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Programmable engineered bacteria as 
sustained-releasing antibody factory in situ for 
enhancing tumor immune checkpoint therapy
Xiao-Ting Xie1†, Meng Guan1†, Kai Cheng1†, Yong Li1, Bin Zhang1, Yi-Tong Zhou1, Lin-Fang Tan1, 
Peng-Shuo Dong1, Si Chen2, Bo Liu1*, Yuan-Di Zhao1,3*, Jin-Xuan Fan1*

Tumor immune checkpoint therapy (ICT) aims to block immune escape signals between tumor and immune cells. 
However, low delivery efficiency of immune checkpoint inhibitors (ICIs), narrow single-target approach, and re-
duced responsiveness notably hinder clinical development of ICT. Here, we developed a nanoliposome-bacteria 
hybrid system that acts as an antibody (Ab) factory, enabling precise tumor targeting and macrophage activation 
in hypoxic environments. We reprogrammed attenuated Escherichia coli MG1655 to synthesize CD47 antibodies 
(aCD47) in response to hypoxic tumor microenvironments while surface conjugating with redox-responsive mac-
rophage colony-stimulating factor-loaded liposomes. This system leverages bacterial tropism to enhance macro-
phage infiltration and polarization. The low oxygen levels trigger in situ aCD47 expression, blocking the “do not 
eat me” signal and boosting macrophage antitumor activity. In addition, macrophage antigen presentation acti-
vates CD8+CD3+ T cells, amplifying systemic antitumor immunity. Analysis of the gut microbiome shows reduced 
pathogenicity and improved intestinal tolerance with increased probiotics.

INTRODUCTION
Tumor immune checkpoint therapy (ICT) has made remarkable 
progress in the past decade by interfering with critical signal ex-
changes between tumor cells and immune cells to enhance antitu-
mor immune responses (1, 2). ICT at this stage focuses on activating 
adaptive immune mechanisms represented by T lymphocytes. How-
ever, the complex tumor immune microenvironment, impaired spe-
cific antigen screening, and T lymphocyte exhaustion lead to severe 
limitations in activity and targeting (3–5). The innate immune sys-
tem represented by macrophages, with rapid immune response, 
wide range of antitumor targets, and relatively independent antigen-
presenting ability, is gradually becoming the focus of next-generation 
immunotherapy and the mediator of anticancer treatments (6). The 
regulation of phagocytosis of tumor cells by macrophages is criti-
cally dependent on the fine balance between “eat me” and “do not eat 
me” signals on the surface of tumor cells (7). Also, CD47-SIRPα sig-
naling pathway, as a classical “do not eat me” signal, has a regulatory 
role in this process (8). Unfortunately, tumor cells form immune 
checkpoints by up-regulating CD47 expression (three- to fivefold 
higher than that of normal cells), thus evading recognition and clear-
ance by macrophages (9, 10). Therefore, interfering with the interaction 
between CD47 on the surface of tumor cells and SIRPα on macro-
phages has become an effective strategy to disarm tumor immune es-
cape and promote phagocytosis (11). However, the widespread 

expression of CD47 in all cells, anti-CD47 therapies have been lim-
ited and systemic therapy may lead to serious hemolysis problems. 
Also, current immune checkpoint inhibitors (ICIs), mainly monoclo-
nal antibodies, have common limitations of protein-based drugs, 
including high in vivo clearance, low targeting accuracy, difficulty in 
maintaining local concentration, and high cost (12), thus hindering 
macrophage-based ICT.

Rapid development of synthetic biology technologies enables the 
use of engineered bacteria as an efficient and scalable biomanufac-
turing platform to produce protein-based ICIs (13–15). Meanwhile, 
the unique tumor microenvironment (TME) of solid tumors is char-
acterized by hypoxia, eutrophication, and immune suppression, 
which is very suitable for most anaerobic and facultative anaerobic 
bacteria to enrich and colonize in the tumor site (16–18). The natu-
ral tendency of bacteria to the TME brings unique advantages for 
engineered bacteria to be used directly as innovative carriers for de-
livering immunotherapeutic drugs, overcoming the inherent limita-
tions of traditional protein-based ICI delivery. Engineered bacteria 
are designed to carry reprogrammed genetic modules, including 
genetic control elements with the ability to sense and respond to 
specific signals with genetic circuits encoding therapeutic proteins 
(19–21). Precise and efficient spatiotemporal regulation enables ef-
ficient expression of ICIs in the tumor in situ, ensuring precise deliv-
ery of therapeutic agents and maximizing efficacy. Current genetic 
engineering strategies have enabled programmable engineered bac-
teria to respond to bacterial population sensing signals or external 
physical or chemical stimuli (isopropyl-β-d-thiogalactopyranoside, 
temperature, ultrasound, etc.) (22–25), but synthetic biology initia-
tion of specific TME [such as hypoxia, low pH, and high glutathione 
(GSH) concentration]–related gene regulatory elements have not 
been incorporated into the design of engineered bacteria (26–28). 
This strategy not only enhances the regulation of therapeutic bacte-
ria in the tumor to improve the safety and efficacy of therapy but 
also advances the development of ICT toward a smarter and more 
personalized approach.
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In this work, we address the shortcomings in the application of 
protein-based ICIs by designing reprogrammed engineered bacteria. 
Specifically, we stably transform plasmids encoding sequences for 
the Escherichia coli hypoxic promoter fdhF (PfdhF) and pelB-CD47 
antibody (aCD47) into attenuated E. coli MG1655 to construct hy-
poxia response bacteria (HRB) capable of initiating the synthesis of 
aCD47 in a hypoxic TME (Fig. 1A). Macrophage colony-stimulating 
factor (M-CSF), which promotes macrophage production and acti-
vation, is also loaded into TME-responsive disulfide-containing li-
posomes (LMs). The LMs are covalently linked to the carboxyl 
groups of acetylcytidylic acid in bacterial outer membrane via amide 
condensation reaction, allowing LMs to be loaded on the surface of 
HRB to construct HRB@LM. With the specific targeting of HRB@
LM to tumors, LMs are in response to the high local concentration of 
GSH, and a large amount of M-CSF is rapidly released to promote a 
large number of macrophages to infiltrate tumor. Meanwhile, lipo-
polysaccharide (LPS) of E. coli outer membrane acts as an antigenic 
immune adjuvant to effectively polarize local macrophages from M0 
phenotype to M1 phenotype with phagocytosis ability. HRB prolifer-
ates in the tumor and initiates synthesis of aCD47 in a hypoxic TME, 
which competitively inhibit the “do not eat me” signal between 
macrophages and tumor cells and promote tumor cell killed by 
macrophages. The antigen-presenting ability of macrophages is sig-
nificantly enhanced, which, in turn, prompt the lymphatic activation 
of more CD8+CD3+ T cells in vivo, effectively inhibiting distal tu-
mor metastasis. In addition, HRB@LM is effective in reducing 
pathogenicity and improving intestinal tolerance, with the restora-
tion of the gut microbiota through modulation of Lactobacillaceae, 
Streptococcaceae, and Gemellaceae abundances. In vitro and in vivo 
experiments demonstrate that this nanoliposome-bacteria hybrid-
ization system can precisely target tumor tissues, show smart synthe-
sis of ICI, maintain spatiotemporal balance of macrophage activation 
and exhaustion, inhibit immune evasion mechanism, and regulate 
gut microbiota ecology. The reprogramming and redecoration of 
bacteria form a smart, sustainable smart antibody (Ab) factory that 
offers a previously unidentified approach to precision medicine re-
lated to ICT.

RESULTS
Hypoxia-responsive and tropism of HRB@LM
To investigate the role of CD47/SIRPα in different tumors, CD47 
gene derived from The Cancer Genome Atlas (TCGA) database 
were analyzed. Data analysis showed that immune escape–associated 
CD47 gene was highly expressed in patients with colon adenocar-
cinoma (COAD) (Fig. 1B) compared to six types of tumors [adreno-
cortical carcinoma (ACC), pheochromocytoma and paraganglioma 
(PCPG), thymoma (THYM), kidney papillary cell carcinoma (KIRP), 
lower grade glioma (LGG), and diffuse large B-cell lymphoma (DLBC)]. 
Also, in the comparison of samples from patients with COAD 
(n = 275) and healthy population (n = 34), it was found that CD47 
expression was significantly higher in patients with COAD (Fig. 
1C). The expression of CD47 did not fluctuate significantly in the 
early, middle, and late stages of COAD (fig. S1A). Therefore, a pro-
karyotic expression plasmid containing a hypoxia-driven therapeu-
tic circuit applied to COAD treatment was constructed, which 
carries the aCD47 gene containing the N-terminal pelB secretion 
signaling peptide and an independent tracer mCherry gene under 
the PfdhF-P tandem promoter. Subsequently, the HRB were prepared 

