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" Check for updates Mucosal-associated invariant T (MAIT) cells exert multifaceted effects such as

anti-microbial activity, tissue repair, and pro-fibrotic effects across various
disease settings. Nonetheless, their role in liver injury and hemostasis remains
debated. Here, we report a significant depletion and functional dysregulation
of MAIT cells, which is associated with disease severity and accumulated bile
acids in HBV-infected patients with varying degree of liver injury. Liver trans-
plantation facilitates a gradual recovery of recipient-originated MAIT cells.
Transcriptome analysis reveals enhanced MAIT cell activation, while TCR
mining demonstrates clonotype overlap between circulating and hepatic
MAIT cells during significant liver injury. TCR-activated MAIT cells from
transplant recipients display higher protective capacity but reduced patholo-
gical potential than those from liver failure patients. Compromised recovery of
MAIT cells is linked to post-transplantation complications, whereas prompt
recovery predicates favorable clinical outcome. These findings underscore the
intricate interplay between MAIT cells and the hepatic environment, high-
lighting MAIT cells as potential therapeutic targets and sensitive predictors for
clinical outcome in individuals experiencing liver failure and post liver
transplantation.

Liver failure is a life-threatening clinical syndrome with high mor-
tality and resource cost'. Because of the high prevalence of hepatitis
B virus (HBV) infection, HBV-related decompensated cirrhosis and
further developed acute-on-chronic liver failure are the most com-
mon types of liver failure in the Asia-Pacific and African regions’.
Notably, HBV-related liver failure could develop at any stage from
compensated to decompensated cirrhosis. Pathologic inflammation

mediated by local immune cells plays a central role in the develop-
ment of hepatic cirrhosis and subsequent liver failure’. Liver trans-
plantation is currently the most efficient treatment for end-stage
liver disease. In this context, many immune cells from the recipient
enter the donor liver to reshape a new immune microenvironment
together with the resident immune cells. Specifically, lymphoid
subsets exhibiting a predilection for liver homing, such as NK cells
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and NKT cells, have been reported to be ready recruited into the liver
from the circulation®. Different from NKT cells enriched in mouse
liver, mucosal-associated invariant T (MAIT) cells are significantly
abundant in human liver and account for up to 50% of hepatic T cells’.
As a major intrahepatic innate-like T cell subset, both protective and
pathogenic effects have been reported in various liver diseases,
including anti-microbial function®™, immune regulatory effects”,
tissue repair potency”™ and pro-inflammatory effects'®. However,
the roles of MAIT cells in liver failure and post-liver transplantation
remain elusive.

MAIT cells recognize the intermediate products of microbial
biosynthesis of vitamin B and some small molecules, such as drug/
drug-like molecules, which are presented by non-classical major his-
tocompatibility complex-related molecule 1 (MR1)”Y. Human
MAIT cells express a semi-invariant T-cell receptor (TCR) a chain with
predominant TRAV1-2 usage'®. However, their complementarity
determining region (CDR)3p loop are highly diverse and determines
the divergent responses of MAIT cells'*®. In addition, TCR-
independent stimulations such as signals from cytokines (IL-12/IL-18)
and ligands of Toll like receptors have also been shown to promote
activation and functional differentiation of MAIT cells'®?. During the
processes of HBV-related liver failure, a profound alteration of the
hepatic microenvironment occurs?, likely impacting the function of
MAIT cells, either in a TCR-dependent or -independent manner. Our
previous study supports this notion, revealing elevated conjugated
bilirubin as a critical factor for dysregulating MAIT cells frequency and
function®. Following liver transplantation, the restoration of liver
homeostasis is expected to influence MAIT cells in the opposite
direction. Conversely, functional changes in MAIT cells are likely to
affect the disease or homeostasis status of the liver. However, major
questions remain regarding how the interaction between MAIT cells
and the hepatic microenvironment affects MAIT cell fate and liver
health.

An irreversible decrease or loss of MAIT cells in the blood has
been described in a series of studies, including infection®?**,
cancer®?”®, and autoimmune disorders”*%, suggesting their relevance
in a wide array of conditions. It remains unclear whether this is due to a
systemic loss of MAIT cells or one-directional migration into tissues.
Elegant studies using human tissue from biopsy and surgical resection
have provided evidence for the existence of human memory T cells
reside permanently in tissues that have been demonstrated in animal
studies®". It has been postulated that MAIT cells do not leave tissue
once they entered, because they express CXCR6 and CRTAM that
confers retention in tissue but lack CCR7 and CD62L expression that is
required for entering lymph nodes®**. However, through chemokine
receptor expression pattern and TCR repertoire comparison of
MAIT cells from the blood and lymph, a recent study provides evi-
dence to show that MAIT cells are able to exit tissue and recirculate via
the lymphatics®. It has been reported that circulating MAIT cells in
liver transplant recipients are dramatically depleted post liver trans-
plantation, a phenomenon observed independent of the types and
doses of immunosuppressive drugs employed®. Nonetheless, the
similarities and differences of MAIT cells between blood and tissue
compartments in disease settings remain poorly understood. Com-
paring profiles of MAIT cells in the context of liver failure and post-liver
transplantation could offer valuable insights into their roles in mod-
ulating liver homeostasis.

In the current study, we demonstrate severe depletion and func-
tional dysregulation of MAIT cells in HBV-related liver failure, which
correlates with disease severity and is rescued following liver trans-
plantation. The findings reveal that recipient-originated MAIT cells
serve as highly sensitive sensors and a functional subset, allowing for
the prediction of clinical outcomes and pointing towards potential
therapeutic targets in individuals experiencing liver failure and post-
liver transplantation.

Results

The progressive reduction of MAIT cells is associated with dis-
ease severity in liver failure patients

A cohort study was conducted to unveil MAIT cell profiling in chronic
HBV-infected patients with liver failure (LF) undergoing artificial liver
support or liver transplantation. Healthy donors (HD), HBV-negative
carcinoid patients (HBVN), and HBV-positive patients with compen-
sated liver function (Comp) served as controls (Supplementary
Fig. 1A). MAIT cells were identified through 5-OP-RU/MR1 tetramer
staining or co-staining with antibodies against CD161 and TCRVa7.2
(anti-CD161/Va7.2) (Fig. 1A and Supplementary Fig. 1B-D). 5-OP-RU/
MR1 tetramer-positive T cells and anti-CD161/Va7.2 co-stained T
(CD161'Va7.2" MAIT) cells exhibited consistent decreases in the blood
and liver of LF patients compared to HD, HBVN, and Comp groups
(Fig. 1B-D), showing a predominant CD8-positive population (Sup-
plementary Fig. 1B).

Albeit the frequencies of circulating (cMAIT) and hepatic MAIT
(hMAIT) cells from the Comp group already reduced as compared to
those from HD or HBVN, MAIT cells further decreased and displayed a
higher apoptosis rate in liver failure patients (Supplementary Fig. 2A
and B). Of note, cMAIT and hMAIT frequencies reduced to a greater
extent in liver failure patients presenting with larger liver necrotic
areas (Fig. 1E), more frequent cholestasis (Supplementary Fig. 3A and
B), higher scores of model for end-stage liver disease (MELD) prior-
itizing patients for liver transplant (Fig. 1F), higher value of histological
activity index (HAI) reflecting tissue necroinflammation (Supplemen-
tary Fig. 3C), and/or multiple complications (Supplementary Fig. 3E). In
contrast, nucleos(t)ide analogs therapy showed little effect on MAIT
cell frequencies in liver failure patients (Supplementary Fig. 3D). These
fundings suggest that the marked reduction of MAIT cell is associated
with disease severity rather than therapeutic intervention in HBV-
related liver failure patients.

