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Abstract 

Background Glioblastoma multiforme (GBM) is the most common and aggressive primary intracranial malignancy. 
It is characterized by insufficient infiltration of anti-tumor T lymphocytes within the tumor microenvironment (TME), 
rendering it an “immune cold” disease. This immune deficiency results in poor responses to immune checkpoint 
blockade (ICB) therapies. Recent studies have demonstrated that bacteria can proliferate within tumors and acti-
vate immune responses. Therefore, in this study, we employed Escherichia coli (E. coli) in combination with anti-PD-1 
antibodies to treat GBM, with the aim of exploring the immune-activating potential of E. coli in GBM and its synergistic 
effect on anti-PD-1 therapy.

Methods The E. coli and anti-PD-1 antibody therapy were administered intravenously and intraperitoneally, respec-
tively. Complete blood cell count, blood biochemical analysis, hematoxylin and eosin (H&E) staining, and agar plate 
culture were employed to evaluate the biosafety and tumor-targeting capability of E. coli. ELISA kits were used 
to detect innate immune cytokines. Flow cytometry and immunofluorescence staining were used to investigate T 
cells. Tumor volume of tumor-bearing mice was recorded to evaluate the combined treatment efficacy. H&E staining 
and immunofluorescence staining were used to observe the tumor inhibition markers.

Results E.coli can specifically target into the tumor region, and activate the innate immune response in mice. 
Immunofluorescence staining and flow cytometry results demonstrated that the combination treatment group 
exhibited a significant upregulation of cytotoxic  CD8+ T cells and a marked suppression of regulatory T cells com-
pared to the control group. The expression of Ki67 was significantly downregulated, and TUNEL staining revealed 
an increased number of apoptotic cells in the combination treatment group. Furthermore, the tumor growth rate 
in the combination treatment group was significantly slower than that in the control group.
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Background
Glioblastoma multiforme (GBM) presents the most com-
mon and aggressive primary intracranial malignancy, 
with a poor prognosis and a median survival of only 
14.6 months after diagnosis [1]. Surgical resection, radio-
therapy, and chemotherapy are standard treatments, but 
limited by the proliferative nature and the blood–brain 
barrier (BBB) [2–4]. In recent years, immunotherapy 
has been extensively studied in the treatment of GBM 
[5], but the lack of anti-tumor immune cells within the 
tumor greatly reduces the efficacy of immunotherapy [6, 
7]. Therefore, it is urgent to increase the infiltration of 
immune cells within the tumor in response to the reacti-
vation of T cells caused by immunotherapy.

Among immune checkpoint targets, monoclonal anti-
bodies directed against programmed cell death protein-1 
(PD-1) or programmed cell death-ligand 1 (PD-L1) were 
globally employed for immunotherapy in many cancers 
such as non-small cell lung cancer (NSCLC), hepato-
cellular carcinoma, and melanoma [8]. However, GBM 
is commonly regarded as an “immunologically cold” 
tumor [6]. Although anti-PD-1 antibodies can activate 
anti-tumor T cells within the tumor, the limited recruit-
ment of T cells within the tumor microenvironment 
(TME) means that the small number of T cells present is 
insufficient to exert a significant cytotoxic effect on the 
tumor cells [6, 7, 9]. Thus, anti-PD-1 antibodies have not 
achieved the desired efficacy in GBM [10]. Therefore, 
recruiting more tumor-specific T cells in the tumor tis-
sue and activating their anti-tumor properties to enhance 
GBM patients’ response to anti-PD-1/PD-L1 antibody 
treatment is crucial.

Recently, researchers have explored various strate-
gies to improve the immune microenvironment of GBM, 
especially the bacterial therapy, it has been demonstrated 
that bacteria are the most effective immune system acti-
vators [11, 12]. Bacterial therapy uses attenuated or 
non-toxic bacteria with unique targeting and immune 
activation functions, becoming a potential anti-tumor 
treatment [13, 14]. Facultative anaerobes or anaerobic 
bacteria, including Salmonella Typhimurium, Clostrid-
ium novyi-NT, Listeria monocytogenes, Bifidobacterium, 
and others, are capable of surviving and proliferating 
in the hypoxic and nutrient-rich tumor microenviron-
ment, thereby rendering them ideal tumor-targeting 
vectors, can survive and proliferate in the hypoxic and 

nutrient-rich tumor microenvironment, making them 
ideal tumor-targeting vectors [14, 15]. Among the diverse 
bacteria employed for tumor therapy, Escherichia coli (E. 
coli) stands out as a facultative anaerobe that has been 
demonstrated to be safe for cancer treatment and amena-
ble to easy genetic modification [16]. Moreover, it has the 
ability to colonize tumors, release anti-tumor substances, 
and activate the host immune system, thereby inhibiting 
tumor cell growth [17–19]. However, despite the fact that 
E. coli can activate the tumor immune system to a cer-
tain degree, the complex immunosuppressive properties 
of the GBM microenvironment pose challenges, making 
it difficult to achieve effective treatment of GBM solely 
through the action of E. coli [7]. Therefore, E. coli exhib-
its significant potential as a reliable immune stimulant in 
tumor treatment, yet it needs to be used in combination 
with other drugs to fully exploit its synergistic effect in 
GBM immunotherapy.

