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Probiotic-based biotherapy for colorectal cancer (CRC) faces significant chal-
lenges due to poor tumor-targeting and limited bioactivities within the com-
plex tumor microenvironment. This study shows that Lactobacillus reuteri (L.
reuteri)’s inherent bioactivities, including proliferation, metabolism, and col-
orectal colonization, can be enhanced by manganese, prompting the fabrica-
tion of a manganese-engineered strain (MnLR). Oral administration of MnLR
with its metabolic substrate-glycerol (MnLR/Gly) promotes the enrichment of
L. reuteri and its antitumor metabolites within colon tumors. Across multiple
preclinical colon tumor models, MnLR/Gly alone achieves a 95.6% inhibition of
orthotopic tumor growth, liver metastases reduction by 62.1%, and confers
durable protection, with 75% of prophylactically treated mice remaining long-
term tumor-free and 62.5% resisting tumor rechallenge. Mechanistically,
MnLR/Gly induces both intratumoral and peripheral dendritic cell maturation,
M1 macrophage polarization, and effector T-cell responses. In orthotopic CRC
rabbit models, GlyMnLR enteric capsules demonstrate significant antitumor
efficacy comparable to standard chemotherapy while exhibiting favorable
safety. These findings highlight MnLR as an effective standalone probiotic
therapy for CRC prevention and treatment.

Colorectal cancer (CRC) ranks as the third most commonly diagnosed
cancer and the second leading cause of cancer-related death world-
wide, accounting for nearly 10% of the new cancer cases and deaths in
2020". Effective interventions are still lacking, especially for distant
metastatic CRC that decreased the 5-year survival rate to only ~10%2.
The principal treatment option for both primary and metastatic CRC
remains chemotherapy, which is, however, challenged by inevitable
drug resistance and adverse reactions. Moreover, there are currently
no well-established pharmacological strategies capable of preventing
or delaying the occurrence of CRC. While non-steroidal anti-

inflammatory drugs, such as aspirin and celecoxib, have shown
potential preventive effects against CRC, their clinical feasibility
remains uncertain®*. Long-term use of these drugs can lead to gas-
trointestinal bleeding and elevate the risk of cardiovascular disease*”.
The significant development of immunotherapy has now revolutio-
nized the field of oncology. However, in CRC, only a minority of
metastatic patients with DNA mismatch repair-deficient (dAMMR)/
microsatellite instability-high (MSI-H) are potentially sensitive to
immune checkpoint inhibitors. Most CRC patients are poorly respon-
sive to immunotherapy due to low tumor neoantigen load, insufficient
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immune cell enrichment, and the inherent presence of immunosup-
pressive components within the tumor microenvironment, such as
macrophages with an immunosuppressive phenotype®’. Thus, novel
preventive and therapeutic strategies are highly desired for CRC.

A growing body of evidence reveals that the host microbiota
within the gastrointestinal (GI) tract and other niches highly implicates
the development of CRC?, leading to new targets for medical inter-
vention. Typically, the use of intestinal probiotics (e.g., Lactobacillus
and Bifidobacterium) provides a safe and promising approach for CRC
prevention and treatment due to their safety and potential to restore
tumor-induced gut microbial dysbiosis, enhance the immune system,
and directly inhibit tumor growth with their antitumor metabolic
products®'°. However, current preclinical and clinical studies on pro-
biotics in cancer prevention and treatment largely focus on their role
as adjuvants to improve the efficacy and safety of chemotherapy and
immunotherapy, rather than as standalone anticancer agents" ™, most
likely due to the uncertain efficacy, mechanism, and safety in the
complex human body. Significant advancements in interdisciplinary
research among microbiology, bioengineering, chemistry, and mate-
rial science have brought various genetically, chemically, and physi-
cally engineered bacteria with augmented functionalities™ ™. Despite
these strides, the continued development and clinical translation of
these bacteria formulations for cancer therapy still face substantial
impediments mainly arising from the complicated and low-yield pre-
paration process, ethical concerns, and notably, the limited antitumor
effects owing to the lack of tumor-targeting capability and the pro-
gressive decline in bacterial activity and quantity before reaching tar-
get sites, concomitantly with inadequate production of antitumor
metabolites'®?°. Therefore, realizing the full potential of probiotics in
CRC management requires identifying and developing bacterial strains
with enhanced antitumor efficacy through in-depth investigations of
their biological functions and optimizing their dosage formulations to
ensure the effective and safe usage of probiotics in the host.

Lactobacillus reuteri (L. reuteri) is a well-defined probiotic bac-
terium that naturally inhabits the Gl tract of humans and many other
animals®. L. reuteri is known to produce various bioactive metabolites,
including organic acids, antimicrobial compounds, and nutrients,
which can inhibit the growth of pathogenic bacteria, protect against
infections, and contribute to overall health . L. reuteri has shown
promise in the fight against several common pathological conditions,
such as infant colic, constipation, diarrhea, Helicobacter pylori infec-
tion, colitis, and autoimmune disorders* . Recent studies suggest
that L. reuteri is significantly reduced in CRC-bearing mice and patients’
feces and tumor mucosa. Moreover, L. reuteri-derived metabolic pro-
ducts (e.g., reuterin and indole-3-aldehyde) presented efficacy in sup-
pressing CRC growth by altering redox balance and improving
immune checkpoint inhibitor response in melanoma*?%, Nevertheless,
the multifaceted impacts of L. reuteri on complex cancer biological
processes and its potential roles in cancer prevention and treatment
remain poorly understood.

Metal ions (e.g., iron, copper, zinc, and manganese) are essential
for supporting the survival, growth, and biochemical reactions of
bacteria at a suitable level by maintaining bacterial structural stability,
enhancing their catalytic activity, and regulating gene expression or
signal transduction?~2, For instance, manganese (Mn) supports bac-
terial oxidative stress resistance through Mn-dependent antioxidant
systems***, and modulates host innate immune signaling pathways to
enhance antiviral and antitumor effects®°. These properties make Mn
modification especially suitable for customizing bacterial biological
properties to withstand challenging environments and enhance
functionality.

Here, we reveal that Mn enhances the proliferation, metabolic
activity, and colorectal colonization of L. reuteri, enabling the devel-
opment of a Mn-modified strain (MnLR) with improved bioactivity.
MnLR combined with glycerol shows increased intratumoral

accumulation and metabolite production, resulting in strong sup-
pression of orthotopic colon tumors through cancer-selective cyto-
toxicity, restoration of tumor-induced dysbiosis, and activation of
antitumor immunity. To facilitate translational application, we further
formulate an enteric GlyMnLR capsule that achieves robust efficacy
and favorable safety in a rabbit CRC model. Together, this study
establishes MnLR as a highly efficient, safe, and cost-effective oral
microbial agent with broad implications for CRC prevention, treat-
ment, and future development of engineered probiotic therapeutics.

Results

L. reuteri-derived glycerol metabolites exhibit redox-dependent
CRC inhibition and enrich multiple tumor-associated immune
cells within colon tumors

The CRC-inhibitory effects of the metabolites produced by L. reuteri
catabolizing glycerol were determined in vitro (colon cancer cell lines
and organoids from CRC patients) and in vivo (subcutaneous colon
cancer-bearing mice) (Fig. 1a). Reuterin (ie., 3-hydroxypropionaldehyde
(3-HPA)) is a bioactive intermediate in glycerol catabolism and has been
determined to be capable of inhibiting CRC growth by altering redox
balance in cancer cells”. Consistent with the previous findings”, the
mixed metabolites from L. reuteri catabolizing glycerol exerted a potent
growth-inhibitory effect preferentially on cancer cells over non-
cancerous cells in a redox-dependent manner (Fig. 1b, c), as the meta-
bolites stimulated the production of cytotoxic reactive oxygen species
(ROS), reduced antioxidative glutathione level, and upregulated oxida-
tive stress-related molecules at both the mRNA and protein levels in
colon cancer cells (Supplementary Fig. 1); and their cytotoxic effect was
significantly reduced in human normal colonic epithelial cells
(NCM460), human umbilical vein endothelial cells (HUVEC), and normal
human liver cells (L-02) (with the cell viability remaining above 80% at a
reuterin concentration of 50 ug/mL), as well as in the presence of N-
acetyl-cysteine (NAC, a ROS scavenger) (Fig. 1b, d). Notably, mass
spectrometry analysis revealed the presence of various compounds
from glycerol catabolism within the mixed metabolites in addition to
reuterin, including reuterin’s downstream products and nearly 20 uni-
dentified compounds (at a percentage of > 0.1%) (Supplementary
Table 1). Furthermore, the growth-inhibitory efficacies of the pure reu-
terin and its downstream products (1,3-propanediol and
3-hydroxypropionic acid) on colon cancer cells were lower in compar-
ison to the mixed metabolites (containing an equivalent amount of
reuterin) (Fig. 1b and Supplementary Fig. 2), indicating the potential
cytotoxic effects of those unidentified metabolites on cancer cells.
Consistent with these findings, reuterin elevated intracellular ROS levels
in colon cancer cells, but to a markedly lower extent than the mixed
metabolites (Supplementary Fig. 3); whereas its downstream products
only caused a slight increase in ROS (Supplementary Fig. 3), suggesting
that these products may exert cytotoxicity through ROS-independent or
partially ROS-independent mechanisms. Further, the more effective
colon cancer suppression of the mixed metabolites than pure reuterin
was confirmed in five independent CRC patient-derived organoid (PDO)
models, including four microsatellite stable (MSS) and one MSI-H sub-
types (Fig. le, f, Supplementary Fig. 4, and Supplementary Table 2),
supporting the robustness and clinical relevance”.

Next, the in vivo antitumor efficacy of glycerol metabolites was
examined using subcutaneous colon cancer-bearing mice that were
treated with pure reuterin or glycerol metabolites either by intratu-
moral injection (i.t.) or oral gavage (0.g.). Consistent with the obser-
vations in vitro, the orally-delivered metabolites effectively suppressed
tumor growth, with a tumor weight suppression rate of nearly 1.8-fold
higher than oral reuterin, and 1.2-fold higher than intratumorally-
injected metabolites (Fig. 1g and Supplementary Fig. 5). This finding
suggests that the orally-delivered metabolites can be effectively dis-
tributed into tumors, and may even induce systemic impacts to pro-
mote antitumor effects. Thus, we analyzed the tumor-associated
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immune cells within the tumor tissues since the immune system plays a
significant and complex role in CRC development and treatment®*°.
Notably, the numbers of macrophages, DCs, and CD8" T cells were
increased in the tumor microenvironment of the metabolite-orally
treated mice (Fig. 1h, i), indicating that apart from the direct cyto-
toxicity in tumor cells, the metabolites might exert immunological
impacts, potentially suppressing tumor growth.

L. reuteri is chemically modified with Mn that facilitates the
proliferation, glycerol metabolism, and bio-adhesion of L.
reuteri

Based on the aforementioned antitumor effects of L. reuteri-derived
glycerol metabolites, we proposed modifying L. reuteri to enhance its
proliferation and glycerol metabolism activities, aiming to achieve a
high local concentration of antitumor metabolites for effective tumor
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Fig. 1| Glycerol metabolites from L. reuteri inhibit CRC growth in vitro and

in vivo, and increase immune cells in colon tumors. a Schematic illustration of
the culture of L. reuteri in glycerol, the centrifugal collection of glycerol metabo-
lites, and the antitumor activity assessment in different cancer models. b Cell
viabilities of NCM460, HUVEC, L-02, HCT116, and MC38 cells after a 24-hour culture
with the collected metabolites at different reuterin concentrations (n = 5). ¢ Colony-
forming assay of HCT116 and MC38 cells treated with the metabolites at different
reuterin concentrations. d Viabilities of MC38 cells after treatment with mixed
metabolites (containing 6.25 pg/ml of reuterin) or pretreatment with 1.5 mg/ml
NAC for 24 h (n=5). e The representative microscopic and live/dead staining
images of the PDOs derived from MSI-H and MSS CRC patients treated with pure
reuterin (1.5 pg/ml) or mixed metabolites (containing 1.5 pg/ml of reuterin) for

3 days. Scale bar, 50 um. f The organoid diameter after a 3-day treatment with the
given agents (n=10). g Tumor growth curves of subcutaneous MC38 cancer-
bearing mice received an intratumoral injection (i.t.) or oral gavage (0.g.) of the
given agents (n=7). h, i The representative immunofluorescence staining images
and the corresponding quantification of macrophages (F4/80"), DCs (CD11c"), and
CD8' T cells within the tumor tissues from the mice receiving the given treatments
(n=15 fields from 3 mice per group). Scale bar, 50 pm. The area within the white
box is shown magnified. The “n” represents the number of biologically independent
samples. Data are shown as mean + SD; p-value (compared to Ctrlin f; compared to
PBS group in g); one-way ANOVA (one-tailed), Tukey’s multiple comparisons test.
Source data are provided as a Source Data file.

