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Chemokines are emerging as important targets for cancer immunotherapy due to their role in regulating immune
cell migration and activation within the tumor microenvironment. Effective delivery and sustained presence of
chemokines at the tumor site is essential for recruiting and activating immune cells to exert anti-tumor effects. In
this study, we report a genetically engineered bacterial cell factory designed for the continuous production of
chemokine CCL21 in a controlled manner. To decrease the formation of infusion bodies (IBs) in bacteria, we used
thioredoxin (Trx) as the fusion partner and cloned at N-terminal of the target protein. The commonly used
promoters, pT7-LacO, pBV220, and pDawn, were employed to explore the influence of various inducers on the
expression of CCL21 in bacteria. The engineered bacteria were finally encapsulated within spherical gelatin
methacryloyl (GelMA) microgels, which not only maintained bacterial viability but also prolonged their reten-
tion in the intestines of mice. As a result, the sustained presence and localized production of CCL21 led to

effective suppression of tumor growth.

1. Introduction

Chemokines, acting as chemotactic cytokines, play a pivotal role in
recruitment of immune cells [1,2]. Due to their intricate and expansive
structures, chemokines offer high specificity and activity, making them
promising candidates to enhance the effectiveness of cancer immuno-
therapy [3,4]. Despite their advantages, challenges like low stability,
short half-life, and poor tissue penetration have limited the direct
therapeutic application of chemokines [5,6]. Overcoming these obsta-
cles is imperative to fully harnessing their therapeutic potential.

In recent years, bacteria have been extensively studied due to their
capability to selectively target and impede tumor growth, and some of
the bacterial species have undergone engineering processes to facilitate
the delivery of protein drugs. This approach not only overcomes the

challenges of low stability and short half-life associated with protein
drugs but also enhances their therapeutic efficacy by precisely deliv-
ering them to the intended target, thereby minimizing off-target effects
and reducing systemic toxicity [7]. The concept of bacteria-mediated
cancer therapy dates back to the 19th century, marking its early
exploitation in medical research [8]. Interest in bacteria-mediated
cancer therapy has been reignited in the late 20th and early 21st cen-
turies as researchers begin to better understand the complex interactions
between the immune system, bacteria, and cancer [9-11]. Currently,
employing genetic engineering to transform bacteria into functional
microrobots represents a common strategy aimed at enhancing delivery
efficiency and therapeutic efficacy [12-14]. Genetically engineered
bacteria possess the ability to sense various environmental cues such as
chemical  components like  L-arabinose [15],  isopropyl
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B-D-1-thiogalactopyranoside (IPTG) [16], light [17,18] or temperature
[19]. Leveraging this capability, the microrobots can be programmed to
synthesize and release therapeutic components (eg., IFN-y [20], NDH-2
[12], and CD47 nanoantibody [21]). The bacteria and their byproducts
are named live biotherapeutic products (LBPs) [22]. Generally, LBPs can
offer a cost-effective alternative to the expensive manufacturing of
therapeutic protein drugs. Moreover, the localized production of protein
drugs at tumor sites can significantly reduce the side effects associated
with conventional protein drug delivery. However, the formation of
infusion bodies (IBs) in bacteria has become one of the most reported
events when using these microbial cell factories to produce functional
recombinant protein drugs, particularly the proteins of eukaryotic origin
[23,24]. IBs typically arise from misfolded proteins, which are often
deemed as waste products [25]. Hence, converting this inactive and
insoluble proteins into soluble and correctly folded products is an area of
great interest.

Chemokine receptor 7 (CCR7) is a G protein-coupled receptor
comprising seven transmembrane domains. It is expressed on various
cell types including central memory T cells, regulatory T cells, imma-
ture/mature dendritic cells (DCs), natural killer cells, and a minority of
tumor cells [26-28]. Chemokine ligand 21 (CCL21) serves as the
high-affinity ligand for CCR7, initiating cell migration within tissues
[29]. The interaction between CCR7 and CCL21 plays a crucial role in
promoting the migration of immune cells towards tumors, thereby
facilitating immune surveillance and potentially boosting anti-tumor
immune responses. However, the expression of CCR7 on tumor cells
can likewise facilitate their migration towards lymph nodes, thus pro-
moting metastasis and evading immune detection. Consequently, the
establishment of a microenvironment rich in CCL21 becomes essential
for the success of cancer immune therapy, aiming to enhance anti-tumor
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immune responses effectively. In our recent study, we successfully
produced recombinant CCL21 chemokines using a prokaryotic expres-
sion system with a fused thioredoxin (Trx) tag. Our findings indicate that
the resulting recombinant chemokine, Trx-CCL21, holds potential as a
viable candidate for creating a CCL21-rich microenvironment conducive
to tumor cells [16]. Expanding upon this groundwork, our objective is to
explore the utilization of the CCL21 expression system as a
bacteria-based therapeutic platform for the treatment of malignant tu-
mors. In this study, we designed and employed commonly used pro-
moters, namely pT7-LacO, pBV220, and pDawn, to investigate the
impact of various inducers on the expression of CCL21 in Bacteria
(Scheme 1). Additionally, we cloned the fusion partner thioredoxin (Trx)
at the N-terminal of the target protein to examine whether the Trx
partner could influence their solubility during expression.