Herein, in this study, we explored a novel therapeu-
tic strategy using facultative anaerobic E. coli combined 
with anti-PD-1 antibody to treat GBM. After intravenous 
injection of E. coli into the GBM tumor bearing mice, we 
observed that E. coli can specifically colonize into the 
hypoxic region of GBM and activate the innate immune 
response, causing a short-term increase in innate inflam-
matory molecules such as tumor necrosis factor-alpha 
(TNF-α), interferon gamma (IFN-γ), interleukin-6 (IL-
6), interleukin-1beta (IL-1β), tumor growth factor-beta1 
(TGF-β1) and interleukin-10 (IL-10). More importantly, 
E. coli significantly activated and recruited more tumor 
antigen-specific  CD8+ T cells and increased the depth of 
 CD8+ T cell infiltration into the tumor tissues. In sub-
sequent treatments, the combination of E. coli and anti-
PD-1 antibody significantly inhibited tumor growth and 
extended mouse survival. We also showed that the com-
bination therapy significantly inhibited the expression of 
ki67 and led to significant cell apoptosis. In summary, 
we propose a new strategy of bacterial therapy assisting 
anti-PD-1 in GBM immunotherapy, which significantly 
improves the efficacy of immune checkpoint blockade 
therapy and provides new strategy for GBM treatment.

Materials and methods
Bacteria culture
Escherichia coli (BL21) was purchased from Shang-
hai Weidi Biotechnology Co., Ltd (China) and stored 

Conclusions E. coli exhibits potential anti-tumor activity and can activate the innate immune response and fur-
ther regulate immune cells in the tumor tissues to synergize the effect of anti-PD-1 therapy on GBM, providing new 
insights to enhance the efficacy of GBM immunotherapy.
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at − 80  °C. For bacterial culture, E. coli was cultured in 
Luria–Bertani (LB) liquid medium in a constant tem-
perature oscillation incubator (37 °C, 220 rpm) and these 
bacterial cells were harvested at the exponential growth 
phase. Afterward, the bacterial suspensions were washed 
twice and resuspended in phosphate buffer saline (PBS) 
buffer for the following experiments. The bacteria con-
centration in solution was determined by the measure-
ment of the corresponding optical density (OD) value at 
600 nm  (OD600), and numbers of bacterial colonies were 
verified by plating dilutions of inoculum onto LB agar 
plate.

Cell culture
The mouse glioblastoma CT2A cells were purchased 
commercially from the Chinese Academy of Sciences 
Cell Bank (China). The cells were cultured according to 
CBCAS recommended conditions at 37 °C with 5%  CO2 
in DMEM supplemented with 10% Fetal Bovine Serum 
(FBS) and 1% streptomycin/penicillin.

Animals model establishment and anti‑PD‑1 therapy
All the animal experiments and procedures were 
approved by Animal Ethics and Welfare Committee 
(AEWC) of Yan’an Hospital Affiliated to Kunming Medi-
cal University and performed under their guidelines. 
C57BL/6 female mouse 6–8  weeks old were purchased 
from Department of Experiment Animal Science, Kun-
ming Medical University. To construct the GBM-bearing 
mice model, CT2A cells were suspended in PBS (2 ×  106 
cells in 100  µL), and the solutions were subcutaneously 
injected into the right flank of C57BL/6 mice. After the 
tumor diameter reached ~ 0.3  mm, all tumor-bearing 
mouse were randomly distributed into different cages 
for the following experiments. The anti-PD-1 antibodies 
used in subsequent anti-PD-1 treatments are all Anti-
mouse PD-1 (CD279)-InVivo (CAS No. N/A; CLONE 
No. RMP1-14) produced by Selleck Technology Co., Ltd.

