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ABSTRACT
Objective  Gut microbiota is a key player in dictating 
immunotherapy response. We aimed to explore the 
immunomodulatory effect of probiotic Lactobacillus 
gallinarum and its role in improving anti-programmed 
cell death protein 1 (PD1) efficacy against colorectal 
cancer (CRC).
Design  The effects of L. gallinarum in anti-PD1 
response were assessed in syngeneic mouse models 
and azoxymethane/dextran sulfate sodium-induced 
CRC model. The change of immune landscape was 
identified by multicolour flow cytometry and validated 
by immunohistochemistry staining and in vitro functional 
assays. Liquid chromatography-mass spectrometry was 
performed to identify the functional metabolites.
Results  L. gallinarum significantly improved anti-PD1 
efficacy in two syngeneic mouse models with different 
microsatellite instability (MSI) statuses (MSI-high for 
MC38, MSI-low for CT26). Such effect was confirmed in 
CRC tumourigenesis model. L. gallinarum synergised with 
anti-PD1 therapy by reducing Foxp3+ CD25+ regulatory 
T cell (Treg) intratumoural infiltration, and enhancing 
effector function of CD8+ T cells. L. gallinarum-derived 
indole-3-carboxylic acid (ICA) was identified as the 
functional metabolite. Mechanistically, ICA inhibited 
indoleamine 2,3-dioxygenase (IDO1) expression, 
therefore suppressing kynurenine (Kyn) production in 
tumours. ICA also competed with Kyn for binding site 
on aryl hydrocarbon receptor (AHR) and antagonised 
Kyn binding on CD4+ T cells, thereby inhibiting Treg 
differentiation in vitro. ICA phenocopied L. gallinarum 
effect and significantly improved anti-PD1 efficacy in 
vivo, which could be reversed by Kyn supplementation.
Conclusion  L. gallinarum-derived ICA improved anti-
PD1 efficacy in CRC through suppressing CD4+Treg 
differentiation and enhancing CD8+T cell function by 
modulating the IDO1/Kyn/AHR axis. L. gallinarum is a 
potential adjuvant to augment anti-PD1 efficacy against 
CRC.

INTRODUCTION
The introduction of immune checkpoint blockade 
(ICB) therapy has revolutionised the paradigm of 
cancer treatment over the past decade. Harnessing the 

immune system, ICB therapy removes the ‘brake’ signal 
of T cell activation to elicit antitumour response.1 ICB 
therapy, namely anti-PD1/PDL1 (programmed cell 
death protein 1/programmed death ligand 1) and anti-
CTLA4 (cytotoxic T-lymphocyte-associated protein 
4), has yielded great success in clinical trials and is now 
approved to treat different cancers.2 Nevertheless, in 
colorectal cancer (CRC), clinical use of ICB therapy 
remains highly limited and is only approved in patients 
with high level of microsatellite instability (MSI-H) or 
mismatch repair deficiency, making up merely 15% 
of patients with CRC.3 Meanwhile, drug resistance 
persists as an unresolved challenge—a large portion 
of patients, despite their eligibility to receive ICB, 
may be refractory or even fail to respond to anti-PD1 
therapy.4 Therefore, there is a dire need to identify 
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novel adjuvants to overcome ICB resistance and improve treatment 
efficacy.

The gut microbiota has emerged as an important factor 
dictating ICB response in various cancers. By metagenomic 
profiling, several studies reported a distinct microbiota compo-
sition between ICB responders and non-responders in patients 
with melanoma or epithelial cancer, while supplementing 
bacteria species enriched in responders or faecal microbiota 
transplantation to non-responders dramatically improved their 
ICB efficacy.5–8 A recent study also demonstrated that a consor-
tium of 11 bacterial strains from healthy donors effectively 
induced IFNγ+CD8+ T cells, which boosts antitumour immunity 
and synergised with ICB therapy.9

While earlier studies focus on the correlation between micro-
biota and host response, the underlying immunoregulatory 
mechanisms remain largely unknown. In view of this, recent 
publications have characterised several bacteria-derived immuno-
modulatory components, which are mostly bacterial metabolites 
or cell wall fragments such as inosine,10 exopolysaccharides,11 
phospholipids12 and peptidoglycan.13 These findings have high-
lighted the potential of leveraging probiotics or bacteria-based 
therapeutics as an adjuvant to improve cancer immunotherapy.

We previously demonstrated that Lactobacillus gallinarum, a 
probiotic depleted in patients with CRC,14 inhibited colorectal 
tumourigenesis by secreting indole-3-lactic acid (ILA), a trypto-
phan metabolite.15 Tryptophan metabolites are known as a class 
of immunoregulatory metabolites, which could induce Th17 
polarisation16 and promote differentiation of CD4+CD8αα+ 
double-positive intraepithelial lymphocytes.17 In this study, the 
translational potential of this probiotic beyond cancer preven-
tion is explored—whether L. gallinarum may modulate anti-
tumour immunity and improve ICB treatment in CRC. Our 
results showed that L. gallinarum-derived indole-3-carboxylic 
acid (ICA) significantly improved anti-PD1 therapy in CRC. ICA 
reduced regulatory T cell (Treg) infiltration and enhanced the 
effector function of CD8+ T cells, mechanistically by modulating 
the indoleamine 2,3-dioxygenase 1 (IDO1)/Kynurenine (Kyn)/
aryl hydrocarbon receptor (AHR) metabolic axis.

MATERIALS AND METHODS
Syngeneic mouse models
Male C57BL/6 or BALB/c mice at 5–6 weeks old were randomised 
and daily gavaged with (1) brain heart infusion (BHI) broth, (2) 
Escherichia coli MG1655 or (3) L. gallinarum (1×108 colony-
forming unit/100 µL per mouse). After 1 week, MC38 (5×105 
cells) or CT26 (1×106 cells) were subcutaneously injected into 
the dorsal flank of C57BL/6 or BALB/c mice, respectively. Alter-
natively, for adjuvant setting, bacterial gavage was started 3 days 
after tumour inoculation. When the tumour size reached 50–100 
mm3, anti-mouse PD1 monoclonal antibody (BE0146, Bio X 
Cell, Lebanon, New Hampshire, USA) or IgG isotype control 
(BE0089, Bio X Cell) was administered to mice by intraperito-
neal injection every 3 days (100 µg per mouse). Tumour size was 
measured by calliper every 2–3 days.

