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ABSTRACT
The tumor microenvironment (TME) provides necessary nutrition for tumor growth and recruits immu-
nosuppressive factors including regulatory T cells and myeloid-derived suppressor cells (MDSCs) to
inhibit the anti-tumor immune response induced by immunotherapy. As a main TME component, cancer
associated fibroblasts (CAFs) can restrain T cell infiltration and activity through extracellular matrix
remodeling. Vaccines targeting fibroblast-activating protein α (FAPα), which is mainly expressed on
the CAF surface, can eliminate CAFs in tumors and regulate the TME, enhancing the potency of T cell-
mediated anti-tumor effects. However, the anti-tumor effects were not fully realized as the tumor
induces a large number of peripheral MDSCs during its growth, rendering the body of mice in an
immunosuppressive state and preventing the vaccine from inducing effective anti-tumor immune
responses. Here, we developed a dual-targeted DNA vaccine OsFS, targeting tumor matrix antigen
FAPα and tumor cell antigen survivin simultaneously, exhibited enhanced antineoplastic effects in an
established breast cancer model. Moreover, doxorubicin (Dox) pretreatment to remove the peripheral
MDSCs induced to regulate the peripheral immune environment could further facilitate the anti-tumor
activity of the vaccine. These results indicated that combination treatment of the tumor cells and the
TME dual-targeting vaccine plus Dox could effectively realize the anti-tumor activity of the vaccine by
decreasing immunosuppressive factors and inducing more tumor-infiltrating lymphocytes, which may
offer important guidance for clinical research regarding the combination of the DNA vaccine with low-
dose Dox.
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Introduction

The recent clinical success of immunization checkpoint blockade
therapy has initiated a new era of cancer immunotherapy.1,2 The
premise for the effectiveness of programmed death-ligand 1
blockade is the presence of CD8+ T cells in tumors.3 Most cancer
immunotherapies require T cells to perform anti-neoplastic
effects. Moreover, numerous studies have shown that the quantity
of T cells infiltrated in tumors positively correlates with the prog-
nosis of patients with cancer across various cancer types.4–7 As
a type of cancer immunotherapy, anti-cancer vaccines have
attracted increasing attention because of their ability to induce
a large number of tumor-specific CD8+ T cells, which are crucial
for tumor regression.8,9 Nevertheless, a potential limitation of
such vaccines is the inability to guarantee that the induced-
CD8+ T cells can enter tumors, owing to the presence of the
tumor microenvironment (TME). Therefore, destroying the
TME to promote the infiltration of CD8+ T cells into the tumor
is necessary to boost the effectiveness of immunotherapy such as
cancer vaccines.

Cancer associated fibroblasts (CAFs), as a fundamental
component of the TME, can promote the occurrence,

development, metastasis, and drug resistance of cancer by
synthesizing extracellular matrix components (such as col-
lagen I and fibronectin) and interacting directly with cancer
cells and other stromal cells.10–12 Moreover, CAFs can also
recruit myeloid-derived suppressor cells (MDSCs) to infiltrate
into tumors by secreting CCL2 and CXCL12 to inhibit the
anti-tumor immune responses.13–15 In our previous work, we
constructed a DNA vaccine targeting fibroblast activating
protein α (FAPα), which expressed on the surface of CAFs.
The DNA vaccine, OsF, could remodel the TME by inducing
a large number of tumor-infiltrating lymphocytes to target
FAPα-expressing CAFs.16 Most importantly, compared with
other human matrix antigens, only FAPα has the ability to
stimulate antigen-specific CTL responses in vitro from donor
PBMC.17 So FAPα is an ideal target for cancer treatment.
While the anti-tumor effect of the optimized vaccine was
still not ideal.16 Notably, although FAPα-targeted vaccines
can regulate the TME, they have no direct killing effects on
cancer cells. Thus, in order to achieve better therapeutic
results, FAPα-targeted vaccines may need to be combined
with other vaccines and treatments.
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Survivin, a novel member of the inhibitor of apoptosis
protein family, represents another promising potential vaccine
target for this approach, as it is overexpressed in various
tumors and embryonic tissues but is not or rarely expressed
in normal adult tissues.18 Moreover, convincing evidences for
spontaneous cytotoxic T-cell responses19 and auto-antibody20

against survivin in cancer patients have been reported, which
indicate that survivin is strongly immunogenic and may be
suitable for the construction of cancer vaccine.

MDSCs comprise a heterogeneous population of cells con-
sisting of immature myeloid cells and myeloid progenitor cells
that are able to inhibit both innate and adaptive
immunity.21,22 MDSCs function as effective inhibitory factors
for T cell proliferation and activation in both humans and
mice.21–24 Accumulation of MDSCs in the blood, spleen,
lymph nodes, and tumors has been detected in a variety of
mouse tumor models and human patients with cancer.25–27

Accordingly, elimination or inhibition of MDSCs may signif-
icantly improve the effects of cancer immunotherapies.23

Notably, many chemotherapeutic drugs have the effect of
decreasing MDSCs, such as gemcitabine,28 5-Fluorouracil,29

and doxorubicin (Dox).30 In particular, Dox has been widely
utilized as an anti-neoplastic drug in the treatment of various
cancers including breast cancer.31 In addition, non-
therapeutic doses of Dox can effectively eliminate the effect
of MDSCs induced by tumors and promote CD8+ T cell
proliferation.30,32 Nevertheless, it has not been reported that
if low-dose Dox pretreatment could enhance the anti-tumor
effect of DNA vaccine by depleting peripheral MDSCs.

