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Tumor targeting peptide TMTP1 modified 2
Antigen capture Nano-vaccine combined

with chemotherapy and PD-L1 blockade
effectively inhibits growth of ovarian cancer
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Xiangyi Ma'?" and Ling Xi"*"

Abstract

The mortality of ovarian cancer (OC) has long been the highest among gynecological malignancies. Although OC is
considered to be an immunogenic tumor, the effect of immunotherapy is not satisfactory. The immunosuppressive
microenvironment is one reason for this, and the absence of recognized effective antigens for vaccines is another.
Chemotherapy, as one of the most commonly used treatment for OC, can produce chemotherapy-associated
antigens (CAAs) during treatment and show the effect of in situ vaccine. Herein, we designed an antigen capture
nano-vaccine NP-TP1T@M-M with tumor targeting peptide TMTP1 and dendritic cell (DC) receptor mannose
assembled on the surface and adjuvant monophosphoryl lipid A (MPLA) encapsulated in the core of poly (D,
L-lactide-co-glycolide) (PLGA) nanoparticles. PLGA itself possessed the ability of antigen capture. TMTP1 was a
tumor-homing peptide screened by our research team, which held extensive and excellent tumor targeting

ability. After these modifications, NP-TP1@M-M could capture and enrich more tumor-specific antigens after
chemotherapy, stimulate DC maturation, activate the adaptive immunity and combined with immune checkpoint
blockade to maximize the release of the body’s immune potential, providing an eutherapeutic strategy for the
treatment of OC.
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Ovarian cancer (OC) is the most malignant gynecologi-
cal tumor at present. The 5-year survival rate maintains
around 30-40% for a long time due to occult onset, che-
motherapy resistance, and unsatisfied immunotherapy
[1]. OC is considered as an immunogenic tumor that can
be recognized by the host immune system. Tumor-reac-
tive T cells and antibodies generated by spontaneous anti-
tumor immune response can be detected in the peripheral
blood, tumor tissues and ascites of patients with OC [2].
These results indicate that immunotherapy could be a
highly promising approach for OC therapy. However, sev-
eral clinical trials indicated that the most commonly used
immune checkpoint blockade had an average response
rate of only 10-15% in OC [3-6]. Adoptive T-cell therapy
demands complex and costly technical processes. The
first study of adoptive transfer of folate receptor-a chi-
meric antigen receptors (CARs) in OC showed no clini-
cal response [7]. Therapeutic cancer vaccines are the most
studied immunotherapeutic strategy in OC [8]. Unfortu-
nately, there is no recognized and effective antigen for the
design of OC vaccines in clinical trials due to the promi-
nent molecular heterogeneity in ovarian cancer [9]. Pai-
jens et al. also found that there was no clinically effective
antigen-specific active immunotherapy for OC by sum-
marizing 67 related clinical trials in OC [10]. Much effort
is needed to improve the performance of cancer vaccines
in OC.

In general, tumor vaccines consist of three main com-
ponents: tumor antigen, immune adjuvant and delivery
system. Optimizing the selection of individual tumor
antigens, collocating with safe and effective vaccine
adjuvants, and assembling an efficient delivery system,
all these could improve the therapeutic effect of tumor
vaccine. With the spring up of nanotechnology, nano-
carriers have a broad prospect in the design of tumor
vaccines. Nano-vaccines containing tumor antigens and
adjuvants were widely studied due to their superior sta-
bility, increased uptake rate by antigen-presenting cells,
and enhanced antigen presentation efficiency [11]. Par-
ticularly, vaccine delivery system based on poly (D,
L-lactide-co-glycolide) (PLGA) presented a promising
prospect of application due to its excellent safety profile
and biodegradability [12]. For instance, Yang et al. used
PLGA loaded with adjuvant toll-like receptor 7 agonist,
imiquimod (R837) and coated with cancer cell mem-
branes to develop a nano-vaccine which showed great
efficacy to delay tumor progression [13]. Koerner et al.
developed a PLGA-particle vaccine carrying toll-like
receptor 3 (TLR3)/retinoic acid-inducible gene I (RIG-I)
ligand Riboxxim which afforded primary tumor growth
retardation, prevention of metastases, and prolonged
survival in preclinical tumor models [14]. More surpris-
ingly, recent studies shown that PLGA nanoparticle (NP)
itself had antigen-capturing (AC) properties, which could
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capture tumor antigens released after radiotherapy and
served as in situ vaccine, demonstrated improved absco-
pal effect and cancer immunotherapy [15]. In fact, only
a small fraction of the membrane proteins in tumor cell
lysis products are immunogenic, leading to the fact that
vaccines designed using whole tumor cells fail to provide
significant long-term therapeutic benefits [16]. There-
fore, if we make some modifications on the surface of
PLGA NPs with structures that could specifically capture
tumor associated antigens, then its immune activation
effect will be better.

