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Abstract

A subset of human regulatory T cells (Tregs) can secrete IFN-y or IL-17 and thus share features of
Tnl or TH17 effector cells, and lose suppressive function. The main factors driving this
differentiation of Tregs towards a pro-inflammatory phenotype include IL-12 for Ty1-like and
IL-6 for Ty17-type Tregs. In this study we show that Tregs of patients with de novo autoimmune
hepatitis (dAIH) display increased frequencies of pro-inflammatory IFN-y and IL-17 cytokines.
Irrespective of a fully demethylated FOXP3locus, Tregs of subjects with de novo autoimmune
hepatitis are functionally impaired. In line with the observed Treg phenotype, we detected the
presence of two dominant cytokines (IL-12 and IL-6) clustering with CD68" monocyte/
macrophage cells in livers of subjects with de novo autoimmune hepatitis and isolated monocytes
of subjects with de novo autoimmune hepatitis secrete high levels of pro-inflammatory 1L-12 and
IL-6 suggesting that this inflammatory milieu is key for functional impairment of Tregs.
Importantly, the blockade of IFN-y partially restores suppressive function of Tregs of subjects with
de novo autoimmune hepatitis indicating that monocyte/macrophage derived triggers might play a
central role in Treg dysfunction and pathogenesis of de novo autoimmune hepatitis.
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INTRODUCTION

Advances in liver transplantation have resulted in improved survival and better outcomes for
most patients with liver disease. However, with these advances and longevity of liver
allografts comes late allograft dysfunction. An important cause of late allograft dysfunction
is de novo autoimmune hepatitis (dAIH). The etiology and underlying pathogenesis of de
novo autoimmune remains unclear and while several risk factors such as preceding acute
rejection episodes, steroid dependence (1), human lymphocyte antigen phenotype (2, 3),
gender and age of the organ donor (4), have been reported and mechanisms proposed to
explain the immune response observed (5-9), importantly, these risk factors have not been
consistently observed in all patients.

CD25"FOXP3* regulatory T cells (Tregs) mediate immunological tolerance and curb
autoimmunity and exuberant immune responses (10-12). Over the last few years it has
become clear that human Tregs can produce inflammatory cytokines (13-17), and some of
these cytokine producing Tregs may have pathogenic potential as reports suggest they may
contribute to mucosal disease and are implicated in the development of colon cancer (15,
18),inflammatory bowel disease (16) as well as autoimmune diseases such as multiple
sclerosis and type 1 diabetes (TID) (19). There however remain unanswered questions about
the function and role of cytokine producing Tregs in health and disease. As the key Ty1 and
TH17 effector cytokines, IFN-y and IL-17, have been implicated in the immune pathogenesis
of autoimmune hepatitis seen in non-transplanted individuals (20), and a multifaceted
imbalance of T cells with regulatory function described as characterizing autoimmune
hepatitis in non-transplanted individuals (21), we posited that pro-inflammatory cytokine
secreting Tregs may be involved in the immune pathogenesis of de novo autoimmune
hepatitis.

In an attempt to better understand the underlying immune pathogenesis of de novo
autoimmune hepatitis, we conducted a cross sectional study involving liver transplanted
recipients with: normal allograft function (LTC); de novo autoimmune hepatitis (dAIH); and
healthy non-transplanted children (HC), where we sought to identify cell types prevalent in
de novo autoimmune hepatitis and investigate how they might contribute towards disease
pathogenesis; In addition, we sought to determine the role of cytokine producing FOXP3*
Tregs in the development of de novo autoimmune hepatitis. Our findings establish a
framework to dissect the cell type(s) driving differentiation of Tregs towards a pro-
inflammatory phenotype in human diseases as well as dissecting triggers that can induce
local release of cytokines to direct Tregs cells towards the pro-inflammatory Ty1/TH17-type
differentiation pathway.

METHODS

Study subjects

This was a cross sectional study involving pediatric liver transplant recipients with a
diagnosis of de novo autoimmune hepatitis (n=21), pediatric liver transplant recipients who
had never been diagnosed with de novo autoimmune hepatitis and had normal allograft
function at the time of enrollment and blood draw. These subjects acted as the liver

J Immunol. Author manuscript; available in PMC 2017 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Arterbery et al.

Page 3

transplant control group (LTC) (n=27), and healthy children who had no underlying immune
mediated disorders and were not on any immunomodulatory agents. These subjects acted as
the healthy control group (HC) (n=28). The transplanted subjects were enrolled as they
attended their routine post-transplant clinics while the healthy non-transplanted subjects
were enrolled using flyers posted in New Haven as well as from the /elp us discover
database, a database of healthy children registered as research controls maintained by the
Yale Center for Clinical Investigation (YCCI). The definition of de novo autoimmune
hepatitis was as previously described (1, 22). We enrolled patients aged 0 through 20-years
from January 2013 to June 2015. At enrollment, 30 ml of peripheral blood was obtained
from each participant. Informed consent was obtained from parents or guardians and assent
was obtained as necessary per institutional review board guidelines. The study protocol was
reviewed and approved by the Institutional Review Board of Yale University.

Antibodies and reagents

The following monoclonal antibodies and reagents were used as follows: for cell surface
staining: anti-CD4 (BD Pharmingen clone RPA-T4), anti-CD45RA (BD Pharmingen clone
HI1100), CD25 (BD Pharmingen clone M-A251), and CD127 (eBioscience clone
eBioRDR5), anti-PDL1 (BD Pharmingen clone MIH1), anti-CD3 (BD Biosciences clone
UCHT1), anti-CD14 (BD Biosciences clone M@P9), anti-TIM3 (BioLegend clone
F38-2E2), anti-CCR6 (BD Pharmingen clone 11A9), anti-CD161 (BD Pharmingen clone
DX12), anti-CD49D (Miltenyi Biotec clone MZ18-24A9), anti-LAG3 (R&D systems clone
POLY), anti-IL-23R (R&D systems clone 218213); for intracellular staining: anti-IFNy
(BioLegend clone 4S.B3), anti-IL-17A (BioLegend clone BL168 and BD Pharmingen clone
N49-653), and Foxp3 (eBioscience clone PCH101), anti-IL-12 (BD Biosciences clone
C11.5), anti-IL-1B (BD Biosciences clone AS10), anti-IL-6 (eBioscience clone MQ2-13A5);
for effector cell (Tresp) stimulation in suppression assay: anti-CD2, anti-CD3 and anti-CD28
Treg Supression Inspector beads from Miltenyi Biotec (130-092-909), CFSE was obtained
from Invitrogen (Carlsbad, CA), anti-PDL1 (BioLegend clone 29E.2A3), anti-PD-1 (BD
Biosciences clone EH12.1); for immunofluorescence: anti-CD4 (Serotec MCA4846), anti-
CD68 (Abcam cat #abh125157), Foxp3 (Abcam cat #ab20034), anti-IL17A (Abcam cat
#ab136668), anti-IL-1p3 (Abcam cat #ab 104279), anti-IL-6 (Abcam cat # ab6672), anti-1L12
(R&D Systems MAB611), anti-IFN-y (MAB285), AlexaFluor 488 and 594 (Life
Technologies), DAPI (ProLong Antifade Gold P36934); for monocyte stimulation
experiments: lipopolysaccharide LPS (Sigma L2654).