A recent study has shown that a DNA vaccine targeting
FAPα combined with another cancer vaccine exhibited syner-
gistic anti-tumor effects.33 However, FAPα+ CAFs and tumor
cells co-targeting DNA vaccines have not been reported,
which may have excellent anti-tumor activities and facilitate
preparation and administration. Thus, we proposed that
a DNA vaccine co-targeting FAPα and survivin might mod-
ulate the TME in addition to directly killing tumor cells.
Toward this end, we constructed a fusion DNA vaccine,
OsFS, containing both FAPα and survivin to further enhance
tumor death and inhibition through dual targeting effects
against the TME and tumor cells. Notably, even though
OsFS could reduce the infiltration of MDSCs in 4T1 tumors,
a large number of MDSCs remained in the spleen and blood
of mice, which might strongly inhibit the anti-tumor immune
response induced by OsFS. Hence, we additionally hypothe-
sized that Dox might more fully realize the anti-tumor activity
of OsFS by decreasing peripheral MDSCs. The experimental
results showed that OsFS and Dox act synergistically in sub-
cutaneous and orthotopic 4T1 breast cancer models.

Materials and methods

Cell lines

Murine breast cancer cell lines (4T1 and EMT6) and colon
carcinoma cell line (CT26) were used to construct the mouse
cancer models, the 293 T cell line was used to detect protein
expression of plasmids, and P815 murine mastocytoma cells
used as target cells were incubated with or without peptides

for cytotoxicity assays in vitro. All cell lines were preserved by
the National Engineering Laboratory for AIDS Vaccine, Jilin
University. All experiments were performed with myco-
plasma-free cells.

Vaccine construction

The plasmid OsF was constructed previously in our laboratory
(previously termed OshF(m)).16 For generating plasmid OS,
the OS fragment (human survivin with deletion of
7 N-terminal amino acid residues following codon optimiza-
tion) was cloned into the PstI/BamHI sites of the CpVR
vector (VR1012 with a CpG motif). Plasmid OsFS was con-
structed using the Seamless Assembly Cloning Kit through
homologous recombination following manufacturer protocol.
All plasmids contained a Kozak sequence and a tPA signal
sequence at the N-terminus of the antigen fragment.

Mice and tumor model

Female BALB/c mice (6–8 weeks old) were purchased from
Beijing Huafukang Biology Technology Co., Ltd. (Beijing,
China) and raised in the animal experiment platform of the
College of Life Sciences, Jilin University. A total of 2 × 104

murine 4T1 tumor cells were injected subcutaneously into the
right lower flank or thotopically in the 4th mammary fat pad of
mice on day 0. Mouse body weights and tumor sizes were
measured using an electronic scale and a Vernier caliper every
two days, respectively. Tumor size was calculated by the formula:
V = (length·width2)/2 (mm3). Mice were euthanized for the
following ethical reasons: tumor ulceration, tumor size reaching
2000 mm3, or decline in health (mice did not eat or exhibited
severe weight loss). All animal experiments were performed in
accordance with China law and with approval of the Ethics
Committees of Jilin University (Changchun, China).

Strategies for treatment in mice

Following tumor establishment (7 days after tumor challenge),
mice were randomly assigned to different groups. To deter-
mine therapeutic efficacy, mice were immunized three times
by intramuscular injection with vaccine plasmids or CpVR
vector (as a control) into the tibialis anterior muscles of both
hind limbs (50 μg each limb) on days 7, 9, and 12. For
detecting the proportion of MDSCs in splenocytes of immu-
nogenic mice, the non-tumor-bearing mice (n = 3) were
sacrificed following 7 days of immunization with a single
vaccine and the splenocytes were separated for detection.
For detecting the doxorubicin dosing schedule to remove
MDSCs, mice in group 1 were administered with doxorubicin
(5 mg/kg, intravenous (i.v.)) on day 7, whereas those in
groups 2 and NS were administered with doxorubicin
(5 mg/kg, i.v.) or normal saline (i.v.) on days 7 and 12,
respectively. For investigating the anti-tumor effect of the
vaccine combined with doxorubicin, mice were injected with
doxorubicin (5 mg/kg, i.v.) on days 7 and 12, and then
immunized with vaccine (100 μg, intramuscular) on days 13,
15, and 18. In order to explore the effect of different chemicals
on vaccine effectiveness, mice were injected with

e1747350-2 F. GENG ET AL.



5-Fluorouracil (50 mg/kg, intraperitoneal (i.p.)) or oxaliplatin
(5 mg/kg, i.p.) on day 12, and then immunized with vaccine.
In all experiments, the first DNA immunization was admini-
strated intramuscularly followed by electroporation.

(The remaining materials and methods are available in
Supplementary material.)

Statistical analysis

All in vivo and in vitro experiments were performed at least two
times. Data were analyzed using one-way analysis of variance,
and presented as mean ± SD. Differences between groups were
assessed for statistical significance using the unpaired t-test. The
statistical analysis of survival data was performed using log-rank
test. P < .05 was considered significant. All statistical analyzes
were implemented in GraphPad Prism 8.0 (La Jolla, CA, USA).

Results

Construction of a survivin-targeted vaccine and
verification of anti-tumor effects

To test whether a human survivin-based vaccine could inhibit
the growth of 4T1 tumors in mice, we generated a DNA vaccine,
OS (Figure 1(a)), containing codon-optimized human survivin
deleted for the 7 N-terminal amino acid residues critical for its
anti-apoptosis function.34 The expression of a 16-kDa protein
encoded by the DNA vaccine was detected by western blotting
(Supplementary Figure 1). Tumor-bearing female BALB/c mice
were immunized according to the schedule (Supplementary
Figure 2a). Compared to the Vector, OS resulted in slower

tumor growth (Supplementary Figure 2b) and lighter tumor
weight (Supplementary Figure 2c). Moreover, numbers of anti-
gen-specific T cells in the OS group were nearly four-fold those
in the Vector group (Supplementary Figure 2d). Together, these
data suggested that the human survivin-based vaccine could
induce antigen-specific T cells in mice and inhibit the growth
of wild-type 4T1 tumors.