The genetically engineered bacteria were then encapsulated in
gelatin methacryloyl (GelMA) microgels to fabricate microspheres
(Bac@Mic), effectively creating a bacterial cell factory. The obtained
Bac@Mic exhibits a notable capacity for recruiting CCR7 positive cells.
Moreover, it significantly prolongs the residence time in the intestine of
mice, thus enabling the localized production of CCL21. Consequently,
this study aims to formulate and refine effective therapeutic strategies
centered around the delivery of CCL21 for cancer therapy.

2. Materials and methods
2.1. Materials
Ampicillin, kanamycin and isopropyl-p-D-thiogalactopyranoside

(IPTG) were purchased from Beyotime Biotechnology (Shanghai,
China). Protein molecular weight marker and loading buffer were

Bac@Mic
Engineered bacteria

Tumor cell

% Immune cell
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- CCL21
Immune cell
migration

Scheme 1. Schematic illustration of genetically engineered bacteria-loaded microspheres for colon cancer therapy. Genetically engineered circuit in bacteria
enables controlled expression of recombinant CCL21 (I). Preparation of bacteria-loaded microspheres (Bac@Mic) (II). Bac@Mic treatment induces colon cancer
therapy. CCL21 secretion from Bac@Mic recruits CD8" and CD4" T cells to the tumor site, promoting immune response against cancer cells. LEC: lymphatic

endothelial cell (III).
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obtained from Thermo Fisher Scientific (Waltham, MA, USA). The
gelatin and methacrylic anhydride were obtained from Aladdin
Biochemical Technology (Shanghai, China). The plasmids including
pDawn-mCherry (P1180) and pBV220 (P0367) were obtained from
MiaoLingBio (Wuhan, China), and all the other plasmids used in this
work were listed in Table S2. PCR amplification kit was obtained from
Takara Biomedical Technology (Beijing, China) and cloning kit was
purchased from Vazyme Biotechnology (Nanjing, China). The detailed
sequence of the target protein was listed in Table S4 and the primers
were listed in Table S3. The remaining necessary chemicals were
sourced from commercial suppliers and were of analytical grade.

2.2. Animal experiment

Male C57BL/6 mice aged 6-8 weeks were procured from the Labo-
ratory Animal Center of Zhengzhou University, Henan, China. All ani-
mal experiments were conducted under protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of Zhengzhou
University (approval number: 2021-KY-0028)

2.3. Plasmid construction

The target gene encoding CCL21 was obtained from NCBI (Accession
no.: CR450326.1). The encoding sequence was optimized for prokary-
otic expression, and subsequently, the optimized cDNA sequence was
synthesized by GENWIZ (Suzhou, China). The plasmid of pT7-Trx-
CCL21 was constructed according to our previous work [16]. Briefly,
the fragment CCL21 was sub-cloned into pET32a vector to prepare the
IPTG induced Trx-CCL21 expression system. Similarly, PCR was
employed to amplify the CCL21, Trx-CCL21, and mCherry gene frag-
ments for sub-cloning into the pDawn and pBV220 vectors, respectively.
This resulted in the creation of a target protein expression system that
could be induced by blue light or a temperature of 42 °C. The con-
structed vectors were subsequently transformed into bacteria to
generate the genetically engineered bacteria. These engineered bacteria
were then stored at —80 °C for future utilization.

