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Nonalcoholic steatohepatitis (NASH) is induced by steatosis and metabolic inflammation. While involvement of the
innate immune response has been shown, the role of the adaptive immune response in NASH remains controversial.
Likewise, the role of regulatory T cells (Treg) in NASH remains unclear although initial clinical trials aim to target
these regulatory responses. High-fat high-carbohydrate (HF-HC) diet feeding of NASH-resistant BALB/c mice as well
as the corresponding recombination activating 1 (Rag)-deficient strain was used to induce NASH and to study the role
of the adaptive immune response. HF-HC diet feeding induced strong activation of intrahepatic T cells in BALB/c
mice, suggesting an antigen-driven effect. In contrast, the effects of the absence of the adaptive immune response was
notable. NASH in BALB/c Ragl”~ mice was substantially worsened and accompanied by a sharp increase of M1-like
macrophage numbers. Furthermore, we found an increase in intrahepatic Treg numbers in NASH, but either adoptive
Treg transfer or anti-cluster of differentiation (CD)3 therapy unexpectedly increased steatosis and the alanine ami-
notransferase level without otherwise affecting NASH. Conclusion: Although intrahepatic T cells were activated and
marginally clonally expanded in NASH, these effects were counterbalanced by increased Treg numbers. The ablation of
adaptive immunity in murine NASH led to marked aggravation of NASH, suggesting that Tregs are not regulators of

metabolic inflammation but rather enhance it. (Hepatology Communications 2022;6:320-333).

ne third of the Western population is affected
by nonalcoholic fatty liver disease (NAFLD),
and 10%-20% of the affected population
suffers from nonalcoholic steatohepatitis (NASH).
The presence of NASH accelerates disease progres-
sion, leading to cirrhosis and hepatocellular carcinoma

(HCC).(1_3) In North America, NASH-cirrhosis has

evolved to be the second leading cause of liver trans-
plantation,(4’5) but there is currently no established
therapy. Therefore, therapeutic modulation of intrahe-
patic immune responses might be a future therapeutic
option. While there are strong associations between
NASH and an activated innate immune response

in mice®” and humans,(g) little is known about the

Abbreviations: Actb, actin beta; ALT, alanine transaminase; anti-CD3 F(ab)2’, non-Fc receptor binding anti-CD3 monoclonal antibody; AST,
aspartate aminotransferase; AT, adipose tissue; Ccl2, chemokine (c-C motif) ligand 2; CD, cluster of differentiation; cDNA, complementary DNA;
Gapdh, glyceraldehyde-3-phosphate dehydrogenase; HCC, hepatocellular carcinoma; HE, hematoxylin and eosin; HFD, high-fat diet; HF-HG, high-
Jfat high-carbobydrate; IFN, interferon; IHL, intrahepatic lymphocyte; IL, interleukin; KC, Kupffer cell; MoMF, monocyte-derived macrophage;
NAFLD, nonalcoholic fatty liver disease; NAS, nonalcoholic fatty liver disease activity score; NASH, nonalcoholic steatohepatitis; NCD, normal chow
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role of adaptive immunity in NASH.®) There is an
association between increased T helper 17 immune
responses and the severity of NASH"™) and a
reduction of hepatic regulatory T cells (Tregs) in mice
by .zlpop‘tosis.(12 Moreover, recent evidence suggests
driving roles for cluster of differentiation (CD)8" T
cells and natural killer T (NKT) cells"® and a rela-
tive depletion of CD4" T cells.™ These experiments
have also raised the point that the modulation of the
adaptive immune response might be a double-edged
sword. While there was some control of NASH by
T-cell depletion, this approach led to an increase in
HCC occurrence.’ The ablation of the T-cell and
B-cell responses in C57BL/6 recombination activat-
ing 1 (Rag)-knockout (Rag”") mice completely pre-
vented NASH development, suggesting a driving role
for the adaptive immune response in the pathophys-
iology of NASH."® This finding sharply contrasts
with the effects of the adaptive immune response
on adipose tissue (AT) inflammation as C57BL/6-
background Rag™” mice are much more susceptible to
AT inflammation and insulin resistance development
than wild-type C57BL/6 mice.’ The latter results
suggest a protective role for the adaptive immune sys-
tem in metabolic inflammation, and this phenotype
can be rescued by adoptively transferring CD4" T
cells and Treg numbers.