suppression. To this end, we incubated L. reuteri with diverse metal
ions naturally present in the human body to identify specific metals
capable of enhancing L. reuteri’s bioactivities. We found that the pro-
liferation and glycerol metabolism (measured by the reuterin yield) of
L. reuteri were simultaneously promoted by Mn in a concentration-
dependent manner (Fig. 2a-d). Consistently, Mn enhanced the enzy-
matic activity of glycerol dehydratase (GDHt) that catalyzes the
dehydration of glycerol into reuterin in L. reuteri (Supplementary
Fig. 6a)*. The reduced L. reuteri proliferation and reuterin production
in the presence of Mn ion chelating agents or oxidative phosphoryla-
tion uncouplers (for the inhibition of Mn ion uptake) further demon-
strated the essential role of Mn in fostering L. reuteri (Supplementary
Fig. 6b). Also, Mn** supplementation significantly promoted the pro-
liferative and metabolic activities of L. reuteri under carbon or nitrogen
deprivation (Supplementary Fig. 7), highlighting the specific biological
role of Mn in sustaining and rescuing bacterial functionality under
nutrient-limited conditions. Furthermore, to assess the long-term
retention of Mn-mediated enhancements, L. reuteri strains were pro-
pagated up to the 50 generation, with no significant differences
observed in growth or glycerol metabolism compared with early pas-
sages (3" generation) (Fig. 2e), demonstrating generational stability. In
addition, Mn*" supplementation sustained enhanced bacterial pro-
liferation and glycerol metabolism in simulated intestinal fluid (SIF)
(Fig. 2f), indicating that these effects are durable under conditions
relevant to CRC therapy. To investigate the underlying biological
mechanisms by which Mn promotes L. reuteri’s bioactivity, prokaryotic
transcriptomics were employed. Mn-treated L. reuteri was grouped in a
cluster (Fig. 2g) and exhibited 130 up-regulated genes and 143 down-
regulated genes compared with untreated L. reuteri (Supplementary
Fig. 8). Furthermore, the subsequent pathway enrichment analysis
determined that Mn-treated L. reuteri exhibited significant upregula-
tion of signaling pathways related to the ribosome, thiamine meta-
bolism, and oxidative phosphorylation, with ribosome pathways being
the most prominent (Fig. 2h). To functionally validate these tran-
scriptomic findings, quantitative proteomic analysis confirmed ele-
vated levels of ribosomal proteins (Fig. 2i). SDS-PAGE further
demonstrated increased global protein synthesis in Mn-treated L.
reuteri (Supplementary Fig. 9). These results collectively establish that
the transcriptional upregulation of ribosome-related pathways is
functionally translated into enhanced ribosomal activity and protein
synthesis, suggesting that ribosomes may be a key target for the reg-
ulation of L. reuteri’s bioactivity by Mn ions*%.

Subsequently, we set out to modify L. reuteri with Mn using tannic
acid (TA) as a chemical linker to obtain a bioactivity-enhanced L. reuteri
(MnLR) (Fig. 2j). The successful surface modification of Mn on L. reuteri
was verified by the evident changes in morphological features and
fluorescence labeling (Fig. 2k, left). The elemental mapping (Fig. 2k,
right), X-ray photoelectron spectroscopy (XPS) (Supplementary
Fig. 10a), and atomic absorption spectroscopy (AAS) (Supplementary
Fig. 10b, c¢) analyses further confirmed the presence of Mn and its
surface association, as well as its capability to release from MnLR.
Notably, MnLR exhibited a faster Mn release profile in SIF compared

with neutral PBS (Supplementary Fig. 10b, c), indicating a release
behavior conducive to CRC targeting while limiting off-target dis-
tribution. As a result, compared to the raw L. reuteri, MnLR exhibited
improved proliferation, reuterin production (Fig. 2I, m), as well as
biofilm formation and adhesion to colon cancer cells (Supplementary
Fig. 11), which would collectively enhance the antitumor efficacy within
colon tumor sites. Furthermore, compared with PBS, both raw L. reu-
teri and MnLR exhibited reduced proliferative viability when exposed
to simulated gastric fluid (SGF) and SIF (Fig. 2n, 0). Nevertheless, MnLR
maintained significantly higher growth activity than raw L. reuteri
under both conditions (Fig. 2n, 0), suggesting the protective role of Mn
modification in enhancing resistance to gastrointestinal stresses.

MnLR delivered with glycerol inhibits colon cancer cell growth
and promotes dendritic cell maturation in vitro

The tumor-inhibitory effect of MnLR delivered with glycerol (MnLR/
Gly) was demonstrated in human colon cancer cell lines with diverse
MMR statuses—including microsatellite instability-high (MSI-H; SW48,
HCT116, RKO), and microsatellite stable (MSS; SW620, DLD-1), as well
as in mouse colon cancer cell lines (MC38 and CT26) (Fig. 3a). This
effect was attributed to the MnLR-derived glycerol metabolites, as
neither L. reuteri nor glycerol alone exhibited cytotoxicity to colon
cancer cells (Fig. 3a). Moreover, the inhibitory rates of MnLR/Gly were
higher than L. reuteri/Gly (Fig. 3a) across all the cell types, indicating
that Mn promotes L. reuteri proliferation and production of cytotoxic
metabolites, thus enhancing the cancer cell-killing efficiency. Con-
sistent with the effects observed for L. reuteri-derived mixed metabo-
lites, MnLR/Gly exhibited preferential cytotoxicity toward colon
cancer cells over non-cancerous cells (Fig. 3a and Supplementary
Fig. 12), indicating its anticancer efficacy, alongside reduced toxicity to
normal proliferating cells. Further, MnLR/Gly also induced the intra-
cellular generation of cytotoxic ROS (Supplementary Fig. 13a), which
has been thought to be a potent initiator of immunogenic cell death
(ICD)®. Indeed, the cancer cells treated with either pure reuterin or
MnLR/Gly underwent a series of biochemical events towards ICD,
including the exposure of calreticulin (CRT) on the cellular membrane,
and the release of high mobility group box 1 (HMGBI1) and adenosine
triphosphate (ATP) (Supplementary Fig. 13b—d)*‘. Moreover, Annexin
V/PI flow cytometry revealed that MnLR/Gly treatment induced sub-
stantial cell death in colon cancer cells, with the apoptotic cell popu-
lation reaching 42.6%, much higher than 2.0% in untreated cells and
19.2% in reuterin-treated cells (Supplementary Fig. 13e). Consistently,
Live/Dead staining confirmed a significantly increased number of dead
cells in the MnLR/Gly group (Supplementary Fig. 13f). Together, these
results validate that the ICD-associated markers reflect bona fide
immunogenic cell death rather than transient stress. These biochem-
ical products generated by the cells experiencing ICD would be
engulfed by DCs, stimulating DCs’ maturation and facilitating tumor
antigen presentation to effector T cells, ultimately priming an anti-
tumor immune response®. To investigate this immunological process,
we subjected DCs derived from murine bone marrows or human per-
ipheral blood mononuclear cells (mBMDCs or hPBMC-DCs) to the
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lysates from reuterin- or MnLR/Gly-treated colon cancer cells and
observed a significant improvement in DC maturation, as evidenced by
the increased proportion of mature DCs (CD11¢*CD86" mBMDCs and
CD83" hPBMC-DCs), and the production of immune functional cyto-
kines (IL-12, TNF) (Fig. 3b, c and Supplementary Fig. 14). Notably, the
lysates from the MnLR/Gly-treated cells exhibited a more pronounced
immunostimulatory efficacy on DCs compared with those from the
reuterin-treated cells (Fig. 3b, c). These findings collectively indicate
the capability of MnLR/Gly to effectively induce ICD in cancer cells to

L. reuteri L. reuteri MnLR

in PBS

in SIF  in SIF

stimulate the functional maturation of DCs, thereby potentially pro-
moting the activation of antitumor immunity (Fig. 3n).

Next, we investigated whether MnLR/Gly had a direct impact
on DCs’ functional phenotype. Compared with glycerol, TA, and L.
reuteri, which did not affect the proportion of mature DCs, reu-
terin, Mn*, and MnLR all significantly stimulated DCs maturation
(Fig. 3d, e and Supplementary Fig. 15). Notably, the proportion of
mature DCs was the highest in the MnLR/Gly-treated total DCs
(1.7-fold higher than reuterin- or Mn?**-treated mBMDCs, 1.2-fold
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Fig. 2 | Screening, preparation, and characterization of MnLR. a The schematic
showing the Mn-enhanced proliferation and glycerol metabolism of L. reuteri.

b, ¢ The proliferation (measured by the optical density (OD) at 600 nm) and reu-
terin yield of L. reuteri cultured with different metal ions (Na*, Mg*, K*, Ca®", Mn*",
Fe?, Cu*, and Zn*"; 500 uM)) for 18 hours (for proliferation analysis) or 4 hours (for
reuterin yield measurement), respectively (n=4). d The proliferation and reuterin
yield of L. reuteri cultured with Mn?" at different concentrations. The inset, MRS
platting assay for analyzing the L. reuteri amount after a 24-hour culture with Mn*
(0,300, and 800 uM) (n =4). e The proliferation and reuterin yield of L. reuteri of 3™
or 50™ generations cultured with or without Mn?* (n=5). f The proliferation and
reuterin yield of L. reuteri cultured in SIF with or without Mn?** (n=5). g Principal
component analysis (PCA) of gene profiles of untreated and Mn-treated L. reuteri.
h The top nine enriched pathways in Mn-treated L. reuteri versus untreated control

from Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis. i The
quantification of ribosomal proteins of L. reuteri with or without Mn?* treatment by
LC-MS/MS (n=3). j The schematic presenting the fabrication of MnLR. k The
representative scanning electronic microscopy (SEM) (Scale bar 1 pm), fluores-
cence (Scale bar 5 pm), and elemental mapping images of MnLR. CY 3 red fluor-
escence labels TA; and SYTO 9 green fluorescence labels nucleus. The proliferation
and reuterin yield of raw L. reuteri and MnLR (I, n=4; m, n=3). n, o The repre-
sentative images and corresponding colony counts of raw L. reuteri and MnLR
cultured in SGF or SIF for 2 or 4 hours (n=3). The “n” represents the number of
biologically independent samples. Data are shown as mean + SD; p-value (com-
pared to Ctrlin b, ¢, i); one-way ANOVA (one-tailed), Tukey’s multiple comparisons
test, or Student’s t-test for (e, i, 1, m). Source data are provided as a Source Data file.

higher than reuterin- or Mn?*-treated hPBMC-DCs) (Fig. 3d, e and
Supplementary Fig. 15). Inhibition of reuterin production with a
GDHt inhibitor reduced DC maturation to the level induced by
Mn?* alone (Supplementary Fig. 16), suggesting that glycerol
metabolites and Mn?* released by MnLR contribute additively to
DC maturation (Fig. 3n). In addition, MnLR/Gly-treated DCs
secreted markedly higher levels of IL-12 and TNF than other
groups (Fig. 3f, g), further supporting their enhanced functional
maturation. To investigate how MnLR/Gly functionally regulates
DCs mechanically, we performed RNA-sequencing (RNA-seq) and
subsequent pathway enrichment analysis. The results showed that
the DEGs in the MnLR/Gly-treated DCs were enriched in the tumor
necrosis factor (TNF) signaling pathway and its downstream
mitogen-activated protein kinase (MAPK) signaling pathway
(Supplementary Fig. 17). Quantitative real-time PCR analysis fur-
ther confirmed the upregulation of the genes related to these two
pathways within MnLR/Gly-treated DCs (Supplementary Fig. 18).
The MnLR/Gly-treated DCs also exhibited the increased protein
levels of phosphorylated p38 (p-p38) (Fig. 3h, i); and the presence
of AMG-548 (a p38 MAPK inhibitor) prevented the MnLR/Gly-
induced p38 phosphorylation (Fig. 3h, i) and DCs maturation
(Fig. 3j-m). These results suggest that the DCs’ maturation driven
by MnLR/Gly in part depends on the p38 MAPK pathway.

Altogether, these findings demonstrate that MnLR/Gly can pro-
mote dendritic cell maturation, either indirectly by inducing immu-
nogenic tumor cell death through glycerol metabolites or directly by
using a combination of glycerol metabolites and Mn ions, thereby
potentially enhancing the activation of antitumor immunity (Fig. 3n).
This aligns with previous in vivo studies (Fig. 1g-i), indicating that L.
reuteri-derived glycerol metabolites may regulate DCs in the tumor
microenvironment. In addition, the concordance in observations
between murine- and human-derived DCs underscores the conserved
nature and translational potential of MnLR/Gly-mediated
immunomodulation.

