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Abstract

Although large amounts of vitamin A and its metabolite a//-frans retinoic acid (RA) are stored in
the liver, how RA regulates liver immune responses during viral infection remains unclear. In this
study, we demonstrated that IL-22, mainly produced by hepatic -y6 T cells, attenuated liver injury
in adenovirus-infected mice. RA can promote 6 T cells to produce mTORC1-dependent IL-22 in
the liver, but inhibits IFN-y and IL-17. RA also affected the aptitude of T cell responses by
modulating dendritic cell (DC) migration and co-stimulatory molecule expression. These results
suggested that RA plays an immunomodulatory role in viral infection. Proteomics data revealed
that RA down-regulated S100 family protein expression in DCs, as well as NF-xB/ERK pathway
activation in these cells. Furthermore, adoptive transfer of S100A4-repressed, virus-pulsed DCs
into the hind foot of naive mice failed to prime T cell responses in draining lymph nodes. Our
study has demonstrated a crucial role for RA in promoting IL-22 production and tempering DC
function through down-regulating S100 family proteins during viral hepatitis.
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INTRODUCTION

Hepatitis caused by infection with one of the hepatitis A-E viruses can cause acute and
chronic liver diseases (1, 2). Because the host immune response is important for control of
viral replication, as well as liver injury, it is critical in an intricate balance that determines
various disease outcomes among infected individuals. In the liver, many cell types can
respond to viral infection by secreting a milieu of unique cytokines and chemokines, which
either favor or hinder dendritic cell (DC) antigen sampling, egression and T cell functions.
The liver stores the body’s majority of vitamin A (retinol) and is capable of producing large
amounts of a//-trans retinoic acid (RA). RA, a principal metabolite of retinol, can be secreted
by activated hepatic stellate cells (HSCs) and preferentially induce Foxp3* T regulatory
(Tregs) cells, resulting in immune tolerance (3-5). RA also plays an important role in liver
regeneration, fibrosis and tumors (6, 7); however, little is known about mechanistic actions
of RA in regulating immune responses in physiological conditions and during viral hepatitis.

IL-22 belongs to the I1L-10 family (8) and can be produced by various types of cells,
including Th17, Th22, y8& T cells, NK cells, neutrophils, and group 3 innate lymphoid cells
(ILC3) (9-14). RA can induce y8 T and ILC3 cells to produce I1L-22, resulting in attenuated
intestinal inflammation (15). IL-22 has also been shown to protect the liver by directly
activating anti-apoptotic and proliferative programs in hepatocytes in several hepatitis
models (16-19). Since IL-22 can promote recruitment of inflammatory cells by initiating the
expression of acute phase proteins via the STAT3 pathway, it may also contribute to liver
injury in certain contexts (20, 21). To date, the source and regulation of the liver-derived
IL-22 are not well understood (22); the role of IL-22 in viral hepatitis remains debatable.

The enrichment of myeloid DCs is observed in the liver of patients with viral hepatitis (23).
Under the appropriate liver microenvironment, these DCs have the unique capability of
egress from the infective sites to draining lymphoid organs (24, 25). Since DC migration is a
prerequisite for effective T cell priming during viral hepatitis, this process is subject to tight
immunoregulatory mechanisms involving multiple intrahepatic players and molecular
pathways (2, 26, 27). Recently, RA was reported to enhance both arginase (Arg)-1 and
inducible nitric oxide synthase (iNOS) expression in IFN-y-treated DCs, resulting in a
tolerogenic phenotype (28). The latter study implies that RA can modulate antiviral T cell
responses by regulating DC functions.

We hypothesized that RA plays a hepatoprotective role through promoting IL-22 production
and modulating DC functions during viral hepatitis. In this study, we found that RA
treatment inhibited multifunctional T cell responses and attenuated liver injury following
adenovirus (Ad)-induced hepatitis. RA treatment increased I1L-22 production from y& T
cells and double-negative (DN) T cells via a phosphoinositide 3-kinase (P13K)/mammalian
target of rapamycin complex 1 (mTORC1)-dependent fashion. Moreover, RA hindered DC
functions by modulating novel S100 family proteins. Knockdown of S100A4 significantly
impaired DC migratory capability, resulting in inefficient T cell priming. Together, these
results demonstrated that RA protects the liver by promoting IL-22 production and
modulating DC function in viral hepatitis.
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MATERIALS AND METHODS

Animals

Female C57BL/6 (B6) mice were purchased from the Jackson Laboratory. IL-22-deficient
mice on the B6 background were kindly provided by Dr. Wenjun Ouyang of Genentech. All
mice were maintained and bred under specific pathogen-free conditions in the animal facility
at The University of Texas Medical Branch; all procedures were reviewed and approved by
the Institutional Animal Care and Use Committee. To induce hepatitis, we injected mice /.v.
with 1x 109 pfu (low dose) or 3 x 109 pfu (high dose) replication-deficient recombinant Ad
carrying the LacZ gene (purchased from Vector Development Laboratory, Baylor College of
Medicine), as described previously (2, 29).

In vivo administration of RA or rIL-22

For RA treatment, mice were treated 7p. with 250 pg RA or DMSO daily after infection. For
the analysis of DC function /in vivo, mice were treated daily with RA 3 days prior to
infection and euthanized at 2 days post-infection (dpi). For rIL-22 administration, mice were
treated 7p. with 5 ug rlL-22 or PBS on 1, 3 and 5 dpi. Mice were euthanized at 6 dpi when
the liver injury was at the peak.