Little is known about the role of intrahepatic
Tregs in NASH. AT inflammation after a high-fat
diet (HFD) is characterized by a marked reduction
in Treg numbers, and the restoration of Treg numbers
by interleukin (IL)-2 therapy or adoptive transfer can
down-regulate AT inflaimmation and restore insulin
sensitivity.(lé)
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Some of the abovementioned discrepancies might
be due to the use of methacholine- and choline-
deficient diets. However, while these diets induce ste-
atosis and NASH, these induced conditions do not
resemble human NASH as those mice are lean, insu-
lin sensitive, and without metabolic syndrome.1”®)

We therefore wanted to investigate the role of
adaptive immunity in disease-relevant models of
HF-high-carbohydrate (HC) diets in mice that are
more resistant to NASH development. Moreover, we
wanted to investigate the intrahepatic Treg response
and the impact of therapeutic interventions that
increase intrahepatic Treg numbers.

Materials and Methods
ETHICS STATEMENT

Animal care and experiments were performed in
accordance with institutional and national guidelines.
All animal experiments were performed according to
protocols approved by the animal welfare commission of
the Hannover Medical School and local ethics animal
review board (Lower Saxony State Office for Consumer

Protection and Food Safety, Oldenburg, Germany).

MICE

Animals were purchased and maintained under
specific pathogen-free conditions at the central animal
facility of the Hannover Medical School (Hannover,
Germany). BALB/c Ragl_/' mice were bred in-

house. We fed 6-8-week-old mice a normal chow diet

From the 'Department of Gastroenterology, Hepatology, and Endocrinology, Hannover Medical School, Hannover, Germany;
*Department of Gastroenterology and Hepatology, Essen University Hospital, University Duisburg-Essen, Essen, Germany; *Institute of
Pathology, Hannover Medical School, Hannover, Germany; “Institute of Transplant Immunology, Hannover Medical School, Hannover,
Germany; °Institute of Immunology, Hannover Medical School, Hannover, Germany; °Institute of Systems Immunology, University
Medical Center Hamburg-Eppendorf, Hamburg, Germany; ‘Department of Hematology, Oncology, Hemostaseology, and Stem Cell

Transplantation, Hannover Medical School, Hannover, Germany.

ADDRESS CORRESPONDENCE AND REPRINT REQUESTS TO:

Matthias Hardtke-Wolenski, Ph.D.

Department of Gastroenterology and Hepatology
Essen University Hospital

Hufelandstr. 55

45147 Essen, Germany
E-mail: Matthias.Hardtke-Wolenski@uk-essen.de
Tel.: +49-(0)201-723-6081

321


mailto:Matthias.Hardtke-Wolenski@uk-essen.de

DYWICKI, BUITRAGO-MOLINA, ET AL.

(NCD) from ssniff (Altromin standard diet #1324
total pathogen free; Altromin) or an HF-HC diet
(ssniff EF R/M D12330 mod. */Surwit + 1% choles-
terol; ssniff) with 45 g/L 55% fructose/45% sucrose
(Sigma) in the drinking water for 16 weeks. Fifty
micrograms of a non-Fc receptor binding anti-CD3
monoclonal antibody (anti-CD3 F[ab])2’) (145-
2C11; Bio-X-Cell) or isotype control (Bio-X-Cell)
was intraperitoneally injected into mice for 5 con-
secutive days during week 16 of diet feeding. For the
glucose tolerance test, 16-hour-fasted mice received
1 mg glucose/g body weight. Blood glucose level was
measured in blood collected from the mouse tail vein

with OneTouchUltra strips (LifeScan).

SERUM ANALYSIS

Blood samples were collected by a retro-orbital
puncture. Aspartate aminotransferase (AST) and
alanine transaminase (ALT') levels were determined
by photometric enzymatic activity assays using an
Olympus AU400 Chemistry Analyzer and serum as
described.*2

PROTEIN DETECTION IN SERUM

Proteins were measured using the Olink MOUSE
EXPLORATORY panel (Olink Proteomics AB,
Uppsala, Sweden) according to the manufactur-
er’s instructions as described.?*?? The Proximity
Extension Assay technology used for the Olink pro-
tocol has been well described®” and enables 92 ana-
lytes to be analyzed simultaneously (further details
can be found in the Supporting Material).