2.4. Expression of CCL21 and Trx-CCL21

The E. coli strains (Nissle 1917, obtained from GENWIZ, Suzhou,
China) were cultivated in Luria Bertani (LB) medium, which contained
10 g/L tryptone, 5 g/L yeast extract and 10 g/L NaCl, followed by a
constant shaking with 220 rpm at 37 °C. Once the culture reached an
ODgop of 0.6-0.8 for the pT7-LacO expression system and 0.4-0.6 for the
pDawn and pBV220 expression systems, the genetically engineered
bacteria were subjected to treatment. This involved exposure to 1 mM
IPTG, 470 nm blue light illumination for 30 min, or a 42 °C water bath
for 30 min. Subsequently, they were further incubated at 37 °C with
constant shaking at 220 rpm for 4 h. Following this incubation period,
the Bacterial cells were harvested via centrifugation at 4000 rpm for 10
min, after which they were resuspended in lysis buffer (50 mM
NaH,PO4, 300 mM NaCl, pH 8.0) with an equal volume. Then, sonicated
until the solution became homogeneous and centrifuged at 12, 000 rpm
for 15 min at 4 °C to obtain the soluble protein. The precipitation was
dissolved in lysis buffer containing 8 M urea to obtain the inclusion body
protein. The expression levels of the target proteins CCL21 and Trx-
CCL21 were analyzed using 15 % and 10 % Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), respectively.

2.5. Synthesis of GelMA

The synthesis of GelMA refers to the existing methods [30]. In detail,
5 g of gelatin (Aladdin Biochemical Technology, Shanghai, China) were
dissolved in 50 mL PBS at 50 °C to obtain a 10 % (w/v) solution of
gelatin. Afterwards, 5 mL of methacrylic anhydride (MA, Aladdin
Biochemical Technology, Shanghai, China) were added to the gelatin
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solution with a rate of 0.5 mL/min. The gelatin solution was kept at
50 °C during the experiment process. The mixture was further stirred in
dark for 3 h, followed by diluted with 250 mL warm PBS (50 °C). The
mixtures were then dialyzed against Milli-Q water at 40 °C using a
dialysis with a 12-14 kDa molecular weight cut-off (Beyotime Biotech-
nology, Shanghai, China) to remove salts and extra MA. The GelMA
foam was obtained after freeze-drying and they were stored at —80 °C
for further use.

2.6. Preparation of microspheres

Dissolved 0.5 g of GelMA foam in 5 mL Milli-Q water to obtaina 10 %
(w/v) GelMA solution, and added 12.5 mg Lithium Phenyl (2, 4, 6-trime-
thylbenzoyl) phosphinate (LAP, Energy Chemical, Shanghai, China) into
GelMA solution to form a mixed solution of 0.25 % (w/v) LAP in GelMA.
The solution was kept in dark and used for preparation of microspheres.
In detail, the solution mixed with genetically engineered bacteria at 5 x
10° CFU/mL was used as an internal phase liquid, and they were flowed
out at a rate of 400 pL/h. The liquid paraffin with 1 % nonionic sur-
factants Span 80 (Aladdin Biochemical Technology, Shanghai, China)
was served as external phase liquid and they were flowed out at a rate of
1250 pL/h. A uniform droplet could be formed at the junction of the two
phases, caused by the different polarity between outer phase and inner
phase. The GelMA microspheres were formed after exposing the droplets
to blue light at 405 nm. Finally, the obtained Bac@Mic were washed
with PBS three times and stored at 4 °C for further use.

2.7. Cell migration assay

The 4T1 cell line was used for cell migration analysis. Cells were
harvested at a density of 3.0 x 10* per well and seeded into a 96-well
plate. They were then starved overnight in culture medium containing
1 % FBS. Uniform scratch wounds were created using a WoundMaker
(Essen BioScience). Following a wash with PBS, the culture medium
from Bac@Mic (after induction for 6 h) was collected and added to each
well. A control group was established using medium with wild type
Bac@Mic culture. Migration distances were observed using the 10 x
objective lens of the IncuCyte incubator (Essen BioScience) at 8-h in-
tervals, and migration distance rates were quantified using ImageJ
software.

2.8. Evaluation of Bac@Mic residence time in vivo

To detect the residence time of bacteria loaded microsphere in vivo,
male C57BL/6 mice (three mice in each group) were used and admin-
istrated with PBS, Bac@Mic or naked bacteria by oral gavage. All the
bacteria were genetically engineered for stable expression of mCherry.
This allowed us to detect the fluorescent signal at the intestine site of
mice. Therefore, the fluorescence and fluorescent intensity of mCherry
from the intestine of mice was measured using the IVIS Lumina Imaging
System (Xenogen Corporation, Hopkinto, MA) at the time point of 1, 24
and 48 h upon treatment. The image was analyzed using Living Image
software (version 4.3.1).

