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Interstitial hypertension and extracellular matrix (ECM) barriers imposed by cancer-associated fibrob-
lasts (CAFs) at the tumor site significantly impede the retention of intratumorally administered oncolytic
viruses (OVs) as well as their efficacy in infecting and eradicating tumor cells. Herein, a stable, control-
lable, and easily prepared hydrogel was developed for employing a differential release strategy to deliver
OVs. The oncolytic herpes simplex virus-2 (oH2) particles were loaded within sodium alginate (ALG), to-
gether with the small molecule drug PT-100 targeting CAFs. The rapid release of PT-100 functions as an
anti-CAFs agent, reducing ECM, and alleviating interstitial pressure at the tumor site. Consequently, the
delayed release of oH2 could more effectively invade and eradicate tumor cells while also facilitating en-
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Hydrogel hanced infiltration of immune cells into the tumor microenvironment, thereby establishing an immuno-
P‘ffere”tl'al release logically favorable milieu against tumors. This approach holds significant potential for achieving highly
mmunology

efficient oncolytic virus therapy with minimal toxicity, particularly in tumors rich in stromal components.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Oncolytic viruses (OVs) are a promising emerging class of an-
ticancer immunotherapies that exploit the innate ability of certain
replication-competent viruses to infect and preferentially lyse tu-
mor cells while leaving non-neoplastic cells intact [1,2]. In recent
years, OVs immunotherapy has thrived in the field of tumor treat-
ment, with numerous clinical and basic studies being continuously
reported [3-8]. A growing body of evidence suggests that the cy-
totoxic effect of OVs on tumor cells is not solely attributed to di-
rect lysis, but rather involves a complex regulatory mechanism that
integrates multiple pathways [9,10]. The mechanisms encompass
the modulation of alterations in both the tumor microenvironment
(TME) and macroenvironment, as well as CD8* T cell-mediated
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specific immune responses and innate immune cellular responses
[11-13].

The current clinical use of OVs products is limited to four ap-
proved options, all of which are exclusively administered via intra-
tumoral injection [14]. Intratumoral administration allows precise
control of OVs concentrations in the TME, resulting in better ther-
apeutic outcomes [1,14]. However, the intricate TME, characterized
by an abundance of extracellular matrix (ECM) and elevated inter-
stitial pressure at the tumor site, poses a challenge for intratumoral
administration of OVs as it may result in nonspecific shedding into
adjacent healthy tissues, thereby potentially leading to adverse re-
actions, such as mild hepatotoxicity, as reported in some studies
[15]. Moreover, physical barriers also pose significant challenges for
the penetration and spread of OVs. The cancer-associated fibrob-
lasts (CAFs), which actively promotes tumor maintenance through
interactions with tumor cells and cellular components in the TME,
acts as a major barrier to the dissemination of OVs [16]. Therefore,
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Fig. 1. Preparation and characterization of oP@ALG. (A) Schematic illustration of the
preparation process of oP@ALG and the mechanism of oP@ALG after intratumoral
injection. (B) Representative cryo-SEM images of oP@ALG. Scale bar: 400 nm (left)
and 1um (right). (C) Release curves of oH2 and PT-100, n=3. (D) The expression of
«-SMA in CAFs treated with different concentrations of PT-100 for 48 h, the group
of CAFs without PT-100-treated as the positive group and the NIH/3T3 cells without
PT-100-treated as the control group. (E) Cell viability of CT26 cells after treatment
with PT-100/ALG/oH2/oP@ALG for 48 h, n=5. Data are displayed as mean + SD.
The data in (C) are presented as the percentage of the total dose. The data in (E)
are presented as a relative percentage compared to the normal CT26 cells. Statistical
significance was analyzed by one-way ANOVA with a Tukey post hoc test; ns, no
significant difference. ***P < 0.001.

modulation of CAFs becomes essential for augmenting the efficacy
of OVs.