For Treg depletion model, anti-mouse CD25 monoclonal anti-
body (BP0012, clone PC-61.5.3, Bio X Cell) was intraperitone-
ally injected to mice (150 µg per mouse) twice weekly, starting 
1 week before tumour inoculation with four injections in total.

For E. coli mutant model, CT26 cells (1×106 cells) were inoc-
ulated on the dorsal flank of Balb/c mice. 3 days after tumour 
inoculation, E. coli MG1655 wild-type strain (E. coli-WT) or 
mutant strain (E. coli-ArAT) (1×108 colony-forming unit/100 
µL per mouse) was gavaged to mice daily. Tumour inoculation 

and dosing schedule of anti-PD1 or isotype control are the same 
as described above.

For ICA model, ICA (10 mg/kg, Sigma-Aldrich, St. Louis, 
Missouri, USA) was gavaged to mice daily starting on day 3 after 
tumour inoculation. Tumour inoculation and dosing schedule of 
anti-PD1 or isotype control were the same as described above. 
After the outgrowth of palpable tumours, Kyn (10 mg/kg, Sigma-
Aldrich) was intraperitoneally injected into mice twice weekly. 
For mice treated with AHR antagonist, CH-223191 (20 mg/kg, 
MedChemExpress LLC, Monmouth Junction, New Jersey, USA) 
was given to mice through oral gavage every day.

Germ-free mouse model
Germ-free mice were housed in germ-free animal facility at 
the First Affiliated Hospital, Sun Yat-sen University in Guang-
zhou, China. Germ-free male C57BL/6 mice at 5–10 weeks old 
were inoculated with MC38 cells (2×105 cells per tumour). 
After tumour injection, the mice were gavaged with phosphate-
buffered saline or L. gallinarum (1×108 colony-forming unit) 
three times per week. When palpable tumours were observed, 
anti-PD1 monoclonal antibody or isotype control (100 µg per 
mouse) was given to mice by intraperitoneal injection every 
3 days. The mice were euthanised and tumour tissues were 
collected on day 22.

Azoxymethane/dextran sulfate sodium-induced CRC model
Male C57BL/6 mice at 5–6 weeks old were intraperitoneally 
injected with a single dose of azoxymethane (AOM; Merck, 
Darmstadt, Germany), followed by 1 week of 1% dextran 
sulfate sodium (DSS; MP Biomedicals, Solon, Ohio, USA) 
in drinking water and a 2-week recovery period. A total of 
three DSS cycles were given. After the third DSS cycle, mice 
were randomised and gavaged with BHI broth, E. coli or 
L. gallinarum daily. For ICA model, we gavaged the mice 
with vehicle or ICA (18 mg/kg) per day, with or without 
intraperitoneal injection of Kyn (10 mg/kg) twice weekly. 
Anti-PD1 or isotype control (100 µg) were given to mice by 
intraperitoneal injection every 3 days after 1 week of bacte-
rial gavage. Mouse colonoscopy (Karl Storz Endoskope, 
Tuttlingen, Germany) was performed before sacrifice.

All animal studies were approved by the Animal Experimenta-
tion Ethics Committee of The Chinese University of Hong Kong.

Bacterial strains and culture
L. gallinarum (ATCC 33199) was purchased from American 
Type Culture Collection (ATCC; Manassas, Virginia, USA). E. 
coli strain MG1655 was purchased from German Collection of 
Microorganisms and Cell Cultures GmbH (DSMZ) and is a non-
pathogenic human commensal gut bacterium and was used as 
a negative control in this study. L. gallinarum and E. coli were 
cultured in MRS or BHI broth as appropriate in a shaking incu-
bator at 37℃ under aerobic condition, and were resuspended in 
BHI broth before gavage.

Cell lines and cell culture
Murine MC38 (microsatellite instability-high, MSI-H)18 
and CT26 (microsatellite stable)19 and human (HCT116 
and LoVo) CRC cell lines were purchased from ATCC. All 
cells were cultured in Dulbecco’s modified Eagle’s medium 
(Gibco BRL, Grand Island, New York, USA) supplemented 
with 10% fetal bovine serum and 1% penicillin/strepto-
mycin, and maintained at 37°C in a humidified incubator 
with 5% carbon dioxide.
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Statistical analysis
All results are expressed as mean±SD, unless other-
wise indicated. Comparisons between two groups were 
performed using Mann-Whitney U tests. Kruskal-Wallis test 
was used to compare differences among multiple groups, 
and post hoc analysis was performed by Dunn’s multiple 
comparison test. Two-way analysis of variance was used to 
determine statistical significance in tumour growth curve. 
Statistical tests were performed in GraphPad Prism (V.8.0, 
GraphPad Software, San Diego, California, USA). Two-
tailed p values smaller than 0.05 were considered statisti-
cally significant.

Additional methods and details are provided in online supple-
mental methods and online supplemental tables S1–S3.

RESULTS
L. gallinarum improved anti-PD1 efficacy in syngeneic mouse 
models
To investigate whether L. gallinarum supplementation improves 
anti-PD1 efficacy, we first established a syngeneic mouse model 
by inoculating a murine MSI-H CRC cell line (MC38) into mice 
with daily gavage of either BHI (broth control), E. coli (bacterial 
negative control) or L. gallinarum (figure 1A). Once tumours were 
developed, anti-PD1 antibody or IgG isotype control was intraper-
itoneally injected to mice. L. gallinarum remarkably improved anti-
PD1 efficacy, as evidenced by the reduced tumour size (figure 1B), 
tumour weight (figure  1C) and tumour volume (figure  1D), 
compared with anti-PD1 combined with BHI or E. coli control 
(p<0.05 for tumour weight, p<0.01 for tumour volume).