2.9. Antitumor efficacy of Bac@Mic in colon cancer models

To construct the colon cancer models, mice were anesthetized and a
small incision was made in the abdomen. The colon was exteriorized,
and 2 x 10° MC38-Luc cells suspended in 50 pL volume of sterile saline
were injected directly into the wall of the colon using a fine needle. After
injection, the colon was repositioned inside the abdomen, and the
incision was closed with sutures. After 7 days, mice were randomly
assigned to different groups and received oral administration of PBS,
blank microspheres, blue light-induced cell microspheres, heat-induced
cell microspheres, and IPTG-induced cell microspheres at 200 pL per
mouse. Treatment was administered on days 7, 11, 15, and 19. Each
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mouse received an intraperitoneal injection of 15 mg/mL D-luciferin
(10 pL/g of body weight, D812647, Macklin) in Dulbecco’s PBS (DPBS)
and was subsequently anesthetized with 2 % isoflurane before under-
going bioluminescence imaging. Bioluminescence images of the mice
were obtained using the IVIS Lumina Imaging System (Xenogen Cor-
poration, Hopkinton, MA). Regions of interest were quantified using
Living Image® 4.1 software, and the results were expressed as average
radiance (p/sec/cmz/sr).

2.10. Biological markers and histological analysis

After long-term treatments, the mice were euthanized, and serum-
based markers for liver function, renal function, and hematological
parameters were analyzed. The major organs, including heart, lungs,
liver, spleen, and kidneys, were collected and preserved in a 4 %
formalin solution (w/v) at 25 °C for 2 days. For histological examina-
tion, the fixed tissue samples underwent dehydration through a series of
ethanol dilutions. Subsequently, the samples were embedded in paraffin
and sectioned into 6 pm thick vertical cross-sections. Hematoxylin and
Eosin (H&E) staining was then employed to visualize tissue structure
and specific components on the micro-sections. The stained micro-
sections were finally scrutinized under an optical microscope (Carl
Zeiss, Germany) to evaluate histological characteristics.

2.11. Flow cytometry

The single-cell suspension was obtained from the tumor tissue. In
details, the tumor tissue was diced into small fragments, then digested at
37 °C in DMEM containing 1 mg/mL of collagenase III and 10 % fetal
bovine serum for 30 min. Subsequently, the suspension was passed
through a 100-mesh steel sieve to eliminate any remaining undigested
tissue. The suspension was then centrifuged at 2000 rpm for 5 min at
4 °C, the cells were resuspended in a staining buffer (1 % BSA solution),
and centrifuged again, with the washing process being repeated twice.
Following the removal of the supernatant, the cells were resuspended in
100 pL of staining buffer, flow cytometry antibodies were added in the
recommended proportions, and the mixture was incubated in the dark at
4 °C for 30 min. The antibodies used for immune cell analysis were listed
in Table S5. Following resuspension of the cells in an appropriate vol-
ume of staining buffer, detection was conducted using the CytoFlex LX
Flow Cytometer. Subsequent data analysis was performed utilizing
FlowJo V_10 software.

2.12. Real time PCR analysis

Total RNA was isolated from the tumor samples using RNA isolator
Total Extraction Reagent (Vazyme; Nanjing, China; Catalog no. R401)
according to the manufacturer’s instructions. Subsequently, 1 pg of RNA
was reverse transcribed into complementary DNA (cDNA) using HiScript
III All-in-one RT Supermix (Vazyme, Catalog no. R333). Real-time po-
lymerase chain reaction (RT-PCR) was performed on a Real-Time PCR
Instrument (Applied Biosystems™ 7500) using Taq Pro Universal SYBR
qPCR Master Mix (Vazyme, Catalog no. Q712) to determine the
expression levels of target genes. The results were normalized to the
expression of the housekeeping gene glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) and presented as relative mRNA levels using the
standard AACt method. Triplicate samples were analyzed (n = 3).

2.13. Statistical analyses

Data were processed using GraphPad Prism version 8 (San Diego, CA,
USA). All data generated from animals were presented as the mean +
standard deviation (SD) of values obtained from three or more experi-
ments. Student’s t-test was used to compare two groups, and a p < 0.05
was considered as significant difference.
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3. Results
3.1. Construction of recombinant expression vectors

To construct inducible expression bacteria, we introduced three
types of promoters, including the pT7-LacO, pBV220 and pDawn, to the
bacterial expression vectors. The pT7-LacO promoter is composed of a
Lacl promoter to express the repressor Lacl, which inhibit the activation
of T7 promoter. When IPTG is present, the repressor Lacl will be
removed from Lac operator, thus initiating the target gene expression
(Scheme 1A). We then cloned DNA fragment containing 5-UTR of genes
Trx-CCL21, CCL21 or mCherry into the expression site of pT7-LacO
vector to produce IPTG inducible expression system (Figure S1 and
Figure S2). In the same manner as describe above, the target genes were
also cloned into the other two types of vectors (pBV220-MCS and
pDawn-MCS) respectively (Figs. S3-56). All the nucleotide sequence of
synthetic target gene was further confirmed by DNA sequencing
(Table S1). Additionally, the nucleotide sequence of the target gene was
codon-optimized for its heterologous expression.

