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ABSTRACT
Background and Aims: Innate lymphoid cells (ILCs) play pivotal roles in inflammation and fibrosis, which are key features 
of chronic liver diseases. The contribution of group 1 ILCs, including natural killer (NK) cells and helper-like ILC1s, to liver 
inflammation during steatohepatitis and metabolic dysfunction-associated steatotic liver diseases (MASLD) is still a matter of 
debate and requires further investigation.
Methods: We engineered a mouse model of specific deficiency of CD44 in group 1 ILCs and challenged mice with diet-induced 
obesity and MASLD or diet-induced steatohepatitis. We performed in vitro studies and co-cultured LPS-stimulated liver NK cells 
with hepatocytes and macrophages to analyse the inflammatory response.
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Results: As group 1 ILCs expressed the cell surface molecule CD44, its specific targeting was used to investigate if CD44 could 
affect the development of liver inflammation. Here, we found that CD44 deficiency in group 1 ILCs was sufficient to decrease the 
absolute number of hepatic NKp46+ ILCs, NK cells and ILC1s in chow diet and in response to diet induced-MASLD or steatohep-
atitis. CD44 deficiency in group 1 ILCs aggravated liver complications by exacerbating hepatic injury, inflammation, and fibrosis, 
which was also associated with inflammatory and osteopontin+ macrophages accumulation. The absence of CD44 in NK cells 
enhanced their inflammatory phenotypes in response to LPS, which in turn triggered release of pro-inflammatory mediators by 
hepatocytes and macrophages.
Conclusions: Our findings reveal a novel role for CD44 in regulating the dynamics of group 1 ILCs, which in turn affects stea-
tohepatitis and MASLD development.

1   |   Introduction

Metabolic dysfunction-associated steatotic liver disease 
(MASLD) is the leading cause of chronic liver disease, with an 
alarming worldwide increase in prevalence [1]. These liver ab-
normalities range from hepatic steatosis, defined by lipid accu-
mulation in hepatocytes, to metabolic dysfunction-associated 
steatohepatitis (MASH). The chronic inflammatory status and 
elevated liver injury associated with MASH are key players in 
its progression to more severe liver abnormalities such as fibro-
sis/cirrhosis and hepatocellular carcinoma [2, 3]. Extra-hepatic 
inflammation (e.g., gut and adipose tissue) is involved in the 
changes in liver immune cell composition and activity related 
to the chronic inflammation that leads to MASLD progression. 
Numerous immune cells and reactions have been identified 
as drivers of this inflammation, although the role of ILCs and 
their regulation remain poorly understood [2, 3].

Innate lymphoid cells (ILCs) are part of innate immunity and 
are well equipped to quickly respond to local injury and shape 
immune responses, as well as maintain epithelial integrity and 
tissue repair [4]. ILC subsets are defined as the innate coun-
terparts of T lymphocytes and consist of a family of cells di-
vided into 5 subsets, namely, Natural Killer (NK) cells, ILC1s, 
ILC2s, ILC3s and lymphoid tissue-inducer cells (LTi) [5–8]. 
Most of them are cytokine producers and tissue-resident cells 
except for circulating cytotoxic NK cells [9]. Accumulating 
evidence indicated that cellular metabolism (glycolysis, ox-
idative respiration, fatty acid oxidation) is required for the 
activation of NK cells [10]. During the course of an immune 
response, NK cells undergo metabolic reprogramming that 
supports their functions, and this is greatly influenced by the 
environment, as recently demonstrated during diseases such 
as cancer, infection or obesity [3, 11, 12]. NK cells and ILC1s 
share expression of several markers, such as the activating re-
ceptor NKp46 [13]. These cells play important roles in host 
protection against pathogens and tumours and were recently 
implicated in metabolic disorders [3]. In the liver, the contri-
bution of NKp46+ cells to the onset and progression of hepatic 
abnormalities in diet-induced MASLD is a matter of debate, 
presumably due to their phenotypical and functional hetero-
geneity [13–15]. To propose new therapeutic targets against 
steatohepatitis, we previously identified cluster of differenti-
ation 44 (CD44) as a key player in regulating hepatic inflam-
mation during chronic liver diseases. CD44 is a cell-surface 
glycoprotein involved in cell–cell interactions, cell adhesion, 
migration, activation and is mainly expressed on immune 
cells such as T cells, macrophages and neutrophils [16–18]. 

