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ABSTRACT: The clinical efficacy of cancer vaccines is closely related to
immunoadjuvants that play a crucial role in magnifying and prolonging
the immune response. Muramyl dipeptide (MDP), a minimal and
conserved peptidoglycan found in almost all bacteria, can trigger robust
immune activation by uniquely antagonizing the nucleotide-binding
oligomerization domain 2 (NOD2) pathway. However, its effectiveness
has been hindered by limited solubility, poor membrane penetration, and
rapid clearance from the body. Here, we introduce MDP-presenting
polymersomes as artificial nanobacteria (NBA) to boost the antitumor
immune response. The NBA, featuring abundant MDP molecules,
induces superior stimulation of immune cells including macrophages and
bone marrow-derived dendritic cells (BMDCs) compared to free MDP, likely via facilitating immune cell uptake and cooperatively
stimulating systemic NOD2 signaling. Importantly, systemic administration of NBA significantly enhances the chemo-
immunotherapy of B16-F10 melanoma-bearing mice pretreated with doxorubicin by reversing the immunosuppressive tumor
microenvironment. Furthermore, NBA carrying ovalbumin and B16-F10 cell lysates induces robust OVA-IgG antibody production
and effectively inhibit tumor growth, respectively. The artificial nanobacteria hold great promise as a potent systemic
immunoadjuvant for cancer immunotherapy.
KEYWORDS: chemo-immunotherapy, immunoadjuvant, tumor microenvironment, polymersomes, cancer vaccines

1. INTRODUCTION
Cancer vaccines involve utilizing tumor antigens to stimulate the
patient’s adaptive immune system for immune recognition and
elimination of tumor cells, thereby revolutionizing tumor
immunotherapy.1,2 Efficient antigen presentation by antigen-
presenting cells (APCs), such as dendritic cells (DCs), to T
leukocytes facilitates tumor inhibition.3 Current approaches
focus on vaccine formulation, with an emphasis on codelivering
immunoadjuvants to enhance immune responses.4,5 Various
types of immunoadjuvants, including toll-like receptor (TLR)
agonists, NOD-like receptor (NLR) agonists, stimulators of the
interferon genes (STING) pathway, exosomes, as well as
metallic or plant-derived immunoadjuvants, have been con-
firmed for their immunological effects.6−10 Despite the
significant achievements of immunoadjuvant-assisted cancer
vaccines in tumor regression and extended survival, the ongoing
challenge of insufficient immunogenicity remains a critical
obstacle.11

Nucleotide-binding oligomerization domain 2 (NOD2) has
the potential to enhance the currently restricted array of vaccine
adjuvants, owing to its extensive immunomodulatory effects.12

Muramyl dipeptide (MDP), a minimal and conserved
peptidoglycan found in nearly all bacteria, is recognized as a
pathogen-associated molecular pattern (PAMP) that offers
distinct advantages as an immunoadjuvant compared to

traditional agents.12,13 For instance, MDP has been shown to
possess the capability to stimulate both humoral and cellular
immune responses.14 The recognition of MDP initiates
downstream signaling cascades, such as the mitogen-activated
protein kinase (MAPK), AP-1, and nuclear factor κB (NF-κB)
pathways, through self-oligomerization mediated by NOD2,
resulting in a pathogen recognition and immune response.15−17

Furthermore, MDP has demonstrated effectiveness as an
immunoadjuvant for chemotherapy.18−20 Nevertheless, clinical
utilization of MDP has been hindered by challenges including
limited solubility, poor membrane penetration, and rapid
clearance from the body.21 Enhancing the lipophilicity of
MDP presents a promising strategy to augment its pharmaco-
logical properties.22 Liposomes, as highly effective lipophilic
drug carriers, can enhance drug bioavailability by incorporating
lipophilic MDP analogs into their lipid bilayers to facilitate
targeted drug delivery.23−25 However, the rapid clearance of
liposomal MDP formulations from circulation remains a
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significant hurdle, with only a minute fraction of the
administered dosage persisting in the plasma after 5 min.26

Potential drug leakage during circulation due to liposome
instability further exacerbates this challenge.27,28 Consequently,
the development of well-defined MDP delivery platforms with
enhanced structural stability for cancer vaccination aimed at
eliciting a controlled, yet potent, tumor-specific T-cell response
represents a pivotal area for further exploration.