HISTOLOGY

Murine liver tissue was fixed in formalin and
embedded in paraffin or Tissue-Tek optimal cutting
temperature compound (Sakura) for cryosections
(8 pm). Paraffin-embedded sections (5 pm) were pre-
pared for hematoxylin and eosin (HE) staining, Oil
Red O (ORO) triglyceride staining, and picrosirius
red collagen staining.(24) After staining, the sections
were examined in a blinded manner by a pathologist
using the approved modified NAFLD activity scor-
ing (NAS) system for NASH.®>) The NAS total
score represents the sum of scores for steatosis, lobular
inflammation, and ballooning and ranges from 0 to
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8. NAS scores of 0-2 are largely considered nondiag-
nostic for NASH; scores of 3-4 are evenly distributed
among those considered nondiagnostic, borderline, or
positive for NASH; and scores of 5-8 are considered
mostly confirmed diagnosis for NASH.

REAL-TIME POLYMERASE CHAIN
REACTION

Nucleic acid isolation, complementary DNA
(cDNA) synthesis, preamplification, quantitative real-
time polymerase chain reaction (RT-PCR), and bioin-
formatical analysis were performed as described.???%) In
brief, total RNA was isolated from frozen liver samples,
quantified using a NanoDrop 1000 Spectrophotometer,
and the RNA was reverse transcribed into cDNA.
Preamplification of cDNA and quantitative RT-PCR
were performed in a 48.48 Dynamic Array integrated
fluidic circuit using the preamplified samples. Ct nor-
malization was performed by subtracting the mean
values of the housekeeping genes glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) and actin beta (Aczb)
from the genes of interest. A heat map and principal
component analysis of the ~AC. values were plotted by

Qlucore software (P < 0.05 and ¢ < 0.2).

STATISTICS

An unpaired Student two-tailed # test was per-
formed using Prism 8 software (GraphPad), and heat
map analyses were performed using Glucore Omics
Explorer 3.5. Additional methods are described in the

Supporting Material.

Results

HF-HC DIET INDUCES A MILD TO
SEVERE NASH PHENOTYPE

Sixteen weeks of constant ad /ibitum feeding of our
HF-HC diet led to significantly higher weight gain and
NASH development. This was assessed by the NAS sys-
tem in BALB/c mice fed the HF-HC diet compared to
animals fed an NCD (Fig. 1A). HE and ORO staining
of paraffin-embedded liver sections showed increased
steatosis, mild inflammation, and characteristic hepato-
cyte ballooning in mice fed the HF-HC diet (Fig. 1B).

As assumed, the BALB/c animals were relatively resistant
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FIG. 1. Histology, biochemical analysis, and glucose tolerance tests show the stages of NASH phenotype severity in HF-HC diet-fed
BALB/c mice. (A) Longitudinal weight gain of HF-HC-fed (black dots) and NCD-fed (red squares) BALB/c mice was followed over
16 weeks. Liver sections were analyzed at week 16 using the approved blinded NAS. Data show mean (left panel) and individual scores
with mean (horizontal line) (right panel). (B) HE, ORO, and sirius staining were performed with liver sections harvested after 16 weeks of
HF-HC and NCD feeding. (C) BALB/c mice fed an HF-HC diet (black dots) or NCD (red squares) were analyzed at week 16 regarding
ALT and AST levels in their blood serum, triglyceride content in the liver, and glucose intolerance. Data show individual values with
mean (horizontal line) (top panels, lower left panel) and mean (lower right panel); *P < 0.05, **P < 0.01, **P < 0.001. Abbreviation: n.s.,

not significant.

to inflammation; only the intrahepatic triglycerides
increased significantly while the transaminases did not
(Fig. 1C). Glucose tolerance was also not impaired by
the HFD. (Fig. 1C). In agreement with our hypothesis,
mice on the BALB/c background gained weight, with

increased hepatic triglycerides with a mild steatosis.

STRONG ACTIVATION BUT
NO CLONAL EXPANSION OF
INTRAHEPATIC T CELLS

A loss of CD4" T cells has been reported in mice
ted a methionine/choline-deficient diet or a pure HFD
given a carcinogen,™ but other groups have reported
an increase in intrahepatic CD4" T cell numbers in
mice fed a choline-deficient HFD."® While we could
also see a relative decrease in the CD4"forkhead box

P3 (Foxp3)™ T-cell proportion (Fig. 2A), there was
no change in the absolute number of CD4" T cells
in mice fed the HF-HC diet (Fig. 2B). This find-
ing can be explained by relative (Fig. 2A; Supporting
Fig. S1A) and absolute increases in intrahepatic Treg
numbers (Fig. 2B). The increase in intrahepatic Tregs
is in sharp contrast to the decrease observed in the
visceral AT under HFD feeding.®