Bone marrow-derived DC generation

Bone marrow-derived DCs were generated from B6 mice by cultivation with rGM-CSF (20
ng/ml), as described previously (30). Fresh GM-CSF-containing medium was added at days
3and 6. RA (1 uM) was added at day 3, as described (31, 32). DCs were harvested at day 8
for function assay. The purity of CD11c™ cell at day 8 of culture was determined by flow
cytometry analysis. The ERK inhibitor U0126 (10 nM, Cell Signaling) or control DMSO
was added to the culture at day 7, and cells were harvested at day 8 for gene expression
analysis.

DC transfection and inhibitor treatment

DCs were seeded in 24-well plates (5 x 10°/well) and incubated with SignalSilence®
S100A4 siRNA | and control siRNA (Cell Signaling) in the presence of Lipofectamine
RNAIMAX (Invitrogen), according to the manufacturer’s instructions. Cells were collected
at 24 h for the analysis of SI00A4 gene expression. At 72 h, cells were harvested and used
for migration assay.

DC migration assay

DC (2 x 10°) were re-suspended in complete medium with 2% FBS and placed in a
Transwell upper chamber (Costar 3422, Corning). The complete medium with mouse
rCCL21 (100 ng/ml) was placed in the lower chamber to induce the CCR7-dependent
chemotaxis at 37°C. After 8 h, cells that migrated to the lower chamber were counted and
photographed.

For in vivo analysis of DC migration, a modified protocol was used (33). DCs were infected
with AdLacZ (MOI: 300) /n vitro. Control DCs and RA-treated DCs were labeled with
CFSE and cell proliferation dye eflour 670 respectively, and mixed by 1:1 ratio. DCs were
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injected s.c. into the hind foot. Popliteal draining lymph nodes (LNs) were harvested 1 day
later and analyzed for DC migration /n vivo.

Priming T cells in vivo by DC transfer

For in vivoT cell priming by DCs, a modified protocol was used (33). Briefly, control or
RA-treated DCs were infected with Ad (MOI: 300) for 24 h. Virus-exposed DCs (5 x 105, in
20 pl of PBS) were injected s.c. into the hind foot. Popliteal draining LNs were harvested 7
days later and analyzed for T cell responses (2).

Abs and reagents

The following fluorochrome-labeled antibodies (Abs) specific to mouse markers and their
corresponding isotype controls were purchased from eBioscience (San Diego, CA): PE-
conjugated anti-1L-22 (1H8PWSR), APC-conjugated anti-IL-17A (eBiol7B7), FITC- or
APC-conjugated anti-IFN-y (XMG1.2), APC-conjugated anti-TCRy& (eBioGL3), PE-Cy7-
conjugated anti-CD3 (17A2), Pacific Blue-conjugated anti-CD4 (GK1.5), PerCp-Cy5.5-
conjugated anti-CD8 (53-6.7), FITC- or APC-conjugated anti-NK1.1 (PK136), FITC- or
PerCp-Cy5.5-conjugated anti-CD11b (M1/70), FITC-conjugated anti-CD11c (N418), APC-
conjugated anti-Gr-1 (clone: RB6-8C5), APC-conjugated anti-ROR-yt (B2D), Cell
proliferation dye eFluor 670 and eFluor 506-conjugated fixable viability dye. Purified anti-
CD16/32 (2.4G2) was purchased from BD Pharmingen (San Diego, CA). APC-Cy7-
conjugated anti-CD3 (17A2) and Pacific Blue-conjugated anti-CD8 (53-6.7) were purchased
from Biolegend (San Diego, CA). Recombinant murine IL-23, IL-22 and GM-CSF were
from Peprotech (Rocky Hill, NJ). The a//-trans RA was from Enzo Life Sciences
(Farmingdale, NYY). The Rapamycin, Ly294003, Wortmannin and rabbit mAb p-actin
(D6AB8), Phospho-p44/42 MAPK (Erk1/2), p44/42 MAPK (Erk1/2), Phospho-1xBa (Ser32)
and IxBa (44D4)) were purchased from Cell Signaling Technology (Beverly, MA). Anti-
S100A4 Ab (ab27957) was from Abcam (Cambridge, MA).

H&E and histological scores

Liver specimens were fixed in 10% buffered formalin. Paraffin-embedded sections were
stained with H&E for histological evaluation by using a modified Knodell scoring system
(34), as we previously performed (35).

Isolation of splenocytes and intrahepatic lymphocytes (IHLS)

Splenocytes were isolated by using red blood cell lysis buffer. Intrahepatic lymphocytes
were isolated according to our previous method (26). Briefly, liver tissue was digested with
collagenase IV (0.05%, Roche Applied Science, Indianapolis, IN) at 37°C for 30 min.
Intrahepatic mononuclear cells were enriched by centrifugation (400 x g) at room
temperature for 30 min over a 30/70% discontinuous Percoll gradient (Sigma). The total
numbers of IHLs per liver were counted.

Isolation of hepatic stellate cells (HSCs)

HSCs were isolated from mice by the modified methods as described (36, 37). The liver was
perfused with PBS first to remove the blood, followed by in situ digestion (0.04%
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collagenase type IV and 0.2% pronase (Gibco Life Technologies)) for 10 min. Then, the
liver was further digested with 0.08% collagenase type 1V, 0.08% pronase and 10 U/ml
DNase | (Sigma-Aldrich) at 37°C bath shaking for 30 min. Ten percent Optiprep (Axis-
Shield PoC AS) was used for density gradient centrifugation to isolate HSCs. The gating of
HSCs on flow cytometry was estimated based on the autofluorescence of the cells by
ultraviolet-excited fluorescence.

