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Anti-Tumor Immunity Induced by a Ternary Membrane
System Derived From Cancer Cells, Dendritic Cells, and
Bacteria

He Ren, Jiexin Li, Jingyu Zhang, Jingang Liu, Xingyue Yang, Nan Zhang, Qian Qiu,
Dan Li, Yue Yu, Xiaofeng Liu, Jonathan F. Lovell, and Yumiao Zhang*

Cancer vaccines generally are limited by insufficient tumor-specific cellular
immunogenicity. Herein, a potent “ABC” ternary membrane-derived vaccine
system blended from antigen-presenting mature dendritic cell membranes
(“A”), bacterial E. coli cytoplasmic membranes (“B”), and cancer cell
membranes (“C”) is developed using a block-copolymer micelle-enabled
approach. The respective ABC membrane components provide for a source of
cellular immune communication/activation and enhanced accumulation in
lymph nodes (A), immunological adjuvant (B), and tumor antigens (C). The
introduction of dendritic cell (DC) membranes enables multiple cell-to-cell
communication and powerful immune activation. ABC activates dendritic
cells and promotes T-cell activation and proliferation in vitro. In vivo, ABC is
14- and 304-fold more immunogenic than binary (BC) and single (C)
membrane vaccines, and immunization with ABC enhances the frequency of
tumor-specific cytotoxic T lymphocytes, leading to an 80% cure rate in
tumor-bearing mice. In a surgical resection and recurrence model, ABC
prevents recurrence with vaccination from autologous cancer membranes,
and therapeutic effects are observed in a lung metastasis model even with
heterologous cancer cell membranes. ABCs formed from human cancer
patient-derived tumor cells activate human monocyte-derived dendritic cells
(moDC). Taken together, the ternary ABC membrane system provides the
needed functional components for personalized cancer immunotherapy.

1. Introduction

Immunotherapy using cancer vaccines has shown promise
in the clinical treatment of a variety of cancers.[1–3] Vaccines
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stimulate dendritic cell activation and sub-
sequently can promote the activation and
proliferation of downstream specific cyto-
toxic T cells to achieve the inhibition or
elimination of solid tumor progression.[4–6]

For specific cellular immune activation, vac-
cines frequently involve the co-delivery of
tumor characteristic antigenic peptides and
adjuvants, while clinical therapeutic efficacy
is usually impeded by lack of vaccine im-
munogenicity as well as tumor immuno-
suppression and heterogeneity.[3,7,8] In ad-
dition, tumor cells express limited or no im-
munogenic antigens, resulting in immune
evasion.[9] Biomimetic nanomaterials have
diverse and unique physiological functions
after evolution, which are difficult to recre-
ate by synthetic materials.[10–12] Biological
complexes displayed on the membrane of
different types of cells endow them spe-
cific properties.[13,14] Autologous cancer vac-
cines involving use of membranes from
cancer as a wide spectrum source of nat-
ural tumor antigens have spurred great
interest.[15] B16F10 cancer membrane has
been coated on PLGA nanoparticles, lead-
ing to matured dendritic cells and pro-
longed survival in tumor-bearing mice.[16]

Similar studies were also conducted to use membranes of B16
or MDA-MB-231 cells to achieve strong immunostimulatory
responses.[17,18] Compared to specific antigens loaded in vac-
cines, membrane-derived biomaterials with natural antigens
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have more flexibility for personalized vaccines.
As bacterial components such as proteins, lipids and nu-

cleic acids can stimulate immune system, vaccines using bac-
terial cell membrane coatings have been prepared for the pre-
vention and treatment of bacterial infections, virus invasion and
cancer production.[19] A meningococcal vaccine has been cur-
rently in clinical use containing meningococcal group B outer
membrane.[20] Nanoparticles coated by whole S. flexneri outer
membrane vesicles are also shown to induce a higher level
of protection against bacterial challenge.[21] Recently, bacterial
outer membranes have been verified to be effective candidates
for enhanced specific antitumor responses by inducing adaptive
immune response.[22,23] Pathogen-associated molecular patterns
(PAMPs) present on bacterial membranes and antigens present
on tumor membranes could be incorporated in nanovaccines for
the prevention of tumor recurrence after surgery.[24] Bacterial
membrane fractions provide abundant immune signals to trig-
ger corresponding innate and adaptive immunity, activating the
immune system in a manner similar to infection signals.

In addition, introduction of specific immune cell membranes
associated with important immune process could facilitate cross-
priming and rapid activation of systemic immune responses.[25]

Membrane of natural killer cells cloaked photosensitizer was
used for the combination therapy of photodynamic therapy and
immunotherapy.[26] Also, dendritic cell-derived co-stimulatory
markers (CD80) were engineered to be expressed in a tumor cell
line and the membrane from these engineered cells was used
to prepare nanovaccines to enable presentation antigens in a
immunostimulatory context.[27] As an important component of
adaptive immunity, the abundance of co-stimulatory molecules
and major histocompatibility complexes (MHCs) on membranes
stimulate T cells directly, resulting in efficient tumor resistance
against targeted antigens. Hybrid dendritic cell (DC) and tumor
membrane coated nanoparticles promotes systemic specific im-
munity for distal tumor elimination in combination with pho-
tothermal treatment.[25] In spite of having some similar immune
functions as bacterial membrane such as DC activation, DC
membranes have their own unique functions such as commu-
nication with immune cells such as T cells and enhanced accu-
mulation in lymph nodes.

Taking the aforementioned points together, herein, we sep-
arated B16 tumor cells membranes, E. coli cytoplasmic mem-
branes and mature DC membranes and prepared ternary mem-
brane nanovaccines by co-extrusion. B16 tumor cells membranes
provide a broad spectrum of cancer antigens; E. coli cytoplasmic
membranes contain PAMPs that could activate immune system
as adjuvants; DC cell membranes can increase the accumulation
in lymph node and interaction with immune cells such as T cells.
This ternary membrane nanovaccine effectively primes the matu-
ration of DCs and promotes the proliferation of specific cytotoxic
T cells in vivo, resulting in the regression of tumors.