However, intrahepatic CD4" T cells were strongly
activated, as assessed by increased proliferation (Fig.
2C) and more interferon (IFN)-y-producing and
tumor necrosis factor (TINF)-a-producing T cells (Fig.
2D; Supporting Fig. S1B,C) that was not observed for
CD8" T cells (Supporting Fig. S1D). We then wanted
to assess whether local intrahepatic T-cell activation
could be an antigen-driven process, as suggested for AT
inflammation.™ To this end, we performed an analysis
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FIG. 2. Intrahepatic CD4" T cells show hyperactivity and proliferative characteristics, and Foxp3* Treg-cell numbers are significantly
increased in HF-HC diet-treated mice. (A) BALB/c mice received an HF-HC diet (black dots) or NCD (red squares) for 16 weeks.
The frequencies of CD4" and CD8" T, and Tregs among IHLs and CD4" splenocytes. (B) Absolute numbers of intrahepatic CD4*
T 4. and Tregs. (C) Percentage of proliferating Ki-67+ cells among intrahepatic CD4" T . and Tregs. (D) Intracellular staining for IHLs
determined the content of IFN-y* and TNF-a cells among the CD4" T ;. and Tregs isolated from BALB/c HF-HC-fed or NCD-fed
mice. Data show individual values with mean (horizontal line); *P < 0.05,**P < 0.01, **P < 0.001. Abbreviations: FoxP3, forkhead box P3;

IHL, intrahepatic lymphocyte; T g, effector T cells.

of the T-cell receptor (TCR) repertoire by 5‘-rapid
amplification of cDNA ends of the complementarity-
determining region 3 of the TCR beta chains, followed
by high-throughput sequencing. While the HF-HC
diet was expected to lead to the emergence of some
dominant T-cell clones, this was far less pronounced
than hypothesized in the spleen and only marginally
present in the liver T-cell compartment (Fig. 3A).
Taken together, these data reveal that even in the
absence of steatosis, adaptive immunity was activated
with an activated and expanded Treg compartment.

MACROPHAGE PHENOTYPE
CORRELATES WITH NASH
RESISTANCE

Macrophages in the liver can be separated into
monocyte-derived  macrophages  (MoMFs)  with
CD11b"8" and F4/80"" expression and Kupffer cells
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(KCs) with CD11b™8* v and F4/g0ieh expres-
sion.””” MoMFs can be further subgrouped into
Lyéchigh (proinflammatory M1-like phenotype) or
Ly6C*™  (anti-inflammatory M2-like phenotype)
cells.?” While BALB/c mice with NASH had no
changes in NKT cell, natural killer (NK) cell, KC,
granulocyte, or dendritic cell numbers, they showed a
marked intrahepatic expansion of MoMF's with an anti-
inflammatory M2-like phenotype (Fig. 3B; Supporting
Fig. S2A). These data suggest that NASH resistance of
the BALB/c strain derives from M2-like MoMFs.

MOLECULAR CHARACTERIZATION
OF INFLAMMATION INDUCED

BY AN HF-HC DIET REVEALS AN
INFLAMMATORY PHENOTYPE

Analysis of NASH severity by the NAS system is
a crude estimation of disease activity that does not
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FIG. 3. HF-HC diet feeding induces marginal clonal TCR expansion and leads to an increase of M2-like macrophages. (A) IHLs and
intrasplenic T cells were isolated from BALB/c mice fed for 16 weeks with an HF-HC diet or NCD, and the portion of the occupied
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and Ly6Clow MoMFs in HF-HC-fed (black dots) and NCD-fed (red squares) BALB/c mice. Data show individual values with mean

(horizontal line); *P < 0.05.

predict the subsequent disease course in patients with
NASH. We therefore investigated several parame-
ters of fibrosis, inflammation, inflammasomes, T-cell
homeostasis, endoplasmic reticulum stress, fatty acid
metabolism, and reactive oxygen species pathways by
quantitative PCR analysis of liver tissue to obtain a
more nuanced molecular profile (see the gene list in
Supporting Materials and Methods, Supporting Table
S1). Compared with BALB/c mice fed the control
diet, HF-HC diet-fed BALB/c mice showed an up-
regulation of the expression of genes belonging to
inflammation and inflammasome pathways by 77f-a,
toll-like receptor 4 (774), chemokine (C-C motif)
ligand 2 (Cc/2), and NLR family, pyrin domain con-
taining 3 (V/pr3) expression up-regulation (Fig. 4A).
An up-regulation of the expression of genes belonging
to fatty acid metabolism by fibroblast growth factor 21
(Fgf21) and CD36 could also be detected (Fig. 4A).