TMTP1 is a tumor-homing peptide screened by FliTrx
bacterial peptide display system [17]. Previous studies
have shown that TMTP1 can target to multiple primary
tumors and metastases, including prostate cancer, lung
cancer, breast cancer, gastric cancer, hepatocellular can-
cer, ovarian cancer and cervical cancer [17-23]. PLGA
NPs modified with TMTP1 on the surface and coated
with near infrared fluorescence imaging agent indocya-
nine green (ICG) could specifically image cervical cancer
foci and lymph node metastases [24]. TMTP1-Modified,
tumor microenvironment responsive NPs co-deliver cis-
platin and paclitaxel prodrugs significantly improved the
therapeutic efficacy of the traditional cisplatin—paclitaxel
combination chemotherapy [25]. Research found that
some polypeptide could bind with specific small molec-
ular protein produced by tumors to affect tumor micro-
environment. Peptides can also be used as scaffold for
assembly and epitope presentation in vaccines based on
tumor associated antigens, such as self-adjuvanting vac-
cines [26]. In fact, the use of peptide-modified vectors to
capture specific proteins or cells has been widely stud-
ied [27-29]. Due to the extensive and excellent tumor
targeting ability of TMTP1, we speculated that TMTP1
modified PLGA NP could capture and enrich tumor spe-
cific antigens and increase the immunogenicity of tumor
vaccine.

Chemotherapy is one of the most commonly used
treatment options for OC patients, which is usually com-
bined chemotherapy based on platinum drugs. Current
studies have shown that chemotherapy could induce
tumor cell lysis and death, producing a large number of
damage-associated molecular patterns (DAMPs) [30].
These tumor lysis fragments and DAMPs are immuno-
genic and thus become in situ vaccines. Marino et al.
identified chemotherapy-associated antigens (CAAs) in
OC and these CAAs could elicit the response of effector
T cells [31]. However, these free tumor antigens are usu-
ally limited. On the one hand, the CAAs have relatively
poor immunogenicity and are not sufficient to induce
T cell response. On the other hand, the presence of a
large number of regulatory T cells (Tregs) suppresses the
immune response [32]. Therefore, we designed TMTP1
modified antigen capture nano-vaccine to enrich the
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CAAs and increase the immunogenicity, thus promoting
the downstream immune response. In addition, adjuvants
have been clearly shown to increase immunogenicity,
among which monophosphoryl lipid A (MPLA) is one of
the most promising adjuvants and has been widely used
in vaccine design [33]. And MPLA could be easily encap-
sulated in PLGA NPs due to its lipid solubility. Mannose
is a receptor of dendritic cell (DC), and mannose modi-
fied vaccine can be more easily recognized and ingested
by DC [13, 34]. In this study, the target nano-vaccine was
encapsulated MPLA in the core and modified mannose
on the surface to enhance the uptake of DC. For immu-
nosuppression, we combined immune checkpoint block-
ade (ICB) therapy.

Herein, we hoped to design a nano-vaccine (NP-
TP1@M-M) with tumor targeting peptide TMTP1
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and DC receptor mannose assembled on the surface of
PLGA NPs and adjuvant MPLA encapsulated in the core
for the treatment of OC after chemotherapy. Schematic
illustration of nano-vaccine synthesis and the combina-
tion therapy mechanism was shown in Fig. 1. This novel
nano-vaccine could capture tumor antigens after chemo-
therapy and stimulate DC maturation, then combined
with ICB (aPD-L1) to maximize the release of the body’s
immune potential, providing a new strategy for the treat-
ment of OC.

Results and discussion

NP-TP1@M-M Was constructed and the TMTP1 / mannose
modification ratio was determined to be 1:2

In our previous study, we synthesized the precursor
material PLGA-PEG-TMTP1 by linking PLGA-PEG-Mal
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Fig. 1 Schematic illustration of nano-vaccine synthesis and the combination therapy mechanism. (A) Schematic diagram of preparation of nano-vaccine
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immune checkpoint blockade



Zhou et al. Journal of Nanobiotechnology (2024) 22:483

Page 4 of 14

A Effective Diameter (nm) B C = TP1
NPs (TMTP1: . * . CON
4l TP1 AC-TP1 19009 —
Mannose) 9
1:2 120 1421 NPs :gmoo
1:1 120.3 138.2 3
2:1 119.2 132.8 £
A £ .
NPs (MPEG: ol e g 500
Mannose) : g
1:2 134.4 1385 AC-NPs 0
1:1 131.4 133.3 12 11 21
2:1 127.7 137.4 TMTP1:Mannose Ratios
E n.s.
TP11:1 TP1 12 TP1 2:1 CON 1:1 CON 1:2 ; e —
e p [ 7_1{65% o (54"01% % e BLIT% S |77.76% ¥ 71.92% /\100_ 'n_:—"-
; ¢ e
~ o L I
B e B I e e A e B i R e0d
C-TP11:1 AC-TP11:2 AC-TP12:1 AC-CON 1:1 AC-CON 1:2 AC-CON2:1 Q
8 .f e BO,00% 4 fre F“"ﬂn JJree FB‘EQO S 6 o[ B5.03% 57 |8 14ds & 40-
8 B i B B P4 + B B 8
i . N . - O 20
EE o 3 k d I NC1:11:22:11:11:22:11:11:22:11:1 1:22:1 LPS