MnLR delivered with glycerol drives macrophage polarization
towards antitumor phenotype in vitro

Next, we investigated how MnLR/Gly functionally regulated macro-
phage polarization in vitro, as the previous in vivo experiments
(Fig. 1g-i) suggested the potential regulation of macrophage polar-
ization by L. reuteri-derived glycerol metabolites. To test M1 (pro-
inflammatory and tumor-killing) polarization, we stimulated resting
macrophages (RAW264.7 cells, MO) with an M1 inducer (LPS/IFN-y).
MnLR/Gly significantly promoted the M1 polarization, as evidenced by
the expanded M1 macrophage subpopulation among total LPS/IFN-y-
stimulated macrophages (Fig. 4a, b), accompanied by the upregulated
expression of Ml-related markers (Supplementary Fig. 19a), with the
MIl-promoting efficacy marginally higher than the pure reuterin. By
contrast, the macrophage polarization into M2 phenotype (anti-
inflammatory and tumor-promoting) was reversed by MnLR/Gly, since
the percentage of M2 macrophages (Fig. 4c, d) and the level of M2-

related genes (Supplementary Fig. 19b) were drastically decreased in
the IL-4 (M2 inducer)-treated RAW264.7 cells with the presence of
MnLR/Gly. We also established the 3D multicellular tumor spheroids
(MCTs) by co-culturing colon cancer cells and macrophages under
LPS/IFN-y or IL-4 stimulation to investigate the MnLR’s antitumor
efficacy in the tumor microenvironment containing macrophages. The
results showed that the combined presence of MnLR/Gly and LPS/IFN-
y-stimulated macrophages most significantly inhibited MCT growth;
meanwhile, MnLR/Gly effectively attenuated IL-4-treated macro-
phages’ stimulatory effects on MCT growth (Fig. 4e and Supplemen-
tary Fig. 20), suggesting the synergetic antitumor effects of MnLR/Gly
with macrophages in the tumor microenvironment. Of note, glycerol,
TA, Mn*, L. reuteri, and MnLR did not affect or even suppress Ml
polarization (Supplementary Fig. 21a); while glycerol, Mn*, and L.
reuteri also exhibited inhibitory effects on M2 polarization similar to
reuterin and MnLR/Gly (Supplementary Fig. 21b). These observations
indicate that MnLR-produced glycerol metabolites (especially reu-
terin) predominately stimulate M1 macrophage polarization, whereas
the blockage of M2 macrophage polarization could also be attributed
to MnLR-released Mn?" and L. reuteri as well as the unmetabolized
glycerol, in addition to glycerol metabolites. Human PBMC-
macrophages exhibited consistent responses with RAW264.7 cells,
wherein MnLR/Gly treatment induced M1 phenotypic polarization
(Fig. 4f, g and Supplementary Fig. 22), accompanied by elevated IL-6
and TNF production and enhanced phagocytic activity against colon
cancer cells (Fig. 4h-j), thereby reinforcing the robustness and trans-
lational potential of immunomodulatory effects mediated by
MnLR/Gly.

Furthermore, the subsequent RNA-seq and pathway enrich-
ment analysis revealed that the DEGs in both LPS/IFN-y- and IL-4-
stimulated macrophages with the supplement of MnLR/Gly were
markedly enriched in hypoxia-inducible factor 1 (HIF-1) signaling
pathway (Supplementary Fig. 23). Quantitative real-time PCR
analysis (Supplementary Fig. 24) and immunoblot assay (Fig. 4k, I)
further demonstrated the upregulation of HIF-1 signaling
pathway-related genes and HIF-1 protein levels within MnLR/Gly-
treated macrophages upon LPS/IFN-y- or IL-4 stimulation. More-
over, the HIF-1 inhibition resulted in reduced M1 macrophages
(Fig. 4m, n) but increased M2 macrophages (Fig. 40, p) under
MnLR/Gly treatment, suggesting that the macrophage polariza-
tion towards antitumor phenotype induced by MnLR/Gly partially
relies on the HIF-1 signaling pathway (Fig. 4t). Consistently,
this HIF-1-dependent regulation of macrophage polarization was
also validated in human PBMC-macrophages (Fig. 4q-s). Addi-
tionally, treatment with the NAC partially reduced MnLR/Gly-
induced HIF-1 upregulation, suggesting that this pathway activa-
tion is mediated, at least in part, by ROS production (Supple-
mentary Fig. 25).

Together, MnLR/Gly promote the polarization of macrophages
towards an antitumor phenotype, thereby enhancing tumor-killing
effects.
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Mn modification improves L. reuteri colonization and metabo-
lite distribution at colon tumor sites without eliciting systemic
adverse side effects in mice

According to the in vitro observations where MnLR presented an
improved proliferative activity, biofilm formation, and adhesion
to colon cancer cells, we then determined whether Mn promoted
the L. reuteri colonization at the colon tumor site in vivo using the
orthotopic colon tumor-bearing mice (Fig. 5a). Abundant MnLR

arrived at the small intestine and colorectum (tumor site) 1 hour
after oral administration, 1.7-fold higher than L. reuteri without
Mn modification (Fig. 5a, b). The enhanced enrichment of MnLR
at the colorectum was maintained for at least 24 hours and was
also observed in healthy mice (Fig. 5c-e and Supplementary
Fig. 26). Furthermore, L. reuteri quantity in the feces from MnLR-
treated mice was higher than that from raw L. reuteri-treated mice
(Fig. 5f), indicating an accelerated proliferation of MnLR in vivo.
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Fig. 3 | In vitro colon cancer cell inhibition and DCs maturation mediated by
MnLR/Gly. a Cytotoxicity of L. reuteri, glycerol, L. reuteri/Gly, and MnLR/Gly in
multiple human colon cancer cell lines (SW48, HCT116, RKO, SW620, DLD-1) and
mouse colon cancer cell lines (MC38, CT26) after a 24-hour incubation (SW48,
HCTI116, MC38, CT26, n = 3; RKO, SW620, DLD-1, n = 4). b Quantification of mature
DCs (CD11c*CD86%) in the total CD45" mBMDCs after being stimulated by the cell
lysates from MC38 cells treated with reuterin or MnLR/Gly (n=3). ¢ Quantification
of mature DCs (CD83") in the total CD11c"HLADR* hPBMC-DCs after being stimu-
lated by the cell lysates from DLD-1 cells treated with reuterin or MnLR/Gly (n=3).
d, e The representative flow cytometric images and corresponding quantification
of mature DCs (CD11c'CD86" or CD83") in the total CD45 or CD11c'HLADR* DCs

after direct stimulation by the given agents (n=3). f, g The levels of immune
functional cytokines (IL-12, TNF) produced by mBMDCs or hPBMC-DCs after direct
stimulation by the given agents (n=3). h, i Immunoblotting assays of p-p38 in the
mBMDCs or hPBMC-DCs after direct stimulation by the given agents. iMAPK, MAPK
inhibitor. Three times were repeated independently with similar results. The
representative flow cytometric images (j, k) and corresponding quantification

(I, m) of mature DCs (CD11c'CD86" or CD83") in the total CD45" or CD11c'HLADR"
DCs after the given treatments (n=3). n The schematic showing that MnLR/Gly
indirectly (via ICD) or directly promotes DC maturation. Data are shown as

mean * SD; p-value (compared to Ctrlin f, g); one-way ANOVA (one-tailed), Tukey’s
multiple comparisons. Source data are provided as a Source Data file.

Of note, both MnLR and raw L. reuteri exhibited significantly
higher 24-hour retention in the colorectal tissues of tumor-
bearing mice compared with healthy mice (Fig. 5d, e and Sup-
plementary Fig. 26). High-resolution ex vivo tissue fluorescence
imaging further revealed that MnLR accumulated 1.4-fold more in
colon tumor tissues than in adjacent normal tissues (Fig. 5g, h).
These observations suggest a preferential localization and colo-
nization of L. reuteri in tumor regions, likely influenced by distinct
features of the tumor microenvironment (such as oxygen gra-
dients), immunosuppressive states, and tumor-associated altera-
tions of the gut microbiota. Additionally, MnLR preferred to be
distributed to the liver, which is the most common metastatic site
for CRC*, rather than other vital organs; and the enrichment of
MnLR in the liver was also more significant than that of L. reuteri
(Supplementary Fig. 27). Next, to determine whether the
bioactivity-enhanced MnLR could promote glycerol metabolism
and metabolic product accumulation within colon tumor sites
in vivo, the orthotopic colon tumor-bearing mice received oral
co-gavage with MnLR (or L. reuteri) and glycerol for 1 week fol-
lowed by LC-MS/MS analysis on reuterin content within different
tissues (Fig. 5i). Compared to L. reuteri/Gly treatment group,
higher concentrations of reuterin were found within colon
tumors, peripheral blood, and liver of the mice receiving MnLR/
Gly treatment (Fig. 5j-1), suggesting an enhanced metabolic
activity of MnLR in vivo. Of note, probably due to the poor
bioavailability and rapid clearance of reuterin, significantly lower
levels of reuterin were detected within colon tumors, peripheral
blood, and liver of the mice receiving oral gavage of pure reuterin
(Fig. 5j-1). Together, these observations demonstrate the critical
role of Mn in facilitating the proliferation, colonization, and
antitumor metabolite production of L. reuteri at colon tumor sites
and in livers in vivo, which would be conducive to improved
therapeutic efficacy in primary and even metastatic CRC.

The systemic biosafety of prolonged MnLR/Gly or reuterin treat-
ments was assessed after 30 days of continuous oral administration
(100 pl including 10 pl of glycerol and 5x10° CFU of L. reuteri, once
daily) followed by a 3-day withdrawal. Serum biochemical analyses
(indicators for key organ functions, lipid profiles, and electrolytes) and
histopathological examinations of major organs (heart, liver, spleen,
lung, kidney, and intestine) showed no significant abnormalities
compared with healthy controls (Supplementary Fig. 28a-f). Likewise,
the levels of acute inflammatory cytokines in serum (IL-1 and TNF)
returned to baseline after withdrawal, demonstrating the absence of
persistent inflammatory responses (Supplementary Fig. 28g). Fur-
thermore, manganese biodistribution analysis revealed that residual
Mn levels in serum and major organs after one month of MnLR/Gly
administration remained consistent with the physiological manganese
concentrations in normal mice (Supplementary Fig. 28h), indicating
efficient clearance and the absence of Mn accumulation. These find-
ings demonstrate that MnLR/Gly and reuterin do not induce systemic
toxicity and sustained inflammation, highlighting their potential value
for clinical translation.

Given the enhanced proliferative and metabolic activity as well as
the favorable biosafety of MnLR/Gly observed in vivo, we next inves-
tigated its therapeutic and preventive efficacy against CRC in ortho-
topic and metastatic models.

Oral delivery of MnLR with glycerol effectively inhibits ortho-
topic colon tumor growth and promotes antitumor macro-
phages, mature DCs, and effector T cells in mice

Next, we investigated the impacts of oral MnLR/Gly on primary tumor
growth using the orthotopically transplanted colon tumor-bearing
mice (Fig. 6a). Oral MnLR/Gly significantly suppressed the tumor
growth by 95.6%, much higher than reuterin (74.6%), L. reuteri (58.4%),
and L. reuteri/Gly (85%) (Fig. 6b, ¢ and Supplementary Fig. 29). Addi-
tional dihydroethidium (DHE) and terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) staining revealed that MnLR/
Gly or reuterin administration induced ROS generation and apoptosis
in colon tumor tissues, whereas these signals were substantially atte-
nuated in healthy colon tissues (Supplementary Fig. 30). These results
further demonstrate in vivo that L. reuteri-derived metabolites exert
ROS-mediated cytotoxicity selectively on colon tumor tissues, thereby
contributing to the minimization of off-target damage to normal tis-
sues consistent with the systemic biosafety confirmation (Supple-
mentary Fig. 30).

To further evaluate the therapeutic potential of MnLR/Gly relative
to established colon cancer therapies, we compared its efficacy with
5-fluorouracil (5-FU, a first-line chemotherapy drug), PD-1 antibody (a
representative immune checkpoint inhibitor), and panitumumab (an
EGFR monoclonal antibody) in the orthotopic colon tumor model.
MnLR/Gly achieved a tumor growth inhibition rate 1.14-fold higher
than PD-1 antibody, 1.25-fold higher than 5-FU, and 2.9-fold higher than
panitumumab (Supplementary Fig. 31). Moreover, MnLR/Gly sig-
nificantly extended overall survival, with 80% of mice surviving at least
60 days, in contrast to lower survival rates in the other groups (Fig. 6d).
These advantages arise from MnLR/Gly’s potent antitumor activity,
combined with its minimal systemic toxicity, and safe, convenient oral
administration. In addition, MnLR/Gly holds promise for lower pro-
duction costs compared to antibody- or chemotherapy-based regi-
mens, highlighting its potential translational value.