CCL2 and TNF-a were also up-regulated protein
levels in sera (Fig. 4B), together with IL-6, IL-17,
IL-23, and other inflaimmatory molecules, while
caspase-3, for example, was down-regulated. Again,
in the absence of steatosis and elevated transaminases,
these data reveal an ongoing inflaimmation that is

driven by CCL2 and TNF-a.

ABSENCE OF ADAPTIVE
IMMUNITY IN Rag'/ "MICE
WORSENS INFLAMMATION IN
NASH

To specifically analyze the role of adaptive immune
response in the induction of NASH, BALB/c Ragl™”
mice lacking B, T, and NKT cells were fed an HF-HC
diet. Our data demonstrated attenuated weight gain in
the Rag-deficient animals over 16 weeks (Fig. 5A).
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FIG. 4. Distinct gene expression and serum protein profiles resulting in inflammatory pattern after HF-HC feeding. (A) Heat map shows
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diet or NCD. (B) Heat map of serum protein expression of BALB/c mice fed for 16 weeks with an HF-HC diet or NCD. The shown
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like canonical notch ligand 1; DI1k1, delta like non-canonical notch ligand 1; Eda2r, ectodysplasin A2 receptor; Erbb4, Erb-B2 receptor
tyrosine kinase 4; Epo, erythropoietin; Fas, fas cell surface death receptor; Fgf21, fibroblast growth factor 21; Fstl3, follistatin like 3; Gfral,
GDNF family receptor alpha 1; Gdnf, glial cell, derived neurotrophic factor; Igsf3, immunoglobulin superfamily member 3; Itgax, integrin
subunit alpha X; Lpl, lipoprotein lipase; Matn2, matrilin 2; Ntf3, neurotrophin 3; Nlpr3, NLR family, pyrin domain containing 3; Tnr,
tenascin R; Timp1, tissue inhibitor of metalloproteinases 1; Tnfrsf11b, TNF receptor superfamily member 11B; Tnfrsf12a, TNF receptor
superfamily member 12A; Tlr4, toll-like receptor 4; Tgfbr3, transforming growth factor beta receptor 3; Tpp1, tripeptidyl peptidase 1.

Notably, the relatively NASH-resistant BALB/c strain
showed a marked increase in NASH severity as assessed
by NAS that is mainly caused by more inflammation
even if mice lack an adaptive immune system (Fig.
5A,B). Increased ALT levels in the BALB/c Rag? 7 ani-
mals were accompanied by pathologic glucose tolerance

(Fig. 5C). Molecular analysis reflected the more severe
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inflammation measured by the NAS system (Fig. 5D).
This result was accompanied by strong increases in proin-
flammatory M1-like MoMEFE, NK cell, and granulocyte
numbers in the BALB/c Ragl™" animals and a decrease
in anti-inflammatory M2-like MoMF numbers (Fig.
6A,B). The inflammatory genes 7nf~a, Cc/2, and IL-23,
which are produced by inflammatory macrophages,(zg)
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FIG. 6. HF-HC diet feeding in RAG-knockout mice disturbs macrophage heterogeneity, as strongly shown by the induction of
a distinct gene expression profile. (A) Cryopreserved liver sections from HF-HC diet-fed BALB/c and BALB/c RagZ™" mice were
immunohistochemically stained for CD86, F4/80, and CD11b. (B) Percentile distributions of CD11b"F4/80" MoMFs, CD11b F4/80"
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(C) Heat map shows the gene expression quantified by ~ACT normalized to Actb and Gapdh expression. (D) Bar graph of the quantified
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were up-regulated in the HF-HC diet-fed BALB/c
Rag1”” mice (Fig. 6C) as well as on the protein level
(Figs. 5D and 6D). The worsening of NASH in the
BALB/c Ragl” mice was so dramatic that proteins
belonging to fibrosis induction were also up-regulated.
Cytokine analysis of blood serum highlighted signifi-
cantly higher systemic levels of inflammatory cytokines,
such as IL-1p, TNF-«, IL-12, I1.-17, and IL.-23, in the
BALB/c Ragl”” mice than in the BALB/c wild-type
mice fed the HF-HC diet (Fig. 6D). In summary, the
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worsening of the histologic NASH phenotype in the
BALB/c Ragl”™ mice is reflected by an inflammatory

molecular pattern at the genetic and protein levels.

