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Abstract: The clinical efficacy of PD-1/PD-L1 monoclonal antibodies (mAbs) in triple-negative breast cancer (TNBC) 
is unsatisfactory. Immunotherapy combined with chemotherapy shows good therapeutic potential. Preclinical and 
clinical studies have shown that metronomic chemotherapy may stimulate anticancer immune responses. We 
aimed to verify whether metronomic paclitaxel (PTX, TAX) treatment can improve the efficacy of a PD-1 mAb in a 
TNBC mouse model and to explore the potential mechanism. After constructing the TNBC mouse model and treating 
with PD-1 mAb, metronomic PTX chemotherapy or combined therapy, the differences in the efficacy of each treat-
ment group were compared and analyzed. Our findings suggested that the combination of metronomic PTX chemo-
therapy and PD-1 mAb produces a potent antitumor effect. Further experiments demonstrated that metronomic 
PTX chemotherapy changed the immune cell population in tumor tissues. These data suggest that metronomic PTX 
improves the efficacy of the PD-1 mAb in TNBC by transforming the tumor immune microenvironment, and these 
results provide strong evidence for the use of this treatment in TNBC patients in the future.
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Introduction

Breast cancer (BC) is a major malignant tumor 
that threatens the health of females worldwide, 
and its incidence and mortality rates are still 
increasing year by year [1, 2]. TNBC is the worst 
prognostic pathological type of BC [3], making 
up 10-30% of all BCs [4, 5]. The treatment 
options for these patients are mainly surgery, 
radiotherapy and chemotherapy and immuno-
therapy. Chemotherapy is the cornerstone  
of TNBC treatment. Although chemotherapy  
has beneficial therapeutic effects, the emer-
gence of toxic side effects and drug resistance 
limits its clinical application. Therefore, it is 
especially important to find new and effective 
treatments.

Metronomic chemotherapy (MET) is an emerg-
ing chemotherapy method in recent years. MET 
is administered at a low dose and a high fre-
quency [6]. MET was originally thought to act as 

an antitumor strategy by inhibiting tumor angio-
genesis and is now considered to have a multi-
functional mechanism that includes inhibiting 
tumor angiogenesis, regulating the immune 
system, targeting tumor cells and so on [7]. 
Several clinical trials of MET have been con-
ducted in TNBC patients. It shows beneficial 
therapeutic effects and has a low incidence of 
adverse effects [7, 8]. In addition to reducing 
adverse events caused by chemotherapy drugs, 
MET can also reduce health care-related costs 
[9].

In recent years, immunotherapy represented by 
PD-1/PD-L1 mAbs has made a breakthrough in 
clinical practice. However, most TNBC patients 
cannot benefit from this strategy, and further 
studies, especially those on combinatorial ther-
apies, are urgently needed [10].

In the present research, we verified the hypoth-
esis that metronomic PTX could be combined 
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with PD-1 mAb for the treatment of TNBC. We 
also examined whether metronomic PTX-me- 
diated tumor immune microenvironment modu-
lation could enhance the treatment effect of 
the PD-1 mAb, which could benefit TNBC 
patients in the future.

Materials and methods

Cell lines and cell culture

The 4T1 mouse BC cell line was bought from 
Type Culture Collection of the Chinese Academy 
of Sciences (Shanghai, China). The cells were 
cultured in RPMI-1640 medium (HyClone, USA) 
supplemented with 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, USA) and 1% 
penicillin-streptomycin in a humidified atmo-
sphere of 5% CO2 at 37°C.

Antibodies and reagents

PD-1 mAb was bought from BioXcell (West 
Lebanon, USA). PTX was purchased from Ark 
Pharm (Arlington Heights, IL, USA). FITC-
conjugated anti-mouse CD45 and Gr-1 antibod-
ies were purchased from Thermo Scientific 
(Shanghai, China). PerCP-Cyanine5.5-conjuga- 
ted anti-mouse CD4 antibody was purchased 
from Thermo Scientific (Shanghai, China). APC-
conjugated anti-mouse CD11b antibody was 
obtained from Thermo Scientific (Shanghai, 
China). PE-Cyanine7-conjugated anti-mouse 
CD8 antibody was bought from Thermo Sci- 
entific (Shanghai, China). PE-conjugated anti-
mouse FoxP3 antibody was bought from 
Thermo Scientific (Shanghai, China). CD3, CD4, 
CD8, Bax, Bcl-2 and GAPDH Ab were purchased 
from Cell Signaling Technology (Massachu- 
setts, America). Anti-CD31, caspase-3, PD-L1 
antibodies were purchased from Abcam (Cam- 
bridge, UK).

