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ABSTRACT
Triple-negative breast cancer (TNBC) afflicts women at a younger age than other breast cancers and is
associated with a worse clinical outcome. This poor clinical outcome is attributed to a lack of defined
targets and patient-to-patient heterogeneity in target antigens and immune responses. To address such
heterogeneity, we tested the efficacy of a personalized vaccination approach for the treatment of TNBC
using the 4T1 murine TNBC model. We isolated tumor membrane vesicles (TMVs) from homogenized
4T1 tumor tissue and incorporated glycosyl phosphatidylinositol (GPI)-anchored forms of the immunos-
timulatory B7-1 (CD80) and IL-12 molecules onto these TMVs to make a TMV vaccine. Tumor-bearing
mice were then administered with the TMV vaccine either alone or in combination with immune
checkpoint inhibitors. We show that TMV-based vaccine immunotherapy in combination with anti-
CTLA-4 mAb treatment upregulated immunomodulatory cytokines in the plasma, significantly improved
survival, and reduced pulmonary metastasis in mice compared to either therapy alone. The depletion of
CD8+ T cells, but not CD4+ T cells, resulted in the loss of efficacy. This suggests that the vaccine acts via
tumor-specific CD8+ T cell immunity. These results suggest TMV vaccine immunotherapy as a potential
enhancer of immune checkpoint inhibitor therapies for metastatic triple-negative breast cancer.
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Introduction

Breast cancer patients are sub-typed based on the expression
of receptors for estrogen (ER), progesterone (PR), or human
epidermal growth factor receptor 2 (HER-2). Patients expres-
sing one or more of these proteins are treated with existing
therapies to control tumor growth and disease progression.
However, 10–20% of patients fall into the triple-negative
breast cancer (TNBC) designation, due to the absence of the
ER, PR, and HER-2. TNBC exhibits an aggressive phenotype
with a poor overall prognosis and occurs at a higher incidence
in African-American women and more in premenopausal
women than postmenopausal women.1,2 The current standard
of care for TNBC has been surgery and chemotherapy.
Despite aggressive treatment, recurrence is common, often
resulting in metastasis to the vital organs within
18–24 months of detection.3 For this reason, new therapies
that induce lasting protection against relapse are needed.

Recently, the first immunotherapy targeting TNBC, the
immune checkpoint inhibitor (ICI) anti-PD-L1 antibody ate-
zolizumab used in combination with nanoparticle albumin-
bound paclitaxel, was approved by the FDA for the treatment
of adults with PD-L1-positive, unresectable, locally advanced
or metastatic TNBC.4 This therapy was shown to improve the
median progression-free survival (PFS) from 5.5 months to

7.2 months, and complete response was observed in 10% of
patients compared to 1% with chemotherapy alone.4 Despite
these promising results, a majority (>80%) of ICI-treated
patients do not respond, and the mechanisms behind this
lack of response are not well understood in breast and other
cancers. However, because ICI has been shown to function
through enhancement of the endogenous anti-tumor T cell
response, lack of preexisting T cell immunity may drive ICI
therapy resistance. For this reason, we hypothesize that induc-
tion of de novo tumor-specific T cells by vaccination will
consequently render these tumors responsive to ICI therapy.

The major challenges in developing a vaccine immunother-
apy for TNBC are the lack of known targets, intratumoral
heterogeneity, and patient-to-patient variation in tumor
antigens.5 These limitations identify the clinical need for
a personalized immunotherapy approach. However, indivi-
dualized autologous immunotherapy failed in the clinic due
to difficulty in growing tumor cell lines from patient tumor
tissue, use of cell lines that do not recapitulate the patients’
tumor antigenicity, and suboptimal adjuvants in vaccines.6,7