MAIT cell depletion and impaired responsiveness are restored
following liver transplantation

To access the dynamic changes of MAIT cells post liver transplanta-
tion, we proceeded to monitor the CD161°'Va7.2" cMAIT frequencies
from pretransplant to various time points posttransplant. Among the
46 recipients undergoing liver transplant enrolled in this study, 28
individuals followed a prospective cohort study for circulating
MAIT cells (cMAIT-LT) monitoring in liver transplant recipients. We
found that cMAIT-LT frequencies continued to decline within the first
week posttransplant in most patients (Fig. 2A, B and Supplementary
Fig. 3F), whereas their apoptosis rate did not increase (Supplementary
Fig. 2C). The frequency of circulating MAIT cells gradually increased
thereafter, with a significant increase at around 30 days post-
transplantation (Fig. 2A, B). Long-term follow-up revealed that the
frequency of MAIT cells at 1-year post-transplantation was even higher
than pre-transplant levels and approached those seen in HD, as
observed in 10 participants who completed a follow-up period of at
least 1 year (Fig. 2C).

No significant change in the CD161'Va7.2" cell ratio was observed
at different time points post liver transplantation (Fig. 2D), supporting
the gradually recovery of CD161'Va7.2" MAIT cells post-transplant as a
genuine phenomenon rather than an effect of CD161 downregulation.
However, the dynamic changes of MAIT cells post-transplant were
limited to CD161'Va7.2" cells, and some contamination of non-MAIT
T cells cannot be excluded due to the broader anti-CD161/Va7.2 gating
than MRI1-tetramer gating of MAIT cells. In line with the finding that
changes in MAIT cell post liver transplantation are largely independent
of the type and dosage of immunosuppression®, we observed mild
changes in groups receiving various immunosuppression regiments
(Supplementary Fig. 4A). Furthermore, there was little correlation
between MAIT cell numbers and the dosage of Tacrolimus adminis-
tered to all patients post liver transplantation (Supplementary Fig. 4B).
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Fig. 1| MAIT cell ratios negatively correlate with disease severity in HBV-
related liver failure. A, B Representative plots (A) and summarized graph (B, left
panel) for MAIT cell staining by 6-FP/MR1 tetramer, 5-OP-RU/MR1 tetramer, and/or
anti-CD161/TCRVa7.2 antibodies from healthy donors (HD, n=5) and liver failure
patients (LF, n=5). Summarized graphs (B, right panel) of the numbers of circu-
lating MAIT cells (cMAIT) from HD (n =5) and LF (n = 5). Statistical significance was
assessed by the two-sided student’s ¢ test. C Summarized graphs of frequencies and
numbers of hepatic MAIT cells (hMAIT) staining by 5-OP-RU/MRI1 tetramer from
HBV negative carcinoid patients (HBVN, n = 6), chronic hepatitis B patients with
compensated liver function (Comp, n=6), and liver failure patients (LF, n=3).
Statistical significance was assessed by a two-sided unpaired ¢ test between the two
groups. D Summarized frequencies of circulating CD161'TCRVa7.2" MAIT cells
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(cMAIT) in T from HD (n=292), Comp (n=180) and LF (n=107) and frequencies of
hMAIT from HBVN (n =50), Comp (n=70) and LF (n =42). Statistical significance
was assessed by the Kruskal-Wallis test followed by Dunn’s test. E The proportion of
liver failure patients with different degree of necrosis in groups with MAIT cell
frequencies higher than 10% (MAIT"e", n=10) and lower than 10% (MAIT"", n =20)
(left panel); Spearman correlation between frequencies of hMAIT and necrosis
areas of liver tissue from liver failure patients (n =30, right panel). F Spearman
correlation between the scores of the model for end-stage liver disease (MELD) and
ratios of cMAIT (n=102) and hMAIT (n =40) from liver failure patients. Data are
presented as mean + SEM. n-values represent biological replicates. Source data are
provided as a Source Data file.

To assess the TCR-dependent MAIT cell responsiveness, artificial
antigen-presenting cells (aAPCs) were prepared by microbeads coating
with 5-OP-RU/MRI tetramer and anti-CD28 monoclonal antibody (mAb)
to stimulate MAIT cells with supplemental IL-2 (Fig. 2E). 5-OP-RU/MR1
aAPCs specifically expanded MAIT cells but not non-MAIT T cells
(Supplementary Fig. 5). Although the expansion of MAIT cells from liver
failure patients was obviously dampened, MAIT cells from the liver
transplant recipients proliferated and expanded sufficiently as those
from healthy donors (Fig. 2F). Thus, these data reflect the reduction of
MAIT cells in LF is gradually rescued post liver transplantation,
accompanied by a restoration of impaired TCR-dependent proliferation.

The proinflammatory profiles and diminished anti-virus potency
of MAIT cells in patients with liver failure are rectified after liver
transplantation

Flow-cytometric sorted circulating MAIT cells (c(MAIT-HD) and CD8*
non-MAIT cells (cCD8" non-MAIT-HD) from 3 HD were subjected to

bulk RNA sequencing and transcriptome analysis (Supplementary
Fig. 6A). Differentially upregulated genes with log2 fold-change values
greater than 1 in cMAIT-HD versus cCD8+ non-MAIT-HD were sig-
nificantly enriched for pathways related to T cells activation, response
to virus, and tissue repairment (Supplementary Fig. 6B and Supple-
mentary Data 6.1). Although GESA-GO enrichment did not reveal sig-
nificant results for most of these pathways, it did show reduced
proinflammatory IL-6/IL-8/neutrophil-related processes (Supplemen-
tary Fig. 6C and Supplementary Data 6.2). This suggested that MAIT-
cells exert overwhelming protective effects against pathogenic
inflammatory responses. Nonetheless, circulating MAIT cells from LF
patients (c(MAIT-LF) exhibited upregulated transcript signatures linked
to tissue repair and proinflammatory pathways as compared to cMAIT-
HD, accompanied by a trend towards downregulation without statis-
tical significance in processes related to virus defense. This was con-
sistent with the findings for hepatic MAIT cells from LF patients
(hMAIT-LF), which exhibited increased expression of tissue repair gens
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Fig. 2 | The frequencies and expansion ability of circulating MAIT cells from LF
patients are gradually recovered after liver transplant. A, B Representative plots
(A) and summarized frequencies (B) of circulating MAIT(cMAIT) from liver trans-
planted (LT) recipients in indicated time points (n=28/group). Statistical sig-
nificance was assessed by a two-sided paired Student’s ¢ test. C The dynamic
changes of the frequencies of cMAIT cells in LT recipients of 1-year follow-up are
exhibited by a line chart (left panel, n=10). Summarized graphs (right panel) of
the frequencies of cMAIT cells from LT 1 year post (n=10) and HD (n=10). Sta-
tistical significance was assessed by a two-sided paired Student’s ¢ test.