2. Results and Discussion

2.1. Nanovaccine Characterization

To prepare ternary membrane cloaked nanovaccines, mem-
branes of tumor cells, bacterial cytoplasmic and dendritic cells
were collected and coated successively onto F127 micelles as il-

lustrated in Figure 1. Membranes from tumor cells contain both
tumor specific antigens (TSAs) and tumor associate antigens
(TAAs) as previously reported.[28,29] The results of LC-MS (Table
S1, Supporting Information) for membrane proteins illustrate
that B16 cancer cell membranes contain multiple MHC com-
plexes and specific immunogenic B16 mutations such as Actn4,
Eef2 and Rpl13a.[30] Membrane from bacterial cytoplasmic mem-
branes contain immunomodulating molecules like TLR ligands,
that could act as adjuvants as shown in Table S2, Supporting In-
formation. Cell membranes from bacteria including S. aureus,
B. subtilis and E. coli Nissle 1917 were screened and no signifi-
cant difference or synergistic effect was found in their ability to
activate dendritic cells as adjuvants (Figure S1, Supporting In-
formation). We selected membranes of E. coli Nissle 1917 as ad-
juvants, which is a well-studied probiotic with a long track of
safety in humans.[31] Membranes from mature dendritic cells
were used as the third component, containing co-stimulatory
molecules (Figure S2, Supporting Information). Other charac-
teristic proteins on mature DC cell membranes such as CD14,
CD47, and CD84 possess the ability to directly activate T cells and
modulate innate immunity in response to bacterial infections
(Table S3, Supporting Information).[32–34] We hypothesize that its
introduction could confer the vaccine the ability to communi-
cate with multiple immune cells simultaneously, achieving fur-
ther immune enhancement. 5,9,14,18,23,27,32,36-Octabutoxy-
2,3-naphthalocyanine (ONc) loaded F127 micelles were prepared
and used as a scaffold for membrane coating, which could be po-
tentially used as a contrast agent for bioimaging to track nanovac-
cine delivery (but not investigated in this study). Nanovaccines
containing single (cancer cell membrane alone), binary (bacterial
membrane and cancer cell membrane)- or ternary membranes
(antigen-presenting DC membrane, bacterial membrane and
cancer cell membrane) were prepared separately by coextrusion
with ONc-encapsulated F127 micelles, and they are referred to as
C, BC, and ABC, respectively. To optimize the ratio of each mem-
brane in the nanovaccine, different formulations were screened
by co-incubation with DC cells, followed by the examination of
levels of co-stimulatory molecule expression, pro-inflammatory
cytokine secretion and antigen presentation. As shown in Figures
S3 and S4, Supporting Information, the percentage of mature DC
cells after stimulation reached 51.9% and the secretion of inflam-
matory cytokines IL-6 and IL-12 almost remained unchanged
with the increase of the ratio of cell membrane to micelles, so
the mass ratio of membrane protein and micelle of 1:1 was cho-
sen. With the same total amount of membrane proteins added,
different ratios of A and B were investigated and the ratio of 1:1
was also selected for the A and B fractions (Figures S5 and S6,
Supporting Information). With the ratio of A:B as 1:1, the ef-
fects of different addition ratios of C were studied by examin-
ing the DC cell maturation, cytokine secretion and antigen pre-
sentation (Figures S7–S9, Supporting Information). Therefore,
the final mass ratio of 1:1:1 (A:B:C) was chosen in the final ABC
nanovaccine.

Transmission electron microscopic (TEM) images showed that
the size of ABC nanovaccines were ≈100 nm (Figure 2a). The
size of C, BC, ABC nanovaccine were all about 100–200 nm and
ABC vaccine had a size of 130 nm measured by dynamic light
scattering (DLS) analysis (Figure 2b). The negative charge on the
surface of the vaccines gradually increased with the successive
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Figure 1. Schematic illustration of ABC nanovaccine preparation using ternary membrane systems including Antigen-presenting DC membrane, Bacterial
membrane, and Cancer cell (either B16 or TC-1) membrane for different cancer immunotherapy applications.

coating of C, BC, and ABC as shown in Figure 2c To analyze the
chimeric status of different cell membrane components after co-
extrusion, we labled proteins on membranes of B16 cells and DCs
by Cy3 and Cy5, respectively. As shown in Figure S10, Supporting
Information, fluorescence resonance energy transfer (FRET) oc-
cured for the coextrusion of B16 and DC membranes with higher
Cy5 fluorescence than the group only containing each single
membrane.

This suggests that proteins from two membranes were well-
mixed on nanoparticles after coextrusion rather than forming
nanoparticles comprising separate phases of membrane com-
ponents. Furthermore, we used flow cytometry to validate the
chimerism of different cell membrane components on individual
nanoparticle. Before coextrusion, membrane of B16 cells, DCs
and E. coli were labeled by DiO, DiL, and DiD fluorescent dyes,
respectively. As shown in Figure S11, Supporting Information,
over 70% nanoparticles of ABC group were composed of three
membranes. Furthermore, to tuitively image the ternary mem-
brane system under confocal microscope, we next employed SiO2
microspheres with size of 10 μm instead of ONc-F127 nanoparti-
cles as a supporting scaffold, taking advantage of the property of
SiO2 microspheres adsorbing phospholipid bilayers. C, BC and
ABC membranes were coated onto microspheres by coincuba-
tion. It was shown again that the components of the hybrid mem-
brane were evenly distributed but not in a phase separation state
(Figure 2d). We also examined whether ABC is immunologically
funtional by conducting the flow cytometry analysis of ABC and

controls as indicated. As shown in Figure S12, Supporting In-
formation, ABC ternary membrane system could effectively dis-
play co-stimulatory molecules such as CD40 and CD86 on the
surface.

