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ABSTRACT
Objective Our goals were to evaluate the antitumour 
efficacy of Lactobacillus rhamnosus GG (LGG) in 
combination with immune checkpoint blockade (ICB) 
immunotherapies on tumour growth and to investigate 
the underlying mechanisms.
Design We used murine models of colorectal cancer 
and melanoma to evaluate whether oral administration of 
LGG improves the efficacy of ICB therapies. We performed 
the whole genome shotgun metagenome sequencing 
of intestinal contents and RNA sequencing of dendritic 
cells (DCs). In a series of in vitro and in vivo experiments, 
we further defined the immunological and molecular 
mechanisms of LGG- mediated antitumour immunity.
Results We demonstrate that oral administration of 
live LGG augmented the antitumour activity of anti- 
programmed cell death 1 (PD-1) immunotherapy by 
increasing tumour- infiltrating DCs and T cells. Moreover, 
the combination treatment shifted the gut microbial 
community towards enrichment in Lactobacillus murinus 
and Bacteroides uniformis, that are known to increase DC 
activation and CD8+tumour recruitment. Mechanistically, 
treatment with live LGG alone or in combination with anti- 
PD-1 antibody triggered type I interferon (IFN) production 
in DCs, enhancing the cross- priming of antitumour CD8+ T 
cells. In DCs, cyclic GMP- AMP synthase (cGAS)/stimulator 
of IFN genes (STING) was required for IFN-β induction in 
response to LGG, as evidenced by the significant decrease 
in IFN-β levels in cGAS or STING- deficient DCs. LGG induces 
IFN-β production via the cGAS/STING/TANK binding kinase 
1/interferon regulatory factor 7 axis in DCs.
Conclusion Our findings have offered valuable insight 
into the molecular mechanisms of live LGG- mediated 
antitumour immunity and establish an empirical basis 
for developing oral administration of live LGG as a 
combination agent with ICB for cancer therapies.

INTRODUCTION
Cancer immunotherapies, such as use of immune 
checkpoint blockade (ICB), have led to remarkable 
advances in the treatment of a wide range of cancers, 
including many with historically poor responses to 
conventional therapy.1 Either alone or in combina-
tion, these strategies are centred on the blockade 
of immune inhibitory receptors, such as cytotoxic 
T- lymphocyte associated protein 4 (CTLA4), 
programmed cell death 1 (PD-1), programmed cell 
death- ligand 1 (PD- L1) and T cell immunoglobulin 

domain and mucin domain-3 (TIM-3).2–4 While 
most patients who respond to ICB agents maintain 
long- lasting disease control, one- third of patients 
relapse.5 It is anticipated that new- generation of 
combinatorial therapies will be required to improve 
the response to ICB therapies and efficiently treat a 
larger proportion of patients with cancer.6 7

Significance of this study

What is already known on this subject?
 ► Lactobacillus rhamnosus GG (LGG) is one of the 
most well characterised and used probiotics.

 ► LGG has been reported to increase 
inflammatory cytokine secretion levels by 
dendritic cells (DCs).

What are the new findings?
 ► LGG synergised with immune checkpoint 
blockade (ICB) agents to improve the 
antitumour responses in murine cancer models.

 ► Oral administration of live LGG augmented the 
antitumour activity of anti- programmed cell 
death 1 (PD-1) immunotherapy by increasing 
tumour- infiltrating DCs and T cells.

 ► LGG triggered type I interferon (IFN) production 
in DCs, enhancing the cross- priming of 
antitumour CD8+ T cells.

 ► Mechanistically, LGG induced IFN-β production 
via the cyclic GMP- AMP synthase/stimulator 
of IFN genes/TANK binding kinase 1/Interferon 
regulatory factor 7 axis in DCs.

 ► Combination treatment with LGG and anti- 
PD-1 shifted the gut microbial community 
towards enrichment in Lactobacillus murinus 
and Bacteroides uniformis, that are known 
to increase DC activation and CD8+ tumour 
recruitment.

How might it impact on clinical practice in the 
foreseeable future?

 ► These findings define the molecular 
mechanisms of live LGG- mediated antitumour 
immunity, which is beneficial to ongoing 
clinical trials.

 ► These findings suggest that LGG can be used 
as a combination agent with ICB for cancer 
treatment.
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Several studies have reported that oral administration of 
specific commensal bacteria in combination with anti- PD-1/
PD- L1 antibodies can nearly abolish tumour growth.8 9 Lacto-
bacillus rhamnosus GG (LGG) is one of the most well charac-
terised and used probiotics.10 LGG, a part of the natural human 
commensal microflora, has exhibited possible benefits for the 
prevention of ulcerative colitis and moderation of diarrhoea.11 
Importantly, LGG has also been suggested to modulate the 
inflammatory state during cancer development and transforma-
tion.12 13 For instance, administration of LGG in a hepatocel-
lular carcinoma mouse model has been shown to impair tumour 
progression.14 Despite studies testing the usefulness of LGG in 
cancer treatment, it remains unknown whether LGG can syner-
gize with ICB, such as anti- PD-1/PD- L1 monoclonal antibody to 
improve the antitumour responses.

Commensal probiotics interact with the host mucosal system, 
affecting systemic immunity.15 LGG has been reported to 
increase inflammatory cytokine secretion levels by dendritic cells 
(DCs), macrophages and monocytes, suggesting that their acti-
vation relies on increase of cytokine secretion.16 17 However, the 
molecular mechanisms for LGG’s antitumour immune activity 
are still unclear. Several other gram- positive bacteria were shown 
to induce type I interferon (IFN) through activation of the cyclic 
GMP- AMP synthase (cGAS)–stimulator of IFN genes (STING) 
axis.18 19 In this signalling cascade, cGAS acts as a secondary 
messenger to activate the endoplasmic reticulum- localised 
protein stimulator of IFN genes (STING); activated STING then 
proceeds to recruit TANK binding kinase 1 (TBK1) to phosphor-
ylate the IFN regulatory factor, ultimately leading to type I IFN 
production. Through this manner, the cGAS- STING pathway 
plays a critical role in antitumour immunity by regulating type 
I IFN expression.20 Motivated by these emerging insights, we 
hypothesised that LGG might induce type I IFN production to 
promote innate immune responses against the tumour.

In this study, we evaluated the antitumour efficacy of LGG 
in combination with anti- PD-1, anti- PD- L1 or anti- TIM-3 
immunotherapy on tumour growth using murine cancer models 
and investigated the underlying mechanisms. We found that 
combination with oral administration of live LGG markedly 
suppressed tumour growth. Mechanistically, administration of 
either live LGG or combination treatment with anti- PD-1 anti-
body increased the population and antitumour function of DCs, 
thereby promoting recruitment of activated CD8+ T cells to the 
tumour microenvironment. We also report a direct mechanism 
by which LGG induces type I IFN-β production through a cGAS/
STING/TBK1/interferon regulatory factor 7 (IRF7)- dependent 
signal pathway.

METHODS
In vivo animal studies
All mice were housed and used according to the animal exper-
imental guidelines set by the Institute of Animal Care and Use 
Committee of The University of Chicago. All animals were 
maintained in pathogen- free conditions and cared for in accor-
dance with the International Association for Assessment and 
Accreditation of Laboratory Animal Care policies and certifica-
tion. Cgas−/−, Sting−/−, Stingf/f, Rag1−/− and Ifnar−/− mice were 
purchased from Jackson Laboratory.

Tumour growth and treatments
MC38 cells (1×106) or B16F10 cells (2×105) were subcutane-
ously injected in the right flank of mice. Mice were pooled and 
randomly divided into different groups when the tumour reached 

a volume of approximately 100 mm3. IgG isotype control anti-
body, anti- PD-1 antibody, anit- PD- L1 antibody or anti- TIM-3 
(200 µg per mouse) were injected intraperitoneally two times 
each week. LGG was orally administered twice 1 week. Tumours 
were measured two times a week for 3–4 weeks. Animals were 
euthanised when the tumour volume reached 2000 mm3. For 
CD8+ T cell depletion experiments, 200 µg of anti- CD8α anti-
body were delivered by intraperitoneal injection, 1 day before 
other treatments. For type I IFN blockade experiments, 200 µg 
of anti- IFNAR1 mAb were intraperitoneally injected 1 day 
before other treatments. For in vivo DC depletion, reduction 
of DCs was achieved by intraperitoneal injection of diphtheria 
toxin (DT) (50 ng) in CD11c- DTR transgenic mice, 24 hours 
prior to other treatments.

Statistical analysis
To estimate the statistical significance of differences between 
two groups, we used an unpaired Student’s t- tests to calculate 
two- tailed p values. A two- way analysis of variance (ANOVA) 
was performed when more than two groups were compared. 
Survival analysis was performed using Kaplan- Meier curves and 
evaluated with log- rank Mantel- Cox tests. Error bars indicate 
the SEM unless otherwise noted. P values are labelled in the 
figures. P values were denoted as follows: *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Statistical analyses were performed 
by using GraphPad Prism (V.7.0).