Cell isolation and FACS sorting of T cell populations

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood obtained from
study participants at enrollment by Ficoll Hypaque gradient centrifugation. Total CD4* T
cells were isolated by negative selection using the CD4* T cell isolation kit I (Miltenyi
Biotec) and stained for fluorescence-activated cell sorting (FACS) with the following
antibodies: anti-CD45RA, CD25, and CD127. The Treg (CD4*CD25hCD127!0w/neg)
Tmemory (CD4*CD25/°W/nedCD45RA") and Tnaive (CD4*CD25!0W/neICDASRA™)
populations were sorted on a FACS Aria (BD Biosciences).
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T cell activation and intracellular staining

T cell populations (50,000 cells) were stimulated with phobol-12-myristate-13-acetate
(PMA) at 50ng/ml and ionomycin (250ng/ml) for 4-hours in the presence of GolgiStop
4ul/ml (BD Biosciences 554724), fixed and made permeable (Fix/Perm; eBioscience) and
intracellular staining of cytokines and FOXP3 was performed with FOXP3 staining buffers
(eBioscience) per manufacturer’s recommendations with the following antibodies: IFN-vy,
IL-17A and FOXP3 for 30 — 45 minutes. Prior to fixation, cells were stained with LIVE/
DEAD cell kit (Life Technologies) to exclude dead cells.

For all flow cytometry, data was acquired on a LSR Il (BD Biosciences) and analyzed with
FlowJo software (TreeStar, Ashland, OR).

Monocyte/regulatory T cell co-culture experiments

CD14" monocytes were obtained by positive selection (StemCell #18058) from PBMCs’
following manufacturer’s guidelines and co-cultured with FACS sorted ex vivoisolated
Tregs, in the presence of plate bound anti-CD3 (clone UCHT1) at 1ug/ml, and rlL-2 at
25U/ml Corning 356043), for five days at 37°C with 5% CO2. At the end of the culture
period, cells were stimulated with PMA (50 ng/ml) (Sigma P8139)/ionomycin (250 ng/ml)
(Sigma 10634) for 5-hours, with GolgiStop added in the last 4-hours. Cell surface staining
with anti-CD3 and anti-CD14 was performed as well as intracellular staining of cytokines
and FOXP3 as described above; IL-17A and IFN-y production from FOXP3* cells was
assessed using flow cytometry.

Monocyte stimulation experiments

CD14" monocytes were obtained by positive selection (StemCell #18058) from PBMCs’
following manufacturer’s guidelines, and plated in Xvivol5 media with LPS (1 pug/ml) for
24-hours at 37°C with 5% CO2. GolgiStop was added for the final 4-hours of culture
according to the manufacturers instructions. Cells were then fixed and permeabilized using
stainng buffer set (eBioscience 00-5523-00) according to manufacturers instructions. At the
end of the culture period, cells were stained with anti-CD3 and anti-CD14 as well as for
intracellular cytokine (IL-12, IL-1p, IL-6) production and analyzed using flow cytometry.

Quantification of MRNA expression levels by RT-PCR

RNA was isolated using Qiagen RNeasy Micro Kit (QIAGEN), following manufacturer’s
guidelines and converted to cDNA by reverse transcription (RT) with random hexamers and
Multiscribe RT (TQMN, Reverse Transcription Reagents; Applied Biosystems). For mMRNA
gene expression assays, probes were purchased from Applied Biosystems (Supplementary
figure 1) and the reactions were set up following manufacturer’s guidelines and run on a
7500 Fast Real-Time PCR System (Applied Biosystems). Values are represented as the
difference in Ct values normalized to $2-microglobulin for each sample as per the following
formula: Relative RNA expression = (279Ct) x 1000.
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Suppression assays

Tregs were co-cultured with CFSE-labeled effector (responder) CD4*CD25-CD127* T cells
at Treg: Tresponder ratio of 1:1, 1:2, 1:4, 1:8 (i.e. 50,000 Tregs and 50,000 Tresp, or 25,000
Tregs and 50,000 Tresp, or 12,000 Tregs and 50,000 Tresp, or 6,000 Tregs and 50,000
Tresp). The stimuli used were anti-CD2, anti-CD3, anti-CD28 Treg Supression Inspector
beads (Miltenyi Biotec 130-092-909) at manufacturer’s recommended concentration. At day
5, co-cultures were stained for viability with LIVE/DEAD stain kit (Life Technologies).
Proliferation of viable responder T cells was analyzed on a LSR |1 flow cytometer (BD
Biosciences). In parallel experiments, IFN-y recombinant protein (Biolegend 713906) was
added at 10 ng/ml to healthy control cultures and anti-IFN-y (R&D Systems 25718) was
added at 10 pg/ml to cultures of subjects with de novo autoimmune hepatitis when plating
on Day 1. For cytolytic CD8 T cell function assay, Tregs were co-cultured with Cell Trace
V450-labeled (Life Technologies) total PBMCs at a ratio of 1:2, 1:4, and 1:8. The stimuli
used were immobilized anti-CD3 CD3 (BD Biosciences, BDB550368, clone UCHT1) and
soluble anti-CD28 (BD Biosciences, BDB556620, clone CD28.2) monoclonal antibodies at
lug/ml. At day 5, co-cultures were also stained for viability, fixed, permeabilized, and
stained with anti-CD3 (BD Biosciences, BDB561417, clone UCHT1), anti-CD8 (BD
Biosciences, BDB560662, clone RPA-T8), anti-Granzyme B (BD Biosciences, BDB561998,
clone GB11), and anti-Perforin (eBioscience, 17-9994-42, clone dG9). Proliferation and
Granzyme B/Perforin (cytolytic index) expression of viable CD8* T cells was analyzed on a
LSR 1l flow cytometer (BD Biosciences).

FOXP3 locus methylation analysis

DNA was harvested from ex vivo sorted Tregs using DNeasy Blood and Tissue Kit (Qiagen,
cat #69504) according to manufacturers instructions and sent to Epiontis GmBH (Berlin,
Germany), where DNA was analyzed by quantitative PCR (qPCR) for methylation status of
the FOXP3 locus Treg Specific Demethylation Region (TSDR) using previously established
protocols (23-25). Methylation status was expressed as percent demethylated and translated
from gPCR expression as previously described (24).

Immunofluorescence

Statistics

Immunohistochemical studies were carried out on formalin fixed, paraffin-embedded, 7-
micron-thick sections of liver tissue obtained from 5 of the subjects with de novo
autoimmune hepatitis during disease activity. The sections were deparafinized, and
rehydrated; non-specific binding was blocked overnight in PBS containing 3% FBS at 4°C,
and stained with primary antibody (IL-6, IL-1B, IL-12, IFN-v, IL-17A, FOXP3, CD4, CD68)
at 1:50 overnight at 4°C. The following day, slides were stained with appropriate secondary
antibody at 1:50 for 2-hours at room temperature, stained with DAPI, mounted, cover
slipped and sealed for microscopy.