Herein, to achieve efficient retention of intratumorally injected
oncolytic herpes simplex virus-2 (oH2), enhance tumor cell infec-
tion and trigger antitumor immunity, a differential drug-release
hydrogel was developed. As shown in Fig. 1A, sodium alginate
(ALG), oH2 particles, and PT-100 were thoroughly mixed in vitro
and then injected intratumorally into the tumor site to form a
hydrogel through cross-linking of ALG with Ca?* at physiological
concentration. The resulting hydrogel (0P@ALG) encapsulates oH2
within ALG, along with the small molecule drug PT-100 targeting
anti-CAFs. The inadvertent distribution of oH2 to non-target tissues
was alleviated through the incorporation of hydrogel, which effec-
tively prevented potential toxicity. Additionally, the fast-releasing
PT-100 acts as an anti-CAFs drug that normalizes CAFs while re-
ducing ECM content and interstitial pressure at the tumor site. And
the slow-releasing oH2 effectively infects and kills tumor cells. The
differential release strategy employed by this hydrogel synergisti-
cally promotes immune cell infiltration and cytotoxicity leading to
increased infiltration of CD8* T cells, dendritic cells (DCs), and M1
macrophages at the tumor site while decreasing M2 macrophages.
This creates an anti-tumor immune microenvironment that en-
hances OVs efficacy. Overall, our approach provides a promising
paradigm for highly effective yet low-toxicity OVs therapy partic-
ularly suitable for stroma-rich tumors.

The oP@ALG was obtained by thoroughly mixing ALG with oH2
and PT-100. Similarly, the oH@ALG was conducted by thoroughly
mixing ALG with oH2 and the PT@ALG was prepared by thor-
oughly mixing ALG with PT-100. The formation of hydrogel in vitro
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was first confirmed. The oH2-Cy5.5@ALG solution rapidly formed
a hydrogel upon extrusion from the needle tip into the surround-
ing fluids with intratumoral calcium concentration, exhibiting no
morphological changes within 3 h (Figs. S1A and S2 in Support-
ing information). On the contrary, free oH2-Cy5.5 dispersed quickly
throughout the beaker when injected into the Ca?t-containing so-
lution. This result suggests that the cross-linking of ALG with Ca?*
shows an effective ability to immobilize the drug in the hydrogel.
In addition, we explored the effect of different concentrations of
ALG on the formation of hydrogels from oP@ALG. As shown in Fig.
S1B (Supporting information), hydrogel formation depended on the
concentration of ALG. When the concentration of ALG was only 1
or 2 mg/mlL, the mixture diffused rapidly at the bottom of the cup
due to its weak gelation. When the ALG concentration was raised
to 5, 10, and 20 mg/mL, the oH2-Cy5.5@ALG quickly turned into
the hydrogels in the Ca?t solution. It is worth noting that when
the concentration of ALG was >5 mg/mL, the viscosity was too
large and not conducive to injection. Additionally, 5 mg/mL of ALG
was added to the Ca?* solution to form a hydrogel with weaker
mechanical intensity and variable morphology. Based on the above
results, ALG concentration of 5 mg/mL was selected for subsequent
experiments. To further investigate the properties of the hydrogels,
rheometers were employed to examine the rheology and viscosity
of hydrogels. In rheological analysis experiments, when the elastic
modulus (G’) is greater than the viscosity modulus (G”), the sample
is defined as a solid rather than a liquid [17,18]. As shown in Fig.
S3A (Supporting information), G’ was significantly larger than G”,
indicating that ALG could form hydrogels by chelation with Ca2*.
Besides, we also explored the relationship between the viscosity
of the hydrogel and the shear rate. As shown in Fig. S3B (Sup-
porting information), the viscosity of the oP@ALG hydrogel grad-
ually decreased with the increase of the shear rate, signifying the
presence of shear thinning behavior within the hydrogel, while
the viscosity of the oP@ALG solution did not exhibit significant
changes. The formation of oP@ALG hydrogel was then examined
by confocal laser scanning microscopy (CLSM) and cryo-scanning
electron microscope (cryo-SEM). As presented in Fig. S4 (Support-
ing information), the distribution of Cy5.5-labeled oH2 within the
FITC-labeled ALG hydrogel was observed to be uniform. Addition-
ally, surface aggregation of oH2 particles on the hydrogel was evi-
dent, accompanied by the formation of a cross-linked mesh struc-
ture inside the hydrogel (Fig. 1B). The differential release capabil-
ity of oP@ALG was further validated by quantifying the release of
each component at different time intervals. The release of PT-100
exhibited a rapid increase up to 4 h, accounting for approximately
40% of the total release (Fig. 1C and Fig. S5 in Supporting infor-
mation). The release rate of oH2 was significantly reduced com-
pared to PT-100, with only a 10% release observed over a period
of 4 h. This disparity can be attributed to the larger particle size of
the oH2 viral particles, which function as nanoparticles rather than
free drug. The aforementioned statement is in complete alignment
with the differential release strategy employed for hydrogel-loaded
drugs in this study. Specifically, the rapid-release PT-100 functions
as an anti-CAFs agent to normalize CAFs and alleviate mesenchy-
mal pressure at the tumor site. Subsequently, the slow-release oH2
effectively infects and eradicates tumor cells.

