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ABSTRACT
In our previous studies, using a B cell vaccine (scFv-Her2), the targeting of tumor-associated antigen
Her2 (human epidermal growth factor receptor-2) to B cells via the anti-CD19 single chain variable
fragment (scFv) was shown to augment tumor-specific immunity, which enhanced tumor control in the
prophylactic and therapeutic setting. However, the fusion protein displayed limited activity against
established tumors, and local relapses often occurred following scFv-Her2 treatment, indicating that
scFv-Her2-induced responses are inadequate to maintain anti-tumor immunity. In this study, targeting
the IV region (D4) of the extracellular region of Her2 to B cells via CD19 molecules (scFv-Her2D4) was
found to enhance IFN-γ-producing-CD8+ T cell infiltration in tumor tissues and reduced the number of
tumor-infiltrating myeloid-derived suppressor cells (MDSCs). However, negative co-stimulatory mole-
cules such as programmed cell death protein-1 (PD-1), CD160, and LAG-3 on T cells and programmed
death protein ligand-1 (PD-L1) on tumor cells were upregulated in the tumor microenvironment after
scFv-Her2D4 treatment. Further, anti-PD1 administration enhanced the efficacy of scFv-Her2D4 and anti-
tumor immunity, as evidenced by the reversal of tumor-infiltrating CD8+ T cell exhaustion and the
reduction of MDSCs and Treg cells, which suppress T cells and alter the tumor immune microenviron-
ment. Moreover, combining this with anti-PD1 antibodies promoted complete tumor rejection. Our data
provide evidence of a close interaction among tumor vaccines, T cells, and the PD-L1/PD-1 axis and
establish a basis for the rational design of combination therapy with immune modulators and tumor
vaccine therapy.
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Introduction

Breast cancer is the second most common cancer globally,
which threatens women’s health.1 Common therapies for
breast cancer management include surgery, radiotherapy, che-
motherapy, and immunotherapy.2,3 Immunotherapy is a new
treatment for breast cancer, inducing the body’s immune
system to fight cancer.4,5 The Her2/neu (human epidermal
growth factor receptor 2) gene encodes an epidermal growth
factor receptor-(EGFR)-related tyrosine kinase that is over-
expressed in 20–25% of invasive breast cancers. As such,
Her2 has become an important therapeutic target in breast
cancer.6 Herceptin, a recombinant humanized monoclonal
antibody directed against the extracellular domain (ECD) of
the Her2 protein is widely used in oncology for Her2+ patient
care.7 However, the objective response rates to Herceptin
monotherapy are low, with a median duration of 9 months.
Therefore, overcoming antibody tolerance is critical to
improve the survival of patients with Her2-overexpressing
tumors.3,8 CD8+ T cell responses were found to be effective
against these tumors. Thus, generating sustained and active

immune responses to the Her2 protein is essential for this
existing approach.9,10

B cells are capable of eliciting antitumor responses through
antibody (Ab) production and by serving as antigen-presenting
cells (APCs) to induce T cell responses.11,12,13 CD19 is a B cell-
specific member of the Ig superfamily expressed at almost every
stage of B cell development, except after differentiation into
plasma cells.13 CD19 is also considered a co-receptor for BCR
(B cell receptor) and is essential for B cell activation by promot-
ing B cell receptor–antigen microcluster formation in response
to membrane-bound ligands.14 Our previous studies also
demonstrated the utility of targeting B cells through CD19
molecules (scFv-Her2) for cancer therapy.15 Nonetheless, the
targeting of tumor-associated antigens to B cells has displayed
limited activity against established tumors, and local relapses
have occurred following scFv-Her2 treatment, indicating that
scFv-Her2-induced responses are inadequate to maintain anti-
tumor immunity.15,16 Therefore, elucidating the molecular
mechanism through which tumor cells escape immune surveil-
lance is needed to improve the efficacy of B cell vaccines.
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Many co-inhibitory molecules play major roles in tumor eva-
sion from immunosurveillance, such as PD1, CD160, and LAG-3,
which are linked to the intratumoural over-expression of some
cognate ligands, such as PD-L1 on APCs, thereby favoring
a tolerogenic environment.17 Programmed cell death protein 1
(PD1)–PD-L1 (a PD-1 ligand) interaction plays a very important
role in tumor immune escape.18–20 PD-1, predominantly
expressed on activated T cells, is an important immune check-
point receptor. PD-1 transmits inhibitory signals to T cells after
binding to PD-Ls in the tumor microenvironment.21,22 Tumor
cells promote T cell dysfunction through the expression of ligands
binding to inhibitory receptors, including PD-L1 (as known as
CD274).23 Currently, checkpoint blockade therapies such as anti-
PD1 immunotherapy have been noticeably effective in reactivat-
ing T cell responses and providing long-term protection to
patients.24 However, no objective responses were found when
large patient populations were treated with checkpoint blockade
monotherapies.25 Thus, combinations with other drugs are
needed to promote synergistic action on these two major onco-
genic pathways, which might result in better response rates and
potential benefit from these therapies.

In this study, we fused the IV region (D4) of the extracellular
region of Her2 with scFv by constructing a CD19 molecule
single-chain antibody (scFv). Targeting the tumor-associated
antigen Her2D4 to B cells combined with a PD1 antibody not
only effectively induced the production of Herceptin-like anti-
bodies, but also enhanced the killing effect of antigen-specific
T cells in vivo. Moreover, it reversed the tumor-induced immu-
nosuppressed microenvironment, significantly prolonging the
survival time of tumor-bearing mice. Thus, this approach offers
a new avenue for cancer immunotherapy.

Materials and methods

Mice and cell lines

Six-to-eight-week-old female BALB/c were purchased from
the Animal Experimentation Center of Xi’an Jiaotong
University, China. All mice used in the experiments were
housed under specific pathogen-free conditions in the animal
facility at Xi’an Jiaotong University and were treated in accor-
dance with the guidelines of the Institutional Animal Care
and Use Committee (xjtu2014136). The mouse colon cancer
cell line CT26 and mouse breast cancer cell line 4T1, obtained
from the American Type Culture Collection, were maintained
in RPMI1640 medium (Hyclone, Thermo Scientific) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS;
Sigma), 2 mM L-glutamine, 100 U/mL penicillin, and 100 μg/
mL streptomycin. Further, 293 T cells were stored in our
laboratory and cultured in Dulbecco’s modified Eagle’s med-
ium (Hyclone) supplemented with 10% FBS, non-essential
amino acids, and penicillin-streptomycin (Hyclone) at 37°C
with 5% CO2. OrigamiB (DE3) pLysS competent cells were
purchased from Novagen.