Summary statistics are reported overall and by group for Liver transplanted subjects without
de novo autoimmune hepatitis (LTC), healthy non-transplanted children (HC) and subjects
with de novo autoimmune hepatitis. For quantitative variables, mean, median, and standard
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deviation are reported; for categorical variables, counts and percentages are reported.
Quantitative variables are compared between groups using the Kruskal-Wallis test for overall
comparisons of more than two groups. Comparisons of a quantitative variable between two
groups were performed using the Wilcoxon rank-sum test. Paired within-subject
comparisons of quantitative variables were performed using the signed-rank test. Categorical
variables are compared between groups using Fisher's exact test. P-values < 0.05 are
considered statistically significant. Analyses were conducted using SAS 9.3.

The clinical characteristics of the three subject groups are as shown in Table I. Importantly,
the mean duration from transplant at which a diagnosis of de novo autoimmune hepatitis was
made was much earlier than the mean duration from transplant at the time of blood draw in
our liver transplanted controls (2142.6 days vs. 3261.8 days), suggesting that our liver
transplanted controls were true controls and not transplant recipients who had not yet
developed de novo autoimmune hepatitis.

FOXP3* Tregs from patients with de novo autoimmune hepatitis have a pro-inflammatory

phenotype

In an attempt to identify pro-inflammatory cytokine profile from T cell subsets in de novo
autoimmune hepatitis, total CD4™ T cells and highly purified FACS-sorted Tregs, memory
(Tmem) and naive (Tnaive) cells were stimulated with phobol-12-myristate-13-acetate
(PMA) and ionomycin, and stained with FOXP3, IL-17 and IFN-vy antibodies as described in
the methods section. (Gating strategy Supplementary Figure 2A-C, FOXP3 purity and
FOXP3 mRNA expression Supplementary Figure 2D-E).

Of note, IFN-y production was significantly higher from FOXP3~ CD4* T cells of subjects
with de novo autoimmune hepatitis compared to FOXP3~ CD4* T cells of healthy non-
transplanted children (p=0.02); and from liver transplanted subjects without de novo
autoimmune hepatitis compared to healthy non-transplanted children (p=0.01) (Figure 1A)
but IL-17 production from FOXP3~ CD4* T cells was not significantly different between the
three subject groups (Figure 1A); IFN-y production from memory CD4* T cells was not
significantly different between the three subject groups (Figure 1B).

IFN-y production from FOXP3* CD4* T cells from subjects with de novo autoimmune
hepatitis as well as liver transplanted subjects without de novo autoimmune hepatitis was
significantly increased compared to healthy non-transplanted children (Figure 1C) (p=0.01,
p=0.03 respectively); interestingly, IL-17 production from FOXP3* CD4* T cells from
subjects with de novo autoimmune hepatitis was significantly increased compared to liver
transplanted subjects without de novo autoimmune hepatitis and healthy non-transplanted
children (p=0.04, p=0.01 respectively) (Figure 1C).

While IL-17 levels were higher from CD127-CD25hi....Tregs isolated from subjects with de
novo autoimmune hepatitis compared to liver transplanted subjects without de novo
autoimmune hepatitis, this difference did not achieve statistical significance (Figure 1D).
However, Tregs from subjects with de novo autoimmune hepatitis as well as liver
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transplanted subjects without de novo autoimmune hepatitis did produce more 1L-17
compared to Tregs from healthy non-transplanted children (p=0.02) (Figure 1D) and Tregs
from non-transplanted children with autoimmune hepatitis (AlIH) (p=0.009 and p=0.004
respectively) (Figure 1G); Similarly, IFN-y production from Tregs isolated from subjects
with de novo autoimmune hepatitis as well as liver transplanted subjects without de novo
autoimmune hepatitis was significantly increased compared to healthy non-transplanted
children (p=0.005; p=0.003 respectively) (Figure 1E) and non-transplanted children with
autoimmune hepatitis (AIH) (p=0.001 and p=0.003 respectively) (Figure 1H). IL-17
production from memory cells from subjects with de novo autoimmune hepatitis was
significantly higher than that from memory cells of healthy non-transplanted children
(Figure 1B).

Not surprisingly, /L-17A mRNA levels were higher in Tregs isolated from subjects with de
novo autoimmune hepatitis compared to liver transplanted subjects without de novo
autoimmune hepatitis (p=0.02) (Figure 1F), and non-transplanted children with autoimmune
hepatitis (p=0.03) (Figure 11). In concordance with the protein data, /FN-y mMRNA
expression in Tregs was not significantly different between the transplanted subjects with/
without de novo autoimmune hepatitis (Supplementary Figure 2F). /FN-y mRNA expression
in Tregs was not significantly different between the transplanted subjects with de novo
autoimmune hepatitis and non-transplanted children with autoimmune hepatitis (Figure 1J).
Of note, anti-CD161, anti-TIM3, anti-LAG3 and anti-CD49D expression by Tregs was not
significantly different between the transplanted subjects (data not shown).

Taken together, the above data suggests that increased frequencies of Ty1-like Tregs are
seen in the blood of liver transplanted recipients are similar to previous reports in kidney
transplant recipients (26, 27) and classical autoimmune diseases like multiple sclerosis (28).
Additionally, Ty17-like Tregs are seen in the blood of liver transplanted recipients with de
novo autoimmune hepatitis similar to previous reports in other human diseases (15, 16, 18,
19, 28). We therefore sought to characterize these potentially pro-inflammatory cytokine
producing Tregs further in liver transplant recipients.

FOXP3* Tregs from patients with de novo autoimmune hepatitis share phenotypic features
with conventional effector T cells and are functionally impaired

As IL-17 secretion has been associated with expression of RORC (29), our observation of
production of IL-17 by Tregs isolated from subjects with de novo autoimmune hepatitis
prompted us to assess the mMRNA expression of RORC in isolated Treg populations. Tregs
isolated from subjects with de novo autoimmune hepatitis had increased expression of
RORC compared to Tregs from liver transplanted subjects without de novo autoimmune
hepatitis (p=0.004) (Figure 2A) and Tregs from non-transplanted children with autoimmune
hepatitis (p=0.03)(Figure 2F). RORA mRNA expression was also similarly increased in
Tregs isolated from subjects with de novo autoimmune hepatitis compared to liver
transplanted subjects without de novo autoimmune hepatitis (p=0.02) (Figure 2B) and non-
transplanted children with autoimmune hepatitis (p=0.04) (Figure 2G). Not surprisingly,
mMRNA expression of the T2 cytokines /L-5and /L-13was significantly higher in Tregs
isolated from liver transplanted subjects without de novo autoimmune hepatitis compared to
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Tregs from subjects with de novo autoimmune hepatitis (p=0.02; p=0.03 respectively)
(Figure 2C-D). /L-4 mRNA expression was also higher in Tregs isolated from liver
transplanted subjects without de novo autoimmune hepatitis compared to Tregs from
subjects with de novo autoimmune hepatitis however it did not achieve statistical
significance (p=0.06) (Figure 2E). 7TBET and CXCR3-mRNA expression was not
significantly different in Tregs isolated from liver transplanted subjects without de novo
autoimmune hepatitis compared to Tregs from subjects with de novo autoimmune hepatitis
(Supplementary Figure 2G-H).