Animals

Female BALB/c mice (4-6 weeks) were bought 
from Zhao Yan New Drug Research Center 
(Suzhou, Jiangsu, China). The mice were kept in 
an environment of a humidity of 50-60% with 
12 h light/dark cycles, and the temperature 
was maintained at 23-27°C as previously 
described [11]. All animal-related experiments 
adhered to institutional guidelines and were 
approved by the Ethics Committee of the 
Affiliated Suzhou Hospital of Nanjing Medical 
University.

Tumor models and treatment

Mice (4-6 weeks old, approximately 20 g) were 
s.c. inoculated with 4T1 cells (2*105 cells per 
mouse). Then, they were randomly divided into 
4 groups when the nodule volume reached 
approximately 50 mm3 (approximately three 
days later); PD-1 mAb was injected i.p. at a 
dose of 200 μg/kg every 3 days (PD-1 mAb 
group) or PTX was injected i.p. at a dose of 6 
mg/kg every 2 days (PTX MET group). For the 
PTX MET plus PD-1 mAb group, the treatments 
described above were combined. The treat-
ment time was 2 weeks. The same volumes of 
saline were injected i.p. for the control group.

The long and short diameters (A and B) of the 
tumor nodule size were measured every 3 days 
using a caliper. The tumor volume was estimat-
ed using the formula V=(A*B2)/2. The tumor vol-
umes were calculated for comparing different 
treatment groups. The maximum allowable 
tumor size is 2.0 cm in diameter in the animal 
protocol. According to the institutional guide-
lines, mice were sacrificed when the tumor vol-
ume reached 2000 mm3.

Enzyme-linked immunosorbent assay (ELISA)

On the 15th day of treatment, the serum of 
each tumor-bearing mouse was collected and 
analyzed for interferon (IFN)-γ and IL-12 levels 
by using ELISA kits (Sigma-Aldrich, Shanghai, 
China). The experimental procedure was per-
formed according to the manufacturer’s instruc-
tions. All analyses were performed in triplicate.

Western blotting

The tumor tissue was harvested 3 days follow-
ing the last treatment. The total protein expres-
sion of PD-L1, Bax, B-cell lymphoma 2 (Bcl-2), 
and the cleaved caspase-3 (C-caspase-3) pro-
tein expression in tumor tissues were analyzed 
by Western blotting. Western blotting was per-
formed as previously described [12]. Briefly, 
proteins were resolved by SDS-PAGE and trans-
ferred to nitrocellulose. The nitrocellulose 
membrane was then blocked with 5% nonfat 
milk for 1 h at room temperature. After wash-
ing, the nitrocellulose membrane was incubat-
ed with PD-L1 (1:1000), Bax (1:1000), BCL-2 
(1:1000), C-caspase-3 (1:1000) and GAPDH 
antibody (1:1000) overnight at 4°C. After incu-
bation of the secondary antibody, the mem-
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Quantitative real-time PCR (qRT-
PCR)

Part of the fresh tumor tissues 
were harvested for RNA extraction 
using Trizol (Invitrogen, USA). cDNA 
was synthesized using a reverse 
transcription kit (Invitrogen, USA). 
Each group’s cDNA samples were 
added to a reaction mixture includ-
ing primers for the target gene or 
internal reference gene. qRT-PCR 

Table 1. The list of primers
GENE Forward primer Reverse primer
GrzB CATGGCCTTACTTTCGATCAAG CTCCTGTTCTTTGATGTTGTGG
IFN-γ GCCACGGCACAGTCATTGA TGCTGATGGCCTGATTGTCTT
IL-10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG
TNF-α AAGGGGATTATGGCTCAGGG ACATTCGAGGCTCCAGTGAA
PD-1 ACAGTGTCAGAGGGAGCAAA TATGATCTGGAAGCGGGCAT
IL-12A CTATCTGAGCTCCGCCTGAA ATGAGAGAAGCGATGGAGGG
GAPDH GGGTCCCAGCTTAGGTTCAT CATTCTCGGCCTTGACTGTG

branes were then visualized using an ECL kit 
(Tanon, Shanghai, China) on the Tanon Imaging 
System.