TP1 CON AC-TP1 AC-CON

F
IL12p70 (pg/ml) TNF-a (pg/ml) IFN-y (pg/ml)
300- 14000+ he o n.s.
250 — S 120004 ox s ——
- Kk k 1 r —_— i
—Y——= 10000 09
2004 8000 300
150 60001 2001
4000
100- 20004 100

NC 1:11:22:11:1 1:22:11:11:22:1 1:11:22:1 LPS

NC 1:11:22:1 1:1 1:22:11:11:22:1 1:1 1:22:1 LPS

NC 1:11:22:11:11:22:11:11:22:11:1 1:22:1 LPS

TP1 CON AC-TP1 AC-CON TP1

CON AC-TP1 AC-CON TP1

CON AC-TP1 AC-CON

Fig. 2 Characterization of nano-vaccines. (A) The average hydrodynamic diameters of TP1-NPs, AC-TP1-NPs, CON-NPs and AC-CON-NPs at different ratios
of TMTP1 to mannose. (B) The representative TEM images of these NPs when the ratio of TMTP1 to mannose was 1:2. (C) The total protein amount cap-
tured by TP1-NPs and CON-NPs of different TMTP1 to mannose ratios. (D) Representative flow cytometry data to show DC maturation induced by different
formulations of NPs or AC-NPs. (E) The corresponding statistics of Fig. 2D. (F) Secretion levels of proinflammatory cytokine IL-12p70. TNF-a. IFN-y after

stimulation by these NPs or AC-NPs. (***P <0.001, **P<0.01 or *P<0.05.)

with TMTP1 [24]. Similarly, maleimide group of PLGA-
PEG-Mal and mannosamine were synthesized into man-
nose-modified precursor material PLGA-PEG-Man by
addition reaction, and further confirmed by 'H NMR
spectrum (Figure S1). Then adjust the ratio of the two
and add MPLA to prepare NP-TP1@M-M (Fig. 1A). By
adjusting the ratio of TMTP1 to mannose to be 1:2, 1:1
and 2:1, we successfully synthesized three kinds of nano-
vaccines, recorded as TP1-NPs. The control materials
mPEG2000-PLGA and PLGA-PEG-Man were used to
synthesize three kinds of control nano-vaccines, denoted
as CON-NPs. To prepare AC-NPs, TP1-NPs or CON-
NPs was incubated with the tumor antigens from ID8
cells after chemotherapy in vitro.

The average hydrodynamic diameters of TP1-NPs,
AC-TP1-NPs, CON-NPs and AC-CON-NPs detected by
dynamic light scattering (DLS) were shown in Fig. 2A.
The diameters of TP1-NPs of all proportions were about
120 nm, and the diameters of AC-TP1-NPs increased
slightly after antigen capture. CON-NPs showed similar
properties, but with less diameter increase after anti-
gen capture. The representative transmission electron
microscopy (TEM) images of the 1:2 NPs were displayed
on Fig. 2B, which further confirmed the size distribution
and sphere-like morphologies of these NPs. TEM showed
that the particle size was slightly smaller than the hydra-
tion particle size, which was of the optimal size (around
100 nm) for LN targeted delivery [35, 36]. In addition,
we calculated the total amount of proteins captured by
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TP1-NPs and CON-NPs by detecting the difference of
protein amount before and after incubation with anti-
gen solution, as shown in Fig. 2C. Overall, TP1-NPs cap-
tured more proteins than CON-NPs, and the difference
of total protein amount between nanoparticles with a 1:2
ratio was statistically significant, suggesting that TP1-NP
with this ratio might capture the most amount of tumor
antigens.