Biosafety of E. coli
Healthy C57BL/6 mouse (6–8 weeks) were used to assess 
the in vivo toxicity. 2 ×  107 CFU live E. coli (selected from 
a series of safety experiments including different doses, 
data are reflected in Supplementary Information) were 
dissolved in a total volume of 200 μL PBS and the solution 
was injected intravenously (i.v.). The weight of mice was 
monitored every day over 14  days. Blood samples were 
collected before (control group) and after1, 7 and 14 days 
post-injection for biochemical examinations of complete 
blood count (white blood cell, WBC; red blood cell, RBC; 
platelets, PLT; hemoglobin, HGB; mean corpuscular 
hemoglobin, MCH; mean corpuscular volume, MCV), 
liver functional markers (alanine aminotransferase, ALT; 

aspartate transaminase, AST), myocardial zymogram 
(creatine kinase, CK; l-lactate dehydrogenase, LDH-L), 
and kidney functional marker (blood urea nitrogen, BUN; 
creatinine, CREA). The major organs (heart, liver, spleen, 
lung, and kidney) were stained with H&E for histological 
analysis at the corresponding time point. In addition, to 
investigate its long-term safety, we conducted the same 
H&E staining on these organs of mice the 24th day after 
bacterial injection and monitored the weight changes of 
mouse every 2 days during this period.

Tumor‑targeting ability of E. coli
Before and after injecting i.v. E.  coli at the dose of 
2 ×  107  CFU (200  μL) at the 1st, 3rd, 5th, 7th and 14th 
day, the main organs (heart, liver, spleen, lung, kidney, 
and tumor) of mice were extracted at the corresponding 
time points, weighed, and homogenized at 4 °C in sterile 
PBS. Those samples were diluted (tenfold, 100-fold, etc.) 
and coated on LB agar plates. After 16  h of incubation, 
the number of E. coli colonies were counted. The bacte-
rial colony count index in tissue (CFU per gram of tissue) 
was calculated with colony counts and tissue weights.

Cytokine quantification
We injected E. coli or PBS into tumor bearing mice to 
investigate the alteration of innate immune cytokines by 
E. coli in tumor bearing mice. Subsequently, we divided 
the tumor bearing mice injected with E. coli into four 
groups: control (0-h), 24-h post dose, and 48-h post dose. 
Tumor supernatants and serum were isolated at the cor-
responding time point and stored at − 80  °C until analy-
sis. IL-10, TGF-β1, IL-6, TNFα, IL-1β, and IFN-γ from 
tumor supernatants and serum were quantified using 
Mouse IL-10 ELISA Kit (Servicebio: GEM0003-96T), 
Mouse TGF-β1 ELISA Kit (GEM0051-96T), Mouse IFN-
gamma ELISA Kit (Servicebio: GEM0006-96T), Mouse 
TNF-alpha ELISA Kit (Servicebio: GEM0004-96T), 
Mouse IL-1 beta ELISA Kit (Servicebio: GEM0002-96T) 
and Mouse IL-6 ELISA Kit (Servicebio: GEM0001-96T). 
All ELISAs were run on a 96-well plate and analyzed via 
colorimetric readout using the Synergy Neo Microplate 
Reader (BioTek Instruments).

Immunofluorescence
To examine changes in the microenvironment, tumors 
were fixed with paraformaldehyde and embedded in 
paraffin. The trimmed wax block was put into a paraffin 
slicer for slicing, with a thickness of 4 μM. The following 
primary antibodies/kit are used for immunofluorescence 
staining: CD3 (Proteintech: 17617-1-AP, 1:500 dilution), 
CD4 (Proteintech: 67786-1-IG, 1:450 dilution), CD8 
(Proteintech: 29896-1-AP, 1:500 dilution), FOXP3 (Pro-
teintech: 65089-1-IG, 1:100 dilution), ki-67 (Servicebio: 
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GB111499, 1:500 dilution) and TMR (red) Tunel Cell 
Apoptosis Detection Kit (Servicebio: G1502-50T). The 
secondary antibodies were used: CY3 labeled goat anti-
rabbit IgG (Servicebio: GB21303, 1:300 dilution), CY3 
labeled goat anti-mouse IgG (Servicebio: GB21301, 
1:300 dilution), HRP tagged goat anti-rabbit IgG (Ser-
vicebio: GB23303, 1:200 dilution). Images were acquired 
with an upright fluorescence microscope (Nikon Eclipse 
C1, Nikon Japan) and scanner (Pannoramic MIDI, 
3DHISTECH).