RESULTS
Oral administration of live LGG improves the response to 
anti-PD-1 in murine melanoma and colon cancer models
Oral supplementation of commensal bacteria has attracted 
attention recently for its potential to modulate the antitumour 
response following ICB immunotherapy.9 To evaluate whether 
oral administration of LGG actually improves the efficacy of 
ICB therapies, we treated MC38 tumour bearing mice with live 
LGG either alone or in combination with anti- PD-1 antibody. 
The LGG+anti- PD-1 (combination treatment) markedly inhib-
ited tumour growth compared with either single agent alone, 
assessed by both tumour size and survival (figure 1A,B). To 
determine whether oral administration of live LGG enhances 
the response to other checkpoint blockade strategies, we also 
tested the combination of LGG with anti- PD- L1 antibody or 
anti- TIM-3 antibody. Mice treated with the combination of LGG 
and anti- PD- L1 or anti- TIM-3 displayed a comparable inhibition 
of tumour growth (online supplemental figure S1A,B). Due to 
its known primary resistance to ICB, the B16 melanoma tumour 
bearing mice were also evaluated with the combination treat-
ment. The combination treatment significantly reduced tumour 
volume and prolonged mouse survival compared with any 
single treatment, although no such benefits were observed for 
mice treated with anti- PD-1 monotherapy (figure 1C,D). These 
results suggest that LGG can augment the antitumour responses 
following ICB.

It was noted that LGG monotherapy significantly suppressed 
the growth of both MC38 and B16 tumours (figure 1A,C, 
p=0.0283 and p=0.0235, respectively). These results are 
consistent with the published literature showing that LGG 
alone reduced the growth of liver tumours in mice.14 We thus 
examined whether LGG can directly affect tumour cell survival 
using a colony formation assay with MC38 cells in vitro. LGG 
had no direct effect on the proliferation of tumour cells (online 
supplemental figure S1C). Taken together, these results suggest 
that LGG directly induces antitumour immunity. Recent findings 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2020-323426 on 8 M

arch 2021. D
ow

nloaded from
 

https://dx.doi.org/10.1136/gutjnl-2020-323426
https://dx.doi.org/10.1136/gutjnl-2020-323426
https://dx.doi.org/10.1136/gutjnl-2020-323426
http://gut.bmj.com/


3Si W, et al. Gut 2021;0:1–13. doi:10.1136/gutjnl-2020-323426

Gut immunity

have demonstrated that inactivated LGG can influence immune 
regulation.21 However, gavaging the same dose of heat- killed 
LGG in this study failed to improve the response to anti- PD-1 
antibody treatment in MC38 tumour bearing mice (figure 1E). 
These results reveal that oral delivery of live LGG, but not inac-
tivated LGG, was required to facilitate the therapeutic effects of 
anti- PD-1 antibody.

It has been reported that several gut- derived microorganisms 
were detected and colonised inside human colorectal cancer22 
and intratumoural injection of probiotics can enhance the antitu-
mour immunity.23 Notably, intratumoural administration of live 
LGG in mice bearing MC38 tumours in this study was unable 
to control tumour growth and did not influence the response 
to anti- PD-1 immunotherapy (figure 1F). To further confirm 
whether LGG colonises in the tumour after systemic adminis-
tration, we used a selective culture plate (de Man, Rogosa and 
Sharpe agar (MRS)) to detect LGG bacterial load in the MC38 
tumour tissue after two doses of oral administration of live LGG 

(2.0×109 CFU/mouse). LGG were nearly undetectable in the 
tumour tissue (online supplemental figure S1D). These results 
indicate that oral administration of LGG was able to induce anti-
tumour immunity and enhance the antitumour effects of ICB 
without localising in tumours.

Combination treatment with LGG and anti-PD-1 antibody 
modifies the composition of gut microbiota
Given that differential composition of gut microbiome has been 
reported to modulate response to cancer immunotherapy,9 24 we 
investigated whether the combination treatment modulates the 
gut microbiota. Whole genome shotgun metagenome sequencing 
was performed to define the microbiome profiles of MC38 
tumour bearing mice. Unconstrained principal coordinate anal-
ysis of Bray- Curtis and Jaccard distance were carried out to assess 
the effect of LGG or anti- PD-1 treatment on microbial commu-
nity assembly. We used permutational ANOVA (PERMANOVA), 

Figure 1 Oral administration of live Lactobacillus rhamnosus GG (LGG) improves the response to anti- programmed cell death 1 (PD-1) in melanoma 
and colon cancer mouse models. (A–F) C57BL/6 mice were subcutaneously inoculated with MC38 cells (A, B, E and F) or B16F10 cells (C and D). 
When tumour volumes reached approximately 100 mm3, tumours received respective treatments as indicated. (A) Tumour volume of MC38 tumour 
bearing- mice treated with IgG control antibody, anti- PD-1 antibody, oral administration of live LGG (2×109 CFU) or combined LGG and anti- PD-1 
antibody (n=5). (B) Survival curves for each treatment group in (A); log- rank (Mantel- Cox) test survival comparison. (C) Tumour volumes of B16 
tumour bearing- mice treated with IgG control antibody, anti- PD-1 antibody, oral administration of live LGG or combined LGG and anti- PD-1 antibody 
(n=4). (D) Survival curves for each treatment group as (C); log- rank (Mantel- Cox) test survival comparison (B and D). *p<0.05; ****p<0.0001. (E) 
Tumour volume of MC38 tumour bearing- mice treated with IgG control antibody, anti- PD-1 antibody, oral administration of heated- LGG or combined 
heated- LGG and anti- PD-1 antibody (n=5). (F) Tumour volumes of MC38 tumour bearing- mice treated with IgG control antibody, anti- PD-1 antibody, 
intratumoural of live LGG (2×107 CFU) or combined intratumoural of live LGG and anti- PD-1 antibody (n=5). Tumour volumes were measured and 
plotted individually. (A, C, E and F) Data are expressed as mean±SEM Tumour volume results were analysed by using two- way analysis of variance; 
*p<0.05; **p<0.01; ****p<0.0001.
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nested on cage to correct for possible contributions that may 
arise from co- housed mice in the same cage,25 26 to compare 
overall microbial community composition. Bray- Curtis distances 
indicated that the largest source of variation in the intestinal 
microbiota was proximity to LGG treatment in our experiments, 
while anti- PD-1 treatment displayed a smaller but still signifi-
cant association with the structure of the microbial community 
(figure 2A). The intestinal microbiota of mice with anti- PD-1 
treatment formed two clusters, which separated along the first 
coordinate axis indicating it was the LGG shifting the gut micro-
biota community (figure 2A and online supplemental figure S2A). 
We also observed that changes in microbiota after LGG or/and 
anti- PD-1 treatment were not influenced by cage effects. Next, 
we examined the taxonomic alpha diversity (Shannon, bacterial 
richness and Simpson index) within each sample. However, no 
changes were found among these groups (figure 2B and online 
supplemental figure S2B,C).

The taxonomy profiles at the phylum level revealed that the 
gut microbiota community in the mice treated with LGG (either 
LGG monotherapy or the combination treatment) was domi-
nated by Firmicutes and Bacteroidetes, whereas Firmicutes and 
Verrucomicrobia were the most abundant bacteria among the 
other treatment groups (figure 2C,D). Bacteroidetes and Firmic-
utes are typically enriched in the intestinal microbiota of healthy 
humans, whereas Verrucomicrobia is enriched in the gut of 
patients with pancreatic cancer.27 This consensus shift towards 
decreased Verrucomicrobia and increased Bacteroidetes in combi-
nation treatment group suggests the rebalanced gut microbiota 
to a healthier status. Hierarchical clustering based on the relative 
abundance of different orders showed that Bacteroidales, listed 
in top five most abundant orders in all four groups, was enriched 
in both LGG monotherapy and the combination treatment 
(online supplemental figure S2D). Moreover, it was significantly 
more abundant in the combination treatment relative to the anti- 
PD-1 monotherapy group (p<0.05) (online supplemental figure 
S2E). Thus, the combination treatment with LGG and anti- PD-1 
antibody appear to influence the microbial community.

We also identified all the significantly enriched species 
according to their taxonomy using Manhattan plots. Compared 
with the control or anti- PD-1 monotherapy group, the enriched 
species in the combination treatment group belonged to a wide 
range of phyla, including Bacteroidetes, Actinobacteria, Proteo-
bacteria, Cyanobacteria (false discovery rate (FDR) adjusted 
p<0.05, figure 2E,G). The combination treatment enriched the 
species belonged to Proteobacteria in contrast with the LGG 
monotherapy group (FDR adjusted p<0.05, figure 2F). To 
further confirm these, we also performed high- dimensional class 
comparisons using LefSe linear discriminant analysis to demon-
strate the differentially abundant microbes. Among the enriched 
species, we noticed that Lactobacillus murinus and Bacteroides 
uniformis were enriched in the LGG treatment (online supple-
mental figure S2F). It has been reported that L. murinus is asso-
ciated with the activation of murine intestinal DCs28 and B. 
uniformis is positively correlated with the frequency of IFN-γ+ 
CD8+ T cells in mesenteric lymph nodes (MLN) in mice, and 
therefore can trigger antitumour immunity.29 Collectively, LGG 
treatment enriches microbiota associated with antitumour 
immune activation.

Combination treatment with LGG and anti-PD-1 antibody 
promotes activation of cytotoxic CD8+ T cells
We next aimed to dissect how the combination treatment affects 
T cell responses and alters the tumour microenvironment. To 

determine whether antitumour effects of LGG depend on a T 
cell response, we administered LGG to Rag1−/− mice bearing 
MC38 tumours. Notably, LGG either alone or in combination 
with anti- PD-1 antibody failed to slow tumour progression 
(figure 3A). We next examined whether the antitumour activity 
of live LGG or combination treatment requires CD8+ T cells 
by depleting CD8+ T cell using depletion antibody. The antitu-
mour effect of LGG or combination treatment was abrogated in 
the absence of CD8+ T cells (figure 3B). These findings indicate 
that the therapeutic efficacy of combination treatment or LGG 
monotherapy depended on CD8+ T cells.

