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NKG2D-mediated detection of metabolically stressed
hepatocytes by innate-like T cells is essential for
initiation of NASH and fibrosis
Sonja Marinović1†, Maja Lenartić1†, Karlo Mladenić1†, Marko Šestan1, Inga Kavazović1,
Ante Benić1, Mia Krapić1, Lukas Rindlisbacher2, Maja Cokarić Brdov̌ak3, Colin Sparano2,
Gioana Litscher2, Tamara Turk Wensveen4,5, Ivana Mikolašević4, Dora Fǔkar Čupić6,
Lidija Bilić-Zulle7, Aleksander Steinle8, Ari Waisman9, Adrian Hayday10, Sonia Tugues2,
Burkhard Becher2, Bojan Polić1*‡, Felix M. Wensveen1‡

Metabolic-associated fatty liver disease (MAFLD) is a spectrum of clinical manifestations ranging from benign
steatosis to cirrhosis. A key event in the pathophysiology of MAFLD is the development of nonalcoholic steato-
hepatitis (NASH), which can potentially lead to fibrosis and hepatocellular carcinoma, but the triggers ofMAFLD-
associated inflammation are not well understood. We have observed that lipid accumulation in hepatocytes
induces expression of ligands specific to the activating immune receptor NKG2D. Tissue-resident innate-like
T cells, most notably γδ T cells, are activated through NKG2D and secrete IL-17A. IL-17A licenses hepatocytes
to produce chemokines that recruit proinflammatory cells into the liver, which causes NASH and fibrosis.
NKG2D-deficient mice did not develop fibrosis in dietary models of NASH and had a decreased incidence of
hepatic tumors. The frequency of IL-17A+ γδ T cells in the blood of patients with MAFLD correlated directly
with liver pathology. Our findings identify a key molecular mechanism through which stressed hepatocytes
trigger inflammation in the context of MAFLD.
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INTRODUCTION
Metabolic-associated fatty liver disease (MAFLD), previously
known as nonalcoholic fatty liver disease (NAFLD), is considered
the hepatic manifestation of metabolic syndrome and affects
about one-quarter of the global adult population (1–3). MAFLD
is a spectrum of clinical entities ranging from simple steatosis to cir-
rhosis. Whereas many patients only suffer from benign steatosis
[metabolic-associated fatty liver (MAFL)], some progress to nonal-
coholic steatohepatitis (NASH). NASH is characterized by a marked
increase in inflammatory cells in the liver, which drives the devel-
opment of fibrosis and can ultimately cause cirrhosis and liver
failure. Because of limited treatment options, MAFLD/NASH is
quickly becoming one of the leading causes of liver-associated
deaths worldwide. A better understanding of the molecular triggers
that drive the transition of steatosis to hepatitis and cirrhosis is
therefore imperative (2), but the early metabolic stress–specific
signals that initiate inflammation in the liver remain
largely unknown.

The pathophysiology of NASH is thought to require multiple
triggers, including fat accumulation, gut microbiome disbalance,
and oxidative stress (2), but the general consensus is that the key
event in the transition of MAFL to NASH is the initiation of inflam-
mation (2). The events leading up to inflammation are therefore of
great clinical interest. CD4+ T helper cell 17 (TH17) cells and CD8+
T cells have been shown to mediate NASH-associated liver fibrosis
in both mice and humans (4–8). However, these cells are recruited
in response to an established inflammatory milieu and therefore do
not initiate immune cell accumulation in the liver. Instead, tissue-
resident immune cells appear more likely to sense early metabolic
stress and induce the inflammatory response (9). Innate-like T cells
(ILTs), such as mucosa-associated invariant T (MAIT) cells and γδ
T cells, have been shown to be involved in the pathophysiology of
NASH. In humans and mice, NASH is associated with type 3 in-
flammation, characterized by the production of the cytokine inter-
leukin-17A (IL-17A), most notably by MAIT cells and γδ T cells
(10–12). In response to T cell receptor (TCR) engagement, these
cells were shown to secrete IL-17A and promote liver fibrosis
(13). However, TCR triggering alone is typically insufficient for
the full activation of these cells (14), and engagement of other acti-
vating receptors through stress ligands usually plays a prominent
role in immunosurveillance mediated by tissue-resident innate-
like lymphocytes (15). The role of stress ligands in the development
of NASH is currently unclear.

Several mechanisms have been associated with immune cell ac-
tivation in response to metabolic stress. We have previously shown
that hypertrophic adipocytes up-regulate ligands of the activating
natural killer (NK) cell receptor NCR1 in obesity (16). As a re-
sponse, tissue-resident NK cells proliferated and secreted interfer-
on-γ (IFN-γ), which triggered macrophage polarization and local
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inflammation (16). In the liver, hepatic stress caused by hepatitis B
and C virus infection was associated with the induction of ligands
for the activating receptor NKG2D (17, 18). NKG2D is constitutive-
ly expressed on many immune cells, most notably innate and
innate-like lymphocytes such as NK, MAIT, and γδ T cells, but its
ligands are typically only induced in tissues in response to stress
(19). Upon NKG2D engagement, immune cells mediate cytotoxic
responses and/or produce cytokines, and this receptor has been
shown to play a role in many pathologies (19, 20). In a mouse
model for hepatotoxicity mediated by injection of carbon tetrachlo-
ride, NKG2D ligands (NKG2D-Ls) were shown to be induced and
could drive NK cell–mediated killing of hepatic stellate cells (21).
However, whether NKG2D plays a functional role in NASH is cur-
rently unknown.

Here, we aimed to elucidate which molecular signal triggers
MAFL-to-NASH transition in fatty liver disease. We observed
that both induction of NKG2D-Ls and IL-17A expression correlate
with the early stages of human NASH. Using a dietary model for
NASH developed in our laboratory, we show that metabolic stress
in hepatocytes promotes NKG2D-L expression, which is detected
by tissue-resident ILTs, most notably γδ T cells. Their secretion of
IL-17A early during disease pathogenesis in response to NKG2D
engagement licenses hepatocytes to produce chemokines and
attract proinflammatory myeloid cells. Deficiency of NKG2D or
IL-17A receptor expression on hepatocytes resulted in a consider-
able reduction in liver inflammation and fibrosis. IL-17A expression
by ILTs in the blood of patients with MAFLD correlated positively
with liver pathology. Our findings identify a key molecular mecha-
nism that mediates the transition of MAFL to NASH with potential
applications as a diagnostic biomarker and therapeutic target.

RESULTS
MAFLD is associated with an increase of NKG2D-Ls and IL-
17A–expressing cells in the human liver
Human MAFLD is associated with steatosis, inflammation, and fi-
brosis. We analyzed histological sections of liver biopsies from pa-
tients who were diagnosed with MAFLD to characterize disease
progression. We observed that both steatosis and fibrosis often
start in zone I of the liver lobules around the hepatic artery,
where oxygenation is highest and most oxygen radicals are expected
to be generated. From here, pathology spreads outward toward zone
III (Fig. 1A). Late-stage steatosis and fibrosis were usually accompa-
nied by diffuse foci of inflammatory cells, which are indicative
of NASH.

MAFLD generates both metabolic and inflammatory stress in
hepatocytes. We therefore investigated whether ligands of the acti-
vating stress receptor NKG2D are induced in liver tissue from pa-
tients with MAFLD. Immunohistochemical staining revealed that
the NKG2D-Ls MICA/B are up-regulated specifically in sections
most affected by steatosis compared with healthy sections of the
same tissue (Fig. 1B and fig. S1A). We did not observe induction
of the NKG2D-Ls ULBP1 or ULBP3 in livers of patients. MAFLD
has been associated with type 3 inflammation, so we investigated
whether IL-17A expression is induced in liver biopsy materials of
patients with MAFLD and whether this correlates with the
disease severity score (22). We observed that the frequency of IL-
17A–expressing cells positively correlated with both the level of
steatosis and liver inflammation (Fig. 1C). We observed that the

increase in IL-17A–expressing cells highly correlated with the
early stages of MAFLD (NAS scores of 3 to 5), whereas it decreased
again in later stages of the disease (NAS scores of 6 and 7) (Fig. 1, C
and D, and fig. S1B).

To determine which cells produce IL-17A in human livers, we
first made use of publicly available single-cell RNA-sequencing
data of human liver biopsy material (23). This showed that Rorc,
the transcription factor mediating IL-17A expression, is predomi-
nantly expressed by T cells (fig. S1C). In addition, we found that
Rorc was expressed in a subpopulation that also expressed Klrk1,
the gene encoding NKG2D. To confirm that Rorc expression also
translated into IL-17A production, immune cells were isolated
from fresh biopsy material and stimulated in vitro with phorbol
12-myristate 13-acetate (PMA) and ionomycin. Cytokine-produc-
ing cells were identified by flow cytometry. We observed that IL-
17A was almost exclusively produced by CD3+ cells (Fig. 1E). Of
these, most cells had a CD4+ TH17 profile. In addition, we observed
that CD8 T cells and γδ T cells were prominent sources of IL-17A
(Fig. 1F and fig. S1D).

In summary, we found that humanMAFLD is associated with an
up-regulation of NKG2D-Ls and an increase in the frequency of IL-
17A–producing cells, especially in the early stages of the disease.
This suggests that a causal relationship may exist between these
two parameters.