Reagents

Purified anti-mouse PD1 mAb (clone J43) and control Ig (2A3)
were purchased from BioXCell and used with the schedule and

dose as indicated in vivo. The fluorescently labeled anti-mouse
PD1mAb (cloneRMP1-30) fromBioLegendwas used in vitro.The
blocking Ab anti-mouse CD16/32 (553141) was purchased from
BD Pharmingen. For flow cytometric analysis, fluorescently-
labeled anti-mouse CD3e (4341614) and anti-mouse Granzyme
B (1919536) antibodies were purchased from eBioscience.
Fluorescently-labeled anti-mouse CD4 antibody (563933), anti-
mouse IFN-γ antibody (554412), anti-mouse PD-L1 antibody
(558091), and anti-mouse CD8a antibody (563068) were pur-
chased from BD Pharmingen. Fluorescently-labeled streptavidin
(405203), anti-mouse B220 (103212), anti-mouse CD80 antibody
(104706), anti-mouse CD86 antibody (105007), anti-mouse I-A/
I-E antibody (107614), anti-mouse CD45 antibody (103126), anti-
mouse ly-6G/ly-6 C antibody (108412), anti-mouse PD1 antibody
(109111), anti-mouse CD127 (121111), anti-mouse/human CD44
(103006), anti-mouse CD160(143011), anti-mouse CD223 (LAG-
3; 125207), and anti-mouse TNF-α (506305) were purchased from
BioLegend. CD19+ microbeads (130-052-201) were purchased
from Miltenyi Biotec.

Generation of CD19 scFv and fusion proteins

The pET-20b(+)–anti-CD19–scFv–c-ErbB-2cDNA constructs
that encode the Herceptin-binding domain (designated P3–4)
were generated.15 The IV region (D4) of the extracellular region
of Her2 (designated D4) was isolated from the plasmid pET-20b
(+)–anti-CD19–scFv–c-ErbB-2cDNA using primers summarized
in Supplemental Table I. The pET-43.1a-scFv, pET-43.1a-D4, and
pET43.1a-scFv-D4 vectors were generated. These plasmids were
transfected into OrigamiB(DE3)pLysS cells. Next, the cells were
inducedwith 0.1mM isopropylβ-D-thiogalactoside. Subsequently,
the proteins were purified using His-Select Nickel Affinity Gel
(Sigma-Aldrich), and LPS contamination was removed byDetoxi-
Gel Endotoxin Removing Columns (GenScript Corp.). After this,
the proteins were dialyzed in PBS and analyzed by SDS-PAGE and
western blotting. The endotoxin level was 0.5 EU/mg, asmeasured
by the LAL assay (GenScript Corp.).

Western blotting

Recombinant anti-CD19 scFv-D4 (scFv–D4), Her2/Neu D4
fusion proteins, and the anti-CD19 scFv miniAb proteins
were produced and purified. Protein samples were loaded on
a 10% (w/v) tris-HCl SDS-PAGE gel for electrophoresis,
transferred to PVDF membranes (Millipore), and blotted.
Subsequently, the membrane was probed with anti-His
(1:3000, ab5000, Abcam) and anti-Her2 (1:0000, AF1129,
RD) antibodies at 4°C overnight. The signal was further
detected using the following secondary antibodies: goat anti-
mouse (1:3000, ab6789, Abcam) and rat anti-goat IgG (1:5000,
ZB-2306, Beijing Zhongshang Jinqiao Biotechnology Co.,
Ltd.) conjugated with horseradish peroxidase at room tem-
perature for 1 h. Band signals were visualized using the
Western Chemiluminescent substrate (Millipore).

Fusion protein binding assay

For the binding assay in vitro, splenocytes were incubated
with biotin-labeled proteins, scFv-biotin, D4-biotin, or scFv-
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D4-biotin, and then stained with PE-streptavidin and APC–
anti-mouse B220. Cells were washed and assessed by flow
cytometry. For the binding assay in vivo, mice were injected
i.v. with biotinylated fusion proteins scFv, D4, or scFv-D4.
Peripheral blood was drawn 10 min after injection. Cells were
stained with APC-anti-mouse B220 and PE streptavidin and
then assessed by flow cytometry.

B cell activation assay

Purified B cells were stimulated with scFv, D4, or scFv-D4
(5 μg/mL) for 24 h, followed by harvesting to detect CD80,
CD86, and MHCII surface marker expression by flow
cytometry.

Mouse immunization and B cell presentation assay
in vitro

Six-to-eight-week-old BALB/c mice were immunized i.v. with
scFv, D4, or scFv–D4 at 50 μg per mouse per injection on
days 0, 7, and 14. A group of mice immunized with PBS was
used as a control. On days 21, the sera were collected for Her-
2/Neu Ab measurements. Further, the splenocytes were har-
vested for T cell activation measurements. For the B cell
presentation assay in vitro, splenocyte B cells were depleted
using CD19+ microbeads. After that, splenocytes with or with-
out B cells were stimulated with scFv-D4 for 3 days and then
re-stimulated with PMA and ionomycin in the presence of
brefeldin A (BD) for 4 h. Finally, IFN-γ production by CD4+

T cells was assayed by flow cytometry.

Detection of Her-2D4 Abs by ELISA

At first, 96-well plates were coated with recombinant Her-2/
Neu D4 protein (1 μg per well) overnight at 4°C and blocked
with 1% BSA/PBST (200 μL per well). Subsequently, the pre-
or post-immune sera from mice were diluted (1:200) and
further reacted with goat anti-mouse IgG HRP conjugates
(Abcam, ab97023). Finally, the assays were developed by the
addition of the Soluble TMB Substrate Solution (TIANGEN
BIOTECHCO, LTD), and the OD450 nm was determined.