The immature DCs could be stimulated into the
matured status by antigens, leading to antigen presen-
tation and further activate T cells and induce the sub-
sequent immune responses [37]. Then we stimulated
immature bone marrow-derived dendritic cells (BMDCs)
with these NPs and AC-NPs, lipopolysaccharide (LPS) as
positive control, and no stimulus as the negative control
(NC). The results showed that the proportion of mature
DCs (CD11c+CD80+CD86+) stimulated by nanopar-
ticles was mostly between the NC group and LPS group
(Fig. 2D). On the whole, the proportion of mature DC
stimulated by AC-NPs was higher than that stimulated by
NPs, which might be related to the tumor antigens con-
tained in AC-NPs (Fig. 2E). In addition, the CON-NPs
showed comparable stimulative effect to that of TP1-NPs
but stronger than that of NC group, which might be due
to the stimulating effect of adjuvant MPLA on DC and
the immunogenicity of nanoparticles themselves [11]. We
also detected the levels of IL-12p70, TNF-a and IFN-y
in the BMDC supernatant after stimulation, as shown in
Fig. 2F. The results showed that AC-TP1-NPs, especially
when the ratio of TMTP1 to mannose was 1:2, could
promote more DC maturation and stimulate BMDC to
release more proinflammatory cytokines than TP1-NPs
and AC-CON-NPs, and the stimulation effect was com-
parable to that of the positive control LPS (Fig. 2E and
F). As a commonly used vaccine adjuvant, MPLA itself
can stimulate DC. Further, we conducted experiments to
compare the stimulative effects of MPLA alone, MPLA-
free TP1-NP@M, MPLA-loading TP1-NP@M-M and
tumor antigen captured AC-TP1-NP@M-M on BMDCs.
The TMTP1/Mannose modification ratio of nanopar-
ticles in this experiment was 1:2. The results displayed
on Figure S2. The proportion of mature DC stimulated
by TP1-NP@M-M was higher than that stimulated by
MPLA alone or MPLA-free TP1-NP@M. MPLA or TP1-
NP@M alone could also significantly promote DC mat-
uration, compared with NC. These results collectively
demonstrated that AC-TP1-NPs which captured the
tumor antigens from ID8 cells after chemotherapy could
promote DC maturation and increase proinflammatory
cytokine secretion. Based on the above results, we chose
NPs with a 1:2 ratio of TMTP1: Mannose for subsequent
experiments. More TMTP1-modified nanoparticles may
instead lead to less antigen capture due to space crowding
or lower efficiency. Actually, similar observation has been
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reported in previously studies. For example, Christopher
W. Cairo concluded that ligands with low binding epit-
ope density, however, were the most efficient on a bind-
ing epitope basis in a study of multivalent interactions by
binding epitope density [38]. On a molecular basis, the
most efficient compounds are those bearing the lowest
ligand densities whereas higher ligand densities convey
the largest ligand-receptor clusters [39]. Similarly, in a
design of cyclic RGDyK conjugated polymeric micelles
to promote drug uptake of integrin overexpressing tumor
cells, concluded that there was not positive correlation
between the ligand conjugation density on the surfaces of
micelles and the cellular uptake [40].

Protein sequencing further confirmed that NP-TP1@M-M
could capture more tumor antigens after chemotherapy
We prepared nano-vaccine AC-NPs which captured
chemotherapy-associated tumor antigens and used
label free relative quantitative method for protein spec-
trum detection. As shown in Fig. 3A and B and Table
S1, AC-TP1-NP group contained 2953 types of proteins
and AC-CON-NP contained 2490 types of proteins, of
which 2401 types were both contained, 552 types were
unique to AC-TP-NP, and 89 types were unique to AC-
CON-NP. Proteins with >2 unique peptide were identi-
fied with greater confidence, with a total of 2299 proteins
(bold numbers in Fig. 3A), including 2108 proteins that
both contained, 196 specific to AC-TP1-NP group, and
9 specific to AC-CON-NP group. These results indicated
that the total and specific categories of proteins captured
by AC-TP1-NP were higher than those of AC-CON-NP.
Further quantitative analysis was conducted to find the
different proteins in the two group, and it was found that
the total number of up-regulated proteins of AC-TP1 vs.
AC-CON was 432, while 69 were down-regulated (Table
S2). Then we analyzed the abundance of tumor antigens
we detected by referring to tumor neoantigens, DAMPs
and CAAs of OC listed in previous studies [30, 31, 41].
As shown in Fig. 3C, there were 8 matched neoantigens
among the detected proteins, and 3 of them had higher
abundance in AC-TP1-NP (Ratio>4), of which Dagl
and Tubb3 were specific to AC-TP1-NP. For DAMPs,
Hspal2a and Hspal4 had significantly higher abundance
in AC-TP1-NP and Hspal4 was unique to AC-TP1-NP.
Among the CAAs, Zfp3612 was unique to AC-TP1-NP. It
followed that the abundance of tumor antigen captured
by TP1-NP was significantly higher than that of CON-NP.
Although several studies had shown the antigen-captur-
ing ability of nanoplatforms, [15, 42, 43] NP-TP1@M-M
in this study showed outstanding advantages in both the
type and abundance of the captured antigen proteins.
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NP-TP1@M-M after antigen capture led to more uptake by
DCin vitro

NPs and AC-NPs containing green fluorescent dye cou-
marin-6 were successfully synthesized and incubated
with DC2.4 cells to detect the uptake of nanoparticles
by DC. As shown in Fig. 4A, the green fluorescence
intensity of AC-NPs was significantly stronger than that
of NPs, indicating that the uptake of antigen-captured
nanoparticles by DCs was significantly increased than
that of antigen-free nanoparticles. In addition, the green
fluorescence intensity of AC-TP1-NP was stronger than
AC-CON-NP, indicating that AC-TP1-NP was more eas-
ily taken up by DCs than the control NP. Flow cytometry
was also performed on the incubated cells (Fig. 4B), and
the peak value of fluorescence intensity of AC-TP1-NP
group shifted to the right significantly, further illustrat-
ing this result. Additionally, the concentration gradient
nanoparticles were incubated with DC2.4 cells for 48 h,
and their toxicity to DC2.4 cells was detected by CCK-8
test. The results were shown in Fig. 4C, the activ-
ity of DC2.4 cells remained about 100% under various

concentrations, indicating that neither NPs nor AC-NPs
had significant toxicity to DCs. These results suggested
that NP-TP1@M-M was safe and led to more uptake by
DC after antigen capture, which was crucial for tumor
antigen presentation [44].

