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Long-Acting In Situ Cancer Vaccines by Oncolytic
STING-Activating Microgels

Hujing Tan, Jiakun Guo, Yan Wang, Wanting Chen, Zhiyuan Zhong,* and Chao Deng*

In situ cancer vaccines exploiting endogenous multiple antigens directly
from tumors to elicit broad immune responses hold great potential in
cancer treatment. However, the feeble antigen presentation and hostile
immune microenvironments pose severe challenges to acquiring clinical
benefits. Here, oncolytic STING-activating microgels (OSAM) that release
oncolytic peptide LTX-315 and STING adjuvant diABZI in a sustained manner
(>4 weeks) have been developed to elicit long-acting and powerful antitumor
immunity. OSAM induced significant upregulation of MHC I and substantial
activation of dendritic cells for more than one week. One single intratumoral
administration of OSAM markedly promoted the infiltration of cytotoxic T
lymphocytes and natural killer cells, which combining with anti-CTLA-4
microgels afforded exceptional therapeutic benefits in several different murine
tumor models with a cure rate of 40%–71%. These oncolytic STING-activating
microgels introduce a new and powerful strategy to in situ cancer vaccines.

1. Introduction

Cancer vaccines that replenish the host with tumor-reactive T
cells by improving the release, processing, and presentation of
typically exogenous tumor antigens to regain control over tumor
growth hold great promise for cancer treatment.[1,2] To avoid a
costly and lengthy process of antigen identification, in situ cancer
vaccines exploiting multiple endogenous antigens directly from
tumors to elicit broad immune responses have recently gained
increasing interest.[3–5] However, the feeble antigen presentation
and hostile immune microenvironments pose severe challenges
to acquiring clinical benefits.[6–8]

Chemotherapeutics, X-ray radiation, ablation, photothermal,
and photodynamic modalities that are able to induce immuno-
genic cell death (ICD) and tumor-specific antigens have been ex-
plored to generate in situ cancer vaccines.[9–15] The adverse effects
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on normal and immune cells, however,
might lead to severe adverse effects.[16,17]

Besides, the feeble and short-lived im-
mune activation leads to transient an-
ticancer immunity even after multiple
booster vaccinations. Tumor-specific anti-
gen processing and presentation in den-
dritic cells can be improved by the ac-
tivation of pattern recognition receptors
(PRRs) such as Toll-like receptors (TLRs),
nucleotide oligomerization domain-like re-
ceptors (NLRs), and stimulator of interferon
genes (STING).[18–22] STING agonists that
are capable of activating the STING path-
way, triggering the production of type I
interferons, and priming cytotoxic T lym-
phocytes along with natural killer cells
hold great promise as adjuvants for can-
cer vaccines.[23–27] Despite their potential ef-
ficacy, the application of STING agonists,

typically cyclic dinucleotides (CDNs), is hampered by their
low stability, limited access to cytosols, strong inflammation
at the site of injection, and systemic toxicity due to off-target
activation.[28,29]

In this contribution, we have developed oncolytic STING-
activating microgels (OSAM) that release oncolytic peptide LTX-
315 and STING adjuvant diABZI in a sustained manner as
an in situ cancer vaccine to elicit potent and long-acting anti-
tumor immunity (Scheme 1). The microgels constructed from
hyaluronic acid (HA) via microfluidic technique would afford
excellent biodegradability, injectability, and uniform sizes.[30–32]

Leveraging the strong ionic and hydrogen bonds between drugs
and HA, OSAM would provide robust loading and controlled re-
lease of both LTX-315 and diABZI. LTX-315 is employed to in-
duce tumor cell necrosis by disrupting the cell membrane, trig-
gering the release of intracellular components including tumor-
associated antigens and damage associated molecular patterns
(DAMPs).[33–35] The antigen release enabled by LTX-315 was
demonstrated in previous studies for the development of in situ
tumor vaccines.[36] The released DAMPs combined with diA-
BZI serve as adjuvants to activate the antigen presenting cells
for priming adaptive tumor-specific immune responses. Thus,
OSAM capable of simultaneous and continuous release of LTX-
315 and diABZI within tumors would be employed as potent in
situ cancer vaccines to elicit long-term antitumor immunity. No-
tably, a single intratumoral administration of OSAM markedly
promoted the infiltration of cytotoxic T lymphocytes and natu-
ral killer cells, which combining with anti-CTLA-4-loaded micro-
gels (C4M) afforded exceptional therapeutic benefits in several
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Scheme 1. Schematic illustration of oncolytic STING-activating microgels (OSAM) that release oncolytic peptide LTX-315 and STING adjuvant diABZI
in a sustained manner (> 4 weeks) as an in situ cancer vaccine to elicit long-acting and powerful antitumor immunity. A) Construction of OSAM and
anti-CTLA-4-loaded MG (C4M). B) OSAM elicits abundant tumor-specific antigens, upregulation of major histocompatibility complex class I (MHC I),
activation of dendritic cells (DCs), immune checkpoint blockade, and infiltration of cytotoxic T lymphocytes (CTLs), leading to potent and sustained
antitumor immunity.

differentmurine tumormodels with a cure rate of 40–71%. These
oncolytic STING-activating microgels open a new avenue to in
situ therapeutic cancer vaccines.

