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SUMMARY

Proinflammatory cytokines produced in tumor microenvi-
ronment resulted in eradication of anti-tumor immunity and
enhanced tumor cell survival. Kynurenine (Kyn) was
required for IDO-mediated T cells function via aryl hydro-

carbon receptor (AhR)/Foxp3. Additionally, T cell-mediated
adaptive immunity indeed played a critical role in CRC
progression. Inhibition of IDO could be an effective strategy
for the prevention and treatment of inflammation-related
CRC.

BACKGROUND & AIMS: Chronic inflammation in colon section
is associated with an increased risk of colorectal cancer (CRC).
Proinflammatory cytokines were produced in a tumor micro-
environment and correlated with poor clinical outcome.
Tumor-infiltrating T cells were reported to be greatly involved
in the development of colon cancer. In this study, we demon-
strated that kynurenine (Kyn), a metabolite catalyzed by
indoleamine 2,3-dioxygenase (IDO), was required for IDO-
mediated T cell function, and adaptive immunity indeed
played a critical role in CRC.

METHODS: Supernatant of colon cancer cells was used to
culture activated T cells and mice spleen lymphocytes, and the
IDO1-Kyn-aryl hydrocarbon (AhR) receptor axis was deter-
mined in vitro. In vivo, an azoxymethane (AOM)/dextran so-
dium sulfate (DSS)-induced CRC model was established in
DO/, Ragl’/’, and wild-type mice, and tumor-associated T
lymphocyte infiltration and Kyn/AhR signaling pathway
changes were measured in each group.

RESULTS: Kyn promoted AhR nuclear translocation increased
the transcription of Foxp3, a marker of regulatory T cells
(Tregs), through improving the interaction between AhR and
Foxp3 promoter. Additionally, compared WT mice, IDO™~ mice
treated with AOM/DSS exhibited fewer and smaller tumor
burdens in the colon, with less Treg and more CD8" T cells
infiltration, while Kyn administration abolished this regulation.
Rag1™/~ mice were more sensitive to AOM/DSS-induced colitis-
associated colon cancer (CRC) compared with the wild-type
mice, suggesting that T cell-mediated adaptive immunity
indeed played a critical role in CRC.

CONCLUSIONS: We demonstrated that inhibition of IDO
diminished Kyn/AhR-mediated Treg differentiation and
could be an effective strategy for the prevention and
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treatment of inflammation-related colon cancer. (Cell Mol
Gastroenterol Hepatol 2021;12:1179-1199; https://doi.org/
10.1016/j.jcmgh.2021.05.018)

Keywords: 1DO; Kyn; AhR; Treg; Colitis-Associated Colon

Cancer.

C olorectal cancer (CRC) is one of the most common
cancers and remains the second-leading cause of
cancer-related mortality in the Western worl." It has been
associated with gene mutations, unhealthy eating habits,
chronic intestinal inflammation, and changes in the gut
microbiota.>® Indeed, chronic inflammation in the colon
increases the risk for CRC* and correlates with poor clinical
outcomes.” In addition, on the one hand, the milieu of in-
flammatory microenvironment might enhance the develop-
ment of T cell resistance by the cancer cells.” On the other
hand, tumor-infiltrating T cells, a vital component of adap-
tive immunity, have been shown to mediate the develop-
ment of colon cancer.””® Therefore, it is feasible to explore
the interaction between colon cancer cells and immune
response, which could contribute to the development of
more effective treatment options for inflammation-
associated cancers.

Indoleamine 2,3-dioxygenase (IDO) mediates the devel-
opment and progression of many cancer types.”'* IDO
catalyzes the cleavage of tryptophan (Trp) in the rate-
limiting step of the kynurenine (Kyn) pathway, resulting
in the depletion of Trp and production of immunoregulatory
molecules, including Kyn."*"*® The IDO-induced production
of Kyn and other metabolites in the tumor microenviron-
ment could suppress the proliferation of functional T cells
and natural Kkiller cells while promoting the differentiation
and activation of FoxP3™" (forkhead box P3") regulatory T
cells (Tregs)."”'® Moreover, IDO activation correlates with
poor clinical outcomes in patients with endometrial carci-
noma, ovarian carcinoma and CRC.'”"?! Furthermore, many
IDO inhibitors such as 1-methyltryptophan (1-MT) and
epigallocatechin gallate reduced the occurrence of preneo-
plastic lesions in colon section.””** Although studies
have reported IDO activation in CRC, the regulatory
mechanism of the IDO in the progression of CRC remains
unknown.

Tregs, which continuously express the transcription
factor Foxp3, have been associated with immunological
tolerance.”*”> They inhibit immune responses by releasing
many anti-inflammatory cytokines, including transforming
growth factor beta and interleukin-10.%° In addition, Tregs
confer cytotoxicity against other T cells. In particular, acti-
vated CD4" and CD8"' T cells were demonstrated to be
preferentially attacked by Tregs, thereby protecting the tu-
mor against immune surveillance.”” *? It has been shown
that there is almost a 2-fold upregulation of Tregs in colonic
tumors compared with the normal colonic mucosa, and the
differentiation of Tregs from CD4" T cells could worsen
CRC.2° However, the mechanisms behind the activation of
IDO and IDO-mediated T cell activities in CRC are not well
established.
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In our previous study, we found that the antiprolifera-
tion effect of 1-methyl-L-tryptophan (1-L-MT) mediated by
IDO-induced cell cycle disaster in colon cancer cells and
identified 1-L-MT as a promising candidate for the chemo-
prevention of CRC.>' We speculate that in addition to ac-
celerates tumor cell proliferation, IDO activation in tumors
may also mediate tumoral immune tolerance. Here, we
evaluate and report that both the expression and activation
of IDO were significantly induced by inflammatory micro-
environment in an azoxymethane (AOM)/dextran sodium
sulfate (DSS)-induced CRC model. Compared with wild-type
(WT) mice, IDO/~ mice were less sensitive to AOM/DSS,
with fewer and smaller tumors in the colon section. Both
in vivo and in vitro assays attested that Kyn played a crucial
role in the regulation of CD4" T cell functions through the
aryl hydrocarbon receptor (AhR)/FoxP3 pathway. Taken
together, our data demonstrate the effect of chronic
inflammation on IDO and IDO-induced immunosuppression
and highlight IDO inhibition as a potential therapeutic op-
tion for colon cancer.