Since MnLR/Gly has demonstrated functional regulation on
macrophages and DCs in vitro, we hypothesized that it might similarly
impact these tumor-associated immune cells and their downstream
elements (such as effector T cells and their antitumor cytokines)
in vivo, which could be a critical factor contributing to its enhanced
antitumor efficacy. As expected, the activated M1 macrophages (F4/
80*CD86") and mature DCs (CD11c'CD86") were significantly enriched
in the tumor tissues of the mice treated with MnLR/Gly, concomitantly
with an obvious reduction in M2 macrophages (F4/80°CD206")
(Fig. 6e, f). Furthermore, MnLR/Gly dramatically promoted the effector
T cells activation and antitumor function, as evidenced by the sub-
stantially increased enrichment of IFN-y-expressing CD4" and CD8"
T cells within the tumor tissues of MnLR/Gly-treated mice, surpassing
that observed in L. reuteri/Gly-treated mice (Fig. 6e, f). These
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observations suggest that MnLR/Gly actively remodels the tumor
immune microenvironment into antitumor in vivo, thus potentiating
inhibitory effects on primary colon tumors. We also analyzed the
changes of immune cells in the peripheral immune organs, including
the spleen and mesenteric lymph nodes (MLNs), which are critical for
priming effector T cells and driving systemic antitumor immunity*”*%,
Only the spleens from the mice treated with MnLR/Gly exhibited a

simultaneous increase in the ratio of M1 over M2 macrophages, mature
DCs, and IFN-y-expressing CD4" and CD8" T cells (Fig. 6g—j and Sup-
plementary Fig. 32). Meanwhile, MnLR/Gly increased the presence of
IFN-y-expressing CD4" and CD8" T cells in MLNs (Fig. 6k, | and Sup-
plementary Fig. 33). These data demonstrate the capability of oral
MnLR/Gly to stimulate antitumor immune responses beyond local
tumor microenvironment, which would be beneficial for preventing
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Fig. 4 | MnLR/Gly promotes the polarization of M1 macrophages, meanwhile
inhibiting M2 polarization. a, b The representative image and corresponding
quantification of flow cytometry analysis of M1 (CD86") polarization in total murine
macrophages (RAW264.7 cells) without any treatments (Blank), with only LPS/IFN-y
stimulation (Ctrl), with LPS/IFN-y stimulation coupled by pure reuterin (Reuterin)
or MnL/Gly treatments (n=3). ¢, d The representative image and corresponding
quantification of flow cytometry analysis of M2 (CD206") polarization in total
macrophages (RAW264.7 cells) without any treatments (Blank), with only IL-4 sti-
mulation (Ctrl), with IL-4 stimulation coupled by reuterin or MnLR/Gly treatments
(n=3). e Images of the 3D MCTs with different treatments at the given time points.
The area within the red circle showing the tumor spheroids’ morphology. Scale bar,
25 um. f, g The representative image and corresponding quantification of flow
cytometry analysis of the ratio of M1 (CD86") to M2 (CD206") macrophages in
CD45'CD68" hPBMC-macrophages after reuterin or MnLR/Gly treatments (n=3).
h The levels of immune functional cytokines (IL-6, TNF) produced by hPBMC-
macrophages after the given treatments (n = 3). i, j The representative images and
corresponding quantification of flow cytometry of the proportion of CFDA-SE" cells

(DLD-1) in CD11b* hPBMC-macrophages after being stimulated by the given agents
(phagocytic function assessment) (n=4). k, I Inmunoblotting assays of HIF-1a
protein within the RAW264.7 cells with the given treatments. Three times were
repeated independently with similar results. The representative image and corre-
sponding quantification of flow cytometry analysis of M1 (m, n) or M2 (o, p)
polarization in the total LPS/IFN-y-stimulated or IL-4-stimulated RAW264.7 cells
with the given treatments (n = 3). q Immunoblotting assays of HIF-1a protein within
the hPBMC-macrophages with the given treatments. Three times were repeated
independently with similar results. r, s The representative image and correspond-
ing quantification of flow cytometry analysis of the ratio of M1 (CD86%) to M2
(CD206%) macrophages in CD45'CD68" hPBMC-macrophages with the given
treatments (n =3). iHIF-1a, HIF-1a inhibitor (YC-1). t The schematic illustration of
the impact of MnLR/Gly on macrophage polarization. The “n” represents the
number of biologically independent samples. Data are shown as mean + SD; p-value
(compared to Ctrl in g, h, j); one-way ANOVA (one-tailed), Tukey’s multiple com-
parisons. Source data are provided as a Source Data file.

tumor occurrence and metastasis (see the following
investigations)**°. Of note, reuterin and L. reuteri elicited no sig-
nificant effects on macrophages, DCs, and effector T cells within the
tumor tissues (Fig. 6e, ), suggesting that their suppression of primary
colon tumor growth is independent of the antitumor immunity
mediated by these three immune cells. Additionally, depleting either
CDS8' T cells or macrophages (T dep. or Mac dep.) just attenuated the
tumor-inhibitory rate of MnLR/Gly to a level comparable to reuterin,
rather than completely offsetting the antitumor effects (Fig. 6b, ¢ and
Supplementary Fig. 34). These observations collectively indicate a
significant role of the direct cytotoxicity triggered by MnLR-produced
metabolites (containing reuterin) in inhibiting primary tumors in vivo.
Also, the antitumor immune responses elicited by MnLR/Gly are not
confined to a single immune cell type and might even involve the
participation of immune cells beyond T cells or macrophages. This
might be particularly advantageous for treating tumor subtypes with
deficiencies in specific immune cell populations.

We also analyzed the gut microbiota, an important factor influ-
encing tumor growth and the immune microenvironment. Compared
with stool samples from healthy mice, those from tumor-bearing mice
displayed distinct microbial communities and reduced «-diversity
(Fig. 6m and Supplementary Fig. 35a). MnLR/Gly treatment partially
ameliorated the colon tumor-induced gut microbiota dysbiosis, con-
currently enriching the bacterial genera with potential antitumor
properties  (including Lachnoclostridium®, Bacteroides®, and
Lactobacillus>*®) (Supplementary Fig. 35b). Moreover, in orthotopic
colon tumor-bearing mice pretreated with a cocktail of four broad-
spectrum antibiotics to deplete gut microbiota, the inhibitory efficacy
of MnLR/Gly on tumor growth was slightly attenuated though not
completely abolished (Fig. 6n and Supplementary Fig. 36). These
findings indicate that the antitumor effects of MnLR/Gly are mediated
in part through gut microbiota modulation, in addition to its immu-
nostimulatory and cytotoxic activities.

Oral delivery of MnLR with glycerol effectively prevents ortho-
topic primary colon tumor occurrence and liver metastasis

in mice

Inspired by the aforementioned capability of MnLR/Gly to initiate
systemic antitumor immunity, we subsequently investigated its
potential effectiveness in preventing the occurrence of primary colon
cancer and mitigating distant metastasis, which is crucial for sub-
stantially reducing cancer mortality rates. The mice were administered
the given agents via oral gavage once daily for 10 consecutive days,
followed by orthotopic inoculation of colon cancer cells and without
further treatments (Fig. 7a). The pre-treatment with MnLR/Gly sup-
pressed the formation of a primary colon tumor, resulting in the
absence of visible tumor masses in the isolated colon tissues from

MnLR/Gly-treated mice on day 14 post tumor inoculation, whereas
tumors were developed in colons of the mice in the other treatment
groups (Fig. 7b and Supplementary Fig. 37). When the observation
period was extended, 75% (6/8) of MnLR/Gly-pretreated mice
remained tumor-free for at least 8 weeks (Supplementary Fig. 38a). To
further evaluate the durability of the preventive effect of MnLR/Gly,
tumor rechallenge experiments were performed by re-inoculating
colon cancer cells on day 56 after the initial inoculation in the mice that
remained tumor-free following prophylactic treatment of MnLR/Gly
(Fig. 7a). Strikingly, 62.5% (5/8) of MnLR/Gly-pretreated mice still
exhibited no detectable tumors 3 weeks later (Fig. 7c and Supple-
mentary Fig. 38b), indicating that MnLR/Gly confers a long-lasting
protective effect against tumor recurrence. Additionally, the pre-
ventive efficacy of MnLR/Gly was validated in a genetic model of
spontaneous intestinal tumorigenesis (Apc™"* mice) (Fig. 7d), where
continuous oral administration of MnLR/Gly significantly reduced the
intestinal tumor multiplicity and the Ki-67-positive proliferating epi-
thelial cells compared with controls (Fig. 7e-h). Collectively, these
findings indicate that MnLR/Gly provides durable protection against
colorectal tumor development and recurrence, supporting its poten-
tial as a preventive strategy for CRC.

Next, we investigated whether the lasting antitumor effects of
MnLR/Gly involved the enhanced systemic antitumor immunity.
Indeed, MnLR/Gly promoted the splenic macrophage polarization
towards M1 phenotype and DC maturation and concomitantly
enriched the IFN-y-expressing CD4* and CD8" T cells in MLNs
(Fig. 7i-1 and Supplementary Fig. 39). ELISA assays further revealed
that MnLR/Gly treatment significantly elevated the levels of
immune effector cytokines (IFN-y, TNF, perforin, and granzyme) in
serum and MLNs (Supplementary Fig. 40). Consistently, the
depletion of CD8* T cells or macrophages reduced the efficiency of
MnLR/Gly in suppressing the formation of primary colon tumors
(Fig. 7b and Supplementary Fig. 37). These findings collectively
suggest that MnLR/Gly can simultaneously and functionally reg-
ulate multiple immune cells across the peripheral immune system
in healthy individuals to generate a lasting antitumor effect for
preventing colon tumor development.

Next, we determined the potential of MnLR/Gly for preventing
colon tumor metastasis by developing a liver metastatic model via
splenic injection of colon cancer cells (Fig. 7m). Compared to reuterin
and L. reuteri/Gly that only reduced tumor burden in spleens, MnLR/
Gly demonstrated high efficacy in preventing tumor metastasis into
livers, as evidenced by a significant decrease in metastasized liver
weight (decrease rate of 35.4%), numbers of metastatic nodules
(decrease rate of 62.1%), and tumor invasion area (Fig. 7n-p and Sup-
plementary Fig. 41). Depleting CD8' T cells or macrophages resulted in
reduced efficacy of MnLR/Gly in suppressing formation of liver
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metastatic nodules, highlighting the significance of antitumor immu-
nity for preventing tumor metastasis (Fig. 7n-p).

Together, these results indicate that oral MnLR/Gly can not only
suppress primary colon tumor growth but also prevent primary colon
tumor development and liver metastases by eliciting effective anti-
tumor immunity, thus revealing MnLR’s clinical translation potential in
preventing and treating CRC.

GlyMnLR capsule effectively inhibits primary colon tumor

growth without eliciting systemic adverse side effects in rabbits
Since the viability of both raw L. reuteri and MnLR was lower in SGF
than in SIF (Fig. 2n, o), and SEM imaging further revealed that Mn
modification was less stable in SGF compared to SIF (Supplementary
Fig. 42), we prepared a dimension-tunable enteric-soluble capsule for
delivering MnLR encapsulated by glycerol (as one of the capsule
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Fig. 5 | Dynamic distribution of oral MnLR and L. reuteri within the GI tract.

a Schematic illustration and the representative fluorescence images of the L. reuteri
distribution within the GI tract of orthotopic colon tumor-bearing mice 1, 6, and
24 hours after receiving oral gavage with CY 5.5-labeled L. reuteri or MnLR. In the
schematic illustration, the stomach, small intestine, and colorectum are highlighted
in pink, blue, and yellow, respectively; the tumor located at the cecal site is shown in
dark red. Created in BioRender. Cao, P. (2025) https://BioRender.com/I8qpogu.
b-d The corresponding statistical analysis of fluorescence signals in the stomach,
small intestine, and colorectum at the given time points after oral gavage (n=4).
e Proportions of fluorescence signals within the colorectum of healthy and colon
tumor-bearing mice 24 hours after oral gavage with L. reuteri or MnLR. f The
quantities of L. reuteri in the feces from healthy or colon tumor-bearing mice

24 hours after oral gavage with L. reuteri or MnLR (n=4). g, h The representative
fluorescence images and corresponding quantification of the MnLR distribution in
tumor or adjacent normal intestinal tissues (n=3). Scale bar, 500 pm. i Schematic
illustration of orthotopic colon tumor-bearing mice receiving the co-gavage of
bacteria and glycerol. Created in BioRender. Cao, P. (2025) https://BioRender.com/
18gpogu. Reuterin accumulation in j tumor, k peripheral blood, and I liver of
orthotopic colon tumor-bearing mice after receiving the oral gavage of the given
agents once daily for 1 week (n=3). The “n” represents the number of biologically
independent samples. Data are shown as mean + SD; p-value; Student’s ¢-test for
(b-d, h) or one-way ANOVA (one-tailed), Tukey’s multiple comparisons. Source
data are provided as a Source Data file.