Here, we reportMDP-presenting polymersomes (PS) utilized
as artificial nanobacteria (NBA) to boost systemic NOD2
activation and the antitumor immune response. The surface of
the PS is decorated with hydrophilic poly(ethylene glycol)
(PEG) molecules, while the membrane comprises hydrophobic
segment poly(trimethylene carbonate-co-dithiolane trimethy-
lene carbonate) (P(TMC-DTC)). The dithiolane groups in the
membrane participate in cross-linking during the self-assembly
process, resulting in excellent stability in storage and in
circulation while rapidly dissociating in the reducing environ-
ment inside cells.29 The incorporation of doxorubicin (DOX)
results in the initial liberation of tumor antigens through
chemotherapy-induced immunogenic cell death (ICD). Sub-
sequently, MDP-containing NBA facilitates the maturation of

DCs and enhances antigen presentation while concurrently
promoting the secretion of proinflammatory cytokines that are
beneficial for T-cell activation. Furthermore, NBA facilitates the
repolarization of M2 macrophages into M1 macrophages,
synergistically inhibiting tumor growth in a B16-F10 melanoma
model (Figure 1a). Moreover, NBA serves as carriers capable of
delivering antigens to antigen-presenting cells, effectively
reducing tumor development. These artificial nanobacteria
represent a novel platform for cancer immunotherapy.

2. EXPERIMENTAL SECTION
2.1. Preparation and Characterization of NBA. To prepare

NBA with a surface density of 38.5% MDP, a mixture consisting of 100
μL of poly(ethylene glycol)-b-poly(trimethylene carbonate-co-dithio-
lane trimethylene carbonate) (PEG-P(TMC-DTC) (2.2 kg/mol) and
MDP-PEG-P(TMC-DTC) (2.5 kg/mol) at a 1:1 mass ratio (molar
ratio, 9.1:8) inN,N-dimethylformamide (DMF, 40 mg/mL) was added
to phosphate-buffered saline (PBS, pH 7.4, 10 mM, 900 μL) under
stirring at 300 rpm. After stirring at room temperature (RT) for 10 min,
the resulting dispersion was dialyzed against PBS (pH 7.4, 10mM) for 6
h (MWCO3 kDa) to removeDMF. The size distribution wasmeasured
by dynamic light scattering (DLS) and transmission electron
microscopy (TEM). The theoretical surface density was calculated to

Figure 1. Preparation of nanobacteria (NBA) and activation of macrophage inflammatory signaling pathway byNBA in vitro. (a) Schematic illustration
of the construction of NBA for enhancing chemo-immunotherapeutic efficiency. Mice receiving chemotherapy caused tumor immunogenic cell death
(ICD) and released tumor antigens. After systemic injection, NBA could promote the maturation and antigen presentation of DC cells for activating
the tumor-infiltrating T-cells, while NBA repolarized M2 macrophages to M1 macrophages. Ultimately, NBA improved the efficacy of chemotherapy
and reversed the tumormicroenvironment (TME). (b, c) NBA induced the proinflammatory signals upregulation in RAW264.7 macrophages (n = 3).
(b) ThemRNA expression levels of IL-1β and IL-6 were analyzed by RT-PCR (n = 3), and (c) the secreted cytokines in the supernatant were analyzed
by ELISA; p value: ***p < 0.001; ****p < 0.0001.
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be 46.8%. As a blank control, we employed NBA with a surface density
of 0% and subsequently evaluated the MDP concentration on the
surface of this NBA by using the micro-BCA assay. The measured
concentration of MDP was observed to be 82.3% of the theoretical
concentration, leading to the conclusion that the actual surface density
was estimated to be 38.5%.
2.2. Evaluation of RAW 264.7 Cell Activation by NBA. RAW