2.2. Cellular Engagement of the Ternary Membrane Vaccine

To examine whether the addition of cell membranes facilitates
the interaction between nanovaccines and cancer or immune
cells, micelles (ONc encapsulated F127 micelles without any
membrane coating) and nanovaccines coated by single, binary
and ternary membranes were incubated with B16 tumor cells
as well as DC2.4 cells and 3T3 fibroblast cells as controls. DiL
fluorescent dyes were loaded in micelles before coextrusion and
cellular uptake of different formulations by cells were quanti-
fied by measurement of intracellular fluorescence intensity. All
nanovaccines containing B16 cell-derived membranes showed
good homologous cell membrane affinity for B16 tumor cells
(Figure 2e). The fluorescence from B16 cells was 5.5 times higher
than those from DCs and E. coli, respectively. The fluorescence
from tri-membranes group ABC is 5.6 times higher than group
DE. Similarly, cell membranes of mature DCs also facilitate in-
tracellular uptake of vaccines in DC2.4 cells, since the fluores-
cence from tri-membranes group ABC is 4.5 times higher than
group BC (Figure 2f). No significant difference was observed
when nanovaccines were incubated with 3T3 cells (Figure 2g).
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Figure 2. Characterization of single, binary and ternary membrane vaccines, termed C vaccine, BC vaccine, ABC vaccine, respectively. a) TEM images
of ABC vaccine. Scale bar, 50 nm. b) Dynamic light scatting measurement of C, BC, and ABC vaccines. c) Zeta-potential of various formulations as
indicated (n = 3; mean ± SD). d) Confocal microscopic images of single, binary, or ternary membranes coated on SiO2 microspheres (scale bar 10 μm).
e) Quantification of mean fluorescence intensity (MFI) of nanoparticles uptake by B16 cells (n = 3; mean ± SD). f) Quantification of mean fluorescence
intensity (MFI) of nanoparticles uptake by DC2.4 cells (n = 3; mean ± SD). g) Quantification of mean fluorescence intensity (MFI) of nanoparticles
uptake by 3T3 cells (n = 3; mean ± SD). h) Confocal microscopic images of DC2.4 cells cocultured with C, BC, and ABC vaccines (scale bar 20 μm). Core
means DiL-loaded Pluronic F127 micelle. i) Scheme of interactions between nanovaccines and a variety of cells. Significance was analyzed by one-way
ANOVA with Bonferroni’s post hoc test. All groups were compared with PBS. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Figure 3. In vitro DC and T cell activation by of C, BC, and ABC. a) Expression of CD40 in CD11c+ BMDCs incubated with various formulations as
indicated for 24 h. b–d) Proinflammatory cytokine concentrations of IL-6, IL-1𝛽, and TNF-𝛼 in DC supernatants after culture with various formulations
as indicated after 24 h (n = 3; mean ± SD). e) Expression of naive T cells (CD3+CD8+CD62L+) after treatment with various formulations as indicated
for 48 h. f) Quantification of the proportion of T cells co-cultured various formulations for 48 h (n = 3; mean ± SD). g) Proinflammatory cytokine
concentrations of IFN-𝛾 in T cells supernatants after coculture with various formulations after 48 h (n = 3; mean ± SD). h) Proportion of migrated cells
after various formulations were incubated with DCs and T cells together, black: T cell; red: DC (n = 3; mean ± SD). Significance was analyzed by one-way
ANOVA with Bonferroni’s post hoc test. All groups were compared with ABC. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

To further characterize the interaction of nanovaccines and
immune cells, DC2.4 cells were used to incubate with vaccines
C, BC, and ABC for 4 h. The micelles were labeled by DiL
and lysosomes were stained by Lyso-tracker dye under confo-
cal microscope. The addition of homologous cell membranes
increased the uptake of DC2.4 cells compared with the micelle
group. ABC group showed highest fluorescence signal, as shown
in Figure 2h. These results demostrate the superiority of tri-
membrane-based ABC vaccine as a bridge to enhance the cell
communications, which could first facilitate uptake by target-
ing DCs. Furthermore, antigen-presentation is an important step
to activate DCs and T cells and this relies on the intercellular
communication within a short distance. This hybrid membrane
coated nanovaccine with simultanously enhanced intercellular
communications could facilitate the activation of immune cells
and the following killing process of tumor cells. And the process
was illustrated in Figure 2i.

2.3. In Vitro Immune Cell Activation

Membranes from bacteria usually contain pathogen-associated
molecular patterns (PAMPs) that can induce the activation of
specific immune cells. Besides, mature DC membrane loaded
co-stimulatory molecules could interact with naive DCs and di-
rectly prime downstream immune cells. To investigate the prop-
erties of priming DCs, various formulations were cultured with
naive bone marrow-derived dendritic cells (BMDCs) for 24 h, fol-
lowed by the analysis of representative cytokines in medium and
co-stimulation markers on BMDC membranes. Micelles and C
group did not show remarkable increased expression of CD40
on BMDCs compared with PBS group (Figure 3a). The addi-
tion of bacterial membrane slightly increased the expression of
CD40 (from 24.8% to 29.7%), likely because of PAMPs present
in vaccines. After coating with membranes of mature DCs, ABC
nanovaccine elicited stronger immune activation with 44.8% of
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naive DCs expressing CD40 (Figure 3a). Mature BMDCs had
higher secretion of proinflammatory cytokines (Figure 3b–d). We
evaluated interleukin 6 (IL-6), tumor necrosis factor 𝛼 (TNF-𝛼),
and interleukin 1𝛽 (IL-1𝛽) and analyzed the effectiveness of each
individual membrane component. The secretion level of IL-6 was
substantially increased by the addition of cell membrane com-
ponents, suggesting that cancer cell-derived antigens, dendritic
cell-derived co-stimulatory molecules and bacterial membrane-
derived PAMPs are effective in stimulating the production of this
pro-inflammatory cytokine. In particular, BC and ABC vaccine
had more IL-6 secretion as they both contain bacterial membrane
compared to C vaccine only containing tumor cell membrane
(Figure 3b). The addition of bacterial cell membranes appears to
affect more on the expression of IL-1𝛽 and TNF-𝛼. The concentra-
tion of IL-1𝛽 and TNF-𝛼 in medium of ABC group were 771 and
3394 pg mL−1, respectively compared to BD group having 114 pg
mL−1 IL-1𝛽 and 1759 pg mL−1 TNF-𝛼, respectively (Figure 3c,d).
TLR-4 agonist LPS (1 μg mL−1) was used as a positive control for
the study. These results indicate that ABC nanovaccines enhance
the activation of DCs by upregulation of co-stimulator molecules
and secretion of pro-inflammatory.