Figure 1  Lactobacillus gallinarum improved anti-PD1 efficacy in MC38 and CT26 syngeneic mouse models. (A) Schematic diagram of experimental 
design for syngeneic mouse model. L. gallinarum, in combination with anti-PD1 therapy, significantly inhibited tumour growth in MC38 syngeneic 
mouse model (microsatellite instability-high model), as evidenced by (B) representative tumour pictures, (C) tumour weight and (D) tumour 
volume. L. gallinarum also promoted anti-PD1 efficacy in CT26 syngeneic mouse model, an microsatellite instability-low model, as supported by 
(E) representative tumour pictures, (F) tumour weight and (G) tumour volume. (H) Schematic diagram of experimental design of germ-free mouse 
model. L. gallinarum mono-colonisation improved anti-PD1 efficacy in germ-free MC38 tumour-bearing mice, as shown by (I) representative tumour 
picture and (J) tumour weight. Statistical significance was determined by Kruskal-Wallis test, followed by Dunn’s multiple comparison test. Statistical 
significance of tumour growth curve over time was determined by two-way analysis of variance. *p<0.05, **p<0.01, ***p<0.001. BHI, brain heart 
infusion; E.c., E. coli; L.g., L. gallinarum; PBS, phosphate-buffered saline; PD1, programmed cell death protein 1; αPD1, anti-PD1.
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MC38 syngeneic model is a highly immunogenic model with 
good immunotherapy response.18 We next sought to examine 
whether L. gallinarum could also be effective in a murine MSI-L 
CRC cell line (CT26), a model with inherited immunotherapy 
resistance.19 As expected, anti-PD1 combined with BHI or E. coli 
showed minimal effects on tumour growth in CT26 syngeneic 
mice (figure 1E–G). In comparison, L. gallinarum supplementa-
tion significantly improved anti-PD1 efficacy, and the combina-
tion of anti-PD1 and L. gallinarum induced a marked reduction 
in tumour weight (p<0.05) (figure  1E,F) and tumour volume 
(p<0.001) (figure 1G). Altogether, these results suggested that 
L. gallinarum enhanced anti-PD1 efficacy to suppress tumour 
growth.

To explore the translational value of L. gallinarum, we vali-
dated our findings at an adjuvant setting, in which we started 
bacterial gavage 3 days after tumour inoculation, followed by 
anti-PD1 injection on day 7 (online supplemental figure 1A). 
Consistently, L. gallinarum supplementation improved anti-PD1 
efficacy and reduced both tumour weight (both p<0.01) (online 
supplemental figure 1B,C) and tumour volume (both p<0.05) 
(online supplemental figure 1D). Our results suggested the 
potential of L. gallinarum as an adjuvant treatment for anti-PD1 
therapy.

Next, we established a germ-free mouse model to validate 
whether L. gallinarum mono-colonisation could improve anti-
PD1 efficacy in CRC (figure 1H). We confirmed that L. galli-
narum mono-colonisation could improve anti-PD1 efficacy 
in germ-free MC38-tumour-bearing mice and significantly 
reduced tumour weight (p<0.05) (figure 1I,J). On top of being 
an additional phenotype validation, our results indicated that 
L. gallinarum was able to modulate antitumour immunity at a 
mono-colonisation setting, but not depending on the gut micro-
biota composition. We also confirmed L. gallinarum colonisation 
in the gut lumen, as evidenced by the detection of L. gallinarum 
in both stool and colon mucosa samples (online supplemental 
figure 1E) and the enrichment of L. gallinarum in colon mucosa 
samples after L. galllinarum gavage (online supplemental figure 
1F).

L. gallinarum reduced Treg infiltration and enhanced effector 
function of CD8+ T cells
Anti-PD1 efficacy is closely associated with immune cell infiltra-
tion. We therefore performed multicolour flow cytometric anal-
ysis and examined the change of immune landscape induced by 
L. gallinarum (online supplemental figure 2A). In MC38 synge-
neic mouse model, L. gallinarum monotherapy, despite its inef-
ficacy in impeding tumour growth, reduced Foxp3+CD25+ Treg 
infiltration, compared with BHI and E. coli group (both p<0.05) 
(figure  2A). In mice receiving L. gallinarum plus anti-PD1 
therapy, we observed a consistent reduction of Foxp3+CD25+ 
Treg infiltration (both p<0.05), and also a significant induction 
of IFNγ+CD8+ T cells (p<0.05 for BHI; p<0.01 for E. coli) 
(figure 2B), which is an indicator of improved CD8+ effector T 
cell function and strengthened antitumour immunity. We then 
validated our findings in the CT26 syngeneic mouse model. 
Consistently, L. gallinarum reduced Treg infiltration, both in 
monotherapy (both p<0.05) and combination with anti-PD1 
therapy (both p<0.01) (figure 2A), and enhanced IFNγ+CD8+ 
T cells (both p<0.001) compared with BHI and E. coli controls 
(figure  2B). Further confirmation by immunohistochemistry 
(IHC) staining testified that Foxp3+ cells were remarkably 
reduced in L. gallinarum-treated mice with or without anti-PD1 
therapy (figure 2C and online supplemental figure 3A).

We also examined the change of other immune cells in tumour 
microenvironment (TME), including CD8+ T cells (online 
supplemental figure 2B), CD4+ T cells (online supplemental 
figure 2C), natural killer cells (online supplemental figure 2D) 
and myeloid-derived suppressor cells (online supplemental 
figure 2E). None of these immune cell components showed a 
significant change after L. gallinarum treatment in both synge-
neic mouse models. Therefore, we considered that L. gallinarum 
improved anti-PD1 efficacy primarily by reducing Treg infil-
tration, which consequently remodelled the immunosuppres-
sive TME and improved effector function of CD8+ T cells. To 
testify these findings, we established a Treg depletion model 
by treating mice with anti-CD25 monoclonal antibody (online 
supplemental figure 3B). Flow cytometric analysis confirmed the 
successful Treg depletion in both tumour (online supplemental 
figure 3C) and plasma (online supplemental figure 3D). We 
found that anti-CD25 abolished the effect of L. gallinarum in 
promoting anti-PD1 efficacy, suggesting that the immunomod-
ulatory effect of L. gallinarum was dependent on Treg suppres-
sion (figure 2D–F). Taken together, our results confirmed that L. 
gallinarum enhanced antitumour immunity by suppressing Treg 
intratumoural infiltration.