3.2. Controlled expression of recombinant CCL21

Controlled gene expression with promoters that respond to chem-
icals, heat and light is the most often used strategy for microbial cell-
based therapy [31,32]. Therefore, we evaluated the solubility of the
target protein expressed in bacteria, which was induced by IPTG, a
temperature of 42 °C and blue light. To achieve this, all the recombinant
plasmids were transformed into bacteria respectively. After inducible
expression, the soluble and insoluble protein fraction were separated
and analyzed using 12 % SDS-PAGE. The intensities of the target protein
bands were measured using ImageJ software according to the integrated
density of SDS-PAGE gels. The results demonstrated that CCL21 was
successfully expressed in bacteria upon treatment with different in-
ducers. The soluble expression level of CCL21 was highest in pT7-LacO
vector, while very weak stained band in pBV220 and pDawn vector
groups. Meanwhile, the higher expression level of Trx-CCL21 was also
found in pT7-LacO vector, indicating that this vector is more suitable for
soluble expression of exogenous proteins (Fig. 1A-B, D-E and G-H). We
also evaluated the influence of Trx tag on the soluble expression of re-
combinant CCL21. In the group of pT7-LacO, the percentage of soluble
expression form was increased from 37.7 + 1.4 to 84.2 £+ 0.8 (Fig. 1C).
Meanwhile, the increase of target protein as soluble form was also
observed in the expression vector of pBV220 and pDawn, which were
increased from 14.4 + 1.1 to 47.5 £+ 0.3 and from 20.4 £+ 1.1 to 39.0 +
1.2 (Fig. 1F and I), respectively. From above results, it was indicated that
Trx fusion tag had an enhancement effect on the soluble expression of
CCL21 protein in all expressed vectors. Once being fused with Trx tag,
the enhancement of soluble expression part of CCL21 showed a trend of
pT7-LacO-Trx-CCL21 > pBV220-Trx-CCL21 > pDawn-Trx-CCL21.

3.3. In vitro assessment of the activity of Bac@Mic

The utilization of bacteria-based therapy is often hindered by the
challenging in vivo environment, characterized by factors like digestive
enzymes and strong acids [33]. We therefore developed a microbial cell
factory through encapsulating engineered bacteria within GelMA
microgels (Bac@Mic). We first assessed the inducible ability of bacteria
by transforming them with recombinant plasmids pT7-LacO-mCherry,
pBV220-mCherry, or pDawn-mCherry (Fig. S7). After 9 h of culture,
the growth rates of the engineered bacteria carrying the different plas-
mids exhibited no significant differences among the groups (Fig. 2A).
The engineered bacteria were then encapsulated within GelMA micro-
gels to form Bac@Mic, with the resulting images presented in Fig. S8.
The duration of bacterial storage within the microspheres was evaluated
using bacteria expressing mCherry within the Bac@Mic system. The
bacteria can migrate outward from the GelMA microspheres starting on
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Fig. 1. Inducible expression of recombinant chemokines in bacteria. IPTG inducible expression of CCL21 (A) or Trx-CCL21 (B) visualized by SDS-PAGE. The ratio of
soluble protein to total protein of CCL21 and Trx-CCL21 expressed under pT7-LacO promoter (C). Heat inducible expression of CCL21 (D) or Trx-CCL21 (E) visualized
by SDS-PAGE. The ratio of soluble protein to total protein of CCL21 and Trx-CCL21 expressed under pBV220 promoter (F). Blue light inducible expression of CCL21
(G) or Trx-CCL21 (H) visualized by SDS-PAGE. The ratio of soluble protein to total protein of CCL21 and Trx-CCL21 expressed under pDawn promoter (I). The target
protein was analyzed using image J software according to the integrated density of SDS-PAGE gels stained with Coomassie brilliant Blue (n = 3). Lane 1: protein
molecular weight marker; Lane 2: Bacterial cells without induction; Lane 3: the total expression of target protein in bacterial cells; Lane 4: soluble form of the

expression protein.