2. Results and Discussion

2.1. Microgel Construction and Drug Loading

diABZI and LTX-315-loadedmicrogels (OSAM)were constructed
through sequentially mixing diABZI and LTX-315 with micro-
gels based on hyaluronic acid derivatives (MG). MG prepared
by combining microfluidic and free radical polymerization tech-
niques presented uniform sizes with an average diameter of
70 μm, narrow distribution (CV< 2.0%), and spherical morphol-
ogy (Figure 1A). Unlike conventional CDNs STING agonists, di-

ABZI bearing pyrazol and benzimidazole groups have superior
in vivo stability and are positively charged, facilitating the cel-
lular uptake to bind with STING protein.[37] Moreover, diABZI
as a potent STING agonist has been employed to treat refrac-
tory/relapsed solid tumors and myeloid malignancies in clinical
trials. However, the clinical application of diABZI still confronts
challenges such as rapid in vivo clearance, poor tumor accumula-
tion, and systemic toxicity due to off-target activation.[38,39] Micro-
gels are assumed to provide robust encapsulation and persistent
release of diABZI, affording safe and sustained immune stimu-
lation. Leveraging strong electrostatic and hydrogen bonding in-
teractions, diABZI-loaded MG (SAM) was readily constructed by
mixing diABZI with MG for 30 min. When the theoretical drug
loading content (DLC) ranged from 2 to 6 wt.%, diABZI exhib-
ited efficient encapsulation with a drug loading efficiency (DLE)
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Figure 1. Construction and characterization of diABZI and LTX-315-loaded microgels (OSAM). A) Size and size distribution of blank microgels (MG)
determined by microscopy (n = 300). Inset: microscopy image. B) DLE and DLC of diABZI in MG (n = 3). C) DLE and DLC of LTX-315 and diABZI
(n = 3). D) Confocal laser scanning microscopy (CLSM) images of OM, SAM, and OSAM. E) Size distribution and morphology of OSAM observed
by microscopy (top) and scanning electron microscopy (bottom). F) In vitro release curves of diABZI and LTX-315 from OSAM at pH 6.5 (n = 3).
G) Anti-CTLA-4 loading in MG (n = 3). H) In vitro release curve of anti-CTLA-4 (n = 3). Scale bars: 50 μm.

of above 90% (Figure 1B). The diABZI loading level in SAM was
further improved by LTX-315 coating, in which both diABZI and
LTX-315 revealed a high DLE of ≈95% (Figure 1C). LTX-315 was
labeled with fluorescent Cy5 and positively charged rhodamine
B dye was used as a diABZI substitute to observe the drug load-
ing and distribution in microgels. Confocal imaging clearly pre-
sented that rhodamine B was evenly distributed in OSAM and
LTX-315 was dominantly located in the outer layer (Figure 1D).

The drug loading caused little influence on the size andmorphol-
ogy ofmicrogels, andOSAMdisplayed uniform size distribution,
spherical morphology, and smooth surface (Figure 1E). In vitro
drug release displayed that diABZI and LTX-315 experienced con-
trolled and sustained release from OSAM for up to four weeks
at pH 6.5 (Figure 1F). Meanwhile, anti-CTLA-4 could be simi-
larly encapsulated in microgels (C4M) by simply mixing with a
high DLE of over 95% at theoretical DLC ranging from 2% to
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Figure 2. Evaluation of immunogenic cell death (ICD) effect and immunostimulatory capacity of OSAM in B16F10 tumor cells, n = 3. A) Assay of
lactic acid dehydrogenase (LDH) leakage of B16F10 cells treated with oncolytic microgels (OM). B) CLSM images of B16F10 cells treated with different
formulations for 24 h. Scale bars: 20 μm. The cell membrane and cell nucleus were stained with Dio and DAPI, respectively. The CRT and HMGB1 were
stained with APC-labeled CRT and HMGB1 antibodies, respectively. C) Levels of ATP, HMGB1, CRT, and HSP70 in B16F10 cells after 24 h treatment.
D–G) mRNA expressions of type I IFN and inflammation-related genes (Ifn𝛼 (D), Ifn𝛽 (E), Cxcl10 (F), and Tnf𝛼 (G)) in B16F10 cells after 24 h treatment
measured by RT−qPCR. The results are expressed as the fold change relative to the corresponding level in PBS group. H) Mean fluorescence intensity
(MFI) of MHC I on the surface of B16F10 cells treated with OSAM (40 μg mL−1 LTX-315 and 2 μM diABZI) for 24 h. Data are presented as mean ±
SD and statistical significance was analyzed via one-way ANOVA with Tukey’s multiple comparison test. p value: *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.