Results
IDO Activation Inhibited the Proliferation of
Activated T Cells

We explored whether the expression of IDO in colon
cancer cells is involved in the regulation of T cell functions.
Two IDO inhibitors, 1-L-MT (1 mM) and epacadostat (10 uM)
(INCB024360) (INCB), were used to inhibit both the
expression (Figure 14-C) and activation (Figure 1D and E) of
IDO in HCT-116, HT-29, or SW620 cells. We then cultured
activated T cells (Jurkat cell line) with the conditional me-
dium (CM_) from colon cancer cells for 24 hours. The results
showed that CM_ stimulation significantly suppressed the
proliferation of Jurkat cells, while 1-L-MT abolished this in-
hibition (Figure 1F-H). Notably, there was no detectable
apoptosis of the activated T cells after incubation of CM_
(Figure 1I and J), while cell cycle distribution of the Jurkat
cells showed a remarkable CM_-specific GO/G1 phase arrest
(Figure 1K and L), which was rescued by 1-L-MT. Taken
together, these results demonstrated that IDO activation in-
hibits T cells proliferation by blocking cell cycle progression.

Because Tregs are involved in tumor-induced immune
suppression, we hypothesized that tumor cells with higher

*Authors share co-first authorship.
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IDO expression may possess immune regulatory functions,
thus conferring self-defense from immune attack and pro-
moting tumor progression. To determine whether the in-
flammatory microenvironment-induced IDO activation in
colon cancer cells could regulate the differentiation of CD4"
T cells, we used the CM_ to culture mice spleen lymphocyte.
On the one hand, after incubation for 24 hours, the number
of CD4™" T cells was not affected (Figure 24 and D). On the
other hand, there was a significant decrease (~10%) in
CD8™ T cells, which was restored by both 1-L-MT or INCB
(Figure 24, B, and D). To ascertain whether IDO activation
affected Tregs differentiation, spleen lymphocytes were
stimulated with CM_ and then stained with FoxP3 or CD4.
The data showed upregulation of Tregs following IDO acti-
vation, which was reversed by 1-L-MT and INCB
(Figure 2C-E). The change of Ki67 expression in Tregs
proved that the effect of IDO on T cell transdifferentiation
was at least partly via the induction of Treg proliferation
(Figure 2F and G). Upon CM_ stimulation, the expression of
granzyme B (GZB) in FoxP3" T cells exhibited a distinct
upregulation (Figure 2H and I), which was then blocked by
1-L-MT or INCB treatment. These data demonstrated that
IDO activation suppressed CD8" T cell response via stimu-
lating of the proliferation of Tregs.

Previous reports have shown that IDO activation not
only produces kynurenine-based metabolites, but also en-
hances localized depletion of tryptophan (Trp). The
shortage of Trp was reported to induce activated T cell
apoptosis and the differentiation of Tregs. To further
interrogate the role of Trp in IDO-mediated immunosup-
pression, cells exposed to the previously mentioned stimu-
lations were incubated with Trp. To our surprise, compared
with CM_ incubation, Trp did not increase the viability of the
activated T cells (Figure 34). Moreover, Trp-deficient media
did not affect the proliferation of Jurkat cells, compared with
media with low or high concentration of Trp (Figure 3B).
Additionally, supplementation with Trp did not rescue the
decreased expression of Ki67 in the CM_-induced activated
T cells (Figure 3C and D). Similarly, when mice spleen
lymphocytes were exposed to CM_, there was significant
suppression of CD8™ T cells (Figure 3E and F), which could
not be rescued by increased concentrations of Trp, whereas
it has been shown that GCN2 (general control non-
derepressible 2) kinase is sensitive to Trp deficiency and is
essential in the IDO-mediated immunomodulation. Here, we
found that neither CM_ nor Trp changed the GCN2

Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 4

expression (Figure 3G-]). Therefore, our data excluded the
role of Trp starvation in IDO-mediated T cell function.

Kyn/AhR Is Essential for IDO-Mediated
Regulation of T Cells and Promotes FoxP3

Transcription

To evaluate whether Kyn modulates the functions of
CD4" T cells, we stimulated Jurkat cells with interferon
gamma, Trp, or Kyn and found that only Kyn significantly
inhibited the viability of the activated T cells (Figure 4A4). On
the one hand, the CM_ remarkably enhanced the expression
for AhR protein, a major receptor of Kyn (Figure 4B and ().
Besides, the expression of FoxP3, one of the AhR target
genes, was also upregulated. On the other hand, CM_ con-
taining 1-L-MT or INCB decreased the expression of both
AhR and FoxP3 proteins. Furthermore, Kyn at 50 uM pro-
moted the nuclear translocation of AhR, similar to the ob-
servations made with the CM_ incubation (Figure 4D-G).
The CM_ incubation increased both the expression and
activation of AhR. To evaluate whether AhR was required
for the regulation of Kyn, activated T cells were incubated
with CM_ after 1-hour pretreatment with an AhR inhibitor,
CH-223191, and it was showed that the inhibitory effects of
CM_ on the proliferation of Jurkat cells were compromised
(Figure 4H). The AhR knockdown in the activated T cells
rescued the CM_-inhibited proliferation (Figure 4/-K). In
addition, CH-223191 pretreatment resulted in an increase in
CD8' T cells, which was suppressed by CM_ incubation
(Figure 4L and M). Taken together, the findings demonstrate
that the modulatory effect of CM_ on T cells required AhR
activation.