Next, we simulated the interaction between nanovaccines and
T cells in lymph nodes in vitro. By flow cytometry sorting, we
obtained cytotoxic T cells (CD8+CD3+) and incubated them with
various formulations for T cell activation, followed by analyzing
CD62 protein expression. As shown in Figure 3e, nanovaccines
contain mature dendritic cells decreased naïve T cells (CD62L+)
to 26.7% compared with micelle group (55. 9%). Meanwhile, ABC
group containing three types of membranes decreased naïve T
cells (CD62L+) to 27.3%, suggesting the most effective T cell ac-
tivation by ABC nanovaccines. In addition, the effect of nanovac-
cines in promoting T cell proliferation was also studied. After
incubation with ABC vaccine for 48 h, quantities of T cells in-
creased by 3.13 times, whereas the quantities of BC group in-
creased by only 1.24 times (Figure 3f). This suggests that the addi-
tion of mature DC derived membranes could significantly induce
the activation and proliferation of T cells. Medium supernatants
from the incubation process were also collected for the determi-
nation of the important tumoricidal related cytokine interferon 𝛾

(IFN-𝛾). ABC nanovaccine incubated T cells secreted 2.29 times
of IFN-𝛾 compared to BC group (Figure 3g). Furthermore, we
used trans-well assay to evaluate the impact of nanovaccines on
the chemotaxis of DCs and T cells. B16 tumor cells were seeded
at the bottom chamber and DCs and T cells were separately or
together seeded in the upper chamber. After stimulation with
ABC nanovaccine, cells migrating to the bottom chamber were
counted using flow cytometry. Compared to the other formula-
tions, both DC and T cell migration rates in the ABC group were
significantly increased by 2.92- and 2.13-fold, respectively, com-
pared to the C and BC group (Figure 3h). These results indicate
that ABC nanovaccines could promote activation and prolifera-
tion of T cells, and increase the secretion of cytokines secretion
which ultimately facilitates tumor immunotherapy.

2.4. DC Maturation and Specific T-Cell Responses In Vivo

Since ABC nanovaccine could enhance DC maturation and T cell
activation, we hypothesize that the codelivery of ternary mem-

brane coated nanovaccines results in synergistic stimulation of
an immune response, compared to single or binary membrane
vaccines. As the lymph nodes are important organ for immu-
nity, we investigated the accumulation of different nanovaccines
in lymph nodes. After 24 h of subcutaneous injection, inguinal
lymph nodes were harvested for IVIS imaging. It was demon-
strated that the incorporation of DC cell membranes resulted in
more accumulation of nanovaccines in lymph nodes. As shown
in Figure S13, Supporting Information, the ABC vaccine with
DC cell membrane had higher fluorescence in lymph node than
that of the BC vaccine. To verify the hypothesis above, female
C57BL/6 mice were subcutaneously inoculated with murine B16
tumor cells. Immunotherapy started by subcutaneous injection
of nanovaccines three times every 7 days interval when the tu-
mor volume reached ≈100 mm3. 3 days after the last injec-
tion, inguinal lymph nodes (LNs), spleens and tumors were col-
lected for DC and T cell immune activation studies. As shown
in Figure 4a,b, the expression of stimulatory markers (CD40
and/or CD80) on DCs in LNs was significantly enhanced after
vaccination by BC and ABC nanovaccines. The percentage of
CD40+CD86+ cells in CD11c+ cells were 21.45% (C), 28.97%
(BC) and 42.96% (ABC), respectively. These results are consis-
tent with the result of DC cell maturation in vitro. Since T cell
proliferation and activation also occur in LNs, the percentage
of CD8+CD3+cytotoxic T cells after vaccination was also inves-
tigated and found to be 22.1% (C), 27.67% (BC), and 31.47%
(ABC), respectively (Figure 4c,d). We also studied T cell activa-
tion in the spleen, where the percentage of CD8+CD3+cytotoxic
T cells after vaccination was 5.25% (C), 9.77% (BC) and 14.9%
(ABC), respectively (Figure 4e,f). The immunotherapy effect in
tumors was also investigated and the percentage of CD40+CD86+

cells in CD11c+ cells were 32.1% (C), 47.8% (BC), and 67.5%
(ABC) in tumors, respectively (Figure 4g,h). Such significant in-
crease indicates that ABC nanovaccine reprogramed the immune
suppression environment in tumors and stimulated the activa-
tion of the immune system and the recruitment of effector cells.

To analyze antigen specific T cells, splenocytes were collected
after final vaccination by various vaccines. As shown in Figure 4i,
IFN-𝛾 ELISPOT kit was used to evaluate IFN-𝛾 generation by the
T cells from mice vaccinated by different nanovaccines. A few
positive spots (average number: 1.7) were observed in the micelle
and C group, whereas BC group had average 23 spots and the
number of ABC group was 515, showing that the ternary system
vaccine exhibited about 14 and 304 times more immune response
than binary and single-membrane system vaccines (Figure 4j).
Tetramer staining of specific cytotoxic T cells in spleen T cells of
B16OVA tumor bearing mice illustrated that the ternary mem-
brane system ABC vaccine increased the proportion of specific
cytotoxic T cells corresponding to the OVA257–264 peptide from
2.56% to 7.96% (Figure S14, Supporting Information). Flow cy-
tometry analysis of T cells in tumors showed that ABC nanovac-
cine effectively increased the proportion of T cells in tumors
(from 14.8% to 26.7%) (Figure S15a, Supporting Information).
Further analysis showed an increase in the proportion of CD8+

T cells in the T cell population (Figure S15b, Supporting Infor-
mation) The ABC nanovaccine compared with antigen and adju-
vant co-delivery group, has better immune activation effect, es-
pecially for specific immune activation, which is more conducive
to the specific recognition and cytotoxic effect needed in tumor