These observations of a pro-inflammatory signature in Tregs from transplant recipients with
de novo autoimmune hepatitis led us to question the methylation status of the FOXP3locus
in these Tregs as well as the function of these Tregs. (FOXP3 DNA demethylation
constitutes the most reliable criterion for natural Treg available at present (23). To address
the above question about the methylation status of the FOXP3 locus as well as the function
of these Tregs, we analyzed the FOXP3* Treg cell-specific demethylated region (TSDR) in
sorted Tregs from both healthy non-transplanted children and subjects with de novo
autoimmune hepatitis. We also performed in vitro suppression assays and found that Tregs
from both groups were similarly demethylated in the TSDR region (Figure 3A); but Tregs
from subjects with ge novo autoimmune hepatitis suppressed effector cell proliferation less
efficiently compared to sorted Tregs from healthy non-transplanted children subjects and
liver transplanted subjects without de novo autoimmune hepatitis (Figure 3B-D) (dAIH vs.
LTC 2:1, 4:1, p=0.03, 0.02 respectively) (dAIH vs. HC 2:1, 4:1, 8:1, p=0.005, 0.002, 0.03
respectively). (Gating strategy Supplementary Figure 3A). They similarly inhibited cytolytic
function of CD8 T cells less efficiently compared to sorted Tregs from a healthy non-
transplanted child and a liver transplanted patient without ge novo autoimmune hepatitis
(Supplementary Figure 3B-D). Taken together, the above suggests that Tregs isolated from
subjects with de novo autoimmune hepatitis are true Tregs and not significantly
contaminated by activated effector T cells.

Cytokine milieu in livers with de novo autoimmune hepatitis

We next questioned if the loss of regulatory function noted could be a consequence of an
inflammatory microenvironment? And thus could a pro-inflammatory cytokine milieu be
contributing to the dysregulation of Tregs isolated from subjects with de novo autoimmune
hepatitis, and driving the plasticity of Tregs towards an inflammatory phenotype? To
investigate this, we first of all examined liver biopsies from subjects with de novo
autoimmune hepatitis for pro-inflammatory cytokines using immunofluorescence. The T17
polarizing cytokines (30, 31), IL-1p and I1L-6 were present within portal inflammatory
infiltrates, 1L-6 more so than IL-1f (Figure 4A-B). Additionally, IL-17A was also
abundantly present within portal inflammatory infiltrates and interestingly, both IL-17A and
FOXP3 were co-expressed on the same cell (Figure 4C-D) suggesting a similar finding in
the liver to our observation in the blood of IL-17 producing FOXP3* Tregs. Interestingly, the
Th1 polarizing cytokine, 1L-12 as well as its signature cytokine, IFN-y, was also present
within portal inflammatory infiltrates of liver biopsies of subjects with de novo autoimmune
hepatitis (Figure 4E-F). IFN-y and FOXP3 were co-expressed on the same cell (Figure 4G).
Of note, both IL-12 and CD68 were co-expressed on the same cell and IL-6 and IL-12 were
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also co-expressed on the same cell (Figure 4H) suggesting that the main sources of Ty1 and
TH17 promoting cytokines were coming from monocytes/macrophages. (Isotype controls
provided Figure 4J).

Given the above observation of Tyl and TH17 polarizing cytokines being produced by
monocytes/macrophages in liver biopsies of subjects with de novo autoimmune hepatitis, we
questioned if monocytes/macrophages drive the inflammatory phenotype observed in Tregs
of subjects with de novo autoimmune hepatitis using /n vitro culture of monocytes and
sorted Tregs.

Monocytes from subjects with de novo autoimmune hepatitis produce large amounts of
pro-inflammatory cytokines and promote inflammatory Treg plasticity

To investigate if monocytes/macrophages display a pro-inflammatory profile and could thus
drive the inflammatory phenotype observed in Tregs of subjects with de novo autoimmune
hepatitis, CD14* monocytes from healthy non-transplanted children, liver transplanted
subjects without de novo autoimmune hepatitis and subjects with de novo autoimmune
hepatitis were isolated and tested /n vitro for their cytokine production. Importantly,
monocytes from subjects with de novo autoimmune hepatitis were producing large amounts
of the Tyl and TH17-type Treg promoting cytokines in contrast to monocytes from liver
transplanted subjects without de novo autoimmune hepatitis and healthy non-transplanted
children (Figure 5A-C) (p=0.01 for IL-12 and IL-6). (Gating strategy Supplementary Figure
4B).

To directly assess if monocytes from subjects with de novo autoimmune hepatitis impact the
Treg phenotype, we co-cultured similar cells with sorted Tregs from healthy non-
transplanted children in the presence of plate bound anti-CD3 for 5-days (32). At the end of
the culture period, IL-17A and IFN-y production from Foxp3* Tregs was assessed using
flow cytometry. (Gating strategy Supplementary Figure 4A). In line with our hypothesis,
there was a strong tendency for increased IFN-y production from FOXP3* Tregs in the
presence of monocytes from subjects with de novo autoimmune hepatitis but not when co-
cultured with monocytes from healthy non-transplanted children or liver transplanted
subjects without de novo autoimmune hepatitis. However, and of interest, IL-17 production
by Tregs was not affected under similar conditions at the analyzed time point (Figure 5E-F)
(p=0.03 for IFN-v). To confirm that IFN-y production from Tregs results from induction by
IL-12 from monocytes, sorted Tregs from a healthy non-transplanted child were co-cultured
with monocytes from a subject with de novo autoimmune hepatitis in the presence of plate
bound anti-CD3 for 5-days following IL-12 and IL-6 blockade and as expected there was
decreased IFN-y production from FOXP3* Tregs in the presence of monocytes from a
subject with de novo autoimmune hepatitis, in the face of 1L-12 blockade (Figure 5G). Also
as expected, blockade of IL-6 did not result in a change in IL-17 production (Figure 5H). To
directly assess the nature of these inflammatory macrophages/monocytes producing IL-12
and IL-6 and determine if they are tissue resident macrophages i.e. Kupffer cells or
inflammatory monocytes recruited from the blood, paraffin embedded liver biopsy sections
of patients with de novo autoimmune hepatitis was stained for both CD14 and CD68 using
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immunofluorescence. Indeed, CD147CD68* co-expressing cells could be detected (Figure
41).

Taken together, the above suggests that monocytes/macrophages drive IFN-y production
from FOXP3* Tregs and the T1-like Treg phenotype in subjects with de novo autoimmune
hepatitis. To exclude that cytokine production from FOXP3* Tregs in the co-culture
experiments with monocytes is only a result of allogeneity, we controlled the co-culture
experiments in the presence and absence of plate bound anti-CD3 and confirmed the absence
of cytokine production in the absence of plate bound anti-CD3 (Supplementary Figure 4C)
(32).