ADOPTIVE TRANSFER OF TREGS
INCREASES STEATOSIS

We wanted to investigate which T-cell pop-

ulation could be responsible for the aggravated
NASH phenotype in BALB/c Ragl™" animals fed
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CD8", and Tregs. This strategy was important
because the rescue of AT inflammation in Rag””
mice is dependent on Tregs.'>!® The aggravated
NASH phenotype could not be rescued by the adop-
tive transfer of CD4" or CD8" T cells. However, the
transfer-recipient mice developed colitis accompa-
nied by weight loss (data not shown), which could
have influenced the NASH phenotype. Although
the adoptive transfer of Tregs into BALB/c Ragl ™~
animals had no influence on the aggravated NASH
phenotype, it significantly increased the hepatic
triglyceride content (Fig. 7A). The effect on pro-
tein expression in the sera was limited by any T-cell
transfer (Fig. 7B), but transfer of CD4+ T cells
clearly increased IL-17 levels, which changed the
most (P = 0.000012).

In summary, surprisingly, the transfer of CD4" T
cells and Tregs ameliorated the NASH phenotype. In
contrast, CDD4 T-cell transfer increased inflammation
on the molecular level and Treg administration aug-
mented hepatic triglyceride content.

AGGRAVATION OF NASH IN
RESPONSE TO THERAPY WITH
ANTI-CD3 F(AB)2 FRAGMENTS

Immunomodulatory therapy with low doses of
anti-CD3 F(ab)2’ fragments increased Treg numbers
and has been used successfully to treat autoimmune
diseases, such as type 1 diabetes in nonobese diabetic
mice.®” More importantly, the increase in Treg num-
bers is sufficient to control AT and metabolic inflam-
mation and increase insulin sensitivity in mice fed an
HFD." HF-HC diet-fed BALB/c mice received
50 pg anti-CD3 F(ab)2’ fragments on 5 consecutive
days to modulate T cells. The animals were analyzed
6 weeks after treatment for body weight, glucose
metabolism, liver enzymology, liver histology, and T
cells. Therapy with the anti-CD3 F(ab)2’ fragments
increased intrahepatic Treg numbers and slightly
improved glucose tolerance (Fig. 7C,D). Surprisingly,
this treatment did not result in amelioration of NASH.
Instead, compared with untreated mice, the anti-CD3
F(ab)2’ fragment-treated mice showed a more severe
NASH phenotype with increased ALT levels and
hepatic triglyceride content (Fig. 7A) and increased

ecules (Fig. 7E). In summary, strengthening the Treg
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inflammation at the biochemical and molecular levels.

Discussion
The development of NASH is closely associated

with obesity, metabolic syndrome, and insulin resis-
tance.®Y Animal models should therefore mimic
these disease conditions to promote our knowledge of
pathophysiology and new therapeutic interventions.
The steatosis and inflammation observed with metha-
choline or choline deficiency lack these disease charac-
teristics, and even combinations of toxic and high-fat
diets might fuel inflaimmation but do not resemble
the NASH phenotype seen in patients. Therefore, the
HF-HC diet including fructose is currently one of the
best ways to induce a NASH phenotype in otherwise
healthy inbred mouse strains. Although approximately
30% of the Western population has NAFLD, only
10%-20% of the affected population will continue
to develop NASH, suggesting that genetic factors in
addition to environmental factors might modulate
susceptibility and progression of the disease.

As adaptive immunity seems to be involved in met-
abolic inflammation in AT and liver tissue, we stud-
ied the role of the adaptive immune response in an
HF-HC diet model using mice on the less NASH-
susceptible BALB/c background. We showed that
the HF-HC diet was able to induce NASH after
16 weeks in mice. We observed increased intrahe-
patic activation and proliferation, especially of CD4"
T cells, with more IFN-y-producing and TNF-a-
producing T cells showing an activation of the intra-
hepatic T-cell response, suggesting antigen-driven
local activation. The observed relative decrease in the
CD4" T-cell numbers, which was also observed by
Ma et al.,(“) cannot be seen in the absolute number of
CD4" T cells per liver. Wolf et al.™ also reported an
increase in the CD4" T-cell number in their NASH
model. Activation of the T-cell response was accom-
panied by an increase in the intrahepatic Treg num-
ber, which had not been previously reported. %) This
increase in the Treg number within the liver sharply
contrasts with the strong decrease in Treg numbers
in the visceral AT in animals fed an HF diet.>1®