Small 2023, 2302756 © 2023 Wiley-VCH GmbH2302756 (6 of 13)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202302756 by T
ianjin U

niversity, W
iley O

nline L
ibrary on [21/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.small-journal.com

Figure 4. In vivo antitumor immune activation following immunization with C, BC, and ABC. a) Representative flow cytometric plots and b) quantifi-
cation of mature DCs (CD11c+CD40+CD86+) in lymph nodes from mice at 3 days after vaccination by various formulations (n = 3; mean ± SD). c)
Representative flow cytometric plots and d) quantification of cytotoxic T cells (CD3+CD8+) in lymph nodes from mice on day 3 after vaccination (n = 3;
mean ± SD). e) Representative flow cytometric plots and f) quantification of cytotoxic T cells (CD3+CD8+) in spleens from mice on day 3 (n = 3; mean ±
SD). g) Representative flow cytometric plots and h) Quantification of mature DCs (CD11c+CD40+CD86+) in tumor from mice on day 3 after vaccination
by various formulations (n = 3; mean ± SD). i) Photos and j) corresponding quantification numbers of spots in the IFN-𝛾 ELISPOT assay (n = 3; mean
± SD). k,l) Proinflammatory cytokine concentrations of IFN-𝛾 and TNF-𝛼 in serum from mice on day 3 after vaccination by various formulations (n = 3;
mean ± SD). Significance was analyzed by one-way ANOVA with Bonferroni’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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Figure 5. Tumor growth suppression by immunization with C, BC, or ABC. a) Scheme of immunotherapy treatment by various formulations. Subcuta-
neous injections of 100 μL different formulations containing 12 μg of B16 membrane protein, 10 μg of E. coli membrane protein and 11 μg of mature
DCs membrane protein were given per mouse for each immunization. b) Average tumor volume after B16 tumor-bearing mice were treated by different
vaccines as indicated (n = 5; mean ± SD). c) Survival curve of different groups treated by different vaccines. d) Individual B16 tumor growth curve after
mice were given PBS, Micelle, C, BC, or ABC vaccines. e) H&E staining of tumors tissue sections from mice after various treatments. Significance was
analyzed by two-way ANOVA with Tukey post-hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

immunotherapy. The increased level of cytotoxic T cells was also
accompanied with the increase of cytokines. ABC nanovaccine
exhibited enhanced level of TNF-𝛼 and IFN-𝛾 in plasma, signifi-
cantly higher than other control groups (Figure 4k,l).

2.5. Tumor Immunotherapy with the ABC Vaccine

To investigate the antitumor efficacy of ABC nanovaccine,
C57BL/6 mice were injected subcutaneously with 1 × 106

B16 cells per mouse. Then tumor-bearing mice were subcu-
taneously injected by various formulations including PBS, mi-
celles, C, BC and ABC nanovaccines for three times every 7 days
Figure 5a for treatment scheme). Tumor volume and body weight
were monitored every day. As the tumor volume reached 1000
mm3, mice were sacrificed and the volume of tumors were shown
in Figure 5b. Tumor growth of mice treated with C nanovaccines
was slightly delayed compared with the PBS and micelle group.
For the BC nanovaccine group, tumor growth was significantly
delayed. In contrast, ABC nanovaccine showed no significant

increase of tumor volume growth, indicative of the excellent anti-
tumor efficacy by ABC vaccination. No overt acute toxicity was
observed since no significant body weight change occurred in
any group (Figure S16, Supporting Information). The ABC group
demonstrated the best therapeutic efficacy with 4 of 5 mice cured
(Figure 5c). The growth of individual tumor in each group is also
illustrated in Figure 5d. On day 30, all tumors were collected
and the representative H&E staining images were showed in
Figure 5e. Sections of other major tissues were shown in Figure
S17, Supporting Information. All formulations had no significant
tissue toxicity compared to PBS group. In tumor tissue of mice
vaccinated by ABC vaccine showed significant apoptosis and in-
creased tissue voids.

2.6. Generalization of ABC for Additional Anti-Cancer
Applications

To generalize the ternary membrane nanovaccine system, we
further tested the therapeutic efficacy of the ABC vaccine in

Small 2023, 2302756 © 2023 Wiley-VCH GmbH2302756 (8 of 13)
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Figure 6. Generalization of ternary membrane nanovaccines for prevention of postoperative tumor recurrence after vaccination of autologous vaccine,
lung metastasis prevention using membrane of another cancer type. a) Scheme of immunotherapy treatment by various formulations after surgical
removal of tumor, followed by vaccination by autologous vaccines. Subcutaneous injections of 100 μL formulation containing 12 μg of B16 membrane
protein, 10 μg of E. coli membrane protein and 11 μg of mature DCs membrane protein were given per mouse for each immunization. B16 membrane
were obtained by cell extraction from autologous excised tumor tissue. b) Average tumor volume during surgery and treatment by different vaccines
as indicated (n = 5; mean ± SD). c) Survival curve of different groups treated by different vaccines as indicated. d) Individual B16 tumor growth curve
after mice were given PBS, B, BC, or ABC vaccines. e) Scheme of immunotherapy treatment for the prevention of lung metastasis model by various
formulations using TC-1 cells. Subcutaneous injections of 100 μL formulation containing 12 μg of TC-1 membrane protein, 10 μg of E. coli membrane
protein and 11 μg of mature DCs membrane protein were given per mouse for each immunization. f) Representative lung tissue photographs of each
group. Scale bar: 1 cm. g) Weight of lung tissue in each group (n = 5; mean ± SD). h) Statistical results of the number of metastatic nodules in lung
tissue in each group (n = 5; mean ± SD). Figure 2b was analyzed by two-way ANOVA with Tukey post-hoc test and others were analyzed by one-way
ANOVA with Bonferroni’s post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

mulitple more clinically relevant scenarios including treatment
with surgical removal of tumor and formation of autologous
tumor membrane-based vaccines, evaluation of another tumor
cell membrane in a lung metastasis model and vaccine prepa-
ration from human-derived cancer cells. Surgical excision of tu-
mor lesions is a common treatment method, but incomplete
excision of tumor tissue often leads to tumor recurrence and
metastasis within a short period of time. Tumor cell mem-
branes obtained from resection were used to prepare the corre-
sponding ternary membrane nanovaccine, which effectively in-

hibited tumor recurrence and avoided the hassle of identification
and screen of tumor-specific antigens. In the surgical resection
model, C57BL/6 mice were injected subcutaneously with 1 × 106