It also contributes to leukocyte recruitment to inflammatory 
sites, and its targeting can limit the inflammatory response 
[19]. The role of CD44 in the physiology of T lymphocytes and 
macrophages is becoming better understood [20–23]. In this 
way, we recently showed that, using a mouse model of diet-
induced MASH and alcohol-related liver disease (ALD), tar-
geting CD44 (deficiency or antibody neutralisation) partially 
corrects MASH and improves liver inflammation in ALD by 
reducing macrophage activation and neutrophil mobilisation 
and functions, respectively [17, 18]. However, the relative con-
tribution of other CD44+ liver cells, including ILCs, to the 
development and progression of MASLD remains elusive, as 
does its contribution to ILC behaviour. Determining whether 
targeting CD44 on ILCs is beneficial or detrimental in patho-
logical conditions could improve our understanding of the 
physiopathology of chronic liver diseases.

Here we investigated the dynamics of liver NKp46+ ILCs in 
mouse models of MASH and steatohepatitis. Given that CD44 
is crucial for the regulation of hepatic inflammation, we hy-
pothesised that CD44 could influence NKp46+ ILC behaviour 
and in turn, MASLD development. To address this issue, we 
generated a mouse model of NKp46-specific Cd44 deletion 
(Ncr1iCre/+ Cd44flox/flox) and found that hepatic NKp46+ ILC 
numbers are affected compared to littermate mice, with an in-
creased number of pro-inflammatory liver macrophages and 
aggravated liver injury and fibrosis upon diet-induced MASH 
challenge. Further, LPS treatment of NK cells enhances their 
metabolic and inflammatory status when CD44 is deleted, 
which in turn makes hepatocytes and macrophages more 
prone to produce inflammatory cytokines. Our data indicated 
that CD44 on NKp46+ ILCs may regulate their functions and 
responses involved in the crosstalk between liver cells during 
MASLD development.

2   |   Methods

2.1   |   Animals and Study Design

C57BL/6J/Rj wild-type, Ncr1iCre/+ CD44flox/flox and littermate 
control Ncr1+/+ Cd44flox/flox mice were acclimated under a 
12/12 h light/dark cycle at a temperature of 21° ± 2°C. We used 
male mice as they show more stable hormone levels than fe-
males, particularly regarding sex hormones. In addition, male 
laboratory mice are generally more susceptible to develop diet-
induced obesity and MASH [24–26]. Ncr1iCre/+Cd44flox/flox mice 
were obtained at Mendelian frequencies, developed normally 
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and were fertile. Littermate mice and CD44flox/floxNcr1Cre/+ 
male mice were fed ad libitum either a Western Diet (diet 
from Ssniff #S8926-E060 EF Western diet, +0.5% Cholesterol, 
custom-made) or chow diet (CD), with drinking water supple-
mented with 15% fructose for 10 or 24 weeks. Mice were also 
fed ad libitum either a methionine and choline-deficient diet 
(MCDD) or control diet (CD) for 2, 4, or 7 weeks (diets from 
Ssniff: #E15653-94 EF MCD | without Methionine/Choline, 
#E15654-04 EF CONTROL Methionine/Choline). Ncr1iCre 
mice were provided by Pr. E. Vivier (CIML, Marseille, France) 
and Cd44flox/flox mice were previously described [27, 28]. 
The sequence encoding ‘codon-improve’ iCre recombinase 
is inserted into the 3′ untranslated region of Ncr1 (which 
encodes NKp46). Ncr1iCre mice were bred with Cd44flox/flox 
to generate NKp46iCre/+ CD44flox/flox, NKp46+/+CD44flox/flox 
and NKp46iCre/+ littermates. C57BL/6JRj wild-type were pur-
chased from Janvier Labs (Le Genest-Saint-Isle, France). All 
mice were bred in our pathogen-free animal facility. The local 
ethics committee (CIEPAL n°28, Nice Côte d'Azur, France) 
approved the animal experiments.