D Summarized frequencies of circulating CD161 TCRVa7.2" cells from liver trans-
planted recipients in indicated time points (left panel, n =28/group) and the

dynamic changes of the frequencies of CD161 TCRVa7.2* cells in LT recipients of 1
year follow-up are exhibited by a line chart (right panel, n=10). Statistical sig-
nificance was assessed by a two-sided paired Student’s ¢ test. E Flow chart of MAIT
cell expansion from PBMCs stimulated upon antigen-presenting cells (aAPCs) loa-
ded with 5-OP-RU/MR1 in the presence of IL-2. F Representative frequencies (left
panel) and expansion fold (right panel) of circulating MAIT cell expansion from
PBMCs in HD (n=24),LF (n=16),and LT (n = 20) groups. Statistical significance was
assessed by the Kruskal-Wallis test followed by Dunn’s test. Data are presented as
mean = SEM. n-values represent biological replicates. Source data are provided as a
Source Data file.

and a trend towards enhanced proinflammatory responses, con-
comitant with decreased gene expression involved in virus defense
(Fig. 3A, Supplementary Fig. 6D, Supplementary Data 5.1, and Sup-
plementary Data 6.2). In line with this, both cMAIT-LF and hMAIT-LF
demonstrated reduced production of anti-viral IFN-y (Fig. 3B and
Supplementary Fig. 7). We observed increased IL-17A-producing cells
in cMAIT and hMAIT of LF groups as compared to controls, albeit there
appeared to be a shift in the IL-17A negative population in the liver
failure patients, which would lead to an overestimation in the fre-
quency of IL-17A*cells. These findings provide evidence for the com-
promised antiviral function and an augmented potential for bystander
pathogenic inflammation in MAIT cells from liver failure patients.
Following liver transplantation over a 2-week period, there was a
restoration of IFN-y-producing capacity in MAIT cells, accompanied by
a decrease in the previously aberrantly increased IL-17 production in
the recipients compared to the same individuals pretransplant
(Fig. 3C, D). A mild correlation between Tacrolimus dosage and IFNy-
producing capacity of MAIT cells was observed, suggesting a minimal
impact of immunosuppression therapy on MAIT cells posttransplant
(Supplementary Fig. 4C).

In addition to promoting their expansion, 5-OP-RU/MR1 aAPCs
specifically activate MAIT cells to produce various cytokines in a TCR-
dependent manner. The stimulation of MAIT cells in PBMCs from
healthy donors resulted in a significant production of IFN-y and IL-17,

consistent with the predominant cytokines produced by MAIT cells. In
liver failure group, there was a notable decrease in IFN-y secretion,
coupled with higher production of IL-6, MCP-1 and IL-17 in response to
5-OP-RU/MR1 aAPCs (Fig. 3E). Although bystander non-MAIT cells
might contribute to the differences in cytokines in the culture, the
results reflected the pro-inflammatory potential of MAIT cells, either
directly through cytokine production or indirectly by influencing
bystander cells. Of note, MAIT cells from liver transplantation reci-
pients experienced a recovery in IFN-y secretion and a reduction in
proinflammatory IL-6/MCP-1/IL-17 production, bringing them to levels
comparable to those of healthy controls (Fig. 3E). Collectively, these
results demonstrate the rectification of MAIT cell function from liver
failure-associated dysregulation after liver transplantation.

The diminished liver homing receptors CCR6/CXCR6 on

MAIT cells in liver failure patients is restored following liver
transplantation

In order to further analyze the characteristics of MAIT cells in the LF
patients, we purified MAIT cells from different groups through flow
cytometry for bulk RNA sequencing, including circulating MAIT cells
from 6 HD (cMAIT-HD) and 3 LF patients (cMAIT-LF), and hepatic
MAIT cells from 2 HBVN individuals (hnMAIT-HBVN), 4 Comp patients
(hMAIT-Comp), and 3 LF patients (hMAIT-LF). After PCA analysis of
transcript signatures, we found that cMAIT-LF clustered closer to
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Fig. 3 | MAIT cells exhibit dysregulated functionality in liver failure patients
that is rectified post liver transplantation. A Normalized enrichment scores
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cesses from gene set enrichment analysis (GSEA) based on gene ontology (GO)
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mycin (lon) stimulation. Statistical significance was assessed by a one-way ANOVA
test followed by Fisher’s LSD test. Data are presented as mean + SEM.
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provided as a Source Data file.
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Fig. 4 | Enhanced trafficking between circulating and hepatic MAIT cells in the
liver failure patients and liver transplant recipients. A Principle component
analysis (PCA) clustering based on transcriptome of cMAIT-HD (n = 6), cMAIT-LF
(n=3), AMAIT-HBVN (n = 2), hMAIT-Comp (n=4), and hMAIT-LF (n = 3). B Uniform
manifold approximation and projection (UMAP) clustering plots (upper panel) for
distribution of the cMAIT and hMAIT from healthy control (HC, n = 6), immune
active (IA, n=5), and immune tolerant (IT, n = 6) groups sourced from dataset
GSE182159. C The relative transcription levels (log,FC) of indicated genes in cMAIT-
LF (n=3) versus cMAIT-HD (n = 6), and hMAIT-LF (n =3) versus hMAIT-HBVN(n =2)

& Comp(n=4). D CCR6 and CXCR6 levels of cMAIT-HD (CCR6 (n = 62), CXCR6
(n=14)), cMAIT-Comp (CCR6(n =24), CXCR6 (n=3)), and cMAIT-LF (CCR6(n =24),
CXCR6 (n=7)). Data were collected from at least three independent experiments.
Statistical significance was assessed by a one-way ANOVA test followed by Fisher’s
LSD test. E The level of CXCR6 (n =5) and CCR6 (n = 14) of cMAIT pretransplant and
around 1-week posttransplant. Data were collected from at least five independent
experiments. Data are presented as mean + SEM. n-values represent biological
replicates. Statistical significance was assessed by the two-sided paired Student’s ¢
test. Source data are provided as a Source Data file.

hMAIT-LF, hMAIT-HBVN and hMAIT-Comp, but were more distant
from cMAIT-HD (Fig. 4A). We next performed a secondary analysis of
the published single-cell RNA sequencing dataset including paired liver
and blood samples from immune active (IA) characterized by abnor-
mal liver necroinflammation, fibrosis and serum ALT level, immune
tolerance (IT) characterized by high-serum HBV DNA but normal
serum ALT and mostly normal liver histology, and HBV-free healthy
controls (HC) (GSE182159)*. Consistent with the reported tran-
scriptomic differences between blood and liver MAIT cells*~, the
disparate distribution of circulating and hepatic MAIT cells in uniform
manifold approximation and projection (UMAP) clustering supported
that distinct tissue origins play a crucial role in shaping MAIT transcript
signatures (Fig. 4B). However, we observed that more cMAITs from the

IA group exhibited hMAIT transcript profiling, indicating a consistent
increase in transcript signatures of circulating MAIT cells similar to
hepatic MAIT cells. In addition, the DEGs and the top 20 Go biological
processes associated with these DEGS in circulating MAIT cells from
the IA group, compared to the IT groups, were primarily related to T
cell activation and cell adhesion pathways (Supplementary Fig. 8,
Supplementary Data 5.2, and Supplementary Data 6.3). This indicates a
heightened activation state and cellular interaction capability in
MAIT cells within the IA group.

