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Biomimetic cytomembrane nanovaccines prevent
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Cytomembrane cancer nanovaccines are considered a promising approach to induce tumor-specific
immunity. Most of the currently developed nanovaccines, unfortunately, fail to study the underlying
mechanism for cancer prevention and therapy, as well as immune memory establishment, with their
long-term anti-tumor immunity remaining unknown. Here, we present a strategy to prepare biomimetic
cytomembrane nanovaccines (named CCMP@R837) consisting of antigenic cancer cell membrane
(CCM)-capped poly(lactic-co-glycolic acid) (PLGA) nanoparticles loaded with imiquimod (R@837) as an
adjuvant to activate the immune system. We found that our CCMP@R837 system enhanced bone-
marrow-derived dendritic cell uptake and maturation, as well as increased anti-tumor response against
breast cancer 4T1 cells in vitro. Moreover, an immune memory was established after three-time immuniz-
ation with CCMP@R837 in BALB/c mice. The CCMP@R837-immunized BALB/c mice exhibited suppressed

Received 20th December 2020, tumor growth and a long survival period (75% of mice lived longer than 50 days after tumor formation).
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This long-term anti-tumor immunity was achieved by increasing CD8" T cells and decreasing regulatory
T cells in the tumor while increasing effector memory T cells in the spleen. Overall, our platform demon-

Published on 28 lonawr 2021. Downloaded on 28/01/2026 05:11:29.

rsc.li/nanoscale

Introduction

Training the autologous immune system using cancer cell
membrane (CCM) vaccines to recognize and fight cancers is a
promising modality for cancer prevention and therapy.’”” This
strategy takes advantage of the natural capability of cytotoxic T
lymphocytes (CTLs) to recognize the diverse receptors on the
CCM, increasing their specificity to fight against tumor cells
and reducing side effects.®* > Moreover, it has a relatively low
cost as fashioning the CCM directly into the nanoparticle (NP)
format bypasses the heavy workload of proteomics'® and the
engineering hurdles behind functionalizing NPs.® Recently,
several works have encapsulated NPs (e.g., metal-organic
framework (MOF) NPs,'* gold NPs," poly(lactic-co-glycolic
acid) (PLGA) NPs)'® with various CCMs (e.g., 4T1 cells, dendri-
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strates that CCMP@R837 can be a potential candidate for preventive cancer vaccines in the clinic.

tic cells (DCs), and B16-F10 cells) for the purposes of cancer
prevention and therapy. Most of the above-mentioned studies,
however, did not examine the DC activation and the immune
memory establishment using the nanovaccine strategies and
the underlying mechanism of these approaches for cancer pre-
vention and therapy, as well as their long-term anti-tumor
immunity, remain unknown.®'*"”

In this study, we encapsulate biodegradable PLGA NPs
loading R837 (an agonist against toll-like receptor 7)'® as an
adjuvant with 4T1 CCM as antigens. We demonstrate that the
resulting NPs (denoted as CCMP@R837) possess an antigenic
shell closely resembling the source cancer cells. Compared to
its naked counterparts, our CCMP@R837 shows enhanced
bone marrow-derived dendritic cell (BMDC) uptake and stron-
ger stimulation effect to trigger the secretion of interleukin-12
(IL-12p70), which further stimulates the tissue-resident
memory T (T,y) cells to secrete the effector molecules inter-
feron (IFN)-y and tumor necrosis factor (TNF)-a to achieve the
anti-tumor effects (Scheme 1). The mature DCs are found to
suppress Treg differentiation from naive CD4" T cells while
activating the naive CD8" T cells, making them massively pro-
liferate and differentiate into central-memory (Tcym) and
effector-memory (Tgy) CD8" T cells. When the immunized
mice (treated with CCMP@R837) are challenged with 4T1
cancer cells, the pre-trained immune system recognizes and
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Scheme 1 Fabrication and mechanism of cancer immunotherapy of
CCMP@R837. CCMP@R837 NPs are fabricated by encapsulating bio-
degradable poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs)
loading R837 (an agonist against toll-like receptor 7) as an adjuvant with
4T1 cancer cell membrane as antigens. When the nanovaccines are
injected into a mouse model (stage 1), they will be taken up by dendritic
cells (DCs) and trigger the DCs to secrete cytokines (e.g., interleukin-12),
which will then suppress Treg differentiation from naive CD4* T cells
and activate the naive CD8" T cells to differentiate into central-memory
(Tem) and effector-memory (Tgy) CD8* T cells. When the immunized
mouse is challenged with 4T1 cancer cells (stage 2), the Tcm and Tem
cells will differentiate into cytotoxic T lymphocytes (CTLs) to recognize
and destroy cancer cells, with long-lasting anti-tumor immunity.

destroys cancer cells, with long-lasting anti-tumor immunity.
Our work highlights the great potential of CCMP@R837 to
develop nanovaccines for cancer immunotherapy.