2.2   |   Transaminases Analysis

Serum ALT levels were determined using standardised UV tests 
after activation and serum triglyceride levels were determined 
by enzymatic colorimetric assay (Roche-Hitachi analyser Cobas 
8000, Meylan, France).

2.3   |   Mouse Tissue Sampling and Preparation

When sampled, one part of the mouse liver was immediately 
frozen in liquid nitrogen and stored at −80°C until analy-
sis. Another part was fixed in buffered formalin, paraffin-
embedded, sectioned, and stained with Haematoxylin–Eosin. 
A third part was cut, homogenised, and crushed on a cell-
stainer (100 μm) and washed with RPMI 1640 medium. The 
cellular suspension was resuspended and centrifuged on a 
density cushion of Percoll (40% and 70%) at 780 g for 20 min at 
RT. FNP rings at the Percoll interface were collected and red 
blood cells were lysed with red blood cell lysis buffer (Sigma-
Aldrich) for 5 min at RT. Cells were centrifuged and cell pel-
lets resuspended in PBS EDTA (5 mM), FBS (3%). The success 

of the isolation was analysed by cell viability test (Trypan Blue 
exclusion test).

2.4   |   Flow Cytometry

Cell suspensions were incubated with purified anti-FcγRII/
III mAb blocking antibody before being stained at 4°C for 
10 min to block Fc receptors. Then, cells were stained with 
fluorochrome-coupled antibodies for 30 min at 4°C. The 
following conjugated antibodies were purchased from BD 
Biosciences, Biolegend and Thermo Scientific: CD3 (PerCy5.5, 
clone 145-2C11, 551 163, BD Biosciences), CD19 (PerCy5.5, 
clone 1D3, 551 001, BD Biosciences), CD11b (PE-Cy7, clone 
M1/70, 552 850, BD Biosciences), CD11c (APC, clone N418, 
17–0114-81, Thermo Scientific), CD44 (BV605, clone IM7, 
563 151, BD Biosciences), CD45 (APCe780, clone 30-F11, 
47–0451-82, Thermo Scientific), CD49a (A647, clone Ha31/8, 
562 113, BD Biosciences), CD49b (FITC, clone DX5, 553 857, 
BD Biosciences), CD335/NKp46 (e450, clone 29A1.4, 48–3351-
82, Thermo Scientific), F4/80 (FITC, clone BM8, 11–4801-
85, Thermo Scientific), Ly6G (PerCy5.5, clone 1A8, 560 602, 
BD Biosciences), Ly6C (BV421, clone AL-21, 562 727, BD 
Biosciences), CLEC2A (PE, clone 17D9, 146 104, Biolegend), 
TIM4 (PerCy5.5, clone RMT4-54, Thermo Scientific). IFN-γ 
(PE, clone XMG1.2, BD Biosciences) and Ki67 (PE, BD 
Biosciences) were detected after intracellular staining accord-
ing to the manufacturer's protocol. Isotype-matched control 
monoclonal antibodies were used to ensure the specific-
ity of the stainings. Stained cells were analysed on a FACS 
Canto II cytometer or on a Spectral Aurora cytometer. Flow 
cytometry data were analysed with FlowJo v10 (Treestar) or 
Cytek Spectroflow software. For the osteopontin intracellular 
(Alexa fluor 647) staining, we used the Prime Flow RNA assay 
(Life technology, 88–18 005-210 and PF-210, ASSAY ID VB1-
14709-PF) according to the manufacturer's protocol.