Lipid accumulation in murine hepatocytes induces up-
regulation of NKG2D-Ls
To gainmechanistic insight into early hepatic stress responses in the
context of MAFLD, we established a mouse model for this disease.
Current dietary models of MAFLD are typically based on the exclu-
sion of key nutrients, such as choline and methionine, and are
therefore not an ideal representation of human disease (24). We for-
mulated a modified amylin liver NASH diet (25), which we termed
the steatosis-steatohepatitis diet (SSD). SSD contains high levels of
fat, fructose, and cholesterol and mimics an unhealthyWestern life-
style. SSD-fed mice rapidly gained body weight (Fig. 2A) and accu-
mulated visceral adipose tissue (VAT) mass (fig. S2A), which is one
of the hallmarks of metabolic syndrome. Compared with normal
chow diet (NCD)–fed controls, SSD-fed animals displayed hepato-
megaly and showed an increased liver–to–body weight ratio
(Fig. 2B), a key feature of liver pathology in humans (26). We also
observed an increase in the liver enzymes alanine transaminase
(ALT) and aspartate transaminase (AST) in the serum, which are
clinical markers of liver damage (Fig. 2C).

Histological analysis of murine liver samples from SSD-fed mice
showed a gradual progression of fatty liver disease, which was highly
similar to the pathology seen in humans. After 4 weeks of feeding,
we observed glycogen-induced distension of hepatocytes, followed
by moderate micro- and macrovesicular steatosis after 8 weeks (fig.
S2B). As in human disease, pathology started in the periportal zone
(zone I) and radiated outward. At 12 weeks of SSD feeding, livers
showed widespread steatosis with inflammatory foci, cyst forma-
tion, and hepatocyte degeneration, indicating a transition from
MAFL to NASH (fig. S2B). After 16 weeks, we could see advanced
steatosis and considerable fibrosis in SSD-fed animals compared
with NCD-fed controls, corresponding with NASH stage G3/F2
in humans (Figs. 1A and 2D). In addition, α–smooth muscle
actin (αSMA) was strongly increased in SSD-fed mice, indicative
of activated hepatic stellate cells (HSCs) and extracellular matrix
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Fig. 1. MALFD is associated with an increase of NKG2D-Ls and IL-17A–expressing cells in the liver. (A) Representative histological slides of various stages of liver
disease in human liver biopsies. (Top) Slides were stained with hematoxylin and eosin (H&E) and show a sample from a healthy individual and from patients with MAFLD
with mild (G = 1), moderate (G = 2), or severe (G = 3) steatosis with ballooning and inflammation. (Bottom) Slides were stained with Mallory’s trichrome and show liver
tissue without fibrosis (F = 0) or with perisinusoidal and pericellular fibrosis without (F = 1) or together with extensive portal fibrosis (F = 2 to 3) or with cirrhosis (F = 4).
Scale bars, 50 μm for control, steatosis (G = 1), steatosis (F = 0), and NASH (F = 1); 100 μm for steatosis (G = 2), steatosis (G = 3), and NASH (F = 2 to 3); and 250 μm for
cirrhosis (F = 4). (B) Human biopsy material of patients with MAFLD was stained for the NKG2D-Ls MICA/B. Shown is NKG2D-L expression in steatotic and nonsteatotic
regions within the same patient (n = 17). Scale bars, 20 μm. Arrowheads indicate a positive signal. (C and D) Human biopsy material of patients with MAFLD was stained
for IL-17A. (C) The number of IL-17A–producing cells was correlated with the level of steatosis, grade of NASH, or the NAS-score (n = 35). (D) Representative staining for
NAS scores 1, 3, and 5. Scale bars, 50 μm. (E and F) Quantification of IL-17A–producing cells in biopsies of human livers by flow cytometry. (E) Quantification of CD3+ and
CD3− cells within the IL-17+ population (n = 3). (F) Quantification of IL-17A–producing T cells within the CD3+IL-17A+ cell pool (n = 3). Representative plot shows cells
gated for IL-17A+CD3+TCRαV7.2−CD56−. Statistical significance was determined by Wilcoxon signed-rank test (B), linear regression (C), or unpaired t test (E). Statistical
significance was defined as *P < 0.05, **P < 0.01, and ***P < 0.001.

S C I ENCE IMMUNOLOGY | R E S EARCH ART I C L E

Marinović et al., Sci. Immunol. 8, eadd1599 (2023) 29 September 2023 3 of 19

D
ow

nloaded from
 https://w

w
w

.science.org at U
N

IV
E

R
SIT

Y
 O

F R
IJE

K
A

 on O
ctober 03, 2023



deposition (Fig. 2D). Last, in accordance with our histological find-
ings, SSD feeding caused a progressive increase of immune cells in
the liver. Unexpectedly, this increase was already apparent 2 weeks
after the initiation of feeding, suggesting that changes in the immu-
nological microenvironment occur very early during development
of NASH (Fig. 2E and fig. S2C).

To elucidate the molecular changes underlying SSD-induced
liver pathology early in the disease before apparent inflammation,
RNA-sequencing analysis was performed on total liver lysates of
mice fed for 3 weeks with SSD. A total of 1386 transcripts were
more than twofold differentially expressed between the groups, of
which 969 were up-regulated and 417 were down-regulated in
SSD-fed animals compared with NCD-fed controls (Fig. 2F).

Fig. 2. Lipid accumulation in murine he-
patocytes induces up-regulation of
NKG2D-Ls. (A to E) WT mice were fed an SSD
or an NCD for 2 to 16 weeks. (A) Total body
weight over time (n = 20). (B) Liver weight and
the liver–to–body weight ratio at 16 weeks
(n = 22 to 24). (C) Serum AST and ALT levels
after 16 weeks (n = 5). (D) Representative liver
slides (200×) of fibrosis and HSC activation
(αSMA) after 16 weeks of SSD feeding. Mac-
roscopic changes in livers of SSD diet–fed
mice showing yellow/gray firm parenchyma
indicative for liver steatosis and fibrosis. Ar-
rowheads indicate collagen accumulation.
Arrows indicate αSMA+ cells. Bar diagrams
show the quantification of histology slides
(n = 4 to 19). Scale bars, 20 μm. (E) Quantifi-
cation of immune cells (CD45+) in liver after 2
weeks determined by flow cytometry (n = 8).
(F and G) Total liver lysates were analyzed by
RNA sequencing after 3 weeks of NCD or SSD
feeding (n = 4 or 5). (F) Volcano plot of diff-
erentially expressed genes. (G) Expression of
key genes associated with liver fibrosis. (H)
LC-MS/MS analysis of lipid species in the liver
and plasma of mice fed for 18 days with NCD
or SSD. (I) BODIPY staining of hepatocytes
isolated from liver 2 weeks after initiation of
SSD feeding (n = 3). (J) Quantification of
NKG2D-L–expressing cells within
BODIPYBright hepatocytes after 2 weeks of
NCD or SSD feeding (n = 3). (K) Quantification
of the NKG2D-L H60 by qPCR (n = 3) nor-
malized to HPRT expression. (l) Levels of
cholesterol in liver lysate and plasma samples
of NCD- or SSD-fed mice determined by LC-
MS/MS analysis. Shown are representative
data of at least two experiments or pooled
data of two independent experiments (A, B,
and D). Shown are means ± SEM. Statistical
significance was determined by unpaired t
test (A to J and L) and ANOVA with Bonferoni
posttesting (K). Statistical significance was
defined as *P < 0.05, **P < 0.01, and
***P < 0.001.
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Among the pathways that weremost affected by SSD feeding, several
were associated with metabolism and inflammation, further con-
firming the validity of SSD feeding as a model for NASH (fig. S2,
D and E). Last, the analysis of individual transcripts showed that
many putative genes associated with liver fibrosis, such as Acta2,
Col1a1, Lox, and Hhipl1, were up-regulated in animals fed with
SSD (Fig. 2G). Hepatic fibrosis was still observed in SSD-fed
animals in which abdominal fat was surgically removed (fig. S2F),
indicating that the liver is the primary source of stress signals induc-
ing NASH.

We considered that liver inflammation after SSD feeding is
induced by hepatocyte death caused by accumulation of toxic
lipid species. Therefore, we analyzed the lipid profile of livers of
animals fed for 3 weeks with an SSD or NCD by mass spectrometry.
We observed an increase of several lipid species previously associ-
ated with lipotoxicity, including ceramides and diacylglycerols
(Fig. 2H and table S1). However, levels of extracellular HMGB1, a
marker associated with necrotic cell death, were not increased early
after initiation of SSD feeding (fig. S2G). In addition, granulomas,
which mark sites of necrotic cell death, were not observed after 4
weeks of SSD feeding (fig. S2H). Only after at least 8 to 16 weeks
of SSD feeding could we detect signs of inflammatory cell death
(fig. S2, G and H). Thus, lipotoxicity does not appear to be a
major cause of liver inflammation at early stages of MAFLD in
the SSD model.

We next hypothesized that metabolic stress initiates liver inflam-
mation through the activation of NKG2D. We measured NKG2D-
Ls on metabolically stressed hepatocytes. The lipid content of hepa-
tocytes was visualized using BODIPY staining, and steatotic cells
could be identified as BODIPYHigh by flow cytometry (Fig. 2I).
After 2 weeks of SSD feeding, steatotic cells showed significantly
more expression of NKG2D-Ls (P = 0.0047) than hepatocytes iso-
lated from NCD-fed controls by NKG2D-Fc staining (Fig. 2J). To
determine which factor from the SSD diet drives NKG2D-L expres-
sion, we generated cultures of primary mouse hepatocytes and
loaded them for 48 hours with fructose, cholesterol, or oleic acid.
Whereas oleic acid was most notably associated with lipid accumu-
lation in hepatocytes, cholesterol was most effective at inducing
NKG2D-L expression, in particular of H60 (Fig. 2K and fig. S2, I
and J).