264.7 cells were cultured in six-well plates (1 × 106/well). After 12 h,
the RAW 264.7 cells were respectively incubated with PBS, free MDP,
or NBA (MDP, conc. 10 μg/mL, n = 3) at 37 °Cwith 5% CO2. After 24
h, the culture medium was collected, and the concentrations of IL-1β
and IL-6 were determined using ELISA kits. The mRNA expression of
IL-1β, and IL-6 was determined using RT-PCR.
2.3. Evaluation of BMDC Activation by NBA. Immature bone

marrow-derived dendritic cells (BMDCs) were cultured in 24-well
plates (2 × 106/well). After 8 h, the BMDCs were incubated with PBS,
free MDP at 1 μg/mL (low) or 10 μg/mL (high), and NBA at 1 μg
MDP equiv/mL (low) or 10 μg MDP equiv/mL (high) at 37 °C with
5% CO2 (n = 3). After 24 h, the cells were centrifuged and washed with
FACS buffer (1% FBS in PBS), blocked with anti-mouse CD16/32 at
RT, and then stained with CD11c-FITC, CD80-APC, CD86-PE, and I-
A/I-E (MHC-II)-PerCP/Cy5.5 for 20 min at RT. The cells were then
washed twice with FACS buffer and detected by flow cytometry. The
culture medium was harvested for TNF-α and IFN-β ELISA assay.
2.4. Evaluation of the Antitumor Efficacy of NBA. C57BL/6

mice were inoculated subcutaneously with 2 × 105 B16-F10 cells in the
right flank of each mouse on day −6 (n = 8) and randomly divided into
PBS, NBA (1mgMDP equiv/kg, i.v.), chemo (100 μg DOX per mouse,
i.t.), chemo & MDP (combining DOX with free MDP, MDP 1 mg/kg,
i.v.) and chemo & NBA groups. Three groups involving chemotherapy
were administrated with chemotherapeutic drug at days 0, 3, and 6.
MDP or NBA were treated on days 1, 4, 7, 10, and 13. Five mice were
randomly selected to monitor tumor growth (n = 5), while the other
three were used to analyze the serum cytokines and immune cells in
tumor tissue (n = 3). DOX was delivered through encapsulation within

PS that was formulated using PEG-P(TMC-DTC), achieving an actual
drug loading content of 9.7%. Tumor growth was monitored every 3
days, and tumor volume was calculated by the following equation:
tumor volume = length × width2 × 0.5. The serum concentrations of the
proinflammatory cytokines TNF-α, IL-1β, and IL-6 on day 8 were
determined using ELISA kits (n = 3).
2.5. Regulation of Immunosuppressed TumorMicroenviron-

ment (TME) by NBA. Three mice of each treatment group were
randomly selected and sacrificed on day 8. According to the protocol,
single-cell suspensions of tumor tissue were prepared and lymphocytes
were obtained by centrifugation after treatment with lymphocyte
isolation solution.30 Subsequently, the proportion of immune cells was
analyzed using the isolated lymphocytes. Lymphocytes were blocked
with anti-mouse CD16/32 at RT and stained with (i) CD11c-FITC,
CD86-PE, and CD80-APC to analyze the DCs, (ii) CD11b-FITC, F4/
80-PE, and CD206-APC to analyze the macrophages, and (iii) CD8-
FITC, CD4-PE, and CD3-APC to analyze the infiltrating T-cells. The
cells were then washed twice with FACS buffer and analyzed via flow
cytometry.
2.6. Protective Effects of NBA@Ag. Tumor cell lysate acquisition

and loading methods were consistent with our previous report.31

C57BL/6 mice (n = 3) were immunized with PBS, PS@OVA (OVA, 1
mg/kg, s.c.) NBA@OVA (one vac, bothMDP and OVA were 1 mg/kg,
s.c.), NBA@OVA (two vac, s.c.), or Positive control (complete
Freund’s adjuvant, 100 μg per mouse, OVA 1mg/kg, s.c.) on days 0 and
7. The serum concentration of OVA-IgG on days 7 and 14 was
determined using an ELISA kit.