day 3 when cultured in LB medium (Fig. S9). The inducibility of
Bac@Mic were further assessed at different time points using fluores-
cence microscopy (Fig. 2B), prior induction, mCherry signal kept silent
at the basal level (0 min). Subsequent to treatment, the fluorescence
intensity of mCherry exhibited a time-dependent response to the
external inducers (Fig. 2C). The fluorescence was firstly detected in the
bacteria-loaded microspheres after 90 min of exposure to blue light. In
contrast, the groups treated with IPTG or 42 °C heat exhibited red
fluorescence starting at 180 min after treatment. The results of the
wound healing assay demonstrated that all three groups enhanced cell
migration after 24 h (Fig. 2D and E). Additionally, a transwell experi-
ment was conducted to further elucidate the recruitment effect of
Bac@Mic on CCR7-positive cells, which showed increased migration
following treatment with the three types of Bac@Mic (Fig. S10). These
results suggest that the engineered Bac@Mic has the ability to recruit
CCR7-positive cells.

3.4. Evaluation of residence time of Bac@Mic

Emerging evidence suggests that prolonging the residence time of
exogenous bacteria in vivo is crucial for the effectiveness of live micro-
bial therapy [34]. Here we conducted an examination of the in vivo
stability of the microbial cell factory using genetically engineered bac-
teria transformed with a plasmid encoding mCherry. The mCherry
expression in Bac@Mic remained stable throughout the experiment
(Fig. 3A and B). Subsequently, healthy mice (C57BL/6) were orally
administered with engineered Bac@Mic via gavage. The bacterial fluo-
rescence was detected at 1, 24, and 48 h using an in vivo imaging system
(IVIS) to observe the presence of engineered bacteria in live mice
(Fig. 3C and D). The results showed a significant decrease in fluores-
cence of naked bacteria after 24 h of treatment, and the fluorescence
were weakly detected after 48 h. In contrast, the microspheres signifi-
cantly enhanced the in vivo longevity of the bacteria, as evidenced by
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Fig. 2. Characterization of engineered Bac@Mic and its assessment of cell migration. (A) The growth curves of genetically engineered bacteria and those of
wild-type bacteria. (B) Schematic showing the experimental procedure and time schedule used for inducible mCherry expression with IPTG, heating and blue light in
engineered Bac@Mic. (C) Fluorescence image of time-dependent mCherry expression in the engineered Bac@Mic. (D) Migration of 4T1 cells upon treatment of

engineered Bac@Mic for 0 or 24 h. (E) Quantitative analysis of cell migration distance upon treatment for 24 h. Data are presented as the mean + SD, n = 6. *

0.001; **p < 0.01; *p < 0.05.

their pronounced fluorescence in living mice, which persisted for up to
48 h after oral administration. After sacrificing the mice and harvesting
the major organs, which were subsequently examined using an IVIS
imaging system, the results revealed that the bacteria-loaded micro-
spheres exhibited a markedly higher intensity in the intestinal regions
compared to naked bacteria, demonstrating the superior retention
capability of the microsphere delivery system (Fig. 3E). The bio-
distribution of different Bac@Mic was further investigated in colon

tumor-bearing mice. The mice were euthanized, and their major organs
were harvested. A slurry of the organs and tumor tissues was prepared
and plated on Luria-Bertani (LB) plates to quantify colony-forming units
(CFUs). The results indicated that bacteria were enriched and colonized
in the tumor tissues, while their presence in the major organs was
minimal within 48 h (Fig. S11). Additionally, we investigated the
changes in CCL21 levels following Bac@Mic treatment using an ELISA
assay. The results indicated that CCL21 levels were significantly higher
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in both in vitro and in vivo conditions compared to non-engineered
bacteria, demonstrating the efficient release of CCL21 (Fig. S12).