Based on the fact that IDO activation inhibited the
number of CD8™ T cells but not the number of CD4™ T cells,
we hypothesized that CD4" T cells, including naive and
activated T cells, may be differentiating into Tregs. Previous
studies have shown that, upon stimulation, naive T cells
could transform into functional FoxP3™ Tregs. Here, we
investigated whether colon cancer cell expressed IDO could
affect FoxP3 in activated T cells. Transcript analysis at 24
hours of different CM_ incubation revealed that the super-
natant of HCT-116, HT-29, or SW620 cells upregulated the
expression FoxP3, with CM_ induced FoxP3-encoding genes
to a relatively higher extent than Kyn did (Figure 54), and
the increased FoxP3 expression was blocked by the IDO
inhibitors. Both pharmacologic and genetic means of AhR

Figure 1. (See previous page). IDO activation in colon cancer cells inhibited proliferation of activated T cells. (A-C)
Lipopolysaccharide (2 ug/mL) stimulated THP-1 for 24 hours, and the supernatant was collected. (A) HCT-116, HT-29, and
SW620 cells were incubated with such supernatant with or without the stimulation of 1-L-MT or INCB for 24 hours, and the
gene of IDO expression was determined (n = 9). (B, C) The protein of IDO expression was determined by Western blot (n = 3).
(D, E) The synthesis of Kyn was measured by flow cytometry. (F) The supernatant of lipopolysaccharide-stimulated THP-1 was
incubated with HCT-116 (n = 3), HT-29 (n = 3), and SW620 (n = 3) cells with or without 1-L-MT or INCB for 24 hours, and then
the supernatant (CM_) was collected. Jurkat cell lines (activated T cells) were stimulated with such CM_ for 24 hours. The cell
viability was determined by CCKS8. (G, H) Ki67 expression of Jurkat cells was detected by flow cytometry. (/, J) Activated T cells
exposed to previous stimulation were analyzed for the extent of apoptosis by annexin V-tagged FITC-PI flow cytometry (n =
3). (K, L) Cell cycle distribution was measured using flow cytometry. The percentage of cells in each population are shown as
the mean + SD (n = 3). *P < .05, **P < .01 with control group. *P < .05, **P < .01 with CM_ or CM_(lipopolysaccharide) group.
The results were performed at least in triplicate and expressed as the mean + SD. n.s, no significant difference.
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inhibition confirmed that CM_-induced FoxP3 expression
was dependent on the Kyn/AhR signaling (Figure 5B).
Furthermore, FoxP3 protein expression was decreased
when activated T cells were transfected with AhR small
interfering RNA (siRNA) (Figure 5C-E). The CM_-enhanced
levels of Tregs were compromised by the treatment of
AhR inhibitor (Figure 5F and G). To determine how Kyn-
enriched CM_ contributed to FoxP3 transcription, chro-
matin immunoprecipitation (ChIP) assay was performed,
and it was demonstrated that CM_ and Kyn enhanced the
interaction between AhR and FoxP3 promoter (Figure 5H
and I). The results suggested that CM_ upregulated the
expression of FoxP3 via AhR nuclear
translocation-mediated FoxP3 transcription.

IDO/Kyn Played a Vital Role in Chronic Colitis-

Associated Cancer via Regulation of T Cells

We established the AOM/DSS-induced CRC mouse model
to validate our in vitro observations (Figure 6A4). The
expression of F4/80 was significantly upregulated in the
AOM/DSS group (Figure 6B), indicating that there was
increased inflammatory cell infiltration including macro-
phage. Similarly, IDO expression was enhanced after AOM/
DSS treatment, together with interferon gamma, interleukin
16, and tumor necrosis factor alpha (Figure 6C and D) levels,
indicating that the inflammatory microenvironment was
closely related to CRC progression. An AOM/DSS-induced
colitis-associated colon cancer model was also established
in WT and IDO™/~ mice (Figure 7A). Based on Kaplan-Meier
survival curves, IDO”~ mice exhibited increased survival
rate, compared with the WT group, while the administration
of Kyn (5 mg/wk) led to a higher mortality rate in IDO™/~
mice (Figure 7C). In addition, IDO™~ mice had reduced
weight loss as compared with the WT and Kyn treatment
groups (Figure 7B). After sacrificing the animals, colon
length, tumor size, and histology scores were obtained, and
we found that IDO™~ mice harbored fewer and smaller tu-
mors compared with the WT group, while the Kyn treatment
group had opposite effects (Figure 7D and E). In addition,
lower average histology score was seen in IDO™" mice, in
comparison with both WT and Kyn groups (Figure 7F and
G). However, there was no difference in colon length in
among all the groups (Figure 7H). Taken together, these
results indicated that IDO/Kyn played an important role in
the AOM/DSS CRC cancer model.

IDO-Deficient Mice Had Increased CD8' T Cell

Infiltration in the Colon
To evaluate the role of IDO/Kyn in adaptive immune
response during CRC, we examined the shift on the number

Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 4

of CD8" T cells in the colon section and spleen. The data
showed increased number of CD8" T cells in the colon
sections of the IDO/~ mice but not in the WT mice
(Figure 84 and B), while administration of Kyn abolished
this enhancement. However, neither IDO nor Kyn affected
the number of CD8™ T cells in the spleen (Figure 8C and D).
Compared with the WT mice, activation detected by CD69
expression and cytolytic capacity measured by GZB
expression of CD8" T cells were significantly improved in
the IDO”/~ mice, and Kyn reversed these effects
(Figure 8E-H). Besides, the IDO™/~ mice showed a dramatic
proliferation in the CD8" T cells, as well as an upregulation
of Ki67 in CD8" T cells, compared with the WT mice
(Figure 8I and ), and Kyn reversed this increment. Neither
IDO nor Kyn affected apoptosis of the CD8' T cells
(Figure 8K and L). In addition, immunofluorescence analysis
revealed that CD8" and CD4™" T cells diffusely infiltrated the
tumor in the IDO™~ mice, but not in the WT or Kyn group
(Figure 8M and N). Unlike in the IDO™/~ group, inflammatory
cells that expressed F4/80 or CD11b were significantly
increased in the WT and Kyn mice (Figure 8M and N). These
results suggested that the IDO/Kyn axis inhibited CD8" T
cells infiltration in the colon, which contributed to the
development of CRC.

IDO/Kyn/AhR Regulates Treg Differentiation in
CRC

We next analyzed whether Tregs were altered by the
IDO/Kyn/AhR axis, as they played a key role in regulating
the anti-tumor immune responses. The results showed that
IDO deficiency suppressed the number of Tregs in the tu-
mors compared with the WT, which was abolished by Kyn
administration (Figure 94 and B). There was no significant
difference in the number of Tregs in the spleen among 3
groups (Figure 7G). Consistent with these findings,
apoptosis of Tregs was found in the tumors in the IDO™/~
mice but not in WT- or Kyn-treated ones (Figure 9C and D).
However, there was no difference in the expression of Ki67
in Tregs among all the groups, indicating that neither IDO
nor Kyn affected the proliferation of Tregs in the colon
(Figure 9E and F). In addition, on the one hand, AOM/DSS
significantly increased the Kyn-to-Trp ratio in the colon of
WT mice, while IDO”/~ mice exhibited a lower ratio
(Figure 9H). On the other hand, Western blot analysis
showed accumulation of AhR in the nucleus of the tumor-
infiltrating lymphocyte (TIL) in the WT and Kyn groups
(Figure 91 and J). Besides, immunohistochemical and
immunofluorescence staining demonstrated that high levels
of FoxP3 were induced by AOM/DSS and substantially
blocked by IDO deficiency, which was compromised by Kyn