Ab competitive inhibition assay

Briefly, 96-well plates were coated with recombinant Her-2
D4 (1 μg/well) overnight at 4°C and then blocked with 1%
BSA/PBST (200 μL per well) for 2 h at room temperature. The
diluted immune sera (1:10) were added into wells for 1 h at
room temperature, followed by Herceptin (Roche Pharma
(Schweiz) Ltd) for 1 h at room temperature. Pre-immune
sera were used as controls. Subsequently, the wells were incu-
bated with anti-human IgG HRP conjugates (Abcam, ab6858)
and the TMB Microwell Substrate. The OD450 nm was mea-
sured. The following formula was used to calculate
the percent inhibition: (ODpre − ODpost)/ODpre × 100%.

Lentivirus production and stable cell line generation

To generate CT26 and 4T1 stable cell lines with the integrated
human HER2 gene (CT26/E2, 4T1/E2), the pWPI-Her2 vec-
tors were generated using primers summarized in
Supplemental Table I. Further, the plasmids pWPI-Her2
were transfected into 293 T cells seeded at a density of
1 × 106 cells per 5-cm plate, and the cells were co-
transfected with the ΔR9 and pVSVG helper plasmids using
the X-tremeGENE HP DNA transfection reagent (Roche,
Mannheim). Supernatants were collected after 72 h of trans-
fection. CT26 and 4T1 cells (1 × 106) were infected with
a freshly prepared Her2 lentivirus at room temperature in
the presence of 8 μg/mL polybrene. Her2+CT26 and
Her2+4T1 tumor cells were sorted by flow cytometry.
Human Her2 expression was confirmed by western blotting.

Tumor challenge

Six-to-eight-week-old female BALB/c mice were injected s.c.
with 4T1/E2 (1 × 106) or CT26/E2 (1 × 106) cells into the
lower right flank. ScFv-D4 and anti-PD1 treatment commenced
when the average tumor diameter reached 3–5 mm. ScFv, D4,
and scFv-D4 were injected i.v. (50 μg per mouse) on days 5, 12,
and 19. Anti-PD1 was injected i.v. at a dose of 100 μg per mouse
every 3 days. Tumor size (microcalipers) andmouse weight were
measured weekly. Mice were sacrificed when the tumor size
reached 12 mm in diameter. Tumor volume was calculated
using the formula: 0.5 × length × width2, where the length was
the longer dimension. In some experiments, the mice were
sacrificed on day 26 or 34 after tumor cell inoculation, and
surface and intracellular cytokine-staining patterns of MDSCs
and T cells were analyzed by flow cytometry.

Flow cytometry

Single-cell suspensions from tumors, tumor draining lymph
nodes, tumor non-draining lymph nodes, and spleens were
generated by macerating the tissues through a 70-μM nylon
mesh. All flow cytometric analysis were performed on
a Beckman CytoFLEX and analyzed using Kaluza software2.1.

Surface and intracellular molecular staining

For surface and intracellular staining of splenocytes, cells
from tumor tissues and tumor draining and tumor non-
draining lymph nodes were stimulated with PMA plus iono-
mycin for 4 h in the presence of brefeldin A, which was
followed by staining with APC- or FITC-conjugated mAbs
against mouse CD8 or CD4, PD1, and PE-conjugated anti-
mouse IFN-γ or anti-mouse gzm B. For surface staining of
tumors, isolated tumors were cut into small pieces and incu-
bated in dissociation solution with 2 mg/mL collagenase type
I (Sigma), 2 mg/mL collagenase type IV (Sigma), and 25 μg/
mL DNase (Sigma). The solution was mixed up and down
while incubating for 45 min at 37°C, and the suspension was
filtered through 70-μm cell strainers to generate single-cell
suspensions. After counting viable cells, the samples were
incubated with an anti-CD16/CD32-blocking Ab and then
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stained with fluorochrome-labeled Abs against CD45, CD3,
CD4, CD8, CD44, CD127, LAG3, CD160, CD11b, Gr1, PD1,
and PD-L1. For intracellular staining of tumors, TILs were
isolated from dissociated tumors and stimulated with PMA
and ionomycin in the presence of brefeldin A (BD) for 4 h.
Subsequently, the cells were fixed, permeabilised, and stained
with Abs against IFN-γ, TNF-α, and gzmB. Fluorescence data
were acquired on a Beckman CytoFLEX and analyzed using
Kaluza software.

Statistical analysis

One-way ANOVA followed by Tukey’s multiple comparison
test was applied to assess the statistical significance of differ-
ences between multiple treatment groups. The tumor volumes
on indicated days were evaluated by one-way ANOVA.
Kaplan–Meier survival analysis was used to determine the
significance of the observed differences in results for in vivo
tumor therapy. p < .05 (*), p < .01 (**), and p < .001(***) were
considered statistically significant.

Results

Generation and characterization of an anti-CD19 scFv
fusion protein

Our previous studies have suggested that targeting of antigens
via CD19 can lead to enhanced Ag-specific T cell responses,
which has demonstrated significant efficacy for some
cancers.15 Based on a previous report that the Herceptin-
binding domain is located in the Her-2/neu ECD D4
domain,26 we generated her-2/neu ECD D4 cDNA, which
was ligated with anti-CD19 scFv plasmids. Hereafter, these
recombinant proteins were produced, purified, and character-
ized. As indicated in Figure 1(a,b), recombinant anti-CD19
scFv-D4 (scFv–D4), her-2/neu D4 fusion proteins were
detected by both His-Tag and her-2/neu Abs. In contrast,
the anti-CD19 scFv miniAb protein was detected with the
His-Tag Ab but not with the her-2/neu Ab.

To verify that the scFv, scFv–D4 proteins retained the Ag-
binding activity of the parental Ab, we tested specific bind-
ing to B cells in vitro and in vivo by flow cytometry. For the
binding assay in vitro, splenocytes were incubated with pro-
tein biotin-scFv, biotin-D4, and biotin-scFv-D4. For the
binding assay in vivo, biotin-labeled proteins were intrave-
nously (i.v.) injected into mice. Peripheral blood was taken
10 min after the injection. Successful targeting of B cells was
observed by identifying double positive cells (Figure 1(c)).
These results suggested that the anti-CD19 scFv miniAb with
or without labeled Ag was capable of specifically binding
B cells. Next, we measured whether the fusion protein
scFv–D4 could activate B cells. Purified B cells were incu-
bated with fusion proteins scFv, D4, or scFv-D4 for 24 h.
Subsequently, we examined the expression of surface activa-
tion markers on B cells by flow cytometry. We found that
the fusion protein scFv-D4, but not D4, significantly upre-
gulated CD86 and MHCII on B cells but not CD80 (Figure 1
(d)). ScFv alone also stimulated moderate expression of

CD86 and MHC class II, but the levels were significantly
lower than those stimulated by scFv–D4 (Figure 1(d)).