3.5. Evaluation of in vivo anti-tumor efficacy of engineered Bac@Mic

Encouraged by the improved survival of engineered Bac@Mic in the
mouse gut, we further investigated their potential as oral therapeutics
for treatment of colon cancer in mice. The colon cancer model was
constructed by directly injection of 2 x 10%® MG38-Luc cells into the
colon wall, and the treatment schedule outlined in Fig. 4A. Subse-
quently, we assessed the engineered anti-tumor efficacy of engineered
Bac@Mic. As demonstrated in Fig. 4B, bioluminescence from MC38-Luc
cancer cells rapidly increased in G1 and G2 mice. Compared with the G1
and G2 group, all the engineered Bac@Mic treatments led to suppressed
tumor growth. Remarkably, bioluminescent cells were nearly eradicated
in mice treated with engineered Bac@Mic up to 21 days post-tumor
inoculation. Quantitative analysis of tumor bioluminescence further
confirmed superior therapeutic efficacy of engineered Bac@Mic
(Fig. 4C-E). The tumor intensity in mice was correlated with their sur-
vival: engineered Bac@Mic significantly prolonged survival, resulting in
a 100 % survival rate after 50 days compared to the control groups
(Fig. S13). The engineered Bac@Mic treatment resulted in elevated
colon expression levels of IFN-y, IL-6 and TNF-a (Fig. 4F-H), along with
increased numbers of CD4" and CD8™ T cells (Fig. SA-Dand Figs. S14A
and B). We further analyzed changes in immune cell, including natural

killer (NK) cells, dendritic cells (DCs), central memory T cells (TCM),
and regulatory T cells (Tregs), within the tumor microenvironment. The
results demonstrated a significant increase in NK cells (Fig. 5E, F and
Fig. S14C), DCs (Fig. 5G, H and Fig. S14D), and TCM (Fig. 51, J and
Fig. S14E) following treatment with engineered Bac@Mic. Additionally,
the treatment disrupted the immunosuppressive nature of the tumor,
leading to enhanced immune infiltration and a decrease in the propor-
tion of regulatory T cells (Fig. 5K, L and Fig. S14F). These results suggest
that engineered Bac@Mic effectively recruits immune cells, thereby
enhancing the anti-tumor immune response. The biosafety of the
Bac@Mic was preliminarily evaluated by measuring the weight loss of
the mice and by pathological tissue analysis. The administration of
Bac@Mic did not affect the body weights of the mice or key organs
(Figure S15, Fig. 6 and Fig. 7).

4. Discussion

The advancement of precision medicine has emerged as a significant
focus in healthcare policy in recent years [35,36], while traditional
therapeutic approaches often fall short in meeting the requirements of
precision medicine [37]. Furthermore, systemic drug administration
may lead to uncontrollable and toxic side effects. Bacteria have been
explored as microdevices for drug delivery due to their unique living
characteristics, which allow them to transport macromolecular drugs
through genetic engineering [38,39]. Furthermore, various therapeutics



Y. Chen et al.

A B
days
A
=ri9
-t 15
=
Treatment] MC38-Luc injection
. i
-0
B \C38-Luccells
B Eygincered microbial cell factory

Materials Today Bio 29 (2024) 101337

C D e v e e L ve v ve v
B 6 6.0x10%+ | e ve e v I
8 3.0x10 ] NS 3 ] e ve e ve o 8.0x105- —
= ahoe = ¥ ve ve I g o TI I
.E ~ b cE ~ ) ve v I
= 5 ] ° o 9 ? = 5 ) ] % = 60)(106-. —L—
£ o 2.0x10°4 0° & o 4.0x104 o _, 2 =0 1 o
@ E : o 2 -] 3 E ) 2 = NE -
g 4 4 = = Tlel |° g 5 6.
@ 3 J ) g - -] > 4.0x10
2 2 1.0x1054 2 2 2.0x104 g 3
g & 1 g & . ° o 2z £
s > s - i I & = 2.0x106
3 E ] ME 2
= 0 - 0 = i ﬁﬂﬁ
N T P IR Y T Y S S P
SFFPeEFed P CE o ;T EeS
51 * ok 5+
F > G _—— ok ok K - . 5
ZE d * ok ok ok "84 3, ] _—
= ] = - = S ]
=3 * Kok i <2 | ks ZE4 ok K
: _E 3_ ¥ ole e £ 3_ *% » ;,5 o 3 %k % % %
& £ - o0 = % @ = * oKk . g
£ ! =5 A %E
8 2 5§ 27 - 53] -
P 4 @ 4
T & 1- % T 5 ,z, -; E.l_ﬂ°:
2 % * L % 11 S5 o*
= | S ]
O —T—T—T—TT T 0 O—T—T—T—T—T T
1 1 1 1 1 I N S N e e A
RFCEERCHCRONS SOOI EES FFEFEEd

Fig. 4. In vivo anti-tumor efficacy of engineered Bac@Mic in MC38-Luc tumor models. (A) The schedule of antitumor efficacy study. (B) Serial in vivo
bioluminescence imaging of MC38-Luc Tumors expressing luciferase after different treatments, n = 4. (C-E) Quantitative analysis of tumor bioluminescence intensity
on days 7, 14, and 21. (F-H) Expression levels of IFN-y, TNF-q, and IL-6 in tumors on day 21 following different treatments. G1: PBS; G2: Blank microsphere; G3: non-
engineered bacteria@microgels; G4: Naked bacteria (IPTG induction); G5: Bac@Mic (Blue light induction); G6: Bac@Mic (Heat induction); G7: Bac@Mic (IPTG
induction). Data are presented as the mean + SD, n = 4. ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05; N.S., no significant difference.