Levels of cholesterol were highly increased in both the livers and
the plasma of SSD-fed mice (Fig. 2L). To demonstrate its impor-
tance for the development of hepatitis in vivo, we subjected mice
to an SSD diet in which cholesterol was omitted. This diet did not
lead to inflammation in vivo (fig. S2K). In addition, feeding of mice
with a diet containing high levels of fat [high-fat diet (HFD)], an
established model for obesity-induced VAT inflammation and
insulin resistance, resulted in obesity, hyperinsulinemia, and
glucose intolerance (27), but we detected only mild steatosis and
no signs of liver fibrosis (fig. S2, L and M). Conversely, animals
fed with a diet rich in cholesterol [high-cholesterol diet (HCD)]
did show immune cell accumulation in the liver (fig. S2N).
However, HCD feeding did not cause steatosis or fibrosis (fig. S2,
L and M), confirming previous observations (28) that the patho-
physiology of NASH requires the cumulative impact of several me-
tabolites. In summary, SSD feeding is a valid model for human
NASH and causes NKG2D-L induction in hepatocytes after choles-
terol accumulation.

NKG2D engagement is essential for the development of
liver fibrosis in the context of NASH
To determine whether NKG2D signaling is essential for the induc-
tion of fibrosis in our model for NASH, we fed NKG2D-deficient
(Klrk1−/−) mice (29) with an SSD diet and analyzed the level of col-
lagen deposition after 16 weeks. We found a notable reduction in
the level of fibrosis in livers of Klrk1−/− mice compared with
wild-type (WT) C57BL/6J controls, whereas steatosis was not
greatly affected (Fig. 3A). Immunohistological staining of αSMA
also showed a strong reduction of its expression in Klrk1−/−mice
(Fig. 3B). In most immune cells, NKG2D uses the DAP10
adaptor molecule to mediate intracellular signaling (19). To
confirm the importance of NKG2D signaling in NASH progression,
we placed DAP10-deficient (Hcst−/−) mice on an SSD. After 16
weeks, we compared the liver pathology in DAP10-deficient mice
with that of SSD-co-fed WT animals. The level of fibrosis and the
αSMA expression in livers of Hcst−/− mice were both substantially
reduced in comparison withWTmice. In contrast, levels of steatosis
were not different between the SSD-fed groups of mice (Fig. 3C and
fig. S3A).

NASH strongly increases the overall risk of developing cirrhosis
and hepatocellular carcinoma (HCC) (2). Previously, NKG2D-me-
diated inflammation was shown to promote development of HCC
(30). We therefore investigated the impact of NKG2D deficiency on
long-term SSD feeding. WT (gray bar) and Klrk1−/− (blue bar) mice
were placed on SSD for 1 year before analysis of hepatic pathology.
Liver damage was significantly reduced in Klrk1−/− mice, as shown
by much lower levels of ALT in circulation (P = 0.0113) (Fig. 3D).
Histochemical analysis revealed that virtually all parameters associ-
ated with NASH, including NASH score, fibrosis, αSMA induction,
and leukocyte infiltrations, were reduced in Klrk1−/− mice com-
pared with WT controls (Fig. 3, E and F). Proliferation of cells, as
determined by Ki67 staining, was predominantly observed within
CD45+ immune cells and was significantly reduced in the livers of
NKG2D-deficient animals (P = 0.0245) (Fig. 3, G and H), which is
in line with reduced immune cell activation in this tissue. Last, the
incidence of tumors, which was about 25% in livers of 1-year SSD-
fed WT animals, was more than twofold reduced in the livers of
Klrk1−/− mice, as was the average tumor size at the time point of
analysis (Fig. 3I and fig. S3, B and C). Together, we conclude that
NKG2D plays an important role in the development of NASH and
long-term liver disease in the context of MAFLD.

Liver fibrosis in the context of NASH is mediated by ILTs
NKG2D is expressed on various lymphocyte subsets. We therefore
determined which immune cells in the liver express NKG2D and
whether expression changes in response to SSD feeding. CD11b+
myeloid cells did not express NKG2D, and expression was also
very low on adaptive immune cells. In contrast, MAIT, CD3+CD4−

CD8− double-negative (DN) T cells, NKT, γδ T cells, and NK cells
expressed high levels of NKG2D, and for the latter four, its expres-
sion was further increased in response to a NASH-inducing diet
(Fig. 4A and fig. S4A). Further analysis revealed that all NKG2D-
expressing cells also increased in absolute numbers upon 2 weeks
of SSD feeding, relative to NCD-fed controls (fig. S4B).

To identify which of these cell populations contributes to the de-
velopment of NKG2D-mediated NASH, we made use of several ge-
netically modified mouse lines. First, we generated NK cell–specific
NKG2D-deficient mice by crossing Ncr1Cre mice with Klrk1 fl/fl
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Fig. 3. NKG2D engagement is essential for development of liver fibrosis in context of NASH. (A and B) WT and Klrk1−/− (NKG2D-deficient) mice were fed an NCD or
an SSD diet for 16 weeks (n = 4 to 11). (A) (Top) Representative liver slides stained with Sirius red (200×) and (bottom) quantification of steatosis and fibrosis. Scale bars,
100 μm. (B) (Top) Representative liver slides stained for αSMA and (bottom) quantification of HSC activation (200×). Scale bars, 100 μm. (C) WT and Hcst−/− (DAP10-
deficient) mice were fed an NCD or an SSD diet for 16 weeks. (Top) Representative liver slides stained with Sirius red (200×) and (bottom) quantification of steatosis and
fibrosis by Sirius red staining. Scale bars, 100 μm (n = 4 or 5). (D to I) WT and Klrk1−/−micewere fed an NCDor an SSD diet for 52 weeks, and livers were analyzed (n = 7 to 9).
(D) Quantification of ALT in serum. (E) Quantification of liver pathology of histological slides stained with H&E or Sirius red. (F) (Left) Representative liver slides stained for
αSMA and (right) quantification of HSC activation (200×). Scale bars, 100 μm. (G) Slides were stained for Ki67, and positive cells per field of view were quantified. (H)
Representative immunofluorescence staining of CD45 and Ki67. Arrows mark Ki67+ nuclei. Scale bars, 10 μm. (I) The numbers of mice carrying macroscopically visible
tumors were quantified (n = 17 to 20). The data are representative of at least two independent experiments or show pooled data of two experiments. Shown are means ±
SEM. Statistical significance was determined by unpaired t test. Statistical significance was defined as *P < 0.05, **P < 0.01, and ***P < 0.001.
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animals (31) and placed them on an SSD for 16 weeks. Histological
analysis of liver slides showed that Ncr1creKlrk1fl/fl and Klrk1fl/fl lit-
termates had similar levels of liver fibrosis (fig. S4C). Furthermore,
NK cell depletion did not impair fibrosis development in SSD-fed
mice, excluding a role for these cells in the development of NASH in
this model (Fig. 4B).

Apart from NK cells, NKG2D was highly expressed on the
TCRα+ subsets MAIT cells, NKT cells, and CD4−CD8− DN T
cells in the liver. We therefore investigated the importance of

these cells in the development of liver fibrosis. Mice with genetic
deficiency for the α-chain of the TCR were placed on SSD, and col-
lagen deposits were quantified after 16 weeks. We observed that fi-
brosis was significantly reduced in these animals (P = 0.0043),
although not to the levels of NCD-fed animals (Fig. 4C). Steatosis
was not affected in these mice, suggesting an impact on inflamma-
tion but not on hepatic metabolism (fig. S4D). To determine which
NKG2D+TCRα+ T cell subset mediates SSD-induced liver fibrosis,
we first investigated the role of MAIT cells. We made use of

Fig. 4. Liver fibrosis in the context of
NASH is mediated by ILTs. (A) WT mice
were fed with an NCD or SSD for 18 days,
and NKG2D expression was quantified in
key hepatic leukocyte populations by
flow cytometry (n = 5). (B) WT mice and
C57BL/6J mice treated with NK cell–de-
pleting antibody on a weekly basis were
fed an NCD or an SSD diet for 16 weeks.
Shown are (left) representative liver
slides stained with Sirius red (200×) and
(right) quantification of fibrosis (n = 4 or
5). (C) WT and Tcra−/− (TCR α-chain–
deficient) mice were fed an NCD or an
SSD diet for 16 weeks. Shown are (left)
representative liver slides stained with
Sirius red (200×) and (right) quantifica-
tion of fibrosis (n = 5). (D) WT, Mr1+/+B6-
MAITCAST, and Mr1−/-B6-MAITCAST mice
were fed an NCD or an SSD diet for 16
weeks. Quantification of fibrosis is
shown (n = 5 or 6). (E) WT and Cd1d−/−

mice were fed an NCD or an SSD diet for
16 weeks. Shown are (left) representa-
tive liver slides stained with Sirius red
(200×) and (right) quantification of
fibrosis (n = 4 to 7). (F) CD4CreKlrk1Flox/Flox

and Klrk1Flox/Flox littermate controls were
fed an NCD or an SSD diet for 16 weeks.
Shown are (left) representative liver
slides stained with Sirius red (200×) and
(right) quantification of fibrosis (n = 9 or
10). (G and H) WT and Tcrd−/− (TCR δ-
chain–deficient) mice were fed an NCD
or an SSD diet for 16 weeks (n = 4 to 10).
(G) Shown are (left) representative liver
slides stained with Sirius red (200×) and
(right) quantification of fibrosis. (H)
Shown are (left) representative liver
slides stained for αSMA and (right)
quantification of HSC activation (200×).
Scale bars, 100 μm. The data are repre-
sentative of at least two independent
experiments or pooled data of at least
two experiments (A and F). Shown are
means ± SEM. Statistical significance
was determined by unpaired t test.
Statistical significance was defined as
*P < 0.05, **P < 0.01, and ***P < 0.001.
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MAITCAST mice, which contain about 10-fold more MAIT cells
than WT controls. MAIT cells recognize antigen presented in the
context of the nonclassical major histocompatibility complex mol-
ecule MR1. Animals deficient for this molecule therefore do not
have MAIT cells (32). WT, Mr1+/+ B6-MAITCAST, and Mr1−/−

B6-MAITCAST animals were placed on an SSD, and liver fibrosis
was determined after 16 weeks. Neither the absence nor the in-
creased presence of MAIT cells resulted in a change in the level of
liver fibrosis (Fig. 4D). We therefore conclude that MAIT cells do
not contribute to the development of fibrosis in the SSD model.