Flow cytometry
To analyze lymphocytes in tumor, spleen and blood, the 
tumor bearing mice was euthanized in excessive isoflu-
rane gas chamber. Blood was obtained through enuclea-
tion method, tumor and spleen tissues were ground using 
frosted glass slide and fragmented tissues were incubated 
for 1  h at 37  ℃ in Collagenase/DNase solution. After 
passing through 70-μm pore-sized filters to make sin-
gle-cell suspension, the sample was washed three times 
with PBS to obtain purer single-cells suspension. Periph-
eral blood mononuclear cells (PBMC) were extracted 
from whole blood using lymphocyte separation solution. 
Foxp3/Transcription Factor Staining Buffer (eBioscience: 
00-5523-00) was added to single-cell suspension and 
incubated for 30 min at room temperature and 1 mL of 
washing solution was added to terminate. After centri-
fuge at 400 r/5 min, each 5 μL antibody solution: PerCP 
anti-mouse CD3ε (BioLegend: 100326), FITC anti-mouse 
CD4 (BioLegend: 100510), APC/Fire 750 anti-mouse 
CD8a (BioLegend: 100766), APC anti-mouse CD25 
(BioLegend: 102012) and FOXP3 Monoclonal Antibody 
(FJK-16 s) PE (eBioscience: 12-5773-80) were added and 
incubated at room temperature in the dark for 30  min. 
Cell precipitations after centrifugation were washed with 
PBS for three times, and mix well with PBS (1 mL) before 
testing on the flow cytometer. The results were analyzed 
by FlowJo software.

In vivo antitumor effect
To investigate the antitumor effect in  vivo, when the 
tumor volumes reached approximately 20  mm3, CT2A 
tumor-bearing mice were randomly assigned into four 
groups (n = 5): (1) control (saline), (2) E. coli only, (3) 
PD-1 only, (4) E. coli + PD-1. Escherichia coli solutions 
(2 ×  107  CFU, 200  μL) were injected i.v. for three con-
secutive days, and anti-PD-1 antibody solutions (250 μg, 
200  μL) were injected intraperitoneally every other day 
for 3 consecutive times. The tumor volumes and body 
weights were recorded every other day during treatment. 
Tumor volume was calculated as [1/2 × length × (width)2]. 
Tumor-bearing mouse were euthanized and tumor tis-
sues were extracted to observe the tumor size when the 

tumor volume approaches the ethical size of the animal. 
The extracted tumors were also utilized for H&E staining.

Statistical analysis
All statistical analyses were performed using SPSS 
27.0 program. Data are presented as mean ± standard 
deviation (SD). The significance of the differences was 
evaluated with Student’s t-test and one-way ANOVA 
(ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001).

Results
Biosafety analysis of E. coli
Good biosafety of E. coli is a prerequisite for in  vivo 
use. We cultured E. coli and measured the OD values 
of the bacterial solution at different time points. We 
used the plate dilution method to obtain the growth 
curve of E. coli (Fig.  1A) and the relationship equation 
(Y = 37.111x−0.01645,  R2 = 0.9961) between the  OD600 
value of the bacterial solution and the number of colonies 
was obtained using a spectrophotometer (Figure. S1). The 
results showed that the logarithmic growth period of bac-
teria was between 2 and 4 h after bacterial culture. The 
maximum tolerated dose of E. coli is 2 ×  1010 CFU/200 μL 
(Figure. S2). So, to ensure the safety of mice, we chose 
this dose to our following experiments. As shown in 
Fig. 1B, the body weight of mice showed a slight decrease 
trend only in the first and two post-injection days, from 
the 3rd post-day injection day, the body weight of mice 
showed an increasing trend and the trend was basically 
consistent with that of the control group. And after 
extending the time to 24 days, compared with the control 
group, there was no significant change in the body weight 
of mice injected with bacteria (Figure. S3A). This trend of 
weight change is basically consistent with previous stud-
ies [18, 20]. The phenomenon of weight loss in mice in 
the early stage may be attributed to the excessive secre-
tion of early pro-inflammatory factors. The blood indexes 
including complete blood count (WBC, PLT and MCV), 
liver functional markers (ALT), myocardial enzymogram 
(LDH), and kidney functional marker (CREA) showed 
slight fluctuations within the safe range in early stages 
after i.v. injection, and these indicators gradually return 
to the normal level compared with those in the control 
group (post-0  day group) on the 14th day after injec-
tion (Fig. 1C). Similarly, the same trends were observed 
in RBC, HGB, MCH, AST, CK and BUN (Figure. S4). 
H&E staining showed no significant pathological dam-
age to the major organs in each group (Fig. 1D). And after 
extending the time to 24 days, compared with the control 
group, there was no significant pathological changes were 
observed in important organs (Figure. S4B). These results 
indicated that E. coli with a concentration of 2 ×  107 CUF 
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(200  μL) had high biosafety in  vivo, establishing their 
potential for further experimental application.