The anti-CAFs efficacy of PT-100 was subsequently validated.
The differentiation of mouse embryonic fibroblasts (NIH/3T3) into
CAFs was firstly achieved by using transforming growth factor-f1
(TGF-B1), following a previously established protocol [19]. As pre-
sented in Fig. S6B (Supporting information), CAFs showed a 0.72-
fold increase in the proliferative capacity compared with NIH/3T3.
The PT-100 did not exhibit a detrimental effect on NIH/3T3 cells
across a wide concentration range (Fig. S6A in Supporting infor-
mation), while significantly inhibiting the proliferative capacity of
CAFs (Fig. S6B). Furthermore, following treatment with PT-100,
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Fig. 2. oP@ALG prolonged oH2 retention and reduced oH2 escape at the tumor site.
(A) In vivo fluorescence imaging of tumors at different time points after intratu-
moral injection of Cy5.5-labeled oH2, oP, oH@ALG, and oP@ALG. (B) In vitro fluores-
cence imaging of vital organs at 72 h after intratumoral injection of Cy5.5-labeled
oH2, oP, oH@ALG, and oP@ALG by IVIS. (C-E) The quantitative distribution of oH2,
oP, oH@ALG, and oP@ALG in vital organs, (D) livers and (E) tumors determined by
qPCR assay at 48 h after intratumoral injection, n= 3. Data are displayed as mean +
SD. The data in (C-E) are presented as relative copies compared to the PBS group.
Statistical significance was analyzed by one-way ANOVA with a Tukey post hoc test.
***P < 0.001.

there was a significant decrease in the expression of «-smooth
muscle actin (¢-SMA), a marker indicative of activated CAFs (Fig.
1D). These results suggested that PT-100, as an anti-CAFs drug,
acts mainly by normalizing CAFs into normal fibroblasts. The tu-
mor cell killing ability of different components of oP@ALG was
subsequently investigated. The growth inhibition ability of ALG and
PT-100 for CT26 cells was not significant (Fig. 1E and Fig. S7 in
Supporting information). Conversely, the concentration-dependent
killing ability of oH2 on CT26 cells exhibited an increase. These
findings suggest that PT-100 in oP@ALG can normalize CAFs and
0H2 in oP@ALG could kill tumor cells.

The intratumoral administration of OVs has been reported to in-
duce mild hepatotoxicity in cancer patients, attributed to the non-
specific dissemination of viral vectors into the surrounding healthy
tissues [15]. To determine whether the hydrogel matrix prolongs
oH2 retention at the tumor site as well as reduces oH2 shedding
to non-target tissues, the biodistribution of each oH2 formulations
were investigated by an in vivo imaging system (IVIS). All animal
protocols were approved by the Animal Ethics Committee of Fudan
University. As illustrated in Fig. 2A, the fluorescence intensity of
Cy5.5-labeled oP@ALG and oH@ALG at the tumor site was signifi-
cantly higher than that of oH2 and oP (formulations prepared by
mixing oH2 with PT-100) at 8, 24, 48, or 72 h after intratumoral
injection. The drug fluorescence at the tumor site in the oH2 and
oP groups gradually dissipated over time due to the absence of hy-
drogel as a carrier. The tumors and other major organs (heart, liver,
spleen, lung, and kidney) were extracted from the mice following
the final imaging of mice for subsequent in vitro fluorescence anal-
ysis. The results indicated that the livers of mice in the oH2 and oP
groups exhibited intense fluorescent signals, while weaker fluores-
cent signals could be observed in the oH@ALG and oP@ALG groups
(Fig. 2B). The significance of the hydrogel in minimizing the distri-
bution of free oH2 to non-target tissues was demonstrated by this
result.

