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Abstract

Purpose—Triple negative breast cancer (TNBC) represents a cancer stem cell enriched 

phenotype. Hypoxia-inducible factor-1 alpha (HIF-1α) induces the expression of proteins 

associated with stemness and is highly upregulated in TNBC. We questioned whether HIF-1α was 

immunogenic and whether vaccination targeting HIF-1α would impact the growth of basal-like 

mammary tumors in transgenic mice.

Experimental Design—We evaluated HIF-1α-specific IgG in sera from controls and patients 

with breast cancer. Class II epitopes derived from the HIF-1α protein sequence were validated by 

ELISPOT. To assess therapeutic efficacy, we immunized Tg-MMTVneu and C3(1)Tag mice with 

HIF-1α Th1-inducing peptides. Stem cells were isolated via magnetic bead separation. Levels of 

HIF-1α and stem cells in the tumor were quantitated by Western blotting and flow cytometry.

Results—The magnitude (p<0.001) and incidence (p<0.001) of HIF-1α-specific IgG was 

elevated in TNBC patients compared to controls. Both breast cancer patients and donors showed 

evidence of HIF-1α-specific T-helper (Th) 1 and Th2 immunity. Three HIF-1α-specific Th1 class 

II restricted epitopes that were highly homologous between species elicited Type I immunity in 

mice. After HIF-1α vaccination, mammary tumor growth was significantly inhibited in only 

C3(1)Tag (basal-like/stem cellhigh) (p<0.001) not TgMMTV-neu (luminal/neu/stem cell low) 

(p=0.859) murine models. Vaccination increased Type I T-cells in the tumor (p=0.001) and 

decreased cells expressing the stem cell marker, Sca-1, compared to controls (p=0.004).

Conclusions—A HIF-1α vaccine may be uniquely effective in limiting tumor growth in TNBC. 

Inhibiting outgrowth of breast cancer stem cells via active immunization in the adjuvant setting 

may impact disease recurrence.
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INTRODUCTION

Triple negative breast cancers (TNBC) are more aggressive than other breast cancer subtypes 

and are associated with higher relapse rates, increased risk of distant recurrence, and a 

limited overall survival once the cancer has recurred (1). These unique disease 

characteristics have led to numerous investigations focused on defining biologic targets that 

may be therapeutically exploited in the adjuvant setting. Prevention of disease relapse is a 

major clinical goal in the treatment of TNBC.

TNBC is also the most immunogenic of the breast cancer subtypes. Recent analyses from 

randomized clinical trials have demonstrated that high levels of tumor infiltrating 

lymphocytes (TIL) were an independent predictor of favorable disease free and overall 

survival (2). Indeed, for every 10% increase in stromal TIL, there was a 19% reduction in the 

risk of death. Furthermore, tumor infiltrating Type I T-cells, specifically CD8+ T-cells, are 

the lymphocytic subtype most often associated with a survival benefit in TNBC (3, 4). High 

levels of tumor infiltrating CD8+ T-cells have also been shown to be associated with 

improved responses to chemotherapy in both the neoadjuvant and adjuvant setting (5, 6). 

Unfortunately, clinically relevant levels of TIL, especially Type I TIL, are present in only a 

minority of TNBC (7).

Clinical strategies aimed at inducing immunity in a majority of TNBC patients may have 

significant impact on the course of disease. Vaccines directed at immunogenic proteins 

expressed by these cancers could drive antigen-specific T-cells to the tumor. If Type I T-cells 

could be generated, the immune response could synergize with chemotherapy or 

immunotherapy to eliminate micrometastatic disease. Clinical evaluation of vaccines for 

TNBC has been limited by the lack of well-defined antigens present in the majority of such 

tumors.

Hypoxic pathways are operative in driving the malignant phenotype in TNBC and 

upregulation and activation of HIF-1α has been associated with aggressive disease, 

chemotherapy resistance, and maintenance of breast cancer stem cells (8). In a study of 383 

TNBC patients, high expression of the protein in tumors was associated with a significantly 

shorter relapse free survival than those patients whose tumors expressed lower levels of 

HIF-1α (p=0.009) (9). As abnormal overexpression of a self-protein can enhance 

immunogenicity (10), we questioned whether HIF-1α was immunogenic in patients with 

TNBC and whether active immunization could impact tumor growth in a basal model of 

mammary cancer.