L. gallinarum sensitised mice to anti-PD1 therapy in AOM/
DSS-induced CRC tumourigenesis model
To explore the translational potential of L. gallinarum in 
improving immunotherapy in CRC, we next established an 
AOM/DSS-induced CRC mouse model, which mimics physio-
logical CRC development in humans. In contrast to our previous 
AOM/DSS model, which studied the cancer-preventive effect 
of L. gallinarum and sustained probiotic treatment throughout 
the tumourigenesis process,15 we initiated L. gallinarum supple-
mentation after the completion of three DSS cycles, 1 week 
before the start of anti-PD1 treatment, so as to better explore 
the role of L. gallinarum as a potential adjuvant to anti-PD1 
(figure  3A). Consistent with the syngeneic mouse models, 
combining L. gallinarum and anti-PD1 significantly induced 
tumour shrinkage as evidenced by the colonoscopy images prior 
to sacrifice (figure 3B), and the representative colon images after 
sacrifice (figure  3C). Compared with anti-PD1-treated mice 
receiving BHI or E. coli control, L. gallinarum plus anti-PD1 
therapy significantly reduced tumour number (both p<0.01) 
(figure 3D), tumour load (both p<0.01) (figure 3E) and number 
of large tumours (diameter ≥2 mm) (p<0.05 for BHI; p<0.01 
for E. coli) (figure 3F), suggesting L. gallinarum boost the effi-
cacy of anti-PD1 therapy against CRC. Colonic tumours were 
collected for immune cell analysis by flow cytometric. Consis-
tent with the findings from syngeneic models, compared with 
anti-PD1-treated mice plus BHI or E. coli control, the combi-
nation of L. gallinarum and anti-PD1 significantly reduced Treg 
infiltration (p<0.001 for BHI; p<0.01 for E. coli) (figure 3G) 
and enhanced CD8+ effector T cell function (both p<0.05) 
(figure 3H). Collectively, L. gallinarum synergised with anti-PD1 
therapy in CRC treatment in mice.

L. gallinarum produced tryptophan as functional metabolites
L. gallinarum is known to be protective against colorectal 
tumourigenesis by producing antitumour metabolites.15 We 
therefore characterised the metabolomic profile of L. gallinarum 
to identify functional metabolites that could modulate antitu-
mour immunity. Untargeted metabolomic profiling revealed 
the significant enrichment of multiple tryptophan metabolites, 
including indole-3-carboxaldehyde (IAld), indoleacetic acid 
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(IAA) and indolelactic acid (ILA) in L. gallinarum culture super-
natant (figure 4A). We then moved to the in vivo metabolomic 
profile and consistently observed an elevated faecal level of IAld 
in L. gallinarum-treated mice compared with BHI and E. coli-
treated mice (figure 4B). For validation, we performed targeted 
metabolomic profiling on 32 different tryptophan-related metab-
olites (online supplemental table S4). Specifically, to examine the 

microbial tryptophan metabolism activity, we further selected 18 
indole metabolites, which are the common tryptophan catabo-
lites produced by gut bacteria. We examined the metabolomic 
profile of stool samples from MC38 syngeneic mouse model 
and confirmed a low tryptophan metabolism activity at baseline, 
while L. gallinarum administration induced a significant increase 
of microbial tryptophan metabolism and led to an enrichment 

Figure 2  Lactobacillus gallinarum reduced Foxp3+CD25+ Treg infiltration and increased IFNγ+CD8+ T cells in the tumour microenvironment. (A) 
Representative flow cytometry plots of Foxp3+ CD25+ Treg suggested a significant reduction of Treg in tumour tissues of L. gallinarum-treated 
mice compared with that of BHI and E. coli controls. L. gallinarum significantly reduced Foxp3+ CD25+ Treg infiltration in MC38 tumours and CT26 
tumours. (B) Representative histogram of IFNγ+ CD8+ T cells. Increased IFNγ+ CD8+ T cells were shown. in L. gallinarum, in combination with anti-
PD1-treated MC38 tumours and CT26 tumours. (C) IHC staining confirmed a significant reduction of Foxp3+ cells in L. gallinarum+anti-PD1-treated 
mice. The quantification of Foxp3+ cells (the brown spot) was shown as the mean value of three independent HPF in tumours. Scale bar=50 µm. 
(D) Representative tumour pictures from the Treg depletion model. The administration of anti-CD25 monoclonal antibody abolished the effect of 
L. gallinarum in promoting anti-PD1 efficacy, as evidenced by (E) tumour weight and (F) tumour volume. Statistical significance was determined 
by Kruskal-Wallis test, followed by Dunn’s multiple comparison test. Statistical significance of tumour growth curve over time was determined by 
two-way analysis of variance. *p<0.05, **p<0.01, ***p<0.001. E.c., E. coli; L.g., HPF, high-power fields; L. gallinarum; PD1, programmed cell death 
protein 1; Tregs, regulatory T cells; αCD25, anti-CD25; αPD1, anti-PD1.

https://dx.doi.org/10.1136/gutjnl-2023-329543
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Figure 3  Lactobacillus gallinarum improved anti-PD1 efficacy in AOM/DSS-induced CRC mouse model. (A) Schematic diagram of experimental 
design for AOM/DSS-induced CRC model. (B) Representative colonoscopy images and (C) representative colon images of AOM/DSS-induced CRC 
tumourigenesis mouse model. L. gallinarum, in combination with anti-PD1, reduced (D) tumour number, (E) tumour load and (F) number of large 
tumours (diameter larger than 2 mm). (G) Percentage of Foxp3+CD25+ Tregs in colonic tumour tissues. (H) Percentage of IFNγ+ CD8+ T cells in colonic 
tumour tissues. Statistical significance was determined by Kruskal-Wallis test, followed by Dunn’s multiple comparison test. *p<0.05, **p<0.01, 
***p<0.001. AOM, azoxymethane; BHI, brain heart infusion; CRC, colorectal cancer; DSS, dextran sulfate sodium; E.c., E. coli; L.g., L. gallinarum; PD1, 
programmed cell death protein 1; Tregs, regulatory T cells; αPD1, anti-PD1.
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Figure 4  Lactobacillus gallinarum produced tryptophan metabolites in vitro and in vivo. (A) Untargeted metabolomics showing the heatmap 
analysis of BHI, E. coli and L. gallinarum culture supernatant in vitro. (B) Untargeted metabolomics showing heatmap analysis of stool samples from 
MC38 syngeneic mouse model revealed a differential abundance of metabolites in BHI-treated, E. coli-treated and L. gallinarum-treated mice. E. coli 
mutant expressing aromatic amino acid aminotransferase (E. coli-ArAT) improved ant-PD1 efficacy in CT26 syngeneic mouse model, as evidenced 
by (C) representative tumour picture, (D) tumour weight and (E) tumour volume. (F) No significant difference of IAld was observed in serum samples 
between groups. An elevated level of ICA was detected in serum after L. gallinarum gavage. (G) No significant difference of IAld was observed 
in tumour tissues between groups. ICA was enriched in tumour tissues of L. gallinarum-treated mice in MC38 syngeneic mouse model. Statistical 
significance was determined by Kruskal-Wallis test, followed by Dunn’s multiple comparison test. Statistical significance of tumour growth curve over 
time was determined by two-way analysis of variance. *p<0.05, **p<0.01. ArAT, aromatic amino acid aminotransferase; E.c., E. coli; IAld, indole-3-
carboxaldehyde; ICA, indole-3-carboxylic acid. L.g., L. gallinarum; WT, wild-type; αPD1, anti-PD1.
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of indole metabolites (online supplemental figure 4A). In 
particular, IAld was significantly elevated in stool samples of L. 
gallinarum-treated mice (p<0.05 for BHI; p<0.01 for E. coli) 
(online supplemental figure 4B). These results suggested that L. 
gallinarum secreted tryptophan metabolites, specifically IAld, 
both in vitro and in vivo.