Antitumor activity of a co-targeting FAPα and survivin
fusion DNA vaccine

Our early work demonstrated that codon-optimized human
FAPα-based DNA vaccine, OsF (Figure 1(a)), could inhibit
the growth of 4T1 tumor in mice by targeting FAPα+ CAFs,16

Therefore, we constructed a DNA vaccine that combines
human FAPα and survivin, termed OsFS (Figure 1(a)),
which could target both CAFs and tumor cells. The expres-
sion of the 105-kDa fusion protein encoded by OsFS was
detected by western blotting (Supplementary Figure 3). To
verify the anti-tumor effect of OsFS, mice were immunized
as shown in Figure 1(b). OsFS could inhibit tumor growth
substantially better than single antigen vaccine (Figure 1(c)).
And none of the three vaccines affected the growth of mice
(Figure 1(d)). Moreover, immunization with OsFS revealed an
obviously enhanced survival benefit compared to that of
immunization with other vaccines (Figure 1(e)). Compared
with Vector, OsFS could induce greater FAPα and survivin-
specific T cell immune responses (Figure 1(f,g)), the intensi-
ties of which did not notably differ from those of the single
antigen vaccines, even stronger on CTL (Figure 1(g)) and

Figure 1. Inhibition of tumor growth and detection of anti-tumor immune response. (a) Schematic diagram of the three DNA vaccines: OS, OsF, and OsFS. (b)
Therapeutic setting. BALB/c mice (n = 10) were challenged with 2 × 104 4T1 tumor cells on day 0 and then treated on days 7, 9, and 12. (c, d) The tumor volume (c)
and body weight (d) were measured every two days following tumor challenge for 23 days. (e) Survival time was monitored for 52 days (n = 12). Mean survival times
were as follows: Vector (Vec) group = 34.6 days; OS group = 41.6 days; OsF group = 41.2 days; OsFS group = 44.8 days. (f) Splenocytes separated from vaccinated
mice were stimulated with FAPα peptides (F peptides), survivin peptidesm (S peptides), and unrelated human MUC1 peptides (NS peptides), and frequencies of
antigen specific IFN-γ-secreting T cells were measured using ELISPot. (g) For the in vitro CTL assay, splenocytes of immunized tumor-bearing mice were incubated
with P815 cells pulsed with FAP or survivin peptides as target cells at the E:T ratio (ratio of effecter cells to target cells) of 50:1. (h) Serum was collected upon sacrifice.
Specific antibodies against survivin and FAPα were detected by ELISA. (*P < .05, **P < .01, ***P < .001, ****P < .0001).
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antigen-specific antibody levels (Figure 1(h)). These findings
indicated that the fusion of antigens did not affect the body’s
immune responses against individual antigens; rather, the
fusion vaccine OsFS induced stronger antigen-specific cellular
and humeral immune responses and better antitumor activity
compared with those of OsF and OS vaccines.

The fusion vaccine alters the TME and promotes greater
CD3+CD8+ T cell infiltration

OsF could reduce CCL2 and CXCL12 expression in the TME
by inducing more CD3+CD8+ T cells to remove FAPα+ CAFs,
thereby reducing the proportion of MDSCs infiltrated in
tumors.16 To investigate whether OsFS still has the effects
on altering the TME, we detected the proportions of FAPα+

CAFs, CD3+CD8+ T cells, and MDSCs in tumors. Compared
with OsF, OsFS further reduced the number of FAPα+ CAFs
in the tumor (Figure 2(a)). All vaccines could induce more
CD3+CD8+ T cells to infiltrate into tumors compared with

Vector; however, OsFS could induce greater CD3+CD8+ T cell
infiltration than that of individual antigen vaccines (Figure 2
(b)). Furthermore, OsFS reduced the proportion of intratu-
moral MDSCs more effectively than OsF (Figure 2(c)).

We next analyzed the mRNA expression levels of antigens
and collagen I, CXCL12, and CCL2 in tumors (Figure 2(d)).
OsFS significantly reduced the mRNA expression levels of sur-
vivin (BIRC5), FAPα, and collagen I (COL1A1) compared to
those of individual antigen vaccines. The expression of Cxcl12 in
mice immunized with OsFS or OsF was approximately 2-fold
lower than that in mice immunized with Vector, with the
expression of Ccl2 reduced by 4-fold. Moreover, OsFS was
more effective than OsF to down-regulate the expression of
Ccl2 in the tumor. Although compared with Vector, OS could
reduce the level of Cxcl12 expression, it did not reduce the level
of Ccl2. Moreover, OsFS or OsF notably reduced the mRNA
expression levels of GM-CSF (CSF2) and G-CSF (CSF3) (asso-
ciated with induction and activation of MDSCs) compared to
those of Vector, whereas OS only moderately reduced the

Figure 2. Regulation of the tumor microenvironment by vaccines. (a, b, c) Representative flow cytometry plots (left) and quantification (right) of frequencies of
intratumoral FAPα+ CAFs (a), CD3+CD8+ T cells (b), and CD11b+Gr-1+ MDSCs (c). (d, e) Relative mRNA expression levels of survivin (BIRC5), FAPα, collagen I (COL1A1),
CXCL12, CCL2 (d), and IL-2, TNF-α, IFN-γ, IL-6, IL-10, GM-CSF (CSF2), and G-CSF (CSF3) (e) in tumors isolated from vaccinated tumor-bearing mice were detected by
qRT-PCR. Gapdh was used as an endogenous control. (*P < .05, **P < .01, ***P < .001, ****P < .0001).

e1747350-4 F. GENG ET AL.



expression of G-CSF (Figure 2(e)). These findings might under-
lie why OS was less able to reduce the proportion of MDSCs in
tumors compared to OsF and OsFS (Figure 2(c)). Additionally,
OsFS appreciably increased the mRNA expression of IL-2, TNF-
α, and IFN-γ and decreased that of IL-6 and IL-10 compared
with the other vaccines (Figure 2(e)). These results revealed that
OsFS had a stronger ability to regulate the TME and promoted
the infiltration of large numbers of CD3+CD8+ T cells compared
to single antigen vaccines.