NP-TP1@M-M could significantly drain to lymph nodes in
vivo

NPs labeled with fluorescent dye DiR and free DiR were
injected locally into the footpads of C57BL/6 mice to
detect lymph node drainage in vivo. DiR is a kind of near
infrared (NIR) fluorescent dye with fat solubility, which
can be easily encapsulated in PLGA nanoparticles and
suitable for in vivo imaging [45]. Fluorescence images
collected by living imaging system after drug administra-
tion were displayed in Fig. 5A. The mice were sacrificed
4 h after administration, and the fluorescence images of
isolated lymph nodes and major organs were presented
in Fig. 5B. The region of interest (ROI) tool in the IVIS
imaging software was used to measure the fluores-
cence radiation at lymph nodes, and the fluorescence
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radiance curve over time was illustrated in Fig. 5C. All
the nanoparticles could be obviously drained to lymph
nodes. Obviously, the nanoparticles drained to lymph
nodes in each group was significantly higher than DiR.
These results indicated that these nanoparticles were
easy to accumulate in lymph nodes, which was consis-
tent with the characteristics of nanoparticles themselves.
It could be found that the fluorescence intensity of AC-
NPs group was higher than that of the CON-NP group,
and the fluorescence intensity in the lymph nodes of the
TP1-NP group was also significantly stronger than that
of the CON-NP group. This may be related to the size,
morphology and surface modification of TP1-NP, and the
change of physical properties of nanoparticles could also
affect the efficiency of lymph node drainage [36].

Antitumor effect of NP-TP1@M-M combined with

chemotherapy and immune checkpoint blockade

ID8 ovarian cancer cells were implanted into the abdom-
inal cavity of C57BL/6 mice to build the abdominal
metastasis model of OC, and then the mice were treated
with the combination of chemotherapy (Cisplatin,
DDP), nano-vaccine, and immune checkpoint blockade
(aPD-L1) for three cycles of administration, as shown
in Fig. 6A. In this study, we supposed that NP-TP1@M-
M could capture and enrich tumor-specific antigens
after chemotherapy, and then stimulate DC maturation,
enhance anti-tumor immune response. Chemotherapy
is the most important adjuvant treatment for ovarian
cancer patients in clinical practice and chemotherapy is
recommended for all high-grade serous ovarian cancer
[46]. Therefore, we set the combination of TP1-NP and
DDP as the experimental group in the design of animal
experiments, without a TP1-NP only group. PD-L1 was
found to be highly expressed in OC patients [47]. Besides
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tumor cells, PD-L1 was also expressed in tumor-associ-
ated macrophages (TAMs) and immunosuppressive DC
subsets [48]. Therefore, we speculated that PD-L1 block-
ers were more effective than other ICBs in improving
the immunosuppressive microenvironment of OC. We
respectively explored the therapeutic effects of the com-
bination of nano-vaccine and DDP, as well as the addi-
tion of aPD-L1, grouping shown in Fig. 6B. ID8 cells were
tagged with luciferase to monitor tumor growth under
the IVIS imaging system. Photos were taken every two
weeks after tumor implantation, and the results were
shown in Fig. 6B. The ROI tool of imaging software
was used to measure the abdominal fluorescence inten-
sity of each mouse at each time point, as presented in
Fig. 6C. Obviously, the growth rate of abdominal tumor
in TP1+DDP+aPD-L1 group was obviously slower than
that in other groups. Tumor growth was also slower
in TP1+DDP group than in CON+DDP group and
PBS+DDP group. We observed 180 days after tumor
implantation, and the survival curve was displayed in
Fig. 6D. TP1+DDP+aPD-L1 group exhibited the best
survival rate. The survival of TP1+DDP group was also
better than that of CON+DDP group and PBS+DDP

group. These results indicated that TP1-NP combined
chemotherapy had better therapeutic effect than CON-
NP or chemotherapy alone. When aPD-L1 was added,
the therapeutic effect was further improved, with 37.5%
of the mice surviving more than 180 days. To detect
immune activation, lymph node and spleen tissues were
collected 7 days after the end of administration for lym-
phocyte isolation and flow cytometry. Both the mice
of TP1+DDP group and TP1+DDP+aPD-L1 group
showed increased percentage of active DCs in lymph
node (Figure S3). TP1+DDP+aPD-L1 group also had a
higher proportion of CD4+T cells (CD3+CD4+) cells
and CD8+T cells (CD3+CD8+) cells and a lower pro-
portion of Treg (CD3+CD4+Foxp3+) cells in lymph
node (Figure S4). In addition to the proportion of
CD4+and CD8+T cells, we also measured the propor-
tion of IFN-y producing CD8+cytotoxic T lymphocytes
in spleen. Consistently, either the TP1+DDP group or
the TP1+DDP+aPD-L1 group had more CD4+T cells,
CD8+T cells, and CD8+IFN-y+T cells than the cor-
responding control group (Figure S5). These results
suggested that nano-vaccine NP-TP1@M-M could pro-
mote DC activation after chemotherapy and enhance
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Fig. 6 Antitumor effect of nano-vaccines combined with DDP and aPD-L1. (A) Schematic illustration to show the experimental protocol of combination
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calculated by Log-rank (Mantel-Cox) Test (***P < 0.001, **P<0.01 or *P<0.05)

immunotherapy effect, and the combination of ICB aPD-
L1 exhibited better immune activation.