Figure 2. (See previous page). Inflammatory microenvironment-induced IDO activation promoted CD4* T cell trans-
differentiation into Tregs. (A) Mice spleen lymphocytes were exposed to the supernatant of colon cancer cells for 24 hours.
The percentage of CD3*/CD4" T cells was measured. (B, C) The percent of (B) CD3*/CD8™" T cells and (C) Tregs was detected
(n = 3). (D) The distributions of CD4* and CD8* T cells were determined by representative fluorescence-activated cell sorter
blots (n = 3). (E) The percentage of Tregs in each population. (F, G) The expression of Ki67 in Tregs was determined by flow
cytometry (n = 3). (H, /). The expression of GZB in Tregs was detected (n = 3). The results are representative of 3 independent
experiments and are expressed as the mean + SD. *P < .05, P < .01 compared with the control, P < .05, P < .01

compared with CM_. n.s, no significant difference.
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treatment (Figure 9K and L). The immunofluorescence assay
showed that there was high AhR expression in the WT and
Kyn groups (Figure 9M). Thus, our results suggested that
IDO/Kyn/AhR regulated Treg function in CRC.

T Cell-Mediated Microenvironment Affects the
Development of CRC

To further ascertain the role of the T cells in CRC, we
established an AOM/DSS model in Ragl'/‘ mice, which
lacked T cells. The transient weight loss after each cycle of
DSS was similar in the WT and Rag1™~ groups (Figure 104).
However, higher mortality rate was observed in the Ragl™~
mice compared with the WT mice (Figure 10B). Ragl™~
mice were found to be more sensitive to AOM/DSS-induced
CRC, harboring more tumors in the colon (Figure 10C and
D). Microscopy and histology score also revealed more se-
vere injuries in the colon section of Ragl™~ mice than in the
WT mice (Figure 10E and F). Taken together, these results
demonstrate that the T cell-mediated adaptive immunity
was essential in the progression of CRC.

Discussion

In our previous study, we determined that IDO inhibi-
tion suppressed tumor growth via reducing CDC20 tran-
scription and demonstrated the chemopreventive effects of
the IDO inhibitor 1-L-MT on CRC.>! However, we did not
look at the role of IDO in immune tolerance. In this study,
we demonstrated that the presence of multiple cytokines
(CM_) enhanced IDO transcription, and the inflammatory
microenvironment improved IDO activation. Consistent
with our in vitro data, inflammatory cell infiltration
and inflammatory cytokine secretion were detected in
the colon section of the CRC model, with increased
IDO expression.

We showed that the supernatant of colon cancer cells did
not inhibit CD4% T cells but significantly suppressed the
levels of CD8™" T cells. Moreover, CM_ stimulation increased
both the multiplication and proliferation of Tregs. Previous
studies illustrated that IDO and its metabolites exhibited
cytotoxicity against both the activated T cells and natural
killer cells.>?3* However, annexin V staining showed no
obvious apoptosis in the activated T cells when incubated
with a supernatant rich in Kyn and other metabolites
induced by IDO activation. Thus, we speculated that
inflammation-mediated IDO activation in colon cancer cells
might preferentially affect the differentiation rather than
apoptosis of CD4" T cells. It has been shown that naive
CD4" T cells could undergo alternative differentiation fates
leading to the production of Tregs.*> Our study showed that

Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 4

whereas activated T cells did not undergo apoptosis, their
proliferation was significantly suppressed. We hypothesized
that activated T cells might undergo some form of stimu-
lation and become Treg-like cells. As expected, on the one
hand, both mRNA and protein levels of FoxP3 in the Jurkat
cells were increased following stimulation of different CM_.
On the other hand, CM_-induced Tregs or Tregs from other
sources could mediate the proliferation of CD8" T cells,
which plays a pivotal role in anti-tumor treatment. However,
in our in vivo study, apoptosis was observed in Tregs in the
colon sections of IDO™/~ mice, which was contrary to the
in vitro observations, in which 1-L-MT and INCB did not
cause apoptosis in any subtypes of T cells. This might be due
to the incubation time of the IDO inhibitors. The stimulation
for 24 hours may not be long enough to induce apoptosis.
Furthermore, besides tumor cells, dendritic cells, macro-
phages, or endothelial cells also express ID0,3°73® which
may take part in the regulation of IDO-mediated T cells
function in the CRC model. Hence, the activation of IDO may
exhibit more complicated biological effects in vivo than
in vitro.

Trp metabolism and starvation in the cell microenvi-
ronment acted as a survival mechanism in phylogenetically
ancient organisms. Yet, Trp consumption could modulate
immune system.39 Many immune cells are sensitive to Trp
starvation, which activates the stress-response kinase
GCN2, whereas the activation of GCN2 in T cells decreases
their proliferation and increases Tregs differentiation,
which confers immune tolerance.*®*' However, the
changes in Trp level did not affect the fate of T cells in our
study. In addition, Trp did not inhibit the viability of Jurkat
cells or CD8" T cells. Besides, the addition of Trp did not
rescue the inhibitory effects of IDO on T cells. Taken
together, the ability of colon-specific IDO expression to
locally suppress effector T cells was not dependent on
metabolic depletion of Trp. As GCN2 had a direct impact
on the phenotype of dendritic cells and macrophages,****
we speculated that antigen-presenting cells, rather than
activated T cells, may be more sensitive to Trp starvation
to change the local milieu from immunogenic to
tolerogenic.