Distribution of E. coli in vivo and activated innate immune 
response.
To evaluate the distribution of E. coli in vivo, we admin-
istered the tissue homogenate on CT2A tumor bearing 
mice. As shown in the Fig. 2A and B, E. coli was gradually 
cleared from the organs over time and accumulated in 
tumor tissue, reaching about 1.28 ×  107 CFU/g tissue on 
day 14. This phenomenon is mainly caused by the charac-
teristics of facultative anaerobic bacteria and the immune 
system of the organism [19, 21]. The single colony on the 
plate was picked for Gram staining. Rod-shaped pink 
bacteria can be observed (Fig.  2C), indicating that the 
bacteria growth in the plate is E. coli. The cytokine detec-
tion results showed that type I IFN as well as a variety 
of proinflammatory cytokines, including IFN γ, TNF α, 
IL-6, and IL-1 β, were induced in a time-dependent man-
ner in both tumor (Fig.  2D) and serum (Fig.  2E). They 
were highly expressed after 24  h and decreased slightly 
after 48  h, highlighting the activity of E. coli bacterial 
chassis [17]. Correspondingly, the decrease in expression 
of anti-inflammatory factors such as IL-10 at 24 h group 
is directly proportional to the increase in pro-inflam-
matory factors such as TNF-α (Fig.  2F). Based on this 
time-dependent characteristic, we chose to inject E. coli 
continuously for three days in subsequent experiments. 
Collectively, these data demonstrate the time-dependent 
pharmacology of E. coli, its tumor target engagement 

in vivo and its utility as a potent inducer of local inflam-
mation and its potential anti-tumor activity.

Escherichia coli‑induced activation and recruitment 
of immune memory cells
Next, we investigated the effect of E. coli on acquired 
immunity in tumor-bearing mice. Tumor-bearing mice 
treated with various agents were euthanized, tumor tis-
sues, peripheral blood and spleen were isolated on post-
10 day after E. coli injection. Notably, the tumor tissues, 
spleen and peripheral blood of the mice exhibited a sig-
nificant increase in the number of immune cells in the 
presence of E. coli. Excitingly, the number of infiltrated 
immune cells in tumor tissue is much higher than those 
in peripheral blood and spleen, suggesting a role of the E. 
coli in immune cell recruitment and activation (Fig. 3A). 
In the tumor tissues, the abundance of  CD8+ T cells was 
significantly increased compared to the control group, 
with the E. coli + PD-1, E. coli, and PD-1 groups being 
2.08, 1.66 and 1.55 times higher respectively (Fig.  3B). 
Encouragingly, the activation of  CD8+ T cells depend-
ent on this type of E. coli also showed the same trend in 
the spleen (Fig. 3C) and peripheral blood (Fig. 3D). Fur-
thermore, tissue immunofluorescence staining showed 
stronger fluorescence intensity (red represents  CD8+ T 
cells) in the treatment groups compared with the control 
group (Fig. 3E). The relative fluorescence intensity of the 
E. coli and E. coli + PD-1 groups, especially E. coli + PD-1 
group, was significantly higher than that of the other 
groups (Fig.  3F), which intuitively proved that E. coli 
recruited a large number of  CD8+ T cells in the tumor. 

Fig. 1 Evaluation of the biosafety of E. coli. A Growth curve of E. coli. B Body weight changes of mice over various time after injection of E. 
coli. C Changes in organ damage serum index and complete blood count at different times. D H&E staining in different organs at different 
times after injection of E. coli (Scale bars: 25 µm)
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Fig. 2 Distribution of E. coli in tumor-bearing mice and innate immune activation. A Solid LB agar plates of bacterial colonization in various tissues 
at the indicated timepoints. B Quantification of bacterial colonization in various tissues. C Optical microscope image of gram stain of a monoclonal 
colony from the above LB plates (Scale bars: 25 µm). D, E Cytokine abundance from tumor supernatants (D) and serum (E) for IL-1β, IL-6, TNFα 
and IFN-γ from treated mice at the indicated time points after i.v injection of E. coli. F Cytokine abundance from tumor tissues and serum for IL-10 
and TGF-β1, from treated mice at the indicated time points after i.v injection of E. coli (n = 4, ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, calculated by one-way ANOVA)
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In addition, flow cytometry results also showed that the 
presence of E. coli promoted the infiltration of a large 
number of  CD3+T cells into the tumor, which reflected 
the recruitment function of E. coli towards T cells (Fig-
ure. S5).