B16 cells per mouse and tumors were surgically removed when
the tumor volume reached ≈150 mm3 (on day 10). The nanovac-
cine, prepared by cancer cell membranes from each individual
mouse tumor, was injected back to the same mouse on day 12
and day 19. Tumor volume and body weight were monitored ev-
ery day (Figure 6a). As the tumor volume reached 1000 mm3,
mice were sacrificed and the volume of tumors were shown in

Small 2023, 2302756 © 2023 Wiley-VCH GmbH2302756 (9 of 13)
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Figure 7. ABC nanovaccines prepared by human-derived tumor cells for the activation of the patients’ own MoDCs. a) Representative flow cytometric
plots and b) quantification of mature DCs (CD11c+CD40+CD86+) of human-derived DC cells (n = 3; mean ± SD). Significance was analyzed by one-way
ANOVA with Bonferroni’s post hoc test, * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Figure 6b. Tumor growth of mice treated with C nanovaccines
was slightly delayed compared with the PBS group. For the BC
nanovaccine group, tumor growth was significantly delayed. In
contrast, the ABC nanovaccine demonstrated no tumor recur-
rence in three of the five mice after the first treatment. For the
rest two, after the second treatment, no recurrence was also ob-
served within 40 days. The ABC group showed the best treat-
ment effect, with all mice surviving until day 40 and no tumor
recurrence was observed (Figure 6c,d). In addition, no signifi-
cant body weight change was observed in any group, suggest-
ing no overt acute toxicity of ABC vaccine (Figure S18, Support-
ing Information). To study the therapeutic effect of nanovaccines
on cancer metastasis, we used another cancer cell type (cervi-
cal cancer TC-1 cell instead of B16 cancer cell) for the prepara-
tion of the ternary membrane vaccine. C57BL/6 mice were in-
travenously injected with 5 × 105 TC-1 cells per mouse and sub-
cutaneously injected by various formulations including PBS, C,
BC, and ABC nanovaccines for three times with 7 days interval
(Figure 6e). After 30 days, the mice were euthanized and their
lung tissue were collected. Metastases in the lungs of mice were
observed in the PBS and C groups, whereas less metastasis were
seen in the BC and ABC group. The number of metastatic nod-
ules in lungs (Figure 6f) and lung weight (Figure 6g) were also
recorded, showing that the ABC vaccine substantially reduced
the metastasis of TC-1 cancer cells compared to the other con-
trol groups (Figure 6g,h). One of limitations of this experiment
was that the duration between rechallenge was too short to es-
tablish meaningful tumor memory responses, but these results
illustrate the effectiveness of ternary membrane-based nanovac-
cines for prevention of post-surgical cancer recurrence and
metastasis.

To further investigate the clinical translation potential of this
ternary membrane nanovaccine, ABC vaccine was formed us-
ing human-derived DC and cancer cells collected from three
patients, followed by evaluation of the activation of the pa-
tients own moDC. It was shown that binary membrane nanovac-
cines (BC) have better DC cell activation than cancer cell mem-
brane nanovaccines (C) alone, while ternary nanovaccines (ABC)
containing human-derived mature DC cell membranes have
the highest immune activation effect (Figure 7a). As shown in
Figure 7b, ABC nanovaccine stimulated DC cells (CD11c+) popu-
lation expressed both co-stimulatory factors CD40 and CD86 ac-

counting for over 60%, showing the potential of ABC’s clinical
applications.

3. Conclusion

In summary, a nanovaccine coated with ternary membranes in-
cluding tumor cell membranes, bacterial membranes and den-
dritic cell membranes was generated and each membrane com-
ponent conferred distinct functions for anti-tumor immunity.
Cancer cell derived membranes provided a broad base of tu-
mor antigens to prevent immune evasion against a single target,
while bacteria cytoplasmic membranes with PAMPs acted as ad-
juvants and avoided side effects such as cytokine storm from cell
wall fractions. The addition of membranes from DCs achieved
multiple cellular interactions and enhanced adaptive immune re-
sponse against specific tumor targets. In tumor-bearing murine
models, ABC vaccine has good antitumor efficacy with prolonged
survival time. The ternary membrane system also showed potent
therapeutic effect without cancer recurrence in a more clinically-
relevant surgical resection model. The methodology can also be
generalized using membranes of another murine tumor cell type
and also actual human cancer cells. Overall, the ternary mem-
brane system nanovaccine approach demonstrated a new multi-
cellular communication platform with potential to be used for ef-
fective anticancer immunotherapy. Future directions of research
may include in-depth mechanistic investigation on effector CD8+

T cells, memory T cells and immune suppressive cells and fur-
ther evaluation of clinical translation potential using models of
patient-derived tumor tissues.

4. Experimental Section

Materials and Reagents: Pluronic F127 and ONc
(5,9,14,18,23,27,32,36-octabutoxy-2,3-naphthalocyanine) were
purchased from Sigma-Aldrich. SiO2 microspheres (diameter
10 μm) were purchase from YUAN BIOTECH. The fluorescent
dye of DiD, DiO, and DiL were purchased from US Everbright
Co. The fluorescent dyes Cy3 and Cy5 were purchased from
Yuanye Bio-Technology Co. Antibodies against mouse CD11c-
APC (catalogue no. 117 309), anti-CD40-FITC (catalogue no.
102 905), anti-CD86-Percp-Cy5.5 (catalogue no. 105 027), anti-
CD8a-APC (catalogue no. 100 712), anti-CD3-FITC (catalogue