To further determine the underlying immunological mech-
anism of LGG- mediated T cell immunity, we measured the 
abundance of CD8+ T cell populations by flow cytometry 
(fluorescence- activated cell sorting (FACS)). Compared with 
anti- PD-1 monotherapy, the combination treatment signifi-
cantly increased the numbers of tumour infiltrating CD8+ T 
cells (figure 3C, p=0.0006). Moreover, LGG alone also mark-
edly increased the CD8+ T cells compared with the isotype 
control antibody treatment (figure 3C, p=0.0027). We then 
examined the effector function of CD8+ T cells by intracel-
lular IFN-γ staining and observed an increased percentage of 
IFNγ+CD8+ T cells in MC38 tumours treated with the combi-
nation treatment (figure 3D). ELISPOT assays for the IFN-γ 
secreting capacity of CD8+ T cells derived from the draining 
lymph nodes (DLN) of MC38 tumour- bearing mice showed that 
both LGG monotherapy and the combination treatment signifi-
cantly increased IFN-γ production (figure 3E, p=0.0207 and 
p=0.0011, respectively). Consistently, the percentages of CD8+ 
and IFN-γ+ CD8+ T cells in DLN were also increased after LGG 
treatment (figure 3F). Similarly, cytokine analysis of MC38 
tumours revealed increased levels of IFN-γ and tumour necrosis 
factor (TNF)-α (figure 3G), consistent with an enhanced cyto-
toxic function of CD8+ T cells.30 31 We also observed increased 
levels of CCL4 and CCL5, mainly produced by effector CD8+ 
T cells,32 in LGG or LGG+anti- PD-1 treated tumours (online 
supplemental figure S3A,B).

Because IFN-γ+ CD8+ T cells are known to promote clearance 
of intracellular pathogens,33 34 we sought to examine whether 
high systemic levels of IFN-γ+ CD8+ T cells, induced by oral 
administration of LGG, could augment host protective immunity 
against infection of Salmonella typhimurium, which can colo-
nise the gut, invade intestinal tissues and cause enterocolitis.35 
Feeding mice with live LGG prior to oral administration of S. 
typhimurium enhanced S. typhimurium clearance, as evidenced 
by markedly reduced weight and intestinal tract length losses 
(figure 3H and online supplemental figure S3C). Collectively, 
these findings indicate that oral administration of live LGG acti-
vates cytotoxic function of CD8+ T cells systemically.

Given that Th1 cells (CD4+ IFN-γ+) play a key role in acti-
vating CD8+ T cells,36 we also detected the tumour infiltrating 
CD4+ T cells in MC38 tumours. FACS results revealed a signifi-
cant increase in the infiltration of Th1 cells in mice treated with 
either LGG or combination treatment (figure S3D). In order 
to further confirm the activation of effector CD4+ T cells, we 
measured the Th1- associated cytokines in MC38 tumours and 
observed an increase in levels of interleukin (IL)-6 and IFN-γ 
(online supplemental figure S3E and figure 3G). To determine 
whether LGG directly stimulates CD8+ T cells in vitro, we 
cocultured purified CD8+ T cells from OT- I mice with LGG. 
The IFN-γ production in CD8+ T cells treated with LGG is 
similar to that without treatment (online supplemental figure 
S3F, p>0.05), suggesting that LGG alone was insufficient to 
stimulate CD8+ T cells. We therefore hypothesised that the 
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Figure 2 Combination treatment with Lactobacillus rhamnosus GG (LGG) and anti- programmedcell death 1 (PD-1) antibody modulates the 
composition of gut microbiota. (A) Unconstrained principal coordinate analysis (PCoA) (for principal coordinates PCo1 and PCo2) with Bray- 
Curtis distance, with permutational analysis of variance (PERMANOVA) p values nested on cage. The distribution of the first two most informative 
coordinates was performed in the corresponding marginal box plot. Red and blue dot represent without/with LGG treatment, respectively. Mixed 
linear model was tested for the first two coordinates of PCoA with Bray- Curtis distance (explaining 60.8% of the variance), evaluating the null 
hypothesis that the fixed effects LGG, anti- PD-1 and LGG×anti- PD-1 interactions had no effect on the coordinates. Significance was assessed using 
type III ANOVA with F tests for fixed effects. All p values were adjusted by using the Benjamini and Hochberg methods. *p<0.05; **p<0.01. (B) 
Shannon index of the intestinal microbiota from the indicated treatment groups. Statistics described the mixed linear model of Shannon index of 
the intestinal microbiota in LGG or/and anti- PD-1 treated mice, all comparisons and false discovery rate (FDR)- corrected p values were showed. 
Significance was assessed using type III ANOVA with F tests for fixed effects. All p values were adjusted by using the Benjamini and Hochberg 
methods. (C) Distribution of the gut microbiota at the phylum- level. The numbers of replicated samples in this figure are as follows: control (n=6), 
LGG (n=5), anti- PD-1 (n=7), anti- PD-1+LGG (n=7). (D) Relative abundance of Bacteroidetes (phylum level). Data bars represent means. Error 
bars represent SEM. FDR- corrected p values from the mixed linear model. *p<0.05. (E–G) Manhattan plot showing species enriched in either the 
combination treatment group, anti- PD-1 treatment (D) or LGG (E) or control (F) group. Each dot, triangle, quadrilateral or hexagonal star represents 
a single species. Species enriched in combination treatment group are represented by filled triangles; for anti- PD-1 treatment group: empty triangles; 
for LGG treatment group: hexagonal star; for IgG- control group: quadrilateral (FDR adjusted p<0.05 and log2fold change >1, Wilcoxon rank sum test). 
Species are arranged at the phylum level and coloured according to the phylum. CPM, counts per million.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gutjnl-2020-323426 on 8 M

arch 2021. D
ow

nloaded from
 

http://gut.bmj.com/


6 Si W, et al. Gut 2021;0:1–13. doi:10.1136/gutjnl-2020-323426

Gut immunity

activation of T cells by LGG requires antigen cross- presentation 
via professional antigen presenting cells (APCs).

LGG increases tumour infiltrating DCs and activates the type 
I IFN signaling
Considering DCs are potent APCs, we isolated the DCs from 
MC38 tumours treated with LGG or combination treatment and 
analysed by FACS. Both the combination treatment and LGG 
monotherapy significantly expanded the population of tumour 
infiltrating CD11c+ cells (figure S4A). Next, we analysed the 
population of DCs (CD11c+MHC II+) and observed a significant 
increase in mice treated with LGG or combination treatment 
(figure 4A). These findings are consistent with our hypothesis that 
LGG improves the antigen cross- presentation function of DCs. 

Elevated CCL4 is also known to mediate CD103+ DC tumour 
trafficking,37 we observed markedly increased CD103+ DCs in 
MC38 tumours on LGG or combination treatment (figure 4B). 
We also consistently observed increased levels of CXCL9 and 
CXCL10 (figure 4C), two chemokines produced by DCs that 
strongly mediate T cell tumour infiltration.38 To further inves-
tigate whether the LGG- induced antitumour immunity specifi-
cally relies on DCs, we inoculated MC38 cells into CD11c- DTR 
mice. Notably, treatment with DT significantly abrogated the 
antitumour response of both LGG and combination treatment 
(figure 4D), suggesting that the antitumour activity is dependent 
on DCs.

To determine whether LGG enhances the cross presentation 
of tumour antigens on DCs, we performed cross- priming assay 

Figure 3 Combination treatment with Lactobacillus rhamnosus GG (LGG) and anti- programmedcell death 1 (PD-1) antibody promotes activation 
of cytotoxic CD8+ T cells. (A) Rag1−/− mice were subcutaneously inoculated with MC38 cells and treated with either IgG control antibody, anti- PD-1 
antibody, oral administration of LGG (2×109 CFU) or combination of LGG and anti- PD-1 antibody (n=5). (B) C57BL/6 mice were subcutaneously 
inoculated with MC38 cells and treated with the combination of LGG and anti- PD-1 antibody (n=5). Two hundred micrograms of anti- CD8 antibody 
was administered intraperitoneally (i.p.) 24 hours before other treatments. (A and B) Data are presented as mean±SEM. Tumour volume results were 
analysed by using two- way analysisof variance (ANOVA); **p<0.01; ***p<0.001. (C) Representative flow cytometry analysis and quantification 
of CD8+ T cells (CD45+CD3+CD8+) in MC38 tumours on day 28 with different treatments as indicated (n=3). (D) Representative flow cytometry 
analysis and quantification of cytolytic CD8+ T cells (CD45+CD3+CD8+IFN-γ+) in MC38 tumours on day 28 with the indicated treatment (n=3). 
(E) Interferon (IFN)-γ production in CD8+ T cells. MC38 tumours in wild type (WT) mice given the indicated treatment were removed on day 28. 
Tumours were digested to purify the CD8+ T cells. Purified CD8+ T cells were restimulated with 1 µg/ mL SIINFEKEL for 48 hours and then analysed 
by IFN-γ ELISPOT assay. (F) Representative flow cytometry analysis and quantification of CD8+ T cells (CD45+CD3+CD8+) and cytolytic CD8+ T cells 
(CD45+CD3+CD8+IFN-γ+) in tumour draining lymph nodes of the mice treated with LGG (n=4–6). (G) The levels of IFN-γ and tumour necrosis factor 
(TNF)-α in MC38 tumours after different treatments. MC38 tumours in WT mice given the indicated treatment were removed on day 28. The levels of 
IFN-γ and TNF-α in tumours were measured using the LEGENDplex cytokine kit. (C, D, E, F and G) Data are means±SEM; unpaired two- tailed Student’s 
t- tests; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. (H) Body weight change after Salmonella challenge. The WT mice were orally administered 
LGG (2×109 CFU) prior to oral infection with Salmonella (5×106 CFU). The body weight of mice was measured every 2 days. The percent weight change 
over the course of Salmonella infection is shown. Data are expressed as mean±SEM and were analysed by using two- way ANOVA; **p<0.01; ns 
p>0.05. DLN, draining lymph nodes.
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by an IFN-γ ELISPOT assay with purified CD11c+ cells from 
the DLN of MC38- OVA tumour- bearing mice. DCs sorted 
from the mice treated with either LGG or combination treat-
ment showed increased priming functions as assessed in terms 
of both IFN-γ spots and IFN-γ production (figure 4E,F). DCs 
in MLN were purified and their antigen- specific cross- priming 
ability was examined. We observed an increased abundance of 
IFN-γ+ T cells in wells containing DCs with LGG treatment 
(online supplemental figure S4B). In addition, LGG treatment 
significantly increased the numbers of CD11c+ cells in MLN 
(online supplemental figure S4C, p<0.0001), suggesting that 
oral administration of live LGG might activate DCs in MLN. 
Taken together, these results indicate that LGG can systemically 
enhance the antigen processing and presenting capacities of DCs.