6 wt.% (Figure 1G). At pH 6.5, anti-CTLA-4 showed a sustained
release from microgels for up to one month (Figure 1H). With
defined sizes and morphology, near-quantitative encapsulation
and durable release of various therapeutic agents (peptides, an-
tibodies, and immunomodulators), and superb injectability, the
engineered microgel systems hold significant potential for local-
regional drug delivery and immunoregulation.

2.2. Immunogenic Cell Death and Immunostimulation of OSAM
in B16F10 Cells

BlankMG induced little cytotoxicity with cell viability of over 95%
in both L929 fibroblast and B16F10 tumor cells after 48 h incu-
bation at a concentration up to 1.0 mg mL−1 (Figure S1, Sup-

porting Information), signifying its good biocompatibility. No-
tably, oncolytic microgels (OM) caused high cytotoxicity with a
half-maximal inhibitory concentration (IC50) of 18.36 μg mL−1

and equivalent apoptosis to free LTX-315 peptide in B16F10 cells
(Figure S2, Supporting Information). OM induced significant
leakage of lactic acid dehydrogenase (LDH) (Figure 2A), a rec-
ognized marker of cell membrane integrity,[40] supporting the
high activity of OM on membrane rupture and oncolytic perfor-
mance. Tumor cells lysed by oncolytic peptides generate tumor-
associated antigens (TAAs).[41] Meanwhile, co-localization analy-
sis of CLSM images revealed that B16F10 cells treated with OM
presented apparent expression of CRT on the surface andmarked
decrease of HMGB1 in the nucleus (Figure 2B). Quantitative
analysis showed that OM caused over 2-fold higher expression
of CRT and HSP70 on the cell, and also significant increase of
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ATP and HMGB1 expression outside the cells (Figure 2C), sug-
gesting that OM induced a remarkable immunogenic cell death
(ICD) with substantial DAMP release. ICD has been extensively
employed to activate the maturation of dendritic cells (DCs)[42–44]

and release TAAs for initiating the immune response via antigen
presenting cells (APCs).[45–47]

As expected, SAM significantly upregulated the expression of
interferon-𝛼 (Ifn𝛼), Ifn𝛽 related genes via activation of STING
pathway with diABZI agonist, and the expression was further
boosted to over 3.5 times higher by OSAM (Figure 2D,E),
possibly owing to that partial DNA damage by LTX-315 was
recognized and bound by cyclic guanosine monophosphate-
adenosine monophosphate synthase (cGAS) in the cGAS-
STING pathway. In addition, OSAM induced the highest ex-
pression of inflammation-related genes, such as C-X-C motif
Chemokine Ligand 10 (Cxcl10), and tumor necrosis factor-𝛼
(Tnf𝛼) (Figure 2F,G). Importantly, both LTX-315 and diABZI re-
vealed a concentration-dependent upregulation ofMHC I expres-
sion in B16F10 tumor cells (Figure S3, Supporting Information),
and OSAM afforded significantly higher MHC I expression com-
pared to OM and SAM (Figure 2H). It should be noted that MHC
I plays a critical role for antigen presentation, and the upregu-
latedMHC Imight promote the direct antigen presentation from
tumor cells to T cells, leading to subsequent T cell activation.[48–50]

2.3. Immunoactivation of OSAM in BMDCs and BMDMs

The immunoactivation effects of OSAMon bonemarrow-derived
dendritic cells (BMDCs) and macrophages (BMDMs) were fur-
ther investigated by treating the cells with the supernatant from
B16F10 cells that had been incubated with OSAM for 24 h. In
BMDCs, OM, SAM, and OSAM induced striking increase of
CD80+CD86+ DCs, and OSAM revealed the most potent activa-
tion effect, yielding over 11 times more mature BMDCs com-
pared to PBS group (Figure 3A,B). Besides, BMDCs treated
with OSAM exhibited over 2-fold increase in MHC I expres-
sion (Figure 3C), which in combination with the substantially in-
creasedmature BMDCs would largely facilitate the delivery of tu-
mor antigens from DCs to T cells. Notably, OSAM and free drug
combination (OSA) although exhibited comparable efficacy in
promoting BMDCmaturationwithin 24 h (Figure S4, Supporting
Information), OSAM capable of sustained release of LTX-315 and
diABZI afforded significantly extended DC activation for over 7
days (Figure 3D,E). Compared to PBS group, OSAM elicited sig-
nificantly higher mRNA expression of Ifn𝛽 (>10 fold), Cxcl10
(>35 fold), Il6 (>13 fold), Ifn𝛼, and Tnf𝛼 genes (Figure 3F–H;
Figure S5, Supporting Information), verifying the potential to im-
prove the immune microenvironments and recruitment of im-
mune cells. In consistent, BMDCs treated with OM, SAM, and
OSAM exhibited significantly improved levels of immunostim-
ulatory factors IL-6, TNF-𝛼, and IL-12p70 in the supernatant,
with OSAM yielding the highest concentration (Figure 3I–K). Re-
markably, BMDMs treated with SAM and OSAM significantly
increased the percentage of M1-like macrophages from 13.8%
to 56.3% and 60.9% (Figure 3L; Figure S6, Supporting Infor-
mation), respectively. In addition, OSAM afforded the highest
M1/M2 ratio of 1.5, which was comparable to OSA control while
≈6-fold higher than PBS group (Figure 3M; Figure S7, Sup-

porting Information), signifying the substantial polarization of
macrophages induced by OSAM.