materials) through 3D printing and casting technology to preserve
MnLR bioactivity before reaching the therapeutic targets (Fig. 8a and
Supplementary Fig. 43). In vitro and in vivo fluorescence imaging
showed that the dissolution rate of the GlyMnLR capsule (MnLR
labeled by Cy5.5) was significantly faster in simulated intestinal fluid
(SIF) and real intestinal tract compared to simulated gastric fluid and
real stomach (SGF) (Fig. 8b, d). This finding was corroborated by
endoscopy examination (Supplementary Fig. 44) and X-ray imaging
(Fig. 8c), which revealed that the capsule remained intact in the
rabbit’s stomach for at least 4 hours after oral administration. After
reaching the intestine, the barium signal of the capsule was wea-
kened within 20 hours owing to the dissolution of the capsule in
intestinal fluid (Fig. 8c). Consistently, in vivo quantitative analysis
showed that only ~26.7% of MnLR was released within 4 hours in the
stomach, whereas release markedly accelerated during gastro-
intestinal transit (4-10 hours) and intestinal residence (10-20 hours),
with cumulative release reaching ~83.5% within 20 hours (Fig. 8d, e).
These observations collectively demonstrated the capsule’s resis-
tance to gastric juice and its solubility in the intestinal environment,
ensuring sustained and targeted release of MnLR at the site of tumor
growth. Next, the orthotopic colorectal tumor model was established
in rabbits to investigate the GlyMnLR capsule’s antitumor efficacy
(Fig. 8f). To optimize the dosing strategy of GlyMnLR capsules, we
evaluated three regimens in the model: one capsule every other day,
one capsule once daily, and two capsules once daily. Both once-daily
regimens achieved stronger tumor suppression than one capsule
every other day (approximately 3-fold higher), while the efficacy
difference between one and two capsules daily was minimal (Sup-
plementary Fig. 45), with the latter posing greater metabolic burden
and safety concerns. The tumor-suppressive efficacy of once-daily
oral administration of one GlyMnLR was further confirmed by in vivo
CT imaging and photographs of the isolated tumors at the end of the
experiments (Fig. 8g-i). Accordingly, we selected one capsule once
daily as the optimal dosing regimen for subsequent therapeutic
studies. GlyMnLR capsules exhibited a markedly higher tumor inhi-
bition rate (67.9%) compared with free MnLR (25.4%) and reuterin
capsules (8.0%), demonstrating the protective role of the enteric
formulation and the advantage of sustained production of active
metabolites by viable bacteria (Fig. 8j, k). Also, the antitumor efficacy
of GIyMnLR capsules was slightly superior to that of the clinically
used chemotherapeutic agent 5-FU (Fig. 8j, k), which is consistent
with the previous findings in mouse colon tumor models. Immuno-
fluorescence for Ki67 further confirmed the superior inhibitory effect
of the GlyMnLR capsule on tumor cell proliferation (Fig. 8I). In
addition, GlyMnLR capsules promoted the enrichment of CD8*
T cells in the tumor microenvironment (Fig. 8m, n), supporting the
induction of antitumor immunity in the rabbit CRC model. Together
with the favorable biosafety profile demonstrated in the rabbit
model (Supplementary Fig. 46), these results further support the
potential of MnLR to achieve robust antitumor activity while main-
taining low toxicity.

Discussion

Probiotics, defined as live microorganisms that confer health benefits
to the host when consumed in adequate amounts, have shown promise
in various medical aspects primarily through the positive effects on gut
health and the immune system, but their use in the treatment of CRC
and other cancers is extremely complex and still evolving®**. Typi-
cally, current clinical trials predominantly position probiotics as
alternative adjuvants to enhance chemotherapeutic or immunother-
apeutic efficacy while mitigating side effects by improving pharma-
cokinetics and body immunity, rather than as standard, standalone
antitumor pharmaceuticals'®**°. In this study, we highlight the
opportunity of the Mn-modified L. reuteri to serve as a primary ther-
apeutic agent and even a preventive approach for alleviating the bur-
den of CRC, one of the most prevalent and lethal types of cancer”. We
elucidated the effectiveness of MnLR in restraining CRC by addressing
two primary issues: (1) the mechanistic impacts of MnLR on CRC
development (fundamental); and (2) strategies to enhance the bioac-
tivity and bioavailability of L. reuteri (applied).

L. reuteri belongs to Lactobacillus spp., one of the most widely
used probiotics globally”. L. reuteri and its metabolites have been used
for treating IBD and colic in both animal models and humans®**,
Reuterin, which is primarily produced through the metabolism of
glycerol by L. reuteri, has been studied as an antimicrobial agent®. A
recent study revealed that reuterin inhibited CRC growth by inducing
oxidative stress and inhibiting protein translation”. In this study, we
confirmed that reuterin exerted cytotoxic effects on colon tumor cells
through redox modulation. However, our results suggest that other
unidentified components in the glycerol metabolites produced by L.
reuteri may also contribute to CRC inhibition. According to our com-
positional analysis of glycerol metabolites, reuterin constituted only
2.48%, with its known downstream metabolites (1,3-PD and 3-HP)
accounting for 13.45%. Therefore, it is necessary to further explore and
identify other metabolites with tumor-inhibitory effects, which would
be critical for mechanistic understanding, therapeutic optimization,
and potential biomarker development. More importantly, in addition
to the direct cytotoxicity to tumor cells, L. reuteri (MnLR) with its
glycerol metabolites (including reuterin) was revealed to functionally
regulate DCs and macrophages towards antitumor property, and
promote the enrichment of effector T cells. This multifaceted immune
modulation affected both the tumor microenvironment and key per-
ipheral immune organs (spleen and MLNs). Consequently, oral
administration of MnLR and glycerol not only significantly inhibited
the growth of the primary colon tumor but also effectively prevented
its development and liver metastases. Additionally, oral MnLR with
glycerol improved gut dysbiosis induced by colon tumors, which may
also be advantageous to the activation of antitumor immunity and
improved tumor-inhibitory effects. Collectively, MnLR exerts anti-
tumor effects through multiple biological pathways and holds promise
as an independent strategy for CRC treatment and prevention.
Nevertheless, the precise molecular and cellular mechanisms under-
lying these processes warrant further in-depth investigation.
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The limited antitumor efficacy poses a significant challenge to the
clinical application of probiotics in oncotherapy, since natural pro-
biotics are not specifically in targeting tumors, resulting in insufficient
concentrations, activity, and metabolite production of probiotics at
the target site to effectively inhibit tumor growth. Although synthetic
biology techniques allow for customized gene editing of probiotics to
promote the production of specific antitumor substances directly at

tumor sites®*?, their widespread application faces significant chal-
lenges, including regulatory hurdles, ethical and public acceptance
issues, potential health risks, and the necessity for sophisticated and
costly technology to ensure reliability, stability, and repeatability®.
Additionally, the general applicability of gene editing across various
bacterial species remains uncertain. Chemical modification might offer
a more straightforward, versatile, and economical approach to
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Fig. 6 | In vivo orthotopic colon tumor growth inhibition, gut microbiota
modulation, and antitumor immunity activation by oral MnLR/Gly.

a Schematic illustration of the establishment of primary colon tumor model by
orthotopic inoculation of MC38 cells into colon cavity of mice, once-daily oral
gavage of the given agents, macrophage or CD8" T cell (Mac/CD8 T) depletion by
clodronate liposomes or anti-CD8 antibody, and analyses on the biological samples
(stool, tumor, spleen, and MLNs) isolated from the mice at the endpoint. Created in
BioRender. Cao, P. (2025) https://BioRender.com/I8qpogu. b, ¢ Bioluminescence
imaging and the corresponding quantification of the colon tumors in the mice
receiving different treatments at the given time points after orthotopic tumor
inoculation (n=5). d Survival percentages of colon tumor-bearing mice receiving
different treatments (n=10). e, f Representative immunofluorescence staining
images and the corresponding quantification of M1 macrophages (F4/80'CD86"),
M2 macrophages (F4/80°CD206"), mature DCs (CD11c*'CD86°), activated CD4" and
CD8' T cells (IFN-y'CD4" and IFN-y*CD8") within the tumor tissues from the mice
receiving the given treatments 14 days after tumor inoculation (n =15 fields from 3

mice per group). Scale bar, 50 um. g-j Quantification of the ratio of M1 to M2
macrophages, and the percentages of mature DCs in total CD45" cells, activated
CD4" and CD8' T cells in total CD3" cells within the spleen from the colon tumor-
bearing mice receiving the given treatments 14 days after tumor inoculation (n=5).
k, I Quantification of the percentages of activated CD4" and CD8" T cells in total
CD3* cells within the MLNs from the colon tumor-bearing mice receiving the given
treatments 14 days after tumor inoculation (n = 5). m Principal component analysis
illustrating the B-diversity from 16S rRNA sequencing of stool samples collected
from the healthy or primary colon tumor-bearing mice receiving the given treat-
ments on day 14 after tumor inoculation (n = 6 to 8). n Quantification of colon
tumors in mice at the experimental endpoint under the indicated treatments. Mice
were pretreated with antibiotics (ABX) for two weeks prior to tumor cell inoculation
to deplete gut microbiota (n=5). The “n” represents the number of biologically
independent samples. Data are shown as mean + SD; p-value (compared to PBS
group); one-way ANOVA (one-tailed), Tukey’s multiple comparisons. Source data
are provided as a Source Data file.

manipulating bacterial activity and function, as the abundance of
surface molecules (polysaccharides, proteins, lipids, and polar func-
tional groups) in bacteria permits various chemical modifications®’.
Metal ions play crucial biological roles in living cells, including bac-
teria, and can be utilized for customizing live cells through surface
modification to enhance their bioactivity and functionality®"®.
Through screening, we found that Mn ions could promote the pro-
liferation, glycerol metabolism, and colorectal adhesion of L. reuteri,
and were implicated in regulating the ribosome pathway. Conse-
quently, MnLR with their metabolites were more enriched at the colon
tumor sites, peripheral blood, and liver compared to unmodified L.
reuteri. Nonetheless, we could not exclude the potential protective
effect of Mn surface modification on L. reuteri, which might also con-
tribute to these observed advantages. Additionally, it remains to be
determined whether the bioactivity enhancement by Mn modification
is merely specific to L. reuteri. Further investigations are needed to
confirm if this approach could serve as a universal strategy for
improving the targeted therapy of probiotics against CRC. It is also
worth noting that Mn*" was reported to directly promote antitumor
immune responses by activating cGAS-STING***®. Our results demon-
strated that both Mn?** and MnLR promoted DCs maturation, but the
effect was significantly weaker compared to MnLR/Gly stimulation,
highlighting the critical dual regulatory role of Mn?* and metabolites in
DCs maturation. Additionally, transcriptome sequencing revealed that
the STING signaling pathway was not significantly upregulated in
MnLR/Gly-treated DCs. Consequently, the specific contribution of
Mn?* to the immune response and the underlying mechanisms remain
unclear. Nevertheless, this Mn modification ultimately benefits the
activation of antitumor immunity, through either the direct immu-
noregulatory effects of Mn?* or its enhancement in the bioactivity of L.
reuteri.

Withstanding the intense acidity and abundant digestive enzymes
in the stomach to successfully colonize the intestines to locally pro-
duce sufficient antitumor agents poses a significant challenge for
probiotics. To address this, we introduced the enteric capsules to
shield MnLR from gastric harshness. Specifically, glycerol was
employed as the foundational capsule material to enhance capsules’
lubrication, stability, and acid resistance®*®. Moreover, once this
enteric capsule dissolved in the intestinal tract, it enabled the simul-
taneous release of MnLR and glycerol within the intestine, thereby
facilitating the local production and accumulation of antitumor
metabolites at target sites. The robust antitumor efficacy and systemic
biosafety of GlyMnLR capsules were demonstrated in the orthotopic
colon tumor-bearing rabbit model. To advance the translation of
GlyMnLR capsules, further thorough risk assessments and long-term
monitoring of biosafety and antitumor efficacy in particularly larger
animal models (such as dogs, swine, or potentially nonhuman pri-
mates) are needed.

Methods

Human subjects

All procedures involving human participants were approved by the
Ethics Committee of Wuhan Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology (IORG No.
IORG0003571, 2020-S197). Written informed consent was obtained
from all participants prior to their inclusion in the study.

Bacterial and cellular culture

L. reuteri strain (ATCC 23272, GDMCC) was cultured in a sealed cen-
trifuge tube containing de Man, Rogosa, and Sharpe (MRS) broth
(HB0O384, Hopebio, China) or in a carbon dioxide-generating bag
containing MRS agar medium to maintain a microaerophilic environ-
ment at 37 °C.