In order to precisely quantify the amount of oH2 in major or-
gans, quantitative real-time polymerase chain reaction (qPCR) as-
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say was performed. As shown in Figs. 2C-E, the oH2 distribution
in the liver was reduced by more than 95% in the oH2@ALG and
oP@ALG groups compared to the oH2 and oP groups, suggesting
that sustained release of oH2 from the hydrogel reduces viral shed-
ding to the liver. Meanwhile, the oH2 retention in the tumor was
increased 18-fold in the oH2@ALG and oP@ALG groups relative to
the oH2 and oP groups, indicating that the hydrogel matrix could
significantly prolong the retention time of oH2 in the tumor site.
Taken together, these results suggest that the oP@ALG hydrogel
system can maintain a higher concentration of oH2 in tumor tis-
sues and prevent viral shedding to non-target tissues at an early
stage and for a longer period of time.

The anti-tumor efficacy of oP@ALG was initially examined in a
murine subcutaneous tumor model (Fig. 3A). The tumor volume
exhibited a rapid increase in the phosphate saline buffer (PBS)
group, whereas neither oH@ALG nor PT@ALG presented signifi-
cant inhibitory effects on tumor growth. Encouragingly, oP@ALG
demonstrated complete inhibition of tumor growth, potentially at-
tributed to the remodeling effect of PT-100 and oH2 on the TME
and the immobilization ability of hydrogel (Figs. 3B-D). The rapid
release of PT-100 from the hydrogel that normalized CAFs en-
hanced the infectious and killing effects of oH2 on tumor cells and
promoted immune cell infiltration, thus enhancing the effects of
OVs therapy and immunotherapy. Tumor weights in the oP@ALG
group were only 26.47%, 29.38%, and 27.27% of that in the PBS,
oH@ALG, and PT@ALG groups, respectively (Fig. 3C). The tumor
slices exhibited a significant cellular gap in the group with the
presence of PT-100, indicating a significant reduction in the ECM
secreted by CAFs after PT-100 treatment (Fig. 3E). Immunofluores-
cence sections also showed a significant decrease in the fluores-
cence intensity and proportion of @-SMA in the tumors treated
with PT-100, indicating a decrease in the amount of CAFs com-
pared to the PBS group and the oH@ALG group (Fig. 3F). Addi-
tionally, comparable body weights among all groups and the his-
tological examination of major organs confirmed the safety profile
of oP@ALG treatment (Figs. S8 and S9 in Supporting information).
All the results unequivocally demonstrate that oP@ALG displays re-
markable antitumor efficacy.

Abundant infiltration of CD8* T cells in the tumors could be
observed in the tumors after oP@ALG treatment, while the re-
maining three groups had only a small amount of T cell infil-
tration (Figs. S10 and S11 in Supporting information). Moreover,
a higher expression of tumor necrosis factor-o (TNF-«¢) was ob-
served in the tumors of the oP@ALG group compared to other
groups, thereby promoting an enhanced anti-tumor immune re-
sponse (Fig. S12 in Supporting information). The flow cytometry
assay was then performed to accurately assess the immune re-
sponse in tumor tissue. As shown in Fig. 4A and Fig. S13 (Support-
ing information), the amount of CD8* T cells in the tumors of the
oP@ALG group was 2.28, 2.16, and 2.38 times higher than that in
the PBS, oH@ALG, and PT@ALG groups, respectively. Furthermore,
the amount of CD80"CD86™ cells in the tumors of the oP@ALG
group was 1.81, 1.34, and 1.55 times higher than that in the PBS,
oH@ALG, and PT@ALG groups, respectively (Fig. 4B and Fig. S14 in
Supporting information). Notably, the number of anti-tumor M1
macrophages in tumors treated with oP@ALG was at least twice
as high as in the other groups (Fig. 4C and Fig. S15 in Support-
ing information). In contrast, the proportion of M2 macrophages in
the oP@ALG group decreased 3.17-fold and 2.15-fold compared to
the PBS and oH@ALG groups, respectively (Fig. 4D). Taken together,
these results suggested that oP@ALG could promote the tumor im-
mune microenvironment.