To further prove that AC-NPs after antigen capture
played the therapeutic role in vivo, we prepared AC-NPs
in vitro and administered it to ID8 abdominal tumor-
bearing mice to detect the therapeutic effect. Figure S6
showed the relevant result. The mice were treated with

AC-NPs alone or in combination with aPD-L1, the
administration mode was shown in Figure S6A. Figure
S6B showed the survival of each group of mice. The sur-
vival of AC-TP1 alone or combined with aPD-L1 was sig-
nificantly better than that of PBS group. However, there
was no significant statistical difference in survival when
compared with AC-CON or aPD-L1 group. On the one
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hand, this was because both AC-CON and aPD-L1 had
certain therapeutic effects; on the other hand, probably
because the sample size was too small to make a statis-
tical difference. In addition, lymphocytes were isolated
from lymph nodes and spleen tissues for flow cytom-
etry 7 days after the end of administration, and the pro-
portions of CD4+T cells, CD8+T cells and Treg cells
were detected respectively (Figure S6C). In both lymph
node and spleen tissue, the proportion of CD8+T cells
in AC-TP1-NP+aPD-L1 group was significantly higher
than that in PBS group. In spleen tissue, the proportion
of CD8+T cells in AC-TP1-NP+aPD-L1 group was also
higher than AC-CON-NP group and aPD-L1 group, and
the proportion of Treg in AC-TP1-NP+aPD-L1 group
was significantly lower than that in PBS group. These
results further confirmed the efficacy of AC-TP1-NP
combined with aPD-L1 in the treatment of OCFurther-
more, we examined the preventive effect of TP1-NP on
OC after antigen capture. AC-TP1-NP and AC-CON-
NP were prepared in vitro and administered to normal
C57BL/6 mice for 3 cycles (Fig. 7A). The survival of mice
was shown in Fig. 7B. The survival of mice prophylacti-
cally treated with AC-TP1-NP was significantly longer
than those treated with AC-CON-NP or PBS. The pro-
portion of activated DCs, CD4+T cells, CD8+T cells
and Treg cells in lymph node tissue were shown in Fig-
ure S7. The proportion of CD4+T cells, CD8+T cells and
Treg cells in spleen tissue were shown in Figure S8. These
results indicated that AC-TP1-NP immunized mice had
increased DC activation, increased effector T cells, and
decreased inhibitory T cells. In particular, we examined
the percentage of CD8+IFN-y+cells and effector mem-
ory T cells (Tem, CD8+CD44+CD62L-) in spleen, which
was thought to provide long-term immune protection
[43, 49]. The IFN-y producing CD8+ cytotoxic T lympho-
cytes of AC-TP1-NP group were significantly more than
AC-CON and PBS group (Fig. 7C). Similarly, the ratio of
Tem in AC-TP1-NP group was significantly higher than
in AC-CON and PBS group (Fig. 7D). These results dem-
onstrated that AC-TP1-NP had not only a therapeutic
but also a prophylactic effect on OC.

Biocompatibility is important for clinical transforma-
tion of TP1-NP. To examine the toxicity of nanoparticles
in vivo, healthy C57BL/6 mice were administrated with
the TP1-NP alone, combined with DDP, combined with
DDP and aPD-L1 for three cycles, as shown in Fig. 6A.
The mice were sacrificed at 14 days post-the last injec-
tion. Histological analysis of major organs showed that
no signs of overt toxicity such as tissue degeneration or
necrosis, compared to the effects of PBS on the treated
mice (Figure S9). The results confirmed the nontoxicity
and biocompatibility of TP1-NP and TP1-NP combina-
tion therapy.
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Conclusion

Currently, the personalized vaccines are considered as
a promising approach for assistant treatment after deb-
ulking surgery and chemotherapy in OC [50]. Numerous
studies have shown the efficacy of therapeutic vaccines in
OC. The recombinant pox-viral-based vaccine express-
ing tumor-associated antigen NY-ESO-1 showed clinical
benefit among patients with OC [51]. P53-SLP vaccine
combined with chemotherapy significantly promoted
immune activation in vivo in several clinical studies
[52, 53]. Immunogenic cell death of cancer cells can be
induced by releasing DAMPs after chemotherapy in OC
[30, 54]. By combining immunotherapy with chemo-
therapy, chemotherapy-induced apoptosis can be used
as an adjuvant to synergistically enhance the anti-tumor
immune response [55]. Although multiple studies have
demonstrated an improved prognosis of vaccines for OC,
these preclinical studies have not yet translated into clini-
cal applications. This may be due to inappropriate anti-
gen selection and the failure of tumor-specific T cells to
homing in the tumor microenvironment [56]. The inter-
individual and intraindividual molecular heterogeneity of
OC determines that there is no readily available antigen
for vaccine design. Herein, we described a platform for
personalized cancer vaccines NP-TP1@M-M which hold
the ability to capture tumor antigens. Due to the modifi-
cation of tumor targeting peptide TMTP1, NP-TP1@M-
M accumulated tumor antigens after chemotherapy in
vivo and became a perfect vaccine antigen component.
In addition, the modification of DC ligand mannose and
the encapsulation of adjuvant MPLA further enhanced
the immune activation efficiency of NP-TP1@M-M. Due
to these characteristics and its nanoscale properties,
NP-TP1@M-M after antigen capture showed enhanced
immunostimulatory capacity, resulting in favorable ther-
apeutic and preventive effect on OC when combined
with chemotherapy and ICB. Personalized tumor vaccine
designed with accurate and sufficient tumor antigens will
be the research direction in the future. The treatment of
OC has always been a challenge, but the antigen capture
nano-vaccine NP-TP1@M-M in combination with che-
motherapy offers a promising platform for improving
survival of OC, especially when combined with ICB.