Murine colon cancer cells MC38 (CL-0972, Procell, China) and
MC38-Luc (YC-A002-Luc-P, Ubigene, China), human colon cancer cells
HCT116 (CL-0096), SW48 (CL-0513), RKO (CL-0196), SW620 (CL-0225),
DLD-1 (CL-0074) and HT-29 (CL-0118) (Procell, China), human
immortalized colonic epithelial cells (NCM460, H1-3701, OriCell,
China), human umbilical vein endothelial cells (HUVEC, CP-H082,
Procell), human liver cells (L-02, H1-2501, OriCell), and rabbit squa-
mous carcinoma cells (VX2, BFN60700420, BLUEFBIO) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) (C11995500BT, Gibco,
USA) containing 10% (v/v) fetal bovine serum (FBS) (10099-141, Gibco,
USA). Murine colon cancer cells (CT26, CL-0071, Procell) and
macrophage-like cells (RAW264.7, CL-0190, Procell) were cultured in
Rosewell Park Memorial Institute (RPMI) 1640 medium (A1049101,
Gibco, USA) containing 10% (v/v) FBS. DCs generated from C57BL/6
mouse bone marrows according to our previous work* were cultured
in RPMI 1640 media containing 10% (v/v) FBS with the supplement of
GM-CSF (20 ng/ml) (300-03, PeproTech, USA) and IL-4 (10 ng/ml)
(200-04, PeproTech, USA). Peripheral blood mononuclear cells
(PBMC), isolated from healthy donors according to the Human PBMC
Isolation Kit (071A100.11, IPHASE, China), were cultured in RPMI 1640
media containing 10% (v/v) FBS. All cells were placed in a humidified
incubator with 5% CO, at 37 °C.

Analysis of L. reuteri proliferation, glycerol metabolism, and
biofilm formation

L. reuteri was cultured in glycerol solution (500 mM in PBS) containing
the given supplements under the microaerophilic environment at
37°C. After a 4-hour incubation, L. reuteri was collected by cen-
trifugation (4000g, 5minutes) and resuspended in PBS. The con-
centration of reuterin in the supernatant was detected by a tryptophan
colorimetric method according to previous studies®. The GDHt
activity of L. reuteri was determined using 3-methyl-2-benzothiazoline
hydrazone (H693567, Aladdin, China)’®. For bacterial proliferation
assessment, L. reuteri was centrifugally collected and resuspended by
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PBS after 18-hour incubation, following absorbance measurement at
600 nm by a multimode reader (RF-5301PC, Japan).

To investigate the bacterial biofilm formation and bio-adhesion, L.
reuteri in MRS broth (OD600 =0.8, 500 pl) was seeded in 48-well
plates and incubated at 37°C for 24 hours. The broth was then
removed followed by adding 0.5% (w/v) crystal violet (50 pl) to visua-
lize the biofilm production. For bio-adhesion capability assessment,

T T T
G1 G2 G3 G4 G5 G6 G7 G8

HT-29 cells were seeded in 6-well plates (5x10° in 1ml culture media
per well) and cultured for 24 hours. The cells were then washed with
HANK'’s buffer after the removal of culture media. Fresh culture media
(2ml) containing L. reuteri or MnLR (10’ CFU/ml) was added to each
well and incubated for 2 hours. After the removal of unattached L.
reuteri or MnLR in culture media, the cells with attached L. reuteri or
MnLR were washed with HANK’s buffer, digested with trypsin,
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Fig. 7 | In vivo prevention of primary colon tumor occurrence and metastasis.
aSchematic illustration of the pre-treatments with the given agents (once-daily oral
gavage for 10 days), biochemical and immunological analyses on blood, spleen, and
MLN samples, initial inoculation and rechallenge of colon cancer cells, and mac-
rophage or CD8' T cell (Mac/CD8 T) depletion. Created in BioRender. Cao, P. (2025)
https://BioRender.com/I8qpogu. b Bioluminescence imaging of the colon tumors
in the mice receiving different treatments at the given time points after initial
orthotopic tumor inoculation (n=5). ¢ Bioluminescence imaging and representa-
tive images of orthotopic tumor development in mice after the rechallenge of colon
cancer cells. The dotted circles mark the location of the tumor. Scale bar, 1cm.

d Schematic illustration of the prevention in transgenic APC™™* mice receiving the
given treatments for 9 weeks. Created in BioRender. Cao, P. (2025) https://
BioRender.com/I8qpogu. e, f Representative images and the corresponding
quantification of tumors in the intestine of APC™"* mice after different treatments
(n=5). Red triangular arrows indicate the tumor nodules. Scale bar, 1cm. Repre-
sentative images of H&E staining (g) and immunohistochemistry staining of Ki67
(h) of the intestinal segments. Blue triangular arrows indicate the tumor nodules.
Scale bar, 2.5 mm. i, j Quantification of the ratio of M1 (CD11b*F4/80'CD86") to M2

(CD11b*F4/80"CD206%) macrophages, and the percentages of mature DCs
(CD11c"CD86") in total CD45" cells within the spleen from the mice receiving the
given treatments for 10 days (n =5). k, I Quantification of the percentages of acti-
vated CD4" and CD8" T cells (IFN-y*CD4" and IFN-y"'CD8") in total CD3" cells within
the MLNs from the mice receiving the given treatments once daily for 10 days
(n=5). m Schematic illustration of the establishment of the liver metastasis model
by injecting MC38 cells into the spleen of mice, once-daily oral gavage of the given
agents, and macrophage or CD8" T cell (Mac/CD8 T) depletion. Created in BioR-
ender. Cao, P. (2025) https://BioRender.com/I8qpogu. n Representative images of
the liver and spleen tissues isolated from the mice 14 days after tumor inoculation.
Blue triangular arrows indicate the liver tumor nodules. o The weight of livers and
spleens isolated from the mice in each group 14 days after tumor implantation
(n=35). p The quantification of liver tumor nodules in mice in each group 14 days
after tumor inoculation (n=35). The “n” represents the number of biologically
independent samples. Data are shown as mean + SD; p-value (compared to PBS
group); one-way ANOVA (one-tailed), Tukey’s multiple comparisons. Source data
are provided as a Source Data file.

suspended in PBS, and spread on MRS plates at 10° dilutions. L. reuteri
colonies were counted on the next day. The adhesion rate was calcu-
lated as the percentage of L. reuteri attached to the cells in the initial
total L. reuteri number.

Fabrication and characterization of MnLR

L. reuteri was amplified in MRS broth overnight, washed, and resus-
pended by PBS at a density of ~10'° CFU/ml. MnCl, (100 pl, 1.25 mg/ml)
was added to the bacterial suspension (500 pl) and swirled for
30 seconds. TA (100 pl, 5 mg/ml) and PBS (300 pl) were added to the
mixture and vortexed for 30 seconds. After a 30-minute standing at 37
°C, MnLR was obtained by centrifugation (4,000 g, 3 minutes). Mor-
phology and element mapping were observed under a biological TEM
(FEI Tecnai G2 F20, USA). The presence of Mn and TA within MnLR was
determined by XPS (Thermo Scientific K-Alpha, USA) and fluorescence
imaging (Nikon Ti-U, Japan).

Evaluation of the stability and retention of MnLR

L. reuteri, cultured overnight in MRS broth, was resuspended in PBS to
a density of OD600 of 1.0 and modified with Mn?* to generate MnLR.
MnLR or unmodified L. reuteri was incubated in simulated gastric fluid
(SGF) or simulated intestinal fluid (SIF) at 37 °C for 2 or 4 hours. The
bacterial solution was then diluted 4x10* times, and 50 pul was evenly
spread on an MRS agar medium. Colonies were counted after anae-
robic incubation at 37 °C for 24 hours.

In vitro cytotoxicity assay

To investigate the cytotoxicity of metabolites, NCM460, HUVEC, L-02,
HCTI116, or MC38 were seeded in 96-well plates (5x10° cells in 100 pl
culture media per well). After a 24-hour incubation, the media were
replaced with fresh media containing the given agents. After a 24-hour
treatment, the viabilities of these cells were detected by CCK8 assay
according to the manufacturer’s instructions. To assess the cytotoxi-
city of MnLR/Gly, NCM460, HUVEC, L-02, CT26, MC38, HCT116, SW48,
RKO, SW620, or DLD-1 cells were seeded in the lower chamber of
transwell plates (aperture 0.4 pm) (2x10° cells 1 ml culture media per
well) and cultured for 24 hours. Subsequently, fresh media (0.5 ml)
containing L. reuteri (10° CFU), glycerol (5 pl), L. reuteri (10° CFU)/Gly
(5 pl), or MnLR (10° CFU)/Gly (5 pul) were added to the upper chamber.
The viabilities of colon cancer cells in the lower chamber were detec-
ted by CCK8 assay after a 24-hour incubation.

Colony-forming assay

HCT116 or MC38 cells were seeded in 12-well plates (500 cells in 1 ml
culture media per well) and cultured for 48 hours. The cells were
treated with the metabolites at the given concentrations for 24 hours,

followed by culture medium renewal every 3 days. Colony-forming
assays were performed on day 10 (HCT116) or day 15 (MC38 cells) after
cell seeding by fixing with 4% paraformaldehyde for 10 minutes,
staining with 0.1% crystal violet for 30 minutes, and imaging with an
Olympus U-RFL-T microscope (Japan).

Organoid growth assay

Organoids derived from 5 independent CRC patients were prepared
according to our previous work”. Organoids were embedded in 50 pl
of Matrigel (CLS354263, Corning, USA) and cultured with 500 pl of
modified medium (PRS-ICM-3D, PRECEDO, China) in 24-well plates.
Reuterin (1.5 pg/ml; H916417, Macklin, China) or mixed glycerol
metabolites (containing 1.5 pg/ml reuterin) were then added to the
plates and incubated for 3 days. Organoids’ morphology and size
were recorded daily. At the experimental endpoint, organoids were
stained with a Live/Dead Cell Staining Kit (C1070, Beyotime Bio-
technology, China) and imaged with an Olympus U-RFL-T micro-
scope (Japan).

ROS generation and ICD induction in colon cancer cells

MC38 cells were seeded in the lower chamber of transwell plates
(2 x 10° cells in 1ml culture media per well) and cultured for
24 hours. Fresh media (0.5 ml) containing pure reuterin (18.25 pg/
ml) or MnLR (10° CFU)/Gly (5ul) were added to the upper
chamber. After a 12-hour incubation, cells were stained with
DCFH-DA (Beyotime Biotechnology, China) and imaged with an
Olympus U-RFL-T microscope (Japan) to determine intracellular
ROS levels. For visualization and location of CRT, cells were
stained with anti-CRT/FITC (bs-5913R-FITC, Bioss, China) for
30 minutes at 4 °C. The cells were subsequently stained with Dil
membrane dye (S0033, Beyotime Biotechnology, China) for
15 minutes and Hoechst 33342 nuclear dye (14533, Sigma-Aldrich,
USA) for another 15minutes after fixation with 4% paraf-
ormaldehyde. Finally, the stained cells were observed under a
Nikon Ti-U microscope (Japan) equipped with a CSU-X1 spinning-
disk confocal unit (Yokogawa) and an EM-CCD camera (iXon +;
Andor).

DCs maturation

To investigate the DCs maturation stimulated by colon cancer cells
undergoing ICD, MC38 or DLD-1 cells were treated with pure reuterin
or MnLR/Gly as mentioned above. Subsequently, the cells together
with the supernatants in each well were collected and repeatedly
frozen-thawed for rapidly lysing cells. The obtained MC38 or DLD-1 cell
lysates were then added to the 12-well plates, where murine bone
marrow-derived DCs (mBMDCs) or human PBMC-DCs (hPBMC-DCs)
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determined by flow cytometry analysis (Canto I, BD Company, USA)
using the specific antibodies, including CD45-APC/CY 7 (30-F11,
103115), CD11c-BV421 (N418, 117329), and CD86-PE (A17199A, 159204)
(BioLegend, USA) for mBMDCs, and CD45-APC/CY 7 (2D1, 368516),
CD11c-APC (3.9, 301614), HLA-DR-PerCP/CY 5.5 (L243, 307629), and
CD83-PE (HB15e, 305308) for hPBMC-DCs. The Gating strategies were
shown in Supplementary Fig. 47. Functional cytokines IL-12 (ELK2507,
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Fig. 8 | Characterization of GlyMnLR capsule and its antitumor efficacy and
biosafety in rabbit models. a The images of the serial glycerol capsules with
different external diameters. Scale bar, 2 mm. b Fluorescence images showing the
capsule dissolving with the release of CY 5.5-labeled MnLR in SGF and SIF. ¢ X-ray
images showing the GlyMnLR capsule containing barium sulfate during gastro-
intestinal transportation after being orally taken by rabbits. Scale bar, 5 mm (left);
2 cm (right). d, e Fluorescence images of GlyMnLR capsule dissolution and corre-
sponding quantification of MnLR (labeled with CY5.5) release at the given time
points after oral administration (n=5). f Schematic illustration of the therapeutic
regime, endoscopic/CT imaging, and biochemical and immunological analyses on
blood and tumor tissues in the primary CRC-bearing rabbit model. g CT images
obtained 28 days after the treatment initiation showing the tumor occupation at
different locations highlighted by red, yellow, and green colors (Red marks the
dense, active core; yellow indicates the infiltrative margin; and green outlines the
outer edematous boundary. The color gradient from green to red reflects
increasing tumor activity and severity). Scale bar, 5 cm. h Quantification of the
tumor occupation relative to the PBS group (n=5). i Representative images

showing the tumors (highlighted with yellow dashed box) isolated from the pri-
mary colon tumor-bearing rabbits 31 days after the treatment initiation. Scale bar,
5 mm. j Representative in vivo (endoscopic, the top and middle panels) and ex vivo
(the bottom panel) images of tumors (highlighted with yellow dashed boxes) on
days 10, 28, and 31 post oral administration of the indicated agents. Scale bar, 1cm.
k The tumor volumes obtained from the corresponding groups at the end of the
experiment (n =5). | The representative immunofluorescent images and corre-
sponding statistical analysis of the green Ki67-stained proliferating cells within the
isolated tumor tissues from rabbits receiving the given treatments at the experi-
mental end (n =35 fields). Scale bar, 200 pm. m, n Representative immuno-
fluorescence staining images and corresponding quantification of CD45'CD8*

T cells within the tumor tissues isolated from the rabbits with the given treatments
(n=9 fields). Scale bar, 50 pm. The “n” represents the number of biologically
independent samples. Data are shown as mean + SD; p-value (compared to PBS
group); Student’s t-test for (h) or one-way ANOVA (one-tailed), Tukey’s multiple
comparisons. Source data are provided as a Source Data file.