MATERIALS AND METHODS

Human subjects

Sample collection was approved by the University of Washington (UW) Human Subjects 

Division. Control sera from 92 female volunteer blood donors was collected at the Puget 

Sound Blood Center, Seattle, WA (median age: 51, range 33-73 years). Controls met all 

criteria for blood donation. Serum samples from 95 breast cancer patients (42 HER2+, 33 

ER+, and 20 TNBC; median age 52, range 33-89 years) were obtained from individuals who 
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consented to participate in the Fred Hutchinson Cancer Research Center/UW Breast 

Specimen Repository and Registry (IR file #5306). All patients were either stage I or II and 

blood was collected at the time of diagnosis, prior to definitive surgical resection. Peripheral 

blood mononuclear cells (PBMC) from 19 female volunteer controls (median age: 49, range 

18-79 years) were collected and cryopreserved as previously described (11).

Analysis of antibody immunity

IgG specific for HIF-1α was assessed by indirect ELISA as previously described with the 

following modifications; recombinant HIF-1α (500 ng/ml) (Abnova) was used as the 

coating antigen and the sera was diluted 1:200 in 1% human serum albumin/PBS buffer (12). 

The ΔOD was calculated as the OD of the protein-coated wells minus the OD of the buffer-

coated wells. The data are expressed as µg/ml HIF-1α-specific IgG. The mean and 2 

standard deviations of the volunteer control population response, 0.49 µg/ml, defined the 

level above which a sample was considered positive.

To validate the assay, a subset of ELISA positive and negative samples was confirmed by 

protein A/G agarose immunoprecipitation of rhHIF-1α protein (Abnova) with patient sera. 

The sera were first incubated with agarose control beads (Thermo Scientific) overnight at 

4°C to decrease non-specific binding. After 24 hours, the columns were spun and flow-

through was incubated with a 50 µL slurry of protein A/G agarose beads (Thermo Scientific) 

for 1h at 4°C. The columns were spun, flow-through removed, and the beads were washed 

three times with 500 µL 5% BSA/1X PBS blocking buffer. Prior to the final spin, the beads 

were left to incubate with the blocking buffer for 1h at 4°C. After removing the final wash, 

10 ng of rHIF-1α (Abnova) was added to each column along with 200 µL 1X PBS and the 

mixture was incubated on a rotator at 4°C overnight. After 24 hours, the flow-through was 

removed, and the columns were washed three times with 500 µL 5% BSA/1X PBS. The 

captured protein was eluted using 20 µL 0.1 M glycine (pH 2.5), neutralized with 2 µL 0.1 

M Tris (pH 9.5). The eluent was analyzed by immunoblot, probing with an anti-HIF-1α 
rabbit polyclonal primary antibody (2 µg/mL; Genetex), followed by a TrueBlot goat anti-

rabbit HRP secondary (0.1 µg/mL; Rockland). Results demonstrated the HIF-1α-specific 

ELISA to have a sensitivity of 71% and specificity of 100%.

Analysis of peptide and protein-specific T-cell responses

Eleven HIF-1α peptides, (26% of the protein; Supplementary Table 1), predicted to 

promiscuously bind human MHCII, were selected using web based algorithms as previously 

described (13). The peptides were constructed and purified by high-performance liquid 

chromatography (>90% pure; JPT Peptide Technologies, GmbH). Human PBMC were 

evaluated by ELISPOT for antigen-specific IFN-gamma (γ) or IL-10 production as 

previously described (14) using 10 µg/ml HIF-1α peptides. Mouse splenic cells were 

evaluated by ELISPOT for antigen-specific IFN-γ secretion as published, except for the 

following modifications; splenic cells were incubated with antigens for 72hr and spots were 

developed with the AEC substrate kit (BD Biosciences) (13). Antigen-specific IL-4 was 

determined for murine T-cells using the ELISPOTPLUS for Mouse IL-4 kit (Mabtech) 

according to the manufacturer’s instructions after a 48hr incubation with antigen. Positive 

responses were defined by a statistically significant difference (p<0.05) between the mean 
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number of spots from five replicates in the experimental wells and the mean number from no 

antigen control wells. T-cell lines were generated as previously described from volunteer 

controls demonstrating significant responses to the selected epitopes (12). Data are reported 

as the mean number of spots for each experimental antigen minus the mean number of spots 

detected in no antigen control wells ± SEM or SD (corrected spots per well: CSPW per 

2×105 PBMC or 4.5×105 splenic cells).