The vast majority of NKT cells in liver are CD1d restricted (33).
To investigate the role of NKT cells in NASH, Cd1d−/− mice were
placed on an SSD for 16 weeks and liver fibrosis was analyzed. We
did not observe a significant reduction in the amount of fibrosis in
these animals compared with WT controls (Fig. 4E). Thus, CD1d-
restricted NKT cells do not play a role in the development of SSD-
induced NASH. Last, we wanted to investigate the role of DN T cells
in the development of SSD-induced NASH. Unfortunately, the lack
of cell-specific markers does not allow targeting of only this
immune cell subset. However, all TCRα+ cells go through a CD4+
phase during thymic development. Because we excluded a role for
MAIT and CD1d-restricted NKT cells in development of SSD-
induced NASH, we therefore made use of Cd4creKlrk1 fl/flmice.
Cd4creKlrk1 fl/fl mice and Klrk1fl/fl littermates were placed on an
SSD, and liver fibrosis was quantified after 16 weeks. We observed
a significant reduction of fibrosis in the livers of Cd4creKlrk1 fl/fl
animals compared with Klrk1fl/fl littermates (P = 0.0048), which
was comparable to that observed in TCRα−/− mice (Fig. 4, C and
F). Steatosis was not affected in these animals (fig. S4E). Thus,
our findings indicate that DN T cells are important for NKG2D-de-
pendent liver fibrosis in the context of NASH.

Neither CD4creKlrk1fl/fl nor TCRα−/− mice showed a complete
abrogation of liver fibrosis after SSD feeding. We therefore hypoth-
esized that γδ T cells also contribute to NKG2D-mediated liver fi-
brosis in our NASH model. Unfortunately, no model is available to
specifically target genes in γδ T cells because the existent TcrdCreERt2
model has very poor efficiency in the liver (34). Therefore, to deter-
mine the importance of γδ T cells in SSD-induced liver pathology,
we made use of TCRδ−/− mice, which lack all γδ T cells. After 16
weeks of SSD feeding, TCRδ−/− animals showed a significant reduc-
tion in liver fibrosis compared with WT controls (P = 0.029),
whereas steatosis was not affected (Fig. 4G and fig. S4F). In addition,
αSMA expression was significantly lower in the livers of SSD-fed
TCRδ−/− mice (P = 0.0137) (Fig. 4H). In summary, NKG2D-medi-
ated liver fibrosis in the context of MAFLD is mediated by the con-
certed action of DN αβ T cells and γδ T cells.

NKG2D mediates liver fibrosis through IL-17A induction
NKG2D can mediate both cytotoxicity and cytokine production of
NK cells and ILTs (19, 35). We therefore investigated which signal-
ing pathways are most affected by NKG2D deficiency early after ini-
tiation of metabolic stress induced by SSD feeding. RNA sequencing
of total liver lysates revealed 496 transcripts that were differentially
expressed at least twofold between WT and Klrk1−/− mice after 3
weeks of SSD feeding. Of these, 39 showed higher and 457
showed lower expression in NKG2D-deficient animals (Fig. 5A).
When we performed a Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis on differentially expressed
genes, we observed that the IL-17A receptor and the chemokine

signaling pathways were among the most negatively affected in
Klrk1−/− animals (Fig. 5B). Analysis of individual genes reveled
that several transcriptional targets of the IL-17A receptor signaling
pathway, including chemokines such as Cxcl1, Cxcl2, and Ccl2, were
strongly reduced in SSD-fed NKG2D-deficient animals compared
withWT controls (Fig. 5C). Inflammatory pathways were not affect-
ed in NCD-fed Klrk1−/− mice compared with WT controls (fig. S5,
A and B). We therefore hypothesized that NKG2D-dependent in-
duction of IL-17A expression mediates liver fibrosis in the
context of MAFLD. To confirm this, we first determined the impor-
tance of IL-17A in the pathology of SSD-induced NASH. Analysis
of cytokine expression by hepatic lymphocytes showed that IL-17A
levels were rapidly and strongly increased after initiation of SSD
feeding and stayed high for the duration of the experiment. In con-
trast, expression of IFN-γ and tumor necrosis factor (TNF) was not
affected by SSD-induced metabolic stress (Fig. 5D and fig. S5C). IL-
17A levels did not increase after HFD feeding, indicating that this
cytokine may be specifically involved in the induction of liver fibro-
sis (fig. S5D).

IL-17A is important for several homeostatic processes, including
maintenance of gut barrier integrity and adipose tissue metabolism
(36, 37).We thereforemade use of Il17rafl/flmice to abrogate IL-17A
sensitivity of specific cells. First, we crossed Il17rafl/fl mice with
lysozymeCre (LysCre) animals to eliminate the IL-17A receptor in
macrophages (Il17raΔMϕ). However, Il17raΔMϕ mice showed a
similar level of fibrosis after 16 weeks of SSD feeding as Il17rafl/fl

littermate controls, indicating that IL-17A does not directly target
these cells (Fig. 5E). IL-17Awas shown to directly activate HSCs in a
mouse model of NASH (13). We therefore crossed Il17rafl/fl mice
with GFAPCre animals, which eliminates the IL-17A receptor
from HSCs and cholangiocytes (38). Sixteen weeks of SSD feeding
did not show differences in liver fibrosis between Il17raΔHSC mice
and littermate controls (Fig. 5F). Last, we questioned whether IL-
17A might directly target hepatocytes. To demonstrate this,
Il17rafl/flmicewere crossed with albuminCre (AlbCre) animals to gen-
erate Il17raΔHep mice. After 16 weeks of SSD feeding, we observed a
significant reduction in the amount of fibrosis in livers of animals
with hepatocyte-specific deficiency for the IL-17A receptor com-
pared with littermate controls (P = 0.0012) (Fig. 5G). The level of
steatosis was comparable between groups, indicating an impact on
inflammation rather than on hepatic metabolism (fig. S5E). In
summary, metabolic stress of the liver leads to increased expression
of IL-17A by leukocytes in this organ, which directly targets
hepatocytes.

NKG2D stimulation promotes IL-17A production by hepatic
γδ T cells in the context of NASH
Our findings indicate that in the context ofMAFLD, γδ T cells and a
subset of TCRα+ cells are responsible for the induction of liver fi-
brosis in response to NKG2D stimulation.We therefore investigated
which of these cells produce IL-17A early after initiation of SSD
feeding. In vitro restimulation of hepatic leukocytes isolated from
the liver 2 weeks after initiation of SSD feeding showed that IL-
17A is produced almost exclusively by T cells (Fig. 6A). Further
analysis of immune cell subsets within the IL-17A+ population in-
dicated that this cytokine is predominantly secreted by CD4+ TH17,
CD3+CD4−CD8− T cells, and γδ T cells. Of these, only IL-17A–pro-
ducing γδ T cells increased significantly upon SSD feeding (P =
0.0079) (Fig. 6B and fig. S6A). NKT cells were not a major source
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Fig. 5. IL-17A signaling to hepatocytes drives liver fibrosis in the context of NASH. (A to C) WT and Klrk1 −/− mice were fed an SSD for 3 weeks, and the total
transcriptome of liver tissue was analyzed by RNA sequencing. (A) Volcano plot of genes differentially expressed between WT and Klrk1 −/− mice (n = 3 to 5). (B)
Most down-regulated KEGG pathways in Klrk1−/− mice compared with WT controls by P value. Marked in green are the IL-17A receptor signaling pathway and the che-
mokine signaling pathway. (C) Differential expression of downstream target genes of the IL-17A receptor signaling pathway. (D) WT mice were fed with an NCD or SSD
diet. At indicated time points, liver leukocytes were restimulated in vitro with PMA/ionomycin and cytokine production was measured by flow cytometry (n = 10). Rep-
resentative plots are gated for lymphocytes. Numbers represent the percentage of IFN-γ or IL-17A–producing cells. (Right) Kinetics of hepatic IFN-γ– and IL-17A–pro-
ducing lymphocytes over time. (E) Il17rafl/fl and LysCreIl17rafl/fl (IL17raΔMϕ) littermates were fed an NCD or an SSD diet for 16 weeks. Shown are (left) representative liver
slides stained with Sirius red (200×) and (right) quantification of fibrosis (n = 8). (F) Il17rafl/fl and GFAPCreIl17rafl/fl (IL17raΔHSC) littermates were fed an NCD or an SSD diet for
16 weeks. Shown are (left) representative liver slides stained with Sirius red (200×) and (right) quantification of fibrosis (n = 2 to 7). (G) Il17rafl/fl and albuminCreIl17rafl/fl