Materials and methods

Materials

PLGA, dimethyl sulfoxide (DMSO) and dichloromethane
(CH,Cl,) were purchased from Sigma-Aldrich; R837 (imiqui-
mod) was obtained from InvivoGen; all the antibodies for flow
cytometry and the Zombie aqua fixable viability kit were
obtained from BioLegend; IL-12p70, IFN-y and TNF-o ELISA
kits were purchased from Thermo Fisher.

Cell line

The 4T1 mouse breast cancer cell line was acquired from the
American Type Culture Collection (ATCC). 4T1 cells were cul-
tured in the Roswell Park Memorial Institute (RPMI)
1640 medium (HyClone) supplemented with 10% fetal bovine
serum (FBS, Gibco), penicillin (100 U mL™", HyClone), and
streptomycin (100 U mL™", HyClone). BMDCs were isolated
from the tibia and femur of the BLAB/c mice (4-6 weeks)
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according to an established method'® and cultured under the
same conditions as 4T1.

Animal

Female BALB/c mice (4-6 weeks) were purchased from
Shanghai Biomodel Organism Science & Technology
Development Co., Ltd and treated under protocols approved by
the Institute of Animal Care Committee of Zhangjiagang
Traditional Chinese Medicine Hospital (approval number:
2019A011), in accordance with international ethics guidelines
and the National Institutes of Health of China, concerning the
Care and Use of Laboratory Animals.

Cell membrane isolation

4T1 cells were cultured in T75 flasks (Thermo Fisher) until the
cells reached 80% confluence. The cells were detached with
PBS-EDTA (Gibco, Thermo Fisher) followed by washing with 1x
PBS (HyClone) three times. Afterwards, the obtained pellet was
resuspended in a hypotonic lysing buffer with 1 tablet of the
protease inhibitor (Thermo Fisher). Finally, gradient centrifu-
gation (20 000g for 30 min and 100 000g for 20 min) was used
to obtain the 4T1 cell membrane pellet for further use.>

Synthesis of CCMP@R837

P@R837 NPs were fabricated as previously reported.’ Briefly,
PLGA (25 mg mL™") was dissolved in CH,Cl, with 200 pg of
R837 (in DMSO at 5 mg mL™"); then 0.5 mL of polyvinylpyrroli-
done (PVP) solution (5% w/v) was added into the PLGA
mixture followed by tip-sonication (40% power for 3 minutes,
3 seconds on and 1 second off). After that, 2.5 mL of PVP solu-
tion (5% w/v) was added dropwise into the obtained solution
under constant stirring overnight at room temperature. The
P@R837 NPs were obtained after centrifugation at 3500g for
25 min. The naked PLGA NPs (denoted as P) were fabricated
using the same protocol, without adding R837. To prepare
CCMP@RS837, the 4T1 cell membrane pellet was bath-soni-
cated and physically co-extruded with P@R837 through a
200 nm polycarbonate membrane (Avanti Lipids) using a mini
extruder (Avanti Lipids) for 11 passes. Fluorescence-labelled P,
P@R837 and CCMP@R837 were named F#P, F#P@R837 and
F#CCMP@RS837, respectively. These NPs were prepared by
adding coumarin 6 into the solution of PLGA.