Through analysis of bulk RNA sequencing dataset from sorted
MAIT cells, we observed that cMAIT-LF and hMAIT-LF from LF
patients showed a trend toward upregulating SELL (CD62L) and CCR7
transcripts that reflected the enhanced capacity of recirculation via
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lymph, while downregulating CXCR6, CCR6, CXCR3, and CRTAM that
are tissue homing receptors and retention molecules® (Fig. 4C,
Supplementary Fig. 9A, B, and Supplementary Data 5.1). Notable,
SELL and CCR7 were significantly upregulated only in cMAIT-LF ver-
sus cMAIT-HD, whereas CXCR6 and CRTAM were significantly down-
regulated in hMAIT-LF versus hMAIT-HBVN&Comp (Supplementary
Fig. 9C). Flow cytometric analysis revealed the consistently reduced
levels of CXCR6 and CCRé6 in cMAIT-LF compared to cMAIT-HD
(Fig. 4D). Of note, 5-OP-RU/MRI tetramer* MAIT and CD161'Va7.2*
MAIT cells from LF group exhibited similar decrease in CCR6 and
CXCR6 levels (Supplementary Fig. 10). Following liver transplanta-
tion, recipients exhibited a restoration of CXCR6 and CCRé6 expres-
sion on MAIT cells around one week, compared to pretransplant
levels in the same individuals (Fig. 4E). Collectively, our results show
areduction in liver homing receptor expression on MAIT cells in liver
failure patients, which was subsequently restored following liver
transplantation.

Significant TCR overlapping clonotypes of circulating and
hepatic MAIT cells in liver failure patients
To further access the overlapping MAIT cell clones between blood and
liver tissue, we next analyzed TCR clonotypes of circulating and hepatic
MAIT cells among immune active, immune tolerance, and healthy
control groups sourced from dataset GSE182159. According to the
expression level of canonical markers TRAVI-2 and SLC4A10, MAIT cells
were identified for subsequent detailed analysis. They were con-
sistently characterized by a semi-invariant TCRa chain with pre-
dominant TRAV1-2 and TRAJ33, paired with an array of TCR{ chain
including TRBV20-1 and TRBV6 families across different disease sta-
tuses (Fig. 5A and Supplementary Fig. 11). Despite this, a notable
diversity in MAIT cell TCR arises from variations in the TCRV[3 chain and
significant variations in the complementarity-determining regions 3
(CDR3) sequences of both TCRa and TCRp chain (Fig. 5B). Conse-
quently, there were prevalent MAIT cell clones exhibiting unique paired
CDR3a and CDR3p sequences in both blood and liver (Fig. 5C), con-
tributing to a high TCR diversity as assessed by the Shannon equitability
index within all three groups (Fig. 5D). These results suggested that the
degree of MAIT TCR diversity among the three groups differed little.
To gain a more detailed understanding of the clonal relationship
between circulating and hepatic MAIT cells in different groups, we
checked whether the expanded MAIT cells with clone frequencies over
5 had TCR overlapping counterparts in the liver and blood. Given the
technical limitations, we observed limited numbers of expanded cir-
culating MAIT cell clonotypes in HD and IT groups (Supplementary
Fig. 12). However, notable MAIT cell clonotypes were found to be
distributed bilaterally in blood and liver in IA groups with significant
liver injury (Fig. SE), demonstrating clonotype overlap between circu-
lating and hepatic MAIT cells.

Elevated hepatic bile acid components and pro-inflammatory
cytokines correlate with impaired MAIT cell expansion and/or
CXCR6 expression in liver failure patients

As an innate-like T cell population, MAIT cells rapidly sense the
environmental metabolites and cytokine changes. Biomarkers indi-
cating liver injury increased significantly in liver failure patients and
reduced to relatively normal level in LT recipients (Supplementary
Fig. 13A). Aberrant bile acid transporting and metabolic processes
accompanied with elevated pro-inflammatory processes observed in
the failure liver were restored towards physical status in the trans-
planted liver (Supplementary Fig. 13B, Supplementary Data 5.3, and
Supplementary Data 6.4). Hepatic metabolites in liver failure patients
were obviously different from the control group, with predominantly
upregulated metabolites in the failure liver, including taur-
ochenodesoxycholic acid (TCDCA), glycochenodeoxycholic acid
(GCDCA), and glycoursodeoxycholic acid (GUDCA) (Supplementary

Fig. 13C-E and Supplementary Data 4). In line with the reversed cor-
relations between serum bile acid levels with frequencies of cMAIT and
hMAIT in liver failure patients (Fig. 6A), a trend of negative associations
without statistical significance was also observed between hMAIT fre-
quency with hepatic TCDCA, GCDCA and GUDCA levels (Fig. 6B).
Moreover, transcriptional levels of CXCLS, ILIB, IL6, and IL7 were
upregulated (Supplementary Fig. 13F, and Supplementary Data 5.3),
which were positively correlated to hepatic TCDCA, GCDCA and
GUDCA levels but tended to be negatively correlated to hMAIT fre-
quency (Fig. 6B).

Exogenous GCDCA and GUDCA rather than TCDCA inhibited
MAIT cell expansion in a dose-dependent manner with a 50% inhibitory
concentration (IC50) lower than 50 uM (Supplementary Fig. 14A and
Fig. 6C, D). Little effect on MAIT cell apoptosis by GCDCA and GUDCA
was observed, although GCDCA elevated activation marker CD38 in
MAIT cells (Supplementary Fig. 14B-D). IL-1B (10 ng/mL), IL-6 (50 ng/
mL), IL-7 (50 ng/mL) and IL-8 (50 ng/mL) had negligible effects on the
expansion of MAIT cells upon 5-OP-RU/MR1 aAPCs stimulation
(Fig. 6E). In keeping with the reported pro-inflammatory role of bile
acids®, GCDCA enhanced IL-6 production but inhibited IFN-o2 and
IFN-y releasing. All three bile acid components suppressed IFN-y
secretion, while TCDCA increased IL-33 secretion in the supernatant of
5-OP-RU/MRI-stimulated PBMCs (Supplementary Fig. 14E). Intrigu-
ingly, consistent with the overall reduction of liver homing receptors in
MAIT cells from liver failure patients, the administration of TCDCA,
GUDCA, IL-1B and IL-7 resulted in a decrease in CXCR6 level of
MAIT cells (Fig. 6F), which was supposed to downregulate liver homing
but upregulate liver exit. Taken together, our results suggest that the
harsh microenvironment, such as accumulated bile acids and pro-
inflammatory cytokines in liver failure patients, synergistically pro-
motes MAIT cell dysregulation in frequency, cytokine production, and
CXCR6 expression.

Recipient-originated MAIT cells are endowed with restored
protective potential followed liver transplantation

To ascertain whether the recovered circulating MAIT cells originated
from the donor liver or liver transplant recipients themselves, we
enriched 5-OP-RU/MR1-expanded MAIT cells in PBMCs from liver
transplant recipients (eMAIT-LT) around 1-month post transplantation.
Subsequently, we compared their HLA alleles with those of the failure
liver (FL) and transplanted liver (TL) through HLA allele genotyping
using arcas-hla on bulk RNA sequencing data of liver specimens from
both the donor and recipient, as well as sorted MAIT cells. The HLA
alleles of eMAIT-LT cells were identical to those of failure liver (FL)
from recipients but differed from the transplant liver (TL) from donors
(Fig. 7A and Supplementary Fig. 15A). This reflected that the recovered
circulating MAIT cells were derived from recipients themselves rather
than transplant grafts.