Encouraged by the potent effects of oP@ALG in regulating
stroma and inhibiting tumor growth (Fig. 3), a stroma-rich sub-
cutaneous tumor model was established to further investigate the
anti-tumor efficacy of oP@ALG, and the treatment schedule was
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Fig. 3. In vivo therapeutic efficacy of oP@ALG against CT26 subcutaneous tumor model. (

) Schematic illustration of dosing regimens of oH@ALG, PT@ALG and oP@ALG in

CT26 subcutaneous tumor models. (B) The tumor growth profiles, (C) the tumor weight, and (D) tumor photos after various treatments. n=>5. Scale bar: 10 mm. (E) H&E
staining of tumor tissue sections after various treatments at day 8. Scale bar: 100 um (at low magnification), 20pum (at high magnification). (F) Immunofluorescence staining
of «-SMA of tumor tissue sections after various treatments at day 8. Scale bar: 400 um (at low magnification), 100 um (at high magnification). Data are displayed as mean +
SD. Statistical significance was analyzed by one-way ANOVA with a Tukey post hoc test. **P < 0.01, ***P < 0.001.

presented in Fig. 5A. Tumor growth was significantly inhibited af-
ter oP@ALG treatment, while other treatments had little impact on
tumor progression (Figs. 5B-D). There were no significant differ-
ences in the body weight of mice in all groups during the treat-
ment, indicating the safety of oP@ALG treatment (Fig. S16 in Sup-
porting information). Consistent with the results in the CT26 sub-
cutaneous tumor model (Fig. 3), PT-100 treatment resulted in the
normalization of CAFs and reduction in ECM, ultimately enhancing
the anti-tumor efficacy of oH2 (Figs. 5E and F). In addition, more
CD8* T cells and higher expressions of interleukin 6 (IL-6), TNF-c,
and interferon gamma (IFN-y) could be observed in tumors of the
oP@ALG group compared with other groups (Figs. S17-S19 in Sup-
porting information). And the major organs of the oP@ALG group
exhibited minimal cytotoxic effects, indicating a negligible impact
on their functionality (Fig. S20 in Supporting information).

The ability of oP@ALG to prevent tumor recurrence was eval-
uated through a post-tumor resection model and the treatment
regimen was illustrated in Fig. 5G. The growth of tumors in mice
treated with oH@ALG or PT@ALG exhibited a slight delay, how-
ever, tumor recurrence still occurred (Fig. 5H). The mice treated
with oP@ALG exhibited a pronounced inhibition of tumor recur-
rence, with no tumors detected in 5 out of 8 mice within this
experimental group (Figs. 51 and ]). These findings strongly sug-
gest that oP@ALG possesses a significant advantage in effectively
suppressing tumor recurrence following surgical intervention. Sim-
ilarly, there was no significant difference in body weight of the
mice in other groups throughout the experimental period, except
that the PT@ALG-treated mice lost body weight, which could be

attributed to the differences in the rate of recovery after surgery
among the different mice (Fig. S21 in Supporting information).
These results demonstrate that the oP@ALG hydrogel system shows
excellent therapeutic efficacy not only in the CT26 subcutaneous
tumor model, but also in close-to-clinical tumor models, such as
the stroma-rich subcutaneous tumor model and the post-tumor
resection model, which show a strong ability to inhibit tumor
growth.