by a heat shock method. To validate the hypoxic logic circuit of 
HRB, the expression of mCherry and aCD47 was monitored under 
different incubation conditions. The result of SDS–polyacrylamide 
gel electrophoresis (PAGE) showed that aCD47 was significantly in-
creased in HRB lysate and supernatant under hypoxic conditions, 
whereas it was almost undetectable under normoxic conditions; at 
the same time, both under normoxic and hypoxic conditions, HRB 
stably expressed the mCherry (Fig. 1D). By real-time visualization 
recording and fluorescence imaging, the corresponding fluores-
cence intensity were seen to increase significantly with time when 
HRB was incubated at 37°C under hypoxic conditions for 24 hours 
(Fig. 1E and fig. S1B). The above phenomena proved the feasibility 
and validity of designed sequences. To further investigate the ex-
pression and affinity of aCD47, we analyzed HRB under different 
oxygen concentration environments by flow cytometry. Flow cy-
tometry analysis showed that, compared with MG1655, HRB exhib-
ited green fluorescence signals under both normoxic (B3) and 
hypoxic (B1) conditions, with the signals under hypoxic conditions 
being significantly stronger, which confirms that hypoxia can trigger 
the aCD47 expression inhibition. Meanwhile, HRB showed strong 
red fluorescence signal under both conditions, indicating stable ex-
pression of mCherry (Fig. 1, F to H). The aCD47 expression was 
deduced by enzyme-linked immunosorbent assay (ELISA). The re-
sults showed that the expression level of aCD47 increased to 43.33 
pmol ml−1 in a time-dependent manner by hypoxic incubation up 
to 24 hours (Fig. 1I). Figure S1C shows that more aCD47 was re-
leased from HRB in the hypoxic environment than in the normoxic 
environment, and these aCD47 had high affinity for hFc-CD47. In ad-
dition, confocal microscopy images showed the same results as flow 
cytometry analysis, confirming the high expression of aCD47 in HRB 
under hypoxic conditions, further validating the controllability of the 
hypoxic logic circuit of HRB (Fig. 1J). Red intracellular fluorescence of 
RAW264.7 in the HRB group can be clearly observed in fig. S2 (A to 
C), indicating phagocytosis of more DiI (1,1′-dioctadecyl-3,3,3′,3′- 
tetramethylindocarbocyanine perchlorate)–labeled CT26. The results 
by flow cytometry analysis showed that HRB enhanced macrophage 
phagocytosis by blocking CD47 signaling by about 2.5-fold relative 
to the MG1655 group. The above results confirmed the effectiveness 
of aCD47 expressed by HRB in the presence of hypoxia as a thera-
peutic component. All of the above results confirmed the effective-
ness of HRB-expressed aCD47 as a therapeutic component. These 
results indicated that the designed therapeutic logic circuit can be 
tightly controlled and tuned by oxygen concentration, and the ex-
pressed aCD47 was biologically active, which was important for its 
antitumor effect.

Preparation and characterization of HRB@LM
GSH-responsive liposomes loaded with M-CSF (LMs) were pre-
pared by a thin-film hydration method (Fig. 2A). The hydrated par-
ticle size of LM increased from 181.67 to 213.7 nm after loading 
with M-CSF (Fig. 2, B and C). This is consistent with the transmis-
sion electron microscopy (TEM) image showing that the LM was 
homogeneous and spherical with a size of 176.31 ± 18.36 nm (Fig. 
2D). The encapsulation rate and loading rate were quantitatively cal-
culated to be 22.45 and 0.55%, respectively (Fig. 2, E and F). In ad-
dition, the GSH sensitivity of LM plays a key role in triggering the 
release of M-CSF from the TME with high concentrations of GSH 
(10 μM). To investigate the response of LM to different concentra-
tions of GSH, the size of LM was monitored. After incubation in 
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Fig. 1. Design of HRB@LM for cancer immunotherapy. (A) Schematic diagram of HRB@LM in controlling aCD47 expression by hypoxia invitation and the mechanism 
for cancer immunotherapy. (B) Dot plot about tissue-wise expression of CD47 in different cancer types. (C) Box plot about tissue-wise expression of CD47 in COAD. 
(D) Representative SDS-PAGE image of aCD47 and mCherry protein expressed in HRB. Images were representative of three experiments. (E) In vitro photos and fluores-
cence images of mCherry protein of HRB under a hypoxic environment. Images were representative of three experiments. h, hours. (F to H) Fluorescence intensities (F) 
and quantitative analysis of aCD47 (G) and mCherry (H) in the cells examined by flow cytometry. Data are presented as the means ± SD (n = 3). (I) Quantitative analysis of 
aCD47 protein content in culture medium (N represents normoxia, and H represents hypoxia). Data are presented as the means ± SD (n = 3). (J) Confocal microscopy im-
ages of aCD47 and mCherry protein expressed in HRB. Images were representative of three experiments. Scale bars, 20 μm. Significance between each of the multiple 
groups in (G), (H), and (I) was calculated using one-way ANOVA. (A) Created with BioRender.
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Fig. 2. Preparation and characterization of HRB@LM. (A) Schematic diagram of HRB@LM preparation process. (B and C) Size distribution by intensity (B) and hydrated 
particle sizes (C) of Lip, LM, LM+serum, and LM+GSH. Data are presented as the means ± SD (n = 3). (D) TEM images of LM and LM+GSH. (E and F) Representative SDS-
PAGE image (E) and protein concentration (F) of M-CSF, S1, GSH, LM, S2, and D. M-CSF represents total synthesis solution, S1 represents the solution after removal of LM 
by ultrafiltration centrifugation, GSH represents the GSH solution added during response release, S2 represents the solution obtained by ultrafiltration centrifugation after 
response release, and D represents the filtered sample recovered by ultrafiltration centrifugation after response release. Data are presented as the means ± SD (n = 3). 
(G) Growth curves of R0, R1, R2, R3, R4, and R5. Data are presented as the means ± SD (n = 3). a.u., arbitrary units. (H) Movement trajectories in liquid medium. (I and J) Dis-
tance (I) and length (J) of R0, R1, R2, R3, R4, and R5. Data are presented as the means ± SD (n = 3). (K) Concentration of M-CSF in R0, R1, R2, R3, R4, and R5. Data are pre-
sented as the means ± SD (n = 3). (L) TEM images of HRB, HRB@LM, and HRB@LM+GSH. (M) Heatmap derived from the GSE73360 dataset. (N) HIF1A, GLUT1, and LDHA 
gene expression of colorectal cancers from GSE73360. (O) Schematic diagram, confocal images, and photos of HRB@LM in a chamber with lower oxygen concentrations. 
Images were representative of three experiments. (P) Distribution of HRB@LM in chambers. Data are presented as the means ± SD (n = 5). (Q) CI of HRB@LM. Data are 
presented as the means ± SD (n = 5). Significance between two groups in (N), (P), and (Q) was assessed by unpaired two-tailed Student’s t test, and between each of the 
multiple groups in (C), (F), (G), (I), (J), and (K) was calculated using one-way ANOVA. (A and O) Created with BioRender.
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mouse serum for 12 hours, the size distribution of LM was homoge-
neous and maintained at 215.2 nm. TEM images also showed that 
LM maintained a monodisperse spherical morphology. It was sug-
gested that GSH in serum was not sufficient to trigger the release of 
loaded M-CSF from LM. In contrast, simulated TME with a GSH 
concentration of 10 μM triggered the complete deconstruction of 
LM to release M-CSF, and a release rate of 75.91% was calculated.

To ensure the maximum M-CSF loading in the case of bacterial 
proliferation, motility, and hypoxic tendency, we optimized the syn-
thesis ratios of HRB@LM (R0, R1, R2, R3, R4, and R5) and moni-
tored the growth curves and the trajectories (29). The growth of 
HRB was severely affected under the R5 ratio, whereas the growth of 
HRB was maintained well under the R1, R2, R3, and R4 ratios (Fig. 
2G). Subsequently, the distance and length of the trajectories of each 
group were recorded and analyzed. It exhibited a low loaded M-CSF 
concentration in the R1 and R2 groups and impaired exercise capac-
ity in the R4 and R5 groups. However, there was no significant 
change in the distance and length of trajectories of the R3 group in 
comparison to the HRB (Fig. 2, H to J). Also, the R3 group was able 
to load 1195.83 μg ml−1 [107 colony-forming units (CFU) ml−1] of 
M-CSF after quantification via ELISA, which also ensures bacterial 
motility and proliferation ability (Fig. 2K). Compared with the 
smooth surface morphology of untreated HRB, the morphology of 
HRB after modified with LM revealed in Fig. 2L can be clearly ob-
served with attached spherical particles. Also, the morphology of 
the HRB@LM returned to a smooth state after GSH (20 μM) treat-
ment. The above results indicated that the optimized synthesis ratio 
(R3) neither interferes with the motility of HRB nor the GSH-
responsive capability of LM.

