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Abstract
Background Tumor immunotherapy is one of the most promising strategies in cancer treatment. Specifically, 
intraperitoneal immunotherapy has emerged as a novel approach for dealing with abdominal metastases. Previously, 
we developed a genetically engineered strain of Mycobacterium smegmatis (Ms-IL15) that expresses the cytokine 
interleukin-15 (IL15), demonstrating significant anti-tumor effects after intratumoral injection. However, intratumoral 
infusion might not be feasible in the case of diffuse abdominal metastases, making intraperitoneal injection a 
preferred option.

Methods In this study, we developed a bacterial delivery system by incorporating Ms-IL15 into Poloxamer 407, an 
injectable thermosensitive hydrogel, for intraperitoneal administration. A murine model of peritoneal metastasis was 
established, and tumor-bearing mice were administered P407/Ms-IL15 once weekly for two consecutive weeks. The 
anti-tumor efficacy and alterations in the tumor immune microenvironment were systematically evaluated.

Results Intraperitoneal injection of this system exhibited a remarkable tumor-suppressive effect, significantly 
prolonging the survival of treated mice. Flow cytometric analysis of the tumor immune microenvironment revealed 
enhanced maturation and activation of dendritic cells (DC), an increased proportion of effector memory T cells and 
Granzyme B, and suppressed macrophage polarization towards the M2 phenotype.

Conclusions Our findings indicate that a hydrogel-based bacterial delivery system is a safe and effective approach 
for the treatment of abdominal metastases.
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Introduction
Peritoneal metastasis is a common complication in 
advanced colorectal cancer, affecting approximately 25% 
of patients as the disease progresses. This condition can 
result in severe complications such as abdominal pain, 
intestinal obstruction, and malignant ascites, signifi-
cantly reducing patients’ quality of life and worsening 
their prognosis. The five-year survival rate for patients 
with peritoneal metastasis remains below 10% [1, 2]. In 
patients with abdominal metastasis, traditional intrave-
nous chemotherapy is restricted by dose-limiting toxicity, 
leading to insufficient drug concentration in the abdomi-
nal cavity and limited therapeutic efficacy [3, 4]. Com-
pared with traditional intravenous or oral administration, 
regional intraperitoneal chemotherapy offers advantages 
such as higher drug concentrations in the peritoneal 
cavity, reduced systemic toxicity, and greater local anti-
tumor efficacy, making it a focus of considerable atten-
tion in recent years [5]. Tumor treatment has entered 
a new era with immunotherapy; however, metastatic 
tumors create an immunosuppressive microenviron-
ment, limiting the effectiveness of immunotherapy and 
preventing optimal outcomes [6]. An urgent challenge is 
to transform immune-desert tumors into inflammatory 
tumors to enhance the efficacy of immunotherapy.

Mycobacterium smegmatis (M. smegmatis) is a fast-
growing, non-pathogenic saprophytic mycobacterium, 
renowned for its genetic stability and ease of manipula-
tion. Its capacity to incorporate various heterologous 
genes efficiently renders it an ideal vaccine carrier [7]. 
Additionally, M. smegmatis has been demonstrated to 
activate dendritic cells, inducing CD8 + T cell-mediated 
immune responses and generating long-lasting memory 
T cells that contribute to anti-tumor activity [8]. Reports 
suggest that genetically engineered recombinant Myco-
bacterium smegmatis expressing tumor-associated anti-
gens or cytokines has elicited significant anti-tumor 
immune responses in various mouse tumor models, 
including bladder and colorectal cancer [7, 9]. These 
discoveries emphasize the potential of M. smegmatis as 
a recombinant vaccine vector. Genetically modified M. 
smegmatis shows higher tumor-targeting specificity and 
reduced toxicity compared with the wild-type strain. 
The employment of appropriate adjuvants can further 
enhance the immunogenicity of the bacteria [10]. Inter-
leukin-15 (IL-15) is a powerful immunostimulatory cyto-
kine that promotes the proliferation and activation of T 
cells, natural killer (NK) cells, and dendritic cells (DCs), 
and also supports the persistence of CD8 + memory T 
cells, thereby activating the immune system [11].

However, in “naked drug” delivery, bacteria are prone 
to rapid metabolism and wide dissemination, making 
it challenging for them to accumulate at the tumor site 
for an extended period. This frequently necessitates 

repeated administration or high doses to achieve the 
desired therapeutic effect, which may lead to additional 
adverse reactions [12]. Therefore, developing a safe and 
effective drug delivery system to enhance drug retention 
and utilization is of crucial importance. Injectable hydro-
gels have been extensively explored for therapeutic drug 
delivery [13]. Poloxamer 407 (P407), a U.S. Food and 
Drug Administration (FDA)-approved triblock copoly-
mer composed of poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) (EO-PO-EO), is biocompat-
ible, injectable, and temperature-sensitive. At low tem-
peratures, P407 is in a liquid state, but as the temperature 
rises, it gradually transforms into a stable gel state [14]. 
This gelled P407 can serve as a slow-release reservoir for 
drugs. Studies have demonstrated that Poloxamer-based 
in situ injectable hydrogels play a significant role in the 
delivery of anti-tumor drugs [15].

In this study, we have developed a cancer immunother-
apy delivery system based on engineered Mycobacterium 
smegmatis (Ms-IL15) and the thermo-sensitive hydrogel 
Poloxamer 407. The in situ hydrogel P407 releases IL-
15-expressing M. smegmatis, which promotes the matu-
ration of dendritic cells (DCs), activates memory T cells 
and inhibits macrophage polarization towards the M2 
phenotype (Scheme 1). Intraperitoneal injection of the 
P407/Ms-IL15 system enhances the local drug concen-
tration, prolongs its action time, and effectively inhibits 
tumor growth. In conclusion, our findings present a ther-
apeutic strategy for long-term tumor immunity mediated 
by engineered bacteria encapsulated in situ thermosensi-
tive hydrogels, providing a promising approach for treat-
ing peritoneal metastases in advanced colorectal cancer.