To address these problems, we developed a personalized
tumor membrane-based vaccine immunotherapy to treat
metastatic TNBC that can be prepared from frozen or fresh
tumor tissue without a need to establish cell lines and
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adjuvanted with naturally occurring immunostimulatory
molecules. In human breast cancer, many tumor-associated
antigens are expressed as plasma membrane-bound surface
antigens, such as MUC-1, TROP-2, the mucin antigens TF,
Tn, STn, and the glycolipid globo H, making it ideal to
develop a membrane-based vaccine immunotherapy.8–10 In
addition, plasma membranes contain MHC molecules that
complex with peptides derived from cytosolic tumor antigens.
The novelty of this vaccine immunotherapy is the incorpora-
tion of glycolipid-anchored forms of immunostimulatory
molecules (GPI-ISMs), such as B7-1 and IL-12, onto tumor
membrane vesicles (TMV) derived from tumor tissue using
a simple protein transfer method. These TMV-attached GPI-
ISMs will simultaneously deliver tumor-specific antigens and
stimulate immune cells to promote an effective anti-tumor
immune response.7,11-14 The physical linkage of antigens and
immunostimulatory adjuvant molecules has shown to be
more efficient in inducing antigen-specific immune responses
than unconjugated antigens and adjuvants in a vaccine
formulation.15–18

We tested vaccine efficacy using the murine 4T1 mammary
carcinoma tumor model. 4T1 is a well-established murine
TNBC model derived from a spontaneous tumor in BALB/c
mouse that shares many characteristics with human breast
cancer.19,20 4T1 tumor cells metastasize to organs, such as
the lungs, and surgical resection of the primary tumor does
not affect the growth of distal metastases, as pulmonary
metastasis is the primary cause of death in the 4T1 model.19

Monotherapy with ICI such as anti-CTLA-4 mAb or anti-PD
-1 mAb is not effective in this model.21 Consequently, the 4T1
model provides an opportunity to test the efficacy of new
immunotherapies in combination with ICIs against metastatic
disease with the goal of enhancing the efficacy of these FDA-
approved ICIs. In this study we investigated whether perso-
nalized TMV vaccine therapy could be used to boost the
efficacy of ICI therapy for indications such as TNBC, in
which tumor antigens are not well defined. We evaluated
vaccine efficacy by examining survival, metastasis, and anti-
tumor immunity in the 4T1 TNBC model. Our results suggest
that the combination of TMV vaccine immunotherapy and
anti-CTLA-4 antibody synergistically reduces metastasis and
increases the survival of the mice challenged with 4T1 tumor
cells better than either monotherapy.

Materials and methods

Antibodies

Purified hamster anti-mouse CD80 (Clone 16-10A1), rat-anti
-mouse CD80 (Clone 1G10) and rat anti-mouse IL-12 p40
(Clone C17.8) antibodies used for affinity chromatography
and anti-mouse CTLA-4 antibody (Clone 9D9), and anti-
mouse PD-L1 antibody (Clone 10 F.9G2), anti-mouse CD4
(Clone GK1.5) and mouse CD8 (Clone YTS 169.4) antibo-
dies for administration into mice were purchased from Bio X
Cell (West Lebanon, NH). Fluorochrome-conjugated anti-
mouse monoclonal antibody specific for murine CD80
(Clone 16-10A1) was purchased from BD Biosciences (San
Diego, CA) and anti-human CD80 (Clone 2D10) was

purchased from BioLegend (San Diego, CA). Antibody spe-
cific for murine IL-12 p40 (Clone C17.8) was purchased from
eBioscience (San Diego, CA) and anti-human IL-12 p40-
specific antibody (Clone C11.5) was purchased from BD
Biosciences. Anti-human CD3 antibody (Clone OKT3) used
for T cell activation was obtained from BD Biosciences. All
coating and biotin-conjugated detection antibodies used for
IL-2 and IFN-γELISA assays were purchased from BD
Biosciences.

Cell lines

Human MDA-MB-231, MDA-MB-453, BT-549, HCC-1187,
Jurkat E6.1, NK-92, NK-92MI, and murine 4T1 cells were
purchased from ATCC (Manassas, VA). CHO-K1 cell trans-
fectants expressing GPI-ISMs were established in our labora-
tory as described before.14,22

Production and purification of GPI-proteins

GPI-B7-1 and GPI-IL-12 were expressed in CHO-K1 cells and
immunoaffinity purified as previously described.14,22

Mice

Female BALB/cJ mice (6-8-week-old) were purchased from
Jackson Laboratories (Bar Harbor, ME) and maintained in
accordance with Emory University IACUC approved institu-
tional guidelines and protocols.