The synergistic treatment of E. coli and PD‑1 reduced 
the infiltration of regulatory T cells
Since we have confirmed that E. coli can activate and 
recruit cytotoxic T cells within tumors, we would like 
to know whether E. coli can assist in anti-PD-1 therapy 
to alleviate this immunosuppression caused by the high 
expression of regulatory T cells in GBM tumors. There-
fore, we further evaluated the regulation of regulatory 

T cells by the combination therapy of E. coli and anti-
PD-1. Flow cytometry analysis showed that both E. coli 
treatment alone and anti-PD-1 treatment alone down-
regulated the infiltration level of Treg cells in the tumor 
compared with the PBS (control group) alone, and more 
remarkably, the combination therapy resulted in a further 
significant reduction of Treg cells (Fig.  4A, B). Moreo-
ver, it also reduced the levels of Treg cells in the spleen 
(Fig.  4C) and peripheral blood (Fig.  4D), although not 
as effectively as in the tumors (Fig.  4A). Immunofluo-
rescence microscopy confirmed that the combination 
therapy further decreased  Foxp3+ T cell (Tregs) infiltra-
tion compared to monotherapy (Fig. 4E, F). These results 
demonstrate that E. coli therapy synergistically enhances 

Fig. 3 Immunomodulatory efficacy of E. coli/PD-1 for mobilizing immunity against tumors. A Flow cytometry results of  CD3+CD8+ T cells 
in tumor tissue, spleen and peripheral blood after different treatments. B–D Quantitative analysis of  CD3+CD8+ cytotoxic T cells (n = 4). E 
Immunofluorescence staining of  CD8+ T cells in tumor tissue (labeled with red. Scale bars: 40 µm). F Normalized relative fluorescence intensity (FI) 
(n = 4). (ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, calculated by one-way ANOVA)
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the inhibitory effect of anti-PD-1 therapy on regulatory 
T cells, further demonstrating the anti-tumor potential 
of E. coli. In addition, analysis of  CD8+Foxp3+T cells 
showed that the presence of E. coli reduced the number 
of Treg cells in  CD8+T cells (Figure. S6), further indi-
cating that the bacteria can recruit the  CD8+T cells and 
restore the function of  CD8+T cell.

In vivo synergistic antitumor effect
The preliminary results confirmed the effective accumu-
lation of E. coli in the tumor area and its excellent amelio-
rative effect on the immune TME, which encouraged us 
to further investigate their therapeutic potential in vivo. 
The treatment protocol was performed according to the 

treatment administration schedule (Fig.  5A). As shown 
in Fig. 5B and C, the tumor volume of mice treated with 
E. coli and PD-1 was smaller than the control group and 
the tumor volume of each group did not show statisti-
cal significance on day 0, indicating consistency in the 
baseline tumor volume (Figure. S7). In particular, “the 
E. coli + PD-1” treated mice showed the most signifi-
cant tumor growth inhibition compared to other groups 
(****P < 0.0001), which could be attributed to the effi-
cient synergistic antitumor efficiency (tumor inhibition 
rate = 63.5%) (Table. S1), stemming from the combined 
bacteria therapy and immunotherapy. Notably, there is 
no significant weight loss was observed in the tumor-
bearing mice during the therapeutic period (Fig.  5D), 

Fig. 4 Synergistic regulation of regulatory T cells by E. coli and PD-1. A Flow cytometry results of  CD3+CD4+CD25+Foxp3+ T cells in tumor 
tissues, spleen and peripheral blood after different treatments. B–D Quantitative analysis of  CD3+CD4+CD25+Foxp3+ regulatory T cells (n = 4). E 
Immunofluorescence staining of Tregs cells in tumor (labeled with red. Scale bars: 40 µm). F Normalized relative fluorescence intensity. (n = 4, ns: 
not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, calculated by one-way ANOVA)
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indicating the systemic toxicity of E. coli and anti-PD-1 
antibody was negligible. On post-14  day of treatment, 
the tumor-bearing mice were euthanized and tumor 
tissue was extracted for weighing and photography. 
As shown in Fig.  5E and F. The results showed that the 
tumor volume of each treatment group was smaller than 
that of the control group, with the E. coli + PD-1 group 
being the most significant, followed by the E. coli group. 
In addition, H&E staining, TUNEL and Ki67 immuno-
fluorescence staining (Fig.  5G) further confirmed that 
E. coli enhanced anti-PD-1 immunotherapy effect. H&E 
staining showed clearly abnormal nuclei (karyopyknosis, 
karyorrhexis, and karyolysis) of tumor cells in each treat-
ment group compared with the control group, with the 
E. coli + PD-1 group being the most significant. Similarly, 
the mice treatment with “the E. coli + PD-1” displayed 
negligible proliferation (Ki67, red) and significant apop-
tosis (TUNEL, red) compared to the control group. The 
quantified fluorescence results also showed the inhibition 
of tumor proliferation and promotion of apoptosis by 
combination therapy (Figure. S8).