Materials and methods
Materials, cells, bacterial strains, and animals
The Poloxamer 407 was purchased from BASF (P407/
F127, Ludwigshafen, Germany). Ms-IL15 engineered 
bacteria strain、MC38 mouse colon cancer cell and H22 
hepatocellular carcinoma cells were conserved by the 
Cancer Center of Nanjing Drum Tower Hospital Affili-
ated to the School of Medicine of Nanjing University. 
MC38 mouse colon cancer cell and H22 hepatocellular 
carcinoma cells were cultivated in Roswell Park Memo-
rial Institute (RPMI) 1640 (Gibco) at 37℃and 5% 
CO2,10% fetal bovine serum, 100 U/ml penicillin, and 
100  µg/ml streptomycin were added. The experimental 
animals were purchased from Shanghai Sippr-BK Labo-
ratory Animal Co. Ltd. (Shanghai, China). All animals 
were raised in the Specific Pathogen Free (SPF) Labora-
tory Animal Center of Affiliated Nanjing Drum Tower 
Hospital of Nanjing University Medical School. All mice 
had unrestricted access to water and feed, and controlled 
ambient temperature (20–26℃), humidity (30–70%), and 
light/dark cycle (lights between 6 a.m. and 6 p.m.). All 
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animal experiments were sanctioned by the experimental 
Animal Ethics Committee of the Affiliated Nanjing Drum 
Tower Hospital of Nanjing University Medical School.

Preparation of P407 hydrogel
The P407 hydrogel was prepared through the “cold” 
method. For instance, to prepare a 20% poloxamer hydro-
gel solution, dissolve 1 gram of poloxamer powder in 5 
mL of normal saline, and then stir at 4℃overnight until 
all particles are dissolved. Poloxamer solutions with con-
centrations ranging from 16 to 35% were prepared for 
preliminary analysis. When the solution becomes clear, 
Ms-IL15 is mixed and added to the gel.

Characteristic analysis of hydrogel
Place a 15 mL centrifuge tube in a 20℃ or 37℃ water 
bath, and use a 1 mL gun head to blow 1 mL hydrogel 
up and down until the gun head is blocked. The time 
taken for a fluid hydrogel to reach this point is referred 
to as the “gelation time”. Dynamic light scattering (DLS) 
measurements were carried out with a Malvern Zeta-
sizer (Nano ZS, Malvern Ltd., UK). Solutions of 5% and 
7.5% P407 were prepared, and the size, polydispersity 
index (PDI), and average particle size (Z-ave) were mea-
sured at 20℃. P407 hydrogel with 20% concentration 
was prepared, frozen at -80℃, vacuum dried, and then 
scanned by scanning electron microscope (SEM; SSX-
550, SHIMADZU, Japan) observed its morphology. Cell 
Counting Kit 8 (CCK8) was employed to assess the cyto-
toxicity of P407 hydrogel against MC38 cells. Approxi-
mately 5 × 103 cells/pores were plated in a 96-well plate 

containing RMPI 1640. After cell adhesion, RMPI 1640 
was replaced with different concentrations of P407 
hydrogel extracts (12.5%, 25%, 50%, 100%). All media 
were supplemented with 10% fetal bovine serum, 100 U/
ml penicillin, and 100  µg/ml streptomycin. After incu-
bation for 24, 48, and 72 h, RMPI 1640 medium mixed 
with CCK8 was added to the cells, with only the holes 
of the medium serving as a background measurement. 
After 2  h, the OD value of the sample at 490  nm was 
determined by a spectrophotometer (Thermo Scientific, 
USA). Cell survival rate calculation formula: Cell sur-
vival rate (%) = (treated cells - background) / (untreated 
cells - background)×100.

Ms-IL15 release in vitro
1 mL of P407 hydrogel was mixed with 5 × 107 CFU of 
Ms-IL15 in a 15 mL centrifuge tube, stored at 37℃ to 
induce gelation, and then 3 mL of 37℃ PBS solution was 
spread on the gel. At the specified time points (0 h, 2 h, 
4 h, 6 h, 8 h, 24 h, 48 h, 72 h and 96 h), 1 mL of sample 
was collected and 1 mL of 37℃ PBS solution was added. 
The concentration of Ms-IL15 was determined at each 
time point, and the cumulative release was calculated as 
follows:

Cumulative release(%)= Cn× V1+
∑

(Cn−1× V)
M ×100

Cn (CFU/mL): concentration of Ms-IL15 in the release 
solution at the Nth sampling; V1 (mL): media-releasing 
total volume; V (mL): volume of the replacement solu-
tion; M (CFU): The total amount of Ms-IL15 in the 
hydrogel (5 × 107 CFU).

Scheme 1 Schematic illustration of the preparation and mechanism of an injectable thermosensitive Poloxamer 407 hydrogel sustained-release system 
(P407/Ms-IL15) loaded with engineered Mycobacterium smegmatis (Ms-IL15). Intraperitoneal injection of P407/Ms-IL15 induces the maturation of den-
dritic cells (DCs), promotes the differentiation of memory T cells, and reduces macrophage polarization towards the M2 phenotype
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In vivo Ms-IL15 release
The in vivo release of Ms-IL15 in P407 hydrogel is 
detected through near-infrared imaging. Before intra-
peritoneal injection in MC38 mice, Ms-IL15 was stained 
with DIR (Bridgen, Beijing, China). DIR (5 µM) was incu-
bated with Ms-IL15 at room temperature for 30  min, 
then centrifuged (4500  rpm, 4℃, 10  min), and the pre-
cipitate was washed with NS three times to remove free 
dyes. Mice were intraperitoneally injected with DIR-
stained Ms-IL15 or P407/ Ms-IL15 and then scanned at 
designated time points using the IVIS in vivo imaging 
system (PerkinElmer, Massachusetts, USA).