Thirteen genes derived from the GSE73360 database related to 
hypoxia either directly (HIF1A) or indirectly (tumor glycolysis, in-
vasion, metastasis, angiogenesis, and proliferation) were analyzed 
(Fig. 2M), and both the characteristic tumor glycolysis and the sig-
nificant elevation of HIF1A confirmed that COAD had the distinc-
tive feature of a hypoxic TME (Fig. 2N) (30–32). HRB@LM targeting 
of the hypoxic TME was an important point for precision therapy. 
To further evaluate whether HRB@LM inherited the natural hypox-
ia tropism of bacteria, the motility of HRB@LM was investigated in 
a microfluidic device with an oxygen concentration gradient (33). A 
total of 105 CFU of HRB@LM was injected into the center of chan-
nel, and three positions were taken along the direction of channel to 
monitor the distribution of HRB@LM (Fig. 2O). After incubation 
for 6 hours, the red fluorescence of mCherry could be clearly ob-
served in the hypoxic chamber. The red fluorescence in the hypoxic 
chamber was gradually enhanced until 12 hours of incubation. By 
counting the bacteria in the chamber by the dilution coating plate 
method, consistent results were observed, showing that the number 
of recruited HRB@LM in the hypoxic chamber was much higher 
than that in the normoxic chamber (Fig. 2P). Also, there was no 
significant change between the chemotaxis indexes in 6 and 12 
hours, indicating that the hypoxia tropism of HRB@LM was not af-
fected for a short period of time (Fig. 2Q). Thus, an optimized ratio 
of R3 with good bacterial proliferation, motility, and anaerobic tro-
pism was selected for subsequent experiments.

Moreover, we quantified the concentration of secreted CD47 an-
tibody by ELISA, and the results showed that the expression level of 
aCD47 increased to 50.192 pmol ml−1 after 24 hours of hypoxic 
incubation in the HRB@LM group. This was not significantly differ-
ent from the expression of the HRB group in the hypoxic environment 

(fig. S2D). Thus, LM conjugation did not affect the hypoxia-initiated 
expression of aCD47 for HRB.

Tumor targeting and penetrating capacity of HRB@LM
To assess the tumor targeting and penetration ability of HRB@LM, 
the distribution in the three-dimensional (3D) CT26 sphere model 
was further tested and evaluated. There was progressively stronger 
mCherry fluorescence observed in the center of the model sphere of 
HRB and HRB@LM groups (Fig. 3A). Fluorescence intensity analy-
sis was performed after 3D construction, and spatial visualization 
also confirmed the deep penetration of HRB with HRB@LM into 
the tumor spheroids (Fig. 3B). It was addressed that the nanoliposome-
bacteria hybridization system, unlike the single penetration ability 
of nanomaterials, inherited the nature hypoxic tropism originating 
from the bacteria and actively drove toward the center of the hy-
poxic tumor spheres. Notably, the radial fluorescence intensity of 
the tumor spheres was analyzed, and the fluorescence intensity of 
the center in the HRB group was higher than that in the HRB@LM 
group, indicating that the loading of the LM potentially effected on 
the motility of the HRB in the CT26 sphere model but does not af-
fect their hypoxia tropism (Fig. 3, C and D).

Neutrophils are the host’s first line of defense against pathogen. 
To explore the ability of HRB@LM to evade recognition and uptake, 
HRB or HRB@LM was incubated with neutrophils (34). It was 
found that HRB@LM was more capable of evading recognition by 
neutrophils, whereas HRB was easily cleared by neutrophil uptake 
(Fig. 3E). 21.3% of neutrophils uptaken with bacteria was detected 
in the HRB group, which was higher than 2.54% in the HRB@LM 
group. It was demonstrated that the load of LM contributed to the 
avoidance of neutrophil recognition and clearance in vivo for HRB 
(Fig. 3, F and G).

Subsequently, we intravenously injected 107 CFU of Cy5.5-labeled 
HRB@LM into mice, and then in vivo distribution imaging and 
various organ and tumor collections were investigated at 0, 3, 6, 12, 
and 24 hours postinjection (35). As shown in Fig. 3H and fig. S3A, 
HRB and HRB@LM with significant red fluorescence were observed 
at the tumor site, whereas the Cy5.5 and InBac (inactivated HRB) 
had no target ability. Although HRB arrived at the tumor site earlier, 
fluorescence intensity and residence time were not as strong as that 
of HRB@LM. Fluorescence signals in various organs and tumors of 
mice were analyzed after 24 hours of drug administration. The re-
sults showed that, although HRB partially targeted the tumor, HRB 
was mainly distributed in the liver and kidney. Also, HRB@LM was 
more enriched in the tumor site compared to the HRB group, al-
though part of HRB@LM was distributed in the kidney (Fig. 3I and 
fig. S3B). TEM images of tumor tissues similarly showed a less 
amount of HRB in tumor tissues than HRB@LM (Fig. 3J). By imag-
ing the maximum cross section of the tumor 6 and 24 hours after 
injection of HRB@LM, it was observed that a large amount of HRB@
LM was distributed in the necrotic, empty areas of the tumor (Fig. 
3K and fig. S3C). Various organs and tumors were collected, homog-
enized, and serially diluted (10 to 10,000x) for coating (36). The 
colony count on each plate showed a significant decrease in the 
number of colonies in the liver and kidney of the HRB@LM group 
as compared to the liver and kidney of the HRB group. Also, a grad-
ual increase in colony counts over time was clearly observed in the 
tumor of the HRB@LM group (fig. S3, D to H). To further evaluate 
the penetration ability of HRB@LM at the tumor site, we sampled 
the tumors with a 1-mm section interval in 12 hours after injection 
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Fig. 3. HRB@LM tumor targeting and penetrating capacity. (A) Penetration of HRB@LM and HRB in CT26 multicellular spheroids. Images were representative of three 
experiments. (B) 3D construction and intensity surface plot of confocal images for the penetration about InBac, HRB, and HRB@LM in CT26 multicellular spheroids after 
6 hours of incubation. (C and D) Quantitative analysis of fluorescence after HRB@LM and HRB incubated with CT26 multicellular spheroids for 2 hours (C) and 6 hours (D). 
(E) Fluorescence images of neutrophils (NE), NE+HRB, and NE+HRB@LM. Yellow arrows indicate the intracellular HRB@LM. Scale bars, 20 μm. Images were representative 
of three experiments. (F and G) Representative flow cytometry (F) and quantitative analysis (G) of HRB and HRB@LM in different cells. Data are presented as the means ± SD 
(n = 3). (H) Fluorescence images of mice with different treatments. Images were representative of three experiments. (I) Fluorescence images of major organs of mice. 
Images were representative of three experiments. (J) Representative portion of a resin-embedded section reprocessed for TEM. Scale bars, 2 μm. (K) Fluorescence images 
of the distribution of HRB@LM within tumors. Scale bars, 4 mm. Images were representative of three experiments. (L) Schematic illustration of tumor targeting capacity 
studies on colon tumor-bearing mice. iv, intravenous. (M) Fluorescence images about the distribution of HRB@LM in the tumor. Scale bars, 100 μm. Images were represen-
tative of three experiments. Significance between two groups in (G) was assessed by unpaired two-tailed Student’s t test. (I) Created with BioRender.
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(Fig. 3L). As shown in Fig. 3M, it can be clearly observed that the 
Cy5.5-labeled HRB@LM gradually migrated to the necrotic region 
of tumor with time. By fluorescence colocalization of HIF1A and 
bacteria within the tumor, the location of enhanced green fluores-
cence (HIF1A) accompanied by aggregated red fluorescence (HRB@
LM) can be clearly observed in fig. S3I. The above results suggest 
that the distribution of bacteria in vivo is hypoxia tropic and thus 
targeted to tumors with hypoxic properties. Overall, these results 
were attributed to biochemically unique TME, providing strong evi-
dence for HRB@LM evasion of in vivo clearance and targeted colo-
nization of hypoxic and necrotic areas.