In order to further confirm that the combination treatment acti-
vated DCs, we performed RNA sequencing (RNA- seq) of CD11c+ 
cells purified from MC38 tumour bearing mice treated with either 

anti- PD-1 antibody or LGG plus anti- PD-1 antibody. Combination 
treatment increased the expression of IFN- related and cytokine 
genes (online supplemental figure S4D). Gene ontology (GO) anal-
ysis revealed stimulation of the T cell activation pathway, positive 
regulation of cytokine production pathway and activation of the 
IFN induction related pathway (online supplemental figure S4D), 
consistent with the aforementioned findings. We also found simi-
larly activated immune response- related pathways in DCs from 
mice treated with LGG compared with the control IgG antibody.

Given that bacteria are able to trigger local and systemic anti-
tumour immunity via type I IFNs,39 we tested whether LGG 
modulates the antitumour function through regulating type I 
IFN expression. We measured IFN-β concentrations in MC38 
tumours and observed a greater than threefold increase in IFN-β 
following combination treatment compared with anti- PD-1 alone 
(figure 4G). We found that expression of CXCL10, a type I IFN- 
stimulated chemokine, was also increased (figure 4C). To further 

Figure 4 Lactobacillus rhamnosus GG (LGG) increases tumour infiltrating dendritic cells and activates type I interferon (IFN) signalling. (A) 
Representative flow cytometry analysis and quantification of dendritic cells (DCs) (CD45+CD11c+MHC II+) in MC38 tumours on day 28 given the 
indicated treatment (n=3). (B) Representative flow cytometry analysis and quantification of CD103+ DCs (CD45+CD11c+ MHC II+ CD103+) in MC38 
tumours on day 28 given the indicated treatment (n=3). (C) The levels of CXCL9 and CXCL10 in MC38 tumours. MC38 tumours in wild type (WT) mice 
given the indicated treatment were removed on day 28. The levels of CXCL9 and CXCL10 in tumours were measured using a LEGENDplex chemokine 
kit. (D) CD11c- DTR were subcutaneously inoculated with MC38 cells and treated with IgG control antibody, oral administration of LGG (2×109 CFU) 
or a combination of LGG and anti- programmedcell death 1 (PD-1) antibody (n=4). Diphtheria toxin was administered 1 day before LGG or anti- PD-1 
treatment (+DT). (E) IFN-γ production in CD8+ T cells after coculturing with DCs. MC38- OVA tumours in WT mice were given the indicated treatment. 
Tumour draining lymph nodes were removed and digested to purify the CD11c+ cells. The CD11c+ cells were cocultured with CD8+ T cells from OT- I 
mice for 3 days and the cross- priming activity of DCs was analysed by IFN-γ ELISPOT assay. (F) IFN-γ levels in the cell supernatant from DCs and 
CD8+ T cell coculture as described in (E). (G) IFN-β levels in MC38 tumours in WT mice. MC38 tumours in WT mice given the indicated treatment 
were removed on day 28. The level of IFN-β in tumours were measured using LEGENDplex cytokines kit. (A, B, C, E, F and G) Data are means±SEM; 
unpaired two- tailed Student’s t- tests; *p<0.05; **p<0.01; ***p<0.001. (H) WT or Ifnαr−/− mice were inoculated with 1×106 MC38 cells. Mice (n=4) 
were treated with oral administration of LGG (2×109 CFU). Oral administration of phosphate- buffered saline (PBS) served as the negative control. 
Tumour growth was measured twice per week. (D and H) Data are expressed as mean±SEM, tumour volume results were analysed by using two- way 
analysisof variance; *p<0.05; ***p<0.001; ns p>0.05.
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assess the potential role of type I IFN in LGG- mediated antitumour 
immunity, MC38 tumours were inoculated into wild type (WT) or 
Ifnαr−/− mice and treated with LGG. The antitumour effects disap-
peared in Ifnαr−/− mice (figure 4H). We also treated MC38 tumours 
in WT mice with an anti- IFN alpha receptor (IFNAR) blocking 
antibody and found that treatment with anti- IFNAR significantly 
impaired the antitumour activity of LGG (online supplemental 
figure S4E, p=0.0427). Thus, these findings demonstrate that LGG 
mediated activation of DCs and type I IFN signalling is required for 
antitumour efficacy of LGG treatment.

LGG induces type I IFN response in DCs via an MyD88-
independent manner
It has been reported that the adaptor protein, myeloid differ-
entiation primary- response protein 88 (MyD88), plays a vital 
role in the induction of type I IFN production.40 To investi-
gate whether MyD88 was required to mediate the response to 
LGG therapy, we implanted MC38 tumour cells on flanks of 
Myd88- deficient mice. Surprisingly, absence of host MyD88 did 
not affect the antitumour activity of LGG or combination treat-
ment (figure 5A). To further verify this, we performed a FACS 

Figure 5 Lactobacillus rhamnosus GG (LGG) induces a type I interferon (IFN) response via a non- MyD88 dependent manner in dendriticcells (DCs). 
(A)Myd88−/− mice were subcutaneously inoculated with MC38 cells and treated with IgG control antibody, anti- PD-1 antibody, oral administration 
of live LGG (2×109 CFU) or combination of LGG and anti- programmedcell death 1 (PD-1) antibody (n=5). (B) Representative flow cytometry analysis 
and quantification of DCs and CD103+ DCs in MC38 tumours from Myd88−/− mice on day 21 given the indicated treatment as described in (A) 
(n=3). (C) Heatmap illustrating the relative expression of genes and the partitioning of the clusters of genes (gene ontology- GO analysis) based 
on the RNA- seq analysis of CD11c+ cells in mesenteric lymph nodes (MLN) of MC38 tumour- bearing Myd88−/− mice given anti- PD-1 antibody or 
combination treatment with anti- PD-1 antibody and LGG. (D) MC38 tumours in Myd88−/− mice given the indicated treatment were removed on day 
21. The level of IFN-β in tumours was measured using a LEGENDplex cytokine kit. (E)Myd88−/− mice were subcutaneously inoculated with MC38 
cells and treated with IgG control antibody, anti- PD-1 antibody, oral administration of live LGG (2×109 CFU) or a combination of LGG and anti- PD-1 
antibody (n=5). Two hundred micrograms anti- IFNAR1 antibody was administered intraperitoneally (i.p.) 24 hours before other treatments. (A and E) 
Data are expressed as mean±SEM, tumour volume results were analysed by using two- way analysisof variance; *p<0.05; **p<0.01; ***p<0.001. (F) 
IFN-γ levels in CD8+ T cells from Myd88−/− mice. The Myd88−/− mice were gavaged with LGG two times for 1 week. CD11c+ cells were purified from 
the MLN in and then cocultured with CD8+ T cells and the cross- priming activity of DCs was analysed by IFN-γ ELISPOT assay. (B, D and F) Data are 
means±SEM; unpaired two- tailed Student’s t- tests; *p<0.05; **p<0.01.
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experiment to analyse the abundance of both infiltrated T cells 
and DCs in MC38 tumour bearing-Myd88−/− mice. CD8+ T cells 
and CD4+ Th1 cells were significantly increased not only in the 
combination treated MC38 tumours, but also in LGG treated 
MC38 tumours (online supplemental figure S5A,B). Popula-
tions of DCs and CD103+ DCs were also increased (figure 5B). 
RNA- seq analysis of CD11c+ cells isolated from MC38 tumour- 
bearing Myd88−/− mice given combination treatment exhibited 
increased the expression of genes associated with T cell activa-
tion, cytokine- related and response to IFN pathways, similar to 
those of WT mice (figure 5C). These findings demonstrate that 
host MyD88 is not essential for LGG- induced DCs and T cells 
activation.