Establishment and treatment of abdominal metastasis 
tumor model
Male C57BL/6 mice aged 5–6 weeks were injected with 
5 × 105 MC38 tumor cells into the right lower abdomen 
of each mouse. Seven days after tumor cell inoculation, 
the mice were randomly divided into 4 groups, with 
5–6 mice in each group: NS (saline), P407 (hydrogel), 
Ms-IL15 (mycobacterium smegmatis), P407/Ms-IL15 
(hydrogel-loaded mycobacterium smegmatis). Intraperi-
toneal injections of 5 × 107 CFU Ms-IL15 and 5 × 107 CFU 
P407/Ms-IL15 were dissolved in NS or 12% P407 at a 
final volume of 200 µl each on day 7. One week later, the 
drug was administered again, twice. For dose-exploration 
experiments, different concentrations of P407/Ms-IL15 
were intraperitoneally injected as described above. The 
weight of the mice was measured every 2–3 days for 3–4 
weeks. The tumor load was monitored by IVIS on days 
7, 14, and 21 after tumor vaccination. Before monitoring, 
200 µl of D-fluorescein with a concentration of 5 mg/mL 
was injected into the abdominal cavity of mice for fluo-
rescence excitation. Mice were euthanized at the humane 
end once any of the following conditions were met: near 
death; weight loss or gain > 20%; severe bloating. At the 
endpoint, the mice were euthanized and abdominal 
tumor nodules and abdominal effusion were collected to 
evaluate the immunotherapy effect of P407/Ms-IL15.

Establishment and treatment of malignant Ascites model
Male ICR mice aged 5–6 weeks were injected with 
5 × 105 H22 tumor cells into the right lower abdomen 
of each mouse. After 7 days of tumor growth, randomly 
divide the mice into 4 groups (n = 5–6): NS (saline), P407 
(hydrogel), Ms-IL15 (mycobacterium smegmatis), P407/
Ms-IL15 (hydrogel-loaded mycobacterium smegmatis). 
On the 7th and 14th days, treat the ascites by intraperi-
toneal injection of 5 × 107 CFU Ms-IL15 and 5 × 107 CFU 
P407/Ms-IL15, respectively. These drugs were dissolved 
in NS or 12% concentration P407 hydrogel and the vol-
ume of each injection was 200ul per mouse. Measure the 
body weight, abdominal circumference and body tem-
perature of the mice every 2–3 days for 20 days. After the 

experiment, count the survival time, kill the mice, collect 
the peritoneal effusion and evaluate the tumor burden.

P407/Ms-IL15-induced immune response
Flow cytometry was utilized to detect the immune 
microenvironment alterations induced by P407/
Ms-IL15. In the MC38 abdominal metastasized tumor 
model, mice in each group were sacrificed 7 days after 
the last administration (21 days after MC38 intestinal 
cancer cells were inoculated), and mesenteric lymph 
nodes and tumor tissues were removed. The single-cell 
suspension of mesenteric lymph nodes was prepared 
through the mechanical friction method. The tumor tis-
sue was cut into small pieces, supplemented with col-
lagenase type IV (1  mg/ml, Sigma), digested at 37℃ 
for 2 h, and then filtered, lysed, and centrifuged to pre-
pare a single-cell suspension. The activation of DC was 
detected with FITC anti-mouse CD11c antibodies, PE 
anti-mouse CD86 antibodies, and APC anti-mouse 
CD80 antibodies. The TCM and TEM of lymph nodes 
and tumor tissues were identified through FITC anti-
mouse CD3 antibody, PE anti-mouse CD44 antibody, 
PerCP/Cy5.5 anti-mouse CD8 antibody, and APC anti-
mouse CD62L antibody. PE/Cy7 anti-mouse GZMB 
antibody were used as markers of Granzyme B. FITC 
anti-mouse CD11b antibody and PE/Cy5 anti-mouse 
F4/80 antibody were employed to identify macrophages, 
and PE anti-mouse CD86 antibody and BV421 anti-
mouse CD163 antibody were used as markers of M1 and 
M2 macrophages. All antibodies were purchased from 
Biolegend, USA. All single-cell suspensions were stained 
at 4℃ in the dark, incubated for 30  min, and washed 
with PBS three times before detection. Cells were col-
lected using Beckman CytoFLEX (Beckman, USA) and 
analyzed by FlowJo software.

Safety analysis
The mice in each group were sacrificed on the 14th day 
after the last administration. The heart, liver, spleen, 
lungs, kidneys, and other abdominal organs were 
removed, fixed with 4% formaldehyde, then made into 
4  μm thick paraffin-embedded sections, stained with 
hematoxylin-eosin, and histological analysis was con-
ducted under the optical microscope (DM5000, Leica, 
Germany). Additionally, serum was collected on the 
14th day after the last dose, and liver and kidney func-
tion was determined by measuring the levels of alanine 
aminotransferase, aspartate aminotransferase, alkaline 
phosphatase, creatinine, and urea. Perform a comprehen-
sive blood cell count by quantifying white blood cells, red 
blood cells, hemoglobin levels, and platelet counts. The 
test was performed in the Laboratory of Nanjing Drum 
Tower Hospital Affiliated to the School of Medicine of 
Nanjing University.
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Statistical analysis
Statistical analysis was completed through GraphPad 
Prism 9.4.1. All results are presented as mean ± SEM 
for at least three independent experiments. For antitu-
mor studies, there were 5–7 mice in each group. P-val-
ues were calculated by two-tailed unpaired Student’s 
t-tests. P < 0.05 was considered as with statistical sig-
nificance (nsp>0.05, *p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001). Animal survival was presented using 
Kaplan-Meier survival curves and was statistically ana-
lyzed using a log-rank test. All image typesetting was 
accomplished in Adobe Illustrator.