HRB@LM mediates macrophage activation and 
“CD47-SIRPα” signal blocking
To evaluate the recruitment of macrophages, we inoculated HRB@
LM in the lower chamber of the transwell, and macrophages were 
cultured in the upper chamber. The effect of recruitment in the dif-
ferent groups was analyzed by counting the number of macrophages 
migrating to the lower chamber after 24 hours (Fig. 4A and fig. 
S4A). As expected, the crystal violet staining results exhibited that 
the number of macrophages recruited by HRB and HRB@LM+GSH 
was significantly higher than the number of macrophages recruited 
by the phosphate-buffered saline (PBS), InBac, and HRB@LM 
groups (Fig. 4B). This indicated that HRB@LM had the same ability 
to recruit macrophages as HRB in response to GSH. In addition, the 
number of macrophages in the HRB@LM+GSH group was greater 
than that in the HRB group, which could be attributed to the regula-
tion of macrophage proliferative capacity by M-CSF. Subsequently, 
the phenotype of macrophages recruited in the HRB@LM group 
was investigated by flow cytometry. The CD86+ cell ratio in the 
HRB@LM+GSH group showed 3.9-fold of that in the PBS group. 
Also, there was no significant difference between the CD86+ cell 
ratio in the M-CSF group and that in the PBS group (Fig. 4C and fig. 
S4B). These suggested that the macrophages recruited from the 
HRB@LM+GSH group exhibit an inflammatory phenotype. Com-
pared with the HRB (supernatant) group, aCD47 combined with 
bacteria promoted macrophage polarization to enhance phagocyto-
sis about eightfold in the HRB group. The results indicated that 
therapeutic efficacy of aCD47 enhanced with macrophage repolar-
ization. To further verify that the “do not eat me” signal was blocked 
in the HRB@LM+GSH group, DiI-labeled CT26 cells were incu-
bated in the lower chamber of transwell for 24 hours. Figure 4D 
shows that HRB@LM+GSH-treated macrophages exhibited abun-
dant pseudopods and omelette structures with more red fluores-
cence. Also, the flow cytometry analysis showed that the ratio of 
DiI+ cells increased, which indicated that HRB@LM+GSH could 
effectively block the “do not-eat me” signal and promote the phago-
cytosis of tumor cells by macrophages.

To assess the penetration ability of HRB@LM-recruited macro-
phages within the tumor, Calcein AM–labeled RAW264.7 was added 
to 3D CT26 tumor spheroids coincubated with HRB@LM or HRB 
for 2 hours in advance. After 6 hours of incubation, macrophages 
migrating into the tumor spheroids of HRB@LM and HRB groups 
were clearly observed. However, fluorescence intensity analysis was 
performed by 3D reconstruction of the confocal fluorescence imag-
es, and spatial visualization was used to discern the depth of penetra-
tion of macrophage into the tumor spheroids (Fig. 4, E to H). The 
results showed that more macrophages penetrated a deeper part of 
tumor spheroids in the HRB@LM group compared to the HRB 

group, which might be attributed to the loading of LM fueling HRB 
to evade macrophage activation and clearance outside tumor spher-
oids and more HRB@LM colonizing hypoxic center recruited mac-
rophages to infiltrate tumor spheroids. The same phenomenon we 
observed in vivo imaging experiments, the Cy5.5-labeled RAW264.7 
fluorescence signal in tumors of mice injected with HRB in advance, 
was significantly different from the fluorescence in the PBS group 
only at 48 hours. In contrast, the fluorescence signals in tumors of 
mice injected with HRB@LM in advance showed significant enrich-
ment at 36 hours and remained significantly different from the PBS 
group at 72 hours (Fig. 4I and fig. S4C). The above data confirmed 
that HRB@LM could recruit more macrophages to the tumor by 
evading clearance in vivo. To intuitively and visually observe HRB@
LM recruiting macrophages within the tumor, we observed the loca-
tion of macrophages in mouse tumors using confocal fluorescence 
microscopy and intravenously injected fluorescein isothiocyanate 
(FITC)–dextran [molecular weight (MW)  =  2000 kDa] to label 
blood vessels. Relative to the HRB group, a large number of F4/80-
labeled macrophages in the HRB@LM group infiltrated from blood 
vessels into tumor (Fig. 4J).

To explore whether HRB@LM triggered the same inflammatory 
response in normal tissues, we injected HRB@LM into paws and 
monitored locally associated inflammatory cells. The different groups 
of inflammatory cells were categorized and counted by characteriz-
ing macrophages (indicated by yellow arrows) and neutrophils (in-
dicated by blue arrows) after hematoxylin and eosin (H&E) staining 
(Fig. 4, K and L). More neutrophils were present in local tissues of 
mice treated with InBac and HRB compared to mice treated with 
PBS. Also, the number of macrophages was significantly increased 
in the mice treated with HRB@LM+GSH. Furthermore, the pheno-
type of macrophages treated with HRB@LM+GSH was investigated. 
It was revealed that up-regulation of the expression of F4/80 (mac-
rophage markers) and interleukin-1b (IL-1b) (inflammatory cyto-
kine) was clearly observed in HRB@LM+GSH (Fig. 4M). In addition, 
the green fluorescence intensity (CD86+ cells) was significantly 
enhanced in the HRB@LM+GSH group relative to that in the 
HRB@LM group (Fig. 4, N and O). The above data suggested that 
HRB@LM did not trigger seriously inflammatory response in nor-
mal tissues but only recruited macrophages in response to high GSH 
concentrations and promotes inflammatory phenotype.

HRB@LM for in situ colon cancer treatment
To evaluate the antitumor effects of HRB@LM in vivo, in situ colon 
cancer mouse models were grouped and treated according to the 
protocol in Fig. 5A (37, 38). The results of body weight monitoring 
showed that systemic administration of HRB@LM in five groups did 
not seriously affect the body weight of mice (fig. S5A). As shown in 
Fig. 5B and fig. S5B, similar fluorescence signals were observed in 
each group on day 0, indicating successful development of in situ 
colon cancer. After two treatments, G1 and G2 groups showed slight 
tumor suppression compared to the G0 group, whereas G3 and G4 
groups showed relatively better tumor suppression. Further en-
hancement of green fluorescence signal in G3 and G4 was also 
detected by terminal deoxynucleotidyl transferase–mediated deoxy-
uridine triphosphate nick end labeling (TUNEL) assay, suggesting 
stronger tumor cell apoptosis relative to G0, G1, and G2 (Fig. 5C). In 
addition, G0, G1, G2, and G3 showed different degrees of reduction 
in Ki67 expression, whereas the greatest reduction in Ki67 expres-
sion was demonstrated in G4, performing a significant reduction in 
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Fig. 4. Recruitment and polarization of macrophage to exhibit antitumor activity. (A) Schematic illustration of recruitment and polarization of macrophages in vitro 
to block “do not eat me” pathway. (B) Images of the cell recruitment assay. Scale bar, 2500 μm. Images were representative of three experiments. (C) Polarization analysis 
of RAW264.7 cells by flow cytometry. (D) Fluorescence images and flow cytometry analysis of polarized RAW264.7 cells phagocytic CT26 cells. Images were representative 
of three experiments. (E to G) Quantitative analysis of fluorescence intensity for RAW264.7+PBS (E), RAW264.7+HRB (F), and RAW264.7+HRB@LM (G) in (D). (H) Penetration of 
RAW264.7 in CT26 multicellular spheroids. The figure on the right is a 3D surface plot of RAW264.7. (I) Fluorescence image of the distribution of Cy5.5-labeled RAW264.7 
cells in mice. Images were representative of three experiments. (J) Representative in vivo fluorescence images of F4/80-labeled macrophages (red) and FITC-dextran 
(MW = 2000 kDa)–labeled blood vessels (green) in the tumor. Yellow arrows indicate the recruitment of macrophages to tumor. Scale bars, 50 μm. Images were represen-
tative of three experiments. (K) H&E staining images. Scale bars, 50 μm and 2 μm (enlarged view). Black arrows mark macrophages, and blue arrows mark neutrophils. 
Images were representative of three experiments. (L) Quantification of macrophages and neutrophils numbers. Data are presented as the means ± SD (n = 3). (M) Expres-
sion of F4/80 and IL-1b in the tissue of claw detected by WB. Images were representative of three experiments. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 
(N and O) Representative IF images (N) and fluorescence intensity (O) of the tissue stained with F4/80 (red), CD86 (green), CD206 (yellow), and DAPI (blue). Scale bars, 
100 μm. Images were representative of three experiments. Data are presented as the means ± SD (n = 3). Significance between each of the multiple groups in (L) and 
(O) was calculated using one-way ANOVA. (A and K) Created with BioRender.
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Fig. 5. HRB@LM-mediated tumor immunotherapy. (A) Schematic illustration of HRB@LM-mediated tumor immunotherapy in an orthotopic colon cancer mouse mod-
el. (B) Representative bioluminescence images of orthotopic colon cancer mice. Images were representative of three experiments. (C) TUNEL-stained and Ki67-stained 
tumor slices. Scale bars, 100 μm. Images were representative of three experiments. (D) Survival curves for different groups (n = 8). (E and F) Flow cytometry analysis (E) 
and quantification (F) of the percentage of F4/80+ cells. Data are presented as the means ± SD (n = 3). (G and H) Quantification of M1/M2 ratio (G) and flow cytometry 
analysis (H) of CD86+ macrophages (CD86+F4/80+) and CD206+ macrophages (CD206+F4/80+) in the tumor, TDLNs, and spleen. Data are presented as the means ± SD 
(n = 3). (I) Heatmap of differential gene cluster analysis of M1- and M2-related phenotypes. (J to N) Quantification of relative gene expression about macrophage polariza-
tion regulators [KLF4 (J), RICTOR (K), IRF5 (L), Prkaa1 (M), and Myd88 (N)]. Data are presented as the means ± SD (n = 4). (O) Images of IF staining tumor tissues [green: 
macrophages, red: M1-like macrophages, and blue: nuclei; scale bars, 100 μm and 10 μm (enlarged view)]. Images were representative of three experiments. (P) Flow cy-
tometry quantification of CD8+ T cell (CD8+CD3+) in the tumor, TDLN, and spleen. Data are presented as the means ± SD (n = 3). (Q) Images of IF staining tumor tissues 
[green: T cells, red: cytotoxic T cells, and blue: nuclei; scale bars, 100 μm and 20 μm (enlarged view)]. Images were representative of three experiments. Significance be-
tween each of the multiple groups in (F), (G), (J), (K), (L), (M), (N), and (P) was calculated using one-way ANOVA. (A) Created with BioRender.
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tumor proliferation. Notably, the survival time of mice in G3 and G4 
was significantly prolonged compared with other groups, and the 
survival rates after 60 days of treatment were 83.33 and 92.85%, re-
spectively. It was indicated that both HRB and HRB@LM exhibited 
good antitumor effects in in situ colon cancer (Fig. 5D). Blood rou-
tine examination and biochemical examination were operated in 
mice intravenously injected with HRB and HRB@LM. It was found 
that the relevant biochemical parameters [aspartate aminotransfer-
ase (AST), alanine amiotransferase (ALT), urea (UREA), and creati-
nine (CREA)] were in the normal range of values, but hematologic 
toxicity was unavoidable induced in the HRB group, which showed 
a rise in the number of neutrophils and a drop in the number of red 
blood cells after 24 hours postinjection (fig. S5, C and D). HRB@LM 
had no significant effect on these parameters, possibly due to the 
modification of LM to improve the safety of bacterial targeting of 
tumors in the circulation. In addition, H&E staining of major or-
gans (heart, liver, spleen, lungs, and kidneys) in all five groups of 
mice on day 7 after injection showed no significant pathological 
changes and lymph node enlargement subsided after treatment (fig. 
S5, E and F). The above results indicated that, although HRB showed 
tumor growth inhibition ability in in situ colon cancer as HRB@
LM, HRB@LM had lower hematological toxicity and good biologi-
cal safety.