In order to identify whether LGG modulates the antitumour 
functions of DCs and CD8+ T cells by regulating type I IFN 
expression in Myd88−/− mice, we measured the concentration of 
IFN-β protein in MC38 tumours. The absence of MyD88 did not 
affect IFN-β production, and IFN-β was significantly increased in 
tumours treated with either LGG or in combination (figure 5D). 
We next examined whether type I IFNs were required for the 
increased antitumour effect, we blocked type I IFN signalling 
following LGG therapy using anti- IFNAR. As observed previ-
ously in WT mice, the antitumour effect of LGG in Myd88−/− 
mice was abrogated by administration of IFNAR antibody 
(figure 5E). We also evaluated the cross- presentation ability of 
Myd88−/− DCs in MLN by IFN-γ ELISPOT. Myd88−/− mice were 
gavaged with live LGG twice weekly. We observed a significant 
increase in IFN-γ spot- forming cells in wells containing CD11c+ 
cells isolated from LGG- treated mice (figure 5F). Collectively, 
these findings indicate that LGG- mediated enhancement of DC 
cross- presentation is not dependent on MyD88 signalling.

LGG induces IFN-β production via the cGAS/STING/TBK1/IRF7 
axis in DCs
Since LGG induced production of type I IFNs in an MyD88- 
independent manner, it was conceivable that LGG might trigger 
IFN-β induction through a cGAS/STING- dependent pathway. 
Thus, we reanalysed the RNA- seq results of DCs sorted from 
MLN of both WT and Myd88−/− mice. Gene set enrichment 
analysis identified that the gene signature ‘Response to Interferon 
Beta’ was strongly skewed toward either the LGG treatment 
(figure 6A,B) or the combination treatment (online supplemental 
figure S6A,B). We subsequently analysed the expression of type 
I IFN- related genes and found that both Irf7 and Ifnb1 were 
each markedly upregulated (online supplemental figure S6C,D). 
We also observed that the cytosolic DNA- sensing pathway was 
activated. To confirm this, we treated bone marrow- derived DCs 
(BMDCs) with genomic DNA of LGG and noted that LGG- 
DNA also significantly increased IFN-β production compared 
with the control (figure 6C). Collectively, these results suggest 
that LGG may induce IFN-β production in a cGAS/STING- 
dependent manner.

To confirm that type I IFN production pathway activated 
in DCs by LGG is cGAS/STING dependent, we conducted a 
series of qPCR experiments with BMDCs derived from WT, 
Sting−/− (Tmem173−/−) and Cgas−/− mice. Consistently, treat-
ment of either LGG or LGG- DNA strongly upregulated Ifnb 
mRNA expression in WT BMDCs, while STING- deficient or 
cGAS- deficient BMDCs had great reduction of Ifnb expression 
(figure 6D). It is worth noting that Ifnb mRNA expression was 
close to be undetectable in cGAS- deficient BMDCs. Furthermore, 
we examined the expression of an array of immune activation- 
related genes in these BMDCs. As expected, expression of Tnfα, 

Il12, Cxcl9, Cxcl10, Cxcl11 and Cx3cr1 were all upregulated 
in WT BMDCs following LGG or LGG- DNA treatment (online 
supplemental figure S7A). Interestingly, cGAS deficiency dras-
tically reduced the mRNA levels of these genes. Similar results 
were also observed in Sting−/− BMDCs, with the exception of 
Tnfα and Cxcl9 (online supplemental figure S7A). Others have 
previously demonstrated that Cgas mRNA is increased in acti-
vated DCs during bacterial infection.41 Consistently, we observed 
upregulation of Cgas mRNA in both WT and Sting−/− BMDCs 
on treatment with LGG (online supplemental figure S7B). These 
results support the notion that cGAS is essential for type I IFN 
pathway activation in DCs.

Next, to investigate whether the downstream signalling of 
cGAS/STING is activated in BMDCs with LGG treatment, we 
first detected the IFN-β production using ELISA assay. Both 
cGAS and STING deficiency significantly reduced the induc-
tion of IFN-β on LGG or LGG- DNA treatment (figure 6E). Of 
note, LGG- DNA cannot stimulate IFN-β production in Cgas−/− 
BMDCs (figure 6E). To validate the cGAS/STING signalling 
is responsible for the IFN-β induction on LGG treatment, we 
collected WT and Cgas−/− BMDCs stimulated with LGG to 
detect TBK1 phosphorylation (p- TBK1), IRF3 phosphorylation 
(p- IRF3) and IRF7 phosphorylation (p- IRF7). The protein levels 
of p- TBK1 and p- IRF7 were mildly increased in WT BMDCs on 
LGG stimulation, while the level of p- IRF3 stayed unchanged 
(figure 6F). In comparison, the increase of p- TBK1 or p- IRF7 
was compromised when cGAS was deficient (figure 6F and 
online supplemental figure S7C). These findings indicate that 
TBK1 and IRF7 are two critical components of the type I IFN 
pathways activated by LGG.

To further confirm the role of IRF3 and IRF7 in IFN-β 
production pathway induced by LGG, we knocked down TBK1, 
IRF3 or IRF7 in WT BMDCs using the respective siRNA (online 
supplemental figure S7D). We then treated these BMDCs with 
LGG and detected the IFN-β expression by qPCR and ELISA. 
On LGG treatment, either TBK1 knockdown or IRF7 knock-
down significantly decreased IFN-β expression not only at the 
mRNA level but also at the protein level (figure 6G,H). Similar 
results, but to a lesser extent, were observed in IRF3 knockdown 
BMDCs (figure 6G,H). The IFN-β protein level in IRF3 knock-
down BMDCs was much higher than that in IRF7 knockdown 
BMDCs (figure 6H). Thus, even though we cannot definitively 
exclude the possibility that IRF3 contributes to LGG- induced 
IFN-β production, the data suggest that IRF7 play a major role in 
cGAS/STING/TBK1 pathway activation during LGG treatment.

cGAS/STING is required to mediate the antitumour effects of 
LGG and combination treatment with anti-PD-1 antibody
Having identified that live LGG was able to induce cGAS/
STING- dependent IFN-β production in vitro, we next inquired 
whether cGAS/STING signalling is involved in the LGG- induced 
antitumour effect using a murine colon cancer model. MC38 
cells were subcutaneously inoculated in WT and Cgas−/− mice 
and treated with LGG or the combination treatment with LGG 
and anti- PD-1 antibody. WT and Cgas−/− mice exhibited compa-
rable tumour growth (figure 7A). Deficiency of cGAS signifi-
cantly attenuated tumour volume reductions induced by LGG or 
the combination treatment (figure 7A). Similar results were also 
observed in Sting−/− mice (figure 7B). To evaluate the role of DC 
signalling, we employed the Cd11ccreStingf/f mice and monitored 
tumour growth after LGG treatment. In Cd11ccreStingf/f mouse, 
Sting undergoes deletion specifically in CD11c+ cells such as 
DCs. MC38 tumours grew more rapidly in Cd11ccreStingf/f mice 
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than control mice treated with LGG or the combination treat-
ment (figure 7C). These results demonstrate that both cGAS and 
STING in DCs play an important role in the antitumour activity 
of live LGG and the combination treatment.

DISCUSSION
Our study establishes an empirical basis for developing oral 
administration of live LGG probiotics in combination with ICB 
for cancer treatment. We demonstrate that cGAS/STING axis is 
required for the antitumour effect of LGG and the induction 
of type I IFN. The cGAS- STING- TBK1- IRF7- IFN-β cascade 
mediates a robust adaptive immune response to LGG in DCs. 
Furthermore, LGG treatment is associated with gut microbiota 
that likely contribute to the antitumour efficacy (graphical 
abstract). Our findings offer valuable insight into the molecular 

mechanism of LGG- mediated antitumour immunity and high-
light the potential to improve ICB immunotherapy through 
combination with LGG oral administration.

We provided evidence that oral administration of LGG 
increases the population and the function of DCs in MLN and 
raises the possibility of recruiting activated DCs from the gut to 
tumour sites. Our observations are similar to the findings that 
administration of a toll- like receptor (TLR) agonist strongly 
activates MLN DCs and stimulates high levels of cytokines.42 
It is well known that intestinal DCs are in direct contact with 
harmless and pathogenic luminal contents.43 It is possible that 
LGG is phagocytosed by a migratory DC population once it 
reaches the lamina propria. This DC population then processes 
LGG and traffics to the MLN, where it activates naïve T cells. 
Both the activated DCs and T cells migrate to the DLN and the 

Figure 6 Lactobacillus rhamnosus GG (LGG) induces interferon (IFN)-β production via cyclic GMP- AMP synthase (cGAS)/stimulator of IFN genes 
(STING)/TANK binding kinase 1 (TBK1)/interferon regulatory factor 7 (IRF7) axis in dendriticcells (DCs). (A–B) Gene set enrichment analysis plots of 
enplot- response to IFN-β were positively correlated with LGG treatment based on the RNA- seq data of CD11c+ cells derived from mesenteric lymph 
nodes (MLN) in wild type (WT) (A) and Myd88−/− (B) mice. (C) Bone marrow- derived DCs (BMDCs) were derived from WT mice and then treated with 
LGG or LGG chromosomal DNA (50 µg/mL) overnight. The supernatants were collected to measure IFN-β by ELISA assay. (D) The mRNA levels of Ifnβ 
in BMDCs from WT, Sting−/− or Cgas−/− mice. BMDCs were derived from WT, Sting−/− or Cgas−/− mice and then treated with LGG or LGG chromosomal 
DNA (50 µg/mL) overnight. BMDCs were collected and RT- qPCR was performed to measure the mRNA levels of Ifnβ. (E) BMDCs were derived from 
WT, Sting−/− or Cgas−/− mice and then treated with LGG or LGG chromosomal DNA (50 µg/mL) overnight. The supernatants were collected to measure 
IFN-β by ELISA assay. (F) Western blot analysis of phosphorylated p- TBK1, total TBK1, p- IRF3, total IRF3, p- IRF7 and total IRF7 in WT and Cgas−/− 
BMDCs. (G–H) Ifnβ mRNA level in BMDCs and IFN-β levels in supernatant after siRNA treatments. BMDCs were treated with siRNAs targeting Tbk1, 
Irf3 and Irf7, respectively. Twenty- four hours later, cells were harvested and cocultured with live LGG. After overnight incubation, the cells were 
collected for qPCR analysis of Ifnβ mRNA level (G) and the supernatant was collected for IFN-β ELISA (H). (C–E and G–H) Data are expressed as 
means±SEM; unpaired two- tailed Student’s t- tests; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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tumour sites. Consistent with this supposition, we have found 
large amounts of tumour infiltrated CD103+DCs and CD8+ T 
cells expressing IFN-γ in mice treated with either LGG or the 
combination treatment. These findings provide new insights into 
the regulation of immune cell responses in distant tumour sites 
through the crosstalk between the gut and tumour.