Herpes simplex virus (HSV), which exists in two strains: HSV-1
and HSV-2, is one extensively studied virus for OV therapy. The ge-
netically engineered Talimogene Laherparepvec (T-VEC) is a repre-
sentative oncolytic herpes simplex virus type 1 (oHSV1) [20]. T-VEC
therapy has been successfully evaluated for safety and efficacy in
several different cancer types [21-24]. Additionally, a recent clini-
cal study demonstrated that oH2, constructed based on HSV-2, ex-
hibited favorable safety profiles along with encouraging anti-tumor
activity in patients with metastatic rectal and esophageal cancer
[25]. In this study, a stable, controllable, and easily prepared hy-
drogel was developed for employing a differential release strategy
to deliver OVs. The oH2 particles were loaded within ALG, together
with the small molecule drug PT-100 targeting CAFs. ALG consists
of regions containing guluronic and mannuronic acid, which could
rapidly bind with Ca%* in vivo, forming an "egg box" structure. One
of the key characteristics of ALG is its capability to form an in-situ
hydrogel [17,26-29]. Being biocompatible and biodegradable, ALG
has been utilized as a drug carrier for achieving controlled release
of drugs within tumor tissues. Compared to other gels, ALG ex-
hibits excellent properties such as softness, non-toxicity, high wa-
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Fig. 4. oP@ALG promoted the antitumor immune response in CT26 subcutaneous tumor models. (A) Representative flow cytometry plots and the corresponding quantitative
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as mean =+ SD. The animal model was CT26 subcutaneous tumors in the BALB/c mice, and the sampling time was two days after the second injection. Statistical significance
was analyzed by one-way ANOVA with a Tukey post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001.

ter content, and a structure resembling that of ECM. Consequently,
it finds extensive applications as a drug carrier, cell transplanta-
tion material, and wound dressing agent [30-36]. The use of ALG-
loaded OVs to form hydrogels allows OVs to maintain relatively
high drug concentrations at the tumor site and prevents viral shed-
ding to non-target tissues at an early stage and over a longer pe-
riod of time, thus avoiding off-target toxicity of OVs.

Tumor stroma, with its specific biological characteristics such
as tissue hypoxia and acidosis, mesenchymal hyperpressure forma-
tion, etc., plays a crucial role in tumorigenesis, progression, metas-
tasis, and treatment resistance. CAFs are an integral component
of the tumor stroma [37]. The secretion of various cytokines or
metabolites by CAFs not only hampers immune cell function, pro-
moting tumor development, invasion, and metastasis but also re-
models the extratumoral stroma and establishes a barrier against
drug penetration and therapeutic immune cells. This impediment
significantly compromises the efficacy of tumor therapy [38,39].
Therefore, numerous studies have focused on modulating CAFs or
overcoming their barrier effect to inhibit tumors [19,40-42]. Physi-
cal barriers also pose significant challenges for the penetration and
spread of OVs. The CAFs, which actively promotes tumor mainte-
nance through interactions with tumor cells and cellular compo-
nents in the TME, acts as a major barrier to OV dissemination.
Therefore, modulation of CAFs becomes essential for augmenting
OV efficacy. PT-100 functions as an inhibitor for fibroblast acti-
vation protein (FAP) by suppressing transformation of fibroblasts
into CAFs induced by stimulatory factors secreted by both tumor
cells and normal cells; this normalization process converts CAFs
back into normal fibroblasts thereby reducing secretion levels of
ECM components along with immunosuppressive cytokines leading
to alleviation of immunosuppressive microenvironment conditions

within tumors while enhancing immune cell infiltration rates along
with restoration viability levels among immune cells [40,43-45].
The rapid release of PT-100 in oP@ALG functions as an anti-CAFs
agent, reducing ECM, and alleviating interstitial pressure at the tu-
mor site. Consequently, the delayed release of oH2 could more ef-
fectively invade and eradicate tumor cells. The infection and repli-
cation of OVs in the tumor ultimately leads to cancer cell lysis, re-
leasing large amounts of tumor antigens and inflammatory media-
tors, which promotes an anti-tumor immune response [2,14]. Nor-
malization of CAF combined with anti-tumor immunity induced by
oH2 could further promote the infiltration and cytotoxicity of im-
mune cells, thus constructing an anti-tumor immune microenvi-
ronment and enhancing the therapeutic efficacy.

