly(I:C) enhanced both T-cell and NK-cell activation, essentially heating 

up a previously immune-inactive tumor to promote antitumor response and benefit from 

anti–PD-1 therapy. Melanoma studies support this proposition, whereby stimulation of IFN 

signaling and immune activation in immune cell poor melanomas is necessary for anti–PD-1 

treatment to be effective [41].  

Although poly(I:C) was an effective agent in the neoadjuvant setting in our study, we 

also demonstrate a therapeutic benefit with the addition of anti–PD-1. The increase in 
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overall survival from the combination therapy in a neoadjuvant setting is likely due to the 

induction of a tumor specific T-cell response, which works to eliminate metastases. In the 

context of neoadjuvant therapy, the presence of the primary tumor in situ allows for the 

priming of tumor-specific cytotoxic T cells [46]. The combination therapy, which was 

superior to single agents in overall survival, correlated with an increase in tumor-specific 

cytotoxic T cells at the site of metastasis. This finding suggests that the combination therapy 

induced a self-renewing residential memory population within metastases, as demonstrated 

by elevated IFNγ+ CD8+ T cells persisting in the lung up to 12 days after treatment cessation, 

which is after the T-cell contraction phase. Induction of a memory population is likely critical 

for a sustained anti-metastatic therapeutic response given that breast cancer recurrence 

can occur years after initial diagnosis [49]. The immune targeting of micrometastases before 

the formation of overt metastases would represent a major therapeutic advance in TNBC. 

Others have also shown that targeting multiple suppressive pathways is more effective than 

using single agents alone [2], [47], [50], [51]. Here we demonstrate that increasing immune 

activation through type I IFN stimulation can enhance the efficacy of anti–PD-1 in TNBC 

through induction of a tumor-specific immune response. Studies that have sought to 

increase tumor intrinsic interferon signaling alone or in combination with anti–PD-1 in other 

cancers have also had successes, particularly with treatments that can activate cytotoxic T 

cells and decrease immune suppressive populations [41], [52], [53].   

In summary, we have demonstrated the ineffectiveness of anti–PD-1 as a single 

agent and the potential clinical use of combination type I IFN inducers and anti–PD-1 

therapy in preclinical TNBC models. Our findings reveal that IFN signaling must be 

stimulated to promote immune activation in order for anti–PD-1 to be effective. These 

findings should be considered when designing clinical trials evaluating anti–PD-1 therapies 

in TNBC. Future research into tumor-intrinsic IFN markers as predictive biomarkers of 

response to IFN-based and anti–PD-1 therapies is needed. Our research suggests that 

patients with immune ‘cold’ tumors can be primed to respond to anti–PD-1 therapy via type 

I IFN-based therapy, and that elevated tumor-cell expression of PD-L1 may serve as a 

biomarker for this therapeutic approach.  

This study highlights the anti-metastatic effects of targeted type I IFN activation in 

multiple models of TNBC. Analysis of the interplay between IFNs and PD-L1 expression 

revealed the secondary upregulation of PD-L1 and PD-1 in response to enhanced immune 

activation and IFN production. Our in vivo analyses into co-administration of anti–PD-1 and 

poly(I:C) revealed that anti–PD-1 is ineffective as a stand-alone treatment but can prolong 

the antitumor T-cell response and therapeutic benefit of poly(I:C) in the neoadjuvant 

setting. Given current clinical trials using TLR agonists in oncology [54], our combination 

therapy can be directly translated into the clinical setting.  
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Figure Legends  

Figure 1: Enhanced IFN signaling correlates with increases in PD-L1 expression in TNBC 

Cell surface PD-L1 expression determined by flow cytometry after staining with PE-

conjugated anti-PD-L1 (M1H5) or isotype control (2A3). PD-L1 expression was measured in 

(A) untreated cells or (B) cells treated with IFNα (1000 IU/ml) or IFNγ (10ng/ml) for 48 hours 

prior to flow cytometry. FACS data is represented as normalized mean fluorescence 

intensity (MFI). n = 3, error bars represent SEM; **, P < 0.01; ***, P < 0.001; ****, P < 

0.0001 using Student’s t-test. (C) Correlation table representing the correlation of PD-L1 

RNA expression with an IFN core list (also shown as a scatter plot (D)) or full IFN signature in 

primary breast tumors (n = 1212) from the TCGA RNAseq database. Pearson correlation 

coefficients (r) are indicated. All P values are P < 0.0001.  

Figure 2: IFN and type I IFN agonists increase PD-L1 expression in murine breast cancer 

cells in vitro and in vivo  

Cell surface PD-L1 expression determined by flow cytometry after staining with PE-

conjugated anti-PD-L1 (M1H5) or isotype (2A3). Cells were treated in vitro with (A) IFNα 

(1000 IU/ml) or IFNγ (10ng/ml) for 48 hours or (B) transfected with poly(I:C) (10μg/ml) +/- 

MAR1 (10μg/ml) for 24 hours as indicated before PD-L1 expression was measured by flow 

cytometry (n = 3). Error bars represent SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P 

< 0.0001 using Student’s t-tests. (C) Immunohistochemical staining of PD-L1 expression in 

4T1, 4T1.2 or E0771 primary tumors derived from mice that received IFNα (105 IU, I.P., 

thrice weekly), poly(I:C) (25μg, I.V., thrice weekly) or saline (as indicated) prior to primary 

tumor resection. Tissues were stained using goat anti-PD-L1 (1 μg/ml) and PD-L1 expression 

visualized using DAB prior to nuclear counter-staining with hematoxylin. Representative 

pictures were taken of stained slides (n = 5 mice per group). Scale bars indicate 50µm.  