For the prophylactic study, C57BL/6 mice (n = 3) were immunized
with PBS, PS@Ag (Ag from B16-F10 cell lysates, 1 mg/kg, s.c.) NBA@
Ag (one vac, both MDP and Ag were 1 mg/kg, s.c.), or NBA@Ag (two
vac) on days 0 and 7. Then, mice were subcutaneously inoculated with
2 × 105 B16-F10 cells in the right flank on day 14. Tumor growth was
monitored every other day.
2.7. Statistical Analysis. All of the data are presented as the mean

± standard deviation (SD). Unless otherwise indicated, significant

Figure 2. Immunostimulatory effects of NBA on BMDCs in vitro. (a) Representative flow cytometry plots. Thematuration and antigen presentation of
BMDCs promoted by PBS, freeMDP, and NBAwere analyzed via quantifications of (b) CD80+ CD86+ in CD11c+ cells and (c)MHC-II+ on BMDCs
(n = 3). (d) Cytokines of TNF-α and IFN-β in the supernatant were measured by ELISA (n = 3), and n.d means not detected; p value: ***p < 0.001;
****p < 0.0001.
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Figure 3.TheNBA efficiently inhibits tumor growth and improves survival of tumor-bearingmice. (a) Timeline for experimental design to evaluate the
in vivo therapeutic performance of NBA enhancing chemotherapy efficacy. C57BL/6 mice were inoculated subcutaneously with 2 × 105 B16-F10 cells
in the right flank of each mouse on day −6 (n = 8) and randomly divided into PBS, NBA (i.v., 1 mg/kg), chemo (DOX loaded in PS with 9.7% content,
100 μg per mouse, i.t.), chemo & MDP (combining DOX with free MDP, MDP 1 mg/kg, i.v.) and chemo & NBA groups. (b−e) Five mice were
randomly selected tomonitor tumor growth (n= 5). (b) Relative tumor volume growth curve, (c) individual tumor growth curves, (d) survival curve of
the treatment group, and (e) relative body weight curve. (f) The other three mice were used to analyze serum cytokines; serum concentrations of TNF-
α, IL-1β, and IL-6 on day 8 were detected via ELISA (n = 3); p value: ** p < 0.01; *** p < 0.001; **** p < 0.0001.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c13041
ACS Appl. Mater. Interfaces 2024, 16, 61655−61663

61658

https://pubs.acs.org/doi/10.1021/acsami.4c13041?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13041?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13041?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c13041?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c13041?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


differences among groups were evaluated by one-way ANOVA with

Tukey multiple comparison tests, and the survival rate was analyzed by

the Kaplan−Meier method with a log-rank test for comparison using

GraphPad Prism (version 8). p value: *p < 0.05; **p < 0.01; ***p <

0.001, and ****p < 0.0001.