RALDH1 activity assay

Cell RALDHL1 activity was determined by using the ALDEFLUOR staining kit
(STEMCELL Technologies Inc.) (5). Briefly, cells were resuspended at 10° cells/ml in
ALDEFLUOR assay buffer, containing activated ALDEFLUOR substrate with or without
the inhibitor DEAB, and incubated at 37°C for 30 min. ALDEFLUOR-reactive cells were
detected in the FITC channel.

Viral copy number

The copy number of adenovirus in the liver was detected by gPCR, as we previously
reported (29).

Intracellular staining

Intracellular staining was performed according to our previous methods (35). Briefly, for
detection of IFN-y, TNF-a and IL-2, cells were incubated for 4 h with PMA (50 ng/ml) and
ionomycin (750 ng/ml) in the presence of GolgiStop (BD Bioscience). For IL-17 and IL-22
detection, cells were cultured with rIL-23 (20 ng/ml) for 16 h. GolgiStop was added at the
last 4 h of culture. The inhibitors of the mTORC1/PI3K pathway were added in selected
experiments. After incubation, cells were collected, stained with fixable viability dye,
blocked with FcyR blocker (CD16/32), and stained for specific surface molecules. After
surface staining, cells were fixed, permeabilized and stained for intracellular cytokines by
using a fixation/permeabilization kit (eBioscience). Samples were processed on an LSRII
FACSFortessa (Becton Dickinson, San Jose, CA) and analyzed by using FlowJo software
(TreeStar, Ashland, OR).

Mass Spectrometric Analysis

DCs were lysed on ice for 2 h in a radio-immunoprecipitation assay buffer (Santa Cruz
Biotechnology, CA) containing 1% Nonidet P40, PMSF (0.2 mM), and protease inhibitor
cocktail (Roche™). After centrifugation, the protein concentration in the supernatant was
determined by BCA Protein Assay (Thermo Scientific Pierce, Rockford, IL). Approximately
100 pg of each protein sample was re-suspended in 25 mM triethylammonium bicarbonate
buffer, pH 7.8. The protein was reduced by addition of 10 mM DTT and incubated at 50°C
for 30 min, followed by carbaminomethylation achieved by adding 25 mM iodoacetamide
and incubating the mixture in the dark for 1 h. The proteins were precipitated by adding 4
volumes of pre-cooled (—20°C) acetone and stored at —20°C overnight. The protein was
pelleted at 14,000 rpm for 10 min at 4°C and the supernatant discarded. The protein pellet
was dissolved in 25 mM triethylammonium bicarbonate buffer and partially digested by
trypsin (Sigma-Aldrich) at a protein/trypsin enzyme ratio of 25:1 (by mass) for 10 h at 37°C.

J Immunol. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jieetal.

Page 6

A Tandem Mass Tagging isobaric (TMT) kit (Thermo-Fisher Scientific) was used to label
the peptides following the manufacturer’s recommended conditions. The peptides were
separated by reversed phase liquid chromatography (RPLC) using an Easy-UPLC equipped
with an auto-sampler (Thermo Scientific). A PicoFrit 150-mm x 75-uM, 5-um particle size
analytical column (New Objective) was used for the RPLC with a 275-min gradient (solvent
A, 0.1% FA in water; solvent B, 0.1% FA in ACN). 5-30% solvent B was used for
separating the peptides. The QExactive mass analyzer was set to acquire data at resolution
35,000 for the parent full-scan mass spectrum followed by data-dependent, high collision-
energy dissociation (HCD) MS/MS spectra for the top 15 most abundant ions acquired at
R=17500 resolution.

Proteins were identified and quantified through the Proteome Discoverer 1.4 platform
(Thermo-Fisher Scientific) by using the Sequest HT searching engine that employed the
UniProt mouse.fasta database with 51532 peptide sequence entries (released in July 2014).
Sequest searching parameters were used as follows. Carbamidomethylation of cysteine and
TMT-6 modification of peptide N-terminus and lysine were set as fixed modifications and
oxidation of methionine and deamination of asparagine and glutamine as variable
modifications; trypsin was the protease selected and up to two missed cleavages were used.
Mass tolerance for the precursor ions was 10 ppm and for the MS/MS 0.2 Da. Peptides were
filtered for a maximum false discovery rate of 1%. At least one unique peptide with a
posterior error probability of less than 0.05 was accepted for quantification by using the
TMT-reporter ions, and proteins were grouped.

Ingenuity Pathway Analysis (IPA) of DC proteome

Predicted protein-protein interaction networks and canonical pathways were generated from
mass spectrometry data analysis by Ingenuity Pathway Analysis Software (Ingenuity
Systems, Qiagen, USA) by using log, fold-changes and p-values between two-group
comparisons. The ratios of significant protein expression levels were determined at r = 1.50.

Real-time RT-PCR

Total RNA of frozen tissues were extracted with an RNeasy Mini kit (Qiagen), digested with
DNase | (Ambion), used for cDNA systhesis by using an iScript™ Reverse Transcription Kit
(Bio-Rad). The iQ SYBR Green Supermix (Bio-Rad) and gene-specific primers were used
for PCR in CFX96 Touch real-time PCR detection system (Bio-Rad). Relative quantitation
of MRNA expression was calculated by using the 2724Ct method. The sequences of the
primers used are listed here: GAPDH Forward 5'-TGGAAAGCTGTGGCGTGAT-3’,
Reverse 5'-TGCTTCACCACCTTCTTGAT-3"; RALDH1 Forward 5’-
ATACTTGTCGGATTTAGGAGGCT-3’, Reverse 5'-
GGGCCTATCTTCCAAATGAACA-3’; IFN-y Forward 5’-
ATGAACGCTACACACTGCATC-3’, Reverse 5'-CCATCCTTTTGCCAGTTCCTC-3;
TNF-a Forward 5"-CCCTCACACTCAGATCATCTTCT-3’, Reverse 5'-
CTTTGAGATCCATGCCGTTG-3"; Arg-1 Forward 5-
CTCCAAGCCAAAGTCCTTAGAG-3', Reverse 5'-
AGGAGCTGTCATTAGGGACATC-3"; IL-22 Forward 5’-
GTGGGATCCCTGATGGCTGTCCTGCAG-3’, Reverse 5'-
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AGCGAATTCTCGCTCAGACTGCAAGCAT-3"; S100A4 Forward 5'-
TCCACAAATACTCAGGCAAAGAG-3’; Reverse 5'-GCAGCTCCCTGGTCAGTAG-3';
S100A10 Forward 5'-TGGAAACCATGATGCTTACGTT-3’, Reverse 5’-
GAAGCCCACTTTGCCATCTC-3"; Adeonvirus Hexon Forward 5’-
GAGCCAGCATTAAGTTTGATAGCA-3’, Reverse 5'-
AGATAGTCGTTAAAGGACTGGTCGTT-3".