We then constructed an E. coli mutant strain expressing 
aromatic amino acid aminotransferase (ArAT) (E. coli-ArAT), 
which is the key bacteria enzyme for IAld synthesis20 (online 
supplemental figure 4C,D), and gavaged to CT26 tumour-bearing 
mice daily. Compared with wild-type strain, E. coli-ArAT signifi-
cantly improved anti-PD1 efficacy and reduced both tumour 
weight (p<0.01) and tumour volume (p<0.01) (figure 4C–E). 
Consistent with L. gallinarum model, we confirmed the elevated 
IAld level in stools (online supplemental figure 4E), as well as 
the suppression of Treg infiltration (online supplemental figure 
4F) and enhanced effector function of CD8+ T cells in tumour 
tissues of mice after E. coli-ArAT gavage (online supplemental 
figure 4G). These results strongly suggested that bacterial ArAT 
expression/IAld production would be one of the key players 
in modulating antitumour immunity and improving anti-PD1 
efficacy.

Given that the tumours of syngeneic mice were located at their 
dorsal flank which were distant from the intestines, we hypothe-
sised that L. gallinarum-derived metabolites were first produced 
in the gut, then entered the bloodstream and finally reached 
the tumour tissue. However, no significant difference of IAld 
level in serum and tumour tissues was found between groups 
(figure  4F,G), suggesting that IAld may not be the endpoint 
metabolite modulating antitumour immunity. In contrast, 
a significant enrichment of ICA, the downstream metabo-
lite of IAld,21 was observed in serum and tumour tissues of L. 
gallinarum-treated mice, compared with controls (both p<0.05) 
(figure 4F,G). Therefore, we postulated that L. gallinarum first 
produced IAld, the precursor of ICA in the gut, which was then 
converted to ICA in the bloodstream. ICA may be the functional 
metabolite that plays an immunoregulatory role.

L. gallinarum and ICA inhibited tumor IDO1 expression
In our metabolomic panel of tryptophan metabolites (online 
supplemental table S4), apart from elevated ICA level, we also 
observed a decreased Kyn level in both serum (p<0.01 for 
BHI; p<0.05 for E. coli) and tumour tissues (both p<0.01) of 
MC38 syngeneic mice with L. gallinarum treatment, compared 
with controls (figure  5A,B). A reduction of kynurenine-to-
tryptophan (Kyn/Trp) ratio in tumour tissues of L. gallinarum-
treated mice was also identified (p<0.001 for BHI; p<0.05 for 
E. coli) (figure 5C). Kyn is a host-derived metabolite notorious 
for promoting Treg development and immune evasion, and is 
primarily produced by indoleamine 2,3-dioxygenase (IDO) 
through tryptophan conversion.22 Based on these findings, we 
hypothesised that L. gallinarum suppressed IDO expression 
and/or activity in tumours, which subsequently reduced Kyn 
production.

We therefore performed RNA sequencing on tumour 
tissues from MC38 syngeneic mouse model (figure  5D). 
The tryptophan metabolism pathway was significantly 
downregulated in mice with cotreatment of L. gallinarum 
and anti-PD1, compared with BHI plus anti-PD1 and E. 
coli plus anti-PD1 groups (both p<0.05) (figure  5E). To 
validate the sequencing results, we confirmed the reduced 
IDO1 expression in tumour tissues of syngeneic mice by IHC 
staining (p<0.001 for BHI; p<0.01 for E. coli) (figure 5F). 

Consistently, the mRNA expression (online supplemental 
figure 5A) and protein expression (online supplemental 
figure 5B) of IDO1 in tumour tissues of syngeneic mouse 
models was significantly reduced after L. gallinarum treat-
ment. These results suggested that L. gallinarum suppressed 
IDO1 expression and reduced Kyn production in tumour 
tissues.

Given that ICA was identified as the functional metabolite 
of L. gallinarum (figure  4), we postulated that ICA could be 
an IDO1 inhibitor. Indeed, ICA significantly suppressed IDO1 
expression in two human CRC cell lines (HCT116 and LoVo) at 
both mRNA (online supplemental figure 5C) and protein level 
(figure 5G), and this was further confirmed by the reduced Kyn 
in cell lysates using liquid chromatography-mass spectrometry 
(LC-MS) analysis (figure 5H). Taken together, these results indi-
cated that L. gallinarum and ICA inhibited IDO1 expression and 
reduced Kyn production in tumours.

ICA antagonised Kyn-mediated Treg differentiation by 
inhibiting AHR activation
To explore the impact of L. gallinarum-derived metabolites 
on Treg differentiation, we treated naïve CD4+ T cells with 
L. gallinarum culture supernatant, IAld or ICA. However, 
none of these treatments had significant effects on Treg 
differentiation, hinting an indirect effect of ICA on Treg 
differentiation (figure  6A and online supplemental figure 
S6A,B). ICA and other tryptophan metabolites, including 
Kyn, are known to activate AHR,23 whereas AHR activation 
is associated with Treg differentiation and immune escape.24 
Therefore, we hypothesised that ICA may compete with 
Kyn, a host-derived AHR agonist highly enriched in tumour 
tissues,25 and consequently antagonised Kyn-mediated 
AHR activation. We simultaneously treated CD4+ T cells 
with Kyn and ICA. Kyn (50 µM) significantly induced Treg 
differentiation (p<0.0001), while the addition of ICA, at 
a much lower dose (as low as 1.25 µM), antagonised Kyn-
mediated Treg differentiation in a dose-dependent manner 
(figure 6B). We then measured the expression of AHR target 
gene CYP1B1 on CD4+ T cells. ICA alone weakly promoted 
CYP1B1 expression, suggesting ICA as a weak AHR agonist 
(figure  6C). In contrast, Kyn-induced CYP1B1 expression 
was markedly suppressed by the addition of ICA to Kyn. 
The use of CH-233191, an AHR antagonist, also abolished 
both Kyn and ICA effects in mediating Treg differentiation 
(figure 6D). These results therefore revealed that ICA could 
inhibit Kyn-induced AHR activation.