2.4. In Vivo Antitumor Efficacy and Immune Regulation of OSAM

The biodistribution profile of microgel formulations was initially
explored in B16F10 tumor-bearing mice following intratumoral
administration using an in vivo imaging system (IVIS). To fa-
cilitate real-time observation, LTX-315 and anti-CTLA-4 were la-
beled with Cy7 fluorophores, while RhoB was used as a fluores-
cent surrogate for diABZI. In contrast with the rapid clearance of
free drugs (Cy7-LTX-315 and RhoB) from tumor sites with ≈30%
retention at one day post-injection, OSAM demonstrated sig-
nificantly prolonged drug retention, maintaining ≈73% of both
drugs within tumors at one day and detectable drug even after
10 days (Figure S8, Supporting Information). The sustained re-
tention pattern was similarly observed for antibody therapeutics,
where C4M showed over 80% and 18% tumor retention of anti-
CTLA-4 at one day and ten days post-administration, respectively,
in sharp contrast with almost complete elimination for free anti-
body within 2 days (Figure S9, Supporting Information).
The in vivo antitumor efficacy was assessed in immuno-

suppressive “cold” B16F10 melanoma subcutaneous model
(Figure 4A). Figure 4B shows that all MG-based formulations
following intratumoral administration displayed a gradual in-
crease in body weight of mice over time, suggesting that they
possess decent safety. On the contrary, free drug combinations
(OSA, OSA/C4) induced marked body weight loss, consistent
with previous findings that direct injection of free LTX-315 or
STING agonists frequently caused severe adverse reactions.[51,52]

In sharp contrast to swift tumor growth in PBS group, a sin-
gle intratumoral injection of OM, SAM, or OSAM displayed
significant suppression of tumor growth, affording superior
therapeutic efficacy compared to their free drug counterparts
(Figure 4C,D; Figure S10, Supporting Information). In partic-
ular, mice treated with OSAM showed remarkable tumor re-
gression with a median survival time (MST) extended to 37
days and 3 out of 7 mice complete tumor remission within
90 days. OSAM combining with C4M (OSAM/C4M) further
improved the therapeutic outcomes, leading to a cure rate of
71% (Figure 4E), suggesting a potent and long-lasting antitumor
immunity.
Tumor and immune cells were collected 7 days after i.t. ad-

ministration of different formulations for subsequent immune
response evaluation (Figure 4F). The flow cytometry measure-
ment showed that OSAM significantly upregulated the expres-
sion of MHC I in both tumor and DCs (Figure 4G,H) and
promoted the mature of DCs (CD11c+CD80+CD86+) in lymph
nodes (LNs) (Figure 4I). In addition, the number of mDCs in-
duced by OSAM/C4M was 4.2 times higher than that in the PBS
group. Notably, OSAM prominently increased the fractions of
CD8+ and CD4+ T cells in both tumors and spleens (Figure 4J,K;
Figure S11, Supporting Information), signifying the generation
of robust antitumor immunity within the tumor and the system.
The cell proportions were further improved by the introduction
of C4M (OSAM/C4M) through the inhibition of CTLA-4 immune
checkpoint on the T cells. Moreover, OSAM markedly promoted
the expression of activation markers (CD69) and proliferation

Small 2025, 21, e03561 © 2025 Wiley-VCH GmbHe03561 (5 of 13)

 16136829, 2025, 38, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202503561 by Soochow
 U

niversity, W
iley O

nline L
ibrary on [26/11/2025]. 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