Results
Preparation and characterization of P407/Ms-IL15
The results show that the gelation kinetics time of polox-
amer 407 depends on the concentration and tempera-
ture. To better package Ms-IL15 into the P407, we need 
to consider the size and release capacity of the gelated 
micelles. Therefore, the gelation time of P407 hydrogel 
at different concentrations was measured at room tem-
perature (20℃) and body temperature (37℃). The results 
showed that 16% P407 could not form glue at room tem-
perature and 37℃. The hydrogel at 25% concentration 
had a gel time of 260 s at room temperature (RT), while 
the P407 at 30% and 35% concentration had the disad-
vantage of gelating too quickly at room temperature, at 
155 and 135  s, respectively (Fig.  1A). With the increase 
of concentration of P407 at 37℃, the gelation time was 
significantly shortened, which was 63 s for 20%, 42 s for 
25%, 30 s for 30%, and 23 s for 35% (Fig. 1B). It is worth 
noting that a 20% concentration of hydrogel can only 
achieve sol-gel transformation at physiological tempera-
ture, and there is enough injection time at room tem-
perature, which may be the appropriate concentration 
for our administration of Ms-IL15. However, consider-
ing the potential damage caused by the adhesion of P407 
to normal organs after intraperitoneal injection, we will 
use 12% concentration of hydrogel for subsequent in vivo 
experiments. The addition of Ms-IL15 at room and body 
temperature did not affect the gelation time (Fig. 1C and 
D). In order to visualize the change of P407 sol to gel, 
methylene blue dye was added and observed by the inver-
sion method. As shown in Fig. 1E, P407 hydrogel (20%) 
has good fluidity at room temperature, and sol-gel trans-
formation occurs when the temperature rises to 37℃. 
Mixed P407/Ms-IL15 hydrogel (5 × 107CFU Ms-IL15 and 
20% P407) has similar state.

P407 can self-assemble into microclumps due to its 
amphiphilicity in water. As measured by dynamic light 
scattering (DLS), P407 microclusters have formed at con-
centrations of 5% and 7.5%. Figure 1F depicts the repre-
sentative size distribution of microclusters at 5%P407. As 
shown in Fig.  1G and H, the average Z-ave and PDL of 

P407 at 5% concentration are 26.34 nm and 0.346 nm, and 
for 7.5% concentration, Z-ave and PDL are 31.23 nm and 
0.484 nm, respectively. The scanning electron microscope 
(SEM) images showed that the blank P407 hydrogel had a 
rich porous channel-like structure from 150× magnifica-
tions (Fig. 1I), After loading Ms-IL15 and magnifying by 
2000 times, it can be observed that Ms-IL15 attached to 
the hydrogel porous structure (Fig. 1J). Furthermore, the 
porous channel structure of the P407/Ms-IL15 hydrogel 
(20%) is analogous to that of the blank hydrogel(Fig. 1K), 
which is consistent with previous reports [15, 16].

Ms-IL15 release from poloxamer 407 hydrogel in vitro and 
vivo
We first studied the release of Ms-IL15 in P407 hydro-
gel (20% concentration) in vitro. As shown in Fig.  2A, 
the P407 hydrogel was explosively released at the ini-
tial stage, with about 70% of the Ms-IL15 load released 
within 24 h, and Ms-IL15 was completely released from 
the P407 hydrogel after 96 h. Overall, our P407/Ms-IL15 
hydrogel was sustainably released in vitro for up to 4 
days, which is consistent with the degradation of the 
P407 hydrogel (Fig. 2B). Next, we studied the release of 
Ms-IL15 in mice. In our design, Ms-IL15 is mixed with 
the P407 hydrogel (12%) before it is gelated so that it is 
evenly distributed in the micelle at room temperature. 
When exposed to body temperature, the P407 hydrogel 
rapidly transforms into a gel state loaded with Ms-IL15, 
which favors the bacteria to remain stable in the hydrogel 
for a long time. To visualize the slow release of Ms-IL15 
from P407 hydrogel, DIR-stained Ms-IL15 coated with 
P407 hydrogel was intraperitoneally injected using near-
infrared fluorescence imaging (NIR). As shown in Fig. 2C 
and D, Ms-IL15 in both groups showed an initial growth 
trend after intraperitoneal injection and began to decline 
after reaching its peak growth. For the pure Ms-IL15 
group, the fluorescence disappeared 28 days after injec-
tion, indicating that Ms-IL15 was eliminated, while the 
peak value of the P407/Ms-IL15 group was much higher 
than that of Ms-IL15 group, and fluorescence was still 
present 28 days after injection, but not eliminated, indi-
cating that P407 hydrogel could increase the amount 
of Ms-IL15 retained in the body. At the same time, the 
release and consumption time are prolonged, and the 
long-lasting anti-tumor effect is played.