Blockade of IFN-y partially restores Treg function in de novo autoimmune hepatitis

The function of Ty1-like Tregs has been variably reported as suppressive by some
investigators (33-35) and non-suppressive by others (28). Having demonstrated that sorted
Tregs from subjects with de novo autoimmune hepatitis lost their immunoregulatory
function as well as demonstrating that a pro-inflammatory cytokine milieu within the liver in
de novo autoimmune hepatitis can drive IFN-y secretion from FOXP3* Tregs, we next
questioned if IFN-y blockade would restore Treg function. To address this question, we
performed suppression assays with FACS-sorted Tregs from subjects with de novo
autoimmune hepatitis, co-cultured with CFSE-labeled effector cells, in the presence and
absence of anti-1FN-y.

Of note, the presence of anti-IFN-vy partially restored the suppressive capacity of Tregs from
subjects with de novo autoimmune hepatitis, though not as fully as compared to Tregs from
healthy non-transplanted children, indicating a significant role of the Ty1-like Treg
phenotype in the loss of suppression (Figure 6A-B). In line with this finding, the addition of
IFN-vy to co-cultures of sorted Tregs from healthy non-transplanted children with effector
cells, showed loss of suppression of effector cell proliferation by the Tregs in counter
experiments (Figure 6C-D).

These results suggest that an inflammatory microenvironment as that seen in de novo
autoimmune hepatitis livers could drive the induction of Ty1-like Tregs, which seems to be
partially responsible for the observed impaired immunoregulatory function. Of interest, a
similar phenomenon has been described for several classical autoimmune diseases such as
multiple sclerosis or T1D (28).

DISCUSSION

In this study we show that FOXP3* Tregs isolated from peripheral blood of subjects with de
novo autoimmune hepatitis display phenotypic and functional characteristics that are similar
to many classical autoimmune diseases. Tregs from subjects with de novo autoimmune
hepatitis are severely functionally impaired in /n vitro suppression assays in line with a
prominent Tyl and Ty17-like pro-inflammatory phenotype, characterized by the production
of inflammatory cytokines like IFN-y and IL-17. Remarkably, these Tregs maintain a fully
demethylated FOXP3locus.
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We further demonstrated that two cytokine clusters - the IL-12-1FN-y axis and the IL-6-
IL-17 axis are predominantly found in livers of patients with de novo autoimmune hepatitis
and that the expression of IL-12 and IL-6 segregates with monocyte/macrophages. In line
with this, monocytes isolated from the peripheral blood of patients with de novo
autoimmune hepatitis produce significant amounts of inflammatory cytokines, which could
drive the differentiation towards a pro-inflammatory Treg phenotype. In particular the
production of IL-12 seems to promote the induction of IFN-y producing Ty1-like Tregs
which seems to significantly contribute to the observed loss of suppression of Tregs from
subjects with de novo autoimmune hepatitis in an IFN-y dependent manner. The blockade of
IFN-v partially restored Treg function of patients with de novo autoimmune hepatitis. Thus
monocytes/macrophages seem to be the key in promoting an inflammatory milieu that
subsequently leads to the observed functional impairment of Tregs of patients with de novo
autoimmune hepatitis and disease pathogenesis. This finding is further corroborated by the
observation that cytokine co-expressing FOXP3* cells are seen in the liver of subjects with
de novo autoimmune hepatitis.

Taken together, these findings establish a framework to dissect the cell type(s) driving
differentiation of Tregs towards a pro-inflammatory phenotype in de novo autoimmune
hepatitis as well as dissecting triggers that can induce local release of cytokines to direct
Tregs cells towards the T41/TH17 differentiation pathway. Longhi et al have also elegantly
shown vigorous activation of peripheral blood monocytes from non-transplanted children
with autoimmune liver disease and inability of CD4*CD25" and CD4"CD25*CD127~ Tregs
to restrain monocyte activation likely contributing to loss of immune tolerance and
perpetuation of the autoimmune attack in autoimmune liver disease (36).

Our observation of Ty1-like Tregs in liver transplanted recipients is consistent with reports
of T1-like Tregs in kidney transplant recipients where it’s been suggested that IFN-vy-
mediated immune mechanisms contribute to long-term graft acceptance; indeed kidney
transplant recipients with good graft function have been shown to have more
CD4*CD25*FOXP3*IFN-y* T cells in peripheral blood compared to renal transplant
recipients with impaired graft function. In the present study we show that T1-like Tregs are
present in peripheral blood of liver transplant recipients corroborating the finding in renal
transplant recipients (26); Similarly, T41-like Tregs from transplant recipients with normal
allograft function in the present study had increased IL-4 expression (Figure 2E); however
contrary to the report by Daniel et al, TH1-like Tregs was seen in both liver transplant
recipients with normal allograft function as well as those with de novo autoimmune
hepatitis, additionally, the frequency of T1-like Tregs was not significantly higher in liver
transplant recipients with normal allograft function compared to recipients with allograft
dysfunction from de novo autoimmune hepatitis. This may be due to the difference in
definition of Ty1-like Tregs — (CD4*CD25MCD127-FOXP3*IFN-y* in the present study vs.
CD3*CD4*CD25"FOXP3*IFN-y* in the study by Daniel et al), as well as differences in the
experiment design — (in our study IFN-y production from sorted Tregs was measured in
response to stimulation with PMA/ionomycin whereas peripheral blood lymphocytes were
stained and not sorted and no stimulation was used in the study by Daniel et al).
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Liver biopsies from subjects with de novo autoimmune hepatitis show all the features of a
Tnl lesion (Figure 4F). The functional activity of Tyl cells is regulated by IL-12 and this
polarizing cytokine is identified in liver biopsies from subjects with de novo autoimmune
hepatitis (Figure 4E). The cellular source of IL-12 appears to be monocytes/macrophages
(Figure 4H, 5A). It is unclear which triggers can induce local release of IL-12 to direct Treg
cells towards the Tyl differentiation pathway however the role of microbial components and
toll like receptors in initiating immune activation needs to be examined (37) since our results
indicate that monocytes are key for the production of IFN-y from Tregs through their
production of IL-12 (Figures 4H, 5A, 5E). With regards to the nature of these inflammatory
macrophages/monocytes, in humans, the major population of monocytes (~90%) expresses
high levels of CD14 but no CD16 (CD14"*CD167) and are termed classical monocytes. The
minor population (~10%) of human monocytes is divided into the intermediate subset with
high CD14 and low CD16 (CD14**CD16™) and the non-classical subset with low CD14 and
high CD16 (CD14*CD16**) (38). There is an enhanced ability of monocytes to enter the
liver from blood via hepatic endothelium as reported by Liaskou et al who show monocyte
transendothelial migration across inflamed hepatic sinusoidal endothelium /n vitro (39).
Monocytes circulate in blood for several days before migrating into tissues where they
differentiate into tissue macrophages or dendritic cells (40). Co-expression of CD14, CD16
and CD68 on a population of large cells with the morphology of macrophages are present
throughout the liver sinusoids. CD14*CD68~ and CD16*CD68™ cells as well as
CD14*CD68* and CD16*CD68* cells are also detected, confirming that distinct monocyte-
derived and sessile macrophage populations coexist in the liver (39). Similar to the report by
Liaskou et al, we have shown co-expression of CD14*CD68* cells in the liver of patients
with de novo autoimmune hepatitis confirming coexistence of monocyte-derived and tissue
macrophages in the liver as well as suggesting that these monocytes are recruited from the
blood (Figure 41).