2.5   |   SCENITH

The liver isolated non-parenchymal fraction (NPF) was stim-
ulated for 5 h with LPS (1 μg/mL). Then the cells were washed 
with PBS and incubated with different metabolic inhibitors 
(deoxyglucose (DG), Oligomycin (O) or deoxyglucose + oligo-
mycin (DGO)). After 15 min, puromycin was added for 30 min. 
After the incubation period, the cells were washed with PBS 
and kept ready for flow cytometry staining. NK cells were 
targeted with the extracellular markers NKp46 and CD49b 
among CD45+ cells. Finally, intracellular staining was per-
formed to detect puromycin incorporation into the cells with 
anti-puro Alexafluor647 antibody (MERCK). Labelled cells 
were analysed on FACS Canto II cytometer. Flow cytometry 
data were analysed with FlowJo v10 software (Treestar).

2.6   |   NK Cell Expansion

Liver NK cells suspension was labelled with biotinylated anti-
bodies against non-NK cell lineage, and the unlabelled cell frac-
tion was enriched using Rapidspheres (StemCell Technologies), 
following the manufacturer's instructions. Isolated NK cells 

Summary

•	 Liver inflammation is a key event in the development 
and progression of metabolic dysfunction-associated 
steatotic liver diseases (MASLD).

•	 Our work highlights a change in the liver frequency of 
Natural Killer Cells (NK cells) and Type 1 innate lym-
phoid cells (ILC1s) during the development of meta-
bolic steatohepatitis (MASH).

•	 The cellular protein CD44 regulates their mobilisation 
and functions, with its specific deletion in NK cells 
and ILC1s aggravating liver abnormalities.

•	 Our research helps to understand the tight regulation 
of inflammation during chronic liver diseases.
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were expanded for 10 days in RPMI medium (supplemented 
with 10% SVF, Pen/Strep, L-Glutamine, pyruvate sodium and 
β-Mercaptoethanol) with IL15 (100 ng/mL). Every 4 days, a sur-
vival dose of IL15 (10 ng/mL) was added.

2.7   |   Liver NK Cells Stimulation

Expanded NK cells (1.106) were then stimulated with 1 μg/mL 
of LPS (Sigma) or with IL12 (20 ng/mL, Tocris) + IL18 (5 ng/mL, 
Tocris). The supernatant of LPS-stimulated NK cells was kept 
for hepatocyte stimulation, and the cells were then washed with 
PBS, and the pellet frozen until RNA extraction (RNeasy Mini 
Kit, Qiagen).

2.8   |   Primary Hepatocyte and Bone 
Marrow-Derived Macrophages Stimulation

As we previously described in Luci et al. [29], mouse hepato-
cytes were isolated with a two-step collagenase procedure. 
The cell suspension was then filtered and hepatocytes were 
pelleted after 2 centrifugations at 50 g for 5 min. Pelleted he-
patocytes were resuspended in 40% Percoll solution, centri-
fuged at 50 g for 5 min at room temperature and collected at 
the bottom of the tube. For cell adhesion, primary hepatocyte 
were cultured during 24 h in William's E medium. Then the 
supernatant was removed and the primary hepatocyte were 
stimulated during 24 h with the supernatant of NK cells stim-
ulated or not with LPS. Bone marrow macrophages were 
prepared as previously described [29] and stimulated during 
24 h with the supernatant of NK cells stimulated or not with 
LPS. The supernatant is kept for ELISA assay and the cells 
were then washed with PBS and frozen until ARN extraction 
(RNeasy Mini Kit, Qiagen).

2.9   |   ELISA Assay

For cytokine determination, culture supernatants were an-
alysed by ELISA assay kits for murine: IFNγ, IL6, TNFα, 
CXCL10 (R&D system) according to the manufacturer's 
instructions.