Murine TMV vaccine preparation and characterization

4T1 TMVs were prepared and incorporated with GPI-ISMs as
previously described.11 Briefly, tumors were grown in the
mammary fat pads or hind flanks, excised upon reaching
10 mm in diameter and frozen at −80°C. Tumors were then
minced and homogenized using an Omni TH tissue homo-
genizer along with disposable hard tissue rotor-stator genera-
tor probe tips from Omni International (Kennesaw, GA) and
centrifuged over a 41% sucrose gradient at 100,000 g. TMVs
were collected from the interface, washed, and resuspended in
phosphate-buffered saline (PBS). TMV concentration was
then determined using a micro BCA assay kit from Thermo
Scientific (Rockford, IL). TMVs were then incorporated with
GPI-proteins at 2.5 μg of each molecule/100 μg TMV for 3 h
at 37°C with gentle rotation. The incorporated TMVs were
centrifuged to remove unincorporated GPI-proteins and the
pelleted TMVs were resuspended in PBS. Incorporation of
GPI-mB7-1 (anti-mouse CD80-APC, Clone 16-10A1) and
GPI-mIL-12 (anti-mouse IL-12 p40-PE, Clone C17.8) was
evaluated using flow cytometry. FlowJo version 9.7.6 software
was used for flow cytometry data analysis from TreeStar
(Ashland, OR). The GPI-ISM incorporated TMVs (TMV
vaccine) were stored at −80°C until use. TMVs were analyzed
for size distribution/particle diameter using a Zetasizer Nano
ZS from Malvern Panalytical (Westborough, MA). Scanning
electron microscopy was performed by the Robert
P. Apkarian Integrated Electron Microscopy Core at Emory
University.
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Human TMV vaccine preparation

Human TNBC cell lines were grown in bulk and TMVs were
prepared from the cell pellets by homogenization and ultracen-
trifugation as described for murine tumor cell lines and tumor
tissue.14 De-identified human breast cancer tumor tissues were
obtained from Emory pathology tumor tissue bank and pro-
cessed as described above. Human GPI-IL-12 and GPI-B7-1
were purified from CHO-K1 cells and incorporated into
human TMVs prepared from human TNBC cell lines and breast
cancer tumor tissues as described above. Incorporation of GPI-
IL-12 and GPI-B7-1 was confirmed by flow cytometry analysis
using fluorochrome-conjugated antibodies (data not shown).

Luminex assay for serum cytokines/chemokines

Mice were immunized with the TMV vaccine as described
(Figure 2a). Mice were bled on d 5 after the final immuniza-
tion and serum was collected. Samples were pooled from each
group and an eBioscience 36-plex Luminex assay was per-
formed by Charles River Laboratories (Wilmington, MA).
Samples were run in duplicate and cytokine/chemokine levels
were extrapolated using a standard curve for each protein.

Tumor challenge studies

4T1 cells (2 x 104) were suspended in 100 μl of PBS and
injected into the second mammary fat pad. Tumors were
resected on d 9–10 upon reaching 3–4 mm in size. Mice
were then treated with immunotherapy and followed to assess
survival or metastasis. Mice were euthanized when they
reached IACUC endpoint for survival studies.

Immunotherapy studies

For survival and metastasis studies, 100 μg of 4T1 TMV vaccine
was given s.c. to some groups 2 d after surgical removal of the
primary tumor and a booster dose given 9 d after surgery
(Figure 3a). For immune response studies (Figure 2a), mice
were given three injections of TMV vaccine spaced at 2-week
intervals. Immune responses were then evaluated 5 d after the
final dose by Luminex assay of the serum.