ELK2263) and TNF (ELK1387, ELK1190) were measured using the ELISA
Kits (ELK Biotechnology, China).

Macrophage polarization

RAW?264.7 cells were seeded in the lower chamber of transwell plates
(2x10° cells in 1 ml culture media per well). M1 and M2 macrophage
polarizations were stimulated by LPS (100 ng/ml)/IFN-y (20 ng/ml) and
IL-4 (20 ng/ml), respectively. The hPBMCs were stimulated by recom-
binant human M-CSF (20 ng/ml) for 6 days to obtain hPBMC-
macrophages. After a 24-hour initial stimulation, reuterin (6.25 pg/
ml) or MnLR (10° CFU)/Gly (1 pl) was added to the upper chamber to
further stimulate the macrophages. After 24 hours, the macrophages
in each well were collected for subsequent analyses. The percentages
of M1 and M2 macrophages in the total RAW264.7 cells macrophages
collected were determined by flow cytometry analysis using CD86-PE
(A17199A, 159204) and CD206-PE (C068C2, 141706) antibodies (Bio-
Legend, USA), respectively. The M1 (CD86") to M2 (CD206") ratio of
hPBMC-macrophages was analyzed by flow cytometry using CD45-
APC/CY 7 (2D1, 368516), CD68-BV421 (Y1/82 A, 333827), CD86-PE
(BU63, 374206), and CD206-APC (15-2, 321110) antibodies (BioLegend,
USA). The Gating strategies were shown in Supplementary Fig. 47. The
expression of Ml-related markers (IL-1B, IL-6, TNF, and iNOS) and M2-
related markers (Arg-1, CD206, and Mgl2) was detected by qRT-PCR
according to our previous work*. The related primer sequences were
summarized in the Supplementary Table 3. Functional cytokines (IL-6
and TNF) were measured using the ELISA Kits (ELK Biotechnol-
ogy, China).

MCTs growth assay

MC38 cells, either alone or mixed with RAW264.7 cells at a 7:3 ratio,
were seeded in ultralow-attachment 96-well plates (Corning, USA)
(5x10° cells in 100 pl culture media per well) and cultured for 48 hours.
The suspended MCTs were then harvested and added to the lower
chamber of ultralow-attachment 24-transwell plates (Corning, USA).
Cytokines (LPS/IFN-y or IL-4) were supplemented to the culture media
with or without the addition of MnLR/Gly to the upper chamber. The
culture media were refreshed every two days. The MCTs were imaged
at the given time points under an Olympus U-RFL-T microscope
(Japan). Their volumes were calculated using the formula: major axis x
(minor axis)%/2.

Phagocytosis assay of tumor cells by macrophages

Human PBMC-derived macrophages were stimulated by MnLR/Gly for
24 hours in the 12-transwell plates. DLD-1 cells were labeled with Car-
boxyfluorescein diacetate succinimidyl ester (CFDA-SE) using the
CFDA-SE Cell Proliferation and Tracking Kit (CO051, Beyotime, China)
according to the manufacturer’s instructions. Subsequently,

stimulated or unstimulated macrophages were harvested and mixed
with CFDA-SE-labeled DLD-1 cells at a 1:2 ratio, followed by co-culture
in 24-well plates for 6 hours. After incubation, cells were gently
resuspended, stained with CDI11b-BV421 (LM2, 393114, BiolLegend,
USA) for 30 minutes, washed with PBS, and analyzed by flow cytometry
to assess tumor cell phagocytosis. The Gating strategies were shown in
Supplementary Fig. 47d.

RNA-seq and pathway analyses

Total RNAs were isolated from DCs or RAW264.7 cells with the given
treatments using a TRIzol Reagent Kit (Invitrogen, USA). The RNA
quality was evaluated by RNA integrity number (RIN) which above 6
was qualified. Genes with a |log,(fold change)| > 1 and an adjusted p
value <0.05 were determined to be DEGs. Pathway (e.g., environ-
mental information processing, cellular processes, metabolism, and
organismal systems pathway) enrichment analysis was performed with
the Kyoto Encyclopedia of Genes and Genomes biological database.
The impact of specific signaling pathways, including MAPK p38 and
HIF-1, on DC maturation and macrophage polarization was further
investigated through qRT-PCR, Western blot, and flow cytometry
analyses. The expression of genes related to MAPK p38 and HIF-1 sig-
naling pathways in DCs and macrophages was detected by qRT-PCR
(the related primer sequences were summarized in Supplementary
Table 3). The protein levels of p38, p-p38, and HIF-1a were determined
by western blotting using SAPK4 (E-3) (1:1000, sc-271292, Santa Cruz
Biotechnology, USA), Phospho-p38 MAPK-T180/Y182 pAb (1:2000,
AP0526, ABclonal Biotechnology, China), and HIF-1« (28b) (1:1000, sc-
13515, Santa Cruz Biotechnology, USA) antibodies, respectively. Scans
of blots were supplied in the Source Data files. The percentages of
mature DCs (mBMDCs and hPBMC-DCs) and M1/M2 macrophages
(RAW264.7 and hPBMC-macrophages) were determined by flow
cytometry analysis as mentioned above. AMG548 (4100 nM;
52952ESO8, YEASEN, China) and YC-1 (10 pM; HY-14927, MedChem-
Express, USA) were applied to inhibit MAPK p38 and HIF-1 signaling
pathways, respectively.

Animals

Specific pathogen-free (SPF) male C57BL/6 ) mice (stock # 000664) (6-
8 weeks old) and conventional male New Zealand white rabbits (NZW)
(5-8 weeks old) were obtained from the Laboratory Animal Center at
Huazhong University of Science and Technology in Wuhan, China. SPF
female transgenic Apc™™* mice (B6/JGpt-Apcs™C" MM/Gpt) (stock #
002020) (8 weeks old) were bought from Shulaibao (Wuhan) Bio-
technology Co., Ltd. The experimental/control animals were bred
separately with a 12-hour light/dark cycle, 22 °C temperature, and 50%
humidity. All animal experiments, including mice and rabbits, were
approved by the ethics committee of Tongji Medical College,

Nature Communications | (2026)17:761

18


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67437-6

Huazhong University of Science and Technology, Wuhan, China
(IACUC Number: 2846; 3706). For the subcutaneous tumor, the tumor
volume does not exceed 2000 mm3, For the primary colon tumor,
tumor volumes are not directly measured, as tumors are intra-
abdominal. Animals are evaluated regularly, and the humane end-
points are defined by a loss of 20% body weight, signs of distress (facial
grimace, hunch), difficult breathing, or lackluster hair.

Analyses of antitumor activity and immune cell enrichment in a
subcutaneous colon tumor-bearing mouse model

Male C57BL/6 mice were subcutaneously injected with MC38 cell sus-
pension (10° cells in 100 pl PBS per mouse) in the right infra-axillary
dermis. When the tumor volume reached approximately 50 mm?®, the
mice were randomly divided into five groups and intratumorally or
orally gavage with PBS, pure reuterin (100 pg per mouse), or mixed
metabolite (containing 100 pg reuterin per mouse) once daily. The
tumor volumes (calculated by 1/2 x length x width? were recorded
every 2 days. At the experimental endpoint and the tumor volume of
mice did not exceed 2000 mm?3, the mice were euthanized by intra-
peritoneal injection of an overdose of pentobarbital sodium. Tumors in
each mouse were isolated for weighing, photographing, and immuno-
fluorescent staining with CD8-CY 3.5 (1:500, ab209775, ABclonal Bio-
technology, China), CDIlc-CY 3.5 (1:200, 97585S, Cell Signaling
Technology, USA), and F4/80-CY 3.5 (1:200, 70076, Cell Signaling
Technology, USA). The immune cells in the tumor microenvironment
were observed under a Pannoramic MIDI (3DHISTECH, Hungary).

Distribution of L. reuteri and reuterin in primary colon tumor-
bearing mouse model
The primary colon tumor-bearing mouse model was established
by injecting MC38 or MC38-Luc cells (3x10° cells in 100 pl PBS per
mouse) into the cecal cavity. CY 5.5 dye was used for visualizing L.
reuteri in vivo. Specifically, NHS-CY 5.5 (50 pg; Q-0363099, Qiyue
Biotechnology, China) was added to the L. reuteri suspension (10
CFU/ml in 10 ml PBS) and incubated at 37 °C for 15 minutes. L.
reuteri was then washed with PBS to remove the free dye. CY 5.5-
labeled L. reuteri was modified with Mn using the same method
described in the “Fabrication and characterization of MnLR”
section. One week after tumor inoculation, CY 5.5-labeled L. reu-
teri or MnLR (10° CFU in 100 pl PBS) was administered to both
tumor-bearing and healthy mice. After 1, 6, or 24 hours, the entire
Gl tracts and other internal organs were isolated and imaged with
an in vivo imaging system (IVIS) (BRUKER In-Vivo FX PRO, USA).
Subsequent fluorescence quantitative analysis was conducted
with the supporting software Bruker MI SE. To investigate the
spatial distribution of bacteria within colon tumor tissues and
adjacent intestinal tissues, mice were euthanized 24 hours after
oral gavage. The isolated tissues were stained with mouse anti-
MUC2-FITC (1:100, sc-7314, Santa Cruz Biotechnology, USA) for
visualizing the intestinal mucin layer. Quantification of stool L.
reuteri was achieved through the utilization of qPCR to identify
the pdu cluster encoding GDHt’>. Total bacterial DNA was
extracted from the stool samples using a Fast DNA Stool Mini kit
(51604, QIAGEN, USA). The qPCR amplification was performed by
One Step SYBR PrimeScript PLUS Kit (Takara, Japan) on Applied
Biosystem StepOne Plus (USA). The pdu primer sequences were
forward 5-CCTGAAGTAAAYCGCATCTT-3" and reverse 5-GAAA-
CYATTTCAGTTTACGG-3'. The copy number of crude DNA tem-
plates in the gut was determined by the correlation of the copy
number of serially diluted plasmid DNA standards with cycle
threshold run on the same procedure. Quantitative results were
expressed as log;y gene copies in 1ng stool DNA (logo
copies/ng).

To determine the reuterin production and distribution, primary
colon tumor-bearing mice were orally gavage with PBS (100 pl per

mouse), pure reuterin (100 pg per mouse), L. reuteri/Gly, or MnLR/Gly
(5x10° CFU and 10 pl glycerol per mouse) once daily. One week later,
tumor tissues, blood serum, and livers were collected and examined by
LC-MS/MS (UltiMate 3000 UHPLCUHPLC/Q Exactive, Thermo Fisher
Scientific, USA) for quantifying reuterin.

The biosafety evaluation in mice

For systemic toxicity and inflammatory response assessments, the
normal mice received continuous oral administration of MnLR/Gly
(100 pl, including 10 pl of glycerol and 5x10° CFU of L. reuteri, once
daily) or reuterin (100 pg, once daily) for 30 days. After a 3-day with-
drawal, orbital blood and major organs (heart, liver, spleen, lung,
kidney, and intestine) were isolated. Blood samples were collected for
biochemical analysis of liver, heart, and kidney function, electrolytes,
and lipids with a fully automatic biochemical analyzer (Catalyst One,
IDEXX, China), as well as the detection of inflammatory cytokines by
ELISA Kits (ELK Biotechnology, China). The isolated organs were fixed
with 4% paraformaldehyde, embedded in paraffin, and sliced for hae-
matoxylin and eosin (HE) staining. Residual Mn levels in organs and
blood were measured by ICP-OES (Agilent 5800 ICP-OES, Malaysia).