Because Trp consumption was not required for the
effect of IDO on T cells, we investigated the potential role
of Kyn. We did not observe any differences in inflamma-
tory injuries between the Kyn treatment group and the
IDO™/~ group, which was similar to previous study.****
However, Kyn did re-establish and maintain immune
tolerance in the colon section of IDO™~ mice. In addition,
AhR, a Kyn receptor,”>*® regulates IDO-specific disease
development. For example, AhR-deficient mice have been

Figure 3. (See previous page). The change of Trp hardly affected IDO-mediated T cell function. (A) CM_-stimulated
activated T cells were exposed to Trp for 24 hours. The cell viability was determined by CCK8 (n = 3). (B) Jurkat cells were
cultured in the medium with no, low (50 uM), or high (500 uM) Trp concentration (n = 3). Cell viability was determined by CCKa8.
(C, D) Ki67 expression of activated T cells, which was stimulated by CM_ and additional Trp, was measured by flow cytometry
(n = 3). (E, F) Mice spleen lymphocytes were exposed to the supernatant of colon cancer cells and Trp for 24 hours (n = 3).
Percentage of CD37/CD8" T cells was measured. (G-J) The GCN2 expression of activated T cells with previous stimulation
was analyzed by Western blot (n = 3). The results are representative of 3 independent experiments and are expressed as the
mean + SD. *P < .05, *P < .01 indicate significant difference. n.s, no significant difference.
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shown to be susceptible to endotoxin shock compared
with the WT mice.”” Both pharmacologic and genetic AhR
inhibition abolished IDO-induced changes in the differen-
tiation of T cells. Besides, nuclear translocation of AhR
increased the levels of FoxP3" T cells both in vitro and
in vivo. A previous study showed that AhR activation is
involved in the development of Tregs, which boosted T
helper 17 cell differentiation.*® Naive CD4" T cells usually
undergo a perforin/GZB-dependent apoptosis upon acti-
vation of AhR. Here, we showed that Kyn mainly enhanced
the differentiation of activated T cells, with increased
transcription of FoxP3. Besides, after stimulation with CM_,
the number and proliferation of Tregs were enhanced.
Whereas there was no apoptosis observed in Jurkat cells,
there was a remarkable GO/G1 phase arrest induced by
CM_ incubation.

As IDO™/~ mice exhibited different levels of T cell sub-
types in the colon, we established an AOM/DSS-induced
CRC model in Ragl™~ mice. There was high mortality of
Rag1™~ mice in the initial cycles of DSS, suggesting that T
cells with adaptive immune response may protect against
lesions in the colon. A previous study demonstrated that
IDO inhibitors suppressed AOM-induced colonic preneo-
plastic lesions though modulating the immune microenvi-
ronment.”> Aberrant crypt foci served as putative
precancerous lesions of the colon in experimental models,
and it was showed that IDO could be a potential target in
this process.”” In our study, depletion of T cells worsened
the CRC, and Ragl™~ mice harbored more and larger tu-
mors in the colon. Besides, T cell dysfunction would
accelerate the development CRC. However, immune sur-
veillance was disrupted by suppressed CD8" T cell prolif-
eration and release of anti-inflammatory cytokines.”® A
major feature of immune evasion in cancer cells is the
expression of multiple inhibitory ligands, notably IDO.’
Thus, an adaptive immune system could improve tumor
prognosis. Immunoregulation, including IDO inhibition, may
be an effective strategy for the chemoprevention and
treatment of colon cancer.

Based on our previous findings and this study, we
determined that IDO activation played a critical role in CRC
progression, which provided mechanistic evidence for the
correlation between high IDO expression and poor prog-
nosis of human CRC. These results confirmed that IDO had
multiple effects on CRC progression, including regulation of
immune tolerance and suppression of cancer cell

Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 4

proliferation. Nevertheless, how IDO-induced immune
response promotes tumorigenesis is still unknown. A pre-
vious study indicated that IDO was activated in DSS-induced
acute colitis.”” Its expression and activation were elevated
in patients with inflammatory bowel disease and positively
correlated with inflammation-induced colon tumorigen-
esis.”® Colitis severity is known to influence the develop-
ment and progression of colon cancer. Thus, IDO acts as a
natural brake to control inflammatory response, and it was
initially speculated that IDO might influence CRC via
modulating colitis. However, recent studies revealed that
IDO deficiency did not promote spontaneous intestinal
inflammation.”***

Conclusion

Taken together, we demonstrate an inflammatory
microenvironment-induced immunosuppression in colon
cancer through the IDO/Kyn/AhR axis. This regulatory
mechanism is critical for colon cancer cells to escape im-
mune surveillance via IDO-mediated Kyn production. Be-
sides, the inhibition of IDO expression and activation in
cancer cells suppressed Treg-induced immune tolerance.
Thus, targeting IDO in cancer cells presents a potential
strategy to prevent and treat inflammation-associated colon
cancer.

Materials and Methods

Reagents

1-L-MT (Catalog No. 447439-5G) purchased from Sigma-
Aldrich (St. Louis, MO) was dissolved in 0.1M NaOH at 50
mM. INCB (INCB024360; Catalog No. S7910) purchased
from Selleck Chemicals (Houston, TX) was dissolved in 50
mM DMSO. Primary antibodies for IDO (Catalog No.
BS90685), B-actin (Catalog No. BS6007M), and Lamin-A
(Catalog No. BS7013) were purchased from Bioworld
Technology, Inc (Nanjing, China). Horseradish
peroxidase-conjugated Affinipure Goat Anti-Mouse IgG
(Catalog No. SA00001-1) and Goat Anti-Rabbit IgG (Catalog
No. SA00001-2) antibodies were purchased from Pro-
teintech Group (Chicago, IL). AhR (Catalog No. A1451),
FoxP3 (Catalog No. A12051), GZB (Catalog No. A19592), and
GCN2 (Catalog No. A12618) antibody were purchased from
Abclonal (Wuhan, Hubei, China). Antibodies for flow
cytometry, including CD11b (Catalog No. 50-0112-82), CD3
(Catalog No. 25-0031-81), CD8 (Catalog No. 12-0081-81),

Figure 4. (See previous page). Kyn/AhR was essential for IDO-mediated regulation of T cells. (A) Jurkat cells were
exposed to the same dose (500 uM) of Kyn, INF-v, Trp, 1-L-MT(1 mM), and INCB (10 uM) for 24 hours (n = 3). Cell viability was
measured by CCK8. (B, C) The protein levels of AhR and FoxP3 in activated T cells after incubation with different CM_ were
detected. (D-G) Jurkat cells were treated with CM_ or Kyn for 24 hours, and the protein level of AhR and its nuclear trans-
location were determined by Western blot (n = 3). (H) CM_-pretreated activated T cells were stimulated with CH-223191