By imaging and localizing the macrophage distribution within 
the tumor in fig. S6A, it can be observed that macrophages in the G1 
group were distributed in the periphery of the tumor tissue 24 hours 
after tail vein injection, whereas macrophages migrated toward the 
interior of the tumor tissue in the G2, G3, and G4 groups. This sug-
gested that loaded bacteria promoted macrophage migration to the 
tumor core more rapidly. Subsequently, we explored whether ICT 
triggered by HRB@LM around macrophages activated intratumoral 
immune responses. Flow cytometry analysis showed that the per-
centage of F4/80+ macrophages in the tumor of G4 (4.788%) was 
significantly higher than that of other groups, suggesting that HRB@
LM effectively promoted macrophage infiltration into the tumor. 
Also, the significant increase in F4/80+ macrophages in the tumor-
draining lymph nodes (TDLNs) suggested that HRB@LM might 
recruit more macrophages through the TDLN (Fig. 5, E and F). The 
mechanism of HRB@LM-mediated ICT was investigated by in-
depth phenotyping of recruited macrophages. Compared with G0, 
the ratio of macrophage M1/M2 (CD86+ cells/CD206+ cells) at the 
tumor site was significantly higher in G4, whereas the ratio of M1/
M2 at the TDLN changed negligibly. In contrast, the percentage of 
splenic macrophages was elevated and the M1/M2 ratio in the 
TDLN was up-regulated in G1, and the M1/M2 ratio in the TDLN 
was also up-regulated in G3. These results suggested a more targeted 
spatiotemporal recruitment of macrophages into the tumor via the 
TDLN, sequential polarization to exhibit a pro-inflammatory phe-
notype, and consequently tumor cell killing in G4 (Fig. 5, G and H, 
and fig. S6B). In addition, we performed transcriptome analysis of 
polarization-related genes of macrophages in the tumor. As shown 
in Fig. 5 (I to N), compared with G0, the up-regulation of some M1-
related markers [CD80, CD86, CXCL2, interferon-γ (IFN-γ), NOS2, 
CD38, FRP2, tumor necrosis factor–α (TNF-α), IL-6, IL-8, IL-27, 
Marco, IL-18, CCL5, IL-23a, CCL4, IL-1a, CCL3, CXCL9, and 
CXCR3] was induced in G4, whereas M2-related markers (IL-12, 
PPARD, Mrc1, SOCS2, and Retnla) showed no significant changes. 
In addition, polarization-associated regulators (KLF4, RICTOR, 
IRF5, Prkaa1, and Myd88) were significantly affected in G4, whereas 

no significant changes were observed in G3 except for the up-
regulation of IL-1a, CCL4, and IL-8 (M1-related markers). These 
results suggested that HRB@LM induced macrophage infiltration 
and M1 polarization within the tumor. This might be due to the 
M-CSF released in response, which stimulates monocyte differentia-
tion and activating macrophage proliferation. Last, more macro-
phages infiltrate the tumor and polarize to an inflammatory phenotype 
in the tumor after LPS stimulation. In addition, colocalization of 
F4/80+MMP9+ macrophages by immunofluorescence (IF) staining 
on tumor tissue sections, the consistent result can be observed in Fig. 
5O. A large number of M1-type macrophages could be observed infil-
trating the tumor tissue in G4 compared to the rest of groups. More-
over, to investigate the aCD47 antibody expressed in tumoral hypoxic 
microenvironment, the distribution of aCD47 and HRB was locally 
imaged. As shown in fig. S6C, there was a large amount of green fluo-
rescence (aCD47) and red fluorescence (HRB) in HRB@LM. By ana-
lyzing the radial fluorescence intensity, it could be found that, although 
the HRB were accompanied by a high concentration of aCD47 around 
the bacteria, the aCD47 was also able to diffuse into tumor tissues far 
away from the bacteria as compared to the MG1655 control group. 
Thus, aCD47, as a therapeutic component, can be anaerobically initi-
ated to be expressed within the tumor and diffused away.

Macrophages were a class of cells with phagocytosis and antigen-
presenting functions. Blockade of CD47/SIRPα-associated immune 
escape mechanism between macrophages and tumors can help acti-
vate T cells to enhance the role of adaptive immunity in ICT (39, 40). 
In transcriptome analysis, it was found that IL-2 expression, which 
was related to adaptive immunity and can be used to activate T cells, 
was significantly elevated in G4, which was attributed to the initiation 
of immune recognition by aCD47 produced by HRB. Subsequently, in 
the results of flow cytometry analysis, the greatest increase in the ratio 
of CD8+CD3+ T cells in the tumor, spleen, and lymph of G4 was 
shown, as compared with the rest of the group (Fig. 5P). Also, the con-
sistent result was found after colocalization of CD8+CD3+ T cell IF 
staining of tumors (Fig. 5Q and fig. S7, A to C). In conclusion, macro-
phages with HRB@LM treatment infiltrated tumors and enhanced 
adaptive antitumor immunity by blocking the “CD47/SIRPα” signal 
in the TME, which ultimately enhanced antitumor effect.

HRB@LM alters the gut microbiome
Next, we analyzed the changes in gut microbiome of HRB@LM-
treated mice by 16S ribosomal RNA gene sequencing (41–43). In this 
study, HRB@LM was injected into normal mice by tail vein and ana-
lyzed in comparison with the structure of gut microbiota community 
in normal mice. As shown in fig. S8 (A to C), the Normal+HRB@
LM group and Normal group exhibited a similar microbial commu-
nity structure and diversity at the family level. The intestinal flora 
was not significantly dysbiotic after HRB@LM injection, and the di-
versity of phenotypic composition was not significantly changed. 
Unlike PBS-treated colon cancer mice, the HRB@LM-treated and 
Normal groups exhibited a similar microbial community structure 
and diversity at the family level (Fig. 6, A and B). Beta diversity anal-
ysis similarly showed that HRB@LM intervention tended to restore 
the gut microbial community structure altered by colon cancer (Fig. 
6C). The microbial dysbiosis index (MDI) was significantly reduced 
in the HRB@LM group compared to that in the PBS group, but there 
was no significant change compared to that of the Normal group 
(Fig. 6D). Specifically, the relative abundance of Lactobacillaceae was 
significantly increased in the HRB@LM group compared to that in 
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the PBS group. Lactobacilli have been reported to attenuate intestinal 
damage; enhance the intestinal immune barrier, epithelial cell bar-
rier, and mucus barrier; and are one of the representative bacteria 
involved in adjuvant therapy for inflammatory bowel disease and 
colon cancer (44, 45). Moreover, the relative abundances of patho-
genic Streptococcus and Gemellaceae were reduced in the HRB@LM 
group, which were strongly associated with the development and 
progression of colon cancer (Fig. 6, E and F) (20, 46, 47). Circos plots 

more visually showed the relative abundance of each intestinal bac-
terial family category as a percentage of the total number of mice 
with colon cancer in both Normal and PBS groups, including Lac-
tobacillaceae (75%), Streptococcaceae (8%), and Gemellaceae (2%) 
(Fig. 6G). Subsequent BugBase prediction-based analysis of the ef-
fects of HRB@LM treatment on gut microbial phenotypes identified 
nine potential microbial phenotypes, which include aerobic, anaer-
obic, Gram-positive, Gram-negative, biofilm-forming, pathogenic 