To get a comprehensive functional portrait of MAIT cells in liver
transplant recipients, we compare 5-OP-RU/MRI1-expanded eMAIT-LT
from the recipients at around 1 month post liver transplantation and
those expanded from HD (eMAIT-HD) and liver failure patients (eMAIT-
LF). eMAIT-LT was clustered together with eMAIT-HD but showed a
clear segregation from eMAIT-LF (Fig. 7B, and Supplementary Data 5.4).
Although both eMAIT-LF and eMAIT-LT had elevated tissue regenera-
tion capacity, eMAIT-LF upregulated while eMAIT-LT downregulated
pro-fibrosis and pro-inflammatory signatures (Fig. 7C, Supplementary
Fig. 15B, Supplementary Data 5.5, 6.5). These results suggested that
TCR-mediated expansion of MAIT cells would aggravate inflammation-
related pathogenic injury and fibrosis in the liver failure patients, but
favored tissue regeneration with limited systemic pro-inflammatory
potential in the liver transplant recipients. Similar to eMAIT-HD, eMAIT-
LT was equipped with comparative transcript levels of IFN-y, TNF, and
granzymes, which were much lower in eMAIT-LF (Fig. 7D, Supplemen-
tary Fig. 15C, and Supplementary Data 5.5). These were consistent with
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Fig. 5| TCR usages and overlapping TCR clonotypes of circulating and hepatic
MAIT cells. TCR usages and clonotypes of MAIT cells were analyzed among
immune active (IA, n=35), immune tolerance (IT, n = 6), and healthy control (HC,
n=6) groups sourced from dataset GSE182159. A Chord diagrams depict TRAJ and
TRBV usages of MAIT cells defined by TRAV1-2'SLC4A10" in the indicated groups.
B The bar graph, featuring different colors, depicts the ratios of clones with varying
frequencies of identical CDR3a or CDR3 sequences. C The bar graphs depict ratios
of clones with varying frequencies of identical paired CDR3a and CDR3[3 sequences

P190719:14148:9
P190911:27505:9 f
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in both blood and liver of the indicated groups. D TCR diversity assessed by the
Shannon equitability index in IA (n=5), HC (n=6), and IT (n= 6) groups. Data are
presented as mean + SEM. n-values represent biological replicates. Statistical sig-
nificance was assessed by a one-way ANOVA test followed by Fisher’s LSD test.
Source data are provided as a Source Data file. E The chord diagrams show the
frequencies of the liver-blood sharing TCR clonotypes among MAIT cells with
clonal frequency over 5 in the indicated groups with patient ID, Clone name, and
clone frequency (ID:Clone:Freq) of each clonotypes as axis labels.

the restored IFN-y producing capacity and TCR-dependent respon-
siveness of MAIT cells in liver transplant recipients (Fig. 3C, E). In
addition, upregulation of CCR6 and CXCR6 were observed in eMAIT-LT
compared to eMAIT-LF (Fig. 7D), suggesting their rescued liver homing
ability. Therefore, proper activation of MAIT cells by MRI1-restricted
ligands, like microbially derived metabolites, probably contributes to
pathogen control and liver homeostasis post-transplantation.

The restored circulating MAIT cells are associated with favor-
able clinical outcome

To evaluate the relationship between circulating MAIT cells and liver
injury, we conducted Spearman’s rank correlation analysis on the MAIT

cell frequency and serum biological markers associated with liver
function. The frequencies of circulating MAIT cells in liver transplant
recipients exhibited an inverse correlation with elevated serum
transaminase and bilirubin levels indicative liver injury (Fig. 8A).
Conversely, the frequency was positively associated with higher levels
of serum total protein reflecting proper liver function. It was note-
worthy that CD8" non-MAIT cells displayed little correlation with these
biomarkers (Supplementary Fig. 16A). These data suggested that
MAIT cells functioned as a more sensitive sensor to hepatic injury
compared to other CD8' T cells.

Liver transplant carries a risk of a set of complications, including
biliary stenosis, hypohepatia, and rejection of the donated liver,
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leading to significant morbidity and mortality post liver transplanta-
tion. In the current study, 28 recipients under routine anti-rejection
drug regimens were followed up for monitoring MAIT cell frequency
and long-term complications (Fig. 8B). Among them, 16 recipients
exhibited a significant increase in MAIT cell frequency and number
within the first month post-liver transplant, experiencing minimal
complications during subsequent monitoring (Fig. 8C). Nonetheless,
12 recipients faced substantial complications beyond the 2-month

posttransplant period, displaying comprised MAIT cell recovery pre-
ceding the onset of adverse effects (Fig. 8D). The increase in both the
ratio and number of cMAIT-LT was more strikingly in patients without
complications compared to those with complications (Fig. 8E). Despite
increases in circulating T cells and CD8" non-MAIT cells following liver
transplantation, there were minimal differences in the rates of increase
between groups with and without complications (Supplementary
Fig. 16B and C). Thus, the circulating MAIT cell frequency emerges as a
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Fig. 6 | Bile acid components and pro-inflammatory cytokines dampen the
expansion and/or CXCR6 expression of MAIT cells. A Spearman’s correlation
between the serum bile acids levels with frequencies of cMAIT (n = 68) and hMAIT
(n=72). Data were collected from at least ten independent experiments and are
presented as mean + SEM. B Correlation heatmap depict the relationships between
hMAIT frequencies with hepatic bile acids levels and transcript levels of pro-
inflammatory cytokines in liver tissue from hMAIT-LF (n =5), hMAIT-HBVN (n=4),
and Comp (n=35), with colors showing correlation index levels. C Representative
dot plots of the frequencies expanded MAIT cells in the presence of glycocheno-
deoxycholic acid (GCDCA), glycoursodeoxycholic acid (GUDCA), taur-
ochenodesoxycholic acid (TCDCA), IL-1B, IL-6, IL-7, IL-8. D The summarized graph
of the frequencies and numbers of expanded MAIT cells in the blank and aAPCs
with medium, DMSO (n=8), GCDCA, GUDCA, TCDCA (n = 8/group). Data were

collected from eight independent experiments and are presented as mean + SEM.
One color in different groups represents the same donor. Statistical significance
was assessed by one-way ANOVA multiple comparisons. E The summarized graph
of the frequencies expanded MAIT cells in the blank (n=10) and aAPCs with
medium (n=10), IL-1B (n=8), IL-6 (n=38), IL-7 (n=8), IL-8 (n =4). Data were col-
lected from eight independent experiments and are presented as mean + SEM. One
color in different groups represents the same donor. Statistical significance was
assessed by one-way ANOVA multiple comparisons. F Representative and sum-
marized CXCR6 levels on MAIT cells in the presence/absence of indicated bile acids
or cytokines (n = 4/group). Data were collected from four independent experi-
ments. Data are presented as mean + SEM. n-values represent biological replicates.
Statistical significance was assessed by one-way ANOVA multiple comparisons.
Source data are provided as a Source Data file.
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Fig. 7 | Recipient-derived circulating MAIT cells are recovered with protective
potential post liver transplantation. A The HLA-A alleles in failure liver (FL) from
liver failure patients, and transplanted liver (TL) and eMAIT-LT from 3 recipients.