Discussion
GBM represents a major therapeutic challenge due to its 
aggressive nature and the limited efficacy of current ICB 
therapies. Our study aimed to address this challenge by 
combining E. coli with anti-PD-1 antibodies to enhance 
the immune response against GBM. This approach capi-
talizes on the ability of bacteria to induce immune acti-
vation within tumors, a strategy previously explored with 
varying success in different cancer types [17, 21]. Our 
findings underscore the potential of E. coli to activate 
the innate immune system within GBM and to enhance 
the efficacy of anti-PD-1 therapy, as evidenced by the 
increased cytotoxic  CD8+ T cells and decreased regula-
tory T-cells. In addition, decreased Ki67 and increased 
TUNEL further demonstrate the inhibitory effect of this 
treatment on tumor cells. In conclusion, our results fully 
support the potential of E. coli as an adjuvant for glioma 
immunotherapy.

The role of E. coli in immune activation has been 
explored in various contexts, with studies suggesting that 
bacteria can stimulate the immune system by present-
ing tumor-associated antigens and promoting immune 

cell activation [14]. In our study, E. coli was observed to 
accumulate in tumor tissues, which is consistent with 
previous research findings, demonstrating bacteria can 
specially target the tumor and colonize in the tumor 
tissues [18]. It has been reported that bacteria contain 
several pathogen-related molecular patterns, such as 
peptidoglycan, lipopolysaccharide (LPS), chemokines 
and flagellin, all of which have the ability to activate 
innate immune signaling pathways, and induce the secre-
tion of significant amounts of cytokines and chemokines 
[22–24]. In contrast to the elevation of these pro-inflam-
matory factors, we observed a decrease in anti-inflam-
matory factors, which may be attributed to bacterial 
induced macrophage polarization. Research has shown 
that bacteria can induce polarization of macrophages, 
which can increase the secretion of TNF-α and IL-6, and 
inhibit the secretion of IL-10 and TGF-β [25]. Our study 
observed that the activation of innate immunity in mice 
by E. coli can only last for one day, which is similar to the 
Huang’ results [26]. This is also the reason why we chose 
to inject E. coli continuously. Furthermore, inflammatory 
response induced by bacterial lysates are also involved 
in the activation of adaptive immune cells, making the 
TME more conducive to T cell infiltration [27]. This shift 
from an immune-cold to an immune-hot environment 
enhances the overall efficacy of immunotherapy. These 
completed studies suggest that the strategy of activating 
innate and adaptive immunity via bacteriotherapy is a 
practical way to reverse the immunosuppressive micro-
environment and promote the formation of anti-tumor 
immune memory [27–29]. In our study, the high expres-
sion of innate immune factors such as TNF-α and IL-1β 
is more significant in tumor tissues than serum. The rea-
son for this result may be due to E. coli’s intrinsic tumor 
tropism, this immunostimulatory results in a cytokine 
response concentrated to the TME [17]. This is advanta-
geous from a safety perspective and this chemokine gra-
dients are conducive to steer immune cell trafficking into 
the tumor [17, 30]. In our murine tumor models, E. coli 
treatment resulted in the establishment of immunologi-
cal memory, such as the increased infiltration of acquired 
immune cells such as  CD8+ T cells, are highly consistent 
with this conclusion, demonstrating the effectiveness of 
E. coli in anti-tumor immunotherapy.

(See figure on next page.)
Fig. 5 The synergistic anti-tumor effect of combination therapy. A The treatment protocol. B Tumor growth trajectories of CT2A tumor-bearing 
mice following various treatments (n = 5, ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, calculated by one-way ANOVA). C 
Digital photos of CT2A tumor-bearing mice during the therapeutic period. D Body weight curves of CT2A tumor-bearing mice across different 
treatment groups (n = 5, values are means ± SD). E Quantification of tumor weights at 14 days post various treatments (n = 5, values are means ± SD, 
ns: not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, calculated by one-way ANOVA). F Digital photos of the excised tumors collected 
after 14 days. G H&E (Scale bars: 40 µm), TUNEL (Scale bars: 40 µm) and Ki67 (Scale bars: 40 µm) staining of the tumor tissue after various treatments
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Interestingly, our study revealed a significant increase 
in T cell infiltration within the tumor compared to rela-
tively lower levels observed in the peripheral blood and 
spleen. This phenomenon can be attributed to the unique 
alterations in TME induced by the presence of E. coli [31, 
32]. The colonization of hypoxic regions by these bacteria 
likely creates a localized inflammatory milieu, that is con-
ducive to attracting T cells from the peripheral circula-
tion [33]. Once these T cells migrate into the TME, they 
may become sequestered due to the presence of various 
chemokines and cytokines that promote their retention 
within the tumor [27]. This retention process is critical, 
as it results in a localized concentration of T cells pre-
cisely where they are most needed for effective antitumor 
responses. Consequently, this could explain the lower T 
cell counts observed in the blood and spleen compared 
to the tumor tissue. The retention of T cells within the 
tumor site is a crucial aspect of effective immunotherapy 
[34]. By ensuring that immune effector cells are concen-
trated at the tumor location, the treatment can effectively 
focus the immune response on eliminating tumor cells 
[35]. This mechanism may contribute to the enhanced 
antitumor efficacy observed with the combination of E. 
coli and anti-PD-1.