Therefore, Treg numbers seem to react to ectopic fat

.......................................................

pattern, with a strong decrease in AT and an increase
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FIG. 7. Adoptive transfer of T is not sufficient to revert the Rag?”~ NASH phenotype, while Treg transfer or anti-CD3 intervention
worsens the inflammation. (A) HF-HC-fed BALB/c Rag?™" mice (black dots), BALB/c Ragl™" mice with CD8" T-cell transfer (red
squares), BALB/c Ragl ~~ mice with Treg transfer (black open squares), and BALB/c Ragl ~~ mice with CD4* T-cell transfer (red open
squares) were analyzed at week 16 regarding their NAS, hepatic triglyceride content, and ALT and AST levels in the blood serum. Data
show individual values with mean (horizontal line); P < 0.05. (B) Heat maps show serum protein expression of BALB/c Rag? ~~ mice fed
for 16 weeks with an HF-HC diet and either adoptive CD4+ T-cell (upper panel) or Treg transfer (lower panel). (C) HF-HC diet-fed
BALB/c mice were treated at week 16 with anti-CD3 and followed for 6 weeks (HF-HC full black dots, HF-HC with anti-CD3 full red
squares). Longitudinal weight gain of anti-CD3-treated HF-HC diet-fed BALB/c mice was followed over 22 weeks. Treatment efficacy
was analyzed by measuring the NAS, ALT, and AST levels and hepatic triglyceride content as well as glucose intolerance. Data show mean
(weight gain, glucose) or individual values with mean (horizontal line); P < 0.05. (D) Frequencies of Tregs and their Ki-67 expression
were determined by flow cytometry analysis of CD4" cells in the IHL population from HF-HC diet-fed BALB/c and HF-HC diet-fed
anti-CD3-treated BALB/c mice after 22 weeks. Data show individual values with mean (horizontal line); P < 0.05. (E) Heat maps show
serum protein expression of HF-HC diet-fed BALB/c mice fed for 22 weeks with an HF-HC diet or treated with anti-CD3 at week 16.
Abbreviations: aCD3, anti-CD3; Acvrl1, activin A receptor like type 1; Ahr, aryl hydrocarbon receptor; Apbblip, amyloid beta precursor
protein binding family B member 1 interacting protein; Cal3, carbonic anhydrase 13; Casp3, caspase 3; Clmp, CXADR like membrane
protein; Clstn2, calsyntenin 2; Cntnl, contactin 1; Cntn4, contactin 4; Cpe, carboxypeptidase E; Crim1, cysteine rich transmembrane
BMP regulator 1; Csf2, colony stimulating factor 2; Cxcl9, C-X-C motif chemokine ligand 9; Cyr61, cellular communication network
factor 1; Dctn2, dynactin subunit 2; Ddah1, dimethylarginine dimethylaminohydrolase 1; D111, delta like canonical notch ligand 1; Eda2r,
ectodysplasin A2 receptor; Eno2, enolase 2; Erbb4, Erb-B2 receptor tyrosine kinase 4; Fas, fas cell surface death receptor; Flrt2, fibronectin
leucine rich transmembrane protein 2; Fstl3, follistatin like 3; Geg, glucagon; Gfral, GDNF family receptor alpha 1; Igsf3,immunoglobulin
superfamily member 3; Itgb1bp2, integrin subunit beta 1 binding protein 2; Itgh6, integrin subunit beta 6; Kitlg, KIT ligand; Lgmn,
legumain; Lpl, lipoprotein lipase; Map2k6, mitogen-activated protein kinase kinase 6; n.s., not significant; Pdgtb, platelet derived growth
factor subunit B; Pla2g4a, phospholipase A2 group 4A; Plinl, perilipin 1; Qdpr, quinoid dihydropteridine reductase; Riox2, ribosomal
oxygenase 2; $100a4, S100 calcium binding protein A4; Sez612, seizure related 6 homolog like 2; Snap29, synaptosome associated protein
29; Tgfbr3, transforming growth factor beta receptor 3; Tgfa, transforming growth factor alpha; Tnfsf12, TNF superfamily member 12;
Tnfrsf12a, TNF receptor superfamily member 12A; Tnr, tenascin R; Tppl, tripeptidyl peptidase 1; Vedfd, vascular endothelial growth
factor Dj; Vsig, v-set and immunoglobulin domain-containing protein; Wfikkn2, WAP, follistatin/kazal, immunoglobulin, kunitz and
netrin domain containing 2; Yes1, src family tyrosine kinase.