B PCA clustering plots for transcripts of 5-OP-RU/MRI1-expanded MAIT cells from

LT recipients (eMAIT-LT, n=4), HD (eMAIT-HD, n=4), and liver failure patients

(eMAIT-LF, n=3). C NES values of tissue regeneration-, pro-fibrosis-, and pro-
inflammation-related biological processes by GSEA-GO analysis in indicated
groups. D Heatmap displays the transcript levels of indicated genes across the
specific samples, with color gradients representing the relative expression levels.

more sensitive makers than conventional T cells for predicting clinical
outcome post liver transplantation. A deficiency in MAIT cell recovery
is associated with a heightened risk of long-term complications,
whereas the restoration within the initial month post liver transplan-
tation is indicative of a more favorable outcome.

Discussion
MAIT cells are highly enriched and actively patrolling in the human
liver. Here, we highlight intensive interaction between MAIT cells and

the hepatic environment in liver failure patients and following liver
transplantation. In the context of HBV-related liver failure, MAIT cells
are severely depleted and dysregulated with pathogenic pro-
inflammatory potential and dampened anti-viral capacity. Liver trans-
plantation, rebuilding hepatic homeostasis, refreshes recipient-
originated MAIT cells with rectified protective function. The deple-
tion degree and recovery of MAIT cells are associated with disease
severity and clinical outcome in liver failure and post-liver transplan-
tation, respectively. Of note, most of the conclusions drawn in this
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study are based on CD161'Va7.2" cells, and some contamination of
non-MAIT T cells cannot be excluded in CD161/Va7.2 gating. However,
we observed consistent trends in MAIT cell ratio changes in LF patients
across both approaches. This indicates that, despite the broader scope
of anti-CD161/Va7.2 gating, its findings align closely with those
obtained through MRI tetramer staining in this study.

Recent studies indicate that tissue-derived MAIT cells differ from
circulating ones in regard to cell metabolism, activation status, and
functional properties®**°. However, circulating and hepatic MAIT cells

in HBV-related liver failure patients display a similarly dysregulated
pattern, including severe defects in frequency, enhanced pathologic
pro-inflammatory profiles, and impaired anti-viral potential. MAIT cells
have the ability to migrate based on the expression of tissue-homing
receptors and the location of transmembrane adhesion molecules.
Among which, CCR6, CXCR6 and integrin oEB7 guide MAIT cells to the
bile ducts, and CXCR3, LFA-1 and VLA-4 direct them to the hepatic
sinusoids**. Recent studies show that human MAIT cells exit tissues
and recirculate via lymph at steady state, even though they have a low
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Fig. 8 | The restored circulating MAIT cells indicate favorable clinical outcome.
A Spearman correlation between the frequencies of circulating MAIT cells from the
recipients posttransplant and the serum levels of indicated clinical parameters
(Alanine aminotransferase (ALT(n = 28)), Aspartate aminotransferase (AST(n = 28)),
Total bilirubin (TBIL(n = 28)), Direct bilirubin (DBIL(n =28)), Indirect bilirubin
(IBIL(n = 28)), Total protein (TP, (n=28))). Data were collected from twenty-eight
independent experiments and are presented as mean + SEM. B The proportion of
the recipients with (n =12) or without (n = 16) complications (upper panel) and the
types of complications and occurrence days posttransplant are depicted in the
right panel by scatter plot (lower panel). Different colored symbols indicate dis-
tinct individuals in those with complications. C Dynamic changes of frequencies (%,
0d(n=16),3d(n=4),7d(n=16), 14 d(n=8), 30 d(n=16)) and number (#, n=15/
time point) of cMAIT-LT in patients without complications. Statistical significances

are statistically analyzed by a two-tailed paired Student’s ¢ test. D Dynamic changes
of frequencies (%,0d (n=12),3d (n=5),7d (n=12),14d (n=12),30d (n=12)) and
number (#, n =12/time point) of cMAIT-LT in patients with complications. Different
colored symbols indicate distinct individuals in those with complications. Statis-
tical significances are statistically analyzed by a two-tailed paired Student’s ¢ test
between each pair of two groups. E The change rate of MAIT cells and CD8'non-
MAIT cells frequencies and numbers at 30-day posttransplant compared with day O
was depicted by scatter graphs with complications (n =12)/without complications
(n=16). Data were collected from twenty-eight independent experiments and are
presented as mean + SEM. n-values represent biological replicates. Statistical sig-
nificance was statistically analyzed by the Mann-Whitney test. Source data are
provided as a Source Data file.

level of CCR7 and CD62L expression®***, This can partially explain the
rather high frequency of MAIT cells in peripheral blood. There are
cMAIT cells with transcriptomic similarity to hMAIT, as well as sig-
nificant TCR overlaps in circulating and hepatic MAIT cells from HBV-
infected patients with liver injury. This suggests that circulating and
hepatic MAIT cells either encounter similar differentiation or have
enhanced trafficking during liver injury status. Of note, the down-
regulated homing receptors like CXCR6 and CCR6 of MAIT cells in liver
failure patients, which were upregulated post liver transplantation,
indicate a change of migration profile of MAIT cells during liver disease
or healthy status. Given that the recovered circulating MAIT cells are
derived from recipients rather than transplanted grafts after liver
transplantation, it is reasonable to propose that hepatic factors should
affect MAIT cell trafficking and refresh. However, the MAIT cell traf-
ficking in the patients and the refresh mechanism of MAIT cells in the
recipients need to be further investigated.

Lower frequency of circulating and hepatic MAIT cells was coin-
cident with more serious liver pathology in LF patients and multiple
complications, suggesting clinical significance of MAIT cell dysregu-
lation in disease progression. MAIT cells have now been widely asses-
sed in chronic viral hepatitis®*, alcoholic liver disease®, and different
types of autoimmune liver diseases***. Given that MAIT cells harbor
anti-microbial®’, tissue repair*", and pro-fibrosis potential***¢, their
roles during liver injury and liver regeneration are supposed to be
intricate. Clarifying the precise disease-related roles of MAIT cells and
determining the factors directing their functionality provides ther-
apeutic implications and predicative value in HBV-related liver failure
and subsequent liver transplantation. Dysregulated MAIT cells in liver
failure patients increase IL-17 producing capacity and IL-1/IL-6/IL-8
production processes, which is supposed to aggravate inflammation-
associated liver injury*’. Accumulated primary bile acids in failure liver
not only impairs TCR-mediated MAIT cell expansion but also promotes
its pro-inflammatory cytokines production, suggesting hepatic meta-
bolic targets to prevent MAIT cell dysregulation. Aberrant tissue repair
potential with enhanced systemic pro-inflammatory signature in
MAIT cells from liver failure patients was additionally enhanced by 5-
OP-RU/MR1 specific activation. However, 5-OP-RU/MRI-activated
MAIT cells from LT recipients show tissue regeneration potency with
low pro-inflammatory tendency. Therefore, apart from liver trans-
plantation, synchronous targeting hepatic environment and dysregu-
lated MAIT cells should be considered for the immunotherapy strategy
against inflammation-related liver injury.