Flow cytometry

We cut, digested, ground and filtered the fresh 
tumor tissue into a single cell suspension and 
examined the immune cell population by flow 
cytometry [13]. Single cell suspensions were 
stained with CD45, CD4, CD8, CD11b, Gr-1 and 
FoxP3 for fluorescence-activated cell sorting 
(FACS) analysis. FACS was performed using 
CytoFLEX (Beckman Coulter, USA).

Immunohistochemistry staining and evaluation

Part of the tumor tissue was harvested for par-
affin embedding and continuously sectioned at 
a thickness of 5 μm. For IHC, place paraffin 
sections in a 60°C oven for half an hour, then 
subjected to complete dewaxing and alcohol 
hydration. The cells were then incubated with 
peroxidase inhibitor for 12 min in a 38°C oven 
to block any endogenous peroxidase activities. 
After antigen retrieval in a citrate buffer was 
achieved by boiling for 5 min and then cooling 
naturally; the sections were incubated with 5% 
BSA in a 38°C oven for half an hour and then 
incubated with the primary antibody (dilution 
CD3 1:150, CD4 1:100, CD8 1:400, CD31 
1:50) in a 4°C refrigerator overnight. The next 
day, according to the manufacturer’s instruc-
tions, the sections were washed with PBS and 
incubated with biotinylated secondary antibod-
ies. Then, the sections were stained with DAB 
and counterstained with hematoxylin. Finally, 
the sections were dehydrated in gradient alco-
hol, cleared in xylene, and mounted onto cover 
slips using neutral gum. Negative control was 
treated identically, but with the primary anti-
bodies omitted.

was performed on the Light Cycler480II Real-
Time PCR Detection system (Roche, Swit- 
zerland) using Takara SYBR Premix Ex TaqII (Tli 
RNaseH Plus). The primer sequences are listed 
in Table 1.

Statistical analysis

The statistical analysis was performed using 
SPSS 19.0 software (IBM Corporation, USA). 
Student’s t-test was used for data analysis to 
evaluate statistical significance between treat-
ment groups. A p-value of <0.05 was consid-
ered statistically significant.

Results

PTX MET combined with PD-1 mAb elicits a 
potent antitumor effect

The mouse TNBC model was successfully 
established (Figure 1A-E). PTX MET or PD-1 
mAb alone caused a suppression in tumor 
growth (Figure 1F, 1G). More importantly, this 
effect was somewhat more pronounced when 
PTX MET and PD-1 mAb were combined (Figure 
1F, 1G). Additionally, the effective inhibition of 
tumor volume by the combined therapy strate-
gy was associated with a significant survival 
benefit (Figure 2A). There was no significant dif-
ference in mouse body weight between the 
groups (Figure 2B). These data show that PD-1 
mAb combined with PTX MET can efficiently 
suppress tumor growth and extend mouse 
overall survival with no obvious side effects. 
Western blot results show that the expression 
of Bax was augmented, accompanied by the 
downregulation of Bcl-2, in the combined thera-
py group compared to the control group (Figure 
3A). In addition, the increase in the Bax/Bcl-2 
ratio was accompanied by the enhanced 
expression of caspase-3 and PD-L1 (Figure 
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3A). These data show that PTX MET combined 
with PD-1 mAb can effectively promote tumor 
cell apoptosis and promote the expression of 
PD-L1 in tumor tissues. Together, these data 
indicate that PTX MET effectively enhances the 
therapeutic efficacy of PD-1 mAb and has no 
obvious side effects.