Figure 4.NBA reverses the immunosuppressive TME. Three mice were randomly selected from each group of the treatment experiment on day 8, and
lymphocytes in tumor tissues were obtained using lymphocyte isolation solution and analyzed via flow cytometry (n = 3). (a) Representative flow
cytometry plots and quantification of (b, c) DCs, (d, e) macrophages, and (f, g) T-cells; p value: *p < 0.05; **p < 0.01; ****p < 0.0001.
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3. RESULTS AND DISCUSSION
3.1. Preparation of Artificial Nanobacteria. MDP-PEG-

P(TMC-DTC) was synthesized according to our previous
report,15 and its structure was confirmed by 1H NMR (Figures
S1−S3). The NBA was fabricated through co-self-assembly of
PEG-P(TMC-DTC) (Mn = 5.0−17 kg/mol) and MDP-
functionalized PEG-P(TMC-DTC) (Mn = 7.5−17 kg/mol) at
various ratios in PBS (pH 7.4, 10 mM), followed by dialysis
(Figure 1a). To ensure the exposure of MDP on the outer
surface, a longer PEG chain was utilized in MDP-PEG-P(TMC-
DTC) compared to PEG-P(TMC-DTC). The surface density of
MDP on NBA could be determined by micro-BCA assays with
reference to the established standard curve. NBA with MDP
densities ranging from 14.6% to 38.5% could be readily
obtained. All NBA exhibited a small size of approximately 43
nm (Table S1, Figure S4a). Variations in the surface densities of
MDP do not influence the stability of PS. This stability arises
from the cross-linking of disulfide bonds within the DTC groups
(Figure S4b,c), which has been thoroughly investigated in our
prior reports.32,33

3.2. NBA Efficiently Stimulates Immune Cells. Given
that MDP primarily stimulates the transduction of the NOD2
signaling pathway in monocytes, we evaluated the immunosti-
mulatory effects of NBA on RAW 264.7 macrophages.
Interestingly, Figure S5 shows that the endocytosis of NBA
had a positive correlation with the surface density of MDP. The
secretion of IL-6 and IL-1β is closely associated with the
activation of the NOD2 pathway, which signifies the engage-
ment of the NF-κB and MAPK signaling cascades that are
downstream of NOD2.16,34 As illustrated in Figure 1b,c, the
modification of NBA with MDP on its surface resulted in an
increased level of expression of these cytokines, evidencing a
robust activation of the NOD2 pathways.

DCs serve as the primary APCs that play a crucial role in
connecting innate and adaptive immune responses. We
evaluated the effect of NBA on the maturation of BMDCs
(Figure S6). The BMDCs were treated with either free MDP or
NBA for 24 h. Two concentrations of MDP, 1 μg/mL (low) and
10 μg/mL (high), were utilized in the study. The results revealed
that both concentrations of free MDP were capable of activating
BMDCs to a certain extent (Figure 2a,b). Notably, treatment
with NBA at a concentration equivalent to 10 μg MDP/mL
significantly upregulated the expression of the costimulatory
molecules CD80 and CD86, indicating a stimulatory effect of
NBA on BMDC maturation. Such treatment also resulted in a
1.6-fold increase in the expression of major histocompatibility
complex class II (MHC-II) molecules (Figure 2c). Furthermore,
in sharp contrast to free MDP, NBA induced the notable
secretion of inflammatory cytokines from BMDCs. Treatment
withNBA at concentrations equivalent to 1 and 10 μgMDP/mL
led to significant increases in tumor necrosis factor alpha (TNF-
α) levels, compared to controls treated with free MDP or
phosphate-buffered saline (PBS) (Figure 2d). Given the
bacterial origin of MDP, the ability of MDP to induce an anti-
infection response was assessed by measuring interferon-β
(IFN-β) secretion. NBA treatment significantly enhanced IFN-β
secretion compared with minimal IFN-β release observed with
free MDP. The findings suggest that NBA amplifies the
proinflammatory effects of MDP in DCs by boosting the innate
immune response. The production of cytokines stimulated by
MDP and NBA in RAW 264.7 cells and BMDCs is illustrated in
Table S2. Given that NBA exhibiting a higher MDP density

demonstrates enhanced uptake and activation of BMDCs,
subsequent experiments, unless stated otherwise, utilized NBA
with an MDP density of 38.5%.
3.3. NBA Enhances Chemo-Immunotherapy. Enhancing