Antitumor activity, gut microbiota, and antitumor immunity
assessments in primary colon tumor-bearing mouse model

The primary colon tumor model was established as described above.
On the second day after tumor inoculation, mice were orally gavage
with the given agents (dosage per mouse: PBS, 100 pl; Glycerol, 10 pl;
reuterin, 100 pg; L. reuteri/MnLR, 5x10° CFU) once daily. To deplete
CD8 T cells or macrophages, the tumor-bearing mice were intraper-
itoneally injected with anti-CD8 (200 pg per mouse; clone 2.43; A2102,
Selleck, China) or clodronate-encapsulated liposomes (200 pl per
mouse; LIPOSOMA, Netherlands) on days 6, 2, and 1 before tumor
inoculation, and on days 4, 8, and 12 following tumor inoculation. For
monitoring tumor growth by bioluminescence imaging, the mice
(inoculated with MC38-Luc cells) in each group were intraperitoneally
injected with D-Luciferin potassium salt (150 mg/kg mouse weight;
Y023738, Beyotime Biotechnology, China) and imaged by IVIS. At the
experimental endpoint (day 14 after tumor inoculation) and the weight
loss did not exceed 20% according to humane endpoint criteria, the
mice were euthanized and intestines were isolated from the mice in
each group for observing and photographing tumors. Additionally,
stool samples were collected for 16S rRNA sequencing analysis to
reveal gut microorganisms (OE Biotech, China). Gut microbiota
depletion was induced by administering an antibiotic cocktail (con-
sisting of ampicillin (A433389), neomycin (N109017), and metronida-
zole (M109874) (0.2g/L each) together with vancomycin (0.1g/L,
V301569) (Aladdin, China)) in the drinking water for two weeks prior to
tumor cell inoculation.

To compare MnLR/Gly with current standard-of-care treatments,
the orthotopic colon tumor-bearing mice were treated with MnLR/Gly
daily as mentioned above or (1) PD-1 antibody (RMP1-14; A2122, Selleck,
China; 100 pg once every three days, i.p.), (2) 5-FU (F476739, Aladdin,
China; 400 pg every other day, i.p.), and (3) Panitumumab (A2018,
Selleck, China; 200 pg once every three days, i.p.). The tumor growth
was recorded weekly, and mouse survival was evaluated using Kaplan-
Meier analysis until spontaneous death occurred or the end of the
2-month observation period.

To assess the antitumor immunity, colon tumor tissues, spleens,
and MLNs were isolated from the mice in each group on day 14 after
tumor inoculation. The tumor tissues were fixed with 4% paraf-
ormaldehyde and stained with the specific antibodies, including F4/
80-FITC (1:1000, 70076), CD86-CY 5 (19589), CDIlc-FITC (1:1000,
97585S), CD206-CY 5 (1:1000, 24595) (Cell Signaling Technology,
USA), IFN-y-FITC (1:400, Df6045, Affinity Biosciences, China), CD4-CY
5 (1:400, Ab183685, Abcam, China), and CD8-CY 5 (1:4000, Ab209775,
Abcam, China). Spleens and MLNs were dissociated into single-cell
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suspensions, stained with antibodies, and then washed and resus-
pended with PBS. Collected cell samples were analyzed by flow cyto-
metry. The following antibodies were used: CD45-BV510 (30-F11),
CD11c-PE/CY 7 (N418), CD86-APC (GL-1), CD11b-FITC (M1/70), F480-
BV421 (BM8), CD206-PE (C068C2), CD3-APC (17A2), CD4-FITC (RM4-
5), CD8-Percp/CY 5.5 (53-6.7), and IFN-y-PE (XMG1.2) (BioLegend, USA).
The Gating strategies were shown in Supplementary Fig. 47.

Evaluation of the preventive effects on primary colon tumor
occurrence and liver metastasis in mouse model

To evaluate the preventive effects on primary colon tumor occurrence,
mice were orally administered the given agents once daily. 10 days
later, the mice ceased oral medication and received the injection of
MC38-Luc cells (3x10° cells in 100 pl PBS per mouse) into their cecal
cavity, followed by tumor growth monitoring. On day 14 after tumor
inoculation, the intestines were isolated from the mice for observing
and photographing tumors. The agent dosage, methods for depleting
CDS8 T cells or macrophages, tumor growth monitoring approach with
IVIS, and the procedures for analyzing immune cells in spleens and
MLNs using flow cytometry have been described in detail in the pre-
vious section. The levels of perforin (ELK3068), granzyme (ELK1660),
TNF, and IFN-y (ELK1132) in both serum and MLNs were measured by
ELISA Kits (ELK Biotechnology, China).

For the tumor rechallenge study, healthy mice were first pre-
treated with MnLR/Gly by oral gavage for 10 consecutive days, fol-
lowed by orthotopic inoculation with MC38 cells. MnLR/Gly
administration was discontinued thereafter. At week 8 post-initial
inoculation, tumor growth was evaluated, and mice that remained
tumor-free were subjected to a second orthotopic MC38 cell inocula-
tion. Age-matched mice receiving tumor inoculation at the same time
point served as controls. Tumor growth was visualized and quantified
by IVIS after 3 weeks. For the Apc™™* transgenic mouse model, 8-week-
old mice were randomly divided into 4 groups and orally administered
with the given agents daily. After 9 weeks of treatment, mice were
euthanized, and intestinal tissues were harvested for HE staining and
Ki67 (1:200, 9129, Cell Signaling Technology, USA) immunohisto-
chemical analysis.

To investigate the inhibitory effects on liver metastasis of colon
cancer, mice received a splenic injection of MC38 cells (5x10° cells in
100 pl PBS per mouse). Swabs were employed to massage the spleen
for 5 minutes to accelerate cell flow into the hepatic portal vein. On the
second day after tumor inoculation, mice were orally gavaged with the
given agents. The agent dosage and methods for depleting CD8 T cells
or macrophages were the same as mentioned above. On day 14 after
tumor inoculation, spleens and livers were harvested from the mice in
each group for weighing, photographing, counting of tumor nodules,
and histological analysis.

Fabrication of GlyMnLR capsules

The rod-shaped master molds (with a length of 10 mm) for the cap-
sule’s outer (4 mm in diameter) and inner (3 mm in diameter) shells
were designed with the Solidworks 2021 software and printed in an
X190 3D printer (JGAURORA, China) using polylactic acid (PLA)
(Jiguang Erwo Technology, China) as the raw materials. The negative
molds were fabricated from the master molds using poly-
dimethylsiloxane (PDMS) (PHR1518, Sigma-Aldrich, USA). The pre-
cursor solution for capsule shells was prepared by mixing glycerol
(2 ml) and gelatin (2g) in ddH,0 (4 ml). The mixture was placed in an
oven at 75 °C for approximately 30 minutes until the gelatin was fully
dissolved. Genipin (2% w/v; G101204 Aladdin, China) was added to the
mixture that was subsequently filled into the negative PDMS molds.
The rod-shaped PLA molds with diameters of 2 mm (for outer shell) or
1 mm (for inner shell) produced by 3D printing were vertically inserted
into the mixture and left for 5 minutes to form the capsule cavity. The
gel-like capsule shell precursors fully solidified after being placed at

37 °C for 2 days. The negative molds were then removed to obtain the
outer capsule shell with a diameter of 3.5 mm and the inner capsule
shell with a diameter of 2.5 mm. The outer and inner shells were cut to
lengths of 5 mm, and following joined together to form the complete
capsule with a length of 8 mm. The enteric-coated polymer was pre-
pared by dissolving 200 mg of Eudragit L-100 (P756765, Macklin,
China) in an organic solvent mixture containing 1ml of dichlor-
omethane (Sinopharm, China) and 1 ml of anhydrous ethanol (Sino-
pharm, China), followed by stirring until the solution became
transparent. The polymer solution was then cast to the capsule’s sur-
face for 3 times. The coated capsules were left to dry at 37 °C for
24 hours, resulting in the formation of enteric-coated capsules. MnLR
(10" CFU in 20 pl PBS) was slowly injected into the capsule using a
syringe to obtain the final MnLR. This specific size of GlyMnLR capsules
was used in subsequent in vitro and in vivo experiments. Capsule shells
of other sizes presented in Fig. 8b were prepared using the same
method.

Monitoring of GlyMnLR capsule dissolution and L. reuteri
release in the GI tract

To observe the capsule dissolution and L. reuteri release in vitro, cap-
sules loaded with CY 5.5-labeled MnLR were immersed into the SGF
(pH 2.0, containing 0.01M HCI and 3.2 g/l pepsin) or SIF (pH 6.8,
containing 0.01 M PBS, 0.2 M NaOH, and 10 g/I trypsin) and imaged by
IVIS. To further determine GlyMnLR capsules’ resistance against gas-
tric fluid in vivo, they were administered to the throats of rabbits that
had been fasted for 2 days to assist with active swallowing, followed by
endoscopic observation (Endoscope, Yuyanbio, China). Finally, to
demonstrate that the capsules can dissolve in intestinal fluids, the
rabbits were orally administered capsules containing barium sulfate
for abdominal radiographic imaging using an X-ray photographic
system (Mindray, China). For Quantitative analysis of capsule dissolu-
tion kinetics and MnLR release in vivo, capsules loaded with Cy5.5-
labeled MnLR were administered to rabbits by oral gavage. Four
experimental groups were euthanized at designated time points:
immediately (Oh), 4h, 10h, and 20h post-gavage. Rabbits were
euthanized by first inducing deep anesthesia with isoflurane inhala-
tion, followed by an intravenous injection of an overdose of pento-
barbital sodium through the auricular vein. In the first group (0 h), the
capsule was immediately retrieved from the stomach and imaged to
determine the initial fluorescence intensity (Intensity,). In the second
group (4 h), the capsule was recovered from the stomach, and the
remaining fluorescence (Intensitys) was measured; the cumulative
release at 4 h was calculated as (Intensity, - Intensity,)/Intensityg x
100%. In the third and fourth groups, capsules retrieved from the
intestinal tract at 10 h and 20 h were similarly imaged, and cumulative
release fractions were computed. Fluorescent imaging was performed
using IVIS to quantify residual capsule signal in situ.

Antitumor activity and biosafety assessments in the CRC
rabbit model

To establish the primary colon cancer model in rabbits, VX2 cell sus-
pension (2 x 108 cells in 200 ul PBS) was inoculated into the thigh
muscle of 5-week-old rabbits. After 4 weeks, the resulting solid tumors
in the muscles were excised and minced with surgical scissors in a petri
dish. The tumor tissues were then transferred to a homogenizer and
processed by grinding no more than five times. The homogenized
tissues were suspended in sterile PBS, centrifuged at 4°C (2000g,
5 minutes), washed twice, resuspended by PBS, and injected into the
colon wall (approximately 5cm below the cecum along the median
abdominal line) of 6-8-week-old rabbits (500 ul tumor suspension per
rabbit). Two days later, the tumor-bearing rabbits were administered
with the given agents for one month: (1) PBS, once daily (o.g.), (2)
GlyMnLR, one capsule every other day, one capsule once daily, or two
capsules once daily (0.g.), (3) free MnLR/Gly, once daily (0.g.), (4) one
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reuterin (2 mg) capsule, once daily (0.g.), and (5) 5-FU, 20 mg/kg every
three days (i.p.). Tumor progression was monitored at designated time
points by CT imaging (SOMATOM, Siemens, Germany) and endoscopic
examination (YAN-E30, YUYAN INSTRUMENTS, China). On day 31 and
the weight loss did not exceed 20% according to humane endpoint
criteria, the rabbits were euthanized and tumors in each group were
finally isolated for ex vivo imaging, Ki67 staining, and immuno-
fluorescence staining with rabbit-specific antibodies against CD45
(1:1000, L12/201, LS-C187600) and CD8 (1:200, 12.C7, LS-C187471)
(LSBio, USA).

To assess the systemic toxicity, tumor-free rabbits (6-8 weeks old)
received the GlyMnLR capsule once daily for one month. Blood sam-
ples were then collected and biochemically analyzed in the same way
as in the previous section.

Statistical information

All experiments were performed at least 3 times. Data were presented
as mean * standard deviation (SD). Statistical analyses were conducted
using Student’s t-test for comparisons between two independent
groups and one-way ANOVA with Tukey’s post-hoc tests for compar-
isons among three or more independent groups. Statistical sig-
nificance was indicated by the p-value.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data have been deposited in NCBI under the
PRJNA1245031. All data are included in the Supplementary Information
or available from the authors, as are unique reagents used in this
Article. The raw numbers for charts and graphs are available in the
Source Data file whenever possible. Source data are provided with
this paper.
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