ELISA assays

Liver proteins were extracted from frozen tissues by homogenization on ice in the RIPA
buffer (Cell Signaling) with a protease inhibitor cocktail (Sigma). After centrifugation at
20,000 x g for 15 min, the supernatant was collected and protein concentration measured
with a protein assay kit (Bio-Rad). Equal amounts of the liver proteins (100 pg) were loaded
for ELISA assays. For detecting IL-17 and IL-22 in culture supernatants, IHLs were isolated
from mice at 3 dpi and cultured with or without rIL-23 (20 ng/ml) for 3 days. RA (100 nM)
and inhibitors (Rapamycin, 25 nM; Ly294002, 5 uM; Wortmannin, 100 nM) were selectively
added at the beginning of the culture. The supernatants collected at the end of the culture
were measured for IL-17 and IL-22 levels by using ELISA kits (eBioscience).

Western blotting

Whole cell protein was extracted with a Radio-Immunoprecipitation Assay (RIPA, Cell
signaling Technology). Protein samples were separated by 12.5 % SDS-PAGE and
transferred to PVDF membranes (0.45 Im, Millipore) and blocked for 1 h with 5% bovine
serum albumin (BSA), 0.1 % Tween-20 in TBS. The membranes were then washed and
incubated with primary antibodies overnight. The goat anti-rabbit or goat anti-mouse 1gG
secondary antibodies (1:5000 dilution) were used to incubate for 1 h. After washing,
immunoreactive bands were visualized by chemiluminescent detection (ECL, Roche
Diagnostics, Penzberg, Germany) and exposure to X-ray film (Thermo Fisher Scientific,
MA, US).

Statistical analysis

RESULTS

The difference between the two different groups was determined by using Student’s t test.
One-way ANOVA was used for multiple group comparisons (GraphPad Software v4.0). P
values < 0.05 were considered significant*, < 0.01 as significant**, and <0.001 as highly
significant***,

RA alleviates liver injury and modulates T cell responses

We first analyzed the hepatic expression of retinaldehyde dehydrogenase 1 (RALDH1),
which is a rate-limiting enzyme for vitamin A metabolism. Viral infection increased the
level of RALDHL in both liver and hepatic stellate cells (HSCs) (Fig. 1A and B). To
investigate the role of RA in viral hepatitis, we infected mice with Ad and treated them /.p.
with 250 pg RA or solvent control. We found that at 6 dpi (at the peak of liver damage), RA-
treated mice displayed attenuated liver inflammation and damage, as judged by their
significant reduction in serum alanine transaminase (ALT), aspartate aminotransferase
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(AST) levels and inflammatory infiltration (Figs. 1C and S1A). RA treatment significantly
decreased the numbers of IHLs and splenocytes (Fig. 1D), the percentage and number of
intrahepatic CD4* and CD8* T cells (Fig. 1E), the numbers of multifunctional CD4* and
CD8* T cells (Fig. 1F), as well as IFN-y and TNF-a transcripts in liver tissues (Fig. S1B).
However, the viral load was not changed in the liver by RA treatment (Fig. S1B). Although
RA treatment did not change the percentages of intrahepatic CD3* Foxp3* cells, their
number was decreased due to the reduced inflammatory cells in the liver (Fig. S1C). RA
treatment also remarkably decreased the percentages of both CXCR3" and CD44*CD62L"~
T effector cells in the spleen (Fig. S1D). Lower dose of RA treatment (25 g per day) also
reduced the serum ALT and AST levels, as well as decreased the numbers of IFN-y-
producing cells in both the spleen and liver (Fig. SIE-G). /n7 vitro treatment of splenocytes
and IHLs with RA for 24 h inhibited IFN-y expression on CD4* and CD8" T cells in a dose-
dependent manner (Fig. S2). Overall, RA treatment decreased cytokine-producing T cells
and alleviated liver injury in Ad-induced hepatitis.

RA promotes IL-22-producing y8 T cells and DN T cells in the liver

Hepatic 1L-22 protein levels were increased following Ad infection (Fig. 2A). A higher
frequency of intrahepatic IL-22* cells were found at 1 dpi compared to those in naive mice,
returning to baseline at 6 dpi (Fig. 2A). Most of the hepatic IL-22-producing cells were
CD3™*, but CD4~ and CD8™ T cells (Fig. 2B). CD3~ cells, presumably ILCs, expressed few
IL-22 (0.1% of total IHLs, Fig. 2B). Other cell types, including CD11b*, CD11c*, F4/80*,
Ly6G*, and NK* cells, did not express IL-22 (Fig. S3A). The major producers of hepatic
IL-22 were & T cells (Fig. 2B) and IL-22* y& T cells can also produce IL-17 (Fig. 2C). We
found that around 48% of hepatic y6 T cells belonged to the Vy4 subset, among which
around 15.5% cells were 1L-22*1L-17* and 25.9% cells were IL-17* (Fig. S3B) (2, 38). In
addition to y& T cells, CD3*TCRy&™ T cells also produced IL-22, which expressed neither
CD4 nor CDS8 (Fig. 2B). Among these DN T cells, there were 6% IL-17"IL-22* and 1.3%
IL-22* cells (Fig. 2D). Thus, y6 T cells and DN T cells were the main sources of 1L-22 in
the liver.