Human antigen-specific T-cell lines were generated using published methods (15). ELISPOT 

for antigen-specific IFN-γ secretion was performed as described above using 10 µg/ml 

HIF-1α peptides or 1µg/ml human recombinant HIF-1α protein (Abnova) or low endotoxin 

human serum albumin (HSA) (Gemini Bio-products).

Animal models and syngeneic tumor cell lines

Animal care and use were in accordance with institutional guidelines. Female, FVB/N-TgN 

(MMTVneu)-202Mul mice (TgMMTV-neu) (7 weeks old; median weight: 18 g, range: 

15.4-18.5 g; Jackson Laboratory) or FVB-Tg(C3-1-TAg)cJeg/Jeg (C3(1)-Tag) mice (6 

weeks old; median weight: 18.5 g, range: 16.5-18.5 g; provided by Dr. Jeff Green, NCI) 

were used in this study. Tumors derived from the C3(1)Tag mouse exhibit a basal phenotype 

and those derived from the TgMMTV-neu mouse exhibit a luminal/neu phenotype (16). The 

mouse mammary tumor cell lines MMC and M6 were derived from spontaneous mammary 

tumors from TgMMTV-neu (17) and C3(1)-Tag (18) mice, respectively. Both cells lines 

were authenticated before use. The MMC cell line was verified to express rat neu by flow 

cytometry and the M6 cell line was verified to express the SV40 antigen by Western blot and 

the estrogen receptor by RT-PCR.

Vaccination, assessment of tumor growth and toxicity

Mice were immunized subcutaneously using a 26 ½ G needle. Each mouse was injected 

with 50 µl of a HIF-1α peptide pool (p38-53, p60-82, and p93-117; 50 μg each) as a mixture 

in complete Freund’s adjuvant/incomplete Freund’s adjuvant (Sigma). To generate an 

effective immune response to an overexpressed self-antigen, three immunizations were given 

two weeks apart (14). For tumor challenge, the corresponding syngeneic mouse mammary 

tumor cell line (0.5 × 106 cells) was implanted into the mammary fat pad two weeks after 

the last vaccine (n=10/group) (14). Tumors were measured as previously described (13). All 

tumor growth is presented as mean tumor volume (mm3 ± SEM). Data are representative of 

three independent experiments.

At study termination, brain, kidney, liver, lung and heart were collected in formalin. Sections 

were stained with hematoxylin and eosin and toxicities were determined by a certified 

veterinary pathologist. Heparinized and non-heparinized blood was analyzed for complete 

blood count and serum chemistries, respectively, by Phoenix Central Laboratories, Everett, 

WA.

in vivo T-cell depletion

Cell depletions were performed as previously described (19). Briefly, mice were vaccinated 

with HIF-1α peptides as described above. M6 cells were implanted two weeks after the last 
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vaccine. Monoclonal antibodies were used for in vivo depletion (250 μg of anti-CD4; clone 

GK1.5 and 100 μg of anti-CD8; clone 2.43, UCSF Monoclonal Antibody Core) via 

intraperitoneal injection of the specific antibody three consecutive days before implant and 

twice per week until the experiment was terminated. Rat IgG2b was used as a control. Data 

are shown as mean ± SEM of 5 mice/group.

Flow cytometry and immunohistochemistry

Stem cell antigen-1 (Sca-1) expression was documented in the dissociated tumor or tumor 

cell lines by incubating with anti-mouse Sca-1-FITC (clone D7; 0.1 µg/100µl; Miltenyi 

Biotec). Flow cytometry was performed on the FACSCanto (BD Biosciences) and data 

analyzed using FlowJo X software (BD Biosciences). Typically, 100,000 cells were 

collected per sample. Results are reported as a percentage of total cell number.

Immunohistochemistry was performed as previously described (19). Briefly, the fixed 

sections cut from frozen blocks were blocked with 10% goat serum (Vector Labs) 1h at 

room temperature then incubated overnight with anti-mouse CD4 (clone 1F6; 1:100; 

Abcam) or CD8 (clone KT15; 1:100; AbD Serotec). After extensive washing, the slides 

were incubated with Alexa Fluor 488 goat anti-rat (Abcam; 1:500) for 1h at room 

temperature. Cover slips were mounted with Prolong Gold antifade with DAPI (Life 

technologies). Positive cells and DAPI stained nuclei were counted in three random high 

powered fields per slide and expressed as a mean.