To ensure that the P407 hydrogel was well tolerated, we 
tested it in the MC38 cell line (Fig. 2E). MC38 cells were 
incubated with different concentrations of P407 and cell 
viability was assessed with CCK-8. For any concentra-
tion of P407 hydrogel, cell viability in the MC38 cell line 
did not decrease with time. Our data suggest that P407 is 
biocompatible and does not produce tumor-killing effects 
on its own, which is consistent with previous findings in 
the literature [15].
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Determination of concentration of Ms-IL15 encapsulated 
by P407 hydrogel
To determine the concentration of Ms-IL15 encapsu-
lated in the P407 hydrogel, we examined the dose-effect 
relationship using a peritoneal transfer model. First, 
the peritoneal metastasis model was formed by intra-
peritoneal inoculation of 5 × 105 MC38 mouse colon 
tumor cells into C57BL/6 male mice aged 5–6 weeks, 
and the mice were randomly divided into 4 groups 7 
days after inoculation. In addition, four different con-
centrations of Ms-IL15 (including 0, 1 × 106 CFU, 1 × 107 
CFU, and 5 × 107 CFU) were dissolved in 12% P407 for 

intraperitoneal injection within 2 weeks (Fig.  3A), and 
the drug was administered twice in total (Fig. 3A). The 
tumor size was monitored by a near-infrared imag-
ing system (IVIS) every 5–7 days. IVIS evaluation of 
the treatment effect showed that tumor development 
was significantly inhibited in the 5 × 107 CFU Ms-IL15 
group (Figs. 3B and C). At the end of treatment, tumor 
nodule weight and ascites volume in the 5 × 107 CFU 
group had the best inhibition effect (Fig.  3D-F). There 
was no significant difference in body weight among the 
four groups of mice (Fig.  3G). Considering the above 

Fig. 1 Preparation and characterization of poloxamer 407 hydrogel. A-D, Time to gelation under different conditions. A, Blank P407 gel at room tempera-
ture; B, Blank P407 gel at 37℃; C, P407 hydrogel loaded with Ms-IL15 at room temperature; D, P407 hydrogel loaded with Ms-IL15 at 37℃; E, The revers-
ible sol-gel phase transition between blank P407 hydrogel and P407/Ms-IL15 at 25 to 37℃. F, The representative histogram of the micelle (5%) obtained 
by dynamic light scattering; F-H, The PDI and average size (z-ave) of the hydrogel micelle. I, Scanning electron microscope images of blank P407 hydrogel 
(20 wt%, scale bar is 100 μm). J, Representative images of Ms-IL15 in P407 hydrogel (Manifested by the arrows, the scale bar is 5 μm). K, P407 hydrogel 
loaded with Ms-IL15, Ms-IL15 loading amount: 5 × 107 CFU mL− 1)
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experimental results, we finally selected 5 × 107 CFU 
Ms-IL15 to treat mice.

Antitumor effect of P407/Ms-IL15 in abdominal metastasis 
model
After determining the optimal concentration for intraper-
itoneal injection of P407/Ms-IL15, we further tested the 
antitumor efficacy of the P407/Ms-IL15 hydrogel delivery 
system in a mouse model of intraperitoneal metastases. 
To establish a model of intraperitoneal metastasis, 5 × 105 
MC38 mouse colonic tumor cells were intraperitoneally 
inoculated into 5–6 week-old C57BL/6 male mice on day 
0. We randomly divided the mice into four groups: NS, 
P407, Ms-IL15, and P407/Ms-IL15, which were adminis-
tered twice every 7 days (Fig.  4A). On day 21 of tumor 
vaccination, we found a significant reduction in tumor 
nodules in the abdominal cavity in the P407/Ms-IL15 
group. We then euthanized the mice on day 7 after the 
last dose, collected tumor tissue, and weighed it. Tumor 
tissue from the NS and P407 groups was similar in vol-
ume and larger than the other 2 groups (Fig.  4B). The 
weight of tumor tissue (345.1  g) in the P407/Ms-IL15 

group was nearly 8 times lower (2515 g and 2553 g) than 
in the NS and P407 groups (Fig. 4C). Nir imaging results 
showed that the bioluminescence range in the abdomi-
nal cavity of the NS group gradually increased with time, 
while the P407/Ms-IL15 group was almost undetectable 
on day 14, indicating that P407/Ms-IL15 could effec-
tively inhibit the development of abdominal metastasized 
tumors (Fig.  4D and F). As shown in Fig.  4E, the body 
weight of mice in the P407/Ms-IL15 group decreased to 
a lesser extent, with no significant difference compared 
to the NS group. However, the body weight of mice in 
the Ms-IL15 alone group decreased more significantly. 
The sustained-release effect of P407 alleviated the poten-
tially latent toxicity of Ms-IL15. For the study of sur-
vival, all mice in the P407/Ms-IL15 group survived to the 
endpoint of monitored treatment, while 60% of mice in 
the Ms-IL15 group died before 60 days, compared to a 
median survival of less than 30 days in the control group 
treated with NS and P407 (Figs. 4G). Overall, these stud-
ies suggest that the slow-release ability of P407 hydro-
gel and its adhesion to abdominal metastases further 
enhance the tumor suppressive effect of Ms-IL15.

Fig. 2 Release of Ms-IL15 from the P407 hydrogel both in vivo and in vitro A, Ms-IL15 release from 20% P407 hydrogel. Ms-IL15 loading amount: 5 × 107 
CFU/mL. The error bars mean ± SEM for 3 independent experiments, n = 3 respectively; B, Degradation of Ms-IL15 loaded 20% P407 hydrogel in A; C, Near-
infrared (NIR) imaging of male C57BL/6 mice on 8 h,1 day,3 days,6 days,12 days,18 days, and 24 days after intraperitoneal injection of Ms-IL15(5 × 107CFU in 
200 µl normal saline) or P407/ Ms-IL15 (5 × 107 CFU in 200 µl 12% P407 solution) (n = 3). Ahead of injection, Ms-IL15 was dyed with DIR (5 µM); D, Change 
of total fluorescence flux over time after injection of Ms-IL15 or P407/ Ms-IL15 in C57BL/6 mice. The error bars represented mean ± SEM; E, MC38 cells were 
cultured with different concentrations of P407 for 24 h, 48 h, and 72 h. At indicated time points, a CCK8 kit was added and the change in optical density 
of the formed product was measured at 490 nm. Error bars represented mean ± SEM (n = 3)
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Immune response induced in vivo by the P407/Ms-IL15 
hydrogel system
In order to further understand the mechanism by 
which P407/Ms-IL15 in-situ hydrogel induced immune 
response in the abdominal cavity, we repeated the above 
tumor suppression experiment. Abdominal tumor tis-
sues and mesenteric lymph nodes were harvested on the 
7th day after the last administration, and the changes in 
immune population were detected by flow cytometry, as 

shown in Figs.  5A-G、Figure S1A-C, and Figure S2A-
F. The proportion of activated DC from tumor tissue 
increased in both Ms-IL15 and P407/Ms-IL15 groups, 
with the highest in the P407/Ms-IL15 group, which 
increased by about 2.8 times compared with the NS 
group (Fig.  5C). The proportion of effector memory T 
cells (TEM) that play an important role in killing tumor 
cells was then measured, and results showed that P407/
Ms-IL15 (74.77%) had higher TEM infiltration compared 