To investigate whether RA can enhance hepatic 1L-22 production during viral hepatitis (15),
we treated mice with RA daily starting at 1 dpi and sacrificed mice at 6 dpi. RA-treated mice
displayed a 2-fold increase in IL-22* cells in the liver compared to those in controls (Fig.
2E). Liver IL-22 mRNA levels were significantly elevated after RA treatment (Fig. 2E).
Further study showed that RA can promote y& T (> 2-folds) and DN T cells (> 4-folds) to
produce IL-22 in the liver (Fig. 2F). Thus, RA can promote IL-22 production from y& T and
DN T cells in the liver in viral hepatitis.

PI3K/mTORCL1 signal pathway regulates IL-22 production

The PI3BK/mTORC1 pathway regulates cytokine production in monocytes, macrophages and
DCs to bacterial infection (39); however, it is unclear whether this pathway regulates IL-17
and IL-22 expression in viral hepatitis. To address this issue, we isolated IHLs at 2 dpi for
culture in the presence of Rapamycin (a mTORCL1 inhibitor) and Ly294002 or Wortmannin
(PI3K inhibitors) /n vitro (40), followed by analysis of IL-17 and IL-22 production.
Inhibition of the PI3K/mTORC1 markedly reduced the percentages of IL-17* and IL-22* y6
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T and DN T cells (Fig. 3A). Additionally, RA alone markedly reduced IL-17, without
significantly changing IL-22 production (Fig. 3B); RA also synergized with PI3K/mTORC1
inhibitors to further inhibit IL-17, but not IL-22, production (Fig. 3B). These results suggest
that the PI3BK/mTORC1 signaling pathway is essential for IL-17 and IL-22 expression in
innate immune cells such as -y T and DN T cells in viral hepatitis.

IL-22 ameliorates liver injury in viral infection

To investigate whether IL-22 is pro-inflammatory or hepatoprotective in Ad-induced
hepatitis, we treated infected mice with rIL-22 daily starting 1 dpi and analyzed the
outcomes at 7 dpi. While IL-22-treated mice displayed reduced serum ALT and AST levels
(Fig. 4A), the hepatic infiltration of lymphocytes as well as the IFN-y and TNF-a cytokine
expression were comparable between treated- and control groups (data not shown). To
further validate these observations, we performed Ad infection (1 x 10° pfu) in IL-22
knockout (KO) mice. Compared to wild-type controls, the IL-22 KO mice had 2- to 3-fold
higher serum ALT and AST levels (Fig. 4B), higher numbers of IHLs (Fig. 4C),
accompanied by higher percentages and numbers of intrahepatic IFN-y* CD4* T cells (Fig.
4D). Collectively, these data demonstrate a hepatoprotective role for IL-22 in viral hepatitis.

RA inhibits DC activation and T cell priming in vitro and in vivo

Inhibition of DC function has been shown to contribute to T cell exhaustion during chronic
hepatitis C virus infection (41, 42). To test whether RA can modulate T cell responses by
regulating DC functions, we treated mice with RA daily starting at —3 dpi and sacrificed the
animals at 2 dpi. RA-treated mice displayed lower levels of co-stimulatory molecules
(CD80, CD86 and CD40 expression) on DCs compared with those in control animals (Fig.
5A). To confirm these observations /n vitro, we treated DCs with RA (1 pM) at days 3 and 6
of culture and examined DC phenotypes and functions at day 8. RA treatment resulted in
significant lower level of CD11c, CD86 and CD40 expression (Fig. 5B and C) and increased
PD-L2 expression levels compared to findings in control DCs (Fig. 5C). RA treatment did
not alter the viral infection of DCs (Fig. S4A), but reduced DC ability to migrate in a
CCL21-dependent chemotactic assay carried in a two-chamber cell culture system (Fig. 5D).
We confirmed the chemotactic assay /n vivo by using a DC-transferring system (33, 43).
Briefly, RA-treated and control DCs were infected with Ad /n vitro for 24 h and labeled with
different dyes respectively, followed by mixing of 1:1 ratio. DCs were injected s.c. into the
hind foot of naive mice and draining LNs were harvested 24 h and analyzed for DC
migration /n vivo. We found that control DCs, but not the RA-treated DCs were found in
draining LNs after 24 h (Fig. S4B). Finally, to validate the immunobiological effects of RA,
we analyzed T cell responses in this /n vivo T cell priming system. The unlabeled control
DCs and RA-treated DCs were injected into the hind foot of naive mice. Draining LNs were
harvested at 7 dpi, and T cell functions were subsequently analyzed. Mice receiving RA-
treated DCs in footpads displayed a marked reduction in the percentages of IFN-y*, IL-2*
TNF-a* CD4* T cells, as well as those of IFN-y* CD8* T cells in draining LNs (Fig. 5E).
These results suggested to us that locally produced RA can directly repress DC functions in
migration and priming CD4* and CD8" T cell responses in distant secondary lymphoid
organs.
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RA regulates expression of S100 family proteins in DCs