Protein and gene expression in M6 tumor cell subsets

Sca-1positive M6 cells were separated from Sca-1negtive cells using the Anti-Sca-1 MicroBead 

Kit (FITC) according to the manufacturer’s instructions (Miltenyi Biotec) with one 

exception; the Sca-1negtive cells were applied to a total of three consecutive columns to more 

effectively purify the population. The median percentage of Sca-1 FITC-staining cells was 

78% (range 49-92%) in the positive population and 16% (range 2-22%) in the negative 

population. The cell lysates derived from each population were separated by SDS/PAGE 

(20) and the Sca-1positive population was confirmed to express HIF-1α, and other markers of 

CSC and epithelial-mesenchymal transition (EMT), including increased levels of the cell 

adhesion molecules P-cadherin, N-cadherin and Vimentin (21-23) and transcription factors 

SNAIL 1/2 and SIX-1 (24, 25) (p<0.05 for all; Supplemental Fig. 1). Antibodies used were 

rabbit anti-mouse HIF-1α (2 µg/mL; Genetex), rabbit anti-mouse P-Cadherin (1 µg/mL; 

Genetex), rabbit anti-mouse N-Cadherin (5 µg/mL; Genetex) goat anti-mouse Vimentin (1 

µg/ml; Santa Cruz Biotech), rabbit anti-mouse Snail1/Snail2 (2 µg/mL; abcam), rabbit anti-

mouse Six1 (0.5 µg/mL; Abnova), rabbit anti-mouse α/β Tubulin (diluted 1:1000; Cell 

Signaling Technology) and HRP-conjugated goat anti-rabbit and rabbit anti-goat (diluted 

1:10,000; Invitrogen). Expression levels were quantitated by densitometry using NIH Image 

Processing and Analysis in Java (ImageJ) software. We verified the tumorigenicity of each 

population; when as few as 2×103 Sca-1-expressing cells were implanted in the mouse 100% 

of the implants were tumorigenic compared to only 25% of the implanted cells lacking 

Sca-1 expression (Supplementary Table 2).
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Estrogen receptor-alpha (ER-α) RNA was isolated using the RNAqueous-4PCR (Life 

Technologies) kit according to manufacturer’s instructions. RNA quantity was determined 

with a NanoDrop Spectrophotometer. cDNA was synthesized from 100 pg of RNA using the 

SuperScript III RT (Life Technologies) kit according to the manufacturer’s instructions then 

quantified. ER expression was assessed via TaqMan (ABI 7900HT) Real time PCR using 

50ng of cDNA and 1pg of ER TaqMan Gene Expression Array (Life Technologies).

Statistical analysis

The unpaired, two-tailed Student’s t-test was used to evaluate difference between two 

groups. Fisher’s exact test was used to evaluate differences between proportions. To compare 

more than three groups, a One-way ANOVA with Tukey’s Post-Hoc test was used when 

there was one variable and a Two-way ANOVA with Bonferoni’s post-test was used when 

there were two variables. p<0.05 was considered significant. All statistical analyses were 

performed using GraphPad Prism 7 (GraphPad Software).

RESULTS

HIF-1α-specific antibodies can be detected in the sera of breast cancer patients with the 
highest incidence and levels in those with the triple negative subtype

HIF-1α-specific IgG antibodies were detected in significantly more HER2+ (17 ± 2.3%; 

p=0.049), ER+ (30 ± 2.8%; p<0.001) and TNBC patient sera (55 ± 3.1%; p<0.001) than 

volunteer control sera (5 ± 1.3%) (Fig.1A). Furthermore, a higher incidence of HIF-1α-

specific IgG was observed in TNBC patients compared to patients with the other breast 

cancer subtypes (p<0.001). The highest levels of HIF-1α-specific antibodies were also 

detected in sera from TNBC patients (mean, 1.5 µg/ml; range, 0-6.1 µg/ml) as compared to 

volunteer controls (mean, 0.049 µg/ml; range 0-1.35 µg/ml), HER2+ (mean, 0.40 µg/ml; 

range 0-3.86 µg/ml), or ER+ breast cancer sera (mean, 0.286 µg/ml; range 0-1.24 µg/ml; 

p<0.001 for all) (Fig. 1B).