Fig. 3 Optimal dose for intraperitoneal injection of P407/Ms-IL15. A Schematic diagram of administration of P407/Ms-IL15 in MC38 tumor-bearing 
mice. 5 × 105 cells were injected subcutaneously on the right lower sides of the abdomen to establish the MC38 tumor model. The mice were injected 
intraperitoneally with P407、1 × 106 P407/Ms-IL15、1 × 107 P407/Ms-IL15 or 5 × 107 P407/Ms-IL15 which were dissolved a final volume of 200 µl per dose 
7 days after inoculation. P407 concentration was 12%. The body weight was measured every 2–3 days to termination. B, Intraperitoneal tumor burden 
monitored with IVIS of mice with the indicated treatment on Day 7, Day 17, Day 27. C, Bioluminescence intensity in the region of interest (ROI) within 
the abdominal area (n = 5). D, Representative photographs of abdominal tumors and ascites harvested from mice in each group. E, Average abdominal 
tumor weight of different groups. F, Average abdominal tumor weight of different groups. G, The average body weight of different groups (n = 5). For 
the analysis in C and E-F, error bars represented mean ± SEM (n = 5). Statistical significance was determined by analysis of two-tailed unpaired Student’s 
t-tests. ns represented p > 0.05
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to Ms-IL15 (63.52%) and the other groups (Fig. 5E).Fur-
thermore, P407/Ms-IL15 enhanced the expression of 
granzyme B(GZMB), a key cytotoxic protein, in CD8 + T 
cells within the tumor tissue (Fig.  5G). In addition, we 
investigated the proportion of tumor-associated macro-
phages (Tams), which are an important component of the 
innate immune system, and we found that P407/Ms-IL15 
reduced the proportion of immunosuppressive type 2 
macrophages (Fig. 5F). In addition, the immune subpop-
ulations of mesenteric lymph nodes also changed after 
peritoneal administration of P407/Ms-IL15, as shown 
in Fig.  5B and D, and Figure S1C. P407/Ms-IL15 can 
cause a significant increase in mature DC cells and effec-
tor memory T cells in mesenteric lymph nodes, along 

with enhanced granzyme B expression in CD8 + T cells. 
Together, these data suggest that intraperitoneal injection 
of P407/Ms-IL15 in situ hydrogel can activate both innate 
and adaptive immune responses, thereby reprogramming 
the immune microenvironment of mice with abdominal 
metastases and further improving the immune effects of 
Ms-IL15.

P407/Ms-IL15 complex effectively suppresses the 
development of malignant Ascites
To comprehensively assess the anti-tumor efficacy of the 
P407/Ms-IL15 hydrogel delivery system, we conducted 
an experimental validation using a mouse model of hepa-
tocellular carcinoma with malignant ascites. On day 

Fig. 4 P407/Ms-IL15 can effectively inhibit the development of abdominal metastases. A Schematic diagram of P407/Ms-IL15 in the treatment of MC38 
colon cancer with peritoneal metastasis. C57BL/6 mice were intraperitoneally inoculated with MC38 cells (5 × 105 per mouse) and randomized into four 
groups with intraperitoneal treated with NS, P407, Ms-IL15, P407/Ms-IL15 on Days 7 and 14. B, Representative abdominal tumor nodules were harvested 
7 days after the last treatment in different groups of mice. C, Average abdominal tumor weight in different groups of mice (n = 5). D, Near infrared fluo-
rescence imaging of mice at day 7, 14, and 21 in different treatment groups (n = 5). E, The average weight of the different groups (n = 5). F, Tumor burden 
represented by total flux (photons s− 1) plotted on indicated times. G, Survival curves of different groups for 60 days (n = 5). Data were the mean ± SEM. 
For the analysis in C and E-F, statistical significance was determined by analysis of two-tailed unpaired Student’s t-tests. Differences in survival were deter-
mined by using the Kaplan–Meier method, and the p-value was determined via the log-rank (Mantel-Cox) test. ns represented p > 0.05
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0,5 × 105 H22 murine hepatocellular carcinoma cells were 
intraperitoneally inoculated into male ICR mice aged 
5–6 weeks. On day 7 post-inoculation, the mice were 
randomly assigned to four treatment groups: NS, P407, 
Ms-IL15, and P407/Ms-IL15. Intraperitoneal adminis-
tration was performed twice at 7-day intervals (Fig. 6A). 
By day 21 post-inoculation, we observed that the body 
weight (Fig. 6C) and abdominal circumference (Fig. 6D) 
of mice in the P407/Ms-IL15 group were significantly 
lower than those in the other three groups, indicating 
that P407/Ms-IL15 effectively suppressed the develop-
ment of malignant ascites. During the treatment period, 
no significant changes in body temperature were noted 
across all groups, and the differences were not statistically 
significant (Fig.  6E), suggesting that the treatment did 
not induce toxic side effects. On day 7 following the final 
administration, peritoneal effusion was collected from 