Based on our data, it was noted that LGG treatment elim-
inated the population of CD11c−MHC II+ cells in MC38 
tumours. It was reported that myeloid- derived suppressor 
cells have high MHC II levels especially in tumours44 and can 
profoundly diminish CD8+ T cell activity. Moreover, it has been 
reported that high MHC II expression in monocytes was positive 
correlated with B16 tumour growth.45 Hence, we speculated that 
the antitumour effects of LGG might attribute to the decrease of 
CD11c−MHC II+. Further studies are needed to establish which 
subtype of the CD11c−MHC II+ suppressor- like cells could be 
inhibited by LGG. Furthermore, STING- mediated type I IFNs 
has been proved to induce natural killer (NK) cells activation 
and thus contribute to eliminating tumours, especially in B16 
melanoma.46 47 We cannot rule out the important role of NK 
cells activation in controlling tumours. Considering LGG indeed 
mediated a STING- dependent type I IFN activation in DCs, it is 
reasonable to postulate that LGG could enhance NKs in tumours 
and improve the response to immunotherapy. Additional investi-
gation will be needed to resolve this issue.

LGG can modulate the inflammatory immune response during 
cancer development and transformation, reducing acute and 
chronic diarrhoea associated with chemotherapy and radiotherapy 
in patients with cancer.48 It has also been reported to induce adap-
tive immune responses to support tumour regression.14 The induc-
tion of type I IFNs by bacteria is essential for the function of CD8+ 
T cells. We identify that LGG induces IFN-β production in DCs via 
the cGAS/STING/TBK1/IRF7 axis, with the limitation that we only 
determined the pathway in GM- CSF or FLT3L derived BMDCs, 

which may represent immature DCs or cDC2 and this needs to be 
verified using primary DCs in the future. To the best of our knowl-
edge, this is the first report on the involvement of the cGAS/STING/
TBK1/IRF7 axis in LGG- mediated type I IFN induction in cancer 
treatment. In this report, we are not able to definitively exclude 
the possibility that other mediators, which also trigger type I IFN 
induction, may contribute to the efficacy of oral administration of 
live LGG. For example, TIR- domain- containing adaptor protein 
inducing IFN-β or cathelicidin- related antimicrobial peptide (in 
mice and LL37 in human) may also be involved in induction of type 
I IFN production.49 50 To discern the LGG- mediated mechanism 
and further develop potential therapeutics targeting this pathway, it 
is essential to understand which mediator is required for type I IFN 
induction by LGG.

Furthermore, we provide evidence that combination treatment 
with LGG and anti- PD-1 antibody can modulate the gut microbiota 
community, probably be beneficial for promoting immune cell acti-
vation. We identify a potential signature of two specific enriched 
species (L. murinus and B. uniformis) present LGG treatment. 
It would be interesting to explore their potentials as predictive 
markers for ICB immunotherapy responses in humans. Regarding 
the mechanism for activating immune responses, L. murinus can 
enhance IL-12 expression and decrease OX40 expression in DCs 
and therefore promote activation.28 Upcoming studies will aim at 
exploring the molecular mechanisms by which these species influ-
ence innate and adaptive immunity.
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Figure 7 cGAS/STING is required to mediate the antitumour effects of Lactobacillus rhamnosus GG (LGG) and combination treatment with anti- 
programmedcell death 1 (PD-1) antibody. (A) Cgas−/− and wild type (WT) mice were subcutaneously inoculated with MC38 cells and treated with 
IgG control antibody, oral administration of LGG (2×109 CFU) or a combination of LGG and anti- PD-1 antibody. (B) Sting−/− and WT mice were 
subcutaneously inoculated with MC38 cells and treated with IgG control antibody, oral administration of LGG (2×109 CFU) or a combination of 
LGG and anti- PD-1 antibody (n=4). (C) Cd11ccreStingf/f and WT mice were subcutaneously inoculated with MC38 cells and treated with IgG control 
antibody, oral administration of LGG (2×109 CFU) or a combination of LGG and anti- PD-1 antibody (n=4). (A–C) Data are expressed as mean±SEM. 
Tumour volume results were analysed by using two- way analysisof variance; *p<0.05; **p<0.01; ***p<0.001.
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Supplementary methods: 

Cell lines 

The murine cancer cell lines for colon cancer (MC38) and melanoma (B16F10) were maintained in 

our lab. Cells were maintained in DMEM or RPMI-1640 medium supplemented with 10% fetal bovine 

serum (FBS) and penicillin with streptomycin. 

Materials 

Flow cytometry: PerCP/Cyanine5.5 anti-mouse CD45, FITC anti-mouse CD3 antibody, APC/Cy7 

anti-mouse CD8a antibody, APC/Cyanine7 anti-mouse CD11c antibody, APC anti-mouse I-A/I-E 

antibody, PE anti-mouse CD103 antibody and PE anti-mouse IFN-γ antibody were purchased from 

Biolegend. Mouse studies: InVivoPlus anti-mouse PD-1 (CD279), InVivoPlus anti-mouse TIM-3 

(CD366), InVivoPlus anti-mouse IFNAR-1 and InVivoPlus anti-mouse CD8α were purchased from 

BioXcell. Immunoblotting: TBK1/NAK (D1B4) Rabbit mAb, Phospho-TBK1/NAK (Ser172) 

(D52C2), IRF-3 (D83B9) Rabbit mAb, Phospho-IRF-3 (Ser396) (D6O1M) and Phospho-IRF-7 

(Ser437/438) (D6M2I) were purchased from Cell Signaling Technology. IRF-7 Antibody (F-1) was 

purchased from Santa Cruz. Bacterial: Lactobacillus rhamnosus GG was purchased from ATCC. 

Diphtheria toxin was purchased from Fitzgerald. Tumor Dissociation Kit and CD11c MicroBeads 

UltraPure were purchased from Miltenyi Biotec. IFN beta Mouse ELISA Kit was purchased from 

nvitogen. 

Bacteria administration and heat inactivation 

LGG was cultured in MRS medium at 37℃ for 24-36 h. For oral administration, selected mice were 

gavaged with 2 × 109 CFU LGG. For intra-tumor administration, mice were injected with 2 × 107 CFU 

LGG. Heat inactivation was performed by boiling LGG at 100°C for 2 h. 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
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Flow cytometry 

For flow cytometric analysis, tumors, lymph nodes and spleens were collected from mice. Tumors 

tissues were cut into small pieces and were then used to generate single-cell suspensions using the 

gentleMACS Tumor Dissociation Kit (Miltenyi Biotec). Cells from spleens or lymph nodes were 

isolated by grinding the tissues through 70 μm filters. Samples were then filtered through a 70 μm cell 

strainer and washed twice with staining buffer. The cells were re-suspended in staining buffer and were 

blocked with anti-FcR (2.4G2, BioXcell). Subsequently, the cells were stained with antibodies for 15-

30 min at 4℃ in the dark and then detected by flow cytometry with a BD Fortessa (BD) or AriaIIIu 

(BD). For intracellular staining, cells were first permeabilized using a Fixation and Permeabilization 

Kit (BD) and then stained with appropriate antibodies. Analysis of flow cytometry data was performed 

using FlowJo (version 10). 

Colony formation 

MC38 cells were seeded in 6-well plates at a density of 8, 000 cells per well. The cells were cultured 

in DMEM medium with 0.6% agarose. After 10-15 days, the colonies were stained with crystal violet 

(0.01%), washed with PBS, then imaged and analyzed using the Image J software. 

ELISPOT assay 

For CD8+ T cell functional assay, CD8+ T cells were isolated from MC38 tumors, 2-4 × 105 CD8+ T 

cells were re-stimulated with 1 μg/ mL SIINFEKEL for at least 48 h. For cross-priming functional 

assay, 2 × 104 purified CD11c+ cells were incubated with CD8+ T cells isolated from OT-1 mice (at 

ratio of 1:10) for 72 h. ELISPOT assays were performed to detect the cytokine spots of IFN-γ according 

to product protocol (Millipore). The 96-well HTS-IP plate was pre-coated with anti-IFNγ antibody 

with a 1:250 dilution overnight at 4 °C. After co-culture, cells were removed. Biotinylated anti-IFNγ 
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antibody (2 mg/mL) with a 1:250 dilution was added and incubated for 1-2 h at room temperature. 