(10 uM)

for 24 hours, and cell viability was measured (n = 3). (/, J) Western blot analysis of AhR expression in Jurkat cells

transfected with different concentrations of AhR siRNA for 24 hours. (K) AhR siRNA-transfected activated T cells were
stimulated with CM_ for the indicated periods. Cell viability was determined by CCK8 (n = 3). (L, M) Mice spleen lymphocytes
were cultured in the supernatant of colon cancer cells and CH-223191 (10 uM) for 24 hours. Percentage of CD37CD8™ T cells
was measured (n = 3). The results are representative of 3 independent experiments and are expressed as the mean + SD.
*P < .05, **P < .01 compared with the control, *P < .05, #P < .01 compared with CM_ (4, C, E, F, G, and J). *P < .05, **P < .01

indicates significant difference (H, M).
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Figure 6. The AOM/DSS-induced CRC mouse model was established. (A) Number of polyps per mouse in the control and
AOM/DSS groups. (B) Serial sections of colon tissues were immunostained with DAPI (blue) and F4/80-FITC (green). They
were observed by confocal laser scanning microscope (scale bar = 50 um, 10 um). (C) Expression of IDO was analyzed by
immunochemical staining of paraffin-embedded colon sections (scale bar = 100 um). (D) INF-y, TNF-«, and IL-18 in colonic
tissue were determined by enzyme-linked immunosorbent assay (n = 6). The results are representative of at least 6 inde-

pendent experiments and expressed as mean + SD. *P < .05, *™P < .01 indicates significant difference.

CD4 (Catalog No. 17-0049-41), CD69 (Catalog No. 14-0691-
82), and F4/80 (Catalog No. 11-4081-82), were purchased
from eBioscience (San Diego, CA). AhR siRNA and control
siRNA were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). Lipopolysaccharide (Catalog No. L2630)
was purchased from Sigma-Aldrich. Enzyme-linked immu-
nosorbent assay kits for Trp (Catalog No. SBJ-M0728) and
Kyn (Catalog No. SBJ-M0729) were purchased from Sen-
beijia Biotech (Nanjing, China), and interferon gamma
(Catalog No. EK0375) was purchased from Boster Biotech
(Wuhan, China).

Cell Culture

Human THP-1 (Catalog No. TCHu57) and Jurkat (Catalog
No. TCHU123) cells were obtained from the Cell Bank of
Shanghai, Institute of Biochemistry and Cell Biology, Chi-
nese Academy of Sciences and maintained in RPMI 1640
medium (Catalog No. 31800022; Thermo Fisher Scientific,
Waltham, MA) supplemented with 10% heat-inactivated
fetal bovine serum (Catalog No.10099 and 10091; Thermo
Fisher Scientific). Human colon cancer cell lines including
HCT-116 (Catalog No. TCHu99), HT-29 (Catalog No.
TCHu103), and SW620 (Catalog No. TCHu101) were ob-
tained from Cell Bank of the Chinese Academic of Sciences
(Shanghai, China) and cultured in McCoy’s 5a (Catalog No.

M4892; Sigma-Aldrich) medium supplemented with 10%
fetal bovine serum (FBS), RPMI-1640 medium supple-
mented with 10% FBS, and Dulbecco’s modified Eagle
medium (Catalog No. 12800017; Thermo Fisher Scientific)
medium containing 10% FBS. All cell lines were cultured
under a humidified 5% (v/v) CO, atmosphere at 37°C. All
cell lines were authenticated with methods of short tandem
repeat. All experiments were performed with mycoplasma-
free cells.

Western Blot Assay

Total proteins were extracted by adding RIPA lysis
buffer (Catalog No. P0013C; Beyotime Biotechnology,
Shanghai, China) with 1 mM PMSF (Catalog No. ST506;
Beyotime Biotechnology) for 1 hour on the ice and
centrifuging at 13,000 rpm for 30 minutes at 4°C. Protein
concentration in the supernatants was measured by BCA
protein assay (Catalog No0.23227; Thermo Fisher Scienti-
fic). Then, an equal amount of sample was run on 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis.
The proteins were transferred to polyvinylidene difluoride
membranes (Catalog No. IPVH00010; Sigma-Aldrich) using
a semidry transfer system (Bio-Rad, Hercules, CA). Pro-
teins were detected using specific antibodies of IDO
(1:1000), FoxP3 (1:1000), GZB (1:1000), GSCN (1:1000),

Figure 5. (See previous page). Kyn-mediated AhR activation promoted FoxP3 transcription. (A) Jurkat cells were treated
with different CM_ or Kyn (500 uM) for 24 hours, and the messenger RNA level of FoxP3 was detected by real time PCR (n = 9).
(B) AhR siRNA-transfected or CH-223191 (10 uM) (CH)—-pretreated Jurkat cells were stimulated with different CM_, and the
FoxP3 messenger RNA level was determined by real-time PCR (n = 9). (C-E) AhR siRNA-transfected Jurkat cells were
stimulated with CM for 24 hours and FoxP3 expression was detected by Western blot (n = 3). (F, G) Mice spleen lymphocytes
were cultured in the supernatant of colon cancer cells and CH-223191 (10 uM) for 24 hours (n = 3). The percentage of Tregs
was measured. (H, /) ChlP assay was performed to illustrate the interaction between AhR and FoxP3 promoter (n = 3). The
results were performed at least in triplicate and expressed as the mean + SD. *P < .05, **P < .01 compared with the control, *P
< .05, #P < .01 compared with CM_ (A, B, D, E, G). *P < .05, **P < .01 indicates significant difference (H, /).*P < .05, *P < .01
indicates significant difference.
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Figure 7. IDO/Kyn played a vital role in chronic colitis-associated cancer. (A) Induction procedure and groups designed for
the AOM/DSS model of chronic colitis-associated cancer (n = 10). (B) Body weight. (C) Survival rate. (D) Number of polyps per
mouse. (E) Polyp size (n = 6). (F) Hematoxylin and eosin staining (scale bar = 100 um). (G) Average Histology Score of colons
(n = 6). (H) Colon length (n = 6). The results are representative of at least 6 independent experiments and expressed as mean +

SD. *P < .05, *P < .01 indicates significant difference.

AhR (1:1000), and @-actin (1:5000) overnight at 4°C. The

Analyzer plugin (V1.8.0, National Institutes of Health,

relative protein expression was calculated by quantifying Bethesda, MD). Western blots were performed as previ-

Western blot band intensities using the Image] Gel

ously described.”®
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manufacturer’s instruction. The protein concentration of the
nuclear and cytoplasmic extracts was measured with the
BCA protein assay reagent (Catalog No. 23227; Thermo
Fisher Scientific). Extracts were stored at -80°C until
further experimentation.