Targeting Ag to B cells elicits antibody generation and
T cell responses

We next examined whether targeting TAA her-2/neu Ag to
B cells could elicit anti-tumor Abs. As shown in Figure 2(a),
mice immunized with scFv–D4 secreted large amounts of her-
2/neu Abs. ScFv or D4 protein immunization did not induce
secretion of any significant level of her-2/neu Ab. Because D4
contains the Herceptin-binding domain, we examined
whether Abs from mice immunized with scFv–D4 possessed
Herceptin-like activity. A competitive inhibition assay was
performed using a solid-phase immunoassay with recombi-
nant Her-2 D4 as the target Ag. The results showed that the
post-immune sera from mice immunized with scFv–D4, but
not scFv or D4, were capable of competing with Herceptin
binding (Figure 2(b)).

Next, we determined whether anti–her-2/neu T cell
responses were generated by this vaccination strategy. The
splenocytes from mice vaccinated with different fusion pro-
teins were harvested and stimulated with scFv–D4 protein.
We discovered that both IFN-γ-producing CD8+T cells and
IFN-γ-producing CD4+T cells were significantly increased in
mice immunized with the scFv-D4 fusion protein, compared
to those from unimmunized, scFv-immunized, or D4-
immunized mice (Figure 2(c)). To further confirm that target-
ing TAA Her2/neu Ag to B cells could elicit T cell responses
through B cell antigen presentation, the splenocytes from
mice vaccinated with the scFv-D4 fusion protein were har-
vested, and then B cells were depleted. Subsequently, spleno-
cytes with or without B cells were stimulated with scFv–D4
protein. The results showed that IFN-γ-producing
CD4+T cells from splenocytes without B cells were signifi-
cantly decreased compared to those from splenocytes with
B cells (Figure 2(d)). Additionally, no signs of toxicity or
weight loss were observed in any of the treatment groups
(Figure 2(e)).

Targeting Ag to B cells shows remarkable anti-tumor
activity in a 4T1/E2 breast cancer model

To determine whether scFv-D4 would induce greater inhibi-
tion of tumor growth than that in any control group, murine
breast cancer cells (4T1/E2) and colon cancer cells (CT26/E2)
that express human her-2/neu were prepared; the her-2/neu+

tumor cells were sorted by flow cytometry, and her-2/neu
expression in tumor cells was confirmed (suppl. Figure 1(a,
b)). Next, we treated BALB/c mice with established 4T1/E2
tumors with the scFv-D4 fusion protein. The 4T1/E2 cells
were inoculated into BALB/c mice subcutaneously (s.c.).
When tumors reached a size of approximately 3–5 mm in
any direction, mice were either treated with PBS, scFv, D4, or
scFv-D4 (50 μg per mouse i.v. once per week, for 3 weeks;
Figure 3(a)). Tumor measurements over the treatment period
showed that the tumor size was significantly decreased in the
scFv-D4 group, compared to that in the PBS, scFv, or D4
groups (Figure 3(b)). Comparisons of the average tumor
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volume at days 24, 27, and 30 revealed statistically signifi-
cantly differences in average tumor volumes between scFv-D4
and D4 groups (p < .05). Additionally, differences for each, in
comparison with values in vehicle control or scFv groups,
were statistically significant (p < .05; Figure 3(b)). When
mice were treated with PBS, scFv, D4, or scFv-D4 (50 μg
per mouse, once per week, three times, i.v.), the survival
rates at day 60 were 0%, 0%, 0%, and 40%, respectively. The
scFv-D4 fusion protein further increased the overall survival
time compared to that with any therapy (p < .05 vs. D4 and
scFv; Figure 3(c)).

To determine whether the fusion protein scFv–D4 boosts
or inhibits anti-her-2/neu T cell responses, BALB/c mice
with established 4T1/E2 tumors were treated with PBS,
scFv, D4, or scFv-D4, as previously described. On day 26
after tumor cell inoculation, tumors of different groups
were harvested, weighted, and analyzed by flow cytometry.
CD45+CD3+CD4+T cells, CD45+CD3+CD8+ T cells, and
CD45+CD11b+GR1+cells were gated (suppl. Figure 2(a,
b)), and IFN-γ production and the MDSC ratio in spleno-
cytes, lymph nodes and tumor tissues from tumor-bearing
mice were evaluated. Compared to those with PBS, scFv,

Figure 1. Generation and characterization of anti-CD19 scFv fusion protein.
(a, b) Lysates of OrigamiB(DE3)pLysS cells transfected with expression plasmids for CD19-scFv-D4, CD19–scFv, and her-2/neu D4. After transfection, the proteins were
purified, and western blotting was performed using Abs against His-Tag (a) and her-2/neu (b).(c) For in vitro B cell binding, splenocytes were incubated with biotin-
labeled scFv, D4, and scFv–D4, followed by anti-mouse B220 and streptavidin. Cells were washed and assessed by flow cytometry. For in vivo binding, biotin-labeled
proteins were i.v. injected into mice. Peripheral blood was drawn 10 min after injection. Cells were stained with anti-mouse B220 and streptavidin and assessed by
flow cytometry.(d) B cells were stimulated with fusion proteins, as indicated, for 24 h. Surface molecules CD80, CD86, and MHCII were assessed by flow cytometry.
Data shown are representative of three independent experiments. B cells were stimulated with fusion proteins. A summary of CD80, CD86, and MHCII mean
fluorescence intensity (MFI) is shown in the bar graph. ***p < .0001, *p < .05.
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and D4 therapies, we found that scFv-D4 treatment
increased the number of tumor-infiltrating CD8+T cells
and decreased the number of MDSCs in tumor tissues
(Figure 3(d,e)). Furthermore, we observed that scFv-D4
treatment resulted in an increase in the percentage of
IFN-γ-producing CD4+T cells in the tumor (Figure 3(f)),
indicating a shift toward a Th1 response. We also found
that IFN-γ-expressing CD8+T cells were significantly
increased in mice treated with the scFv–D4 fusion protein,
compared to those in scFv-, D4-, or PBS-treated mice
(Figure 3(g)). Additionally, a lower proportion of tumor-
infiltrating MDSCs in the scFv-D4 fusion protein treatment
group was found compared to that in controls (Figure 3
(h)). These effects appeared to be limited to the tumor and
tumor draining lymph node (suppl. Figure 3), as treatment
had no impact on T cell function in the tumor non-
draining lymph node (suppl. Figure 4) or the number of
MDSCs in the spleen (suppl. Figure 5). Collectively, these
data demonstrated that the scFv-D4 fusion protein

augmented the number of functionally-active T cells within
tumors and decreased the proportion of MDSCs.