Characterization of the physical properties of CCMP@R837

The hydrodynamic sizes and zeta potentials of CCM, P@R837,
and CCMP@R837 were explored using a Zetasizer Nano-ZS
(Malvern Instruments) with dynamic light scattering (DLS) and
electrophoretic light scattering (ELS), respectively. The protein
content of CCMP@R837 was investigated by the micro
(bicinchoninic acid) BCA assay kit. Additionally, the long-term
stability of CCMP@R837 (stored at 4 °C without stirring in 1x
PBS) was investigated using DLS. The release behaviour of
CCMP@R837 was explored by high-performance liquid chrom-
atography (HPLC) with an ultraviolet-visible detector at
325 nm. The morphology of CCMP@R837 was visualized using
a transmission electron microscope (TEM, FEI).
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Characterization of the in vitro biological properties of
CCMP@R837

The biocompatibility of CCMP@R837 was investigated in both
BMDCs and 4T1 cells. Briefly, BMDCs (1 x 10* cells per well in
a 96 well plate) and 4T1 cells (1 x 10* cells per well in a 96 well
plate) were respectively treated with different formulas (CCM,
P@RS837, and CCMP@R837; P@R837 and CCMP@R837 con-
tained the same amount of R837 per well) for 1, 2 and 3 days.
NC means cells cultured without any NPs. Cell viability was
assessed using a CellTiter-Glo reagent assay (Promega
Corporation) according to the manufacturer’s instructions.

To quantify BMDCs’ uptake, F#P, F#P@R837 and
F##CCMP@R837 were co-cultured with BMDCs (3 x 10> cells
per well in a 24 well plate) for 1, 6 and 24 hours. After incu-
bation, the BMDCs were detached and washed with 1x PBS,
and then, trypan blue was used to eliminate any NPs bound
onto the surface of BMDCs before flow cytometry analysis (BD,
FACS Celesta).

The ability of CCMP@R837 in inducing BMDC activation
was further explored by treating BMDCs with different formu-
lations (R837, CCM, P@R837 and CCMP@R837, respectively)
for 1, 2 and 3 days in vitro. After incubation, the BMDCs were
detached and washed with 1x PBS, and then stained with
CD11c-FITC, CD80-PE, and CD86-APC for further flow cytome-
try analysis. To further explore the immune activation ability of
CCMP@R837, BMDCs were firstly treated with different formu-
lations (R837, CCM, P@R837, R837 + CCM, and
CCMP®@RS837). After 3 days of treatment, BMDCs were
detached and washed with 1x PBS. Then, these BMDCs were
co-cultured with splenocytes for another 3 days; this treatment
made BMDCs process and present the related antigens to sple-
nocytes. Finally, both BMDCs and splenocytes were collected
and co-cultured with 4T1 cells for 24 hours. After that, the
culture medium suspension was collected to evaluate the con-
centration of IFN-y and IL-12p70 using an ELISA Kkit, and the
4T1 cells were gently washed three times using 1x PBS, and
the cell viability of 4T1 was evaluated by the CellTiter-Glo
reagent assay.

Immunogenicity of CCMP@R837

Female BALB/c mice (randomly divided into four groups) were
subcutaneously treated with different formulations (saline,
CCM, P@R837 and CCMP@R837) on day 0, 14, and 28. The
body weight of mice was recorded every two days. Three days
after pre-immunization, 4T1 cells were subcutaneously
injected into the right flank of these mice. Then, the tumor
size and the survival rate of each mouse were recorded every
two days. 14 days post 4T1 cell injection, five mice were ran-
domly selected from each group to analyze the immunological
profile of the tumor tissue, inguinal lymph nodes and the con-
centration of TNF-a in the blood. Specifically, the peripheral
blood was collected from each mouse and serum was isolated
to analyze the concentration of TNF-a by ELISA. Afterwards,
the mice were euthanized, and the tumor tissue and inguinal
lymph nodes were collected respectively to prepare the single-
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cell suspension for flow cytometry analysis as described else-
where.” Firstly, the Zombie aqua fixable viability kit was used
to gate the living cells, and then, the differentiated hemato-
poietic cells were gated in the CD45" population (as a marker
for the leukocytes). On the one hand, cytotoxic T lymphocytes
(CTLs) were gated in CD45", CD3", and CD8" (CD3 as a marker
for both cytotoxic T cell and T helper cells and CD8 as a
marker for cytotoxic T cells).” The subpopulation of CTLs was
further analyzed in central memory T cells (Toum,
CD62L'CD44") and effector memory T cells (Tgy,
CD62L~CD44") to explore the main subpopulation in inhibit-
ing cancer cells. On the other hand, helper T cells were gated
in CD45", CD3", and CD4", while the regulatory T cells (Treg)
were gated in CD3", CD4", and Foxp3" (CD4 as a marker for T
helper cells and Foxp3' as a marker for the regulatory T cells).
Immunohistochemistry was used to evaluate the T cell sub-
population (CD3", CD4" and CD8") and distribution of these
subpopulations in the tumor area of mice treated with
CCMP®@R837. 21 days after the 4T1 injection, three mice were
randomly selected from each group, and the tumor size was
qualitatively investigated using small animal in vivo optical
imaging.>*