For survival and metastasis studies, anti-CTLA-4 mAb (Clone
9D9) was given intraperitoneally (i.p.) 1 d following TMV vaccine
administration and subsequently every 3 d for a total of 4 doses:
dose 1 (200 μg), 2 (100 μg), 3 (100 μg), and 4 (100 μg) in PBS. This
dosing schedule was adapted from a study published by Allison
and coworkers.23 For immune response studies (Figure 2a), anti-
CTLA-4 mAb was given twice after each TMV vaccine adminis-
tration: on d1 (200 μg) and d4 (100 μg) after the first dose of
vaccine and then 100 μg doses following the second and third
administration of the vaccine for a total of 6 injections of anti-
CTLA-4 mAb. Anti-PD-L1 mAb (Clone 10 F.9G2) was given i.p.
1 d following TMV vaccine and subsequently every 3 d for a total
of 4 doses (200 μg/dose in PBS).23

Clonogenic assay

For the clonogenic assay, the TMV vaccine and anti-CTLA-4
mAb therapies were given as described above. A clonogenic
assay was performed as previously described.24 Briefly, mice
were sacrificed on d 28–35 post tumor challenge, lungs were
digested and processed to a single cell suspension using collage-
nase type IV (Sigma-Aldrich) in a 2-h incubation at 37°C and
then passed through a 70 μm cell strainer. Cells were washed
and suspended in DMEM with 10% FBS (Hyclone) containing
6-thioguanine (Sigma-Aldrich). Serial dilutions were made and
cultures grown for 7 d at 37°C, 5% CO2. 4T1 cells are resistant
to 6-thioguanine, but normal lung cells and fibroblasts are
sensitive and fail to survive, leading to the formation of distinct
4T1 colonies. Colonies were visualized after staining with 0.5%
crystal violet in ethanol and counted.25

In vitro immune response assays

Human GPI-anchored B7-1 and IL-12 incorporated into
human TMVs were used for stimulating IL-2 and IFN-γ
secretion by Jurkat E6.1 and NK-92 cells. Human NK-92
cells (2 x 105/ml) were stimulated with TMVs containing
incorporated GPI-IL-12 (40 μg/ml TMV) from various
human TNBC cell lines or de-identified patient-derived breast
cancer tumor tissue for 48 h. Supernatant was collected and
IFN-γ was measured by ELISA. Human Jurkat E6.1 cells (6
x 105/ml) were stimulated with TMVs with/without GPI-B7-1
(40 μg/ml TMV) from various human TNBC cell lines or
patient-derived breast cancer tumor tissue in combination
with anti-CD3 (Clone OKT3, 1 μg/ml) for 24 h. Supernatant
was collected and IL-2 was measured by ELISA.

Statistical analysis

A log-rank (Mantel-Cox) test was used to evaluate Kaplan-
Meier survival curves. A Student’s t test (unpaired, 2-tailed) or
Mann–Whitney U test was used to compare control and
experimental groups. P values <.05 were deemed statistically
significant (*p < .05, **p < .01). GraphPad Prism 6 software
was used to analyze data.

Results

TMV vaccine preparation and characterization

TMVs were prepared from surgically resected tumors from
syngeneic mice, characterized using physicochemical analyti-
cal methods for yield and size, and then incorporated with
purified GPI-B7-1 and GPI-IL-12 by protein transfer. The
data suggest that TMVs are uniform in size ranging from
300 to 500 nm (Figure 1a,b) and the yield ranged from 3 to
5 mg per gram of starting tissue (Figure 1c). Electron micro-
scopy analysis also confirmed the particulate nature of the
TMVs (Figure 1d). Efficient incorporation of GPI-B7-1 and
GPI-IL-12 by protein transfer onto membranes (Figure 1e)
was confirmed via flow cytometry (Figure 1f).
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Figure 1. TMV vaccine preparation and characterization from 4T1 tumor tissue. (a) Zetasizer analysis of TMVs, (b) Size of 4T1 TNBC TMVs, (c) Yield of TMV, (d)
Scanning electron microscopy (SEM) of TMV from 4T1 breast cancer tumor tissue, (e) Schematics of incorporating GPI-ISMs onto TMVs by protein transfer approach
and (f) Flow cytometry analysis of TMV vaccine showing protein transfer-mediated incorporation of GPI-B7-1 and GPI-IL-12 onto 4T1 TMV.