Avidin-horseradish peroxidase in a 1:1000 dilution was then added and the plate was incubated for 1 

h at room temperature. IFNγ spots were developed and calculate by ELISPOT Reader. 

ELISA 

For IFN-β Elisa assay, tumor tissues were homogenized in PBS with protease inhibitor and cell culture 

supernatants were obtained from CD11c+ cells after incubation with live LGG. The concentration of 

IFN-β was measured with IFN beta Mouse ELISA Kit (Invitrogen) in accordance with the 

manufacturer’s instruction. 

Cytokines or chemokines detection 

Tumor tissues were homogenized in PBS with protease inhibitor, and then centrifuged at 12, 000 rpm 

for 10 min to collect the supernatant. The supernatant was used to detect the cytokines and chemokines 

with LEGENDplex™ Mouse Proinflammatory Chemokine Panel (13-plex) with V-bottom Plate kit 

and LEGENDplex™ Mouse Inflammation Panel (13-plex) with V-bottom Plate kit (BioLegend). The 

samples were detected by flow cytometry with a BD Fortessa (BD). The obtained flow data was 

analyzed with LEGENDplex software (v8.0, BioLegend). 

RNA sequencing and bioinformatics analysis 

The CD11c+ cells were purified from mesenteric lymph nodes using CD11c MicroBeads (Miltenyi 

Biotec). The RNA extraction, reverse transcription, cDNA library construction and sequencing were 

performed by Novogene Company. The raw sequencing data has been deposited in NCBI GEO 

(GSE149903). Reads were mapped to mouse genome mm10 using Hisat2 software (v2.0.4)1. Mapped 

reads were assigned to mouse RefSeq genes using featureCounts2 and NCBI mouse annotation build 

37.2. DESeq23 was used for differential gene expression analysis among subgroups. GSEA4 was 
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performed on genes ranked by their differential expression T-statistic using the clusterProfiler package5 

in R with GO, KEGG. The hallmark gene sets were downloaded from 

http://software.broadinstitute.org/gsea/msigdb/genesets.jsp. 

Differentiation and stimulation of bone marrow-derived dendritic cells 

Bone marrow was obtained from wild type Cgas-/-, Sting-/-, Cd11ccreStingf/f mice and was used to 

prepare single cell suspension. The cell suspension was called fresh bone marrow cells. Marrow-

derived dendritic cells were obtained by culture of fresh bone marrow cells for 7-10 days in conditioned 

medium containing GM-CSF and then were collected for other experiments. To culture FLT3L-DCs, 

single-cell suspensions of BMCs were cultured in conditioned medium supplemented with 100 ng/ml 

FLT3L (PEPROTECH) for 9-10 days. 

Western blot analysis 

Whole-cell protein was extracted with RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% TritonX-

100, 1.0% NP-40 and 0.5% sodium deoxycholate) supplemented with Protease/Phosphatase Inhibitor 

Cocktail (100×) (Thermo Scientific). Protein concentrations were measured by BCA Protein Assay Kit 

(Pierce). Equal amounts of protein were separated by SDS-PAGE and transferred to PVDF membrane 

(Invitrogen). Membranes were blocked in 1% BSA for 1 h and incubated with the relevant primary 

antibodies at 4°C overnight. Next, the membrane was washed with PBST and incubated with 

appropriate secondary HRP antibodies. The membrane was then washed with Tris-buffered saline with 

0.1% Tween20 Detergent and ECL was applied for film development. The amount of loaded protein 

was normalized to β-Actin. 

DNA extraction from LGG 

Chromosomal DNA extraction from live LGG was performed as described6 with the follow 
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modification. In brief, LGG were cultured in MRS broth at 37 °C for 24 h and then centrifuged at 

8,000 rpm for 10 min to collect the pellets. The pellets were resuspended in 50 mM Tris-HCl (pH 8.0) 

buffer containing 50 mM EDTA, 0.5% Tween-20, 0.5% Triton X-100, 20 mg/mL lysozyme, 10 mg/mL 

N-acetyl muramidase SG and 100 mg/mL RNase A. After incubation in water bath for 2 h at 37 °C, 

200 μL/mL proteinase K solution was added and the mixture was further incubated for 16 h at 37 °C. 

DNA was purified by repeating extraction with solvent of phenol-chloroform-isoamyl alcohol (25:24:1, 

v/v), precipitated with sodium acetate and ethanol, and was then dissolved in DNase-free water. 

Knockdown of TBK1 or IRF7 in BMDCs 

SiRNA targeting mouse TBK1 or IRF7 was transfected into BMDCs by Lipofectamine™ RNAiMAX 

Transfection Reagent (Life Technologies) according to manufacturer’s protocol. The sequences of 

siRNA are: mIRF7: 5’- CUU GCG CCA AGA CAA UUC ATT-3’; mTBK1: 5’- CAC AAA UUU GAU 

AAG CAA A -3’, mIRF3: 5’-GGA-AAG-AAG-UGU-UGC-GGU-UTT-3’. The knockdown efficiency 

was detected by qPCR. 

RNA extraction and RT-qPCR 

Total RNA was extracted using Trizol LS reagent (Life Technologies) according to the 

manufacturer's instructions. cDNA was prepared with the PrimeScript™ Reverse Transcriptase 

(TaKaRa). SYBR-green-based qPCR was performed using CFX96 Touch (Bio-Rad). mRNA levels 

were normalized to Gadph or βactin and reported as relative mRNA expression using the Ct method. 

Shotgun metagenomics sequencing and bioinformatics analysis 

Intestinal contents were collected from the colon of MC38 tumor bearing mice with different treatment 

and immediately stored at -80°C after collection. DNA was then extracted and the quality was checked. 

Since the amount of faeces from some individual mouse samples was too low for the minimal DNA 
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input requirement of sequencing library preparation, we sequenced 30 samples. The metagenomic 

sequencing was performed by Novogene Company. Metagenomic libraries were sequenced on the 

NovaSeq 6000 system (Illumina) and sequenced using the 2× 150 bp paired-end read protocol, with 

an average of 70 M of sequence per sample. These sequences have been deposited in the Sequence 

Read Archive (SRA) of the NCBI databases under accession number SUB8694074, BioProject: 

PRJNA683022. All the raw sequencing reads were quality-controlled by Trimmomatic7, then the clean 

reads were aligned against the mouse genome with Bowtie8 to remove host contaminations. Five 

samples were excluded for later analysis as 90% of the sequencing reads mapped with the mouse 

genome. 

Quality-filtered metagenomes were taxonomically profiled using Kraken29. Different taxa levels 

were extracted. Bracken10 was run on the Kraken classification output to estimate taxonomic 

abundance down to the species level. Diversity analysis was carried out with the counts for species-

level applying Vegan package11 in R. Microbial alpha diversity was calculated as the number of distinct 

taxonomy present in each sample after rarefying to 6,592,359 counts. For each sample, bacterial 

richness, Shannon and Simpson diversity were calculated using the estimateR() and diversity() 

function of the Vegan package. We controlled for cage effects by including cage as a random effect in 

statistical models (see below). Beta diversity was estimated using Bray-Curtis and Jaccard 

dissimilarities between samples which was performed by the function vegdist() in the Vegan package. 

The input to vegdist() was CSS normalized taxonomic counts generated from the metagenomeSeq 

package12. Differences among samples were visualized by unconstrained principal coordinates (PCoA) 

analysis, with statistical significance calculated using the permutation MANOVA (PERMANOVA) 

(9999 permutations) implemented by the PERMANOVA function in Primer-e. Sample scores on the 
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PCoA axes were used as response variables in a Linear mixed model (LMM) (see below). At the 

taxonomic levels - phyla and orders, we also used the mixed linear model to analyze the data. Analysis 

of the differential species abundance was performed using the edgeR13 and limma14 packages. Briefly, 

we first obtained normalization factors using the function calcNormFactors and subsequently used the 

block argument to limma's lmFit function along with the duplicateCorrelation function where 

duplicateCorrelation fits cage effect as a random effect for the blocking variable. P values were 

corrected for multiple tests using the approach of Benjamini and Hochberg with α=0.05. Linear 

discriminant analysis (LDA) effect, implemented in LEfSe15, was used to compare the relative 

abundance of the different taxa between LGG treatment and non-LGG treatment. 

Linear mixed model 

We fitted a mixed linear model using the lme4 package. Predictor variables in this model included 

the fixed effects LGG + anti-PD-1 + LGG×anti-PD-1, and a random effect cage16. We assessed 

statistical significance of fixed predictors using Type Ⅲ Anova with Satterthwaite’s approximation of 

dominator degrees of freedom in the package lmerTest. We used this model to predict community 

descriptors including: α-diversity metrics (diversity indices-Shannon and Simpson, and bacterial 

estimated richness, calculated using the Vegan pcakage); β-diversity metrics (the first two PCoA axes 

of Bray-Curtis and Jaccard matrices, as described above); phylum counts, and order counts. 
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Supplemental Figures 

 

Suppl Figure 1 (Related to Figure 1). Oral administration of live LGG enhances therapeutic 

effects of anti-PD-L1 and anti-TIM-3 antibodies 

(A) Tumor volumes of MC38 tumor bearing-mice treated with IgG control antibody, anti-PD-L1 

antibody, oral administration of live LGG (2 x 109 CFU), or a combination of LGG and anti-PD-L1 

antibody (n=5). C57BL/6 mice were subcutaneously inoculated with MC38 cells. 