Class II restricted Th1 epitopes derived from the HIF-1α protein sequence can be identified

Self-tumor antigens contain both Th1- and Th2-inducing epitopes and removal of the Th2-

inducing portions of the antigen results in more effective anti-tumor immunity, dominated by 

Type I T-cells (14). We evaluated eleven putative class II epitopes, derived from the HIF-1α 
protein sequence, for both Th1 and Th2 immune responses. All peptides induced significant 

IFN-γ and IL-10 secretion in donor PBMC. Significantly more donors responded to the 

peptides by secreting IFN-γ (median 78%, range 39-83%) (Fig. 2A) than IL-10 (median, 

33%; range 6-83%; p<0.001) (Fig. 2B), but there was no difference observed in the 

magnitude of the response between Th phenotype (p=0.886; Fig. 2 C, D). Epitopes were 

chosen for the vaccine based on a predominant Th1-inducing response as calculated by the 

following Th1/Th2 ratio: IFN-γ incidence X magnitude/IL-10 incidence X magnitude. Eighty-two 

percent of the peptides demonstrated a preference to induce secretion of IFN-γ, 9% 

demonstrated no preference and 9% induced IL-10 secretion (Supplementary Table 1). 

HIF-1α-p38,-p60, and -p93 were chosen for inclusion in the vaccine since these peptides 

demonstrated high ratios for IFN-γ preference, i.e. Th1 selective, and were positioned in the 

same region of the protein, mitigating potential differences associated from domain location.
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We confirmed whether responding sequences were native epitopes of HIF-1α by generating 

T-cell lines using the peptides described above. The T-cell lines generated (mean, 99.1%; 

range, 98-100% CD3+ cells) were predominantly CD8+ (mean, 70.5%; range, 50-99%), with 

fewer CD4+ (mean, 28.6%; range, 6-69%) cells. HIF-1α-p38 T-cells were both HIF-1α 
peptide- (mean, 15.6 SPW; range, 7-25 SPW; p=0.007 compared to HIVp52) and HIF-1α 
protein-specific (mean, 132 SPW; range, 91-158 SPW; p=0.032 compared HSA). The T-

cells generated from HIF-1α-p60 responded to both peptide (mean, 129.3 SPW; range, 

96-148 SPW; p<0.001) and recombinant protein (mean, 110 SPW range 92-140; p<0.001). 

HIF-1α-p93 T-cells were also both HIF-1α peptide- (mean, 172.6 SPW; range, 149-197; 

p<0.001) and HIF-1α protein-specific (mean, 61 SPW; range, 30-87 SPW; p=0.018; 

Supplementary Fig. 2).

HIF-1α poly-epitope vaccines are significantly more effective in inhibiting growth of basal 
than luminal mammary tumors

The HIF-1α epitopes chosen for the vaccine were highly homologous (91-100%) between 

human and mouse. The HIF-1α poly-epitope vaccine selectively elicits a Th1 rather than 

Th2 immune response. Indeed, we detected significantly more IFN-γ-secreting cells when 

the splenocytes were stimulated with the vaccinating peptides (mean, 117 CSPW; range, 

64-152 CSPW; p<0.0001) as compared to the HIVp52 control (Fig. 3A). Conversely, while 

there was a significant difference observed in HIF-1α-specific IL-4-secreting Th2 compared 

to HIVp52 induced by ConA (mean 212 CSPW, range 161-238 CSPW; p<0.0001), there was 

no difference observed when cells were stimulated with the HIF-1α peptide pool (mean 17 

CSPW; range 12-20 CSPW; p=0.921) (Fig. 3A).

HIF-1α vaccination was more effective in the C3(1)Tag than the TgMMTV-neu mice in 

limiting tumor growth. The mean tumor volume of HIF-1α-vaccinated TgMMTV-neu mice 

(155.8 ± 37 mm3) was equivalent to the control tumor (149.4 ± 17.9 mm3; p=0.875) (Fig. 

3B). Tumor growth was inhibited by 83% in HIF-1α-vaccinated C3(1)Tag mice. The mean 

tumor volume of HIF-1α-vaccinated C3(1)Tag mice (31.2 ± 5.1 mm3) was significantly less 

than that observed in the adjuvant only control (178.9 ± 11.3 mm3; p<0.001; Fig. 3C).