Materials and methods

Preparation and characterization of NP-TP1@M-M,
NP-CON@M-M and corresponding AC-NPs

NP-TP1@M-M, NP-CON@M-M were prepared through
the nanoprecipitation method. The precursor material
PLGA-PEG-Mal and tumor targeting peptide TMTP1
modified material PLGA-PEG-TMTP1 were synthesized
according to our previous synthesis route [24]. PLGA-
PEG-Mal and mannosamine were dissolved in DMF at
the molar ratio of 1:5, and reacting in water solution at
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40°C for 24 h with magnetic stirring, followed by dialysis
and lyophilization, then the mannose-modified material
PLGA-PEG-Man was obtained. PLGA-PEG-TMTP1 and
PLGA-PEG-Man were dissolved in 1 ml DMF at -a molar
ratio of 1:2, 1:1 and 2:1 respectively with a total mass of
20 mg of the materials, and 200 ug MPLA was added.
Then add the mixture drop by drop into 30 ml deionized
water and stir magnetically for 30 min. Various propor-
tions of NP-TP1@M-M were obtained by centrifugation
at 12,000 rpm for 30 min. Then washed by distilled water

and re-dispersed for future use. For control nanopar-
ticle NP-CON@M-M, PLGA-PEG-TMTP1 was replaced
by the control material mPEG2000-PLGA, and the
preparation method was the same as above. Addition-
ally, the coumarin-6 or DiR-labeled NP-TP1@M-M and
NP-CON@M-M were prepared using a similar method
by adding coumarin-6 200 pg or DiR 200 pg to the
formulations.

To prepare AC-NPs, the tumor antigens from ID8
cells after chemotherapy was first prepared. ID8 cells
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were treated with 80pumol/L DDP for 48 h and then the
supernatant was collected and centrifuged at 1500 rpm
for 5 min to remove dead cells and cellular debris. NP-
TP1@M-M or NP-CON@M-M was incubated with the
supernatant for 24 h. Specifically, 20 mg of each NPs was
mixed with 10 ml of the tumor antigens from a T175
flask ID8 cells. Then the incubated solution was trans-
ferred to a 100kD ultrafiltration tube, and centrifuged at
12,000 rpm for 20 to 40 min. The AC-NPs were trapped
above the ultrafiltration tube, and cell supernatant was
below.

The hydrodynamic diameters of nano-vaccines were
measured by dynamic light scattering (DLS, Brookhaven
Instruments, USA). The morphology of nano-vaccines
was characterized by transmission electron microscope
(TEM, JEM-1230, Japan) without using any staining. The
difference of protein content in tumor antigen solution
before and after incubation was detected by the BCA
assay, namely, the total amount of protein captured by
nano-vaccines.

Identification of the species and abundance of tumor
antigens captured by nano-vaccines in vitro

AC-NPs were prepared by the above method and sent to
Wayen Biotechnologies (Shanghai) Inc. for protein spec-
trum detection. The extraction of tumor antigen proteins
from AC-NPs was based on previous research [15]. The
Precursor Intensity with Label-Free quantitative method
was used for protein spectrum detection, the unique
peptide segment was used to characterize the protein,
and then the protein quantitative analysis was carried
out according to the peak intensity of peptide segment
related to primary mass spectrometry. When comparing
AC-TP1-NP and AC-CON-NP, the ratio of peak inten-
sity of the two was calculated. Differential proteins were
defined as ratio>4 or £0.25 and the number of unique
peptides>2. When the protein expression of the control
group was 0, the ratio was assigned as 100. The tumor
antigens was combined with previously published lists
of tumor neoantigens, DAMPs and CAAs of OC [30, 31,
41].

Evaluation of dendritic cell activation and uptake

BMDCs were used to detect the activation effect of NPs
and AC-NPs on DC. Bone marrow cells were harvested
from the tibias of female C57BL/6 mice, and 20ng/ml
GM-CSF and 10 ng/ml IL-4 were added into the medium
to induce the differentiation of myeloid cells into DC
cells. On day 8, cells were replated in 12-well and cul-
tured for 24 h, then NPs and AC-NPs of various propor-
tions were added respectively with a final concentration
of 2 pg/ml. LPS was added as positive control, and the
negative control without any stimulus. After 24 h incu-
bation, cells were scraped, washed with cold PBS, and

Page 12 of 14

stained with anti-mouse antibody against CD11c-FITC,
CD80-APC, CD86-PE (BioLegend) followed by flow
cytometric analysis. The concentrations of cytokines IL-
12p70, TNF-a and IEN-y in DC medium supernatants
were determined by ELISA following the manufacturer’s
protocol.