Statistical analysis

To compare differences between groups, one-way ANOVA with
Tukey’s multiple comparison test was used (IBM SPSS
Statistics 25). *p < 0.05, **p < 0.01 and ***p < 0.001 indicate
statistical significance. Values are expressed as mean + SD.

Results and discussion
Physical characteristics of CCMP@R837

In this study, we fabricated PLGA NPs loading R837 as an adju-
vant with 4T1 CCM as antigens, denoted as CCMP@R837.
PLGA NPs loading R837 (denoted as P@R837) and naked
PLGA NPs (denoted as P) were used as the control. To investi-
gate whether the CCM coating was successful, we first charac-
terized the morphology of the prepared NPs. CCMP@R837
showed a core-shell structure (Fig. 1a), where the dark part
was the P@R837 core and the light coating was the CCM. We
then examined the diameter and zeta potential of different
NPs.”* The DLS (Fig. 1b) and ELS (Fig. 1c) results indicated
that the average diameter of CCMP@R837 (164.2 + 5.9 nm)
was larger than that of P@R837 (122.4 + 4.2 nm) due to the
presence of CCM coating. In addition, the zeta potential
increased from —40.6 + 1.1 mV for P@R837 to —20.4 + 2.6 mV
for CCMP@R837 due to the presence of the CCM (-19.5 +
1.1 mV) on the surface of P@R837. Furthermore, we checked
the protein content of CCMP@R837 in comparison with the
cell membrane by the micro BCA protein assay, and we found
that every 1 mg of CCMP@RS837 included 0.6 mg of proteins.
In addition, it was found that after 28 days of storage at 4 °C,
the diameter of CCMP@R837 exhibited negligible change,
indicating the long-term stability of these NPs (Fig. 1d). We
then investigated the drug release from CCMP@RS837 (Fig. 1e).

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Physical characteristics of CCMP@R837. (a) Morphology of the resultant CCMP@R837 NPs. (b) Hydrodynamic diameter of CCM, P@R837,
and CCMP@R837. (c) Surface zeta potential of CCM, P@R837, and CCMP@R837 (d) Hydrodynamic diameter of CCMP@R837 at 4 °C in 1x PBS for 28
days. (e) R837 release from CCMP@R837 in vitro. Data represent mean + SD (n = 3). Please note that there is no significant difference between
P@R837 and CCM, but a significant difference between CCMP@R837 and P@R837/CCM groups was observed (***p < 0.001).

We first investigated the loading efficacy of R837 in
CCMP®@RS837 and it was found to be 7.3 + 1.1%. We then
found that after the first 24 hours of immersion in phosphate-
buffered saline (PBS), over 50% of loaded R837 was released,
and after 72 hours, almost all R837 (93.2 + 3.45%) was
released. The above data indicated that CCMP@R837 was suc-
cessfully synthesized.

Biocompatibility and cellular uptake of CCMP@R837

After the successful synthesis of CCMP@R837, we examined
the biocompatibility of these NPs using BMDCs and 4T1 cells.
BMDC was selected as a model immune cell to evaluate the
biocompatibility of the system, while 4T1 cells were used to
investigate whether the system was cytotoxic to cancer cells. As
shown in Fig. S-1a, BMDCs treated with various formulations
exhibited similar cell viability (around 100% compared with
the negative control groups, NC, culture medium) except for
the positive control (PC) groups treated with 1% Triton X-100
(the cell viability in the PC groups was around 10%). A similar
trend was observed in the 4T1 cells treated with different for-
mulations (Fig. S-1bt). These results suggested that the CCM,

This journal is © The Royal Society of Chemistry 2021

P@R837, and CCMP@R837 were not cytotoxic for both BMDCs
and 4T1 cells in vitro. We further evaluated the BMDCs’ uptake
of these NPs using flow cytometry (Fig. S-1ct). From 1 to
24 hours, an enhanced cellular uptake was found in the
BMDCs treated with CCMP@R837 compared with P@R837,
suggesting that the presence of the CCM can enhance the
BMDC uptake. Additionally, comparing the uptake percentage
of P and P@R837, more uptake percentage could be found in
P@R837, which could be attributed to the immunogenic pro-
perties of R837.