Tumor inhibition was mediated by both CD4+ and CD8+ T-cells (Fig. 3D). Depletion of 

either CD4+ or CD8+ T-cells resulted in a significant loss of the tumor inhibitory effect of 

the HIF-1α poly-epitope vaccine (mean volume, 179±10.5 mm3 or 132±14.7 mm3, 

respectively; p<0.0001 for both) compared to vaccine with control IgG (mean volume, 

61±24.2 mm3).

Basal-like breast cancer contains greater levels of cancer stem cells than luminal/neu 
breast cancer

Given that vaccination could inhibit tumor growth only in the C3(1)Tag model, we 

compared HIF-1α expression between both tumor lines. M6 cells express significantly more 

HIF-1α than MMC (p=0.032; Fig 4A). HIF-1α has been shown to modulate cancer stem 

cells (26). Sca-1 is a marker for murine cancer stem cells (27). Sca-1 is present on the 

majority of M6 cells (61.8±5.6%) as compared to MMC (1.1±0.45%, p<0.001; Fig. 4B). We 

also observed a greater expression of HIF-1α in the Sca-1positive cells compared to the 
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Sca-1negative cells (p=0.003; Fig. 4C). Since it was recently shown that both early recurrence 

and more aggressive disease is associated with greater numbers of cancer stem cells in ER+/

HER2− breast cancer (28), we examined the ER expression in the M6 subsets. There is a 

79% increase in ER gene expression in the Sca-1positive cells compared to the Sca-1negative 

cells (p=0.009; Supplementary Fig. 3).

HIF-1α immunization results in a significant reduction of cancer stem cells in mammary 
tumors

Immunization against HIF-1α significantly induced the influx of CD8+ T-cells into the 

tumor by 20-fold compared to control (p=0.001), whereas there was no difference observed 

in CD4+T-cell levels (Fig 5A). Moreover, targeting HIF-1α by vaccination reduced both 

HIF-1α protein expression and Sca-1positive cells in the tumor. We detected a 34% decrease 

in tumor HIF-1α protein (p=0.018; Fig 5B) as well as a 34% reduction in Sca-1 expression 

following HIF-1α-specific vaccination in C3(1)-Tag mice as compared to controls (p=0.044; 

Fig. 5C).

There was no evidence of vaccine induced toxicity. All serum chemistry and complete blood 

count values between groups were not significantly different (p>0.05 for all values; 

Supplementary Tables 3 and 4). There were no treatment related lesions, including evidence 

of autoimmunity, consistent with a toxic response that distinguished one group from another 

(Supplementary Fig. 4).

DISCUSSION

HIF-1α protein is overexpressed in more than 80% of triple negative breast cancers thus has 

the potential to be a near universal immunologic target in this breast cancer subtype (9). 

Marked overexpression of self-tumor antigens has been shown to be a dominant mechanism 

by which immunity is enhanced (10). Data presented here demonstrates that HIF-1α is 

immunogenic in patients with breast cancer, especially TNBC. Immunization with a HIF-1α 
epitope-based vaccine, designed to elicit a Th1 response, demonstrates greater anti-tumor 

activity against basal-like than luminal-like mammary tumors. Finally, HIF-1α vaccination 

can result in the elimination of mammary stem cells.

The HIF-1α protein has been shown to be overexpressed in a majority of invasive breast 

cancers as well as poorly differentiated ductal carcinoma in situ (29). Increased levels of 

HIF-1α are significantly associated with high rates of proliferation in breast cancers. The 

protein has not been shown to be upregulated in normal breast tissue (29). Overexpression of 

oncogenic self-tumor associated proteins enhances their immunogenicity. In a study of over 

100 breast cancer patients, the highest level of expression of the HER-2/neu protein (3+ vs. 

1, 2+) was significantly associated with the presence of both antibody (p<0.001) and T-cell 

immunity (p=0.001) directed to the protein (10). Data presented here demonstrates that 

autoantibodies directed against HIF-1α can be detected in all subtypes of breast cancer with 

nearly 60% of patients with TNBC demonstrating some level of humoral immunity to the 

protein. Indeed, the highest levels of HIF-1α-specific IgG were found in the sera of patients 

with TNBC. Whether these data indicate the inherent immunogenicity of TNBC as 

compared to other breast cancer subtypes or reflect an increased incidence of HIF-1α 
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overexpression in TNBC as compared to other breast cancers is unknown. However, the high 

incidence and levels of tumor associated autoantibodies in TNBC suggest this subtype 

manifests an active tumor specific Type II immune response (30).