Figure 2. Co-administration of anti-CTLA-4 mAb with immunotherapy increases key immune mediators in serum. (a) Immunotherapy protocol design. BALB/c mice
(n = 5) were immunized three times 14 d apart with PBS, anti-CTLA-4 mAb, TMV vaccine, or TMV vaccine + anti-CTLA-4 mAb. Serum was collected and pooled on d 5
after the final immunization. (b) eBioscience 36-Plex Luminex assay was performed by Charles River Laboratories. The values were an average of duplicate readings.
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TMV vaccine and anti-CTLA-4 mAb combination
immunotherapy induces a cytokine response

Serum cytokine levels in response to vaccination are used as
a biomarker of cellular immune response and toxicity of
a vaccine. In order to determine whether TMV vaccine immu-
notherapy with and without anti-CTLA-4 mAb induces cellular
immune responses, we collected serum 5 d after the last booster
dose and analyzed serum cytokines and chemokines using a 36-
plex Luminex assay (eBioscience) at Charles River Labs
(Figure 2). TMV vaccination induced both Th1 and Th2 cyto-
kines, such as TNF-α, IFN-γ, IL-2, IL-4, IL-12, IL-18, and IL-31
in the serum. In addition, combination with anti-CTLA-4 mAb
increased serum levels of these proteins. Almost no measurable
response was observed in mice receiving PBS or anti-CTLA-4
mAb alone. Additionally, combination therapy induced a greater
increase of the chemokines ENA-78, CXCL-1, MIP-2, MIP-1β,
and LIF than TMV immunotherapy alone (data not shown). No
changes were observed for IL-1α, G-CSF, M-CSF, IFN-α, IL-3,
IL-10, IL-9, Eotaxin,MCP-3, MIP-1α, RANTES, orMCP-1 (data
not shown). However, these cytokine and chemokine levels are
far below what would be considered a “cytokine storm”26 sug-
gesting that immune pathology would not be induced by TMV
vaccine treatment or TMV/anti-CTLA-4 mAb combination

therapy. The lack of robust increase in cytokine/chemokines in
the TMV vaccine and the combination groups may be due to the
membrane-anchored nature of GPI-ISMs, which might have
restricted systemic activation and release of cytokine/chemokine
in the circulation. No significant anti-4T1 antibody titers were
detectable following immunotherapy, even when TMV vaccina-
tion was combined with anti-CTLA-4 mAb (data not shown),
suggesting that either TMV therapy or combination therapy
does not enhance B cell responses against 4T1 cells or 4T1 cells
do not have a cell surface B cell antigen.

TMV vaccine immunotherapy in combination with
anti-CTLA-4 mAb increases the survival of mice after
resection of primary tumor

Next, we determined whether the increased immune response
induced by TMV vaccine immunotherapy conferred protection
against metastatic disease. Mice were inoculated with 4T1 cells
orthotopically and the primary tumors were resected on d 10
(Figure 3a), by which time spontaneous metastasis had
occurred.19 These mice were then treated with the TMV vaccine
immunotherapy in the absence or presence of anti-CTLA-4
mAb or anti-PD-L1 mAb. Our results show that only 20% of