http://www.advancedsciencenews.com
http://www.small-journal.com


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

Figure 3. Immunoactivation effects of OSAM on bone marrow-derived dendritic cells (BMDCs) and macrophages (BMDMs). B16F10 cells were treated
with OSAM for 24 h, and then the supernatant was added into BMDCs or BMDMs for another 24 h incubation, n = 3. A) Representative flow cytometry
graphs of CD80+CD86+ cells in BMDCs. B) Quantification of CD80+CD86+ cells in CD11c+ cells. C) MFI of MHC I in CD11c+ cells. D) Quantification
of CD80+CD86+ cells and E) MFI of MHC I in BMDCs. B16F10 cells were treated with OSAM for 24 h on days 1 through 7, and then the supernatant
was added into BMDCs for another 24 h incubation. The results are expressed as the fold change relative to the corresponding level in the PBS group.
F–H) mRNA expressions of type I IFN and inflammation-related genes (Ifn𝛽 (F), Cxcl10 (G), Il6 (H)) in BMDCs after 24 h treatment measured by
RT−qPCR. The results are expressed as the fold change relative to the corresponding level in the untreated control group. I–K) Cytokine expression
of IL-6 (I), TNF-𝛼 (J), and IL-12p70 (K) in BMDCs. (L) Representative flow cytometry graphs of F4/80+CD86+ cells in BMDMs. (M) Quantification of
M1/M2 ratios. Data are presented as mean ± SD and statistical significance was analyzed via one-way ANOVA with Tukey’s multiple comparison test.
p value: *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 4. Antitumor efficacy and immune regulation of OSAM in subcutaneous B16F10 melanoma model. A) Schematic diagram of the establishment,
treatment, andmonitoring of B16F10melanomamodel. B) Body weight. C) Average tumor growth curves. D) Individual tumor growth curves. E) Survival
curves. (B–E, n = 7). F) Schematic diagram of the establishment, treatment, and immunity analysis of B16F10 melanoma models. G) MFI of MHC I in
tumor cells. H) Matured DCs (CD80+CD86+CD11c+) in the lymph nodes. I) MFI of MHC I in DCs in the lymph nodes. J) CD8+ T cells, K) CD4+ T cells,
L) NK1.1+ cells, M) M1 macrophages (F4/80+CD86+), N) M1/M2 ratio, and O) Treg cells (CD4+CD25+FoxP3+) in the tumors. P–S) Expression levels
of proinflammatory factors including IL-1𝛽 (P), IL-6 (Q), IFN-𝛾 (R), and TNF-𝛼 (S) in the tumor lysates analyzed by ELISA. (G–S, n = 6; P–S, n = 3). Data
are presented as mean ± SD and statistical significance was analyzed via one-way ANOVA with Tukey’s multiple comparison test. p value: *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

Small 2025, 21, e03561 © 2025 Wiley-VCH GmbHe03561 (7 of 13)

 16136829, 2025, 38, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202503561 by Soochow
 U

niversity, W
iley O

nline L
ibrary on [26/11/2025]. 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

http://www.advancedsciencenews.com
http://www.small-journal.com


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

markers (Ki-67) on CD8+ T cells, which was further ampli-
fied when combined with C4M (Figure S12A,B, Supporting
Information). Importantly, although both OM and OSAM up-
regulated CTLA-4 expression in CD8+ T cells, the suppres-
sive effect was reversed upon combination with C4M, thereby
restoring cytotoxic T cell functionality (Figure S12C, Support-
ing Information). Of note, SAM and OSAM led to an over
3-fold increase in the fractions of NK1.1-positive NK cells
(Figure 4L), mainly owing to the secretion of type I IFN gen-
erated by the activation of STING pathway. The infiltration
of NK cells providing innate immunity has been reported to
largely boost the potency of the in situ vaccine.[53,54] Mean-
while, OSAM significantly decreased the proportion ofM2-TAMs
(CD45+CD11b+F4/80+CD206+), increased the proportion ofM1-
TAMs (CD45+CD11b+F4/80+CD86+) and the ratio of M1/M2
(Figure 4M,N; Figure S13, Supporting Information), confirm-
ing the efficient macrophage polarization. Besides, a marked de-
cline in regulatory T cells (Treg) was observed in the OSAM
treated mice compared to the PBS treated mice (Figure 4O). Fur-
thermore, the concentrations of IL-1𝛽, IL-6, IFN-𝛾 , and TNF-𝛼
in the tumor lysates of mice treated with OSAM were signifi-
cantly increased (Figure 4P–S), indicating an effective improve-
ment in the tumor immunosuppressive microenvironment. Im-
portantly, although a slight elevation of proinflammatory cy-
tokines in the serum was induced by OSAM (Figure S14, Sup-
porting Information), the cytokine levels remained within phys-
iologically normal ranges and were comparable to those in the
nanodrug systems with established biocompatibility.[55,56] H&E
staining further demonstrated preserved tissue architecturewith-
out detectable inflammatory infiltrates in major organs (heart,
liver, spleen, lung, and kidney) (Figure S15, Supporting Informa-
tion), indicating OSAM possessed favorable biosafety with neg-
ligible induction of inflammatory toxicity and damage to normal
tissues.
Then, we evaluated the immunotherapeutic performance of

OSAM in an immunosuppressive “cold” 4T1 subcutaneous tu-
mor model (Figure 5A). Compared to the PBS group, OSAM and
OSAM/C4M treatment significantly delayed tumor growth, ex-
tendingMST from 18 d to 38 and 52 d, respectively (Figure 5B,C).
In addition, 3 out of 7 mice treated with OSAM/C4M be-
came tumor-free within 90 d. OSAM/C4M induced ≈2-fold in-
crease of CD8+ T and CD4+ T cells in peripheral blood (PB)
(Figure 5D–F).
4T1 bilateral tumor model was established by inoculat-