Tumors induce a large number of peripheral MDSCs

Although the anti-tumor activity of OsFS was significantly
stronger than that of the individual antigen vaccines, the
antitumor effect was still not ideal. To discover the underlying
mechanisms, we detected immunosuppression-related cells in
the splenocytes of tumor-bearing mice. In tumor-bearing
mice, the proportion of CD11b+Gr-1+ MDSCs in splenocytes

exceeded 50%; this was > 40% even in splenocytes of vaccine-
immunized tumor-bearing mice (Figure 3(a)). However, the
proportion of MDSCs in splenocytes of vaccinated healthy
mice (no tumor bearing mice) was about only 3% (Figure 3
(b)). These results suggested that the large number of MDSCs
in tumor-bearing mouse splenocytes was induced by tumors
rather than vaccines. And, consistent with other studies, the
majority of MDSCs in the spleen of tumor-bearing mice were
PMN-MDSCs (CD11b+Ly-6 G+Ly-6Clow), not M-MDSCs
(CD11b+Ly-6 G−Ly-6Chi) (Figure 3(c)). 25,35 Moreover, both
types of MDSCs could inhibit the secretion of IL-2 by sple-
nocytes of immunized mice (Figure 3(d)).

Peripheral MDSCs increase with tumor growth and can be
decreased by Dox

As MDSCs might inhibit the anti-tumor effect of OsFS, we
examined whether removing peripheral MDSCs would enhance

Figure 3. Decrease of tumor-induced MDSCs by doxorubicin. (a) The proportions of CD11b+Gr-1+ MDSCs in the spleens of vaccinated tumor-bearing mice on day 23.
(b) CD11b+Gr-1+ MDSC frequencies in splenocytes of non-tumor-bearing mice 7 days after immunization. (c) 4T1 tumors mainly induced PMN-MDSC production in
the spleen. Representative flow cytometry plots (left) and quantification (right) of frequencies of different types of MDSCs in the spleens of tumor-bearing mice
on day 23. PMN-MDSCs, CD11b+Ly-6 G+Ly-6Clow; M-MDSCs, CD11b+Ly-6 G−Ly-6Chi. (d) 1 × 107 splenocytes isolated from immunized non-tumor-bearing mice were
co-cultured with and without MDSCs (splenocytes:MDSC = 1:1) in 12-well plates and stimulated with FAPα or survivin protein (0.2 μg/well) for 5 days. The IL-2
concentration in culture supernatants was detected by ELISA. (e-i) Effects of Dox on MDSCs in tumor-bearing mice. (e) Experimental design, treatment schedule, and
detection time points. (f) The spleen weight of 4T1 tumor-bearing mice following the tumor progression. (g) Changes of MDSC-related factors with tumor
progression. Relative mRNA expression levels of CCL2, CXCL12, GM-CSF (CSF2), and G-CSF (CSF3) in tumors were detected by qRT-PCR. Gapdh was used as an
endogenous control. (h) Frequency (left) and absolute number (right) of MDSCs in the spleen. (i) Proportion of MDSCs in the blood. (*P < .05, **P < .01,
****P < .0001).
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the OsFS anti-tumor effect. In mouse models, two doses of Dox
(5mg/kg) could selectively kill MDSCs by triggering apoptosis,30

but one dose did have little effect on MDSCs.29 To explore the
effects of different cancer stages and different administration
times of Dox on peripheral MDSCs, 4T1 tumor-bearing mice
were treated withDox (5mg/kg) according to the strategy shown
in Figure 3(e). The proportion ofMDSCs in the spleen and blood
of mice was detected by flow cytometry on days 7, 10, 12, 15, 20,
24, and 27. With tumor growth, the spleen weight of mice also
increased (Figure 3(f)). We also found that the mRNA expres-
sion levels of CCl2, CXCL12, GM-CSF, and G-CSF in tumors
increased sharply around 9–15 days, and then declined but
remained at a relatively high level (Figure 3(g)). Compared
with naive mice, the proportion of MDSCs in the spleen and
blood of 4T1 tumor-bearing mice increased significantly with
tumor progression (Figure 3(h,i)). Moreover, the ratio of
MDSCs in the spleen (Figure 3(h)) and blood (Figure 3(i)) of
mice treated with Dox significantly decreased compared to that
of the NS group on days 15 and 20. Mice treated twice with Dox
had fewer MDSCs than mice treated with a single Dox admin-
istration. On days 24 and 27, the proportion of MDSCs in the
spleen and blood of mice treated with Dox increased gradually;
however, the absolute number of MDSCs in the spleen was still
lower than that in the NS group (Figure 3(h)). In addition, there
were differences in the ability of different tumor types (CT26,
EMT6 and 4T1) to induce MDSCs, but Dox administration
could effectively reduce the content of MDSCs in the spleen of
tumor-bearing mice (Supplementary Figure 4).