2.10   |   Real-Time Quantitative PCR Analysis

Total liver RNA was extracted using the RNeasy Mini Kit 
(74 104, Qiagen, Hiden, Germany) and treated with Turbo DNA-
free (AM 1907, Thermo Fisher Scientific Inc.) following the 
manufacturer's protocol. The quality and quantity of the RNA 
were determined using the Agilent 2100 Bioanalyzer with RNA 
6000 Nano Kit (5067–1511, Agilent Technologies, Santa Clara, 
CA, USA). Total RNA (1 μg) was reverse-transcribed with High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher 
Scientific Inc.). Real-time quantitative PCR was performed in 
duplicate for each sample using StepOne plus Real-Time PCR 
system (Thermo Fisher Scientific Inc.), as previously described 
[29]. Gene expression was normalised to the housekeeping 
gene RPLP0 (Ribosomal Phosphoprotein Large P0 Mouse) and 

calculated based on the comparative cycle threshold Ct method 
(2−ΔΔCt).

2.11   |   TaqMan Gene Expression Assay

Mouse TaqMan gene expression assays were purchased from 
ThermoFisher Scientific Inc.: B2m (Mm00437762_m1), Rplp0 
(Mm99999223_gH), Timp1 (Mm00441818_m1), Col1a1 
(Mm00801666_g1), Ccl2 (Mm00441242_m1), Itgax (Cd11c, 
Mm00498698_m1), Itgam (Cd11b, Mm01271265_m1), Cd44 
(Mm01277163_m1), Spp1 (Osteopontin, Mm01611440_
mH), Tgfb (Mm03024053_m1), Tnfa (Mm00443258_m), 
Csf2 (Mm99999059_m1), Ifng (Mm01168134_m1), Il6 
(Mm00446190_m1), Cxcl1 (Mm00433859_m1). Human TaqMan 
assays were also purchased from ThermoFisher Scientific Inc.: 
Eomesodermin (Hs00172872_m1), Cd44 (Hs00153304_m1).

2.12   |   Histology

Liver and gut tissue was fixed in 10% buffered formalin, em-
bedded in paraffin, sectioned (5 μm thick) and stained with 
either haematoxylin and eosin (H/E) or Sirius red. Specimens 
were evaluated under a light microscope with a charge-coupled 
device camera (Nikon) and transferred to a TV monitor on the 
C3M Imaging facility (part of Microscopy and Imaging platform 
Côte d'Azur, MICA). Histopathological features were observed, 
such as steatosis (lipid droplets quantification) and inflamma-
tory foci numeration in the liver. Fibrosis (percentage of colla-
gen positive area among total tissue section area) was quantified 
by polarised light analysis of tissue sections.

2.13   |   Statistical Analysis

Statistical significance was assessed using Prism software ver-
sion 7.0 (GraphPad Prism, San Diego, CA, USA). Depending on 
the data distribution, we used a Mann–Whitney test or pairwise 
multiple comparisons using two-way ANOVA with Benjamini 
correction. Correlations were analysed using the Spearman's 
correlation test.

3   |   Results

3.1   |   CD44 Deficiency in NKp46+ ILCs Negatively 
Affects Liver CD49b+ NK Cell and CD49a+ ILC1 
Numbers