On the other hand, we also examined the effect of ICA and 
Kyn on functions of CD4+ and CD8+ T cells to explore the 
potential of any non-specific effects induced by ICA and/or Kyn. 
We demonstrated that ICA has no effect on the effector function 
of CD8+ T cells (online supplemental figure S6C), Th1 or Th2 
CD4+ T cell polarisation (online supplemental figure S6D,E). 
Kyn has negligible effect of Th1 or Th2 CD4+ T cell differen-
tiation (online supplemental figure S6D,E), while consistent 
with previous literature,26 Kyn suppressed the portion of IFNγ+ 
CD8+ T cells at high dose (200 µM) (online supplemental figure 
6C). Therefore, we confirmed that the effect of ICA and Kyn (at 
low dose, eg, 50 µM) is CD4+ T cell-specific/ Treg-specific.

We then examined how ICA interacts with AHR by in 
silico analysis. Molecular docking analysis showed that ICA 
binds to the ligand-binding domain (LBD) of AHR protein 
and shares a similar binding site with Kyn (figure  6E). 
The binding of ICA on AHR receptor resulted in similar 
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binding energy (−6.654 kcal/mol) as that between Kyn and 
AHR (−6.985 kcal/mol), suggesting a comparable binding 
or conformation stability between ICA and Kyn towards 
AHR. We further examined the ligand–protein interaction 
by surface plasmon resonance (SPR) assay. Both ICA and 
Kyn could bind to AHR, while ICA had a lower dissociation 

constant (KD) (39.4 µM) than Kyn (61.5 µM), indicating a 
higher receptor affinity to AHR (figure  6F). These results 
have therefore suggested the possibility of receptor competi-
tion between the two metabolites.

To explore the kinetic mechanism, we constructed a 
Lineweaver-Burk plot by treating mouse T cells with various 

Figure 5  Lactobacillus gallinarum and ICA inhibited IDO1 expression and Kyn production in tumour. L. gallinarum reduced (A) serum Kyn level, (B) 
tumour Kyn level, (C) Kyn/Trp ratio in tumours in MC38 syngeneic mouse model. (D) RNA sequencing revealed a differential gene expression between 
BHI plus anti-PD1 group versus L. gallinarum plus anti-PD1 group. (E) Enrichment plot of Trp metabolism pathway. (F) Immunohistochemical staining 
of IDO1 in tumour tissues of CT26 syngeneic mouse model. Scale bar=50 µm. (G) ICA (5 µM) significantly inhibited IDO1 expression in HCT116 and 
LoVo cell lines. IFNγ (100 ng/mL) was added 1 day after ICA/DMSO treatment to induce IDO1 expression. (H) ICA (5 µM) reduced Kyn level in HCT116 
and LoVo cell lysates, as detected by Liquid chromatography-mass spectrometry, after normalisation of protein concentration. IFNγ (100 ng/mL) 
was added to induce IDO1 expression. Statistical significance was determined by Kruskal-Wallis test, followed by Dunn’s multiple comparison test. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. E.c., E. coli; ICA, indole-3-carboxylic acid; IDO1, indoleamine 2,3-dioxygenase; Kyn, kynurenine; L.g., 
L. gallinarum; Trp, tryptophan.
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Figure 6  ICA outcompeted Kyn and inhibited Kyn-mediated AHR activation on CD4+T cells. (A) ICA did not directly affect Treg differentiation in 
vitro. (B) Effect of ICA and Kyn (50 µM) on Foxp3+Treg differentiation. ICA antagonised Kyn-mediated Treg differentiation in a dose-dependent manner. 
(C) CYP1B1 expression of CD4+T cells treated with different doses of ICA and Kyn (50 µM). ICA significantly inhibited Kyn-mediated upregulation 
of CYP1B1 expression. (D) CH-233191 (AHR antagonist) (10 µM) abolished the effect of ICA and Kyn. (E) Molecular docking analysis of ICA and 
Kyn on LBD of human AHR protein. ICA bound to the LBD of AHR protein with a binding energy of −6.654 kcal/mol. Kyn bound to the LBD of AHR 
protein with a binding energy of −6.985 kcal/mol. (F) SPR assay of ICA and Kyn on human AHR protein. ICA has a higher receptor affinity to AHR 
compared with Kyn (KD: 39.4 µM vs 61.5 µM). (G) Lineweaver-Burk plot was constructed by treating mouse T cells with various dosages of ICA and 
Kyn. Reaction velocity (V) is defined as the relative change of CYP1B1 expression per day. Statistical significance was determined by Kruskal-Walli 
test, followed by Dunn’s multiple comparison test. ***p<0.001, ****p<0.0001. AHR, aryl hydrocarbon receptor; ICA, indole-3-carboxylic acid; KD, 
dissociation constant; Kyn, kynurenine; LBD, ligand-binding domain; SPR, surface plasmon resonance.
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doses of ICA and Kyn27 28 (figure  6G). The increase of 
x-intercept (defined as −1/Km, whereas Km stands for the 
Michaelis constant) indicated an increase in Km and there-
fore the presence of competitive inhibition. Nevertheless, we 
note that the antagonising activity of Kyn is a mixed mode of 
inhibition that both competitive and non-competitive inhibi-
tion existed—this was evidenced by the increase of y-inter-
cept (defined as 1/Vmax, where Vmax stands for the limiting 
rate of the system), suggesting the decrease of Vmax and 
the presence of non-competitive inhibition. Taken together, 
we confirmed that ICA inhibited AHR activation at least 
partially as a competitive AHR inhibitor. Cumulatively, ICA 

directly bound to AHR receptor on CD4+ T cells, thereby 
antagonising Kyn-mediated AHR activation and subsequent 
Treg differentiation.