Fig. 6. Distinct gut microbial communities promoted by treatment with HRB@LM. (A) NMDS (nonmetric multidimensional scaling) score plot (based on Bray-Curtis). 
(B) Sample distance heatmap on the family level. (C) Venn diagrams to analyze the number of species shared and unique to multiple samples. (D) MDI of different samples. 
Data are presented as the means ± SD (n = 3). (E) Community bar plot analysis on the family level. (F) Community heatmap analysis of the family level. (G) Circos diagram 
about the relationship between samples and species. (H) Variation in composition of phenotype. (I and J) Community bar plot analysis of the contribution of different 
species to the stress tolerant (I) and aerobic (J). (K) Representative images and H&E of the colon tissue are shown. Images were representative of three experiments. Sig-
nificance between each of the multiple groups in (D) was calculated using one-way ANOVA.
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potential, mobile element–containing, oxygen-using, and oxidative 
stress–tolerant phenotypes. The types of aerobic and oxidative stress 
tolerance were significantly increased under HRB@LM treatment, 
whereas the potential pathogenicity was greatly reduced (Fig. 6H). 
Bacterial types associated with aerobic and oxidative stress tolerance 
were presented, further demonstrating that HRB@LM mainly mod-
ulates Lactobacillaceae, Streptococcaceae, and Gemellaceae in colon 
cancer and thus restored the structure of the intestinal microbial 
community that had been altered by colon cancer (Fig. 6, I and J). By 
staining the intestines of five groups with H&E, it can be clearly ob-
served that there were negligible tumor tissues in the colon of G4 
compared to that of other groups and restored the normal intestinal 
structure (Fig. 6K). Therefore, the alteration of the bacterial com-
munity structure after HRB@LM treatment in mice with colon can-
cer is a result of the eradication of the tumor, leading to a subsequent 
change in the structure of the gut microbiota community and the for-
mation of an environment more conducive to the growth of healthy 
gut microbiota community. This change in the structure of the micro-
bial community may help to prevent recurrence of the tumor.

Inhibition of distant tumor growth and 
metastasis by HRB@LM
CT26 cells were subcutaneously inoculated in the right hindlimb 
and left hindlimb of Balb/c mice referring to the schedule shown in 
Fig. 7A (20). To investigate the effect of the treatment on the tumor 
foci without hypoxic core during the bacterial treatment, the distal 
tumors (without hypoxic cores) and the primary tumors received 
different treatments. Also, that HRB@LM entered more into pri-
mary tumors at the same time (fig. S9, A and B). After treatment of 
first inoculated CT26 tumors, there was slight tumor suppression in 
G1 and G2 compared with G0. Relatively better tumor suppression 
was found in G3 and G4 groups (fig. S9C). Also, the growth of distal 
subcutaneous tumors was inhibited relatively more effectively in G4 
(Fig. 7, B and C). To observe the H&E sections of distal tumors in 
different groups, it was found that G1, G2, G3, and G4 had different 
degrees of tumor tissue cavitation and necrotic areas (Fig. 7D). The 
relatively strongest green fluorescence signal in G4 was also found 
via TUNEL assay, indicating that G4 treatment resulted in stronger 
tumor cell apoptosis. In addition, the G4 demonstrated the greatest 
reduction in Ki67 expression, showing a significant reduction in tu-
mor proliferation (Fig. 7E). Colocalization of F4/80+MMP9+ in-
flammatory macrophages by IF staining was performed on tumor 
tissue sections. A large number of macrophages infiltrating the tu-
mor tissue with M1 phenotype were observed in G4 compared to 
the rest of group (Fig. 7F). Infiltrating T cells in the subcutaneous 
tumors, TDLN, and spleen were further detected via flow cytome-
try. Figure 7G shows a maximal increase in the ratio of CD3+CD8+ 
T cells in the tumors, spleen, and TDLN in G4 relative to the rest of 
groups. The consistent result can be observed in the colocalization 
results of CD3+CD8+ T cell IF staining (Fig. 7H).

The well-adapted immunity triggered by HRB@LM and the mod-
ulation of intestinal flora encouraged us to further evaluate the effi-
cacy of HRB@LM on tumor metastasis (Fig. 7I). No abnormal weight 
loss was observed in mice across treatments (fig. S9D). Notably, biolu-
minescence imaging of mice in G0 confirmed occurrence and prolif-
eration of metastatic tumor cells in lung tissue (Fig. 7J). Also, the 
metastatic tumor nodules on the lung tissues could be clearly ob-
served after lung tissues collected and fixed with Bouin’s trichrome. 
Compared with the rest of group, HRB@LM (G4)–treated lungs had 

fewer metastatic tumor nodules, no significant increase in weight, and 
weak bioluminescence intensity (Fig. 7, K and L). H&E staining also 
confirmed that there were fewer metastatic lesions in G4 compared to 
the large number of metastatic lesions that appeared in lung tissues of 
G0, demonstrating the efficacy of the HRB@LM treatment on tumor 
metastasis. In addition, flow cytometry analysis and IF staining of T 
cells in spleens of mice were performed. It was found that the propor-
tion of toxic T (CD3+CD8+) in the spleens of G4 was significantly 
elevated (Fig. 7, M and N), confirming that HRB@LM generated a 
long-term immune memory and successfully inhibited the occur-
rence of metastatic tumors.

HRB@LM for lung cancer treatment
Next, we assessed the extent of response of HRB@LM in CD47 high-
expressing tumors in lung cancer. Flow cytometry analysis showed that 
the proportion of F4/80+ macrophages in the tumors of the G4 group 
was significantly higher than that of other groups (Fig. 8A), suggesting 
that HRB@LM effectively promoted macrophage infiltration into tu-
mors. In addition, HRB@LM may recruit more macrophages through 
the TDLN, resulting in a similarly significant increase in the number of 
F4/80+ macrophages in the TDLN (Fig. 8B). Subsequently, we per-
formed a detailed phenotypic analysis of the recruited macrophages. 
The ratio of M1/M2 macrophages (CD86+ cells/CD206+ cells) was 
significantly higher in the tumor and TDLN of the G4 group compared 
to the G0 group, whereas the ratio of macrophages in the spleen did 
not change significantly (Fig. 8C). Meanwhile, we performed tran-
scription analysis of genes related to popularization of macrophages in 
tumors. As shown in Fig. 8D, the expression of some M1-related mark-
ers (IFN-γ and TNF-α) was up-regulated in the G4 group compared 
with the G0 group, whereas no significant changes were observed in 
M2-related markers (IL-12 and Retnla). Polarization-related regulators 
(KLF4 and IRF5) were significantly up-regulated in the G4 group. Co-
localization of F4/80+MMP9+ macrophages by IF staining on tumor 
tissue sections, consistent results can be observed in Fig. 8E. A large 
number of M1-type macrophages were seen infiltrating the tumor tis-
sue in the G4 group compared to the remaining groups. In addition, 
the results of flow cytometry analysis showed that there was a maxi-
mum increase in the proportion of CD8+CD3+ T cells in the tumors, 
spleen, and lymph nodes in the G4 group compared to the remaining 
groups (Fig. 8F and fig. S10, A to D). TUNEL staining tumor tissues 
showed enhanced green fluorescence signals in both G3 and G4 
groups, which indicated that apoptosis of tumor cells was more obvi-
ous compared to G0, G1, and G2 groups (Fig. 8G). Thus, HRB@LM 
triggered ICT around macrophages in a mouse lung cancer model.