Targeting Ag to B cells enhances PD1 and PD-L1
expression in the tumor microenvironment

Targeting antigens to B cells generated Herceptin-like antibodies
and promoted the T cell response in tumor-bearing mice, but
only ∼40% of mice achieved long-term, tumor-free survival in
the therapeutic setting, which suggested that a large number of
tumor cells still evaded immune surveillance. We next sought to
determine whether immune escape occurred after immunization
with scFv-D4 fusion protein. The inhibitory molecule PD-L1 has
been shown to exhaust cytotoxic T lymphocyte (CTL) by bind-
ing to PD1.23 First, we examined whether PD1 expression in
T lymphocytes was increased by this vaccination method. The
splenocytes from mice vaccinated with different kinds of fusion
proteins were harvested, and PD1 expression was examined by
flow cytometry.We found that the PD1 expression levels in both

Figure 2. CD19-mediated Ag targeting of B cells induces antibody and T cell responses.
(a, b) Mice (n = 5) were immunized with scFv, D4, or scFv–D4 (50 μg per mouse) three times at 1-week intervals; mice were bled at day 21. The sera were assessed for
her2/neu–specific Abs by ELISA (a). Anti-her2/neu-specific Ab competitive inhibition assay showing that sera (1:10) from mice immunized with scFv-D4 are capable of
inhibiting Herceptin-mediated binding. Percentage of inhibition is shown (b).(c) BALB/c mice (n = 3) were immunized with scFv, D4, or scFv–D4 three times at
1-week intervals. Splenocytes were harvested at day 21 and stimulated with scFv–D4 for 3 d. Assessment of intracellular production of IFN-γ by CD4+ and CD8+

T cells (c).(d) Splenocytes from immunized mice with scFv-D4 were harvested, the B cells were removed by CD19 beads, and then splenocytes with or without B cells
(B cell-depleted) were stimulated with scFv–D4 for 3 d. Intracellular production of IFN-γ by CD4+ T cells is shown (d).(e) Graph showing body weight of BALB/c mice
(n = 5) as a measure of systemic fusion protein toxicity.Data are representative of three experiments. Error bars represent standard error of the mean **p < .01,
*p < .05.
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CD4+T cells and CD8+T cells were significantly increased in
mice immunized with the scFv–D4 fusion protein, compared
to those in the control groups (Figure 4(a,b)). Moreover, we
evaluated whether PD1 expression on tumor-infiltrating
T lymphocytes was increased in scFv-D4-treated mice bearing
4T1/E2 tumors. We observed increased PD1 expression on
tumor-infiltrating T lymphocytes after scFv-D4 treatment
(Figure 4(c,d)). PD1 is not only a marker of T cell activation
but also eventually leads to subsequent T cell exhaustion by

binding to PD-L1, which is expressed on tumors and many
immune cells.27 Therefore, we evaluated whether scFv-D4 treat-
ment would affect PD-L1 expression on tumor cells and tumor-
infiltrating lymphocytes (TILs) in the tumor microenvironment.
Results showed increased PD-L1 expression on tumor cells
(CD45− cells; Figure 4(e)) and TILs (Figure 4(f)) following scFv-
D4 treatment. As our data confirmed elevated IFN-γ production
in tumor tissues following scFv-D4 treatment (Figure 3(f,g)), we
next assessed whether IFN-γ promoted PD-L1 expression in

Figure 3. Targeting Ags to B cells induces anti-tumor activity in a 4T1/E2 breast cancer model.
(a) Schematic representation of subcutaneous (s.c.) 4T1/E2 tumor cell treatments applied to BALB/c mice.(b, c) BALB/c mice (n = 7) were challenged s.c. with 106 4T1/
E2 tumor cells. The mice were treated with scFv, D4, or scFv–D4 three times at 1-week intervals when the tumor size (diameter) reached 3–5 mm. Tumor growth (b)
and survival (c) were recorded.(d, e) BALB/c mice (n = 5) with established 4T1/E2 tumors were treated with scFv-D4, as described in Figure 3(a). Tumors were isolated
on day 26, and immune cells were analyzed by flow cytometry. Shown are the numbers of tumor-infiltrating (d) CD45+CD3+CD8+ T cells and (e) CD45+ CD11b+Gr1+

cells in the different treatment groups.(f–h) Tumors were isolated on day 26, and tumor-infiltrating lymphocytes (TILs) from the tumors were stimulated with PMA
and ionomycin in the presence of brefeldin A for 4 h. Intracellular production of IFN-γ by CD4+ (f) and CD8+ T cells (g) is shown. The percentage of myeloid-derived
suppressor cells (MDSCs) among TILs was analyzed by flow cytometry (h).Data are representative of three experiments. Error bars represent standard error of the
mean. **p < .01, *p < .05.
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both 4T1/E2 and CT26/E2 cells (Figure 4(g,h)). These data
suggested that increased inflammatory cytokines might promote
PD-L1 expression on tumor cells. Therefore, the high expression

of PD1 and PD-L1 in tumor tissues after immunization with
scFv-D4 fusion protein could be one of the important mechan-
isms underlying the immune escape of tumor cells.