The synergistic mechanism of E. coli and anti-PD-1 
therapy reveals a complex interaction between bacterial-
induced immune activation and checkpoint inhibition. 
While previous research has explored the individual 
effects of bacterial therapies and immune checkpoint 
inhibitors [7, 36], our study provides a unique perspec-
tive on their combined effect in GBM. T cell exhaustion 
caused by the interactions between PD-1 and PD-L1/2 
is one of the key features of cancer [37]. PD-1/PD-L1 
targeted immunotherapy have been widely used to rein-
vigorate these exhausted T cells for anti-cancer therapy. 
Thus, overcoming the immunosuppressive environment 
of solid tumor by recruiting cancer-specific T cells is 
critical to improve therapeutic efficacy of PD-1/PD-L1 
therapy [38]. The enhanced immune activation observed 
in our study suggests that tumor colonization of E. coli 
caused not only effective infiltration of the activated can-
cer-specific  CD8+ T cells into the TME, but also down-
regulation of the expression level of regulatory T cell 
markers. These phenomena indicate that E. coli may not 
only prime the immune system but also create a more 
favorable environment for anti-PD-1 therapy. In fact, the 
blockade of PD-1 and PD-L1 binding by anti-PD-1 anti-
bodies can only restore the activity of T cells, enabling 
them to recognize and kill tumor cells, but cannot change 
the immune-cold TME [39, 40]. And the role of bacteria 
is precisely to recruit more T cells for tumors [41]. There-
fore, we combined the two, with bacteria are respon-
sible for recruiting T cells, and anti-PD-1 antibodies 

responsible for restoring the tumor-killing function of 
T cells, to achieve effective anti-tumor effects. And the 
combination of E. coli or its derivatives with anti-PD-1 
therapy has achieved preliminary results in the study 
of melanoma [42]. This complementary combination 
approach could be a valuable addition to the GBM treat-
ment armamentarium.

Despite the promising findings of this study, several 
limitations must be acknowledged. First, the use of a 
subcutaneous mouse model, while providing important 
insights, may not fully capture the complexity of the 
human tumor microenvironment, particularly in the con-
text of GBM [2]. The immune system and tumor-immune 
interactions in humans are more complex, and the effi-
cacy observed in murine models may not directly trans-
late to clinical settings [43]. Secondly, the mechanism 
of tumor immune evasion is complex. GBM is a highly 
heterogeneous and aggressive malignancy with complex 
immune evasion mechanisms [44]. While this study par-
tially elucidates the modulation of the immune micro-
environment by the combined therapy, it may not fully 
explore all possible immune evasion pathways. Addition-
ally, while E. coli demonstrated tumor-targeting capabili-
ties and contributed to immune activation, its long-term 
biosafety, particularly concerning potential off-target 
effects or systemic infections, requires further investiga-
tion in more comprehensive preclinical and clinical stud-
ies [11].

Moving forward, this research opens new avenues 
for combining bacterial-based therapies with immune 
checkpoint inhibitors like anti-PD-1. Exploring the 
mechanisms underlying the interaction between bacteria 
and immune cells could lead to the development of more 
targeted bacterial therapies. Moreover, it is worth explor-
ing the use of biotechnology to modify E. coli to carry 
anti-tumor genes/substances. The integration of bacte-
rial-based immunotherapy into the broader landscape of 
GBM treatment, including its combination with radio-
therapy or chemotherapy, is another potential direction 
for enhancing patient outcomes.

Conclusions
In conclusion, this study provides compelling evidence 
for the use of E. coli as an adjuvant to enhance the effi-
cacy of anti-PD-1 immunotherapy in GBM. By modu-
lating the TME to increase immune cell infiltration and 
reducing Treg levels, E. coli significantly improves the 
antitumor response in this challenging malignancy. The 
observed discrepancy in T cell levels between the tumor 
and peripheral sites highlights the importance of localiz-
ing the immune response to the tumor, a key factor in the 
success of this therapeutic strategy.
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