HRB@LM for pancreatic cancer treatment
The coexistent results were also validated in a mouse pancreatic can-
cer model. Flow cytometry analysis showed that the proportion of 
F4/80+ macrophages in the tumor, spleen, and TDLN was signifi-
cantly higher in the G4 group, but macrophages in the spleen were 
not significantly polarized (Fig. 8, H to J). Moreover, some M1-
related markers (IFN-γ and TNF-α) and polarization-associated 
regulators (KLF4 and IRF5) were significantly up-regulated in the G4 
group (Fig. 8K). A large number of M1-type macrophages infiltrat-
ing the tumor tissue were observed in the G4 group in Fig. 8L com-
pared to the remaining groups. In addition, there was an increase in 
the proportion of CD8+CD3+ T cells in tumors, spleen, and TDLN 
in the G4 group compared to the remaining groups (Fig. 8M and fig. 
S11, A to D). TUNEL staining tumor tissues also showed an 
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Fig. 7. HRB@LM inhibited distant tumor growth and metastasis. (A) Schematic showing the treatment schedule in a distant tumor mouse model. (B) Distant tumor 
growth curve of mice. Data are presented as the means ± SD (n = 4). (C) Tumor growth curves of individual mouse. (D) Representative H&E staining tumor slices. Scale 
bars, 1 mm and 200 μm (enlarged view). Images were representative of three experiments. (E) TUNEL-stained and Ki67-stained tumor slices. Scale bars, 100 μm. Images 
were representative of three experiments. (F) Images of IF staining tumor tissues [green: macrophages, red: M1-like macrophages, and blue: nuclei; scale bars, 100 μm and 
10 μm (enlarged view)]. Images were representative of three experiments. (G) Quantitative analysis of cytotoxic T cells (CD3+CD8+) in the distant tumor, TDLN, and spleen. 
Data are presented as the means ± SD (n = 3). (H) Images of IF staining tumor tissues [green: T cells, red: cytotoxic T cells, and blue: nuclei; scale bars, 100 μm and 20 μm 
(enlarged view)]. Images were representative of three experiments. (I) Schematic illustration of the therapeutic profile of metastatic tumor. (J) Representative biolumines-
cence images (scale bar, 6 mm), Bouin’s trichrome fixed lung of mice (scale bar, 6 mm), the representative H&E staining images (scale bar, 500 μm), and representative IF 
images of CD8+CD3+ T cells (scale bar, 500 μm). Images were representative of three experiments. (K) Luminescence of corresponding fluorescence IVIS images in (J). 
Data are presented as the means ± SD (n = 3). (L) Weight of the lung (n = 3 biologically independent samples). Data are presented as the means ± SD (n = 3). (M and N) 
Flow cytometry (M) and quantitative analysis (N) of cytotoxic T cells (CD8+CD3+) in the spleen. Data are presented as the means ± SD (n = 3). Significance between each 
of the multiple groups in (B), (G), (K), (L), and (N) was calculated using one-way ANOVA. (A and I) Created with BioRender.
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Fig. 8. HRB@LM inhibited lung and pancreatic cancer. (A and B) Flow cytometry analysis (A) and quantification (B) of the percentage of F4/80+ cells. Data are pre-
sented as the means ± SD (n = 3). (C) Quantification of M1/M2 ratio of CD86+ macrophages (CD86+F4/80+) and CD206+ macrophages (CD206+F4/80+) in the CCL2 
tumor, TDLNs, and spleen. Data are presented as the means ± SD (n = 3). (D) Heatmap of differential gene cluster analysis of M1- and M2-related phenotypes. (E) Im-
ages of IF staining CCL2 tumor tissues (green: macrophages, red: M1-like macrophages, and blue: nuclei; scale bar, 100 μm). Images were representative of three ex-
periments. (F) Flow cytometry quantification of CD8+ T cell (CD8+CD3+) in the CCL2 tumor, TDLN, and spleen. (G) TUNEL-stained CCL2 tumor slices. Scale bar, 500 μm. 
Data are presented as the means ± SD (n = 3). (H and I) Flow cytometry analysis (H) and quantification (I) of the percentage of F4/80+ cells. Data are presented as the 
means ± SD (n = 3). (J) Quantification of M1/M2 ratio of CD86+ macrophages (CD86+F4/80+) and CD206+ macrophages (CD206+F4/80+) in the Panc02 tumor, 
TDLNs, and spleen. Data are presented as the means ± SD (n = 3). (K) Heatmap of differential gene cluster analysis of M1- and M2-related phenotypes. (L) Images of 
IF staining Panc02 tumor tissues (green: macrophages, red: M1-like macrophages, and blue: nuclei; scale bar, 100 μm). Images were representative of three experi-
ments. (M) Flow cytometry quantification of CD8+ T cell (CD8+CD3+) in the Panc02 tumor, TDLN, and spleen. (N) TUNEL-stained Panc02 tumor slices. Scale bar, 
500 μm. Data are presented as the means ± SD (n = 3).
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enhancement of green fluorescence signals in the G4 group, which 
indicated a more significant apoptosis of tumor cells compared to 
G0, G1, G2, and G3 groups (Fig. 8N). Thus, HRB@LM can also trig-
ger ICT around macrophages in a mouse pancreatic cancer model.

DISCUSSION
We have developed a strategy using nanoliposome-bacteria hybrid-
ization system (HRB@LM) as smart Ab “factories” to address the 
limitations of protein-based ICIs in vivo. The HRB@LM evaded clear-
ance by neutrophils and targeted hypoxic tumor necrotic regions. The 
loaded bacteria were able to promote the migration of macrophages 
toward the center of the tumor tissue, but due to the low number of 
macrophages, it was difficult to infiltrate the tumor effectively. M-CSF 
specifically released in response to high GSH concentrations recruit-
ed and infiltrated large numbers of macrophages that then polarized 
by LPS into M1 phenotypes. Simultaneously, the expression of plas-
mid within the Ab factory was promoted under a hypoxic TME, syn-
thesizing aCD47 in situ. Secreted aCD47 directly bind to CD47 
receptors on tumor cells, blocking the CD47-SIRPα signaling path-
way and enabling precise phagocytosis of tumor cells by macrophages. 
More antigen presentation of macrophages led to the activation of 
more CD8+CD3+ T cells, thereby strengthening adaptive immunity 
against tumors. HRB@LM activated systemic antitumor immune re-
sponses and long-term immunity, effectively suppressing primary, 
distant, and metastatic tumors. Meanwhile, the gut microbiota was 
restored through modulation of Lactobacillaceae, Streptococcaceae, 
and Gemellaceae abundance, and mice survival times were signifi-
cantly extended. Given the excellent tumor-targeting capabilities, 
TME-triggered synthesis of ICI, antitumor immunity, and regulation 
of gut microbiota ecology demonstrated by HRB@LM, the repro-
gramming and redecoration of bacteria as a smart Ab factory repre-
sented a highly promising precision medical strategy for future ICT.

MATERIALS AND METHODS
Cell lines and animals
The NIH 3T3 was provided by Wuhan Service Biotechnology Co. 
Ltd., and the mouse colon cancer cells (CT26, CRL-2638) and RAW 
264.7 (TIB-71) were obtained from the American Type Culture Col-
lection (ATCC). The pBV220 plasmid and E. coli MG1655 (ATCC 
47076) were purchased from Miaoling Bioscience &Technology Co. 
Ltd. (Wuhan, China). E. coli MG1655 was cultured in Luria-Bertani 
broth medium at 37°C. Also, all cells were cultured in Dulbecco’s 
minimal essential medium [DMEM; 10% (v/v) fetal bovine serum 
(FBS)] at 37°C in a humidified atmosphere (5% CO2, 90% humidi-
ty), and medium was refreshed every 2 days. Female BALB/c mice 
weighted 18 to 20 g were purchased from Beijing Vital River Labora-
tory Animal Technology Co. Ltd. Also, mice were housed in an ani-
mal facility under constant environmental conditions (20° to 22°C, 
30 to 70% humidity). All animal experiments were approved by the 
Animal Experiment Ethics Committee of Huazhong University of 
Science and Technology (Institutional Animal Care and Use Com-
mittee number: 4208). Also, the investigators were blinded to group 
allocation during data collection and analysis.

Hypoxia-induced aCD47 expression
The MG1655 and HRB were divided into four groups incubated un-
der a normoxic and hypoxic environment (37°C), and the photos of 

bacterial solution were monitored at given time. The supernatant was 
collected at a given time and mixed with CD47 protein. Also, the con-
centration of aCD47 can be calculated via a CD47 ELISA kit. The af-
finity of the released aCD47 to the CD47 protein was also verified by 
flow cytometry, Western blot (WB), ELISA, and IF staining assay. The 
outer membrane vesicles (OMVs) of four groups were collected via a 
bacterial MV isolation kit (Umibio, China). Permeabilization solution 
(Servicebio, China) was added for 15 min to improve the permeabili-
ty. CD47-hFc protein was added to the OMVs at room temperature 
for 30 min, and PBS was added to wash three times. FITC-conjugated 
goat anti-human IgG (H+L) was then added and cocultured for 30 
min. A CytoFLEX flow cytometer was applied to detect the signal af-
ter washing three times. IF staining assay was also operated following 
the above steps and observed via an FV3000 confocal microscope.

HRB@LM construction and characterization
Briefly, DSPE-S-S-mPEG2000-NHS (4 mg), lecithin (2 mg), and stea-
ric acid (1 mg) were dissolved in 1 ml of chloroform and lightly 
stirred. After stirring for 10 min, the precipitate was dried by vacu-
um pump. One hundred microliters of PBS containing M-CSF (1 μg 
ml−1) was added and sonicated for 30 min until the solution was 
clear. Then, 1 ml of E. coli MG1655 solution (108 CFU ml−1) was 
added with a 50-μl solution (R0: 0 μl, R1: 0.5 μl, R2: 5 μl, R3: 50 μl, 
R4: 250 μl, and R5: 500 μl) and stirred gently for 18 hours at 4°C. After 
centrifugation for three times, the precipitation was suspended with 
1 ml of PBS to obtain HRB@LM. The morphology of LM, HRB, and 
HRB@LM was observed using TEM and scanning electron micros-
copy. The concentration of M-CSF in LM was determined by a bicin-
choninic acid assay (BCA) kit. The encapsulation efficiency (EE) and 
drug loading (DL) rate in LM was calculated as below

WA is the total amount of drug in products, WB is the initial amount 
of drug used to prepare products, and WT is the total amount 
of products.