Immunogenicity of CCMP@R837 in vitro

After the cellular uptake investigations, the efficacy of
CCMP@R837 boosting the CD86" and CD80" expression in
BMDCs (indicating BMDC activation) was evaluated in vitro
using flow cytometry. As shown in Fig. 2a, after 1 day of incu-
bation, there was no significant maturation difference between
the BMDCs treated with formulations containing R837 or not,
whereas, after 2 days of incubation, BMDCs treated with
CCMP@RS837 exhibited a higher maturation percentage (81.7 +
2.2% in CD86", 78.9 + 2.5% in CD80") than those treated with

Nanoscale, 2021,13, 3594-3601 | 3597


https://doi.org/10.1039/d0nr08978h

Published on 28 lonawr 2021. Downloaded on 28/01/2026 05:11:29.

View Article Online

Paper Nanoscale
% 100 a) — NC— R837 e — CCMP@R837 b) ) T cells
_: —CCM %% PP L Antitumor effect
fr T —

*
= o
O 60
+
2
g 40+ Immature DC
Q (\o“
4 ‘\@
\i 204 (e’se \zg,sz
° n N <
0 '|'I T ' T I T i ! I T i T %’@e,, ‘\‘%e \é“zﬁ‘
Dayl Day2 Day3 Dayl Day2 Day3 p’a/re / N
CDS86 CDS80 Mature DC
150 2 100 o I ———
) — NC — R837 —CCM %n d) — NC — R837 —CCM E €) —Nc Rz‘fp@f;:: _*S*
—R837+CCM — P@R837 & — R837+CCM — P@R837 ) lm R837+CCM
= — CCMP@R837 g 754 —CCMP@R837 : 75 — CCMP@R837
< 100 = *kk 2
£ : |4| E 50
E g E b4
= 50 g g
] -1 ek S s
‘3 Lt ¢ lafinl
Q 1
V4
o
— =

Fig. 2 In vitro immunogenicity of CCMP@R837. (a) Maturation (CD86" and CD80™ positive BMDCs) of BMDCs treated with different formulations.
(b) Mechanism of in vitro antitumor effect of CCMP@R837. (c) Effect of CCMP@R837 on 4T1 cell viability. (d and e) Effect of CCMP@R837 on
IL-12p70 (d) and IFN-y (e) secretion. Data represent mean + SD (n = 5; ***p < 0.001).

R@837 (67.8 + 5.5% in CD86', 52.7 + 3.7% in CD80") and
P@R837 (64.2 + 4.0% in CD86', 55.4 + 4.8% in CD80").
Similarly, after three days of incubation, BMDCs treated with
CCMP@R837 showed a much higher maturation percentage
(88.9 + 2.5% in CD86', 80.0 + 4.5% in CD80') than those
treated with R@837 (69.5 + 4.2% in CD86", 67.9 + 6.7% in
CD80") and P@R837 (75.2 + 4.1% in CD86', 68.7 + 3.9% in
CD80"). The increased maturation percentage in BMDCs
treated with CCMP@R837 indicated that the co-delivery of
antigens and the adjuvant within the same nanocarriers could
significantly boost BMDC activation, which is vital for
immunogenicity."®**

To verify whether CCMP@R837 could trigger enhanced
immune response, the BMDCs were treated with different for-
mulations for inducing BMDC activation and antigen proces-
sing. As demonstrated in Fig. 2b, specifically, BMDCs were
treated with the mixture of CCM and R837 as a control to
explore whether CCMP@R837 would induce a stronger
immune response than the control. BMDCs cultured only with
the medium were used as NC. After three days of treatment,
BMDCs were co-cultured with splenocytes for another three
days to activate the T cells in the splenocytes; then both the
BMDCs and the splenocytes were further co-cultured with 4T1
cells to investigate whether the induced T cells can kill 4T1
cancer cells. We then collected the suspension (medium of
4T1 cultured with BMDCs and splenocytes) to explore the
mechanism underlying the inhibition of cancer cell growth. As
shown in Fig. 2c, the viability of 4T1 cells treated with NC
groups was regarded as 100%. We found that the 4T1 cells