(IL17raΔHep) littermates were fed an NCD or an SSD diet for 16 weeks. Shown are (left) representative liver slides stained with Sirius red (200×) and (right) quantification of
fibrosis (n = 5). Scale bars, 100 μm (E to G). The data are representative of at least two independent experiments or pooled data of at least two experiments (D to G). Shown
are means ± SEM. Statistical significance was determined by unpaired t test. Statistical significance was defined as *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 6. Liver fibrosis in context of NASH is
mediated by ILTs. (A and B) WT mice were
fedwith an NCDor SSD diet and after 18 days
liver leukocytes were restimulated in vitro
with PMA/ionomycin and IL-17A production
was quantified by flow cytometry. (A) Frac-
tion of CD3+ and CD3− cells within the IL-
17A+ cell pool (n = 8). Representative plots
are gated for lymphocytes. (B) Indicated
immune cell subsets were quantified within
the CD3+IL-17A+ cell pool (n = 15). (C) IL-17A
and IFN-γ production by hepatic γδ T cells
upon in vitro restimulation with PMA and
ionomycin in WT mice after 2 weeks of NCD
or SSD feeding (n = 5). Representative FACS
plots are gated for γδ T cells. The number
next to the outlined area represents the
percentage of IFN-γ– or IL-17A–producing
γδ T cells. (D) WTmicewere fed an NCD or an
SSD diet for 2 weeks and liver resident γδ T
cells were analyzed by flow cytometry for
expression of transcription factors T-Bet,
RORγt and Eomesodermin (Eomes) (n = 5).
(E) CD3ε staining of Tcra−/− mice after 2
weeks of feeding with NCD or SSD. Scale
bars, 100 μm. (F) WT mice were fed an NCD
or SSD for 2 weeks and for the last 4 days
given BrdU in drinking water. Tissue-resident
cells were visualized by injecting animals
with biotinylated CD45 5 min before isola-
tion of livers, followed by fluorescent label-
ing using streptavidin-eFluor780 and
analysis by flow cytometry. Tissue-resident
cells were defined as eFluor-780−. Ki67+ and
BrdU+ hepatic γδ T cells were quantified by
flow cytometry (n = 5). (G) Quantification of
NKG2D expression on hepatic γδ T cells by
flow cytometry of mice fed 2 weeks with an
NCD or SSD (n = 14). The representative plot
shows γδ T cells after PMA/ionomycin stim-
ulation. (H and I) Mice were fed an SSD for 2
weeks. Hepatic γδ T cells were restimulated
in vitro, and IL-17A production was deter-
mined by flow cytometry. (H) IL-17A pro-
duction of γδ T cells after stimulation with
αCD3, plate-bound αNKG2D, or their com-
bination, measured by flow cytometry. (I)
Relative increase of IL-17A production within
hepatic γδ T cells from WT or Klrk1−/− mice
upon in vitro restimulation with αCD3 alone
or in combinationwith plate-bound αNKG2D
over nonstimulated γδ T cells (n = 5). Repre-
sentative FACS plots are gated for γδ T cells.
Numbers show percentages of IL-17A–pro-
ducing γδ T cells (J) WT and Klrk1−/− mice
were fed an SSD for 2 weeks. Hepatic γδ T
cells were restimulated in vitro with PMA/ionomycin, and IL-17A production was measured by flow cytometry. Shown is the relative increase in IL-17A production within
SSD-fed over NCD-fed mice (n = 5 to 6). The data are representative of at least two independent experiments. Shown are means ± SEM. Statistical significance was
determined by unpaired t test (A to G), paired t test (H and I), and ANOVAwith Bonferoni post-testing (J). Statistical significance was defined as *P < 0.05, **P < 0.01, and
***P < 0.001.
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of IL-17A in our model, suggesting that γδ T, and, to a lesser extent,
CD4−CD8− T cells play a dominant role in the induction of
NKG2D-mediated fibrosis after SSD feeding.

γδ T cells increased after SSD but not HFD feeding and showed
the strongest increase in IL-17A production (Fig. 6B and fig. S6B).
We therefore decided to focus on the role of γδ T cells in NKG2D-
dependent IL-17A production in the liver. After SSD feeding,
hepatic γδ T cells rapidly and potently induced IL-17A production,
whereas their ability to produce IFN-γ, TNF, IL-17F, and IL-22 was
not affected (Fig. 6C and fig. S6, C and D). In accordance with this
cytokine profile, γδ T cells induced the expression of the transcrip-
tion factors RORγt and Eomesodermin, whereas there was a relative
reduction in the percentage of cells expressing T-bet (Fig. 6D). Mul-
tidimensional analysis of γδ T cell populations by t-distributed sto-
chastic neighbor embedding revealed that animals fed with an NCD
contained a relatively homogenous population with regard to CD44
and CD27 expression. In contrast, SSD feeding induced polarization
of γδ T cells toward an IL-17A+CD27−CD44Bright profile (fig. S6E),
a phenotype typically associated with IL-17A–producing γδ T cells
(γδ17 T cells) (39). Moreover, in SSD-fed mice, IL-17Awas predom-
inantly produced by Vγ6+ cells and was associated with a relative
decrease in the frequency of Vγ1+ cells within the γδ T cell pool
compared with NCD-fed controls (fig. S6F).

To confirm that γδ17 T cells play a general role in development of
NASH pathology and not just in the SSD model, animals were fed a
methionine and choline–deficient diet (MCD). This model induces
liver steatosis and fibrosis after 12 weeks of feeding because of an
inability of hepatocytes to form very low density lipoproteins, al-
though it causes weight loss rather than weight gain in animals
(40). WT and Tcrd−/− mice were placed on an MCD, and
immune cells and liver pathology were analyzed after 12 weeks.
MCD caused an increase in γδ T cells in livers of WT animals,
which was comparable to that observed after SSD feeding (fig.
S6G). γδ T cells significantly increased IL-17A production (P =
0.0012) and became the dominant source of this cytokine in the
liver (fig. S6, H and I). MCD-fed Tcrd−/− mice had reduced pathol-
ogy compared with WT controls, because they lost significantly less
weight (P = 0.0005) (fig. S6J). In addition, liver fibrosis was consid-
erably lower in Tcrd−/− mice (fig. S6K).

Previously, a lipid-rich environment was shown to promote the
specific outgrowth of γδ17 T cells, because these cells preferentially
use oxidative phosphorylation to fulfill their energetic needs (41).
We therefore hypothesized that the increase of γδ T cells in steatotic
livers was the result of local proliferation. We observed that γδ T
cells predominantly resided in the parenchyma of the liver and
not in the sinusoids, both after NCD and SSD feeding (Fig. 6E).
In vivo labeling of CD45+ cells in the circulation of SSD-fed mice
confirmed that a larger fraction of γδ T cells was tissue resident in
the liver than αβ T cells, explaining why the former population
more vigorously responds to NKG2D-Ls expressed on hepatocytes
(fig. S6L). To exclude increased influx from the periphery as a
reason for γδ T cell increase, we isolated leukocytes from the
livers of animals 2 weeks after initiation of SSD feeding and injected
them into NCD– or SSD–co-fed animals. We did not observe a dif-
ference in the number of either αβ or γδ donor T cells infiltrating
the spleen or liver of NCD- or SSD-fed mice (fig. S6M). We there-
fore analyzed proliferation of hepatic, tissue-resident γδ T cells in
response to 2 weeks of SSD feeding and found that their expression
of Ki67 was significantly increased (P = 0.0088) (Fig. 6F). In

addition, SSD-fed animals pulsed with 5-bromo-20-deoxyuridine
(BrdU) showed a significant increase of its incorporation in
hepatic γδ T cells (Fig. 6F). Cells expressing NKG2D and RORγT
proliferated faster than γδ T cells not expressing these proteins as
shown by Ki67 staining (fig. S6, N and O). These results suggest
that the increase of NKG2D+ γδ17 T cells in livers of SSD-fed
mice is due to preferential outgrowth of tissue-resident cells
rather than ingress from the periphery.

Last, we wanted to determine whether NKG2D stimulation of
hepatic γδ T cells promotes their production of IL-17A. We
found that nearly all γδ T cells that produce IL-17A also express
NKG2D on their surface. Moreover, the total fraction of NKG2D-
expressing γδ T cells in the liver significantly increased in response
to SSD feeding (Fig. 6G). Next, we stimulated γδ T cells in vitro with
agonistic antibodies against NKG2D, CD3ε, or both simultane-
ously. We observed that NKG2D only promoted IL-17A production
when stimulated in concert with the TCR (Fig. 6, H and I). This
synergistic effect was not observed in γδ T cells derived from
Klrk1−/− mice, indicating that NKG2D potentiates a TCR-mediated
signal to drive cytokine production (Fig. 6I). To confirm these ob-
servations in vivo, WT and Klrk1−/− mice were placed on an NCD
or SSD for 2 weeks, and IL-17A production was measured after in
vitro restimulation of hepatic γδ T cells with PMA/ionomycin.
Whereas WT cells showed a strong increase in the number of γδ
T cells producing IL-17A upon SSD feeding, Klrk1−/− mice
showed no differences in cytokine output (Fig. 6J). The absolute
number of γδ T cells in the liver was not affected by NKG2D defi-
ciency (fig. S6P). Thus, NKG2D stimulates IL-17A production by
tissue-resident γδ T cells in the context of MAFLD.

NKG2D signaling drives inflammation in the context
of NASH
To gain more insight into the inflammatory processes mediated by
NKG2D during development of NASH, we first analyzed the kinet-
ics of hepatic immune cell populations in response to SSD feeding.
We noticed that the NASH-inducing diet caused an increase of
immune cells in three waves. Within 2 weeks after initiating
feeding, NK cells and γδ T cells increased and remained higher
during the entire 16-week period of feeding (Fig. 7A). The
numbers of NKT cells remained comparable between SSD- and
NCD-fed mice in the entire experiment. About 4 weeks after the
initiation of feeding, we observed a second wave of immune cells
infiltrating the liver, dominated by F4/80Bright, proinflammatory
macrophages, and, to a lesser extent, neutrophils and eosinophils
(Fig. 7A). Third, at around 8 weeks of feeding, CD8+ T cell
numbers increased, which agrees with other murine models for
NASH (4). CD4+ T cell and B cell populations remained mostly un-
affected by SSD feeding (Fig. 7A). These findings suggest that SSD-
induced liver inflammation is initiated by a wave of innate-like lym-
phocytes, which drives recruitment of myeloid cells and ultimately
promotes the accumulation of CD8 T cells.