The in vitro results showed that ALG could successfully load and
then differential release PT-100 and oH2, which could be attributed
to the larger particle size of the oH2 viral particles, which func-
tion as nanoparticles rather than free drug. We then performed
cytological experiments showed that PT-100 in oP@ALG normal-
ized CAFs, while oH2 killed tumor cells. In CT26 subcutaneous tu-
mor model pharmacodynamics experiments, oP@ALG showed su-
perior anti-tumor efficacy and significantly induced an anti-tumor
immune microenvironment. Similarly, oP@ALG demonstrated im-
pressive therapeutic and immune-triggering effects in a stroma-
rich subcutaneous tumor model. At present, one of the main fac-
tors affecting the recurrence and poor prognosis of clinical tumors
is that the tumor cannot be completely removed during surgical
resection. Therefore, after conducting a pharmacodynamic experi-
ment of drug inhibition of tumor growth, we further investigated
the effect of a single injection at the original tumor site imme-
diately after tumor resection on postoperative residual tumor. The
results showed that a single injection of oP@ALG at the surgical
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Fig. 5. oP@ALG exhibited significant antitumor efficacy in the stroma-rich subcutaneous tumor model and effectively suppressed tumor recurrence in the post-tumor resec-
tion model. (A) Schematic illustration of oH@ALG, PT@ALG and oP@ALG treatment in CT26 -+ NIH/3T3 subcutaneous tumor models. (B) The tumor growth profiles, (C) the
tumor weight, and (D) tumor photos after various treatments. n=>5. Scale bar: 10 mm. (E) H&E staining of tumor tissue sections after various treatments at day 8. Scale bar:
100um (at low magnification), 20 um (at high magnification). (F) Immunofluorescence staining of «-SMA of tumor tissue sections after various treatments at day 8. Scale
bar: 400 um (at low magnification), 100 um (at high magnification). (G) Schematic illustration of the dosing regimens of oH@ALG, PT@ALG, and oP@ALG in the postoperative
recurrence model of CT26 subcutaneous tumors. (H) The tumor growth profiles, (I) the tumor weight, and (J) tumor photos after various treatments. n=8. Scale bar: 10 mm.
Data are displayed as mean + SD. Statistical significance was analyzed by one-way ANOVA with a Tukey post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001.

site immediately after surgical removal of the tumor significantly
reduced tumor recurrence and growth. A more in-depth examina-
tion of the reasons behind, the oP@ALG hydrogel system was in-
jected at the surgical resection site to utilize the differential re-
lease of small molecule drugs and OVs by the hydrogel, and the
fast-releasing PT-100 normalized the CAFs and reduced the incom-
pletely resected tumor stroma, so that the slow-releasing oH2 in-
fected and killed the residual tumor cells was further enhanced.
These results demonstrate that the oP@ALG hydrogel system shows
excellent therapeutic efficacy not only in the CT26 subcutaneous
tumor model, but also in close-to-clinical tumor models, such as

the stroma-rich subcutaneous tumor model and the post-tumor
resection model, which show a strong ability to inhibit tumor
growth. In the future, we will continue to validate the great ap-
plication potential of oP@ALG in other tumor models.

In conclusion, we developed a stable, controllable, simple and
easy-to-prepare functional hydrogel that employed a differential
release strategy of hydrogel-loaded two drugs to enhance on-
colytic HSV-mediated cancer immunotherapy. This hydrogel con-
sisted of oH2 oncolytic herpesvirus particles encapsulated within
ALG and the anti-CAF small molecule drug PT-100. Shedding of
oH2 into non-target tissues was reduced by hydrogel loading. The
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fast-releasing PT-100 acted as an anti-CAFs drug to normalize CAFs,
reduced ECM and decreased interstitial pressure at the tumor site,
and then the slow-releasing oH2 infected and killed tumor cells
more effectively. The hydrogel strategy of differential release of the
two drugs synergistically promoted immune cell infiltration and
cytotoxicity, which built an anti-tumor immune microenvironment
and improved the efficacy of OVs. It provides a promising paradigm
for highly effective, low-toxicity OVs therapy and is particularly ap-
plicable to stroma-rich tumor types.
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