Little change in cell ratio and IFN-y-producing capacity of
MAIT cells was observed in liver transplant patients receiving various
Tacrolimus dosages and other combined immunosuppression drugs,
indicating that different immunosuppression therapy regimens have
little impact on MAIT cells. Given that the main difference lies in the
degree of liver injury between LF patients and the recipients, liver
damage-associated environmental factors are supposed to be involved
in the dysregulation of MAIT cells. Supportively, conjugated bilirubin is
revealed as a critical factor for dysregulation of MAIT cells frequency

and function in chronic HBV-infected patients. Here, accumulated
primary bile acids (TCDCA, GCDCA) and secondary bile acids pro-
duced by bacterial modification (GUDCA, DCA, UDCA) in failure liver
not only impair TCR-mediated MAIT cell expansion but promote its
pro-inflammatory cytokines production. Notably, bile acids-mediated
CXCR6 downregulation possibly contributes to the enhanced recir-
culation of MAIT cells in liver failure patients. These underscores the
intense interaction between MAIT cells and the challenging hepatic
environment and indicate the involvement of bile acids-dysregulated
MAIT cells in promoting liver inflammation, which provides targets to
further improve current MAIT cell-based management strategies*®.

Under certain circumstances, inappropriate tissue repair activity
of MAIT cells is involved in fibrosis and potentially promotes tumor
growth®. Here, aberrant tissue repair potential with enhanced systemic
pro-inflammatory signature in MAIT cells from LF patients was addi-
tionally enhanced by 5-OP-RU/MRI-specific activation. However, 5-OP-
RU/MRI1-activated MAIT cells from liver transplantation recipients
show tissue regeneration potential with low pro-inflammatory ten-
dency. These indicate that TCR-mediated activation aggravates the
inflammation-related injury potential of dysregulated MAIT cells in LF
patients, but favor the protective function of restored MAIT cells from
liver transplantation recipients. Vitamin-related metabolites originat-
ing from the microbiota and drug-related metabolites resulting from
liver metabolism have been identified as MAIT cell-reactive ligands.
Therefore, MAIT cells are capable to be activated in a TCR-dependent
manner in vivo through these ligands. The ample number and function
of MAIT cells in liver transplant recipients is supposed to be activated
in a proper way with protective effects. Consistent with this, sufficient
MAIT cell recovery post liver transplantation suggests a favorable
clinical outcome.

In summary, MAIT cell recovery from severe dysregulation in liver
failure patients following liver transplantation suggests three key
clinical implications. Firstly, MAIT cells exhibit intensive interactions
with the hepatic microenvironment, and the frequency and functional
status of MAIT cells correlate with disease prognosis in liver failure
patients and following liver transplantation. Secondly, MAIT cells serve
as early sensors for changes in the hepatic microenvironment,
including bile acid and biomarkers indicating liver injury. Finally, the
restored MAIT cells, endowing with enhanced tissue repair and
reduced inflammatory potential, contribute to liver healthy, supported
by sufficient MAIT cell recovery with a favorable clinical outcome.
Therapeutic strategies directed at reducing distinct bile acids and
restoring liver hemostasis, rather than elimination of a prime patho-
genic factor, may effectively recover their protective function and
alleviate MAIT cell-related liver inflammation.

Methods

Patients and samples

Blood samples were collected from a total of 292 heathy donors and
287 patients infected with HBV-infected patients. Within the HBV-
infected group, 180 exhibited compensated liver function, while 107
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were diagnosed with liver failure who received artificial liver support
system (n = 61) or liver transplant (n =46) in Tongji Hospital, Wuhan,
China. 42 liver specimens were collected from patients experiencing
liver failure underwent liver transplant procedures. 4 biopsy samples
were obtained approximately two weeks post-transplantation. Control
liver tissues were obtained from two distinct groups during hepatic
resection: 70 HBV-infected patients with hepatic carcinoid (n=8) or
hepatocellular carcinoma (n=62), and 50 HBV-negative patients with
benign hepatic cyst or hemangioma.

To ensure the specificity of the study, individuals with other
concurrent types of viral hepatitis, HIV, autoimmune liver disease, or
alcohol-associated liver disease were excluded. A comprehensive
summary of the characteristics of all enrolled patients is presented in
Table 1, and clinical details and sample information of LF individuals
are listed in Supplementary Data 2.

Study approval

This study was approved by the human research committee of Tongji
Medicine College, Huazhong University of Science and Technology
(reference number 2023S064). Written informed consent to publish
clinical information was obtained prior to participation from each
patient included in the study.

Immune cell isolation and Flow Cytometry

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll
density gradient centrifugation, and intrahepatic mononuclear cells
were isolated by a modified enzymatic dispersal protocol followed by
Percoll density purification’. Phenotypes and function of isolated
immune cells were detected by the following antibodies from BioLe-
gend, including anti-human CD45, anti-human CD3, anti-human CDS,
anti-human TCRVa7.2, anti-human CD161, anti-human IFN-y, anti-
human TNF, anti-human IL-17A, and anti-human CCR6. BV421-labeled
5-OP-RU/MRI1 tetramer-stained circulating and hepatic MAIT cells, and
PerCP-Cy5.5-conjugated CD8-stained CD8" T cells were flow cytometry
sorted by FACS Aria Ill (BD Bioscience). PBMCs or intrahepatic
mononuclear cells were stimulated by phorbol-12-myristate-13-acetate
(PMA, 25ng/mL)/ionomycin (lon, 500 ng/mL), followed by a 3.5h
incubation with brefeldin A, surface staining, fixation/permeabiliza-
tion, and intracellular staining with antibodies against IFN-y and IL-
17A°. Data were collected using FACSVerse (BD Bioscience) and ana-
lyzed by FlowJo software (Tree Star). The conjugated fluorochrome,
clone number, catalog number, and/or dilutions of all the reagents are
listed in Supplementary Data 1.

Disease severity and histology assessment

Score of Model for End-stage Liver Disease (MELD), a commonly used
metric to assess severity of liver diseases, was calculated as follows*:
9.57 x log, (creatinine mg/dL) + 3.78 x log, (bilirubin mg/dL) +11.2 x log,

(international normalized ratio (INR))+6.43. Liver specimens were
fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned.
Hematoxylin-Eosin staining was performed, and the whole section were
scanned by Pannoramic MIDI (3D HISTECH) for histopathology
assessment of liver tissue. Histological activity index (HAI), was eval-
uated according periportal bridging necrosis, intralobular degenera-
tion, focal necrosis, portal inflammation and fibrosis. Clinical details,
including MELD scores, HAI values, therapy drug employed, and com-
plications of LF patients underwent artificial liver support system and
liver transplantation were listed in Supplementary Data 2.

MAIT cell expansion and treatment

PBMCs from healthy donors, LF patients, and liver transplant
recipients were stimulated with artificial antigen-presenting cells
(aAPCs) coating with 5-OP-RU/MRI1 tetramer and anti-CD28 anti-
bodies for 7days’. The cultured PBMCs were then collected for
flow cytometry analysis or sorted MAIT cells by flow cytometry
for RNA-sequencing.