Figure 3. A combination of TMV vaccine and anti-CTLA-4 mAb enhances the survival of mice after resection of primary tumor. (a) Tumor challenge/resection and
immunotherapy protocol design. (b) Kaplan-Meier survival curves of control and anti-CTLA-4 mAb treated groups. Comparison of TMV vaccine + anti-CTLA-4 mAb
and anti-CTLA-4 mAb alone yields p = .0074, n = 5–10. Comparison of TMV vaccine + anti-CTLA-4 mAb and TMV vaccine + Mouse IgG yields p = .0105, n = 5–10. Log-
rank (Mantel-Cox) test used for comparison analysis. (c) Kaplan-Meier survival curves of control and anti-PD-L1 mAb treated groups. **p ≤ 0.01.
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mice survived in the control groups by d 60. Anti-CTLA-4 mAb
therapy alone provided no significant increase in survival, as no
mice survived by d 60. However, in the group receiving TMV
vaccine and anti-CTLA-4 antibody combination therapy, 70% of
the mice (7/10) survived for more than 66 d (Figure 3b). A log-
rank analysis (Mantel–Cox test) demonstrated that a significant
increase in survival was observed in the combination group
including TMV immunotherapy and anti-CTLA-4 mAb treat-
ment in comparison to anti-CTLA-4 mAb therapy or TMV
immunotherapy alone. Interestingly, combination therapy with
anti-PD-L1 mAb did not increase survival (Figure 3c), despite
the upregulated expression of PD-L1 on 4T1 cells following
exposure to IFN-γ in vitro (data not shown). Together, this
data shows that TMV immunotherapy in combination with anti-
CTLA-4 antibody therapy is more effective at preventing 4T1
metastasis than either monotherapy.

TMV vaccine immunotherapy in combination with
anti-CTLA-4 antibody post tumor challenge and surgical
resection of the primary tumor reduces lung metastasis

The primary cause of death in the 4T1 model is pulmonary
metastasis.19 Therefore, we hypothesized that the increased
survival in mice co-administered with the TMV vaccine
immunotherapy and anti-CTLA-4 antibody therapy may be
due to a reduction in lung metastasis. To test this, we chal-
lenged BALB/c mice orthotopically with 4T1 cells and then

resected the primary tumor on d10. TMV vaccine and anti-
CTLA-4 mAb were administered post resection as described
in Figure 4a. After 35–36 d, the mice were sacrificed, and
a clonogenic assay was performed as described in Methods to
assess the extent of lung metastasis. Only the group receiving
the combination therapy demonstrated a significant reduction
in the number of metastatic tumor cells present in the lung
(Figure 4b), exhibiting a ten-fold reduction in the number of
metastatic cells detected compared to PBS-treated controls
(~20,000 colonies in control PBS group versus to ~2,500
colonies in combination therapy group).

CD8+ T cells are critical for the control of metastasis in
the 4T1 breast cancer model

To determine the role of CD8+ and CD4+ T cells in reducing 4T1
lung metastasis in the TMV vaccine and anti-CTLA-4 mAb
combination treatment, T cell depletion experiments were car-
ried out (Figure 5a). The depletion of CD4+ T cells in the
vaccinated mice prior to tumor challenge yielded no difference
in control ofmetastasis. However, CD8+ T cell depletion resulted
in the loss of 4T1 metastasis control, with a 10-fold increase in
comparison to mice treated with the combination therapy.
Interestingly, the metastasis in the CD8+ T cell-depleted mice
was ~4-fold higher than the control mice (Figure 5b), suggesting
that CD8+ T cells primed by the tumor may also play a role in
controlling the 4T1 metastasis in the absence of vaccination.

Figure 4. Reduction in metastasis to the lung in mice receiving a combination of TMV vaccine and anti-CTLA-4 mAb. (a) Tumor challenge, resection, and
immunotherapy protocol design. (b) Metastasis evaluated using a clonogenic assay at d 35–36 post orthotopic challenge. Statistical differences were calculated
using Mann–Whitney U test *p < .05, n = 4–5.
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Human GPI-ISMs incorporated onto TMVs prepared from
human TNBC cell lines and human breast cancer tissue
retains functional activity