Figure 4. Targeting Ags to B cells promotes PD1 and PDL1 expression in the tumor microenvironment.
(a, b) BALB/c mice (n = 3) were immunized with scFv, D4, or scFv–D4 three times at 1-week intervals. Splenocytes from immunized mice were stimulated with scFv–
D4 (20 μg/mL) for 3 d. PD1 expression on the surface of CD4+ (a) and CD8+ T cells (b) is shown.(c,d) BALB/c mice (n = 5) with established 4T1/E2 tumors were treated
with scFv-D4 as described in Figure 3(a). Tumors were isolated on day 26, and tumor-infiltrating lymphocytes (TILs) from the tumors were harvested. PD1 expression
on the surface of CD4+ (c) and CD8+ T cells (d) is shown.(e, f) BALB/c mice (n = 5) with established 4T1/E2 tumors were treated with PBS, scFv, D4, or scFv-D4. Tumors
were isolated on day 26, and PD-L1 expression on the surface of tumor cells (CD45− cells) and CD45+ cells were assessed by flow cytometry.(g, h) 4T1/E2 cells and
CT26/E2 cells were stimulated with mouse IFN-γ (20 ng/mL), and then surface PD-L1 expression was assessed.Data are representative of three experiments. Error bars
represent standard error of the mean. ***p < .0001, **p < .01,*p < .05.
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Combined treatment with scFv-D4 and anti-PD1 reverses
tumor-induced immunosuppressive microenvironment
and induces significant anti-tumor effects in a 4T1/E2
breast cancer model

The high PD1 and PD-L1 expression in the tumor microen-
vironment from scFv-D4-treated tumor-bearing mice
prompted us to further investigate whether combining scFv-
D4 and anti-PD1 would bring about greater inhibition of
tumor growth than that with any agent alone. The 4T1/E2
cells were inoculated into BALB/c mice s.c. Once the tumors
reached a size of approximately 3–5 mm in any direction,
mice were treated with scFv-D4 (50 μg per mouse i.v. once per
week). Subsequently, anti-PD1 (100 μg per mouse, i.v., and
twice per week) was administered after the cycle of scFv-D4
treatment was complete (Figure 5(a)). Tumor measurements
over the treatment period showed that the tumor sizes were
significantly decreased in the scFv-D4 and combination treat-
ment groups compared to those in isotype control antibody or
anti-PD1 groups. However, the smallest tumors were found in
the combination group (Figure 5(b)). When mice were treated
with isotype control antibody, anti-PD1 antibody (100 μg per
mouse, i.v., twice per week), scFv-D4 (50 μg per mouse, once
per week, i.v.), or a combination of the two, the survival rates
at day 66 were 0%, 28.6%, 42.9%, and 85.7%, respectively. The
combination of scFv-D4 and anti-PD1 antibody further
increased the overall survival time compared to that with
any monotherapy (p < .05 vs. scFv-D4 and anti-PD1; Figure
5(c)). These data suggest that the PD1/PD-L1 pathway inhi-
bits activation of the immune system. Thus, anti-PD1 can
block the PD1/PD-L1 inhibitory signal and boost the efficacy
of scFv-D4.

Since the data have confirmed that the combined therapy
could enhance anti-tumor effects, we next investigated
whether the beneficial anti-tumor effects of the combination
therapy could be related to the reversion of a CD8+ T cell
exhaustion phenotype. The 4T1/E2 tumor-bearing BALB/c
mice were treated with scFv-D4 and anti-PD1. On day 34
after tumor cell inoculation, tumors of different groups were
harvested, weighted, and analyzed by flow cytometry.
Compared to that with scFv-D4 and anti-PD1 antibody
monotherapies, we found that combination treatment
increased the number of tumor-infiltrating CD8+T cells
(Figure 5(d)). The number of tumor-infiltrating MDSCs was
also reduced by the combined therapy (Figure 5(e)). Further,
4T1/E2 tumor-infiltrating CD8+ T cells that were subjected to
the scFv-D4 treatment in combination with anti-PD-1 block-
ade had a higher proportion of memory T cells
(CD44+CD127+CD8+) (Figure 5(f)) and lower surface expres-
sion of PD-1 (Figure 5(h)). PD1 expression in CD4+T cells
was not affected in the groups treated with combined scFv-D4
and anti-PD1 (Figure 5(i)). We also examined surface LAG3
and CD160 expression on tumor-infiltrating CD8+T cells
(Figure 5(g)). Interestingly, the expression of these checkpoint
molecules on CD8+T cells was induced by scFv-D4 treatment
by not PD1 antibody treatment. This conclusion is consistent
with a result of a previous report in which PD1 blockade did
not affect T cell expression of other inhibitory receptors co-

expressed with PD-1, including CD160 and LAG-3.28 Taken
together, these results indicated that reduced tumor growth
mediated by combination treatment was associated with
a change in the tumor-induced immunosuppressive microen-
vironment state.

Combined treatment with scFv-D4 and anti-PD1
enhances the anti-tumor activity of T cells in the tumor
microenvironment

To further explore the mechanism underlying the reduction
in tumor growth mediated by an increase in T cells within
tumors, the 4T1/E2 tumor-bearing BALB/c mice were treated
as performed to obtain for the results of Figure 5(d). We then
analyzed effector CD4+ and CD8+T cells within tumors.
Compared to that with scFv-D4 and anti-PD1 antibody
monotherapies, we found that combination treatment
increased the proportion of IFN-γ-expressing cells among
tumor-infiltrating CD4+T cells (Figure 6(a)) and decreased
the percentage of CD4+Foxp3+ T cells within tumors (Figure
6(b)). We also showed Granzyme B (gzmB) production by
tumor-infiltrating CD4+T cells, but there was no significant
difference among the groups (Figure 6(c)). Furthermore, we
found significantly increased IFN-γ, gzmB, and TNF-α pro-
duction by tumor-infiltrating CD8+T cells in the combination
group (Figure 6(d–f)). These data suggested that the reduction
in Treg cells and increase in effector CD8+T cells and
CD4+T cells contributed to the anti-tumor immune responses
induced by the combined therapy. These results further con-
firmed that combined treatment can reverse the tumor-
induced immunosuppressive microenvironment.