the release of tumor antigens and improving the efficiency of
antigen presentation by APCs are essential for the development
of safe and effective in situ tumor vaccines.35 DOX could induce
ICD, which leads to the release of tumor-associated antigens and
the initiation of antitumor immunity.36−38 Here, we investigated
the potential of NBA to enhance the chemo-immunotherapy of
malignant murine melanoma in combination with DOX. B16-
F10-bearing mice were treated with PBS, NBA, DOX (chemo),
the combination of DOX and free MDP (chemo & MDP), and
the combination of DOX and NBA (chemo & NBA),
respectively. DOX was encapsulated in PS formed by PEG-
P(TMC-DTC)with a 9.7% loading content39 and administrated
intratumorally at a dose of 100 μg DOX per mouse on days 0, 3,
and 6, while NBA and freeMDPwere intravenously injected at a
dose of 1 mg MDP equiv/kg on days 1, 4, 7, 10, and 13 (Figure
3a). DOXwas given 1 day earlier thanNBA to generate ICD and
amplify immune response. The results demonstrated that NBA
alone exhibited minimal antitumor activity, and the addition of
free MDP did not enhance the efficacy of chemotherapy (Figure
3b,c). In contrast, NBA significantly augmented the antitumor
performance of DOX. Consequently, the chemo & NBA group
significantly prolonged the survival of tumor-bearing mice
compared to the chemo and chemo&MDP groups (Figure 3d).
All treatment regimens led to negligible variations in body
weight (Figure 3e). The NBA exhibited no significant cytotoxic
effects on normal cells (Figure S7). Furthermore, throughout
the entire in vivo experiment, no adverse effects were noted in
the mice, including lethargy or alterations in posture, indicating
that NBA containing a high density of MDP does not induce
obvious inflammatory side effects. Analysis of cytokines in
plasma on day 8 showed that the chemo & NBA group
significantly elevated the secretion of TNF-α, IL-1β, and IL-6
compared to all control groups (Figure 3f). These findings
collectively indicate that NBA substantially enhances the
therapeutic efficacy of chemotherapy.
3.4. NBA Reverses the Immunosuppressive Tumor

Microenvironment. The immunosuppressive tumor micro-
environment (TME), characterized by a scarcity of proin-
flammatory immune cell infiltration and a high prevalence of
suppressive immune cells, plays a significant role in fostering
drug resistance and immune escape.40 Therefore, the status of
tumor-infiltrating immune cells was investigated (Figure S8).
The combination treatment of chemo & NBA led to a 2.2-fold
increase in DC infiltration and a 3.0-fold increase in the
proportion of mature DCs within the tumor tissue compared to
the chemo group (Figure 4a−c). Tumor-associated macro-
phages (TAMs), often identified as M2-type macrophages,
actively support tumor growth while inhibiting cytotoxic T-cell
responses.41 Notably, NBA intervention led to a 1.7-fold
reduction in the population of M2-type macrophages in
comparison to chemotherapy alone (Figure 4d,e). Furthermore,
the combination therapy of chemo & NBA also triggered a
significant increase in tumor-infiltrating T-cells including CD8+

effector T-cells and CD4+ T helper cells (Figure 4f,g),
demonstrating that NBA enhanced the systemic immune
response and reversed the immunosuppressive TME. The
antitumor mechanism of chemo & NBA involves tumor
reduction and ICD induction by chemo to facilitate the release
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of tumor antigens and activation of APCs by NBA, thereby
eliciting a specific antitumor immune response.
3.5. NBA Encapsulating Antigens as Prophylactic