Figure 3: Antibody-mediated PD-1 blockade in combination with poly(I:C) reduces primary 

tumor weight  

 (A) Experimental protocol indicating timing of therapy in C57BL/6 mice inoculated IMFP 
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with 1x105 EO771 cells and treated with poly(I:C) (25 μg, IV) and anti–PD-1 (RPM1-14) (250 

μg, IP). (B) Tumor weight (mg) 15 days post tumor cell inoculation (n = 10 per group). (C) 

Representative mCherry fluorescent imaging of ex vivo lungs collected from EO771 tumor 

bearing mice 30 days post-tumor cell inoculation (of 5 mice representative of larger cohort). 

(D) Total radiant efficiency of mCherry fluorescent lungs calculated using Living Image 

software (Lumina) (n = 5 mice per group). Error bars represent SEM. *, P < 0.05; **, P < 0.01; 

***, P < 0.001 using Student’s t-tests. 

Figure 4: Antibody-mediated blockade of the PD-1/PD-L1 axis in combination with 

poly(I:C) decreases primary tumor weight and increases systemic expansion of tumor-

specific CD8+ T cells  

(A) Treatment protocol for combination therapy of BALB/C mice inoculated IMFP with 1x105 

4T1.2 cells and treated with poly(I:C) (25 μg, IV) and anti–PD-1 (RPM1-14) (250 μg, IP). (B) 

Tumor weight (mg) 12 days post tumor cell inoculation (n = 15 per group). Bioluminescent 

imaging of (C) whole mice and (D) ex vivo lungs collected from 4T1.2 tumor bearing mice 22 

days post-inoculation (n = 5 representative mice). (E) Relative tumor burden (RTB) in lungs 

of mice represents mCherry DNA expression compared to Vimentin (n = 15 per group). (F) 

Single cell suspensions of lung were re-stimulated in vitro with 4T1.2 cells in the presence of 

BFA (10μg/ml). Following a five-minute incubation, CD8+ T cells were assessed for IFNγ 

production via flow cytometry after staining with APC-conjugated anti-CD8α (53-6.7) and 

PE-conjugated anti-IFNγ (XMG1.2) in an ICS assay. Absolute numbers per lung shown, n = 5 

per group. (G) Representative flow cytometry plots for IFNγ and CD8 staining. 

Representative of two independent mouse experiments. Error bars represent SEM; *, P < 

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 using Student’s t-tests. 

Figure 5: Neoadjuvant poly(I:C) and combination therapy increases tumor infiltrating 

lymphocyte activation  

(A) Treatment protocol for combination therapy of BALB/C mice injected with 1x105 4T1.2 

cells IMFP and treated with poly(I:C) (25 μg, IV) and anti–PD-1 (RPM1-14) (250 μg, IP). (B) 

Tumor weight (mg) 12 days post tumor cell inoculation (n = 29 per group; representative of 

3 independent mouse experiments). (C) Absolute number of lymphocytes obtained from the 

primary tumor per gram. Proportion of (D) CD8+, CD4+ and (E) NKp46+lymphocytes 

expressing CD69/NKG2D isolated from the primary tumor at the time of resection (D12). (F) 

Percentage of NKp46+ lymphocytes expressing CD69/CD27/CD11b isolated from peripheral 

blood of 4T1.2 tumor bearing BALB/C mice at day 10.; n = 8 per group, error bars represent 

SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001 ****, P < 0.0001; using Student’s t-test.  

Figure 6: Neoadjuvant poly(I:C) and combination therapy reduced metastatic burden  

Bioluminescent imaging after D-Luciferin injection (1.5mg, I.P) of (A) whole mice and (B) ex 

vivo lungs collected from 4T1.2 tumor-bearing mice 23 days after tumor inoculation (of 5 

mice representative of larger cohort; mice skirted during imaging to block any possible 

bioluminescence from the lower half to focus purely on thoracic cavity metastases). (C) RTB 

in lungs represents mCherry tumor cell expression compared to Vimentin (n = 12 per group). 
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(D) Single-cell suspensions of lung were re-stimulated in vitro with 4T1.2 cells in the 

presence of BFA (10μg/ml). Following a five-minute incubation, CD8+ T cells were assessed 

for IFNγ production via flow cytometry after staining with APC-conjugated anti-CD8α (53-

6.7) and PE-conjugated anti-IFNγ (XMG1.2) in an ICS assay. Absolute numbers per lung 

shown, n = 5 per group. (E) Representative flow cytometry plots for IFNγ and CD8 staining. 

Representative of two independent mouse experiments. Error bars represent SEM; *, P < 

0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 using Student’s t-tests. 

Figure 7: Neoadjuvant poly(I:C) combined with anti–PD-1 therapy prolonged survival  

(A, C) Treatment protocol for combination therapy of BALB/C mice injected with 1x105 4T1.2 

cells IMFP and treated with poly(I:C) (25 μg, IV) and anti–PD-1 (RPM1-14) (250 μg, IP). (B, D) 

Kaplan-Meier survival curve comparing metastasis-free survival in mice treated with vehicle, 

poly(I:C), anti–PD-1 (RMP1-14) or the combination [n = 15 per group; Representative of two 

independent mouse experiments (B), n = 10 per group (D)]. Mice excluded due to primary 

tumor regrowth are indicated. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 using Students t-

test.  
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