Treatment with fusion protein scFv–D4 and anti-PD1
induces significant antitumor effects in a CT26/E2 tumor
model

To further confirm the combined therapeutic effect, BALB/c
mice implanted with human her-2/neu-expressing murine
colon carcinoma CT26 cells were treated with different regi-
mens. Similar to that with the 4T1/E2 BALB/c model, the
tumor-bearing mice were treated with αPD1 and scFv-D4
alone or combination (Figure 7(a)). Combination treatment
groups had a significantly lower tumor burden than anti-PD1-
or scFv-D4-treated mice or those of the isotype–control group
(Figure 7(b)). Further, we analyzed whether the effect of
combined scFv-D4 and anti-PD1-mediated enhanced T cell
responses in CT26/E2 tumors was the same as that in 4T1/E2
tumors. We found that combination treatment increased the
proportion of IFN-γ-expressing cells among tumor-
infiltrating CD4+ and CD8+ T cells, compared to that with
scFv-D4 and anti-PD1 monotherapies (Figure 7(c,d)).
Furthermore, combination treatment significantly increased
gzmB production by tumor-infiltrating CD8+T cells upon
assessing primary tumors of CT26/E2 mice (Figure 7(e)). Of
note, there were fewer tumor-infiltrating MDSCs in the com-
bination treatment groups than in controls (Figure 7(f)).
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Discussion

This study aimed to produce a sustained anti-tumor T cell
response. Although targeting antigens to B cells via

CD19miniAb has been shown to generate humoral and potent
T cell responses in our previous study,15 sustained T cell
responses are required to eradicate tumor cells. Therefore,
we established a combined treatment protocol comprising

Figure 5. Combined treatment with scFv-D4 and anti-PD-1 induces immune cell infiltration and shows remarkable anti-tumor activity in a 4T1/E2 breast cancer model.
(a) Schematic representation of subcutaneous (s.c.) 4T1/E2 breast cancer cell treatments applied to BALB/c mice.(b, c) BALB/c mice (n = 7) were challenged s.c. with
106 4T1/E2 tumor cells. The mice were treated, as described in Figure 5(a), when the tumor size (diameter) reached 3–5 mm. Tumor growth (b) and survival (c) were
recorded.(d–i) BALB/c mice (n = 5 with established 4T1/E2 tumors were treated as described in Figure 5(a). Tumors were isolated on day 34, and the immune cells
were analyzed by flow cytometry. Shown are the numbers of tumor-infiltrating (d) CD45+CD3+CD8+ T cells and (e) CD45+CD11b+Gr1+ cells in the different treatment
groups. The frequencies of CD44+CD127+ (f), LAG3+CD160+ (g), and PD1+ (h) cells among CD8+T-cell subsets, as well as PD1+ (i) cells among CD4+T-cell subsets, are
shown.Data are representative of three experiments. Error bars represent standard error of the mean. *p < .05
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a novel CD19-targeting fusion protein and a PD1 antibody.
We showed that the combined treatment generated both
humoral and sustained T cell responses. The efficacy of this

combined treatment was demonstrated in murine breast and
colorectal cancer models. It appears that the combined treat-
ment reversed tumor-induced immunosuppression in cancer

Figure 6. scFv-D4 and anti-PD1 combination therapy enhances T cell responses in a 4T1/E2 tumor model.
BALB/c mice (n = 5) with established 4T1/E2 tumors were treated as described in Figure 5(a). Tumors were isolated on day 34, and the immune cells were analyzed
by flow cytometry. Tumor-infiltrating lymphocytes (TILs) from the tumors were stimulated with PMA and ionomycin in the presence of brefeldin A for 4 h. The
percentages of IFN-γ-producing CD4+ (a), Foxp3+ CD4+ (b), gzmb-producing CD4+ (c), IFN-γ-producing CD8+ (d), gzmB-producing CD8+ (e), and TNF-α-producing
CD8+ T cells (f) among TILs are shown.Data are representative of three experiments. Error bars represent standard error of the mean. *p < .05
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tissues and inhibited the progression of HER2-overexpressing
breast and colon cancer in mice. Moreover, this strategy can
be further extended to other solid tumors.

The CD19-targeted CAR-T cell therapy in B-cell acute lym-
phoblastic leukemia has proven to be effective;29,30 however, tar-
geting antigens to CD19 also activates B cells to become potent
APCs,15,31 during which the activated B cells present antigens to

prime T cell activation.15,31,32 Additionally, there are still some
challenges to be addressed. First, targeting antigens to B cells
inhibits the growth of breast cancer cells. However, the effect of
the fusion protein on immune cells in the tumor microenviron-
ment is unclear. Second, targeting antigens to CD19 could pro-
long the survival time of tumor-bearing mice, but only ∼20% of
treated mice achieved long-term, tumor-free survival in the

Figure 7. Treatment with fusion protein scFv–D4 and anti-PD1 induces significant anti-tumor effects in a CT26/E2 tumor model.
(a) Schematic representation of subcutaneous (s.c.) CT26/E2 colon cancer cell treatments applied to BALB/c mice.(b) BALB/c mice (n = 7) were challenged s.c. with
106 CT26/E2 tumor cells. The mice were treated, as described in Figure 5(a), when the tumor size (diameter) reached 3–5 mm. Tumor growth (b) was recorded(c–f)
BALB/c mice (n = 5) with established CT26/E2 tumors were treated as described in Figure 6(a). Tumors were isolated on day 34, and the immune cells were analyzed
by flow cytometry. (c–e) Tumor-infiltrating lymphocytes (TILs) from the tumors were stimulated with PMA and ionomycin in the presence of brefeldin A for 4 h.
Intracellular production of IFN-γ by CD4+, CD8+, and gzmB+ CD8+ T cells is shown. The numbers of tumor-infiltrating myeloid-derived suppressor cells (MDSCs) are
shown (f).Data are representative of three experiments. Error bars represent standard error of the mean. Data are representative of three experiments. *p < .05.
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therapeutic setting in terms of tumor progression, which indicated
that a large number of tumor cells evaded immune surveillance.
To resolve these issues, we fused the IV region of the extracellular
region (D4) of the human epidermal growth factor receptor 2
(HER2) tumor antigen with the CD19 molecule single chain
antibody (scFv) and obtained a soluble, functional fusion protein
by reducing the size of the protein and using new expression
strains. The uniqueness of the B cell-based vaccine approach is
that antigens targeted to B cells elicit exaggerated Ag-specific Ab
responses, although targeting antigens to dendritic cells (DCs) via
lectins such as DEC205 has been shown to indirectly promote
B cell humoral responses.33WhenDCs capture antigens to induce
Ab responses, antigens are digested and dominant epitopes are
presented on the surface as MHC class I or class II molecules.34,35

The generation of blocking antibodies requires the presentation of
intact Ag to B cells.36 Data from the present and previous studies
have confirmed that targeting theHer2 antigen to B cells elicits the
generation of a Herceptin-like antibody. DCs are consideredmore
potent APCs to induce T cell responses;35 however, activated
B cells also serve as APCs to induce T cell responses and play an
important role in anti-tumor immune responses.12,37 Our study
suggested that the new B cell vaccine activates B cells to up-
regulate the surface molecules CD86 andMHC class II molecules,
which are critical for T cell characteristics. Moreover, the data
showed that the fusion protein scFv-D4 could not activate
CD4+T cells in the absence of B cells, which indicated that the
targeting of B cells could stimulate B cells to present antigens to
CD4+T cells. In addition, targeting antigens to B cells in vivo did
not result in weight loss and the appearance of autoimmunity
phenomena in mice, which indicated that the fusion protein was
not toxic to the mice.