Combination of OsFS with Dox leads to marked
improvement of anti-tumor activities

As MDSCs up-regulation could be detected in the spleen and
blood of tumor-bearing mice 7 days following tumor inocula-
tion (Supplementary Figure 5a, b), and expression of factors
associated with MDSCs induction increased markedly in
7–15 days (Figure 3(g)), we decided to treat the mice in the
combination group with Dox first followed by vaccination
(Figure 4(a)). During the treatment, the weight of all experi-
mental mice was within the normal range, and Dox adminis-
tration only had a slight effect on the weight of the mice
(Figure 4(b)). OsFS combined with Dox led to a greater
tumor inhibition rate compared to that of other groups in
the 4T1 tumor model (Figure 4(c,d)). The tumor inhibition
rate of the Dox+OsFS group reached 78.3% compared with
that of the Vec group, which was improved over those of the
Dox (51.4%) and OsFS (51.3%) groups. And the combination
therapy also showed stronger antitumor effect than the other
two monotherapies in the EMT6 tumor model
(Supplementary Figure 6). The numbers of FAPα and survi-
vin-specific IFN-γ+ T cells in the combination group
increased by 0.5- and 1.3-fold, respectively, compared with
that in individual vaccine group (Figure 4(e)). In addition,
when splenocytes were stimulated with survivin and FAPα
proteins, the level of secreted IL-2 of the combination group
was nearly 2.3- and 2.5-fold higher, respectively, than that of
the vaccine group (Figure 4(f)). And combination therapy
further reduced the proportion of FAPα+ CAFs in the tumor
compared to OsFS alone (Figure 4(g)). Dox also prolonged

the survival time of mice in the combination group by 46.2%
compared with the Vector group. Furthermore, the Dox and
OsFS groups exhibited prolonged survival time by 15.6% and
19.6%, respectively, compared with that of the Vector group
(Figure 4(h)).

The effects of combination therapy on different immune
cells vary

In addition toMDSCs, Tregs and tumor-associatedmacrophages
(TAMs) are also involved in cancer-induced immunosuppres-
sion. Moreover, Dox not only selectively scavenges MDSCs but
also promotes tumor-specific CD8+ T cell proliferation.30 To
investigate the effects of combination therapy on CD8+ T cells
and immunosuppressive cells in peripheral regions and the TME
of mice, we performed flow cytometry to identify these cells in
spleens and primary tumors. The results showed that the propor-
tion of CD3+CD8+ T cells in splenocytes of the combination
group was more than twice that of the OsFS group (Figure 5
(a)), whereas the proportion of MDSCs in splenocytes of the
combination group was significantly lower than that in the
separate treatment groups (Figure 5(b)). The proportion of
CD3+CD69+ T cells in splenocytes of the combination group
was markedly higher than that of the separate treatment groups
(Supplementary Figure 7). Additionally, compared with the Dox
group, the combination group and OsFS group had fewer Tregs
in the spleen (Figure 5(c)). Similar to the flow cytometry results
for the spleen, vaccine combined with Dox immensely increased
the relative percentage of CD3+CD8+ T cells in the TME (Figure
5(d)). In addition, combination therapy significantly decreased
Tregs in tumors (Figure 5(f)). However, the combination therapy
did not further reduce MDSCs in tumors (Figure 5(e)), which
might be due to factors other than CAFs in this model that affect
the infiltration of MDSCs. Notably, OsFS or combination ther-
apy increased the proportion of M1 macrophages (F4/80+-
CD206−) in the TME, which was beneficial for anti-tumor
immunity. However, the proportion of M2 macrophages (F4/
80+CD206+) in the TME of the combination group was 2-fold
higher than that of the OsFS group (Figure 5(g)). Consistent with
this, the qRT-PCR result of Il6, which constitutes a main factor
promoting the M2-like differentiation of macrophages, in the
combination group was significantly higher than that in the
single vaccine group (Supplementary Figure 8).

Combination therapy significantly inhibits spontaneous
lung metastasis

To assess whether the vaccine combined with Dox inhibits
metastases in mice, tumor-bearing mice (n = 5) were sacrificed
on day 32 following subcutaneous tumor challenge, and the
lungs of all mice were separated to examine the metastatic foci.
Metastatic foci in the Dox group, the OsFS group, and the Dox
+OsFS group were reduced by 70.5%, 77.3%, and 96.6%, respec-
tively, compared with that in the Vector group (Supplementary
Figure 9a). Moreover, only one mouse in the combination group
exhibited lung metastasis. Tumor weight analysis showed that
the combination treatment still had a stronger role in inhibiting
tumor growth compared with the separate treatments on day 32
(Supplementary Figure 9b).
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The synergistic anti-4T1 effect of DOX and OsFS depends
on MDSCs depletion

Studies have shown that some chemical agents, includingDox, can
promote anti-tumor immune responses by triggering immuno-
genic cell death (ICD).36–38 In this study, Dox pretreatment
induced weak FAPα and survivin-specific immune responses in
4T1 tumor-bearing mice (Figure 4(e)), which may also enhance
the antitumor effect of OsFS. 5-fluorouracil (5FU) has been shown
to selectively kill MDSCs without inducing ICD, while oxaliplatin
(Ox) has been proved to induce ICD without affecting
MDSCs.29,38 To clarify the antitumor mechanism of OsFS com-
bined with Dox, we compared the effects of Dox, 5FU, and Ox on
the antitumor effect of OsFS (Figure 6). Meanwhile, we set up
a Dox+OsFS+MDSCs group to further explore the effect of
MDSCs on the synergy of Dox and OsFS, which received an

adoptive transfer of MDSC after 1 day of Dox injection. 4T1
tumor-bearing mice were grouped and treated according to
Figure 6(a). Although Ox can induce the production of a small
number of antigen-specific T cells, it did not significantly enhance
the antitumor effect of OsFS, and 5FU had a synergistic effect with
OsFS without the induction of an antigen-specific immune
response (Figure 6(b,c, and e)). What’s more, MDSCs transfer
eliminated the synergy between Dox and OsFS (Figure 6(d,e)).
These data indicated that Dox enhanced the antitumor effect of
OsFS mainly though depleting MDSCs.