in NASH liver tissue. In addition, an increase in fully
functional intrahepatic Tregs has been described for
various other inflammatory situations in patients and
mice.®?%) Mechanistic studies showed that Tregs are
more susceptible to apoptosis in response to oxidative

12 15 contrast, we observed more

stress in steatosis.
Treg proliferation and absolute increases in intrahe-
patic Treg numbers. Together with the increased anti-
inflammatory macrophages, this might explain the
reduced susceptibility to NASH in BALB/c mice.
The NASH phenotype in the BALB/c Rag™" ani-
mals showed a strongly enhanced NASH phenotype
with a strong accumulation of proinflammatory M1-
like MoMFs. This finding reveals the rather protective
role of adaptive immune cells in limiting innate inflam-
mation in wild-type BALB/c animals. Furthermore, it
has been described that CCL2" neutrophils mediated
immune evasion by promoting anti-inflammatory
macrophages and Tregs in HCC.®® This perfectly
complements our data as we measured a strong
enrichment of CCL2 at both the hepatic RNA and
protein levels. These data could be one of the reasons

for the difficulties associated with inducing NASH

in wild-type BALB/c animals.®*”) It is interesting to
note the tissue-specific effects of the adaptive immune
response. While C57BL/6 Rag”™ animals show a
marked increase in AT inﬂammation,(ls) the effects
on the NASH phenotype in mice on the BALB/c
background were modest. It is important to note that
NASH could be induced in BALB/c Rag”~ animals.
Therefore, we could not recapitulate the lack of steato-
sis, intrahepatic inflammation, and NASH in Rag'/ B
mice reported by Wolf et al."® However, that group
used a mixed choline-deficient and HF diet that does
not resemble the metabolic situation in patients with
NASH. In a recent and extensive study by Malehmir
et al.”)) seven different NASH-inducing diets were
reported with the development of HCC and the role
of platelets but not under immunodeficient conditions.
Our results suggest that the adaptive immune response
modifies NASH severity dependent on the genetic
background but is not an essential component of
NASH development. Instead, the strong activation of
the innate immune response in BALB/c Rag”” mice
with concomitant impaired glucose tolerance sug-
gests that the innate immune response might be more
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important than the adaptive immune response for the
development of insulin resistance. Proinflammatory
cytokines, such as TNF-a and IL-1, secreted by M1-
polarized macrophages can inhibit insulin signaling,<38)
thereby leading to the severe phenotype in the knock-
out animals.

It has been reported that Tregs can control AT
inflammation, 1> yet their role in NASH seems to
be less clear. NASH is not caused by a numeric lack
of Tregs, as has been suggested for AT inflammation.
Instead, we observed a supraproportional increase in
intrahepatic Treg accumulation in NASH mice, which
could counteract the activated T cells. On the other
hand, adoptively transferring Tregs into Rag”~ BALB/c
mice was not able to correct the enhanced NASH or
control activation of the adaptive immune response.
Instead, the transfer of Tregs increased steatosis, which
could be due to a steatosis-promoting effect of trans-
forming growth factor beta.*”) This increase in steatosis
is consistently also seen with an increase in intrahepatic
Treg numbers after anti-CD3 therapy. Therefore, the
role of Tregs in controlling metabolic inflammation
seems to differ between AT and liver tissue.

The same observation seems to be true for therapy
with anti-CD3 F(ab)2’ fragments. While Winer and
coworkers'™® demonstrated an increase in AT-Treg
numbers and amelioration of AT inflammation, we
also saw an increase in intrahepatic Treg numbers, but
this change was accompanied by an increase in steato-
sis and transaminase levels.

In summary, the adaptive immune response is acti-
vated during NASH and points toward local antigen-
driven T-cell activation. This activation is partly
counterbalanced by a supraproportional increase in
Treg accumulation within the liver. The overall influ-
ence of the adaptive immune system is dependent
on the genetic background, yet adaptive immunity is
not essential for the development of NASH. Tregs
and immunomodulatory therapies, such as anti-CD3
F(ab)2’ fragments, can ameliorate AT inflammation*”
but also increase steatosis and transaminase levels in
NASH. Therefore, the effect of immunomodulatory
therapies might differ depending on the tissue experi-
encing metabolic inflammation. This information will
be important for the planning of future therapeutic
trials to treat patients with NASH. However, lifestyle
interventions and weight loss have beneficial effects
on adipose and liver tissue inflammation.“%*?
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