PTX MET combined with PD-1 mAb significantly 
enhances IFN-γ and IL-12 secretion

IFN-γ and IL-12 secretion was monitored by 
ELISA to better understand the potential mech-
anism of the antitumor effects. There was a 

nearly 2.7-fold increase in IFN-γ expression in 
the combination treatment group compared to 
the control group, and there was a significant 
increase in the combination treatment group 
compared to the PTX MET- or PD-1 mAb-treated 
mice (Figure 3B). There was a nearly 2.1-fold 
increase in IL-12 expression in the combination 
treatment group compared to that in the con-
trol group, and there was no significant increase 
in PTX MET- or PD-1 mAb-treated mice (Figure 
3C). These data indicate that PTX MET com-
bined with PD-1 mAb significantly enhances 
mouse IFN-γ and IL-12 secretion.

Figure 1. 4T1 BC mouse model and treatment. A. Mouse 4T1 BC subcutaneous tumor under the naked eye. B, C. 
Images of mouse tumors and HE stained sections, respectively. Tumor cells and subcutaneous muscle tissue can 
be seen in the visual field. D, E. Images of mouse spleen and HE stained sections, respectively. A large number of 
lymphocytes can be seen in the visual field. F. 4T1 BC mouse model receiving PD-1 mAb, metronomic PTX chemo-
therapy or combined therapy. Representative xenograft tumors from each group. G. Tumor size was monitored using 
a Vernier caliper every 3 days for 3 weeks (N=10).
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Figure 2. Response of mice from the 4T1 BC mouse model to the PD-1 mAb, metronomic PTX chemotherapy or 
combined therapy treatment. A. Kaplan-Meier analysis of median survival of mice for each group (N=10). B. Mouse 
body weight was monitored every 3 days for 5 weeks (N=10).

Transformation of immune cells in the tumor 
immune microenvironment by PTX MET

Subsequently, we explored the mechanism of 
the combined antitumor effect produced by 
PD-1 mAb and PTX MET. Flow cytometry analy-
sis results showed that the proportion of CD4 
cells and CD8 cells in the tumor tissue of the 
treatment groups was significantly higher than 
the proportion in the control group (P<0.05) 
(Figure 4A-C). Compared to the control group, 
Treg (regulatory T cells) were significantly 
decreased in all experimental groups, and the 
most significant decrease was found in the 
combination treatment group (P<0.05) (Figure 
4A, 4D). The proportion of MDSCs (myeloid-
derived suppressor cells) decreased in the 

PD-1 mAb and PTX MET groups compared to 
the control group. Moreover, PTX MET com-
bined with PD-1 mAb led to a further decrease 
in MDSCs (Figure 4A, 4E). The immunohisto-
chemistry staining results indicated a higher 
proportion of CD3, CD4, and CD8 T cells in the 
tumor tissue of the treatment groups, which 
further confirmed the FACS results (Figure 
5A-D). Immunohistochemistry and flow cytom-
etry results suggested that PTX MET enhances 
the ability of T cells to infiltrate into tumor 
parenchyma. These data indicate that PTX MET 
combined with PD-1 mAb greatly increases the 
proportion of CD4 and CD8 T cells and reduces 
the proportion of Treg and MDSCs in the tumor 
microenvironment.

Figure 3. Analysis of apoptosis-related proteins in tissue and of immune-related cytokines in serum. A. Comparative 
analysis of PD-L1, Bax, Bcl-2 and C-caspase-3 levels after different treatments using Western blotting. B. The IFN-γ 
expression levels in the serum were examined using ELISA after different treatments. C. The IL-12 expression levels 
in the serum were examined after different treatments using ELISA. All results are representative of 3 independent 
experiments. Data are presented as the mean ± SEM. *P<0.05.
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Figure 4. The analysis of the immune cell population in tumor tissue from each group after different treatments  
using flow cytometry. A. Representative flow cytometric analysis images of CD4 T, CD8 T and Treg cells and MDSCs  
in tumor tissue from each group after different treatments using flow cytometry. B-E. The corresponding  
quantification of CD4 T, CD8 T and Treg cells and MDSCs in the corresponding treatment groups. Each column 
represents 3 independent experiments (N=5 mice per group per experiment). Data are presented as the mean ± 
SEM. *P<0.05.