Two rounds of Dox therapy can further enhance the
anti-tumor effect of the vaccine

The number of peripheral MDSCs tended to recover with
the progression of tumor growth and disappearance of Dox

Figure 4. Anti-tumor effects of fusion vaccine combined with doxorubicin treatment. (a) Schematic of the therapeutic regimen. All treatments began 7 days after
mice (n = 10) were inoculated with 4T1 tumor cells. Mice (n = 5) were euthanized on the 25th day. (b, c) Body weights (b) and tumor volumes (c) were recorded for
24 days. (d) Schematic diagrams of tumor nodes (left) and tumor weight analysis (right) (n = 5). Tumor weights denoted as the means ± SD were as follows: Vector
(Vec) group = 2.402 ± 0.3043; Dox group = 1.168 ± 0.2112; OsFS group = 1.17 ± 0.1966; Dox+OsFS group = .522 ± 0.142. (e) ELISpot assays were conducted on day
25 using splenocytes from vaccinated mice stimulated with FAPα peptides, survivin peptides, and unrelated human MUC1 peptides. (f) Secretion of IL-2 from
splenocytes stimulated with FAPα or survivin protein was detected by ELISA. (g) Frequencies of FAPα+ CAFs in tumor cells of vaccinated tumor-bearing mice was
detected by flow cytometry. (h) Survival curve showing results of mice treated with OsFS+Dox compared with mice treated with each agent alone (n = 12). Mean
survival times were as follows: Vec group = 37.7 days; Dox group = 43.6 days; OsFS group = 45.1 days; Dox+OsFS group = 55.1 days. (*P < .05, **P < .01, ***P < .001,
****P < .0001).
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efficacy (Figure 3(h,i)).30 Therefore, we examined whether
a second round of Dox therapy after vaccination might
further enhance the anti-tumor effect of the vaccine. To
test this hypothesis, mice were divided into four groups
(n = 10): Untreated, Dox+Dox, Dox+OsFS, and Dox
+OsFS+Dox. The mice in groups Dox+Dox and Dox
+OsFS+Dox received the second round of Dox treatment
on days 21 and 26 (Figure 7(a)). Compared to the other
groups, the treatment regimen in group Dox+OsFS+Dox
significantly inhibited tumor growth (Figure 7(b)), and no
deaths occurred in this group until day 52. And two rounds

of Dox therapy did not cause significant weight loss of mice
in the Dox+OsFS+Dox group (Figure 7(c)).

Therapeutic effect of combination therapy in an
orthotopic model of breast cancer

To better mimic the human breast cancer condition, 4T1 tumor
cells were injected thotopically in mammary fat pad of female
BALB/c mice (Figure 8). In the combination group, 4T1 tumor-
bearingmice were treated with Dox first followed byOsFS (Figure
8(a)). After 26 days of 4T1 injection, the mice were euthanized

Figure 5. Effects of combination therapy on some types of immune cells infiltrated into the spleen and tumor. (a-d) The proportions of CD3+CD8+ T cells (a), MDSCs
(b), and Tregs (in CD4+ cells) (c) in spleens were detected by flow cytometry. Flow cytometry plots from a representative sample (left) and quantitative data (right) of
four different groups are shown. (d-f) The proportions of CD3+CD8+ T cells (in CD45+ cells) (d), MDSCs (e), and Tregs (in CD4+ cells) (f) infiltrated into tumors. (g)
Representative flow cytometry plots (left) and quantification (right) of frequencies of different types of tumor-infiltrating TAMs (F4/80+CD206− M1 and F4/80+CD206+

M2). (*P < .05, **P < .01, ***P < .001, ****P < .0001).
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and the tumors were stripped and weighed (Figure 8(c)). The
tumor inhibition rate of the combination group reached 76.8%
compared with that of the Vec group, which was improved over
those of the Dox (39.8%) and OsFS (49.5%) groups (Figure 8(c)).
Furthermore, combination therapy prolonged the survival time of
mice by 53.4% compared with the Vector group (Dox: 15.3%,

OsFS: 24.1%) (Figure 8(d)). ELISpot results showed that Dox
combination significantly increased the number of antigen-
specific IFN-γ+ T cells induced by OsFS (Figure 8(e)). To inves-
tigate the effects of Dox combination on CD8+ cells, Tregs,
MDSCs, and TAMs in the TME of 4T1 orthotopic injection
model, we performed flow cytometry to identify these cells in