3598 | Nanoscale, 2021, 13, 3594-3601

treated with CCMP@R837 exhibited the lowest cell viability
compared to R837 + CCM groups (mixture of R837 and CCM),
indicating that the co-delivery of antigens (from the cell mem-
brane) and the adjuvant can enhance the immune response,
with a higher concentration of the secreted cytokines IL-12p70
and IFN-y (Fig. 2d and e). As reported, IL-12p70 activates CD8"
T cells to generate IFN-y to induce apoptosis in cancer cells.>®
According to the promising results in vitro, we further investi-
gated the immunogenicity of CCMP@R837 in vivo.

Immunogenicity of CCMP@R837 in vivo

For the in vivo experiments, we first investigated the biocom-
patibility of CCMP@R837 in healthy BALB/c mice. We vacci-
nated the BALB/c mice three times on day 0, 14 and 28 and
recorded their body weight (Fig. S-2). Mice treated with
different formulations exhibited a similar trend in body weight
(increasing body weight with time), indicating the long-term
biocompatibility of CCMP@R837. After 31 days of immuniz-
ation, 4T1 cells were subcutaneously injected into the right
flank of these mice (Fig. 3a). We found that the tumor size in
mice treated with saline, CCM and P@R837 dramatically
increased after 14 days of injection, whereas for the mice
treated with CCMP@R837, a much less increase in the tumor
size was observed, indicating the significant suppression effect
of CCMP@R837 on tumor progression (Fig. 3b—e). The average
tumor sizes of the mice injected with saline, CCM and
P@R837 were 6, 4.6 and 3 times higher than those of the
CCMP@R837-immunized mice (Fig. 3f). Additionally, we can
clearly see from the survival rate results that after 23 days of

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Antitumor effect of CCMP@RB837 in vivo. (a) Treatment plan for BALB/c mice. Individual tumor size in mice treated with (b) saline, (c) CCM,
(d) P@R837, and (e) CCMP@R837. Every single line indicated individual BALB/c mice. (f) Average tumor size of mice treated with various treatments.
*** means the difference between CCMP@R836 groups and other groups at 21 days. (g) Survival rate of BALB/c treated with different formulations.
*** means the difference between CCMP@R836 groups and other groups at 50 days. Data represent mean + SD (n = 5; ***p < 0.001).

treatment, there was the first death in saline, CCM and
P@R837 groups due to the aggressive tumor progression; the
first death in the CCMP@R837 group, however, happened 27
days after the 4T1 tumor cell injection. Additionally, the
majority of mice in saline, CCM and P@R837 groups died
between 20 days and 40 days after the treatment. Moreover, for
the CCMP@R837 group, a 70% survival rate was observed after
50 days of treatment, with an average tumor size of 379 +
103 mm?®. The above results have demonstrated the strong
inhibition effect on tumor progression in the mice immunized
with CCMP@RS837.

We further explored the underlying mechanism of the
increasing survival rate and the inhibition of tumor growth in
mice treated with CCMP@R837. Five mice were randomly
selected from each group; the spleen and tumor were collected
for immunological proliferation and investigation at 14 days
post 4T1 cell injection. In this experiment, the serum was iso-
lated from mice, and the concentration of TNF-« in the serum
was investigated. TNF-a produced by CD8" CTLs is responsible
for cancer cell elimination.”® As shown in Fig. S-3,} the TNF-a
concentration in mice treated with CCMP@R837 was found to
be 3, 1.5, and 4 times higher than those treated with CCM,
P@R837 and silane. As known, CTLs play an important role in
cleaning tumor cells by triggering the lysis of tumor cells.
Thus, in the tumor tissue, the high percentage of CTLs indi-
cates a strong anti-tumor immune response for inhibition of
tumor growth.>” As shown in Fig. 4a, a significant population