Small 2023, 2302756 © 2023 Wiley-VCH GmbH2302756 (10 of 13)
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no. 100 203) and against human CD11c-APC (catalogue no.
301 613), anti-CD40-FITC (catalogue no. 334 305), anti-CD8
6-Percp-Cy5.5 (catalogue no. 374 215) were purchase from Bi-
olegend. MHC I-strep for SIINFEKL (catalogue no. 6-7015-001)
and PE-Strep-Tactin (catalogue no. 6-5000-001) were purchased
from IBA Life science. Recombinant mouse GM-CSF, human
GM-CSF, and human IL-4 were obtained from Genscript. TNF-𝛼
mouse ELISA kit (catalogue no. SEKM-0034), IFN-𝛾 mouse
ELISA kit (catalogue no. SEKM-0031), DAPI and peripheral
blood mononuclear cell extraction kit were purchased from
Solarbio. Lyso-tracker Red (catalogue no. C1046) were obtained
from Beyotime Biotechnology. B16 cells and B16OVA cells were
kindly provided from professor Shaokai Sun and DC2.4 cells
were purchased from Bena culture collection. E. coli Nissle 1917
was purchased from Biobw Bio-Technology Co.

Preparation of F127 Micelles: 0.1 mg ONc was dissolved in
0.1 mL dichloromethane chloride and added to 1 mL 10% (wt)
F127 aqueous solution. The mixture was stirred for 3 h and then
subjected to ultrafiltration at 4 °C twice to remove excessive F127
to make ONc encapsulated F127 micelles with good stability. Fi-
nally, the final volume was fixed to 1 mL.

Extraction of Cell Membrane: BMDCs were prepared as de-
scribed previously.[35] Briefly, monocytes were collected in bone
marrow of 6–8 weeks C57BL/6 mice and cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium containing GM-CSF
with 5% CO2 at 37 °C for 6 days. Then BMDCs were treated
with 40 ng mL−1 R848 for maturation for 48 h. BMDCs were col-
lected, resuspended in PBS and sonicated for 5 min (2 s and 2 s
on/off, power of 60 W). The mixture was centrifugated at 1000×g
for 10 min at 4 °C to obtain cell membranes in the supernatant.
For B16 tumor cells, collected cells were resuspended in PBS and
sonicated for 5 min (2 s on and 2 s off, power at 60 W). The mix-
ture was subjected to centrifugation at 1000×g for 10 min at 4 °C
to obtain cell membranes in the supernatant.

Extraction of Cytoplasmic Membranes from E. coli: Briefly,
freeze-preserved E. coli 1917 were cultured in LB medium at 37
°C overnight. Upon reaching an OD600 of 1.2, the bacteria were
collected by centrifugation (3000×g, 20 min, 4 °C) and washed
three times with PBS. 10 mL buffer A (1 m sucrose, 0.2 m Tris-
HCl, pH 8.0) with lysozyme at 2 mg mL−1 was added to cell pellet.
The cells were incubated at 37 °C with shaking at 120 rpm for 1
h. Sterile water (90 mL) supplemented with DNase (10 μg mL−1)
was added and the tube was gently mixed 20 times. Spheroplasts
were collected by centrifugation at 3000×g for 20 min at 4 °C and
resuspended in 10 mL ice-cold buffer B (20 mm Tris-HCl, pH 7.2,
50 mm NaCl, 5 mm EDTA) containing 20% w/v sucrose to lyse
the cells. The lysate was purified to remove cell debris by cen-
trifugation at 10 000×g for 30 min at 4 °C. The membranes were
collected by centrifugation at 113 000×g for 1 h at 4 °C, and then
resuspended in PBS for the following experiments.

Preparation of ABC Nanovaccines: Protein concentration of
membranes were quantified by using BCA protein assay kit and
the protein concentration of the membrane solution was diluted
to 1 mg mL−1 (B16 membrane solutions), 0.33 mg mL−1 (E. coli
membrane solutions) and 0.6 mg mL−1 (mature BMDC mem-
brane solutions), respectively. 50 μL of 10% (wt) ONc F127 mi-
celles, 60 μL B16 membrane solutions, 150 μL E. coli mem-
brane solutions, 90 μL mature BMDC membrane solutions and
150 μL PBS were mixed and extruded by extruder (LP-1, Jungao)

equipped with 200 and 100 nm membrane cut-off for 7 circles
for each. C and BC nanovaccines were prepared similarly with-
out addition of membrane components of AB or A.

Characterization of Nanovaccines: Size and Zeta potential
were measured by Zetasizer (Nano ZS, Malvern). Morphology of
micelles were observed using transmission electron microscopy
(JEM-F200, JEOL). For co-location studies, membranes of B16,
E. coli and mature BMDC were labeled by DiO, DiD and DiL and
then analyzed by flow cytometry (FACS Verse, BD).

Preparation of SiO2 Microsphere-Supported ABC Ternary Mem-
brane: SiO2 microsphere-supported bilayers were synthesized
as descried before.[36] Briefly, SiO2 microspheres (with diameter
of 10 μm) were suspended in a 1 mL solution of 4% H2O2 and
4% NH4OH and immersed in a water bath at 80 °C for 10 min.
After being rinsed with distilled water, the SiO2 microspheres
were resuspended in a 1 mL of 4% H2O2 and 0.4 m HCl solution
and placed in a water bath at 80 °C for 10 min. The SiO2 micro-
spheres were then rinsed with deionized water several times. Af-
ter final centrifugation, the SiO2 microspheres were resuspended
in PBS for further use. Membranes of B16, E. coli and mature
BMDC were labeled by DiO, DiD, and DiL, respectively. SiO2 mi-
crospheres were added to the mixture solution of B16 membrane,
E. coli membrane and mature BMDC membrane, then subjected
to shaking for 45 min. Free membranes were removed by cen-
trifugation at 2000×g for 2 min, and washing twice with PBS.
SiO2 microsphere-supported C and BC membrane were prepared
using the similar protocol without addition of AB or A compo-
nents. Afterward, SiO2 microspheres were observed under con-
focal laser scanning microscope (A1R+, Nikon).