ICA phenocopied L. gallinarum effect in vivo, and was 
reversed by Kyn supplementation
To confirm the effect of ICA in modulating antitumour immunity, 
we established a CT26 syngeneic mouse model with daily gavage 
of ICA with or without anti-PD1. ICA significantly promoted 
anti-PD1 efficacy and phenocopied the effect of L. gallinarum, 
as evidenced by the reduced tumour weight and tumour volume 

Figure 7  ICA improved anti-PD1 efficacy and was rescued by Kyn supplementation. ICA in combination with anti-PD1 impeded tumour growth, 
as evidenced by (A) representative tumour picture, (B) tumour weight and (C) tumour volume in CT26 syngeneic mouse model. (D) ICA reduced 
Foxp3+ CD25+ infiltration in tumour tissues, which was reversed by Kyn supplementation. (E) ICA increased the proportion of IFNγ+ CD8+ T cells in 
tumour tissues, which was reversed by Kyn supplementation. (F) ICA reduced Kyn level in serum and tumour tissues, and decreased Kyn/Trp ratio 
in tumour tissues, which was reversed by Kyn supplementation. (G) Immunohistochemistry staining revealed that ICA reduced IDO1 expression in 
tumour tissues. Scale bar=50 µm. (H) Schematic diagram outlining the mechanistic pathway of how L. gallinarum improved anti-PD1 efficacy in 
colorectal cancer. Statistical significance was determined by Mann-Whitney U test or Kruskal-Wallis test, followed by Dunn’s multiple comparison test, 
where appropriate. Statistical significance of tumour growth curve over time was determined by two-way analysis of variance. *p<0.05, **p<0.01, 
****p<0.0001. ICA, indole-3-carboxylic acid; Kyn, kynurenine; Tregs, regulatory T cells; Trp, tryptophan; αPD1, anti-PD1.
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compared with vehicle control, while Kyn supplementation 
reversed the effect of ICA (figure 7A–C). Oral gavage of ICA 
resulted in a significant increase of ICA level in stools, serum and 
tumour tissues, confirming the enrichment of ICA in vivo after 
oral administration (online supplemental figure 7A). We then 
further confirmed the effect of ICA and Kyn in an AOM/DSS-
induced CRC model and demonstrated that ICA significantly 
improved therapeutic efficacy of anti-PD1 and induced tumour 
shrinkage, as evidenced by the colonoscopy and representative 
colon images (online supplemental figure 7B,C), as well as the 
remarkable reduction in tumour number (online supplemental 
figure S7D), tumour load (online supplemental figure S7E) and 
number of large tumours (≥2 mm) (online supplemental figure 
S7F), which was antagonised by Kyn supplementation.

Consistent with the results of L. gallinarum-treated mice 
(figure 2), ICA significantly reduced Treg infiltration (figure 7D) 
and increased IFNγ+CD8+ T cells (figure 7E) in tumour tissues, 
which was also reversed by Kyn supplementation. ICA treatment 
also reduced Kyn level in serum and tumour tissues, as well as 
the Kyn/Trp ratio in tumours (figure 7F). IHC staining further 
confirmed the reduced IDO1 expression in ICA-treated tumour 
tissues (p<0.01) (figure 7G), which further corroborated with 
our hypothesis that L. gallinarum or ICA modulated antitumor 
immunity through modulating the IDO1/Kyn axis.

To validate the mechanistic importance of AHR signalling in 
ICA-mediated effects, we next established a MC38 syngeneic 
mouse model and treated the mice with CH-223191 (AHR 
antagonist). Consistent with CT26 model, ICA improved anti-
PD1 efficacy in MC38 syngeneic mouse model, as evidenced 
by the reduced tumour weight (p<0.01) (online supplemental 
figure 7G) and tumour volume (p<0.05) (online supplemental 
figure 7H). The use of CH-223191 abolished the effect of ICA 
promoting anti-PD1 efficacy (figure 7G,H), suggesting that ICA 
improved anti-PD1 response by inhibiting AHR activation. Flow 
cytometric analysis confirmed a reduction of Foxp3+ CD25+ 
Tregs and an increase of IFNγ+ CD8+ T cells, which were both 
abolished after CH-223191 treatment (online supplemental 
figure 7I, J).

Collectively, our results demonstrated that L. gallinarum and 
its derived ICA improved anti-PD1 therapy in a two-fold mech-
anism: (1) inhibiting IDO1 expression and Kyn production, and 
(2) inhibiting Kyn binding on AHR through receptor competi-
tion (figure 7H).

DISCUSSION
In this study, we reported that L. gallinarum supplementation 
sensitised mice to anti-PD1 therapy in both syngeneic and CRC 
tumourigenesis mouse models. Our results illustrated a novel 
metabolic mechanism of how a probiotic species modulated 
antitumour immunity and improved ICB response. Particularly, 
we identified ICA, a tryptophan metabolite secreted by L. galli-
narum, as the key player in remodelling TME through modu-
lating the IDO1/Kyn/AHR metabolic axis.

We first demonstrated that L. gallinarum significantly 
augmented anti-PD1 efficacy and induced a remarkable tumour 
shrinkage. Accumulating evidence suggested that gut microbiota 
composition shapes the outcome of cancer immunotherapy, 
while microbiota modulation arises as a promising approach to 
improve ICB response. We revealed that L. gallinarum reduced 
Foxp3+CD25+ Treg infiltration in TME and enhanced effector 
function of CD8+ T cells when combined with anti-PD1, indi-
cating the strengthened antitumour immunity. Notably, L. galli-
narum was effective in improving anti-PD1 efficacy in CT26 

syngeneic mouse model, an MSI-low model known to have 
minimal response to immunotherapy. Treg recruitment and infil-
tration is one of the key mechanisms accounting for ICB resis-
tance, which contributed to the immunosuppressive TME and 
prevented the cytotoxic activities of effector T cells.29 Mean-
while, to better mimic human CRC development, we established 
a carcinogen AOM/DSS-induced CRC mouse model and revealed 
that L. gallinarum also significantly improved anti-PD1 therapy 
with a marked reduction of tumour growth. In supporting our 
identification, a recent study reported that probiotic Lactoba-
cillus acidophilus improved ICB efficacy by reducing intra-
tumoural Treg and enhancing effector CD8+ T cells.30 Taken 
together, our results from different mouse models suggested an 
immense translational potential of leveraging probiotic L. galli-
narum in reshaping the immunosuppressive TME and reversing 
ICB resistance in clinical practice.