To investigate the molecular mechanisms responsible for RA-mediated DC functions, we
performed a mass spectrometric study on /in7 vitro RA- or PBS-treated DCs. Among 2,329
proteins identified, 38 proteins were down-regulated and 26 proteins were up-regulated in
RA-treated DCs by at least 1.5 fold (Table 1). Among the top 15 down-regulated proteins,
three (3) proteins belonged to the S100 family of calcium-binding proteins (S100A4,
S100A6, and S100A10). These proteins are present in myeloid cells such as macrophages,
which regulate their cellular chemotaxis (44). DCs and malignant tumors with a strong
metastasis potential are also reported to express S100 proteins (45-48). Ingenuity Pathway
Analysis (IPA) based on our data demonstrated that ST00A4/A6/A10 proteins are modulated
by the NF-xB and ERK signaling pathways (Fig. 6A). These proteins are likely to be
involved in DC maturation and IL-12 signaling. RT-PCR analyses confirmed that RA-treated
DCs expressed significantly lower mRNA levels of S100A4 and S100A10, but higher levels
of Arg-1 (top 1 of the upregulated proteins) compared with those of control DCs (Fig. 6A
and B). Western blotting further confirmed that RA treatment markedly inhibited the protein
expression of S100A4, as well as p-l1xBa and p-ERK, in DCs (Fig. 6C). These results
established that RA suppresses S100 proteins and down-regulates signaling pathways that
control DC maturation.

S100A4 is critical for DC functions in vitro and in vivo

S100A4 has been shown to bind to intracellular myosin 1A in macrophages and regulate
their cytoskeleton constituents (49). We speculated that RA can control cellular polarization
and mobility of DCs by suppressing S100A4 expression. To test this hypothesis, we
inhibited S100A4 expression in DCs using siRNA to S100A4 or the ERK inhibitor U0126
(Fig. S4C and D). Interestingly, inhibition of SI00A4 did not alter the expression level of
CCR7 on DCs, but slightly decreased the CD80 and CD86 expression levels (Fig. S4E). By
using a CCL21-dependent transwell assay, as described above (Fig. 5D), we found that
S100A4-siRNA treatment resulted in significant fewer DCs in the lower chamber compared
to those found in control siRNA-treated DCs (Fig. 6D). By using the in vivo T cell priming
assay, as shown in Fig. 5, we found that S1I00A4 down-regulation by siRNA reduced the
capability of DCs to egress and prime CD4* T cells in distant LNs (Fig. 6E). S100A4-
repressed DCs led to decreased frequencies of IFN-y* CD4* T cells in draining LNs; no
differences in CD8" T cell functionality were observed (Fig. 6E). These data argue that RA
can down-regulate NF-xB/ERK/S100 proteins and suppress DC migration and functions /n
vivo.

DISCUSSION

The liver stores the body’s majority of vitamin A. Its principal metabolite, a//-frans RA, has
been linked with T cell exhaustion in hepatitis (4, 5, 50, 51). However, it is unknown how
RA in the liver can compromise T cell priming in distant lymphoid organs. In this study, we
used a murine model of adenovirus infection to mimic viral infection in human. Although
recombinant Ad5 strain can’t present the full life cycle of a coiled-type virus, it can induce
virus-specific T cells and cause the liver injury, which are similar with the responses in viral
hepatitis in humans (52). We observed that viral infection can increase the RALDH1 activity
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and found that exogenous RA greatly attenuated liver injury by inhibiting inflammatory
infiltration and decreasing T cell responses (Fig. 1). RA also promoted hepatoprotective
IL-22 production, but inhibited IL-17 production, from -y8 T and DN T cells through a
PI3K/mTORC1-dependent mechanism. In addition, RA strongly modulated DC maturation
and migration and compromised T cell priming in distant lymphoid organs. RA achieved
this, in part, by repressing the expression of novel S100 family proteins and activation of the
NF-kB/ERK pathways. Our study has revealed a previously unappreciated role and
multipronged mechanism of RA in hepatoprotection and immune regulation in viral
hepatitis.

RA is essential for T cell differentiation and effector responses (53-55); however, it can also
suppress Thl polarization and T effector cell proliferation (56-58). RA was found to
preferentially induce TGF-B-dependent Treg cells, playing a role in the tolerogenic nature
(3, 4, 59-61). Most Treg cell studies were performed /n vitro by using cell cultures in the
presence of RA. In a colitis mouse model, however, RA treatment failed to enhance
intestinal Foxp3 gene expression (15). Here, we found that RA inhibited T cell responses
(Fig. 1), but did not induce Treg cells in viral hepatitis (Fig. S1). Both high-dose (250 pg)
and moderate-dose (25 jg) of RA can reduce the number of cytokine-producing cells in the
spleen and liver. In addition to inducing IL-22, RA can suppress IL-17 and IFN-y
production, suggesting that RA may reduce the liver inflammation by inhibiting the pro-
inflammatory cytokines. Our results are consistent with other reports (15, 58), therefore
pointing to possible additional underlying mechanisms for RA-induced immune tolerance
(62). RA treatment did not significantly change viral copy numbers in mouse liver at 6 dpi
(Supp. Fig. 1B). These findings are consistent with previous reports that most of adenovirus
is eliminated rapidly by the innate immune mechanisms 24 h post-infection; the remaining is
cleared by T cells slowly in the subsequent 3 weeks (35, 63). Although RA can induce IL-22
to protect the liver from damage, it also inhibits T cell responses and may presumably delay
viral clearance in patients. Therefore, antiviral therapy needs to combine with potential RA
treatment to prevent fulminant viral hepatitis.