ing 4T1 tumor cells on the right (primary tumor) and left
(distant tumor) sides on days −10 and −3, respectively, to
assess the therapeutic effect (Figure 5G). Both OSAM and
OSAM/C4M exhibited remarkable suppression on primary
and distant tumors (Figure 5H,I), and induced little body
weight change (Figure S16, Supporting Information). Of note,
OSAM/C4M treatment induced more than 15- and 3.5-fold in-
creases of the infiltration of cytotoxic T lymphocytes (CD3+CD8+)
and CD3+CD4+ T cells in primary and distant tumors, re-
spectively (Figure 5J,K; Figure S17A,B, Supporting Informa-
tion). Also, significant upregulation of CD8+ and CD4+ T
cells was observed in spleen, LNs, and PB (Figure 5L–N;
Figure S17C–E, Supporting Information), verifying the induc-
tion of the systemic anti-tumor immunity. Therefore, intra-
tumoral administration of OSAM demonstrates remarkable

therapeutic efficacy with minimal off-target toxicity, represent-
ing a promising strategy for the treatment of various ma-
lignant tumors such as breast cancer and melanoma. Never-
theless, imaging or surgical assistance might be required for
performing precise intratumoral delivery in many tumors,[57]

compromising the practical applications and broader clinical
translation.

2.5. Tumor Rechallenge and Anti-Tumor Immune Memory

Encouraged by the superb antitumor efficacy of OSAM and
OSAM/C4M, we then assessed the immune memory by rechal-
lenge cured mice with B16F10 melanoma cells on day 120,
using healthy mice transplanted with tumor cells serving
as a control group (Figure 6A). In contrast with fast tu-
mor growth in control group, the cured mice presented de-
layed tumor progression (Figure 6B), which was further ver-
ified by the minimal increase of tumor weight on day 18
(Figure 6C). Furthermore, OSAM and OSAM/C4M effectively
reversed spleen enlargement in B16F10 tumor-bearing mice
(Figure 6D), indicating a reduction of systemic inflammation
to the normal range,[58] which was critical to ensure safe
drug administration. In addition, mice treated with OSAM
and OSAM/C4M generated much more CD8+ effector mem-
ory T cells (TEM, CD44

+CD62L–) and CD8+ central memory
T cells (TCM, CD44

+CD62L+) in both the peripheral blood
(PB) and the spleen (Figure 6E–J). For example, OSAM and
OSAM/C4M induced around a 3-fold increase of TEM in
PB compared to PBS group, resulting in strong immune
memory.
The therapeutic performance of OSAM/C4Mwas further eval-

uated in the “hot” MC38 colon carcinoma model (Figure 6K),
a cancer characterized by clinically significant mutations and
high aggressiveness.[59,60] Notably, OSAM/C4M treatment signif-
icantly delayed tumor growth, achieving a 40% cure rate with
no recurrence observed within 90 days (Figure 6L–O). Rein-
troducing MC38 tumor cells into cured mice on day 150 re-
sulted in no tumor growth and complete survival (Figure 6P,Q),
verifying the elicitation of a strong and long-lasting immune
response.

3. Conclusion

We have developed oncolytic STING-activating microgels
(OSAM) as an in situ cancer vaccine to elicit long-acting and
powerful antitumor immunity. OSAM possesses several unique
features: i) quantitative encapsulation and gradual release of
the oncolytic peptide LTX-315 and STING adjuvant diABZI
for over 4 weeks; ii) upregulation of MHC I in cancer cells
to promote the self-presentation of tumor-specific antigens;
iii) continuous activation of BMDCs and substantial upregu-
lation of MHC I in BMDCs to improve antigen presentation
capacity; iv) one single intratumoral administration of OSAM
promoted the infiltration of cytotoxic T lymphocytes and nat-
ural killer cells to simultaneously boost innate and adaptive
immunity; v) combining with anti-CTLA-4 microgels afforded
exceptional therapeutic efficacy in several different murine
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Figure 5. Antitumor efficacy and immune regulation of OSAM in subcutaneous 4T1 breast tumor model. A) Schematic diagram for the establishment,
treatment, and monitoring of the 4T1 mouse model. B) Tumor growth curves. C) Survival curves. (B–C, n = 7). D) Representative flow cytometry graphs
of CD3+CD8+ T cells in PB. E) Quantitative analysis of CD8+ T cells in PB. (F) Quantitative analysis of CD4+ T cells in PB. (E–F, n = 5). G) Schematic
diagram of establishment, treatment, andmonitoring of the 4T1mouse bilateral tumor model. H) Primary tumor growth curves. I) Distant tumor growth
curves. J–N) Quantitative analysis of CD8+ T cells in the primary tumor (J), distant tumor (K), spleen (L), lymph nodes (M), and PB (N). H–N, n = 7.
Data are presented as mean± SD and statistical significance was analyzed via one-way ANOVA with Tukey’s multiple comparison test. p value: *p< 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.

tumor models with a cure rate of 40%–71%. These oncolytic
STING-activating microgels represent an advanced strategy to
continuously boost antigen presentation and improve immuno-
suppressive tumor microenvironments, providing persistent
and powerful in situ therapeutic cancer vaccines.