Interestingly, while Ty1-like Tregs maintained their immunomodulatory role in liver
transplant recipients with normal allograft function, similar to previous reports (33-35), in
the setting of inflammation (i.e. in transplant recipients with de novo autoimmune hepatitis),
these Tregs lost the ability to suppress effector cell proliferation (Figure 3B-C). The
presence of Ty1-like Tregs which are fully demethylated at the FOXP3 locus, while
possessing inflammatory features and lacking suppressive function has been previously
reported in untreated patients with relapsing, remitting multiple sclerosis (RRMS) (28).
Dominguez-Villar et al reported that human Tregs acquire a T1-like phenotype when
cultured in the presence of IL-12, and showed reduced suppressive activity in vitro (28).
Similar to the report by Dominguez-Villar et al, non-suppressive activity of Tregs from
transplant recipients with de novo autoimmune hepatitis could be partially reversed by anti-
IFN-v specific antibody (Figure 6A-B). Indeed blocking IFN-y partially restored suppressive
activity of Tregs of subjects with de novo autoimmune hepatitis suggesting that other
mechanisms may also account for the defect in suppression. Our data provides a general
mechanism by which proinflammatory cytokines such as IL-12 can rapidly alter the
phenotype and function of Treg cells, decreasing their suppressive activity, and underscore
the plasticity of Treg cells in a proinflammatory environment.
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The TH17 effector cytokine, 1L-17, has been implicated in the pathogenesis of several
autoimmune diseases (41-45); Not surprisingly, TH17 polarizing cytokines IL-1f and IL-6 as
well as the TH17 effector cytokine, IL-17A, (Figures 4A-C) are abundant in livers with de
novo autoimmune hepatitis. In essence, a cluster of Ty17 related cytokines participate in the
inflammatory process in de novo autoimmune hepatitis. Of note, some of the IL-17A* cells
co-express CD4* and FOXP3* (Figure 4D) suggesting that some of the IL-17A seen in the
liver comes from Tregs corroborating the finding of increased T17-like Treg frequency in
the blood.

Besides its role in inducing TH17 differentiation, IL-6 has also been implicated in regulating
the induction of anti-inflammatory regulatory T cells. Specifically, the developmental
pathways leading to the induction of Ty17 and Treg cell seem reciprocal with IL-6, IL-21
and IL-23 blocking the Treg cell specifying transcription factor FOXP3 and instead up-
regulating the Ty17-inducing RORyt transcription factor (46, 47). Even though we observed
similar FOXP3 mRNA expression in Tregs from both transplanted groups of patients
(Supplementary figure 2E), Tregs of subjects with de novo autoimmune hepatitis had
significant up-regulation of the Ty17-inducing transcription factors RORC and RORA
(Figure 2A-B). Thus IL-6 might have two major effects in de novo autoimmune hepatitis;
promoting pro-inflammatory T cell immunity and paralyzing opposing anti-inflammatory T
cells.

While /L-17mRNA expression is significantly higher in Tregs from subjects with de novo
autoimmune hepatitis compared to Tregs from transplanted subjects without de novo
autoimmune hepatitis (Figure 1F), this difference is lost at the protein level (Figure 1D).
There are several possible explanations for this. Protein expression is determined at many
levels including (1) RNA expression, (2) translation efficiency and (3) protein stability (48).
Indeed protein levels have been shown to often correlate poorly with RNA expression (49).
Translation efficiency, i.e. the number of proteins synthesized per mMRNA, has been
suggested to account for a large component of the unexplained variation in protein levels
(48). In mammalian cells, 30%-40% of the variance in protein abundance is explained by
mRNA abundance. A similarly large fraction of variance can be explained by other factors,
which is indicative of post-transcriptional and translational regulation and protein
degradation (49).

With regards to the mechanism(s) underlying IL-17 production from Tregs, while IL-6 is
produced by monocytes/macrophages of subjects with de novo autoimmune hepatitis,
(Figures 4H, 5B); this (monocytes) does not appear to be the underlying mechanism
accounting for 1L-17 secretion from Tregs. We did however observe that memory cells from
subjects with de novo autoimmune hepatitis produce significantly more 1L-17 compared to
memory cells from healthy non-transplanted children (Figure 1B) suggesting the need for
further experiments to explore how memory cells are related to IL-17 production from
Tregs. Additionally, it may also be worthwhile pursuing identification of genes underlying
plasticity and cytokine production from these Tregs.

A pressing and unanswered question is the functional relevance of Ty17-like Tregs in
disease pathogenesis of de novo autoimmune hepatitis. Ty17-like Tregs are reported to be
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suppressive (14, 16, 50) however in our hands we were unable to demonstrate suppression of
effector cell proliferation (Figure 3B-C) and even following blockade of IFN-y, we observed
only partial restoration of suppressive function (Figure 6A-B) which makes it tempting to
speculate if a pro-inflammatory milieu that includes IL-17 could contribute to Treg
dysfunction and hence disease pathogenesis in de novo autoimmune hepatitis.

One of the limitations of our study is the fact that we couldn’t obtain liver biopsies from all
subjects with de novo autoimmune hepatitis at the time of blood draw in an attempt to
correlate inflammation and disease activity histologically with plasticity and function of
Tregs. One could argue that aminotransferase levels would have been an adequate surrogate
however it is well known that normal aminotransferase levels do not always correlate with
absence of inflammation and disease activity histologically in de novo autoimmune hepatitis
(51-56). Also, as the subjects with de novo autoimmune hepatitis did not receive anti-1FN-v,
we do not know if partial restoration of suppressive function of Tregs is associated with
clinical improvement in disease activity. Another limitation is our inability to demonstrate
function of Tregs isolated from liver tissue directly. This notwithstanding, the results from
our immunofluorescence experiments suggest that they demonstrate a similar phenotype as
seen in peripheral blood. Lastly, as HLA typing was not available in the recipients, and the
donor HLA was also unknown, we are unable to say with any certainty if IL-17 producing
Tregs is restricted by recipient/donor MHC.