The in vitro release behavior of LM was carried out in PBS con-
taining 10 μM GSH (pH 6.8) using a dialysis method. Briefly, 500 μl 
of LM was transferred into dialysis bags (molecular weight cutoff of 
4 kDa) with both terminals clamped. The dialysis bags were imme-
diately immersed into 5 ml of PBS solution under magnetic stirring 
in a water bath (200 rpm, 37°C). Fifty microliters of the medium was 
withdrawn after 30 min. The withdrawn sample was analyzed by 
BCA kits and SDS-PAGE electrophoresis. Also, the drug releasing 
(DR) rate in LM was calculated as below

WA is the total amount of drug in products, and WC is the 
amount of drug in the withdrawn sample.

To further determine the concentration of M-CSF releasing from 
HRB@LM, 100 μl of HRB@LM was mixed with 1 ml of PBS contain-
ing 10 μM GSH (pH 7.4) for 30 min. After centrifugation at 4000g for 
10 min, the supernatant was detected via murine M-CSF ELISA kits.

Hypoxic tropism evaluation of HRB@LM
Tropism of HRB@LM toward hypoxic environment was evaluated 
by using microfluidics (width is 2 cm, and length is 6 cm). The 

EE (%) =WA ∕WB × 100%

DL (%) =WA ∕WT × 100%

DR (%) =
(

WC×100
)

∕WA × 100%
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movement of HRB@LM was recorded by confocal laser scanning 
microscope (CLSM; Olympus, FV3000). Agarose gel and sodium 
thiosulfate–contained agarose gel were placed into the two reser-
voirs of the microfluidic channel. Also, 106 CFU of HRB and HRB@
LM were dropped in the middle of microfluidic channel. The CLSM 
image of the region of interest was collected every 15 s. The distance 
and length of HRB and HRB@LM were calculated, and the chemo-
tactic index (CI) was calculated as the ratio of total displacement to 
the total migration path.

Penetration evaluation of HRB@LM in a 3D-spheroid 
tumor model
The 3D tumor spheroids of CT26 cells were established according to 
the following steps. CT26 cells were maintained under the standard 
culture conditions. After being treated with 0.25% trypsin, the cells 
were detached and suspended in DMEM (10% FBS) and the cell 
density was adjusted to 104 cells ml−1. Then, a 200-μl suspension 
was added into the prime surface 96UZ plate (MS-9096UZ). After 
centrifugation at 2000g for 15 min, the cells were cultured for 2 days, 
and the cells began to form a 3D-spheroid tumor model. A total of 
105 CFU of HRB and HRB@LM was added to the medium and co-
cultured for 2 and 6 hours. The tumor spheroids were washed about 
three times with PBS and stained with Hoechst 33342 for 15 min. 
After washing about three times with PBS, the permeability of HRB 
and HRB@LM into tumor spheroids was studied by CLSM.

Recruitment and polarization of macrophage
A 24-well transwell plate with 8 μm of mean pore size membrane was 
used to establish the in vitro experimental model. One hundred mi-
croliters of PBS, InBac, HRB, and HRB@LM+GSH was added in the 
lower well. After centrifugation at 2000g for 10 min, the RAW264.7 
cells (1 × 104 cells per well) were seeded in the upper well with a diam-
eter of 8 μm. After being cocultured for another 12 hours at 37°C, the 
24-well plate was then washed three times with PBS and added with 
500 μl of 1% (v/v) crystal and 4′,6-diamidino-2-phenylindole (DAPI) 
for 15 min separately. The images were then recorded, and the absor-
bance of each well at 590 nm was also tested after adding 100 μl of 
methanol to dissolve the crystal. The recruited macrophages were also 
treated with a 70-μm cell filter to prepare single-cell suspensions, and 
cells were washed with PBS containing 2% FBS. For flow cytometry 
sorting and analysis, the digested cells were stained with fluorescence-
labeled antibodies against protein markers for 30 min. The dilution of 
antibodies was according to the manufacturer’s instructions. After 
washing with 1640 medium containing 2% FBS, the cells were ana-
lyzed on a flow cytometer. Furthermore, the recruited macrophages 
were stained with Calcein AM and cocultured with DiI-labeled CT26 
cells for 24 hours at 37°C. The fluorescence images were then record-
ed, and the digested cells were analyzed on a flow cytometer.

Twenty microliters of PBS, GSH (10 μM), M-CSF, InBac, HRB@
LM, and HRB@LM+GSH (10 μM) was respectively injected into 
the claws. After 24 hours, the claw tissues were fixed and subjected 
to H&E staining, followed by differential counting of macrophages 
and neutrophils. The tissue samples were also analyzed by WB and 
IF staining.

Recruitment in 3D-spheroid tumor mode
The 3D tumor spheroids of CT26 cells were established according to 
the above steps. A total of 105 CFU HRB and HRB@LM was added 
to the medium and cocultured for 2 hours. RAW264.7 (104 cells) 

stained with Calcein AM were then added to 3D tumor spheroids 
and cocultured for 4 and 6 hours. After washing about three times 
with PBS, the recruitment of RAW264.7 into tumor spheroids of dif-
ferent groups was studied by CLSM.

In vivo treatment of in situ colon cancer
To construct the model of in situ colon cancer, 1 × 106 CT26 cells 
were injected subcutaneously into the right thigh of Balb/c mice. 
When the tumor volume reached ~100 mm3, the mice were anes-
thetized with 1 to 2% isoflurane in oxygen via a nose cone and the 
tumors were removed intact. Also, the tumors were divided into 1 
mm3 of tumor blocks. The tumor blocks were sutured to the ce-
cum of the Balb/c mice through a degradable suture, and the 
whole experiment was aseptically operated. The CT26 tumor-
bearing mice were divided into five groups randomly (n = 5), in-
cluding the control group (G0), MG1655 group (G1), MG1655@L 
group (G2), HRB group (G3), and HRB@LM group (G4). A total 
of 1 × 107 CFU in 200 μl of saline was injected intravenously into 
tumor-bearing mice in G1, G2, G3, and G4. The G0 was injected 
with 200 μl of saline. The treatment procedure was performed day 
0 and day 4. Then tumor volumes and mice weights were recorded 
every 2 days. The calculation formula of tumor volume was vol-
ume = (tumor length × tumor width × tumor width)/2. When the 
mice died, the survival time was recorded. At a preset time, the 
tumors were collected for H&E staining and IF staining.

Microbial community analyses
CT26 tumor-bearing Balb/c mice were treated as the described ear-
lier; colon tissues were collected on day 14 and stored at −80°C be-
fore microbial analysis. Microbiome DNA isolation and 16S rRNA 
gene sequencing were completed by Majorbio Bio-Pharm Technol-
ogy Co. Ltd. (Shanghai, China).

In vivo inhibition of distant tumor growth and 
lung metastasis
For the CT26 distant tumor model establishment, 1 ×  106 CT26 
cells were injected subcutaneously into the right thigh of Balb/c 
mice. On 5 days after the inoculation, another 1 × 106 CT26 cells 
were injected into the left thigh of mice. The mice were divided 
into five groups and treated as described above (n = 5) on days 0 
and 4 of the first inoculation. Tumor volume and body weight were 
recorded continuously. The treated mice (n = 5) were euthanatized 
on the day 28 by carbon dioxide asphyxiation, and the distant tu-
mor, TDLN, and spleen were collected for flow cytometry analysis 
of immune cells. TUNEL, H&E, Ki67, F4/80, MMP9, CD3, and 
CD8 staining were performed on the distant tumor tissues.

For lung metastasis treatment, the treated mice (n = 5) were eu-
thanatized on day 81 by carbon dioxide asphyxiation and collected 
their lungs. The weight of lungs was recorded. Also, the lung slices 
were then stained with H&E to observe the metastasis foci. For flow 
cytometry analysis of immune cells, the spleens were collected at 
67 days after treatments to obtain a single-cell suspension and then 
analyzed by a flow cytometer as stated above. CD3 and CD8 staining 
were performed on the spleen.

Statistical analysis
All data were presented as means ± SD. Independent t test was used 
for two groups compared. One-way analysis of variance (ANOVA) 
using the Tukey post hoc test was used for more than two groups 
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compared. All statistical analyses were performed by SPSS 26.0. The 
results were significant when *P < 0.05; **P < 0.01; ***P < 0.001; 
n.s., not significant.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S11
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