IL-22 expression is upregulated in the liver of HBV and HCV patients (64, 65), and single-
nucleotide polymorphisms in the IL-22 gene influence treatment response and viral
clearance (66), possibly meaning that IL-22 can modulate antiviral immune response. In this
study, we demonstrated that y8& T cells and DN T cells, but not the Th17 cells (20, 67), act
as the source of liver-derived IL-22. We report, for the first time, that IL-22 attenuates liver
injury in viral infection mainly through its regulation of intrahepatic infiltration and CD4* T
cell activation (Fig. 4). The contradiction between our findings and those reported by others
(20, 67) may be attributed to the differences of animal models and absence of Th17 cells in
early viral infection. The mTOR signaling pathway is necessary for immune cell
homeostatic and functional fates (39, 68). Here, we found that IL-17 and IL-22 production in
v8 T cells and DN T cells were controlled by the PI3K/mTORCL signaling pathway. These
results have led us to suggest for the first time that PI3K/mTORCL signals not only control
adaptive T cell differentiation fate decisions (68), but also modulate -y T cell and DN T cell
functions. Interestingly, RA can synergize with PI3K/mTORC1 inhibitors to further suppress
IL-17 production (Fig. 3B). This finding may imply that, in addition to the mTOR/STAT3
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pathway of IL-17 regulation (68), RA may also regulate IL-17 production through an
mTOR/STAT3-independent means (57).

Highly effective antigen presentation is accomplished in two distant organs during viral
hepatitis (42, 69, 70). Upon encountering antigens in the inflamed tissues, DCs rapidly
mature and egress to draining LNs to prime naive T cells. Activated T cells subsequently
migrate from the lymphoid organs to the inflamed organs (71). Here, we demonstrated that
RA treatment down-regulated the co-stimulatory molecules CD86 and CD40, decreased the
chemotactic ability of DCs /n vitro (Fig. 5A-D) and impaired their capacity of T cell
priming /n vivo (Fig. 5E). Using a non-hypothesis-driven, proteomic approach, we found
that RA treatment significantly down-regulated the expression of a family of calcium-
binding proteins, including S100A4, S100A6 and S100A10 in DCs (Fig. 6A and B). RA
treatment down-regulated NFxB and ERK pathways, which are involved in S100 protein
regulation, DC maturation, and IL-12 signaling. Given that SI00A4 can bind to intracellular
myosin 1A in macrophages and regulate dynamics of cytoskeleton constituents (44, 49), we
hypothesized that the presence of RA in the liver can directly modulate cellular polarization
and motility of intrahepatic DCs. We knocked down S100A4 and found that downregulation
of S100A4 led to impaired capacity of DC migration /n vitro and of priming T cells in an in
vivo transfer study. In addition, RA-treated DCs displayed high levels of Arg-1, which is
similar to myeloid-derived suppressor cells (72). These results confirm that the DC
inhibition caused by high levels of RA in the liver microenvironment may lead to the T cell
dysfunction, including tolerance, anergy, exhaustion or senescence in chronic viral hepatitis
(42, 73). Our data demonstrated, for the first time, that RA controls DC migration through
modulating S100 family proteins. Interestingly, RA has also been shown to regulate the
migration of Treg cells in T cell-mediated acute hepatitis (74), which suggested to us that, in
addition to DCs, RA may regulate other immune cells migration. It is also possible that RA
blockade resulted in the release of DCs from liver to secondary lymphoid organs, which
promoted the activation or expansion of Tregs.

In summary, we found that exogenous RA can attenuate liver injury in viral hepatitis by
promoting the PI3K/mTORC1-dependent IL-22 production in liver y& and DN T cells. We
further identified a novel pathway by which RA inhibits DC function through a S100A4-
mediated mechanism, resulting in down-regulation of T cell responses. This study has
demonstrated the importance of innate intrahepatic subpopulations of -y6 and DN T cells and
their cytokine profiles during the early stages of viral infection in the liver. Since the cross-
talk among RA and DCs plays a key role in modulating adaptive immune responses, further
modifying these communications may represent a potential therapeutic approach to treat
viral hepatitis.
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Figure 1. Retinoic acid (RA) alleviated liver injury in Ad-induced viral hepatitis

C57BL/6 mice (B6) were /v, injected with 3 x 10° pfu of AdLacZ. (A) The mRNA levels of
RALDH1 in the livers were analyzed at 6 days post infection (dpi). (B) Hepatic stellate cells
(HSCs) were isolated and analyzed for the RALDH1 expression. (C-F) The AdLacZ-
infected mice were injected 7,0. with DMSO (control) or 250 ug RA daily and sacrificed at 6
days post infection (dpi). (C) Serum ALT and AST levels. (D) Total numbers of IHLs and
splenocytes. (E) Percentages and absolute numbers of hepatic CD4* and CD8* T cells. (F)
Percentages and absolute numbers of cytokine-producing T cells in the liver. The experiment
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was repeated three times independently, and representative graphs are shown (4-6 mice/
group). *p < 0.05; **p < 0.01.
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Figure 2. RA promoted |L-22 expression by y6 T cellsand double negative (DN) T cellsin the
liver of viral hepatitis