Paclitaxel improves the efficacy of PD-1 mAb

526 Am J Transl Res 2020;12(2):519-530

Figure 5. The inhibition of angiogenesis and the analysis of TILs after different treatments using immunohisto-
chemistry. A. Representative immunohistochemical sections of CD3, CD4 and CD8 T cells in the tumor tissue of 
each group after different treatments. B-D. The corresponding quantification of CD3, CD4 and CD8 T cells in tumor 
tissue from each group after different treatments using immunohistochemistry. E. The corresponding quantification 
of microvessel density in tumor tissue from each group after different treatments. From each slide, 10 fields were 
selected for analysis. The results were analyzed using ANOVA. All results are representative of 3 independent experi-
ments. Data are presented as the mean ± SEM. *P<0.05.

Inhibition of angiogenesis

The inhibition of MET angiogenesis has been 
confirmed in a number of studies in vitro and in 
vivo [14, 15]. CD31 is a marker for the endothe-
lium of microvessels. We evaluated the antian-
giogenic effects of PTX MET by staining for 
CD31 using immunohistochemistry. Tumor 
microvessel density was significantly reduced 
with the combination of PTX MET and PD-1 
mAb, compared to that in other groups. While 

PTX MET inhibited microvessel density in com-
parison to the control group, PD-1 mAb treat-
ment did not affect microvessel density 
(P>0.05) (Figure 5A, 5E).

Expression of immune-related cytokines in 
tumor tissues

We next examined the expression of immune-
related cytokines IFN-γ, IL-12A, IL-10, TNF-α, 
granzyme B (GrzB), PD-1. As shown in Figure 6, 
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Figure 6. Expression of immune-related cytokines in tumor tissues after different treatments using qRT-PCR. (A-F)
The relative mRNA levels of IFN-γ (A), IL-12A (B), GrzB (C), TNF-α (D), IL-10 (E), and PD-1 (F) within the tumors in the 
corresponding treatment groups. All results are representative of 3 independent experiments. Data are presented 
as the mean ± SEM. *P<0.05.

compared to the control group, the treatment 
group had significantly upregulated IFN-γ, 
IL-12A, GrzB and TNF-α expression levels in 
tumor tissues (Figure 6A-D). The expression 
levels of IFN-γ and IL-12 in tumor tissues were 
consistent with the serum ELISA results (Figure 
3B, 3C). There was no significant difference in 
the expression of IL-10 and PD-1 in each group 
(Figure 6E, 6F). Cytotoxic lymphocytes (CTLs) 
mediate their cytotoxic effect via 2 major path-
ways: Fas/FasL and perforin/GrzB. These 
experimental results show that tumor cell apop-
tosis induced by combination therapy may 
occur through the perforin/GrzB pathway.

Discussion

MET has made promising progress, and a num-
ber of phase III trials have been performed with 
MET in recent years [16-18]. MET mainly exerts 
antitumor effects through the following three 
methods: (1) inhibition of angiogenesis; (2) 
direct effects on tumor cells; and (3) stimula-
tion of the immune system. In recent years, an 
increasing number of studies have found that 
MET can inhibit tumor growth by regulating the 

body’s immune system. Mechanisms of regu-
lating the immune system include inhibiting 
MDSCs and Tregs, enhancing the cytotoxicity of 
immune effector cells, promoting the matura-
tion of dendritic cells, and strengthening the 
antigen presentation process. Miyashita et al. 
[19] found that low dose administration of gem-
citabine induces the expression of the major 
histocompatibility complex (MHC) and improves 
the anticancer innate immune response to pan-
creatic cancer. Shevchenko et al. [20] reported 
that low dose administration of gemcitabine 
decreases the amount of Treg and extends the 
overall survival of pancreatic tumor-bearing 
mice. Michels et al. [21] revealed that low con-
centrations of PTX can stimulate MDSC differ-
entiation towards DCs (dendritic cells) in vitro.