(B) Tumor volumes of MC38 tumor bearing-mice treated with IgG control antibody, anti-TIM3 

antibody, oral administration of live LGG, or a combination of LGG and anti-TIM-3 (n=5). C57BL/6 

mice were subcutaneously inoculated with MC38 cells. (A and B) Data are expressed as mean ± SEM. 

Tumor volume results were analyzed by using two-way ANOVA; * *P < 0.01; * * *P < 0.001. 

(C) Colony formation of MC38 or LGG-treated MC38 cells. Data are expressed as means ± SEM; 

unpaired two-tailed Student’s t-tests; ns P > 0.05. 

(D) Detection of LGG in tumor tissues using selective MRS medium under anaerobic condition. MC38 

tumor bearing mice were orally administered with LGG (2 x 109 CFU) when tumor volumes reached 

100 mm3. After two administrations, tumors were collected and homogenized for anaerobic culture of 

LGG. N.D, not detected. 
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Suppl Figure 2 (Related to Figure 2) Combination treatment changed the diversity of gut 

microbiota 

(A) Unconstrained PCoA (for principal coordinates PCo1 and PCo2) with Jaccard distance, with 

permutational analysis of variance (PERMANOVA) P values nested on cage. The distribution of the 

first two most informative coordinates principal component was performed in the corresponding 

marginal box plot. Red and blue dot represent non-LGG and LGG treatment, respectively. Mixed linear 

model was tested for the first 2 coordinates of PCoA with Jaccard distance (explaining 43.9% of the 

variance). Significance was assessed using Type Ⅲ Anova with F tests for fixed effects. All P values 

were adjusted by using the Benjamini and Hochberg method. The numbers of replicated samples are 

as follows: Control (n=6), LGG (n=5), anti-PD-1 (n=7), anti-PD-1+LGG (n=7). 
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(B-C) Comparison of within-sample diversity (α-diversity). Bacterial richness (B) and Simpson (C) 

index of the gut microbiota of different mice. The numbers of replicated samples are as follows: 

Control (n=6), LGG (n=5), anti-PD-1 (n=7), anti-PD-1+LGG (n=7). The horizontal bars within boxes 

represent median. The tops and bottoms of boxes represent 75th and 25th percentiles, respectively. The 

upper and lower whiskers extend to data no more than 1.5 the interquartile range from the upper edge 

and lower edge of the box, respectively. 

(D) Hierarchical clustering and taxonomy profiling of samples in different treatment groups at order 

level. Only the 30 most abundant order in each group are shown for clarity. 

(E) Relative abundance of Bacteroidales (order level). Data bars represent means. Error bars represent 

s.e.m. FDR-corrected P values from the mixed linear model. *P < 0.05. 

(F) Taxonomic cladogram from LEfSe analysis of microbiome profiles up to the species level showing 

differences in fecal taxa. Highlights denote significant taxonomic differences. Dot size is proportional 

to the abundance of the taxon. The colors represent the group in which the indicated taxa were 

differentially abundant compared to the other group. 
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Suppl Figure 3 (Related to Figure 3). Combination treatment with LGG and anti-PD-1 antibody 

promotes activation of CD8+ and CD4+ T cells 

(A-B) The levels of CCL4 and CCL5 in MC38 tumors from WT mice. MC38 tumors in WT mice 

given the indicated treatment were removed on day 28. The levels of CCL4 (A) and CCL5 (B) in 

tumors were measured using a LEGENDplex chemokine kit. 

(C) The length of intestine in mice given the indicated treatment. 

(D) Representative flow cytometry analysis and quantification of Th1 T cells (CD4+IFN-γ+) in MC38 

tumors on day 28 given the indicated treatment (n=3). 

(E) The levels of IL-6 in MC38 tumors from WT mice. MC38 tumors in WT mice given the indicated 

treatment were removed on day 28. The levels of IL-6 in tumors were measured using a LEGENDplex 

cytokine kit. 

(F) The levels of IFN-γ production of CD8+ T cells. IFN-γ production of CD8+ T cells treated with 

LGG. The purified CD8+ T cells from OT-I mice were cocultured with LGG for three days and then 

analyzed by IFN-γ cytometric bead assay (CBA). (A, B, D, E and F) Data are means ± SEM; unpaired 

two-tailed Student’s t-tests; *P < 0.05; * *P < 0.01; * * *P < 0.001; ns P > 0.05. 
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Suppl Figure 4 (Related to Figure 4). LGG increases the population of dendritic cells in both 

tumors and MLN 

(A) Representative flow cytometry analysis and quantification of total CD11c+ cells in MC38 tumors 

on day 28 given the indicated treatment (n=3-4). 

(B) WT mice were orally administered LGG. After three administration, MLN were removed and 

digested to purify the CD11c+ cells. The CD11c+ cells were co-cultured with CD8+ T cells for 3 days 

and the cross-priming activity was analyzed by IFN-γ ELISPOT assay (n=3). 

(C) Representative flow cytometry analysis and quantification of total CD11c+ cells in MLN from the 

mice orally administered with LGG (n=6-8). (A, B and C) Data are expressed as means ± SEM; 

unpaired two-tailed Student’s t-tests; *P < 0.05; * *P < 0.01; * * * *P < 0.0001. 

(D) Heatmap illustrating the relative expression of genes and the partitioning of the clusters of genes 

(GO analysis) based on the RNA-seq analysis of CD11c+ cells in MLN of MC38 tumor-bearing WT 

mice given anti-PD-1 antibody or combination treatment with anti-PD-1 antibody and LGG. 

(E) C57BL/6 mice were subcutaneously inoculated with MC38 cells and treated with oral 

administration of LGG (2 x 109 CFU) (n=5). Oral administration of PBS served as the negative control. 

200 μg anti-IFNAR1 antibody was administered i.p. 24 h before LGG treatment. Data are expressed 

as mean ± SEM, Tumor volume results were analyzed by using two-way ANOVA; *P < 0.05; ns P > 

0.05.  
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Suppl Figure 5 (Related to Figure 5). LGG increases the population of tumor infiltrated CD8+ 

and CD4+ T cells in Myd88-/- mice 

(A-B) Myd88-/- mice were subcutaneously inoculated with MC38 cells and treated with IgG control 

antibody, anti-PD-1 antibody, oral administration of live LGG (2 x 109 CFU), or a combination of LGG 

and anti-PD-1 antibody. 

(A) Representative flow cytometry analysis and quantification of CD8+ T cells (CD45+CD3+ CD8+) in 

MC38 tumors on day 21 given the indicated treatment (n=3-4). 

(B) Representative flow cytometry analysis and quantification of Th1 T cells (CD4+IFN-γ+) in MC38 

tumors on day 21 given the indicated treatment (n=3). Data are expressed as means ± SEM; unpaired 

two-tailed Student’s t-tests; *P < 0.05; * *P < 0.01. 

  

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Gut

 doi: 10.1136/gutjnl-2020-323426–13.:10 2021;Gut, et al. Si W



 

Suppl Figure 6 (Related to Figure 6). Combination treatment with LGG and anti-PD-1 antibody 

or LGG trigger responses to IFN-β based on RNA-seq analysis 

(A-B) GSEA plots of enplot-Response to Interferon Beta were positively correlated with combination 

treatment (versus anti-PD-1 antibody monotherapy) based on the RNA-seq data of CD11c+ cells 

derived from MLN in WT (A) and Myd88-/- (B) mice. 

(C) Volcano plot representation of differential expression analysis of genes in the CD11c+ cells derived 

from MC38 tumor bearing WT mice (left) and Myd88-/- mice (right) given LGG treatment versus IgG 

treatment comparison for RNA-seq data. P-value < 0.05, two-sided unpaired limma-moderated t test. 

(D) Volcano plot representation of differential expression analysis of genes in the CD11c+ cells derived 

from MC38 tumor bearing WT mice (left) and Myd88-/- mice (right) given combination treatment 

versus anti-PD-1 antibody treatment comparison for RNA-seq data. P-value < 0.05, Two-sided 

unpaired limma-moderated t test.  
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Suppl Figure 7 (Related to Figure 6). LGG induces IFN-β production via 

cGAS/STING-TBK1-IRF7 axis 

(A-B) The mRNA levels of Il12, Cxcl9, Cxcl10, Cxcl11, Cx3cr1, Tnfα (A) and Cgas (B) in BMDCs. 2 

x 105 BMDCs were derived from WT, Sting-/-or Cgas-/- mice respectively and then treated with LGG 

(2 x 106 CFU) or LGG chromosomal DNA (50 μg/mL) overnight. BMDCs were collected. RT-qPCR 

was performed to measure the mRNA levels of Il12, Cxcl9, Cxcl10, Cxcl11, Cx3cr1, Tnfα (A) and 

Cgas (B). 

(C) Relative quantitative analysis of the western blot showed in Figure 6F using ImageJ software. Bar 

chart shows quantification of protein levels compared to control (p-TBK1 compared to TBK1, p-IRF7 

compared to IRF7) in each condition. 

(D) Relative mRNA levels of Tbk1, Irf3 and Irf7 in BMDCs after siRNA treatments. BMDCs were 

treated with siRNAs targeting Tbk1, Irf3 or Irf7, respectively. Twenty-four hours later, cells were 

harvested for qPCR analysis of Tbk1, Irf3 and Irf7 mRNA level. (A-D) Data are expressed as means ± 

SEM; unpaired two-tailed Student’s t-tests; *P < 0.05; * *P < 0.01; * * *P < 0.001; * * * *P < 0.0001. 
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