In order to address whether human GPI-ISMs retained their
activity in human TNBC TMVs, we prepared TMVs from estab-
lished human TNBC cell lines and human breast cancer tumor
tissues. Human GPI-ISMs incorporated into these TMVs stimu-
lated human NK-92 cells and Jurkat E6.1 cells effectively com-
pared to unincorporated TMVs (Figure 6). TMVs incorporated
with human GPI-IL-12 induced IFN-γ secretion by NK-92 cells
(Figure 6A). To confirm whether GPI-ISMs incorporated onto
TMVs prepared from patient-derived breast cancer tissue can also
stimulate human immune cells, we prepared TMVs from three
tumor samples and incorporated with GPI-ISMs. Human breast
cancer TMVs incorporated with human GPI-IL-12 also stimu-
lated IFN-γ secretion by NK-92MI cells (Figure 6B). Stimulation
of Jurkat E6.1 with unmodified TMV did not result in the pro-
duction of IL-2, even in the presence of anti-CD3 mAb; however,
incorporation of GPI-B7-1 effectively stimulated IL-2 production
in the presence of anti-CD3 (Figure 6C). Human breast cancer
TMVs incorporated with human GPI-B7-1 also stimulated IL-2
secretion by Jurkat E6.1 cells (Figure 6D). These results demon-
strate that GPI-ISMs incorporated into human breast cancer
TMVs retain their functional activity and suggest that TMV
vaccines can be developed from human breast cancer tumor tissue
for translational studies.

Discussion

Previous studies by our group have shown that TMV vaccine-
induced anti-tumor immunity is capable of inhibiting tumor
growth in an antigen-dependent manner and inducing
immune memory formation in a HER2+ breast cancer
model.14 Further, irradiated tumor cell vaccines containing
a combination of membrane-anchored B7-1 and IL-12
induced stronger anti-tumor immunity compared to the vac-
cine containing either one of the molecules in murine breast
cancer models.7,27,28 In this study we have shown that the
TMV vaccine immunotherapy can be used to treat poorly
immunogenic tumors with undefined tumor-associated anti-
gens when used in combination with anti-CTLA-4 blockade
therapy. In the 4T1 TNBC breast cancer model, TMV vac-
cine/anti-CTLA-4 mAb combination therapy resulted in
increased overall survival, reduced lung metastasis, as well as
enhanced CD8 T cell responses. Together, the data suggest
that TMV tumor tissue-derived vaccination as a potential
strategy for treating cancers that exhibit a high degree of
heterogeneity and lack well-defined tumor antigens, such as
TNBC. It is not clear why the combination of TMV vaccine
and mouse IgG further reduces survival in comparison to
TMV vaccine alone or TMV vaccine in combination with
rat IgG. This observation warrants further investigation with
larger cohorts. In contrast to our observations in other murine

Figure 5. The depletion of CD8 T cells abrogates the impact of immunotherapy on 4T1 metastasis. (a) Immunotherapy, cell depletion, and tumor challenge protocol
design. (b) Metastasis evaluated using a clonogenic assay at d 20 post orthotopic challenge with 4T1 cells. Statistical differences were calculated using t-test.
**p < .01, n = 4–5.
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tumor models,11,14 the TMV vaccine therapy alone did not
protect mice against 4T1 tumor challenge. This may be due to
the low level of poorly immunogenic antigens, which could be
overcome through a different dosing schedule, dose of TMV
vaccine, or combination therapy with an immune checkpoint
inhibitor. Further studies are being conducted to investigate
these possibilities.

There are many cancer vaccine immunotherapy strategies
being tested in preclinical models. However, most rely on the
presence of a known antigen, determination of mutated neoe-
pitopes in individual patients that can elicit an immune
response,29 or development of cell lines from each patient.
Unfortunately, these remain labor-intensive and time-
consuming. Unlike these approaches, our TMV vaccine can
be prepared from frozen tumor tissue without antigen identi-
fication or cell line establishment, facilitating vaccine devel-
opment time and reducing labor, thereby simplifying clinical
application. The use of frozen tumor tissue and TMV vaccines
makes the logistics of preparing and transporting vaccines
simpler in the clinical setting. Human GPI-ISMs not only
remain at the surface of patient-derived TMV after protein
transfer, but they also retain their functional activity, which
can be measured by functional readouts such as IFN-γ and IL-
2 secretions by PBMCs or lymphocyte cell lines. This further
confirms the applicability of the approach for the clinical
development of the TMV vaccine.