the mice and its volume was measured. The volumes of 
malignant ascites in the NS and P407 groups were simi-
lar and markedly higher than those in the Ms-IL15 and 
P407/Ms-IL15 groups (Fig.  6F). Specifically, the volume 
of malignant ascites in the P407/Ms-IL15 group (3512 
ul) was approximately 2.5 times smaller than that in the 
NS (8606 ul) and P407 (8770 ul) groups (Fig. 6G). In the 
survival analysis, all mice in the P407/Ms-IL15 group 
survived for more than 30 days, whereas the median sur-
vival time of mice in the Ms-IL15 group was 27 days. In 
contrast, the median survival time of mice in the control 
groups treated with NS and P407 was less than 25 days 
(Fig.  6B). Collectively, these findings demonstrate that 
the P407/Ms-IL15 hydrogel delivery system effectively 
inhibits the progression of malignant ascites in mice and 
exhibits potent anti-tumor activity.

Fig. 5 P407/Ms-IL15 further reprograms the immune microenvironment in vivo. Different groups of MC38 tumor-bearing mice were euthanized 7 days 
after the last treatment, and the proportion of immune cells in abdominal tumors and mesenteric lymph nodes (n = 5) was analyzed by staining and 
flow cytometry. A, Representative flow diagram of CD11c+CD80+CD86+DCs in tumor tissue. B, The proportion of CD11c+CD80+CD86+DCs in mesenteric 
lymph nodes. C, The proportion of CD11c+CD80+CD86+DCs in tumor tissue. D, The proportion of effector memory T cells (TEM, CD3+CD8+CD44+CD62L−) 
in mesenteric lymph nodes; E, The proportion of effector memory T cells (TEM, CD3+CD8+CD44+CD62L−) in tumor tissue. F, The proportion of M2-type 
macrophages in tumor tissues (F4/80+CD11b+CD163+). G, The proportion of granzyme B in CD8 + T cells in tumor. ns represented p > 0.05
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Biosafety assessment of intraperitoneal vaccination with 
P407/Ms-IL15
For better clinical application, it is necessary to evaluate 
the biosafety of P407/Ms-IL15. For in vivo experiments, 
mice in the Ms-IL15 group alone lost weight over time 
during treatment, and mice in the P407/Ms-IL15 group 
lost less weight due to in situ sustained release and barrier 
effects (Fig. 4E). We believe that large bursts of Ms-IL15 
in a short period of time resulted in weight loss com-
pared to the P407/Ms-IL15 group. In addition, changes 
in major organs of mice in each group were detected 7 
days after the last administration, and hematoxylin-eosin 
staining was performed on the heart, liver, spleen, lungs, 
and kidneys of mice from different groups, and no signifi-
cant pathological changes were observed (Fig. 7A). Fur-
thermore, we performed pathological evaluations of the 
abdominal organs potentially affected by intraperitoneal 

injection (including the bladder, intestines, and testes), 
and no evidence of organ damage was observed(Figure 
S3). These findings further substantiate the safety profile 
of the P407/Ms-IL15 hydrogel delivery system. Periph-
eral blood was collected from the mice for assessment of 
liver and kidney function, as well as routine hematologi-
cal analysis. No significant alterations were observed in 
serum levels of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), alkaline phosphatase (ALP), 
urea (UREA), creatinine (CREA), red blood cells (RBC), 
white blood cells (WBC), hemoglobin (HGB) and plate-
lets (PLT) of mice in all groups, and they were basically 
at the same level, with no statistical significance (Fig. 7B-
C). In summary, in situ injection of thermosensitive P407 
hydrogel has good biosafety.

Fig. 6 Efficacy of Different Treatments in a Mouse Model of Malignant Ascites from Hepatocellular Carcinoma. A, Schematic representation of the P407/
Ms-IL15 treatment regimen in an H22 hepatocellular carcinoma mouse model with malignant ascites; B, Survival curves of different groups over 35 days; 
C, Average weight changes across different groups; D, Average changes in abdominal circumference among different groups; E, Average body tempera-
ture changes in different groups; F, Representative images of visible malignant ascites collected from different groups 7 days after the final treatment; G, 
Average volume of malignant ascites in different groups (ns p > 0.05)
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Discussion
In recent years, immunotherapy has offered new hope 
for patients with peritoneal metastases. Several preclini-
cal studies and clinical trials have demonstrated that 
intraperitoneal injection of immune drugs can induce 
tumor regression in both mice and humans [17, 18]. 

Nevertheless, the immunosuppressive microenviron-
ment of the peritoneum constrains the efficacy of these 
therapies, and finding means to activate a more effective 
immune response remains an urgent challenge. The utili-
zation of microorganisms in tumor therapy has emerged 
as a field of significant interest, playing a crucial role in 