Our RNA-sequencing data indicated that IL-17A promotes che-
mokine production by liver cells (Fig. 5C), which may explain how
innate-like lymphocytes initiate the second wave of myeloid cells.
To confirm this finding, primary hepatocytes were stimulated in
vitro with IL-17A, and chemokine expression was determined by
quantitative polymerase chain reaction (qPCR). We observed that
in response to stimulation, hepatocytes induced expression of the
chemokines CXCL1 and CXCL2 and, to a lesser extent, CCL2
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Fig. 7. NKG2Dmediates myeloid cell recruitment in the context of NASH. (A) WT mice were fed with an NCD or SSD, and at the indicated times hepatic immune cell
numbers were quantified by flow cytometry (n = 6 to 10). (B) Primary hepatocytes were cultured with or without IL-17A, and expression of indicated chemokines was
determined by qPCR (n = 6). (C) WT mice were fed an NCD or SSD for 4 weeks, and the levels of CCR2 and CXCR2 expression on indicated myeloid cell populations were
measured by flow cytometry. (D) WT and Klrk1−/− mice were fed for 4 weeks with an NCD or SSD. Hepatic leukocytes of the myeloid lineage were quantified by flow
cytometry (n = 10). Representative plots are gated for CD11b+F4/80+ cells. (E) WT and Klrk1 −/−micewere fed an SSD for 3 weeks, and the total transcriptome of liver tissue
was analyzed by RNA sequencing. Expression of indicated genes associated with inflammation (n = 3 to 5). (F) WT and Klrk1−/− mice were fed an SSD for 4 weeks, and
hepatic leukocytes were restimulated in vitro with PMA/ionomycin for 4 hours. Production of indicated cytokines was measured by flow cytometry (n = 9 or 10). Rep-
resentative FACS plots are gated for monocyte/MDM populations. Numbers represent the percentage of cytokine-producing cells. The data are representative of one
experiment using three to five biological replicates (E), two pooled experiments (B, D, and F) or at least two independent experiments (A and C). Shown are means ± SEM.
Statistical significance was determined by ANOVAwith Bonferoni posttesting (D and F) or by unpaired t test (A, C, and E). Statistical significance was defined as *P < 0.05,
**P < 0.01, and ***P < 0.001. DCs, dendritic cells.
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(Fig. 7B), which are potent recruiters of proinflammatory cells of
the myeloid lineage (42). CXCR2 is the receptor for CXCL1 and
CXCL2, whereas CCR2 is the receptor for CCL2. We observed
that CXCR2 was highly expressed on hepatic neutrophils, whereas
CCR2 could be detected on monocyte-derived macrophages
(MDMs), monocytes, and macrophages, independent of the diet
(Fig. 7C). Most lymphocytes did not express either receptor (fig.

S7A). In accordance with the expression profile of these two chemo-
kine receptors, we observed that the absolute number and percent-
age of neutrophils and Ly6C+ monocytes/macrophages increased in
response to SSD feeding (Fig. 7D and fig. S7, B to D). The increase of
most of these populations in response to SSD feeding was consid-
erably less in animals deficient for NKG2D (Fig. 7D and fig. S7, C
and D).

Fig. 8. IL-17A+Roryt+ γδ T cells in blood are a potential noninvasive biomarker for human NASH. (A) WT mice were fed with an NCD or SSD diet. At indicated time
points, blood leukocytes were restimulated in vitro with PMA/ionomycin, and IL-17A production by γδ T cells was measured by flow cytometry (n = 5). (B and C) Human
patients with MAFLD were analyzed for liver stiffness (LSM) by US measurement. Next, their PBMCs were restimulated in vitro with PMA/ionomycin, and γδ T cells were
analyzed by flow cytometry. (B) Correlation between LSM (an indicator of fibrosis) and IL-17A production by γδ T cells (n = 18). (C) Correlation between LSM and RORγt
expression by γδ T cells (n = 18). Shown are means ± SEM. Statistical significance was determined by unpaired t test (A) or by linear regression (B and C). Statistical
significance was defined as *P < 0.05, **P < 0.01, and ***P < 0.001.
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Last, we analyzed whether the inflammatory environment was
affected by NKG2D deficiency. Total transcriptome analysis of
total liver lysates of WT and Klrk1−/− mice after 3 weeks of SSD
feeding showed a marked decrease in genes associated with IL-6
regulation (fig. S7E), a cytokine that has been associated extensively
with NASH (43). In addition, gene expression of several proinflam-
matory cytokines associated with NASH, including IL-1β, were
notably reduced in the livers of SSD-fedKlrk1−/− animals compared
withWT controls (Fig. 7E).We therefore analyzed whether NKG2D
deficiency affected production of these proinflammatory cytokines.
SSD feeding resulted in a substantial increase of both IL-6 and IL-1β
production by monocytes and MDMs. Production of these cyto-
kines was appreciably reduced in animals deficient for NKG2D
(Fig. 7F and fig. S7E). In summary, NKG2D signaling is required
for liver inflammation in the context of MAFLD and promotes
proinflammatory cytokine production by myeloid cells.

IL-17A+Rorγt+ γδ T cells in blood are a noninvasive
biomarker for human MAFLD
Few reliable biomarkers for NASH are currently available, especially
during the early phases of the disease. The gold standard for diag-
nosis is a liver biopsy, which is an invasive procedure with a high
chance of complications (2). We wanted to investigate whether
changes in the immunological profile of hepatic immune cells asso-
ciated with NASH can be detected in the blood.Micewere placed on
an SSD, and IL-17A production by γδ T cells isolated from the
blood was determined after in vitro restimulation. We observed a
significant increase in IL-17A–producing γδ T cells in the blood 2
weeks after initiation of feeding (P = 0.0296), which closely mir-
rored their phenotype in the liver (Fig. 8A and fig. S8A). In contrast,
IFN-γ and TNF production were not affected in these cells (fig.
S8A). The increased IL-17A production by γδ T cells in the blood
was retained over a period of 16 weeks of SSD feeding (Fig. 8A), in-
dicating that it is a potential marker for metabolic stress in the liver
in the context of NASH.

To determine whether a similar profile could be detected in
humans, blood was isolated from patients in whom MAFLD was
confirmed by ultrasound (US) techniques. We observed a marked
increase in IL-17A production by blood γδ T cells. This value pos-
itively correlated with the severity of liver stiffness [liver stiffness
measurement (LSM); Fig. 8B], which is a surrogate marker of fibro-
sis (44). A similar correlation was observed between liver stiffness
and γδ T cells expressing the transcription factor Rorγt (Fig. 8C).
In contrast, LSM did not correlate with either the total frequency
of γδ T cells or with the frequency of TH17 cells and IL-17A–pro-
ducing MAIT cells in the blood of patients (fig. S8, B and C). Al-
though they are not the dominant source of cytokines in
circulation, these findings indicate that IL-17A production by γδ
T cells best represents the inflammatory status of liver inflammation
measurable in blood and has the potential to be a reliable noninva-
sive biomarker for NASH in humans.

In summary, metabolic stress of liver cells is sensed by tissue-res-
ident ILTs such as γδ T cells through the NKG2D receptor. In re-
sponse, they produce IL-17A, which licenses hepatocytes to produce
chemokines that recruit proinflammatory cells and mediate inflam-
mation and fibrosis (fig. S8D).

DISCUSSION
MAFLD affects about one-quarter of the global adult population,
yet its impact on public health has long remained unrecognized
(45). The transition of MAFL to NASH marks the initiation of a
process that may lead to fibrosis, loss of liver function, and death
(2). Elucidation of how this process is mediated is therefore of
great clinical importance. Here, we found that hepatocytes up-reg-
ulate surface expression of NKG2D-Ls after lipid accumulation.
This signal of metabolic stress is detected by tissue-resident ILTs
and drives their production of IL-17A. Hepatocytes are licensed di-
rectly by IL-17A to produce chemokines that recruit proinflamma-
tory cells into the liver, leading to development of NASH and
fibrosis. Deficiency of NKG2D, γδ T cells, or the IL-17A receptor
on hepatocytes could prevent inflammation and fibrosis while not
affecting steatosis.

The transition of MAFL to NASH was proposed to require mul-
tiple instigators, such as oxidative stress, fat accumulation, and a mi-
crobiome imbalance (2). How these factors are translated into a
signal that activates the immune systemwas unclear. Previously, mi-
crobiota-derived lipid antigens were shown to be important for
MAFLD-induced expansion of γδ T cells in the liver, yet how
these cells were subsequently activated was unclear (11, 13). Our
findings indicate that lipid accumulation, most notably of cholester-
ol, leads to induction of NKG2D-Ls and activation of γδ T cells.
How cholesterol drives metabolic stress is unknown but may
involve liver X receptors (LXRs). LXRs are transcription factors
that are activated in response to high cholesterol levels and
mediate oxysterol metabolism (46). Agonists of these receptors
were shown to induce expression of the NKG2D-Ls MICA and
MICB in human cells (46). Reverse agonists of LXRs have a benefi-
cial impact on systemic lipid metabolism and liver pathology in
context of MAFLD, and several of these compounds have been
tested in clinical trials (47, 48). We cannot exclude that SSD
feeding mediates activation of immune cells at other sites such as
adipose tissue, which was shown to mediate IL-17A production in
tissue-resident γδ T cells (37). Nevertheless, our finding that IL-17A
receptor deficiency on hepatocytes does ameliorate pathology sug-
gests that this cytokine primarily mediates its effect on the liver.