As we previously reported that CD44 is a key actor of steatohepati-
tis by regulating the liver mobilisation and activity of myeloid cells 
in a context of MASLD and alcohol-related liver disease (ALD) 
[17, 18], we investigated whether CD44 could also influence the be-
haviour of NKp46+ ILCs. Liver NK cells and ILC1s were identified 
as CD49b+ CD49a− cells and CD49b− CD49a+ cells, respectively. 
As previously described, hepatic expression of the transcription 
factor eomesodermin helps to distinguish CD49b+ CD49a− NK 
cells from CD49b− CD49a+ ILC1s. NK cells and ILC1s also share 
expression of cell surface receptors such as NKG2A, NKG2D and 
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FIGURE 1    |    CD44 deficiency in NKp46+ ILCs affects liver NK cell and ILC1 numbers. (A) Representative flow cytometry dot plots showing fre-
quencies of liver CD49a+ ILC1s and CD49b+ NK cells after gating on CD45+ CD3− NKp46+ cells from WT naive mice (left panel). Representative 
histogram plots showing cell surface expression of CD44 on liver CD49a+ ILC1s (red line) and CD49b+ NK cells (blue line) after gating on hepatic 
CD45+ CD3− NKp46+ cells from WT naive mice. Numbers indicate mean fluorescence intensity. FMO: Fluorescence minus one + isotype control 
antibody (black dotted line) (right panel). (B) Representative histogram plots showing the expression level of CD44 in liver NK cells, ILC1s, ILC2s, 
ILC3s, and T cells of naive NKp46iCre/+CD44flox/flox mice compared to naive NKp46+/+CD44flox/flox and NKp46iCre/+ littermate mice. (C) Number of 
NKp46+ ILCs, NK cells, and ILC1s evaluated by flow cytometry in livers of NKp46+/+CD44flox/flox and NKp46iCre/+CD44flox/flox under a chow diet. 
(D) NKp46+ ILC, NK cell, and ILC1 number evaluated by flow cytometry in livers of NKp46+/+CD44flox/flox and NKp46iCre/+CD44flox/flox mice fed 
for 24 weeks with chow diet or Western diet. Histograms represent mean values ± SEM of pooled data from 2 to 3 independent experiments (n = 4–10 
mice/group). p values are indicated for two-way ANOVA analysis with Benjamini correction. Statistical significance was defined as p < 0.05.
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FIGURE 2    |     Legend on next page.
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produce IFN-γ, whereas KLRG1 and CD69 are preferentially ex-
pressed by NK cells and ILC1, respectively (Figure S1). We con-
firmed that NK cells and ILC1s expressed CD44, with a higher 
expression in ILC1s as previously reported (Figure 1A) [30, 31]. To 
address the role of CD44 in NKp46+ ILCs' physiology, we deleted 
Cd44 in NKp46-expressing cells by crossing Cd44flox/flox mice with 
Ncr1iCre/+ mice. As expected, liver NK cells and ILC1s failed to ex-
press CD44, while its expression remained unaltered in T cells, 
ILC2s and ILC3s in Ncr1iCre/+Cd44flox/flox mice compared to their 
littermate Ncr1+/+Cd44flox/flox counterparts (Figure 1B). This spe-
cific deficiency was also sufficient to decrease the absolute num-
ber of hepatic NKp46+ ILCs, NK cells and ILC1s on a chow diet 
(Figure 1C). These results indicate that our new mouse model of 
CD44 deficiency in NK cells and ILC1s represents a reliable model 
to study their contribution in chronic liver diseases.

3.2   |   CD44 Deficiency in NKp46+ ILCs Aggravates 
Liver Abnormalities Upon Western Diet Feeding

To evaluate the impact of CD44 deficiency in NK cells and ILC1s 
on liver diseases, we fed our knockout mice a Western Diet (WD) 
that promotes the development of obesity and MASLD. As in 
naive mice (Figure  1A), CD49b and CD49a were similarly ex-
pressed by NK cells and ILC1, respectively (Figure  S2A). The 
analysis of the dynamics of liver NK cells and ILC1s indicated 
that although the total number of NKp46+ ILCs per g of liver 
was identical between control diet mice and WD-fed mice, the 
number of ILC1s was increased in littermate Ncr1+/+Cd44flox/flox 
mice challenged with Western Diet (Figure 1D and Figure S2B). 
In Ncr1iCre/+Cd44flox/flox mice fed with Western Diet, we found a 
reduced number of NKp46+ ILCs, ILC1s, and NK cells compared 
to littermate Ncr1+/+Cd44flox/flox mice, as observed in chow diet 
(Figure  1D). This discrepancy was not associated with any dif-
ference in WD-induced weight gain between the two genotypes 
(Figure 2A). Next, we assessed the impact of these changes on the 
development of liver disease. Both genotypes developed hepatic 
steatosis to a similar extent after 24 weeks of WD (Figure  2B). 
However, we observed an aggravation of hepatic inflammation 
in WD-challenged Ncr1iCre/+Cd44flox/flox mice compared to litter-
mate mice, as evidenced by increased gene expression of inflam-
matory markers Spp1 (encoding osteopontin, one of the CD44 
ligands), Itgam (encoding for CD11b), Itgax (encoding for CD11c) 
and Tnfa, while Cd44 and Ccl2 expression also tended to increase 
(Figure  2C). This exacerbation of liver inflammation was also 
associated with greater liver injury (as evaluated by higher ALT 
activity levels) (Figure 2D) and hepatic fibrosis, as evidenced by 
augmented expression of the pro-fibrogenic marker Col1a1 and 