Figure 6. Dox pretreatment mainly enhanced the effect of OsFS by depleting peripheral MDSCs rather than inducing ICD. (a) Mice were subcutaneously inoculated
with 20,000 4T1 tumor cells on day 0. After 7 days, the mice were evenly divided into 9 groups, including: Untreated group, Dox group, 5-fluorouracil (5FU) group,
oxaliplatin (Ox) group, OsFS group, Dox+OsFS group, 5FU+OsFS group, Ox+OsFS group, and Dox+OsFS+MDSCs group (n = 5). Groups Dox, Dox+OsFS, and Dox+OsFS
+MDSCs received Dox (5 mg/kg, i.v.) on days 7 and 12. Groups 5FU and 5FU+OsFS received 5FU (50 mg/kg, i.p.) on day 12. Groups Ox and Ox+OsFS received Ox
(5 mg/kg, i.p.) on day 12. Groups OsFS, Dox+OsFS, 5FU+OsFS, Ox+OsFS, and Dox+OsFS+MDSCs received vaccine on days 13, 15, and 18. Mice in the Dox+OsFS
+MDSCs group received an adoptive transfer of 1 × 107 MDSCs isolated from 4T1 tumor-bearing mice on days 8 and 13. (b,c and d) Tumor volumes were measured
every 2 days from day 10 to day 24. In order to facilitate data analysis, we reorganize part of the data in (b) into (c) and (d). (e) ELISpot assays were conducted on day
24. Splenocytes from tumor-bearing mice were stimulated with FAPα peptides (F peptides), survivin peptides (S peptides), and unrelated human MUC1 peptides (NS
peptides). (*P < .05, **P < .01, ***P < .001, ****P < .0001).

Figure 7. Vaccine combined with two cycles of Dox exhibited better tumor inhibition effect. BALB/c mice (n = 10) were grouped and treated according to the
schematic of the therapeutic regimen (a). Tumor volumes (b) and body weights (c) were recorded for 52 days. (***P < .0001).
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primary tumors (Figure 8(f-i)). Similar to the experimental results
in the 4T1 subcutaneous injection model, Dox combination
further promoted the infiltration of CD3+CD8+ T cells (Figure 8
(f)), decreased Tregs (Figure 8(g)), and did not further reduce the
number of MDSCs in tumors (Figure 8(h)). Moreover, the pro-
portion ofM2macrophages in the TMEof the combination group
was still higher than that of the other groups (Figure 8(i)). These
results thus indicated that the combination therapy still had
a strong anti-tumor effect in the orthotopic breast cancer model,
but may also need to be combined with other immunomodulators
to boost the effect. Anti PD-L1 has FDA approval with taxane in
triple negative metatatic breast cancer. However, it may be due to
the low expression of PD-L1 in 4T1 tumor line,39 anti-PD-1 did
not further boost the effects of Dox+OsFS therapy and Paclitaxel
+OsFS therapy (Supplementary Figures 10 and 11).

Discussion

FAPα+ CAFs alter the extracellular matrix by secreting
CXCL12, CCl2, collagen I, and other factors, which renders
the TME suitable for tumor growth but not for tumor-
infiltrating lymphocytes to destroy tumors, and prevents addi-
tional effector T cells from entering tumors.14,15,40,41 Deleting
FAPα+ cells from tumors causes rapid hypoxic necrosis of
tumors.42 Additionally, studies by ourselves and others have
shown that DNA vaccines targeting FAPα can alter the TME
by inducing FAPα-specific CD8+ T cells to infiltrate into
tumors and target FAPα+ CAFs.16,43–45 Moreover, vaccines
targeting tumor-associated antigens exhibit better tumor sup-
pression ability upon combination with an FAPα-targeting
vaccine.33

Figure 8. Anti-tumor effects of combination therapy in a 4T1 orthotopic injection model. (a) Schematic of the therapeutic regimen. 2 × 104 4T1 tumor cells were
injected orthotopically in the mammary fat pad of BALB/c mice on day 0, and all treatments began 7 days after tumor injection. (b) There was no obvious decrease in
body weight weight of mice in response to the treatments. (c) Mice (n = 5) were euthanized, and tumor weights were measured on the 26th day. (Vec
group = 2.208 ± 0.3231; Dox group = 1.330 ± 0.2852; OsFS group = 1.116 ± 0.1372; Dox+OsFS group = .5120 ± 0.1547). (d) Survival time was monitored for
56 days (n = 8). Mean survival times were as follows: Vector (Vec) group = 31.1 days; OS group = 35.9 days; OsF group = 38.6 days; OsFS group = 47.8 days. (e)
Splenocytes from vaccinated tumor-bearing mice were stimulated with FAPα peptides, survivin peptides, and unrelated human MUC1 peptides. The frequencies of
IFN-γ-producing T cells were measured by ELISpot assays. (f-i) The proportions of CD3+CD8+ T cells (in CD45+ cells) (f), Tregs (in CD4+ cells) (g), MDSCs (h), and TAMs
(F4/80+CD206− M1 and F4/80+CD206+ M2) (i) infiltrated into tumors. (*P < .05, **P < .01, ***P < .001, ****P < .0001).
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We hypothesized that a DNA vaccine targeting both FAPα
and tumor cell antigens would exhibit enhanced tumor killing
activity, along with being more convenient to apply. Survivin
was selected as an ideal tumor-associated antigen as it is over-
expressed in various tumors and shows high homology between
human and mouse protein sequences. Here, we first demon-
strated that a human survivin-based vaccine could stimulate
survivin-specific immune responses in mice to inhibit 4T1
tumor growth. What’s more, no difference was observed in the
ability of human ormouse survivin46 (or FAPα16) DNA vaccines
to induce a specific immune response. This allowed construction
of a DNA vaccine containing both human FAPα and human
survivin to realize the dual functions of TME regulation and
tumor killing ability of the vaccine in mice.