Type I T-cells, both CD4 and CD8, and an IFN-γ rich tumor microenvironment is needed for 

successful elimination of cancer by the immune system. Studies have shown that high 

activation of Type I immune pathways and low activation of Type II cytokines is associated 

with improved clinical outcomes in breast cancer (31). Investigation of breast cancers and 

surrounding normal tissue have revealed that antigen presenting cells present in the tumor 

drive the development of Type II T-cells which secrete cytokines that prevent the generation 

of CD8 cytotoxic T-cells needed for direct tumor killing (32). Successful 

immunomodulation of any breast cancer would require a shift in the immune response to 

elicit Type I immune cells. We have recently demonstrated non-mutated self-tumor antigens 

contain epitopes within the protein sequence that preferentially elicit antigen-specific IFN-

γ-secreting Th1 or IL-10-secreting Th2 cells (14). Type II cytokines, such as IL-10, inhibit 

the development of effective cytotoxic T-cells and suppress Th1 responses (33). Experiments 

in a mouse mammary model, evaluating the breast cancer antigen IGFBP-2, demonstrated 

that unless the Th2 inducing sequences were identified and removed from a subunit vaccine, 

that vaccine would not elicit an anti-tumor response (14). Here we show that the HIF-1α 
protein sequence also includes epitopes that elicit Th2; some induce IL-10 secretion in the 

majority of individuals studied. Our immunization approach focused on including only 

epitopes that elicited a dominant Type I response (Supplementary Table 1). The high degree 

of homology of HIF-1α between species allowed evaluation of a multi-epitope vaccine in 

mice where immunization demonstrated the generation of HIF-1α-specific Th1. 

Immunization with a HIF-1α Th1 selective vaccine could inhibit tumor growth in a basal-

like transgenic mammary model. The anti-tumor response was mediated by both CD4 and 

CD8 T-cells, underscoring the role of IFN-γ-secreting Th1 in propagating the generation 

and expansion of activated CD8 cytotoxic T-cells in the tumor microenvironment (34).

HIF-1α-specific Th1 vaccine selectively inhibited tumor growth in the C3(1)-Tag model. We 

noted that the MMC tumor cell line, derived from TgMMTV-neu mouse mammary tumor, 

and the M6 tumor cell line, derived from the C3(1)-Tag, differed significantly in the level of 

expression of HIF-1α as well as Sca-1, a marker for murine mammary stem cells (27). 

HIF-1α is a regulator of cancer stem cells. HIF-1α is upregulated during hypoxia and 

intratumoral hypoxia induces recruitment of mesenchymal stem cells (35). Expression of 

HIF-1α activates signaling pathways that control stem cell renewal and multipotency (26). 

We demonstrated that immunization directed against HIF-1α significantly reduced the 

Sca-1high population in the basal mammary model as compared to controls. In addition, 

although tumors were not completely eliminated, the rate of tumor growth was significantly 

reduced by 92% in the animals receiving the HIF-1α vaccine as compared to controls. These 

data provide evidence that active immunization is capable of biologically remodeling the 

tumor in the case where the targeted antigen is an oncogenic driver.

Several studies have validated that cancer stem cells (CSCs) are strongly resistant to 

chemotherapy and their enrichment in residual breast cancer tumors following treatment 

may be responsible for driving relapse. One study demonstrated a three-fold increase in the 
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percentage of CSC in recurring platinum-refractory basal-cell like tumors compared to 

platinum-responsive tumors. Additionally, in the presence of platinum, these CSC have a 

three-fold increase in the ability to form colonies (36). Another study demonstrated that 

HIF-1 activity was essential for the enrichment of CSC in TNBC, but not in HER2+ disease, 

following treatment with paclitaxel or gemcitabine. Furthermore, it was shown that an 

increase in a HIF-1 genetic signature in TNBC patients after receiving chemotherapy was 

associated with decreased overall survival (37). Immunization against HIF-1α in the 

adjuvant setting may eliminate the cells that are responsible for mediating drug and radiation 

resistance and drive Type I T-cells to the tumor which may enhance the anti-tumor effects of 

chemotherapy in patients with TNBC. If safety of vaccination is determined in Phase I 

clinical trials, the addition of Th1 selective vaccination against HIF-1α in the adjuvant 

setting could be assessed to determine if immunization could prevent disease relapse.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TRANSLATIONAL RELEVANCE