4. Experimental Section
Loading of diABZI, LTX-315 and Anti-CTLA-4: diABZI was encapsu-

lated in MG by simply mixing diABZI with MG in aqueous solution to
obtain SAM. Briefly, an MG suspension (25 mg mL−1) was mixed with an
equivalent volume of diABZI solution at theoretical DLC of 2 wt.%–6 wt.%.

Small 2025, 21, e03561 © 2025 Wiley-VCH GmbHe03561 (9 of 13)
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Figure 6. Tumor rechallenge and anti-tumor immune memory. A) Schematic diagram of the rechallenge and immunomemory analysis of B16F10
melanoma model. B) Tumor growth curves (PBS and OSAM/C4M: n = 5; OSAM: n = 3). C) Tumor weight. D) Spleen weight. E) Representative flow
cytometry graphs of TEM cells (CD44+CD62L–) and TCM cells (CD44+CD62L+) among CD3+CD8+ T cells in PB on day 18 post-rechallenge. (F) Quantita-
tive analysis of TEM cells in CD3+CD8+ T cells in PB. G) Quantitative analysis of TCM cells in CD3+CD8+ T cells in PB. H) Representative flow cytometry
graphs of TEM cells (CD44+CD62L–) and TCM cells (CD44+CD62L+) among CD3+CD8+ T cells in spleen on day 18 post-rechallenge. I) Quantitative
analysis of TEM cells in CD3+CD8+ T cells in spleen. J) Quantitative analysis of TCM cells in CD3+CD8+ T cells in spleen. K) Schematic diagram of
the establishment, treatment, and rechallenge of MC38 colorectal tumor model. L) Tumor growth curves (n = 5). M) Individual tumor growth curves.
N)Weight curves. O) Survival curves. P) Tumor growth curves following the rechallenge withMC38 cells. Q) Survival curves (Control: n= 3; OSAM/C4M:
n = 2). Data are presented as mean ± SD and statistical significance was analyzed via one-way ANOVA with Tukey’s multiple comparison test. p value:
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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At predetermined time points, the unloaded diABZI in the supernatant
was measured via high pressure liquid chromatography (HPLC). The drug
loading efficiency (DLE) and drug loading content (DLC) were calculated
according to the following formulations.

DLE (%) = Weight of drug loaded∕Total weight of feed drug

×100 (1)

DLC (wt.%) = Weight of drug loaded∕

Weight of drug and dried microgels × 100 (2)

LTX-315 was encapsulated in MG by simply mixing LTX-315 with MG in
aqueous solution to obtain OM. Briefly, a MG suspension (25 mg mL−1)
was mixed with an equivalent volume of LTX-315 solution at theoretical
DLC of 10 wt.%–30 wt.%. At predetermined time points, the unloaded
LTX-315 in the supernatant was measured via an ultraviolet spectropho-
tometer. DLE and DLC of LTX-315 were similarly calculated. OSAM was
similarly prepared by mixing SAM with LTX-315.

Anti-CTLA-4 was encapsulated into MG by dialysis replacement. To 25
mg mL−1 of MG was added anti-CTLA-4 in PBS solution (pH 7.4, 10 mM)
at theoretical loading contents of 2 wt.%–6 wt.%. Then, the mixture was
dialyzed six times using a phosphate buffer (PB) solution (pH 5.0). The
dialysis medium was refreshed every hour. The anti-CTLA-4-loaded MG
suspension was then mixed with tannic acid (2 mg mL−1) to stabilize the
antibody loading. The unloaded anti-CTLA-4 in supernatant solution was
detected using bicinchoninic acid (BCA) protein assay kit. DLE and DLC
of anti-CTLA-4 were similarly calculated.

To evaluate drug distribution in MG, positively charged rhodamine B
dye was used as a diABZI substitution, and MG and LTX-315 were labeled
with Cy7 and Cy5, respectively. The OSAM solution added on the glass
slide was covered with a coverslip, followed by the observation using con-
focal laser scanning microscopy (CLSM).

In Vitro Drug Release of diABZI, LTX-315, and Anti-CTLA-4: In vitro re-
lease of diABZI and LTX-315 from OSAM was carried out in PBS (pH 6.5,
10 mM). Briefly, 100 μL of OSAM (25 mg mL−1 MG) was placed in the
insert of transwell plates. Then, 1.0 mL of PBS was added to the plates to
immerse OSAM. The plates were placed on a shaking table at 37 °C and
100 rpm. At predetermined time points, the release medium was collected
and refreshed with PBS (1.0 mL). The amount of diABZI and LTX-315 in
the releasemediumwasmeasured with high pressure liquid chromatogra-
phy andUV spectrophotometer, respectively. In vitro release of Cy3-labeled
anti-CTLA-4 from anti-CTLA-4@MG was carried out in PBS (pH 6.5, 10
mM). The antibody amount in the release medium was measured with a
multifunctional microplate reader.