This journal is © The Royal Society of Chemistry 2021

shift can be observed in the CTLs (positive expression of CD3"
and CD8"; CD3" is involved in activating both the cytotoxic T
cells and T helper cells; CD8" is involved in the cytotoxic T
cells) of the CCMP@R837 group. The percentage of CTLs in
the CCMP@R837 group was found to be 1.9, 1.4, and 1.7 times
higher than those in saline, P@R837 and CCM groups
(Fig. 4b). In the tumor area, regulatory T cells (Tregs) are
immunosuppressive and generally downregulate the prolifer-
ation of effector T cells.”® Therefore, the Tregs (CD4", Foxp3™)
were investigated to evaluate the immunosuppression in
BALB/c mice immunized with different formulations (Fig. 4c).
Saline, CCM and P@R837 groups revealed 1.7, 1.5, and 1.2
times higher percentage of Tregs in the tumor than the
CCMP®@R837 group, respectively (Fig. 4d), which indicated
that the BALB/c mice pre-immunized with CCMP@R837 have
created a less immunosuppressive microenvironment than
those treated with saline, CCM and P@R837 groups.”’ We
additionally examined the T cells’ distribution in the tumor.
As shown in Fig. 4e-g, plenty of CD3", CD4', and CD8" T cells
were found in the tumor of BALB/c mice treated with
CCMP@R837, revealing the strong cell-mediated immune
responses.

The ability of CCMP@R837 to induce immune memory was
further evaluated. After activation and antigen processing,
CD8" T cells partially differentiate into memory T cells, which
can be further divided into central memory T cells (T¢y,) and
effector T cells (Tgy). In terms of functionality, Tgy can

Nanoscale, 2021,13, 3594-3601 | 3599
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Fig. 4 Immunogenicity of CCMP@R837 in vivo. (a) Flow cytometry results of the tumor cell suspension in CD3*CD8™ T cells. (b) Quantitative ana-
lysis of CD3*CD8" T cells. (c) Flow cytometry results of the tumor cell suspension in CD4*Foxp3™ T cells. (d) Quantitative analysis of CD4*Foxp3* T
cells. The presence of (e) CD3* T cells, (f) CD4* T cells, and (g) CD8" T cells in tumor tissue in mice treated with CCMP@R837. (h) Flow cytometry
results of the spleen cell suspension in CD44*CD62L" T cells. (i) Quantitative analysis of CD44"CD62L™ T cells. Data represent mean + SD (n = 5;

***p < 0.001).

quickly play the role of fighting against tumor cells. As for the
Tew, it will be expanded when it is re-exposed to the cognate
antigen.’ In this study, the spleen was collected to investigate
the immunological profile in immunized BALB/c mice
(Fig. 4h). We can see that the mice treated with CCMP@R837
showed a more significant shift of population from Tcy to Tey
compared to the mice treated with saline, CCM and P@R837,
indicating activation of the anti-tumor effect. The higher
number of Tgy in the spleen of CCMP@R837-immunized
mice demonstrated that the majority of T cells were activated
to fight against tumor cells (Fig. 4i). Overall, the increased sur-
vival rate and the inhibited tumor growth in mice treated with
CCMP@R837 could mostly be attributed to the presence of a
higher percentage of CD8" T cells and a lower percentage of
Tregs in the tumor area. In addition, the presence of Tgy in
the spleen of mice treated with CCMP@R837 also
contributes to the inhibition of tumor growth. That is, our
CCMP@RS837 has enhanced the differentiation of CD8" T cells
and Tgy and inhibited the differentiation of Tregs, which ulti-
mately facilitated the fight of immunized mice against tumors.

3600 | Nanoscale, 2021, 13, 3594-3601

Conclusions

In this work, we fabricated nanovaccines by combining PLGA,
R837, and CCM. We demonstrated that our CCMP@R837 can
effectively enhance immunity and induce the generation of
immune response to fight against breast cancer challenge.
Compared with other pre-immunization treatments, such as
saline, CCM and P@R837, our CCMP@R837 successfully
trained the immune system of mice to be prepared for the 4T1
tumor challenge by boosting the maturation of antigen-pre-
senting cells, promoting the differentiation of CTLs and down-
regulating the precentage of Tregs in the tumor. The upregu-
lated percentage of Tgy also plays a vital role in inhibiting
tumor progression thanks to the full immune activation and
resultant immune memory using our platform. Additionally,
when the pre-immunized animals are challenged with 4T1
cancer cells, the Toy and Tgy cells can quickly differentiate
into CTLs to recognize and destroy cancer cells, with long-
lasting anti-tumor immunity. For future study, it would be
interesting to combine our platform with other therapy
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methods, such as photothermal therapy and irreversible elec-
troporation, to further enhance the therapeutic efficency.
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