A hallmark of MAFLD is the formation of IL-17A–mediated
type 3 inflammation, which is a driving force behind the pathogen-
esis of NASH and HCC (7, 12, 49–53). A recent study showed that
the steatotic liver microenvironment gives rise to proinflammatory
CXCR3+ TH17 cells, which produce elevated levels of IL-17A and
TNFα (54). However, TH17 cells are typically only formed later
during the immune response, and the signal that initiates
immune polarization in MAFLD was left unexplored. Our findings
indicate that in MAFLD, NKG2D-Ls are the primary signal that
communicates loss of tissue homeostasis to intraparenchymal
ILTs, which produce IL-17A to initiate type 3 inflammation. IL-
17A predominantly targets nonhematopoietic cells, including hepa-
tocytes (42, 55). IL-17A receptor deficiency on hepatocytes did not
protect animals from developing fibrosis to the extent seen in
Klrk1−/− mice, suggesting that additional factors are induced by
NKG2D engagement. Recently, granulocyte-macrophage colony-
stimulating factor (GM-CSF) was shown to be important for devel-
opment of fibrosis in animal models of NASH, and γδ T cells can
produce high levels of this cytokine (12, 56). Whether γδ T cell–
derived GM-CSF is also important for development of SSD-
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induced liver fibrosis is currently unclear. Nevertheless, production
of chemokines that attract myeloid cells to the infected or injured
site is the hallmark of IL-17A signaling (42, 57). Deficiency of this
cytokine or its signaling components results in decreased hepatic
accumulation of myeloid cells in models of NASH (6, 51). Our find-
ings indicate that NKG2D-induced IL-17A production directly li-
censes hepatocytes to produce CXCL1, CXCL2, and CCL2, which
were previously shown to be crucial for neutrophil accumulation,
HSC activation, and fibrosis in NASH (58, 59). Thus, our study elu-
cidates the first step in metabolic stress–induced type 3 liver
inflammation.

NKG2D is classically associated with type I immune responses
against viruses and tumors, whereas we now show that this receptor
drives IL-17A production. NKG2D is expressed on NK cells and
antigen-experienced CD8 T cells and NKT cells, and their engage-
ment of its ligands leads to the production of IFN-γ, an archetype
TH1 cytokine (19, 20, 35). These immune cells are also present in the
liver, and it was therefore unexpected that NKG2D-L induction by
hepatocytes only activates a subset of ILTs specialized in the produc-
tion of IL-17A. However, TH1- and TH17-type NKG2D+ immune
cells are found at different sites in the liver. NK cells and NKT
cells are predominantly present in the liver sinusoids and will there-
fore most efficiently respond to incursions such as viral infections,
which target the endothelium of the liver blood vessels and cells
located within the space of Diss (60). Our findings indicate that
hepatic γδ T cells are present in the parenchyma of the liver and
are therefore the first responder to signals coming from hepatocytes.
Also, in human tissues, most IL-17A+ cells of patients with NASH
appeared to be in direct contact with hepatocytes. Thus, the location
of NKG2D-Ls appears crucial for the way in which the consequent
immune response polarizes.

In summary, our study identifies a key mechanism for the tran-
sition fromMAFL to NASH in patients with metabolic liver disease
and has great potential as a therapeutic target for the treatment of
MAFLD. In addition, the frequency of IL-17+RORγt+ γδ T cells in
the blood of patients with MAFLD positively correlated with US-
based techniques for the quantification of fibrosis. Measurement
of these cells in people with MAFLD therefore has great potential
as a noninvasive marker for the diagnosis of NASH.

MATERIALS AND METHODS
Study design
The goal of this study was to identify the mechanism via which he-
patocytes communicate metabolic stress to the immune system and
initiate the inflammation that marks the transition of MAFL to
NASH. To this end, we generated a new dietary model to induce
NASH in mice and analyzed changes in immune cell subsets after
feeding. Sample size was determined by a power analysis based on
previous experiments pilot studies. We assumed a power of 85%, a
within-group variation of 20 to 30%, and a between-group differ-
ence of 50 to 100%. A 95% confidence interval was considered stat-
istically significant. Dependent on the parameter, group sizes per
experiment were four to eight animals. A similar power analysis
was performed for experiments using human samples, which dictat-
ed the use of at least 16 samples. All data that were collected were
also included in the analysis. Each experiment was performed at
least twice under the same conditions. Experiments were blinded

as much as possible through assignment of groups by people that
were not further involved in the experiments.

Patients
Patients were included at the NAFLD polyclinics at KBC Rijeka. All
patients were over 18 years of age and signed an informed consent
before inclusion. All patients were subjected to laboratory analysis,
abdominal US, and transient elastography (TE) measurements
using a FibroScan 502 Touch (Echosense, Paris, France). Patients
with incomplete data; those who refused to undergo TE or US ex-
amination; those with frequent alcohol consumption (>20 g per day
for men and >10 g per day for women), other chronic liver diseases
(viral, metabolic, or autoimmune), or celiac disease; and those with
secondary causes of fatty liver such as drugs (amiodarone and ta-
moxifen) were excluded from the final analysis. In addition, active
malignancy, congestive heart failure and valvular heart disease, TE
failure, and pregnancy were additional exclusion criteria.

In all patients, TE examination after overnight fasting was done
by FibroScan, which was performed using M or XL probe by an ex-
perienced gastroenterologist. The examination was defined as valid
if there were ≥10 valid measurements with interquartile range–to–
median ratio of LSM ≤ 0.3. The diagnosis of liver steatosis was con-
sidered in patients with CAP ≥ 238 dB/m (61). Patients with LSM ≥
7 kPa were defined to have a high liver fibrosis (≥F2), whereas an
advanced fibrosis (≥F3) was considered if LSM was ≥9.6 kPa using
the M probe or ≥9.3 kPa using the XL probe. Last, patients with
LSM ≥ 11.5 kPa using the M probe or ≥ 11.0 kPa using XL probe
were defined as having cirrhosis. Cutoff values were previously
defined (62, 63). US-guided liver biopsies were done by an experi-
enced gastroenterologist.

The Clinical Hospital Rijeka Ethics committee approved this re-
search under number 003-05/15-2/60. Fresh biopsy material was
obtained by the Department of Pathology andMolecular Pathology,
University Hospital Zurich and was approved by the local ethics
committee (Kantonale Ethikkommission Zürich, KEK-ZH-No.
2013-0503). We conducted the research in accordance and agree-
ment with the International Conference on Harmonization guide-
lines on Good Clinical Practice and with the Declaration of
Helsinki.

Mice
Mice were strictly age and sex matched within experiments, held
under specific pathogen–free conditions, and handled in accor-
dance with institutional, national, and/or EU guidelines. Male
mice (8 to 12 weeks old) were fed ad libitum with an NCD
(SSNIFF) or an SSD enriched in fat [40% of calories derived from
animal fat (Bregi) and fructose (22% (SSNIFF)] and cholesterol [2%
(SSNIFF)]. Where indicated, mice were fed with either HFD, where
50% of calories were derived from pig fat (Bregi); HCD containing
2% of cholesterol (SSNIFF); or MCD purchased from SSNIFF. All
lines were kept as breeding colonies in the local animal facility in
Rijeka, Croatia, under specific pathogen–free conditions. All
animal experiments were done with approval from the University
of Rijeka Medical Faculty Ethics Committee and Croatian Ministry
of Agriculture, Veterinary and Food Safety Directorate, under
number UP/I-322-01/21-01/31.
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Cell isolation
Mice were euthanized by O2/CO2 intoxication followed by CO2 suf-
focation and perfused with phosphate-buffered saline (PBS). Livers
were collected and directly smashed through sieve or first cut into
small pieces and digested with collagenase IV (1 mg/ml; Sigma-
Aldrich) and deoxyribonuclease (2 mg/ml) in Hank’s balanced
salt solution (HBSS; with Ca2+/Mg2+) supplemented with 5% fetal
bovine serum (Sigma-Aldrich). The cell suspension was centrifuged
(500g for 5 min). The leukocytes in the pellets were isolated by gra-
dient centrifugation with 40 and 80% Percoll. Cells were collected,
washed with RPMI, and centrifuged. Pellet was incubated for 3 min
in ACK (ammonium-chloride-potassium; Sigma-Aldrich) buffer to
lyse erythrocytes and resuspended in 3% RPMI. Spleens were first
passed through a 70-μm cell strainer, washed with 3% RPMI, and
centrifuged. Blood was collected into an EDTA-containing tail vein,
and peripheral blood mononuclear cells (PBMCs) were isolated
with Lymphoprep (Serumwerk Bernburg) gradient centrifugation.
Hepatocytes used for subsequent fluorescence-activated cell sorting
(FACS) analysis were isolated by collagenase I perfusion in situ
through the portal vein and subsequent homogenization on mag-
netic stirrer. For the establishment of cultured primary hepatocytes,
livers were processed by the step collagenase perfusion as previously
described (64). In brief, mice were anesthetized with ketamine/xy-
lazine (Vetoquinol). Upon cannulation, mice were perfused via in-
ferior vena cava with prewarmed perfusion buffer [HBSS (Sigma-
Aldrich) supplemented with 25 mM Hepes (Sigma-Aldrich) and
0.5 mM EDTA (VWR Life Sciences)] until bleaching of the liver
was achieved. Next, the perfusion buffer was omitted for digestion
buffer [HBSS with 25 mM Hepes and Liberase Research Grade (25
μg/ml; Sigma-Aldrich)]. In situ digestion was followed by the diges-
tion in the petri dish with Williams E medium (PAN Biotech). The
liver sack was ruptured with forceps along the surface, and cells were
released using a cell scraper and then strained through a sieve. Sep-
aration of live primary hepatocytes was achieved by centrifugation
in Percoll. Pellet was resuspended inWilliams Emedium and plated
in six-well plates. Primary murine hepatocytes were stimulated by
either 200 μmol of oleic acid (Sigma-Aldrich), cholesterol (200 μg/
ml; SSNIFF), 25 mM fructose (SSNIFF), and/or IL-17A (25 μg/ml;
PreproTech) in 10% Williams E medium. Cells were treated for 48
hours and analyzed by qPCR or confocal microscopy. Human
PBMCs were isolated from peripheral blood by density gradient
centrifugation using Histopaque 1077 Density Gradient Medium
(Sigma-Aldrich, St. Louis, USA).