In Vitro Expression of MHC I: After inoculating in 6-well plates for
12 h, B16F10 cells (2 × 105) were treated with PBS, OM, SAM, or
OSAM for 24 h. Then, the cells were collected and stained with anti-
H-2Kb/H-2Db-PE (clone: 28-8-6) antibody, and the mean fluorescence
intensity corresponding to MHC I expression was analyzed by flow
cytometry.

In Vitro DC Activation: All animal experiments were approved by the
Animal Care and Use Committee of Soochow University, and all proto-
cols of animal studies conformed to the Guide for the Care and Use of
Laboratory Animals (202303A0879). Bone marrow-derived dendritic cells
(BMDCs) were extracted from the leg bones of healthy female C57BL/6J
mice to investigate the in vitro activation of dendritic cells (DCs). B16F10
cells (2 × 105) were treated with PBS, OM, SAM, or OSAM (diABZI: 1
μM, LTX-315: 20 μg mL−1) for 24 h, and then the supernatant was added
to BMDCs cells seeded in 12-well plate (2 × 106/well). After 24 h incu-
bation, the immune cells were collected, blocked on ice with anti-mouse
CD16/32 for 30 min, and then incubated with anti-CD11c-FITC, anti-
CD80-APC (clone: 16-10A1), anti-CD86-PE-Cy7 (clone: 53-6.7) and anti-H-
2Kb/H-2Db-PE (clone: 28-8-6) antibodies for 30 min. After washing with
PBS, the proportion of mature BMDCs (CD11c+CD80+CD86+, MHC I)

was assessed using flow cytometry. The culture medium was harvested
for the detection of the cytokines including IL-6, TNF-𝛼, and IL-12p70 by
ELISA.

To investigate the sustained stimulation of BMDCs by OSAM, B16F10
cells (2 × 105) were inoculated into the lower chamber of Transwell plate
for 12 h and then treated with OSAM loaded in the upper chamber for 24
h. The OSAM in the upper compartment of the Transwell plate was then
transferred to a fresh Transwell plate pre-inoculated with B16F10 cells (2
× 105), and the supernatant was added to the BMDCs inoculated with the
12-well plate (2 × 106). After incubation for 24 h, the immune cells were
collected and stained. This process was repeated for 7 times to investigate
the long-term immunostimulation of OSAM in BMDCs.

In Vivo Tumor Therapy: The in vivo antitumor effects of different for-
mulations were evaluated in subcutaneous B16F10, MC38, and 4T1 mod-
els. When the tumor volume was ≈75 mm3, a single i.t. administration
(50 μL) of different formulations (LTX-315: 45mg kg−1; diABZI: 2 mg kg−1;
anti-CTLA-4: 2 mg kg−1) was administered on day 0. The tumor volume
was measured and calculated as follows: tumor volume = width2 × length
× 0.5. The weights of the mice were recorded every other day. Mice were
considered to have reached the endpoint of the study if they died, lost
more than 15% of their initial body weight, or if the tumor volume reached
1500 mm3 during treatment.

To assess immune memory, cured mice received a secondary injection
of tumor cells (B16F10: 3.0 × 105; MC38: 1.0 × 106) in the left flank. Tumor
volume and body weight of the mice were measured every 3 days during
the experiment. Upon tumor volume reaching 1500 mm3 in the control
group, all mice were euthanized, and the peripheral blood and spleen were
collected for the analysis of memory T cell phenotypes.

Immune Analysis of B16F10 and 4T1 Models: Following treatment,
the tumors, spleens, and lymph nodes were harvested and ground to
obtain single cell suspensions. Then, the cells were stained with cor-
responding antibodies (Biolegend): anti-CD45-PerCP/Cy5.5 (clone: 30-
F11), anti-CD45-APC (clone: 30-F11), anti-CD3-FITC (clone: 17A2), anti-
CD8-PE/Cy7 (clone: 53-6.7), anti-CD4-PE (clone: GK1.5), anti-NK1.1-
PerCP/Cy5.5 (clone: PK136), anti-CD80-APC (clone: 16-10A1), anti-CD86-
PE/Cy7 (clone: GL-1), anti-CD11b-FITC (clone: M1/70), anti-CD11c-FITC
(clone: N418), anti-CD206-APC (clone: C068C2), anti-F4/80-PE (clone:
BM8), anti-Foxp3-AF647 (clone: 150D), anti-CD25-PE/Cy7 (clone: PC61),
and anti-H-2Kb/H-2Db-PE (clone: 28-8-6). Flow cytometric analysis was
then performed.

Statistical Analysis: All the experimental data were statistically ana-
lyzed, and the results were expressed as amean± standard deviation (SD),
n ≥ 3. GraphPad Prism (version number: 9.0) software was used for sta-
tistical analysis. Statistical significance was calculated via a two-tailed Stu-
dent’s t-test for two-group comparisons. Statistical differences were de-
termined using one-way two-sided analysis of variance (ANOVA) for mul-
tiple comparisons. Statistical significance was set as follows: *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001, and ns denotes no significant
difference.

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