Several clinical trials of MET have been  
performed with capecitabine and vinorelbine  
in BC patients [7, 22-24]. A phase 2 trial 
(NCT01597414) [25] showed that, compared  
to trastuzumab combined with pertuzumab, 
dual HER2 blockade combined with metronom-
ic oral cyclophosphamide extended median 
progression-free survival (PFS) to 7 months in 
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elderly HER2-positive metastatic BC patients. 
Dual HER2 blockade combined with metronom-
ic oral cyclophosphamide showed limited toxic-
ity with acceptable side effects. Although PTX, 
a classical chemotherapy agent, is widely used 
in the treatment of TNBC, less research has 
been reported on PTX MET in TNBC. This may 
be because PTX is an intravenous drug, which 
is not convenient for long-term use. The use of 
totally implantable venous access ports (TIVAP) 
and peripherally inserted central catheters 
(PICC) in TNBC patients brings the possibility of 
clinical application for PTX MET.

At present, chemotherapy combined with im- 
munotherapy is a hot topic in clinical and basic 
research and shows good therapeutic poten-
tial. The clinical application of immune check-
point inhibitors greatly increases the possibility 
of combining chemotherapy with immunothera-
py [26]. A recent clinical trial (NCT02425891) 
showed that PTX combined with atezolizumab 
significantly extended PFS in metastatic TNBC 
patients [27]. However, the potential mecha-
nism of combined therapy strategy is still 
unclear. Without an unambiguous understand-
ing of the mechanism for chemotherapy com-
bined with immunotherapy, further evolution 
will be limited in this area [28]. Traditional  
maximum dose chemotherapy combined with 
immunotherapy still has certain problems. 
Researchers found that chemotherapy de- 
creased the amount of effector T cells, even in 
patients who benefited from a combined treat-
ment strategy [29]. This provides a theoretical 
basis for the clinical application of MET com-
bined with immunotherapy. Yu et al.’s study 
[30] found that decitabine at a low dose 
improves the efficacy of PD-1 mAb in a CT26 
colorectal cancer mouse model by altering the 
tumor microenvironment.

Recently, the TONIC trial (a phase II trial, 
NCT02499367) showed that short-term cispla-
tin and doxorubicin administration may gener-
ate a more beneficial tumor microenvironment 
and enhance the clinical effect of PD-1 mAb in 
TNBC patients [31]. In their study, they observed 
a significantly larger number of tumor-infiltrat-
ing lymphocytes (TILs) in responders than in 
nonresponders. Moreover, the expression of 
PD-L1 and CD8 in immune cells is higher in 
responders than in nonresponders. We do not 
know why the study did not contain PTX, which 
is also a first-line treatment.

In the current study, by constructing a TNBC 
mouse model and treating the mice, we found 
that metronomic PTX can improve the efficacy 
of PD-1 mAb with no obvious side effects. 
Previous studies [32] have reported that PD-1 
mAb treatment can stimulate the proliferation 
of CD8 T cells, which is consistent with our find-
ings. Further studies have found that the pro-
portion of CD4 and CD8 T cells in tumor tissues 
is high and the proportion of MDSCs and Tregs 
is low. We also verified the antiangiogenic 
effects of metronomic PTX. In the process of 
the anticancer immune response, effector T 
cells have to infiltrate tumor tissue to play a role 
in killing tumor cells [33]. Immune suppression 
produced by tumors keeps TIL from infiltrating 
the tumor tissue. Our study found that metro-
nomic PTX can enhance CD4 and CD8 T cell 
infiltration in tumor tissues and reduce the 
number of immunosuppressive MDSCs and 
Treg cells. PTX MET combined with PD-1 mAb 
can effectively stimulate the body’s antitumor 
immune response and promote tumor cell 
apoptosis. The specific mechanism still requires 
further study. This provides preclinical research 
for combining MET with immunotherapy.

In conclusion, these data suggest that metro-
nomic PTX improves the efficacy of the PD-1 
mAb in TNBC by transforming the tumor immune 
microenvironment. These results show strong 
evidence for combining metronomic chemo-
therapy with immunotherapy for the treatment 
of TNBC patients.
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