As expected, the fusion vaccine (OsFS) induced more
tumor-infiltrating lymphocytes and significantly reduced
FAPα+ CAFs and related cytokines and chemokines in
tumors. Moreover, it significantly reduced the proportions
of FAPα+ CAFs and MDSCs in tumors. However, the large
number of peripheral MDSCs induced by tumors limited the
anti-tumor effect of the vaccine. Consistent with this phenom-
enon, most cancer vaccines exhibit good therapeutic effects on
prevention models and adjuvant treatment models after sur-
gery, albeit minimal effects on established cancer models.
Numerous studies have indicated that a potential important
reason for vaccine failure is that tumors induce a large num-
ber of immunosuppressive cells, such as Tregs, TAMs, or/and
MDSCs.8

This hypothesis was also confirmed in our experiments.
We found that the spleen of the tumor-bearing mice gradually
expanded as the tumor progressed, and flow cytometry ana-
lysis revealed a large number of MDSCs in the spleen and
blood of 4T1 tumor-bearing mice, especially in those with
advanced tumors. Notably, MDSCs can block T-cell activation
by nitrating lymphocyte-specific protein tyrosine kinase, lead-
ing to reduced IL-2 production and proliferation47 and inhibit
antigen-specific T cell responses in peripheral lymphoid
organs.21,22 Moreover, a large number of MDSCs exist in the
peripheral immune environment of mice at the beginning of
the vaccine treatment. And when the splenocytes of immuno-
genic mice were incubated with MDSCs in vitro, their ability
to secrete IL-2 was significantly inhibited.

Together, these observations indicate that the mouse
immune system was already in an immunosuppressive state
prior to vaccine administration, thus limiting the vaccine’s
ability to provoke an immune response and dampening its
potential anti-tumor activity. Additionally, during the time
required from initial vaccination to emerging specific immune
response, tumors would continue to induce more MDSCs.
Therefore, in order to achieve the desired anti-tumor effect
of the vaccine, it is necessary to first remove the peripheral
MDSCs to disrupt the immunosuppressive state of the per-
ipheral immune environment.

Non-therapeutic doses of Dox have been shown to selec-
tively kill MDSCs and enhance the efficacy of Th1 or Th17
cell therapy.30 Therefore, we ascertained whether Dox might
act synergistically with OsFS. When OsFS was combined with
Dox, the ratio of antigen-specific IFN-γ-secreting CD8+

T cells in the spleen was significantly increased. And the

ability of splenocytes to secrete IL-2 was restored. In addition,
the tumor growth inhibition rate and survival time of the
combination group were significantly higher than those of
the separate treatment groups in both 4T1 subcutaneous and
orthotopic breast cancer models. Moreover, combination
therapy significantly inhibited lung metastasis as it afforded
a stronger ability for killing tumor cells; furthermore, the
number of MDSCs in spleens of the combination group was
less than that of other groups at the detection time point.
However, the number of MDSCs in the Dox group subse-
quently increased owing to the disappearance of drug efficacy.
We also revealed that the therapeutic effect of Dox+OsFS
+Dox was much better than that of Dox+Dox, which indi-
cated that antigen-specific T cells induced by the vaccine play
an important role in inhibiting tumor growth, although its
efficacy could be inhibited by MDSCs. In addition, we found
that Dox in this study mainly enhanced the antitumor effect
of OsFS by decreasing MDSCs rather than inducing ICD. This
may be due to the short half-life (t1/2) of free Dox (5 mg/kg)
in vivo, which limits the uptake of Dox by tumors.48

Notably, both the vaccine and combination treatments
increased the proportion of M1 TAMs. However, the propor-
tion of M2 TAMs in the combination group increased com-
pared with that in the vaccine group, which might explain the
inability of the combination of two rounds of Dox to com-
pletely eliminate the tumors. Specifically, when the tumor is
attacked by T cells, it might inhibit the anti-tumor immune
response by transforming more macrophages into M2 TAMs
or inducing large numbers of peripheral MDSCs and other
immunosuppressive factors. Therefore, in order to achieve
better anti-tumor effect, it is likely necessary for the combina-
tion therapy to act in conjunction with other immunomodu-
lators, such as metformin, which could skew TAM
polarization from an M2- to M1-like phenotype.49 Further
experimental verification is required to identify the optimal
combination schemes and anti-tumor effects.

Numerous cancer vaccines can produce antigen-specific
immune responses in the healthy human body, but are ineffective
or weak in the treatment of patients with cancer.8 This may be due
to the large number of peripheral MDSCs or other immunosup-
pressive factors induced in the course of cancer progression, which
render the vaccine unable to trigger effective anti-tumor immune
responses in vivo. Several studies including our work have demon-
strated that chemotherapeutic agents (such as carboplatin/
paclitaxel,50,51 gemcitabine,52,53 and cyclophosphamide54-56) have
the effect of further enhancing the anti-tumor effects of DNA
vaccine and other immunotherapies. Therefore, in order to
achieve better therapeutic effect, vaccines need to be used in
combination with appropriate immunomodulators, such as Dox
in clinical application in breast cancer.

Taken together, our results showed that a DNA vaccine co-
targeting FAPα and survivin could promote the infiltration of
T cells into tumors to simultaneously kill tumor cells and regulate
the TME. However, the presence of a large number of peripheral
MDSCs limited the anti-tumor effect of OsFS, with the number of
MDSCs increasing with tumor progression. Pre-treatment with
Dox to decrease MDSCs significantly improved the anti-tumor
effect of OsFS, effectively inhibited lungmetastasis, and prolonged
the survival of mice. Thus, the experimental results of this study
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may provide a basis for translation of the combination therapy,
OsFS+Dox, into clinical research.
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CAFs cancer associated fibroblasts
collagen I (COL1A1) collagen, type I, alpha 1
CCL2 C-C motif chemokine ligand 2
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FAPα fibroblast activating protein α
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MDSCs myeloid-derived suppressor cells
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qRT-PCR quantitative real-time polymerase chain reaction
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TAMs tumor-associated macrophages
TME tumor microenvironment
TNF-α tumor necrosis factor α
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5FU 5-Fluorouracil
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