The present study also found that, while the TMV vaccine
synergized with CTLA-4 blockade, it did not synergize with
anti-PD-L1 mAb treatment. It is known that these two

checkpoint blockade therapies target distinct immune
pathways.30 Recent studies have shown that blocking CTLA-
4 signaling can boost the CD4+ T cell effector population,
reduce regulatory T cells, and engage several subsets of CD8+

T cells,30 while PD-1 signaling blockade predominantly
induces the expansion of exhausted CD8+ T cells by targeting
“stem” like progenitors.31 Another study using dual check-
point blockade observed that anti-CTLA-4 and anti-PD-1
antibodies expand and activate unique T cell repertoires in
a murine TNBC model.32 This study also postulated that anti-
CTLA-4 antibody primarily functions to prime naïve T cells
in the lymph node and reduce Treg numbers in the tumor,
while anti-PD-1 antibody enhances the anti-tumor T cell
functions.32 The 4T1 model is highly immunosuppressive,
which significantly dampens initial T cell priming and
activation.19 Therefore, it is possible that anti-CTLA-4 anti-
body blocks the negative signaling during vaccine-induced
T cell priming. This may explain why we only observed
a synergistic effect with anti-CTLA-4 antibody and not anti-
PD-L1 antibody. Although PD-L1 expression on tumor cells
often correlates with response rate to anti-PD-L1 in human
TNBC, not all patients whose tumors are PD-L1+ve respond
to ICI therapy, suggesting that tumors may be using other
immunosuppressive mechanisms.4 It is also possible that
in vivo expression of PD-L1 was diminished or lost on 4T1
tumor cells, making them non-responsive to anti-PD-L1
therapy.

The anti-CTLA-4 mAb Yervoy, approved for metastatic
melanoma, enhances the overall response rate in 10.9% of

Figure 6. Human GPI-ISMs incorporated into TMVs prepared from human TNBC cell lines or breast cancer tumor tissues are able to stimulate PBMC, NK-92, and Jurkat
E6.1 cells. (a) Human NK-92 cells and (b) human NK-92MI cells (2 x 105/ml) were stimulated with TMVs containing incorporated human GPI-IL-12 (40 μg/ml TMV) from
various human TNBC cell lines (a) or patient-derived breast cancer tumor tissue (b) for 48 h. Supernatant was collected and IFN-γ was measured by ELISA. Human
Jurkat E6.1 cells (6 x 105/ml) were stimulated with TMVs with/without GPI-B7-1 (40 μg/ml TMV) from various human TNBC cell lines (c) or patient-derived breast
cancer tumor tissue (d) in combination with anti-human CD3 mAb for 24 h. Supernatant was collected and IL-2 was measured by ELISA. IL-2 levels were undetectable
in Jurkat E6.1 with anti-CD3 alone. Values were average of triplicates and represented as Mean ± SD.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 3191



patients.33 However, it is not known why a majority of
patients fail to respond to treatment. It has been shown that
vaccination with tumor-derived antigens enhances the efficacy
of anti-CTLA-4 mAb therapy in animal models, suggesting
that a larger percentage of patients would benefit from Yervoy
treatment if additional stimulation of the anti-tumor immune
response could be elicited.21,34,35 Thus, our vaccination
approach provides an opportunity to expand the use of anti-
CTLA-4 mAb in patients who are resistant to the therapy.

In summary, the preclinical data in this study suggest that
a combination of our TMV-vaccine immunotherapy along
with anti-CTLA-4 mAb therapy work together to suppress
metastasis, stimulate CD8 T cell immunity, and enhance over-
all survival in the highly aggressive, poorly immunogenic 4T1
murine breast cancer model. In addition, this protection is
dependent upon CD8+ T cell immunity, not anti-tumor anti-
body responses.

TNBC is a highly heterogeneous disease; therefore, the 4T1
model may only represent a subset of human TNBC cases.
The TMV vaccine approach used in our studies employs
plasma membrane vesicles derived from tumor cells which
may not fully capture the mutant tumor antigens present in
the cytoplasm. However, we expect these mutant proteins are
processed and presented on membrane-associated MHC class
I molecules. Our novel combinatorial approach may prove to
be a promising treatment option for TNBC patients that
critically need personalized approaches to help combat the
heterogeneous nature of their disease and prevent relapse.
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