The ability of CTLs to provide effective anti-tumor immunity
in vivo is clearly seen in animal experiments using carcinogen-
induced and DNA virus-induced tumors. CTLs perform
a surveillance function by recognizing and killing potentially
malignant cells that express peptides derived from tumor antigens
and presented in association with class I MHC molecules.38 In
particular, the number and activity of CD8+T cells in tumor tissues
correlate with better prognosis.39 Data have confirmed that the
number of CD8+T cells was increased in scFv-D4-treated tumors
compared to that in control-treated tumors. However, ~60% of
tumor-bearing mice from the scFv-D4 group ultimately died,
indicating that many tumors successfully evaded the immune
system. The most important mechanism of immune evasion by
tumors is the inhibition of anti-tumor immune responses.40

Tumor-induced immunosuppression inhibits T cell infiltration.
However, some checkpoint molecules on tumor cells, APCs, or
T cells might be involved in inhibiting the activation of tumor-
specific T cells.41,42 In this study, we found that the percentage of
IFN-γ-producing-CD4+T cells, INF-γ-producing CD8+T cells,
and CD44+CD127+CD8+T cells was increased in the scFv-D4
treatment group. However, PD-L1 expression on tumor cells and
expression of the checkpoint molecules PD1, LAG3, and CD160
on CD8+T cells were also up-regulated (Figures 4 and 5).
Meanwhile, scFv-D4 treatment also enhanced the infiltration of
CD4+Foxp3+Treg cells in tumor tissues (Figure 6). CD4+Foxp3+

Treg cells and checkpoint molecules are essential for maintaining
self-tolerance and preventing excessive immune responses,43 but
immune suppression can also be induced by an increase in Treg

cells and the expression of PD-1 and LAG343,44on T cells. The
checkpoint molecules PD1, LAG3, and TIM3 have been shown to
be hijacked by tumor cells to evade the host immune system in
both mice and humans, and immunogenic tumor cells might
induce the anergy of tumor-specific T cells by expressing these
molecules on their surfaces,22 which explains why some tumor
cells could escape immune surveillance in this study. It is not
surprising that the expression of PD-L1, PD1, and LAG3 was
increased in the tumor tissues of the scFv-D4-treated group,
because inflammatory cytokines such as IFN-γ stimulate T cells
to express PD1 andLAG3, stimulate tumor cells ormyeloid cells to
express PD-L1, and inhibit the activity of tumor-specific T cells.23

Results also confirmed that more IFN-γ was produced in tumor
tissues from the scFv-D4 treatment group than from those of
control groups. Thus, targeting of PD1or LAG3 might overcome
the shortcoming of the fusion protein and inhibit tumor cell
growth.

Herceptin, an anti-HER2 monoclonal antibody is
a widely-used therapy for patients with metastatic breast
cancer.45 Herceptin can slow or stop the growth of the breast
cancer by blocking HER2/neu receptor from receiving
growth signals or the cytotoxicity of Fc-driven innate
immune effector functions. However, some breast cancer
patients are refractory to Ab therapy despite high levels of
her-2/neu expression on tumor cells. Furthermore, many
patients who initially respond to Ab therapy ultimately
develop resistance, leading to disease progression.46

CD8+T cells are essential for anti-tumor associated antigen
(TAA) monoclonal antibody efficacy, Her-2-specific
CD8+T cell responses could eradicate drug-refractory
tumors, but the cytotoxicity of antigen-specific CD8+T cells
is blocked by tumor-induced immunosuppression in the
tumor microenvironment.9,45,47 Thus, it would be ideal if
the treatment against her-2/neu TAA could generate both
antibodies and lasting T cell responses.

In breast cancer, the blockade of PD1 or its ligand PD-L1 by
specific monoclonal antibodies has been shown to reverse this
effect and to potentiate cancer therapeutic immunity.48,49

However, single blockade of immune checkpoint molecules
(such as PD1 and PD-L1) cannot effectively eliminate cancer
cells.42,50 A combination with cancer immunotherapy might
enhance the anti-tumor effect.42 The results also suggested that
the combination therapy could reverse tumor-induced immuno-
suppression and enhance anti-tumor immunity, as evidenced by
the increase in tumor-infiltrating effector CD4+T cells and CD8+

T cells, decrease in Treg cells and MDSCs, and the longer survival
time of the tumor-bearing mice. Interestingly, we also found that
the combination therapy could not completely change the status of
exhausted CD8+T cells; specifically, the expression of LAG3 on
CD8+T cells was still increased, whichwould probably result in the
escape of tumor cells from immunosurveillance. These effects on
T cells reflect the complexity of tumor cell escape from immuno-
surveillance in vivo. The therapeutic efficacy of this combined
treatment comprising a novel B cell vaccine and PD1 antibody
was further tested on BALB/cmice using a CT26 colon carcinoma
model. Similarly, tumor progressionwas significantly decreased in
the tumor-bearing mice of the combination therapy group, even
though the CT26 model exhibits a lower percentage of IFN-γ-
producing-CD4+T cells and CD8+T cells. This is because there are
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fewer TILs in CT26 tumor tissues.51 Thus, our study established
that combined treatment could significantly inhibit the growth of
tumor cells. This combined treatment strategy could be further
extended to other fields including chronic infectious disease, par-
ticularly for the control of viral infection.

This study and our previous research suggest that the
targeting of antigens to B cells combined with a PD1 antibody
is more effective than either monotherapy. This combined
therapy induced both the production of specific antibodies
against tumor antigens and antigen-specific T cells. Moreover,
the combined therapy maintained the cytotoxicity of
CD8+T cells in tissues, although the mechanism of reversing
the immunosuppressive state of the tumor microenvironment
needs to be further addressed.
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