Analysis of Intracellular Kyn Expression in Jurkat
Cells by Flow Cytometry

For intracellular Kyn staining, we used a BD Cytofix/
Cytoperm Kit (Catalog No. 554714. BD Pharmingen, San
Diego, CA) following the manufacturer’s instructions.
Intracellular Kyn (Catalog No. sc-69890; Santa Cruz
Biotechnology) production was detected with Kyn mono-
clonal Abs and FITC conjugate-goat anti-mouse IgG (as a
secondary antibody; Catalog No. KGAA25; KeyGen Biotech,
Nanjing, Jiangsu, China).

RNA Extraction and Real-Time Polymerase Chain
Reaction

Total RNA was isolated using the TRIzol reagent (Catalog
No. 15596026; Thermo Fisher Scientific) according to the
manufacturer’s protocol. RNA samples were reverse tran-
scribed to cDNA and subjected to quantitative polymerase
chain reaction (PCR), which was performed with the Light-
Cycler 96 Real-Time PCR System (Roche, Indianapolis, IN)
using AceQ qPCR SYBR Green Master Mix (Catalog No. Q131;
Vazyme Biotech, Nanjing, China). The primer sequences
used in this study were as follows:

IDO, 5'-CACTTTGCTAAAGGCGCTGTTGGA-3' (forward)

5’-GGTTGCCTTTCCAGCCAGACAAAT-3' (reverse)

GZA, 5'-ACACGGTTGTTCCTCACTCAAGAC-3’ (forward)

5’- TCAATCAAAGCGCCAGCACAGATG-3' (reverse)

GZB, 5'-TGTGAAGCCAGGAGATGTGTGCTA-3’ (forward)

5'-TCAGCTCAACCTCTTGTAGCGTGT-3' (reverse)

CCKa8 Cell Viability Assay

Cell viabilities were assessed using a Cell Counting Kit-
8 (CCKS8, Catalog No. CK04; Dojindo Laboratories, Kuma-
moto, Japan) assay. To this end, Jurkat cells (1.0 x 10*/
well) were seeded in 96-well plates (3 wells per group)
and treated with different stimulations for 24 hours,
respectively. Next, 10 uL. CCK8was added to the cells, and
the viability of the cells was measured with a microplate
reader at 490 nm.
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Apoptosis Analysis

For fluorescence staining assay, the cells were washed
with cold PBS, and incubated with Annexin V-FITC and
propidium iodide (PI) (Annexin V-FITC Apoptosis Detection
Kit, Catalog No. KGA107; KeyGen Biotech) in turns. After
different stimulations, Jurkat cells were resuspended and
stained with Annexin V-FITC in dark forl5 minutes under
4°C and subsequently treated by PI for 5 minutes under the
same conditions. The stained cells were subjected to a flow
cytometer for quantitative analysis. Annexin V*/PI~ (early
apoptosis) together with Annexin V'/PI* cells (late
apoptosis) were deemed as apoptotic portion.

Cell Cycle Assay

After treatment with CM_ with or without 1-L-MT
or INCB for 24 hours, Jurkat cells were harvested and
spined down and the resulting pellets were fixed in ice-
cold 70% ethanol. Fixed cells were centrifuged, washed,
and resuspended in PBS-containing RNase A (1 mg/mL),
and PI (Cell Cycle Detection Kit, Catalog No. KGA511;
KeyGen Biotech) was added (1.0 mg/mL). Pl-stained cells
were analyzed by a fluorescence-activated cell sorter
(Accuri C6; Becton Dickinson, Franklin Lakes, NJ), followed
by the determination of the percentage of cells in GO/G1, S,
and G2/M.

Preparation of Suspension and Flow Cytometry
Single-cell suspensions of splenocytes were prepared by
crushing the spleen with a plunger of a disposable syringe.
Cell suspensions were strained through a 70-um nylon
mesh and then suspended in RPMI-1640 medium. The
erythrocytes were lysed from splenocytes by using ACK
lysis buffer (Catalog No. KGP11100; KeyGen Biotech). The
lymphocytes were separated by different density of Percoll
layered liquid (Catalog No. P1644; Sigma-Aldrich). The
extracted lymphocytes were incubated with FITC-
conjugated anti-mouse CD3, antigen-presenting
cell-conjugated anti-mouse CD4 and PE-conjugated anti-
mouse CD8 antibodies at 4°C for 30 minutes. The suspen-
sions were then washed with sheath fluid. The stained
samples were assessed by Accuri C6 (Becton Dickinson).

Transfection of AhR siRNA
AhR siRNA (Catalog No. sc-29654) was purchased from
Santa Cruz Biotechnology and transformed according to the

Figure 8. (See previous page). Absence of IDO contributed to increased CD8* T infiltration in colon. (A) Absolute
numbers of CD4" and CD8" T cells infiltrated in tumor were measured by flow cytometry (n = 6). (B) The percentage of CD4™"
and CD8™ T cells in spleen lymphocytes was analyzed by flow cytometry (n = 6). (C, D) Absolute numbers of CD4" and CD8" T
cells in spleen lymphocytes were detected by flow cytometry (n = 6). (E, F) The frequency of intratumoral CD8"/ CD69™" T cells
was determined (n = 6). (G, H) The percentage of CD8" GZB™ T cells was detected (n = 6). (/, J) The expression of Ki67 and its
mean fluorescence intensity (MFI) of CD8" T were shown (n = 6). (K, L) Annexin V expression on intratumoral CD8™ T cells and
its mean fluorescence intensity were determined by flow cytometry (n = 6). (M, N) Serial sections of colon tissues were
immunostained with DAPI (blue), anti F4/80 (green), and CD8 (red). They were observed by confocal laser scanning micro-
scope (scale bar = 50 um, 10 um). Expressions of CD11b (red) and CD4 (green) were analyzed by immunofluorescence
cytochemistry (scale bar = 50 um, 10 um). The results are representative of at least 6 independent experiments and expressed
as mean + SD. *P < .05, *P < .01 indicates significant difference.
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manufacturer’s instruction of Exfect Transfection Reagent
(Catalog No. T101-01; Vazyme Biotech).