can be attached to bacteria via physicochemical modifications [40].
Harnessing their ability to colonize specific sites, such as disease sites,
bacterial systems have been engineered to deliver drugs precisely and
continuously to targeted locations. In contrast to traditional drug de-
livery systems, bacterial microdevices offer advantages such as in situ
production of biologicals, prolonged colonization in the intestine, tar-
geted delivery capability, and versatility in loading diverse drugs. On the
other hand, advancements in synthetic biology and the increasing un-
derstanding of molecular disease mechanisms have facilitated the
development of bacteria-engineered smart living therapeutics [41-43].
These innovations hold significant promise for treating human diseases
[44-46].

In this present work, we engineered living bacteria to express ther-
apeutic proteins in a controlled manner. To decrease the formation of
infusion bodies (IBs) in bacteria, we used thioredoxin (Trx) as the fusion
partner and cloned at N-terminal of the target protein. The different
kinds of promoters, including pT7-LacO, pBV220, and pDawn, were
designed and used to investigate the effects of different inducers on
expression of CCL21 in bacteria. Our results demonstrated that Trx
fusion tag can enhance the soluble expression form of CCL21 protein in
all expressed vectors. Furthermore, our previous work has confirmed
that Trx did not affect the functions of CCL21 [16]. As for the tree types
of promoters, the engineered bacteria with the promoter of pT7-LacO
can effectively produce soluble CCL21, nonetheless, the toxicity of

IPTG might impact their clinical application. We further constructed the
bacteria-loaded microspheres, followed by treated by different inducers,
and we found that the engineered bacteria-loaded microspheres had a
more rapid response to external blue light illumination. In general, op-
tical control technology is a promising tool for precious regulation,
while blue light illumination still has some limitations, such as its poor
tissue penetration [47]. We additionally evaluated the viability of the
bacteria-loaded microspheres in vivo. The stronger fluorescence
observed in living mice suggests that the microspheres facilitated longer
retention of bacteria in the intestine of mice. Finally, we investigated the
anti-cancer efficacy of the three types of engineered Bac@Mic. The re-
sults demonstrated that all engineered Bac@Mic effectively suppressed
tumor growth. However, no significant differences were observed in
their effectiveness. The lack of a method for in vivo activation of the
expression of recombinant CCL21 may have contributed to the uniform
effectiveness observed among the engineered Bac@Mic types. There-
fore, there is a pressing need to develop a strategy that can precisely
control the release of CCL21, which requires further investigation to
optimize therapeutic outcomes. Controlled release of chemokines can
facilitate the penetration and persistence of T cells within the tumor,
thus enhancing immune response against tumors. This strategy to pre-
pare controlled microbial cell factory for chemokine production can
provide important ideas to meet the application demands of precision
medicine.
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Fig. 5. In vivo immune response of engineered Bac@Mic. Representative flow cytometry images and statistical analysis of CD4" T cells (A, B), CD8" T cells (C, D),
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n = 4. ****p < 0.0001.
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Fig. 7. H&E staining of the heart, liver, spleen, lung, and kidney obtained from mice after indicated treatments. G1: PBS; G2: Blank microsphere; G3: Non-engineered
bacteria@microgels; G4: Naked bacteria (IPTG induction); G5: Bac@Mic (Blue light induction); G6: Bac@Mic (Heat induction); G7: Bac@Mic (IPTG induction). Scale

bar: 100 pm.

5. Conclusion

This work reported a genetically engineered bacterial cell factory,
which could be used for continuous production of chemokines in a
controlled manner. We constructed three types of expression system,
which could be controlled by IPTG, a temperature of 42 °C or blue light.
As a comparison, the engineered bacteria had a more rapid response to
external blue light illumination. Additionally, their soluble expression
form of CCL21 could be enhanced by fusion protein tag Trx. The engi-
neered bacteria were encapsulated within spherical gelatin meth-
acryloyl (GelMA) microgels to create a microbial cell factory, which
prolonged the residence time of bacteria in the intestines of mice,

10

leading to effective suppression of tumor growth. Our research might
offer a novel solution for the existing limitations in bacteria-based

therapy.
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