Cellular Uptake and Intracellular Distribution: For cellular up-
take study, B16 cells, DC2.4 cells and 3T3 cells were plated in 6-
well plates with 1 × 106 cells per well and incubated with 50 μL of
various formulations including micelle, C, BC and ABC nanovac-
cines for 4 h at 37 °C with 5% CO2. Afterward, cells were collected
and lysed by 1% Triton X-100. Mean fluorescence intensity was
measured with microplate reader. For the intracellular distribu-
tion study, 1 × 106 DC2.4 cells incubated with 50 μL of various
formulations including micelle, C, BC, and ABC nanovaccines.
After 4 h, cells were washed twice by PBS and incubated with
Lyso-tracker Red and DAPI in PBS to stain lysosomes and nu-
clei. Then, BMDCs were observed under confocal laser scanning
microscope (A1R+, Nikon).

In Vitro DC Activation: BMDCs were plated in 6-well plates
with 1 × 106 cells per well. After 24 h, 50 μL of various formula-
tions were added in 1 × 106 naive BMDCs in complete media and
then incubated for 24 h at 37 °C with 5% CO2. BMDCs were har-
vested, washed twice with PBS and incubated with fluorophore-
labeled antibodies against CD11c, CD40, and CD86 for 40 min.
Cells were then washed twice by PBS, resuspended and analyzed
by flow cytometry (FACS Aria III, BD). The supernatant of the
culture medium was collected and used for evaluation of IL-6,
IL-1𝛽, and TNF-𝛼 by the ELISA kits.

In Vitro T Cells Activation: CD8+ T cells were isolated from
mouse spleen and sorted by flow cytometry (CD3+CD8+). CD8+

T cells were plated in 24-well plates with 1 × 105 cells per
well and cultured with 10 μL of various formulations for 48 h.
Cells were harvested, washed twice with PBS and incubated with
fluorophore-labeled antibodies against CD8, CD3 and CD62L
for 40 min. Cells were then washed twice by PBS, resuspended
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and analyzed by flow cytometry. The supernatant of the culture
medium was collected and used for the ELISA kit of IFN-𝛾 .

In Vivo Activation of DCs and T Cells: All animal experiments
were performed in accordance with the guidelines and approved
by the Animal Ethics Committee at the Tianjin University (no,
TJUE-2021-025). Female C57BL/6 mice of age 6–8 weeks were
immunized with different formulations in 100 μL volume by
subcutaneous injection at the tail base at indicated time points.
3 days after vaccination, the LNs spleens and tumors were col-
lected and prepared to obtain single cell suspensions. Cells
were stained with fluorophore-labeled antibodies against CD11c,
CD40, and CD86 for DC analysis or fluorophore-labeled antibod-
ies against CD8 CD3 for T cell analysis. The cytokines in serum
including TNF-𝛼 and IFN-𝛾 were analyzed by ELISA kits. For
antigen specific ELISPOT analysis, splenocytes were collected
and plated in ELISPOT plate with 1 × 105 cells per well and 10 μL
of B16 cell membrane formulations were added.

In Vivo Activation of Specific Cytotoxic CD8+ Cell: For the
B16OVA tumor immunotherapy model, female C57BL/6 mice of
age 6–8 weeks were subcutaneously injection 1 × 106 B16 cells.
When the tumor volume reaches ≈100 mm3, the mice were ran-
domly divided into 5 groups (3 mice per group). Mice were vac-
cinated on day 0 and 7 by subcutaneous injection of various for-
mulations. 7 days after vaccination, the splenocytes were isolated
and stained with PE-labeled SIINFEKL-MHC I tetramer. CD8+ T
cells were gated by anti-CD8𝛼-APC and anti-CD3-FITC and per-
centage of OVA257–264 specific CD8+ T cells were measured by
flow cytometry.

In Vivo Vaccination and Cancer Immunotherapy Studies: For
the B16 tumor immunotherapy model, female C57BL/6 mice of
age 6–8 weeks were subcutaneously injected with 1 × 106 B16
cells. Body weight and tumor volume was measured every day.
Tumor volume was calculated as width2 × length × 0.5. When
the tumor volume reaches ≈100 mm3, the mice were randomly
divided into 5 groups (5 mice per group). Mice were vaccinated
on day 0, 7, and 14 by subcutaneous injection of various for-
mulations. Mice were sacrificed when the tumor size reached
1000 mm3. For the B16 tumor surgical treatment model, female
C57BL/6 mice of age 6–8 weeks were subcutaneously injection 1
× 106 B16 cells. Body weight and tumor volume was measured
every day. Tumor volume was calculated as width2 × length × 0.5.
When the tumor volume reaches ≈150 mm3, the mice were ran-
domly divided into 4 groups (5 mice per group) and tumors were
surgically removed on day 10. Mice were vaccinated on day 12 and
19 by subcutaneous injection of nanovaccines prepared from au-
tologous tumor cells. Mice were sacrificed when the tumor size
reached 1000 mm3. For the TC-1 tumor lung metastasis model,
female C57BL/6 mice of age 6–8 weeks were intravenously in-
jected with 5 × 105 TC-1 cells. Mice were vaccinated on day 0, 7,
and 14 by subcutaneous injection of various formulations. Mice
were sacrificed and lungs were collected on day 30. Lung weight
was recorded and the number of metastatic nodules was counted.

In Vitro Human-Derived DC Activation: Human blood and tu-
mor sample collection was in accordance with the Tianjin Medi-
cal University Institutional Review Board (no. TJMUE-2022-007).
For the study of the therapeutic effect of human-derived ternary
membrane nanovaccines, surgically removed tumor tissue and
blood samples were collected from the same patient for three vol-
unteers. Human-derived monocytes were subsequently isolated

using a peripheral blood mononuclear cell extraction kit and in-
duced in medium containing recombinant human GM-CSF and
IL-4 cytokines to obtain human-derived immature DC cells. 50 μL
of various formulations were added in 1 × 106 immature BMDCs
in complete media and then incubated for 24 h at 37 °C with 5%
CO2. Then cells were harvested, washed twice with PBS and incu-
bated with fluorophore-labeled antibodies against CD11c, CD40,
and CD86 for 40 min. Cells were then washed twice by PBS, re-
suspended and analyzed by flow cytometry (FACS Aria III, BD).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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