ChiIP Assay

The Jurkat cells were cross-linked and sonicated ac-
cording to the protocol published by Nelson et al.”® Briefly,
immunoprecipitation was performed in 4 replicates and
carried out at 4°C overnight with 1 ug of rabbit anti-
human AhR antibody (Catalog No. 83200; Cell Signaling
Technology, Danvers, MA) or an irrelevant IgG antibody
(Catalog No. A7001. Beyotime Biotechnology) as a negative
control. Immunocomplexes were recovered with 50-uL
protein A/G beads (Catalog No. P2055. Beyotime
Biotechnology). Input DNA and purified immunoprecipi-
tated DNA were analyzed by real-time PCR. Quantification
of the ChIP-DNA was performed using the method
described by Nelson et al.”®

Animal Studies and Colitis-Associated Colon
Cancer

Animal welfare and experimental procedures were
performed in accordance with the Guide for the Care and
Use of Laboratory Animals and the related ethical regula-
tions of our university (No.2020-01-005). Pathogen-free
male C57BL/6 and Ragl™/~ (C57BL/6-Ragl®™!Smoc,
Ragl knockout) mice were purchased from the Model
Animal Research Center of Nanjing University (Nanjing,
China) at 5 weeks of age, and IDO1 knockout (IDO17/")
mice, on the C57BL/6], were originally purchased from the
Jackson Laboratory (Bar Harbor, ME). They were exposed
to a 12-hour light/dark cycle. At 6weeks of age, mice
received intraperitoneal 10-mg/kg AOM (Sigma-Aldrich)
followed by 7-day cycles of sterile filtered DSS (TdB
Consultancy, Uppsala, Sweden) at 2.5% in their drinking
water. A total of 5 mg/kg Kyn injected intraperitoneally
every week.

Immunohistochemistry

Immunohistochemical stains against FoxP3 was per-
formed using immunohistochemistry kit (Catalog No.
KGSPO03; KeyGen Biotech). Briefly, paraffin-embedded slides
were deparaffinized, rehydrated, and washed in 1% PBS-
Tween. Then they were treated with 3% hydrogen
peroxide and blocked with 10% goat serum for 1 hour at
37°C. Slides were incubated with primary antibodies in PBS
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containing 1% bovine serum albumin (BSA) (1:50) for 1
hour at 37°C. Biotinylated secondary anti-rabbit antibodies
were added and incubated at room temperature for 1 hour.
Streptavidin-horseradish peroxidase was added, and after
40 minutes the sections were stained with DAB substrate
and counterstained with hematoxylin.

Immunofluorescence

Immunofluorescence was performed on paraffin-
embedded colonic tissue sections. The sections were
deparaffinized, rehydrated, and washed in 1% PBS-Tween.
Then, they were treated with 3% hydrogen peroxide,
blocked with 10% goat serum, and incubated with CD11b,
F4/80, FoxP3, CD4, and CD8 primary antibody in PBS con-
taining 1% BSA (1:100) for 1 hour at 37°C. The slides were
stained with DAPI. Images were acquired by confocal laser
scanning microscope (Olympus, Lake Success, NY). Settings
for image acquisition were identical for control and exper-
imental tissues.

Tumor-Infiltrating Lymphocyte Profile Analysis by
CyTOF or Flow Cytometry

Excised tumors were digested in collagenase/hyaluron-
idase and DNase I (Catalog No. BS137; Biosharp, Hefei,
China), and TILs were enriched on a Percoll gradient (Cat-
alog No. P1644; Sigma-Aldrich). TILs were incubated with
5% BSA for 10 minutes, and then TILs were incubated with
different antibodies for 30 minutes at room temperature
and washed twice. Stained samples were analyzed using
Accuri C6 (Becton Dickinson).

Statistical Analyses

All statistical analyses were performed using GraphPad
Prism software (V8.0; GraphPad Software, San Diego, CA).
Results are presented as the mean + SD. Statistical analysis
was performed using the 2-tailed Student t test for com-
parison of 2 groups to determine the level of significance.
For multiple groups, statistical analyses were performed
with 1-way analysis of variance. P values <.05 were
considered significant. All experiments were replicated at
least 3 times.

Graphical Abstract Preparation
We generated the graphical abstract in PowerPoint,
using some of the illustrations available at Servier

Figure 9. (See previous page). IDO/Kyn/AhR regulated Treg differentiation in CRC. (A, B) Representative frequency of
intratumoral Tregs was detected by flow cytometry (n = 6). (C, D) Annexin V expression on intratumoral Tregs and its mean
fluorescence intensity were determined by flow cytometry (n = 6). (E, F) The expression of Ki67 and its mean fluorescence
intensity of Tregs were shown (n = 6). (G) The percentage of Tregs in spleen lymphocytes was analyzed (n = 6). (H) Kyn-to-Trp
ratio in the colon section was measured by enzyme-linked immunosorbent assay (n = 6). (/, J) The expressions of cytoplastic
protein AhR and nuclear protein AhR in TIL were analyzed by Western blot (n = 6). (K) Expression of FoxP3 was detected by
immunochemical staining of paraffin-embedded colon sections (scale bar = 100 um). (L) Expression of FoxP3 was detected by
immunofluorescent staining of paraffin-embedded colon sections (scale bar = 50 um, 10 um). (M) Expression of AhR was
analyzed by immunofluorescence cytochemistry (scale bar = 50 um, 10 um). The results are representative of at least 6 in-
dependent experiments and expressed as mean + SD. *P < .05, *P < .01 indicates significant difference.
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Figure 10. A T cell-mediated microenvironment was required in the development of CRC. (A) AOM/DSS-induced CRC
model was generated (n = 10). The relative weight was measured. (B) Survival rate. (C) Number of polyps per mouse. (D) Polyp
size (n = 6). (E) Hematoxylin and eosin staining (scale bar = 100 um). Expression of IDO was detected by immunochemical
staining of paraffin-embedded colon sections (scale bar = 100 um). (F) Average Histology Score of colons (n = 6). The results
are representative of at least 6 independent experiments and expressed as mean + SD. *P < .05, **P < .01 indicates significant
difference.

Medical Art and the Cellular and Molecular Gastroenter- Medical Arts website (https://smart.servier.com/; licensed
ology and Hepatology-branded PowerPoint template. Some under a Creative Commons Attribution 3.0 Unported
adapting templates were downloaded from Servier License).
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