In conclusion, we demonstrate that: (i) monocyte/macrophage derived cytokines of the
IL-12-1FN-v cluster and IL-6-IL-17 cluster are associated with de novo autoimmune
hepatitis resulting in a pro-inflammatory milieu that could drive paralysis of regulatory
function, and (ii) Tregs of patients with de novo autoimmune hepatitis display a pro-
inflammatory phenotype and are functionally impaired akin to similar observations in many
classical autoimmune diseases. Based on these findings, we hypothesize that monocytes/
macrophages contribute significantly to the milieu in the liver that drives the induction of
pro-inflammatory Tregs in patients with de novo autoimmune hepatitis and compromises
their regulatory function (Figure 7). As this phenomenon plays a key role in several classical
autoimmune diseases, it is highly likely that it contributes to the pathogenesis in de novo
autoimmune hepatitis as well, and interference with this pathway could potentially offer new
therapeutic options. However, more mechanistic studies applying pharmacological and
genetic knockdown technologies in experimental systems are required to decipher
mechanisms that underlie the involved induction of pro-inflammatory Tregs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
FOXP3* Tregs from patients with de novo autoimmune hepatitis display a pro-inflammatory

phenotype. Total CD4* T cells were isolated by negative selection and stained for
fluorescence-activated cell sorting (FACS) with the following antibodies: anti-CD45RA,
CD25, and CD127. The Treg (CD4*CD25MCD127'°W/ned) Tmemory

(CD4*CD25!°W/NegCc D45RA™) and Thaive (CD4*CD25!°W/nedCD4A5RA™) populations were
sorted on a FACS Aria and stimulated with phobol-12-myristate-13-acetate (PMA) and
ionomycin for 4-hours and intracellular staining of IFN-vy, IL-17A and FOXP3 was
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performed. RNA was isolated from the stimulated T cell populations and subjected to
quantification of mMRNA expression levels by RT-PCR.

A) IFN-y secretion significantly higher from FOXP3~ CD4* T cells of subjects with de novo
autoimmune hepatitis (dAIH) (n=6) compared to healthy non-transplanted subjects (HC)
(n=8) (p=0.02); and from liver transplanted subjects without de novo autoimmune hepatitis
(LTC) (n=6) compared to healthy non-transplanted subjects (p=0.01). IL-17 secretion from
FOXP3~ CD4" T cells was not significantly different between the three subject groups.

B) IL-17 secretion from memory cells from subjects with de novo autoimmune hepatitis
(n=6) significantly higher than that from memory cells of healthy non-transplanted subjects
(n=7) (p=0.03). IFN-y secretion from memory CD4* T cells not significantly different
between the three subject groups.

C) IFN-y secretion from FOXP3* CD4* T cells from subjects with de novo autoimmune
hepatitis (n=5) as well as liver transplanted subjects without de novo autoimmune hepatitis
(n=5) significantly increased compared to healthy non-transplanted subjects (n=6) (p=0.01,
p=0.03 respectively). IL-17 secretion from FOXP3* CD4* T cells from subjects with de
novo autoimmune hepatitis (n=5) significantly increased compared to liver transplanted
subjects without de novo autoimmune hepatitis (n=5) and healthy non-transplanted subjects
(n=6) (p=0.04, p=0.01 respectively).

D) High IL-17 levels from Tregs isolated from subjects with de novo autoimmune hepatitis
(n=10) compared to liver transplanted subjects without de novo autoimmune hepatitis (n=7).
Tregs isolated from subjects with de novo autoimmune hepatitis as well as liver transplanted
subjects without de novo autoimmune hepatitis secrete more I1L-17 compared to Tregs from
healthy non-transplanted subjects (n=7) (p=0.02).

E) High IFN-y secretion from Tregs isolated from subjects with de novo autoimmune
hepatitis (n=11) as well as liver transplanted subjects without de novo autoimmune hepatitis
(n=7) compared to healthy non-transplanted subjects (n=7) (p=0.005; p=0.003 respectively).
F) Increased /L-17A mRNA expression in Tregs isolated from subjects with de novo
autoimmune hepatitis (n=10) compared to liver transplanted subjects without de novo
autoimmune hepatitis (n=12) (p=0.02).

G) High IL-17 production from Tregs isolated from liver transplanted subjects with/without
de novo autoimmune hepatitis (n=10, n=7 respectively) compared to non-transplanted
children with autoimmune hepatitis (AIH) (n=7) (p=0.009; p=0.004 respectively).

H) High IFN-y levels from Tregs isolated from liver transplanted subjects with/without de
novo autoimmune hepatitis (n=10, n=7 respectively) compared to non-transplanted children
with autoimmune hepatitis (AIH) (n=7) (p=0.001 and 0.003 respectively).

1) Increased /L-17A mRNA expression in Tregs isolated from subjects with de novo
autoimmune hepatitis (n=10) compared to non-transplanted children with autoimmune
hepatitis (AIH) (n=7) (p=0.03).

J) /FN-y mRNA expression not significantly different in Tregs isolated from subjects with de
novo autoimmune hepatitis (n=9) vs. non-transplanted children with autoimmune hepatitis
(AIH) (n=7).
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FIGURE 2.
FOXP3* Tregs from patients with de novo autoimmune hepatitis display some similarities

with conventional T17 cells. RNA was isolated from the stimulated T cell populations and
subjected to quantification of MRNA expression levels by RT-PCR.

A-B) Increased RORC and RORA expression in Tregs isolated from subjects with de novo
autoimmune hepatitis (dAIH) (n=10) compared to liver transplanted subjects without de
novo autoimmune hepatitis (LTC) (n=12) (p=0.004 and 0.02 respectively).
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C-E) /L-5and /L-13mRNA expression significantly higher in Tregs isolated from liver
transplanted subjects without de novo autoimmune hepatitis compared to subjects with de
novo autoimmune hepatitis (p=0.02; p=0.03 respectively). Similarly high /-4 mRNA
expression in Tregs isolated from liver transplanted subjects without de novo autoimmune
hepatitis compared to subjects with de novo autoimmune hepatitis (p=0.06) (n=4 in each
group).

F-G) Increased RORC and RORA expression in Tregs isolated from subjects with de novo
autoimmune hepatitis (dAIH) (n=10) compared to Tregs from non-transplanted children
with autoimmune hepatitis (AIH) (n=7) (p=0.03 and 0.04 respectively).
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FIGURE 3.
Regulatory T cell function impaired in de novo autoimmune hepatitis. DNA harvested from

sorted Tregs and analyzed by quantitative PCR (qPCR) for methylation status of the FOXP3
locus Treg Specific Demethylation Region (TSDR) (Epiontis GmBH). Sorted Tregs were
also co-cultured with CFSE-labeled effector (responder) CD4*CD25-CD127* T cells at 1:1,
2:1, 4:1, 8:1 Tresponder:Treg ratio and proliferation of viable responder T cells was
analyzed on a LSR 1l flow cytometer.

A) Tregs from healthy non-transplanted subjects (HC) (n=5) as well as subjects with de novo
autoimmune hepatitis (dAIH) (n=5) are similarly demethylated in the TSDR region.

B) Tregs from subjects with de novo autoimmune hepatitis (n=7) suppress effector cell
proliferation less efficiently compared to sorted Tregs from healthy non-transplanted
subjects (n=9) and liver transplanted subjects without de novo autoimmune hepatitis (LTC)
(n=3) (dAIH vs. LTC 2:1, 4:1, p=0.03, 0.02 respectively) (dAIH vs. HC 2:1, 4:1, 8:1,
p=0.005, 0.002, 0.03 respectively).