DC2.4 cells were used to detect the uptake of nanopar-
ticles by DCs. Coumarin-6 labeled NPs and AC-NPs
were incubated with DC2.4 cells for 30 min, washed with
PBS for 3 times, and then observed under fluorescence
microscope (Olympus IX73). The DC2.4 cells were also
collected for flow analysis to further monitor the fluo-
rescence intensity. In addition, nanoparticles with con-
centration gradients (12.5, 25, 50, 100, 200 pg/ml) were
added into DC2.4 cells of 96-well plates, incubated for
48 h, and the cytotoxicity was detected by CCK-8 assay
following the standard protocol.

Lymph nodes accumulation in vivo

Female C57BL/6 mice aged 5 weeks were randomly
divided into 5 groups with 3 mice in each group, and
25ul, 10 mg/ml of NPs or AC-NPs coated with DiR were
injected locally into the right foot pad, respectively. Free
DiR of corresponding content was used as control group.
NIR fluorescence images were collected under the IVIS
Spectrum Imaging System (PerkinElmer) at 1 h, 2 h and
4 h after administration with an excitation wavelength
of 745 nm and an emission wavelength of 800 nm. The
mice were sacrificed after imaging, and the right popli-
teal, inguinal lymph nodes and major organs (heart, liver,
spleen, lung and kidney) of the mice were isolated for
ex vivo NIR imaging. The fluorescence radiation at the
lymph nodes region was circled and measured by the
ROI tool in the IVIS imaging software, and the curve of
fluorescence intensity at the LNs of each group of mice
was plotted over time.

Antitumor efficacy and in vivo immune response analysis

Firstly, luciferase expressed mouse ovary cancer cell
ID8-luc was established by lentivirus vector, so that the
tumor growth of abdominal cavity could be dynamically
detected under IVIS system after the administration of
luciferase substrate. ID8-luc cells were inoculated into
the abdominal cavity of 5-week-old female C57BL/6 mice
with 1x107 cells per mouse to construct the ID8 tumor
bearing mouse model. On the 10th day after tumor graft-
ing, 100 pl 2pmol/L DDP solution was intraperitoneally
administered firstly. Two days later, 100 pl 10 mg/ml of
the nano-vaccines were injected subcutaneously in the
bilateral inguinal area, respectively. Then 100 pl 2.5 mg/
ml of anti-mouse PD-L1 (clone:10 F.9G2, BioXcell) were
intraperitoneally administered 2 days later. One week was
one administration cycle, and a total of three cycles were
administered. One week after the end of administration,
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three mice in each group were sacrificed, and lymph
nodes and spleen were separated for flow cytometry.
Single cell suspensions were prepared and stained with a
panel of the antibodies: FITC-antimouse CD3, APC-anti-
mouse CD4, Cy5.5-antimouse CD8a, FITC-antimouse
CD11c, APC-antimouse CD80, PE-antimouse CD86, PE-
antimouse Foxp3, APC-antimouse IFN-y (BioLegend).
The remaining mice were imaged under the IVIS system
every 2 weeks after giving luciferase substrate to evaluate
the tumor growth. Death or abdominal circumference of
the mice reaching 10 cm was defined as the end event.
The ROI tool of imaging software was used to measure
the fluorescence value of mice abdomen to indicate the
abdominal tumor size.

To further test the therapeutic effect of AC-NPs, 100 ul
10 mg/ml AC-TP1-NP or AC-CON-NP was adminis-
tered 10 days after implantation, and 100 pl 2.5 mg/ml
aPD-L1 solution was administered intraperitoneally the
other day. A 5-day dosing cycle lasted for 3 rounds. The
immune response was measured one week after the end
of administration. Detection of immune activation and
monitoring of tumor growth and survival in mice were
the same as above.

To detect the prophylactic effect of AC-NPs, normal
female C57BL/6 mice were given three cycles of AC-NPs
once a week at a dosage of 100 ul 10 mg/ml. 8 days after
immunization, the mice were challenged with ID8 cells
intraperitoneally and the survival were observed sub-
sequently. 7 days after the last immunization, five mice
from each group were dissect and the splenocytes and
lymph nodes cells were collected for flow cytometry anal-
ysis. In addition to the above immune indicators, we also
examined the levels of CD44 and CD62L to analyze the
proportion of Tem.

Statistical analysis

Data were expressed as the means=SEM. The results
were analyzed by using an unpaired Student’s t-test (two-
tailed). The Kaplan-Meier method with the log-rank
(Mantel-Cox) test were used for survival curve analysis.
Values of p<0.05 were considered significant (*p<0.05;
**p<0.01; **p<0.001). P values were calculated by
GraphPad Prism 5 and marked on the figures.
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