Through metabolomic profiling and biological validation, we 
identified ICA as the functional immunomodulatory component 
that improved anti-PD1 therapy. We initially focused on IAld, 
given its enrichment in L. gallinarum culture supernatant and stool 
samples of L. gallinarum-treated mice. However, metabolomic 
analysis revealed no significant difference in serum IAld level. 
Instead, a significant enrichment of ICA, the downstream metab-
olite of IAld, was observed between L. gallinarum and control 
groups. Therefore, we reasoned that L. gallinarum first produced 
IAld, which was converted to ICA after entering the bloodstream, 
and ICA functioned as the endpoint metabolite that modulated 
antitumour immunity. The indole pathway in host and bacteria 
is known to be a highly dynamic process, which is characterised 
by rapid biotransformation and biodegradation of various indole 
metabolites in vivo. While ICA is reported to be a direct down-
stream metabolite of IAld,21 and the conversion from IAld to ICA 
only involves a single oxidation step, we therefore posited that the 
conversion could be driven by the cytochrome P450 enzymes in 
the liver,31 which have been reported to engage in biotransforma-
tion of indole metabolites in vivo.32 Meanwhile, taking accounting 
into the key role of gut microbiota in tryptophan and indole 
metabolism, other gut commensal bacteria may also be potential 
candidates responsible for the IAld conversion.31 To this end, we 
strongly believe that such IAld-to-ICA conversion was physiolog-
ically plausible, given the simplicity of conversion step, as well as 
the documented presence of host/bacterial catalysts.

Mechanistically, we revealed that L. gallinarum and its 
derived ICA regulated the host tryptophan metabolism pathway 
and inhibited IDO1 expression in tumour tissues, leading to a 
reduced production of Kyn, a host-derived metabolite contrib-
uting to tumour progression, immune escape and Treg develop-
ment.25 The conversion of tryptophan to Kyn is regulated by 
IDO1, which is highly expressed in multiple human cancers and 
has been an attractive pharmaceutical target.33 In line with our 
observations, several studies have reported the role of probiotics 
in inhibiting IDO1 expression and lowering Kyn concentra-
tion in vivo.34 35 Kyn/Trp ratio is also known to be a prognosis 
marker predicting ICB response.36 Here we reported an effector 
mechanism of how the gut microbiota modulated ICB response 
through host-bacteria metabolic crosstalk. In general, tryptophan 
metabolism involves three major pathways which are modu-
lated by host, epithelial/immune cells and enterochromaffin 
cells, respectively,37 while modulation of one of these metabolic 
pathways profoundly disturb the others.38 Collectively, our 
results suggested that L. gallinarum and its derived ICA, exert 
the immunomodulatory effect, at least in part, by modulating 
the host tryptophan metabolism pathway and inhibiting Kyn 
production in TME.
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Apart from interfering with the upstream IDO1 enzyme, we 
also reported a downstream mechanism involving a receptor 
competition between ICA and Kyn for the binding site of AHR 
on T cells, which subsequently inhibited Treg differentiation. 
We found that L. gallinarum-derived ICA or IAld had insig-
nificant immunomodulatory effects on Treg differentiation, 
suggesting that ICA improved ICB response through an indirect 
manner. Indeed, our results confirmed that ICA could suppress 
Kyn-mediated Treg differentiation through an AHR-dependent 
manner. Tryptophan metabolites including both indoles and Kyn 
are widely reported as AHR-binding ligands.39 Several studies 
reported the antagonistic activity of indole metabolites—while 
indole metabolites alone function as a weak AHR agonist, 
they also exhibited antagonistic activity and inhibited agonist-
induced AHR activation.23 AHR agonists or indole metabolites 
are known to play a pleiotropic role in cancer. For instance, 
although AHR agonists could alleviate colonic inflammation and 
thus potentially prevent colitis-associated CRC,40 41 they may in 
turn promote immune evasion in TME in established cancer.42 43 
Lactobacillus-derived indole metabolites were recently reported 
to drive immunosuppression by activating AHR on tumour-
associated macrophages to promote tumour progression.43 In our 
study, we demonstrated a competitive nature between host- and 
microbiota-derived AHR ligands, showing that L. gallinarum-
derived ICA (a weak AHR agonist) outcompeted Kyn and inhib-
ited Kyn-mediated AHR activation. In fact, the use of partial 
agonist is not a rare concept in drug development. Several drug 
classes in clinical use today, such as opioids (for chronic pain 
relief)44 and beta-blockers (for treating cardiovascular disease),45 
also include members with partial agonistic activity. Compared 
with pure antagonists, partial agonists also prevent full receptor 
activation, but at the same time maintain physiological homeo-
stasis. Our results collectively suggested that gut microbiota-
derived AHR ligands function as a partial AHR agonist and a 
competitive AHR inhibitor, which suppress AHR activation in 
TME under the presence of host-derived AHR ligands.

Of note, one of the limitations of this study is the potential 
gap between our in vitro and in vivo findings. We noticed a 
discrepancy of ICA dose in our in vitro investigations and in 
vivo metabolomic analysis—although we observed consistent 
pharmacodynamic changes including reduced Treg infiltration, 
reduced Kyn level and inhibited IDO1 expression after ICA or L. 
gallinarum gavage, we cannot exclude the possibility that other 
molecular mechanisms may underlie the animal phenotype. To 
address this concern, further pharmacokinetic investigations, 
including the absorption, distribution, metabolism and excretion 
properties of ICA and other metabolites, may be warranted.

In conclusion, we demonstrated that L. gallinarum and its 
derived ICA could improve anti-PD1 efficacy in CRC. Such 
actions are associated with the inhibition of IDO1/Kyn meta-
bolic circuit, as well as the antagonism of Kyn binding to AHR 
receptors on T cells to inhibit Treg differentiation (figure 7H). 
Altogether, our results describe a novel mechanism underlining 
the host-microbiota metabolic crosstalk and highlight the trans-
lational potential of leveraging L. gallinarum as an adjuvant 
therapy to improve ICB response in patients with CRC.
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