C) Representative histogram for dAIH. Tresponder:Treg ratio 2:1.
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D) Representative histogram for LTC. Tresponder:Treg ratio 2:1.
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FIGURE 4.
Tl and TH17 polarizing cytokines and their key signature cytokines, IFN-y and IL-17A,

make up the cytokine milieu within livers with de novo autoimmune hepatitis. Formalin-
fixed, paraffin-embedded 7-micron thick sections from liver biopsies of subjects with de
novo autoimmune hepatitis (n=5) were stained for expression of CD4, FOXP3, CD68, IL-1§,
IL-6, IL-17A, IL-12 and IFN-y and examined using immunofluorescence. Representative
slides from one patient are shown.
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A) 40X magnification: a cluster of IL-6 positive cells within the portal tract (DAPI-blue,
IL-6-red).

B) 40X magnification: very few IL-1 positive cells present within the portal tract (DAPI-
blue, IL-1p-red).

C-D) 20X magnification: several IL-17A positive cells present within the portal tract (DAPI-
blue, 1L-17A-red) and co-expressed with FOXP3. Arrowheads point to FOXP3/IL17A co-
expressing cells. (DAPI-blue, IL-17A-red, FOXP3 green). 60X magnification: Several CD4
positive cells seen that co-express with FOXP3 (DAPI-blue, CD4-green, FOXP3-red).

E-F) 20X magnification: the Tyl polarizing cytokine, IL-12 (DAPI-blue, IL-12-red) as well
as its signature cytokine, IFN-y (DAPI-blue, IFN-vy-red), present within portal inflammatory
infiltrates.

G) 20X magnification: a few IFN-vy positive cells co-expressed with FOXP3 on same cell.
Arrowheads point to FOXP3/IFN-y co-expressing cells. (DAPI-blue, FOXP-green, IFN-y-
red).

(H) 60X magnification: 1L-12 co-expressed with CD68 (DAPI-blue, IL-12-red, CD68-
green); as well as IL-6 (40X magnification) (DAPI-blue, IL-12-red, IL-6-green).

(1) 20X magnification: CD14* cells co-expressed with CD68* cells (white arrows) (DAPI-
blue, CD14-red, CD68-green).

(J) 20X magnification. Representative slides from isotype controls from one patient are
shown.
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Monocytes from subjects with de novo autoimmune hepatitis secrete pro-inflammatory

cytokines inducing Tyl cells. Monocytes from the subjects with de novo autoimmune

hepatitis (n=4), liver transplanted subjects without de novo autoimmune hepatitis (n=5) and
healthy non-transplanted subjects (n=6) were stimulated with LPS for 24-hours and stained
with anti-CD3, anti-CD14, intracellular cytokines IL-12, IL-6 and IL-1p. Cytokine secretion
analyzed using flow cytometry.
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CD14" monocytes from healthy non-transplanted subjects (n=6), liver transplanted subjects
without de novo autoimmune hepatitis (n=5) and subjects with de novo autoimmune
hepatitis (n=6) were co-cultured with sorted Tregs from healthy non-transplanted subjects in
the presence of plate bound anti-CD3 for 5-days and IL-17A and IFN-vy secretion from
FOXP3* Tregs was assessed using flow cytometry. CD14* monocytes from a subject with de
novo autoimmune hepatitis were co-cultured with sorted Tregs (CD4*CD25MNCD1277) from
a healthy non-transplanted subject in the presence of anti-1L-12, anti-1L-6, and plate bound
anti-CD3 for 5-days and IL-17A and IFN-y secretion from FOXP3" Tregs was assessed
using flow cytometry.

A-C) Increased IL-12 and IL-6 secretion from monocytes of subjects with de novo
autoimmune hepatitis (dAIH) (p=0.01 for IL-12 and IL-6). IL-1p secretion not significantly
different between the three patient groups.

D) Representative histogram for co-culture of Tregs isolated from healthy non-transplanted
subjects (HC) with monocytes from subjects with dAIH.

E-F) monocytes from subjects with dAIH induce IFN-y (but not IL-17A) secretion from
FOXP3* Tregs of HC (p=0.03), however monocytes from liver transplanted subjects without
de novo autoimmune hepatitis (LTC) fail to induce significant amounts of IFN-y and IL-17A
secretion from FOXP3* Tregs of HC. (DM: dAIH monocytes; HM: HC monocytes; HT: HC
Tregs; LM: LTC monocytes)

G-H) monocytes from a subject with de novo autoimmune hepatitis induce IFN-y (but not
IL-17A) production from FOXP3* Tregs of a healthy control, however in the presence of
anti-1L12, this induction of IFN-v is inhibited. Blockade with anti-IL-6 has no influence on
IL-17A production.
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FIGURE 6.

1:0 81 41 2
Effector : Treg concentration

Partial restoration of regulatory T cell function in Tregs of subjects with de novo
autoimmune hepatitis following IFN-y blockade. Sorted Tregs were co-cultured with CFSE-
labeled effector (responder) CD4*CD25"CD127* T cells at 1:1, 2:1, 4:1, 8:1
Tresponder:Treg ratio in the presence (n=3) and absence of anti-IFN-y (n=3) and
proliferation of viable responder T cells was analyzed on a LSR Il flow cytometer. In
counter experiments, Sorted Tregs were co-cultured with CFSE-labeled effector (responder)
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CD4*CD25°CD127* T cells at 1:1, 2:1, 4:1, 8:1 Tresponder:Treg ratio in the presence (n=5)
and absence (n=5) of IFN-y.

A-B) blockade of IFN-y secretion enhances suppressive function of Tregs from subjects with
de novo autoimmune hepatitis (dAIH) however suppressive function is not completely
restored to the level seen with Tregs isolated from healthy non-transplanted subjects (HC).
Representative histogram for Tresponder:Treg ratio 2:1 without/with anti-1IFN-y and
summary plot shown.

C-D) addition of IFN-y to co-cultures of Tregs isolated from HC with effector cells, showed
loss of suppression of effector cell proliferation by the Tregs. Representative histogram for
Tresponder:Treg ratio 2:1 without/with IFN-y and summary plot shown.
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FIGURE 7. Working model for pathogenesis of de novo autoimmune hepatitis
Two dominant cytokine clusters - the IL-12-IFN-v axis and the IL-6-1L-17 axis contribute to

de novo autoimmune hepatitis. Monocytes drive differentiation towards a Ty1-like Treg
phenotype through IL-12 secretion. The resulting pro-inflammatory milieu leads to paralysis
of regulatory function.
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TABLE |
Demographics of study participants
Denovo AlH LTC HC
(n=21) (n=27) (n=28) P value

,ge at blood HC vs. LTC 0.3

mean + SD 14.87+4.60 | 10.48+6.24 | 8.98+5.28 | HC vs. DAIH 0.002

(years) LTC vs. DAIH 0.04

Gender (m/f) 11/10 18/9 13/15 0.3

Duration from

transplant at

blood draw 41133'87$5i 322361'383?91 nfa 0.2

mean + SD ’ ’

(days)

Duration from

transplant at

de novo 2%;‘72568551 n/a n/a

diagnosis mean ’

+ SD (days)

Pre transplant

diagnosis: 13 17

Biliary atresia 8 10 n/a 0.9

Other

CNI trough level

at blood draw 4.74+1.88 3.39+275 n/a 0.2

mean + SD ()

AlH: Autoimmune hepatitis

LTC: Liver transplanted control

HC: Healthy control

CNI: Calcineurin inhibitor
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