Triple negative breast cancer (TNBC) is typically associated with earlier recurrence, 

increased metastasis and worse prognosis than other breast cancer subtypes. Efforts to 

prevent disease recurrence have been confounded by the lack of specific therapeutic 

targets. HIF-1α is associated with a stem cell phenotype. Vaccination against HIF-1α can 

inhibit the growth of basal breast cancers and reduce the number of breast cancer stem 

cells in immunized mice. HIF-1α vaccines represent a targeted therapy that may be 

suitable for adjuvant treatment in patients with TNBC.
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Figure 1. 
HIF-1α-specific antibodies can be detected in the sera of breast cancer patients with the 

highest incidence and levels in those with the triple negative subtype. (A) Incidence of 

positive HIF-1α-specific antibodies in each group. *p<0.05, **p<0.01, ***p<0.001 

compared to the control group. (B) HIF-1α-specific IgG (μg/ml ± SEM) for the 

experimental groups. ***p<0.001 between groups. TNBC: triple negative breast cancer; 

ER+: estrogen receptor positive breast cancer; HER2+: human epidermal growth factor 

receptor 2 positive breast cancer.
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Figure 2. 
Th1-inducing epitopes derived from the HIF-1α protein sequence can be identified. Mean 

percent responding donors to HIF-1α epitopes with IFN-γ (A) or IL-10 (B). CSPW for the 

indicated epitope presented as interquartile box plots with Tukey whiskers for IFN-γ (C) 

and IL-10 (D). Median CSPW is indicated by the horizontal bar.
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Figure 3. 
HIF-1α poly-epitope vaccines are significantly more effective in inhibiting growth of basal 

than luminal mammary tumors. (A) IFN-γ and IL-4 ELISPOT in splenocytes after 

completion of three immunizations. Antigens include a pool of the HIF-1α vaccinating 

peptides (●), HIV p52 (○) as a negative control and ConA (▲) as a positive control. The 

data are presented as corrected spots per well (CSPW). The horizontal bar indicates the 

mean CSPW ± SEM. n=5 mice/group; ***p<0.001 compared to HIV. Mean tumor volume 

(mm3 ± SEM) from mice injected with adjuvant alone (●) or HIF-1α poly-epitope vaccine 

(▲) in TgMMTV-neu mice (B) or C3(1)Tag mice (C), n=5 mice/group; ****p<0.0001. (D) 

Mean tumor volume (mm3 ± SEM) from C3(1)Tag mice injected with adjuvant alone (●), 

or HIF-1α poly-epitope vaccine treated with mouse IgG (●), anti-CD4 (○) or anti-CD8 (■) 

n=5 mice/group; ****p<0.0001 compared to HIF-1α poly-epitope vaccine+IgG.
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Figure 4. 
Basal-like breast cancer contains greater levels of cancer stem cells than luminal/neu breast 

cancer. (A) Representative Western blot of cell lysate for HIF-1α (I) and Tubulin (II). 
Relative pixel density ± SD as measured by densitometry from 3 independent experiments 

(III), **p<0.05. (B) Percent of Sca-1 expressing cells in the indicated cell line. 

****p<0.0001; n=4 independent experiments. (C) Representative Western blot of 

Sca-1positive and Sca-1negative cell lysate for HIF-1α (I) and Tubulin (II). Relative pixel 

density ± SD as measured by densitometry from 3 independent experiments (III), **p<0.01.
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Figure 5. 
HIF-1α immunization results in a significant reduction of cancer stem cells in mammary 

tumors. (A) Percent CD4+ or CD8+ T-cells in the tumor from mice immunized with adjuvant 

alone (white bar) or HIF-1α peptides (gray bar) presented as box and whisker plot with 

Tukey outliers, n=5 mice/group; ****p<0.0001. (B) Representative Western blot of tumor 

cell lysate from mice immunized with adjuvant alone (control) or HIF-1α peptides for 

HIF-1α (I) and Tubulin (II). Relative pixel density ± SD as measured by densitometry from 

3 independent experiments (III), *p<0.05. (C) Percent of Sca-1 expressing cells in tumors 

from mice immunized with adjuvant alone (control) or HIF-1α peptides. *p<0.05; n=9 mice/

group.
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