Fig. 7 Biosafety assessment of intraperitoneal inoculation of P407/Ms-IL15. A, Fourteen days days after the last treatment (n = 5), the hearts, livers, spleens, 
lungs, and kidneys of tumor-bearing mice were stained with hematoxylin-eosin. The scale is 200 μm. B, The index of blood liver and kidney function in 
mice. ALT, alanine aminotransferase; AST, glutamic oxalacetic transaminase; AKP, alkaline phosphatase; CREA, creatinine; UREA, hematuria nitrogen. C. The 
blood count tests in mice. RBC, red blood cell; WBC, white blood cell; HGB, hemoglobin; PLT, Platelets
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reprogramming the tumor immune microenvironment 
[19, 20]. BCG (Bacillus Calmette-Guérin), an attenu-
ated strain derived from mycobacterium bovis, has been 
approved by the FDA for the treatment of non-muscle-
invasive bladder cancer [21]. Mycobacterium smegmatis, 
a non-pathogenic microorganism within the mycobac-
terium genus, serves as an ideal delivery vector akin to 
BCG (Bacillus Calmette-Guérin). Additionally, compared 
with BCG, mycobacterium smegmatis exhibits greater 
susceptibility to damage inflicted by phagolysosomal 
proteases within the phagocytic vesicles of infected cells. 
This enhances the release of therapeutic agents, subse-
quently activating dendritic cells and inducing CD8 + T 
cell-mediated immune responses, leading to the genera-
tion of long-lasting memory T cells [8, 22]. Due to its 
remarkable safety and practicability, Mycobacterium 
smegmatis shows a promising potential as an immuno-
modulator in the field of anti-tumor drug research [23]. 
Engineered Mycobacterium smegmatis, which expresses 
cytokines or tumor-associated antigens, exerts strong 
anti-tumor effects in various mouse models of tumors 
such as bladder cancer by activating DCs and eliciting 
CD8 + T cell-mediated immune responses [7, 9, 24]. Our 
team previously engineered Mycobacterium smegma-
tis expressing IL15 to stimulate tumor-specific immune 
responses through intratumoral injection. However, the 
feasibility of this therapy is limited in metastatic tumors 
lacking a primary focus. To address this issue, we believe 
that local abdominal administration is a favorable option, 
as it increases the concentration of drugs at the disease 
site while reducing the risk of systemic side effects.

With the continuous advancement of materials sci-
ence, hydrogels have been developed for bacteria-medi-
ated diagnosis and treatment, such as the utilization of 
bacteria to diagnose intestinal inflammation or promote 
wound healing [15, 25]. In tumor treatment, biolumines-
cent Salmonella typhimurium encapsulated in a sodium 
alginate-based hydrogel, along with the photosensitizer 
dihydroporphyrin e6 (Ce6), has exhibited effective tumor 
growth inhibition [26]. Additionally, chitosan-sodium 
alginate hydrogels loaded with engineered bacteria can 
activate both intestinal mucosal and systemic immunity, 
suppressing tumor growth [27]. Poloxamer 407 (P407), a 
temperature-sensitive injectable hydrogel, has been dem-
onstrated in our study to maintain its structural integrity 
when combined with bacteria, consistent with previous 
reports [28]. P407 also supports bacterial growth and 
prolongs bacterial residence at the injection site without 
influencing bacterial secretion [29]. We hypothesize that 
P407 can slow the metabolism of Ms-IL15 in the body, 
enhancing its anti-tumor effect. Based on these find-
ings, we have developed a P407/Ms-IL15 thermosensitive 
hydrogel drug delivery system, which can be admin-
istered intraperitoneally to significantly inhibit tumor 

growth in the long term. This effect is primarily attrib-
uted to the temperature sensitivity, excellent adhesion, 
and sustained release properties of the P407 hydrogel.

In our study, the P407/Ms-IL15 treatment elicited an 
anti-tumor immune response through the interactions 
among T cells, dendritic cells (DCs), and macrophages. 
Flow cytometry analysis revealed an increased propor-
tion of dendritic cells (DCs) and memory T cells in both 
tumor tissues and mesenteric lymph nodes. Additionally, 
a higher percentage of CD8 + T cells expressed granzyme 
B, which is known for its cytotoxic effects on tumor cells. 
Concurrently, there was a reduction in the number of 
immunosuppressive M2-polarized macrophages. Fur-
thermore, no significant differences were observed in 
body weight, body temperature, liver and kidney func-
tion, complete blood cell count, or vital organ status 
between P407/Ms-IL15-treated mice and the control 
group. These findings suggest that local hydrogel injec-
tion exhibits excellent safety. More importantly, this 
drug delivery strategy overcame the challenges of sys-
temic drug administration, enhancing drug retention at 
the abdominal lesion site and tumor microenvironment, 
thereby maximizing the activation of immune cells and 
strengthening the therapeutic effect of Ms-IL15. Mean-
while, it also offers a promising therapeutic strategy for 
the management of patients with abdominal metastatic 
tumors in clinical settings.

Despite the promising outcomes, our study has certain 
limitations. For instance, further exploration of the bio-
logical distribution of P407/Ms-IL15 in mice would offer 
deeper insights into the tumor-targeting ability of the 
bacteria and the role of the hydrogel in this system. Nota-
bly, the concentration of P407 used for intraperitoneal 
injection differed from that used in vitro. This was mainly 
to avoid potential damage, as a high concentration of 
P407 could adhere to normal organs, such as the intes-
tines, after intraperitoneal injection. Another limitation 
is that we only evaluated the anti-tumor effects of P407/
Ms-IL15 in two tumor models, which restricts the uni-
versality of the findings. We plan to assess the anti-tumor 
effects of P407/Ms-IL15 in other tumor models to con-
firm its broader applicability. Additionally, exploring the 
synergistic effects of P407/Ms-IL15 with radiotherapy, 
chemotherapy, immune checkpoint inhibitors, and other 
therapies is an important direction for future research.

Conclusion
In summary, this study successfully developed an inject-
able thermosensitive hydrogel delivery system loaded 
with engineered Mycobacterium smegmatis (P407/
Ms-IL15). The P407/Ms-IL15 system undergoes a sol-gel 
transformation at physiological temperatures, enhanc-
ing drug retention and diffusion while prolonging its 
duration of action. In an abdominal metastasis model, 
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intraperitoneal administration of P407/Ms-IL15 facili-
tated local drug retention and significantly enhanced 
anti-tumor efficacy. Local injection of P407/Ms-IL15 
notably promoted dendritic cell (DC) maturation, 
increased the proportions of T cells and GZMB, and 
reduced M2 macrophage polarization. Furthermore, 
P407/Ms-IL15 demonstrated excellent biocompatibility 
both in vivo and in vitro, providing a safe and promising 
strategy for the treatment of abdominal metastases.
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