PBMCs from healthy donors were stimulated with 5-OP-RU/MR1
aAPCs in the presence of intervention reagents including GCDCA
(50 uM, MCE), GUDCA (50 uM, MCE), TCDCA (50 uM, MCE), IL-1B
(10 ng/mL, PeproTech), IL-6 (50 ng/mL, PeproTech), IL-7 (50 ng/mL,
PeproTech), or IL-8 (50 ng/mL, PeproTech). PBMCs without stimula-
tion were served as blank controls. The supernatant from culture
system were collected to detect the cytokines such as IFN-y, IFN-a2,
MCP-1, IL-6, IL-33, IL-23, IL-8, IL-10, IL-12P70, IL-17A, IL-18, IL-13, TNF.
The concentration of cytokine was detected through flow cytometry
by Human Inflammation Panel 1 (Biolegend Cat.N0O.740808). The fre-
quency, Annexin V positively stained cells and CXCRé6 levels of
MAIT cells were checked through flow cytometry. The inhibitory rate
of various reagents on the expansion of MAIT cells was calculated as
follows: (MAIT%"hout BA M AIT9%54)/(MAIT%ithout BA VAT 951ank),

RNA sequencing and data analysis

Homogenized liver tissue and flow cytometry sorted MAIT cells
from blood and liver of the patients and controls (Supplementary
Data 3) were subscribed to RNA extraction for stranded RNA
sequencing library preparation and reads mapping to the refer-
ence genome using STAR software (version 2.5.3a) and counted
by featureCounts (Subread-1.5.1;Bioconductor)’. Principal com-
ponent analysis (PCA) was performed and differentially expressed
genes (DEGs) between groups were identified using the DESeq2
package (version 1.32.0). Gene ontology (GO) analysis and Gene
set enrichment analyses (GSEA) enrichment analysis with nor-
malized enrichment score (NES) were perfomed and visualization
to screening distinct biological processes and associated genes to
produce bar graphs and heatmaps with the clusterProfiler and
pheatmap packages in R (R Foundation for Statistical Computing,

Table 1| Clinical characteristic of Patients Enrolled in this Study

blood Nontumor Liver Specimens
samples Comp LF HBVN Comp LF
NO. 180 107 50 70 42
Sex(M/F) 126/54 87/20 26/24 58/12 36/6
Age(year)* 47(36-58) 47(37-57) 49(35-63) 50(40-60) 46(36-56)
HBV-DNA, logocopies/mL* 2.7(2.7-3.94) 4.6(2.8-6.1) ND 3.2(2.0-5.0) 5.3(2.6-6.8)
ALT(U/L) 26(19-43) 70(36-244) 16(11-30) 27(18-42) 53(31-413)
AST(U/LY 25(21-37) 95(50-246) 19.5(15-25) 28.5(22-42.2) 92(49.5-451.5)
BA(umol/L) 5.2(2.8-11.1) 179(151-279) 4.2(2.5-6.4) 4.0(2.5-7.8) 236(134-278)
TBIL(umol/L)* 13.4(10.4-18.5) 290(164-432) 11.3(6.8-16.6) 13.2(8.9-18.8) 236(90-412)

ND not determined. Alanine aminotransferase (ALT), Aspartate aminotransferase (AST), Bile acid (BA), Total bilirubin (TBIL). Data are shown as mean (range)* or median (range)’
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Vienna, Austria). TCR repertoire was mined by MiXCR software
(available at https://github.com/milaboratory/mixcr/)*°. HLA
allele genotyping to define the donor or recipient origin of
MAIT cells was performed using arcas-hla software with bulk RNA
sequencing data of liver specimens and sorted MAIT cells (avail-
able at https://github.com/RabadanLab/arcasHLA®.

Single-cell RNA-seq data reanalyzing

The published single-cell RNA sequencing dataset for secondary
analysis was accessible under the accession number GSE182159%.
Three groups with paired liver and blood samples were enrolled in
this study, including 5 HBV-infected patients in an immune active (1A)
characterized by abnormal liver necroinflammation, fibrosis and
serum ALT level, 6 HBV-infected patients in an immune tolerance (IT)
state characterized by high-serum HBV DNA but normal serum ALT
and mostly normal liver histology status and 6 HBV-free healthy
controls (HC). MAIT cells were identified based on canonical markers
TRAV1-2 and SLC4A10. PCA, uniform manifold approximation and
projection (UMAP) clustering, and DEGs analysis were performed
using the R package Seurat (https://satijalab.org/seurat/). The DEGs
between circulating MAIT cells from IA and IT patients with adjusted
P-value lower than 0.05 were selected for GO biological processes
enrichment using the clusterProfiler package, and the top 20 pro-
cesses with the lowest P-value were visualized using ggplot2. TCR
usage mapping was visualized using Power BI desktop with Chord
diagrams to illustrate the distribution and frequency of TCR
clonotypes.

Nontargeted metabolomics analysis

The sample stored at - 80 °C refrigerator was thawed on ice. The
thawed sample was homogenized by a grinder (30 HZ) for 20s. A
400 pL solution (Methanol: Water =7:3, V/V) containing internal
standard was added in to 20 mg grinded sample and shaked at
1500 rpm for 5 min. After placing on ice for 15min, the sample
was centrifuged at 12000 rpm for 10 min (4°C). A 300 pL of
supernatant was collected and placed in —20 °C for 30 min, and
then centrifuged at 12000 rpm for 3 min (4 °C). 200 pl aliquots of
supernatant were transferred for LC-MS/MS analysis by Wuhan
Metware Biotechnology Co., and data were converted into mzML
format by ProteoWizard software. Peak extraction, peak align-
ment, and retention time correction were, respectively, obtained
by the XCMS program. PCA for metabolite components and
orthogonal projections to latent structures discriminate analysis
(OPLSDA) for differential metabolite analysis were performed
using the R package ropls. Differential metabolites between
groups were determined by VIP (VIP >1), P-value (P-value <0.05,
Student’s t test), and absolute Log,FC (|[Log,FC | >1.0). The top 5%
differentially abundant metabolites between the patient groups
are listed in Supplementary Data 4.

Statistical analysis

Data with normal distribution and equal variance were analyzed using
the Student’s ¢ test for two-group comparisons or ANOVA for three or
more groups, followed by Fisher’s LSD test by GraphPad Prism soft-
ware (version 8.0). For non-normally distributed variables, the Mann-
Whitney U test was used for two-group comparisons, and the Kruskal-
Wallis test with Dunns’ post-hoc test was applied for comparisons of
multiple groups. Correlation analysis was assessed by Spearman’s rank
correlation. P-values <0.05 were considered statistically significant
(*P<0.05; *P<0.0L; **P<0.001).

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

Data availability

The transcript data discussed in this publication have been deposited
in NCBI's Gene Expression Omnibus and are accessible through GEO
Series accession number GSE222856 for the transcriptome of liver
tissues and number GSE223075 for the transcriptome of FACS-sorted
MAIT and CD8" non-MAIT cells. Sample details were listed in Supple-
mentary Data 3. Statistical details of DEGs from various group com-
parisons are provided in Supplementary Data 5.1 to Supplementary
Data 5.5, and the statistical details of NES values for enriched pathways
are listed in Supplementary Data 6.1 to Supplementary Data 6.5. All
data are included in the Supplementary Information or available from
the authors, as are unique reagents used in this Article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Source data are provided in this paper.

Code availability

The codes generated during this study are available at Zenodo
(https://zenodo.org/records/15105789,  https://doi.org/10.5281/
zenodo.15105789).
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