Flow cytometry
Cells were stained and analyzed in PBS containing 1% bovine serum
albumin (BSA) and NaN3 and pretreated with Fc block (clone
2.4G2, produced in-house at the University of Rijeka). Fixable via-
bility dye eFluor 780 (eBioscience) was used to exclude dead cells.
For intracellular staining, cells were stimulated for 4 hours in vitro
with PMA and ionomycin (Sigma-Aldrich) supplemented with bre-
feldin A (eBioscience) or GolgiPlug andGolgiStop (both 1:1000; BD
Biosciences). For specific stimulation of γδ T cells through recep-
tors, 96-well microtiter plates were precoated with αNKG2D (MI-
6) and 145-2C11 hybridoma supernatant containing αCD3 was
added in the stimulation mixture containing brefeldin A and
αCD3-PE-eFluor 610. Permeabilization and fixation of cells was
done with the Fix/Perm kit (BD Biosciences). Bodipy493/503 (BD)
staining was used according to manufacturer’s protocol to assess

relative lipid content in cells. Staining of nuclear proteins (T-bet,
eomes, and ROR-γt) was done with the FoxP3 staining buffer set
(eBioscience). BrdU labeling and staining were performed accord-
ing to the BrdU flow kit instructions (BD Biosciences). Most flow
cytometry experiments were done on a FACSverse or FACSaria (BD
Biosciences) orMACSQuant Analyzer 16 (Mitenyi Biotec). Human
liver leukocytes were measured on 5L Cytek Aurora (Cytek). Dead
cells and doublets were excluded from the analysis using SSC-A/H,
FSC-A/H, and a fixable viability kit (LIVE/DEAD Blue, Thermo
Fisher Scientific). FCS files were analyzed using FlowJo (TriStar)
software.

Histology
For immunohistology, tissues were fixed in 4% formalin for at least
48 hours, dehydrated, and paraffin embedded. Sections (2 μm) were
cut and deparaffinized, and antigen retrieval was performed by
using 1 M sodium citrate buffer or a tris-EDTA (pH = 9) buffer.
Sections were blocked with goat serum and then incubated with
primary antibodies overnight at 4°C. After endogenous peroxidase
block using 0.3% H2O2, slides were incubated for 1 hour with sec-
ondary antibody. Staining was visualized with DAB (Dako) and
brief hematoxylin counterstaining. Collagen deposition was detect-
ed with Sirius red staining on deparaffinized slides stained with a
0.1% Picro-Sirius red solution (Sigma-Aldrich, USA) for 1 hour.
Slides were washed in acidified water, dehydrated, and mounted
with Entellan (Sigma-Aldrich, USA). Basic structural parameters
were observed on slides stained with hematoxylin and eosin. Stain-
ings were quantified using ImageJ software [National Institutes of
Health (NIH)] or by scoring of blinded samples by an expert pathol-
ogist according to established definitions (65). Immunopathology
was quantified by adding the scores of infiltration foci, cysts, and
granulomas per vision field (200× magnification). For immunoflu-
orescence, liver slides were deparaffinized, and antigen retrieval was
performed using tris-EDTA buffer. Sections were blocked with 3%
BSA for 1 hour at room temperature. Subsequently, sections were
incubated overnight with primary antibodies [Ki67 (Invitrogen)
and CD45 (Cell Signaling)]. Secondary antibodies were incubated
for 1 hour at room temperature (RT), nuclei were counterstained
with 50 40,6-diamidino-2-phenylindole incubation, and slides were
mounted with Mowiol 4-88. For confocal microscopy, primary
murine hepatocytes were fixed in 4% paraformaldehyde (PFA) for
15 min at RT. Cells were washed twice with PBS and permeabilized
for 5 min using 0.1% Triton-X 100. Cells were washed two times
with PBS and incubated with Bodipy493/503 (1.25 μg/ml; BD Bio-
science) for 30 min. Cells were washed twice with PBS and analyzed
at RT with a Leica TCS SP8 confocal laser scanning microscope
using an HC PL APO 40×/1.30 OIL CS2 objective and LasX acqui-
sition software (version 3.5.6.21594) without gamma adjustments.

Quantitative PCR
RNAwas isolated from primary murine hepatocytes using Nucleo-
ZOL (MACHEREY-NAGEL) according to the manufacturer ‘s pro-
tocol, and complementary DNA was generated with a reverse
transcription core kit (Eurogentec). The expression of mRNA was
examined by quantitative PCR with a 7500 Fast Real Time PCR
machine (ABI). The relative mRNA expression was normalized by
quantification of hypoxanthine-guanine phosphoribosyltransferase
(HPRT) housekeeping gene in each sample.
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RNA sequencing
Total RNA of liver samples was extracted using the Qiagen RNeasy
Micro Kit according to the manufacturers’ protocol. Sequencing of
100-bp single reads was done on Illumina Novaseq 6000 (Illumina
Inc., CA, USA) at the Functional Genomics Center Zurich. The
library was prepared with the Illumina Truseq Total RNA protocol.
The resulting raw reads were evaluated for their quality by using
FastQC and subsequently mapped to the mouse genome build
GRCm39 using STAR aligner. FeatureCounts was used to quantify
the read counts per gene based on GENCODE gene annotation
version M26. Differences in gene expression levels between
sample groups of interest were calculated as log2 fold changes
using DESeq2, and genes exhibiting a false discovery rate–adjusted
P value <0.05 and absolute fold changes > 1.5 were considered sig-
nificant. Hypergeometric overrepresentation analysis based on gene
ontology was applied to log-transformed and normalized counts
using the clusterProfiler package. RNA-sequencing data were de-
posited at the Gene Expression Omnibus database of National
Center for Biotechnology Information under identifier GSE200482.

ELISA
Serum samples were obtained from NCD- and SSD-fed mice, and
concentrations of HMGB1 protein were determined by commercial
HMGB1 enzyme-linked immunosorbent assay (ELISA) colorimet-
ric kit (Novus Biologicals) according to the manufacturer’s proto-
col. Plates were analyzed using a Mithras LB940 ELISA plate reader
(Berthold Technologies).

In vivo experiments
VATectomy was done as previously described (27). Briefly, mice
either underwent sham operation or had peri-epididymal fat pad
removed (VATectomy). After 2 weeks, mice were placed on an
NCD or an SSD diet for 16 weeks. For adoptive transfers, WT
(CD45.2) mice were NCD or SSD fed. After 14 days, animals were
injected intravenously with 5 × 105 hepatic lymphocytes from NCD
(CD45.1)– and SSD (CD45.1/2)–co-fed animals, mixed in a 1:1
ratio. Twenty-four hours after transfer, the ratio of donor cells in
liver and spleen were determined by flow cytometry. For homing
experiments, WT (CD45.1) mice were NCD or SSD fed for 2
weeks and injected intravenously with 5 × 105 hepatic leukocytes
from WT (CD45.1/2) and Klrk1−/− (CD45.2) SSD–co-fed
animals, mixed in a 1:1 ratio. After 24 hours, the ratio between
WT and Klrk1−/− CD3+TCRδ+ and CD3+TCRδ− cells was deter-
mined in spleens and livers by flow cytometry. For NK1.1 depletion
experiment, mice were weekly treated with intraperitoneal injection
of InVivoMAb anti-mouse NK1.1 (clone PK136). After 16 weeks of
NCD and SSD feeding, PBS-injected control mice and anti-mouse
NK1.1–treated mice were euthanized, and fibrosis/steatosis was de-
termined as previously described. Labeling of circulating γδ T cells
was performed using the intravenous injection of biotin-labeled
anti-mouse CD45 antibody (clone 30-F11) (2 μg per mice). Mice
were euthanized 5 min after intravenous injection, and livers were
perfused and analyzed using flow cytometry as previously
described.

Lipidomics
Lipidomic analysis was performed in collaboration with EMBLMe-
tabolomics Core Facility (Heidelberg, Germany). Lipid and fatty
acid extraction from blood and livers was performed according to

the protocol (PMID: 24820162). Liquid chromatography–tandem
mass spectrometry (LC-MS/MS) analysis was performed on a Van-
quish UHPLC system coupled to an Orbitrap Exploris 240 high-res-
olution mass spectrometer (Thermo Fisher Scientific, MA, USA) in
negative and positive electrospray ionization mode.

Statistics
Figures represent means and SEM (depicted by error bars). To
analyze statistical significance, we used either Student’s t test,
Mann-Whitney’s U test, one-way analysis of variance (ANOVA),
with Bonferroni’s posttest correction for multiple comparisons, or
simple linear regression. P values of <0.05 (*P < 0.05, **P < 0.01, and
***P < 0.001) were considered statistically significant.
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Figs. S1 to S8
Table S1
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