B6 mice were /.v. injected with 3 x 10° pfu of AdLacZ and sacrificed at the indicated time
points. (A) Kinetic analysis of hepatic IL-22 production by an ELISA assay. IHLs were
stimulated with recombinant 1L-23 (rl1L-23, 20 ng/ml) for 16 h plus GolgiStop for the last 4
h. The cells were examined for intracellular 1L-22. Right panel Cumulative statistical results
of the absolute number of IL-22* cells in the liver. (B) IHLs from day 1 infected mice were
gated on the CD3* population. IL-22-producing cells were further analyzed on CD4*, CD8"*
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and TCRy&* T cells. (C) The IHLs were gated on y8& T cells for IL-17 and 1L-22
expression. (D) The IHLs were gated on DN T cells (CD3* CD4~ CD8~ TCRy&™ cells) for
IL-17 and IL-22 expression. (E) Mice were infected and treated with RA as shown in Fig. 1.
Hepatic IL-22-producing cells were analyzed at 6 dpi. Left panel absolute number of 1L-22*
cells. Right panef 1L-22 mRNA level of IHLs. (F) Intracellular IL-22 expression in hepatic
v8 T and DN T cells. The experiment was repeated two to three times independently, and a
representative graph is shown (6-8 mice/group). *p < 0.05, **p < 0.01.
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Figure3.1L-17 and IL-22 production in y6 T and DN T cells was dependent on the PI3K/
mTORC1 signaling pathway

B6 mice were /.v. injected with 3 x 10° pfu of AdLacZ and sacrificed at 2 dpi. IHLs were
isolated and stimulated with rl1L-23 (20 ng/ml) for flow cytometry. The culture system was
initially added with or without RA (100 nM), Rapamycin (25 nM), Ly294002 (5 uM) or
Wortmannin (100 nM). DMSO was used as solvent control. For intracellular staining, the
cells were cultured for 16 h plus GolgiStop for the last 4 h. (A) y8 T and DN T cells were
gated first, followed by the analysis of intracellular IL-17 and IL-22 expression. (B) For the
detection of cytokines in the supernatant, the cells were cultured for 3 days. The
supernatants were collected for an ELISA assay. The experiment was repeated three times
independently. **p < 0.01, ***p < 0.001.
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(A) B6 mice were /v, injected with 3 x 10° pfu of AdLacZ, followed by /p. injection with 5
ug recombinant IL-22 (rIL-22) or PBS (control) on 1, 3 and 5 dpi. Mice were harvested at 6
dpi. Serum ALT and AST levels were measured. (B) WT and IL-22 KO mice were /i.v.
injected with 1 x 109 pfu of AdLacZ and sacrificed at 6 dpi. Serum ALT and AST were
detected. (C) Numbers of splenocytes and IHLs, as well as the (D) percentages and total
numbers of IFN-y-producing CD4* and CD8" T cells. The experiment was repeated three
times independently, and a representative graph is shown (3-8 mice/group). *p < 0.05, **p

<0.01, N.S. no statistical difference.
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Figure 5. RA inhibited dendritic cell (DC) activation and T cell primingin vivo
Mice were /7p. injected with RA (250 pg) or DMSO (control) daily from -3 to 1 dpi. These

animals were /v, injected with 3 x 109 pfu of AdLacZ and sacrificed at 2 dpi. (A) DCs in the
spleen and liver were first gated on CD11b*CD11c* cells and the mean fluorescence
intensity (MFI) of co-stimulatory molecules was examined. (B) Bone marrow-derived DCs
were generated from B6 mice by using complete RPMI 1640 with 20 ng/ml rtGM-CSF. RA
(1 pM) was added at day 3 of an 8-day DC culture. Upper panel. Surface CD11c expression
level of control and RA-treated DCs. Grey line: control DCs; black line: RA-treated DCs.
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Lower panel MFI of CD11c on DCs. (C) RA-treated and control DCs were infected with
Ad-LacZ (MOI: 300) for 12 h. Surface molecules were analyzed by flow cytometry. Shaded:
Isotype control; grey line: uninfected DCs; black line: Ad-infected DCs. (D) 2 x 10° control
or RA-treated DCs were cultured, respectively, in the upper chambers of 24-well transwell
plates. The lower chambers contained complete medium with rCCL21 (100 ng/ml). After 8
h of culture, the cells in the lower chambers were collected for photographing and counting.
(E) Virus-exposed DCs or naive DCs (5 x 10° in 20 ul of PBS) were injected s.c. into the
hind footpad of naive mice. Three types of DC were transferred: naive DCs, virus-exposed
control DCs, and virus-exposed RA-treated DCs (prepared as inFig 5B and C). Popliteal
draining lymph nodes (LNs) were harvested at 7 dpi. Lymphocytes were isolated and
stimulated by PMA and lonomycin plus Golgistop for 4 h. Percentages of cytokine-
producing CD4* and CD8" T cells in draining LNs were examined by flow cytometry. Each
experiment was repeated at least three times independently. Shown are representative flow
cytometric results. *p < 0.05, **p < 0.01, ***p<0.001.
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Figure 6. RA regulated S100A protein expression and downstream signaling pathway of DCs
The proteins from control and RA-treated DC were extracted, digested by trypsin, and

labeled (see Materials and Methods section). Labeled peptides were analyzed by using mass
spectrometry. (A) Predicted canonical pathways were generated from mass spectrometry
data analysis by Ingenuity Pathway Analysis (IPA) Software. (B) Transcript levels of
arginase 1, S100A4 and S100A10 in DCs. (C) Control and RA-treated DCs were infected by
Ad-LacZ (MOI: 300) for 30 and 60 min, respectively. Shown are western blot analysis of
S100A4, p-lxba and p-ERK. (D) 2 x 10° control or S100A4 koncodown-DCs were
cultured, respectively, in the upper chambers of 24-well transwell plates. The lower
chambers contained complete medium with rCCL21 (100 ng/ml). After 8 h of culture, the
cells in the lower chambers were collected for photographing and counting. (E) DCs were
incubated with S100A4 siRNA or control siRNA for 6 h and cultured for another 3 days,
followed by transwell assay (as shown in Fig. 5D) and /n vivo T cell priming analysis (as
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shown in Fig. 5E). Each experiment was repeated at least three times independently. *p <
0.05, **p< 0.01, ***p< 0.001.
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