Tumor Vaccines. We further investigated whether NBA
could also be employed to formulate prophylactic tumor
vaccines to augment the presentation of tumor antigens by
DCs. Utilizing the charge interaction of spermine-functionalized
PEG-P(TMC-DTC), the antigen was encapsulated within the
internal cavity of NBA to form an NBA@Ag tumor vaccine
(Figure 5a). The lysate or antigen could be entirely encapsulated
within the aqueous core of NBA at a drug loading content of 1%,
resulting in NBA@Ag with a size of 58 nm, consistent with our
prior studies.15,29,31 The DTC engages in a reversible cross-
linking reaction during the assembly process. This cross-linking
will be quickly dissociated in the reducing environment of the

cytoplasm, consequently facilitating the release of the
encapsulated lysate or antigens.31 Figure 5b shows that antigens
could be efficiently delivered into BMDCs by NBA. Given the
well-documented anti-infective immune response elicited by
MDP, we initially assessed the ability of NBA@Ag to induce an
antibody response in vivo. The model antigen OVA was loaded
into NBA and injected subcutaneously at the tail base on days 0
and 7, and the serum levels of OVA-IgG were analyzed on days 7
and 14 (Figure 5c). Immunization resulted in a significant
elevation in the OVA-IgG antibody level, comparable to those
seen in the Positive control group (Figure 5d). Tumor cell
lysates are derived fromwhole tumor cells that contain abundant
tumor-specific antigens (TSAs), allowing induction of a broad
antitumor immunity to minimize cancer immune escape caused
by tumor heterogeneity. Subsequently, tumor cell lysates were

Figure 5.NBA@Ag serves as a prophylactic tumor vaccine to protect the tumor from progressing. (a) Schematic illustration of NBA encapsulating Ag
to form NBA@Ag. (b) CLSM image illustrating the delivery of antigens by NBA@OVA to BMDCs. Scale bar: 20 μm. (c) Timeline for NBA@OVA
inducingOVA-IgG production in vivo. C57BL/6mice (n = 3) were immunized with PBS, PS@OVA (OVA, 1mg/kg, s.c.), NBA@OVA (one vac, both
MDP andOVAwere 1mg/kg, s.c.), NBA@OVA (two vac, s.c.), and Positive control (complete Freund’s adjuvant, 100 μg permouse, 1mg/kg, s.c.) on
days 0 and 7. Serumwas obtained for ELISA assay at days 7 and 14. (d) Serum concentration of OVA-IgG on days 7 and 14. (e) Timeline for NBA@Ag
preventing melanoma model growth. C57BL/6 mice (n = 3) were immunized with PBS, PS@Ag (Ag from B16-F10 cell lysates, 1 mg/kg, s.c.), NBA@
Ag (one vac, both MDP and Ag were 1 mg/kg, s.c.), and NBA@Ag (two vac, s.c.) on days 0 and 7, then inoculated subcutaneously with 2 × 105 B16-
F10 cells in the right flank of each mouse on day 14. (f) The tumor volume curve was monitored; p value: *p < 0.05; **p < 0.01.
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incorporated into NBA using a previously reported method,31

and mice were immunized subcutaneously at the tail base before
being challenged with B16-F10 cells (Figure 5e). Remarkably,
NBA@Ag exhibited a pronounced inhibition of tumor growth,
with two immunizations demonstrating a stronger preventive
effect compared to a single immunization (Figure 5f).

4. CONCLUSION
In conclusion, the artificial NBA that we have developed has
proven effective in augmenting MDP utilization for NOD2
stimulation. NBA has demonstrated the ability to significantly
increase the expression of proinflammatory genes and the
secretion of cytokines associated with innate immunity.
Moreover, NBA has shown promise in promoting the
maturation of DCs and facilitating antigen presentation, thereby
enhancing the adaptive immune response. When employed in
the context of antitumor therapy, NBA enhances the therapeutic
effect of chemotherapy and remodels the immunosuppressive
TME. Additionally, NBA loaded with tumor antigens has
exhibited prophylactic effects against tumorigenesis. The
artificial nanobacteria present themselves as a potent systemic
immunoadjuvant for activating NOD2 systemically and hold
significant potential for the field of cancer immunotherapy.
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