collagen deposits, while Timp1 and Tgfb expression also tended to 
increase (Figure 2E,F). Collectively, these data highlight the tight 
regulation of steatohepatitis by CD44-expressing NKp46+ ILCs.

3.3   |   CD44 Deficiency in NKp46+ ILCs Aggravates 
Liver Abnormalities in Response to Methionine 
and Choline Deficient Diet-Induced Steatohepatitis

We next investigated whether the absence of CD44 in NKp46+ 
ILCs could also accelerate the progression of liver complications 
in a context of methionine and choline deficiency. It has been 
well established that the methionine and choline deficient diet 
rapidly induces severe liver injury and inflammation. These 
local complications are independent of obesity and insulin resis-
tance. After 4 weeks of MCDD feeding, we observed an increased 
number of hepatic NKp46+ ILCs and NK cells in littermate mice 
as previously reported for wild-type mice (Figure 3A) [14, 32]. 
Further, Ncr1iCre/+Cd44flox/flox mice displayed a significant re-
duction in the absolute number of NKp46+ILCs, NK cells and 
ILC1s after 4 weeks of MCDD compared to Ncr1iCre/+Cd44flox/flox 
mice (Figure 3A). This reduction was likely due to CD4's role 
in proliferation control rather than a defect in circulating cell 
recruitment, as Ki67 staining, evaluated by flow cytometry, was 
decreased in NK cells from MCDD-fed Ncr1iCre/+Cd44flox/flox 
mice, while the CXCR3/CXCL10 axis was unaffected (Figures 3B 
and S3). Histological analyses did not reveal any difference in 
hepatic steatosis in MCDD-fed Ncr1iCre/+Cd44flox/flox mice com-
pared to MCDD-fed littermate mice (Figure  3C). Similarly to 
the WD mouse model, the absence of CD44 in NKp46+ ILCs 
aggravated liver inflammation and injury (as evaluated by the 
expression of inflammatory markers and ALT activity, respec-
tively) (Figure 3D,E), as well as liver fibrosis (as evaluated by fi-
brotic marker expressions and collagen deposits) (Figure 3F,G). 
Furthermore, we also showed that IFN-γ production was 
augmented in NK cells from Ncr1iCre/+Cd44flox/flox mice fed a 
MCDD, with preferential increase in their glycolytic capacity at 
the expense of oxidative phosphorylation, as evaluated by flow 
cytometry and the SCENITH method (Figure 4A,B) [33].

We next investigated whether such increased liver inflamma-
tion observed in MCDD-fed Ncr1iCre/+Cd44flox/flox mice was 
associated with changes in the composition of hepatic macro-
phage subsets known to participate in MASH pathogenesis. 
In line with this, the number of F4/80+ CD11bhigh CD11c+ in-
flammatory macrophages and CLEC2− TIM4− Osteopontin+ 
macrophages, a subset of recruited macrophages termed LAMs 
(Lipid-associated macrophages) that replace resident Kupffer 

FIGURE 2    |    CD44 deficiency in NKp46+ ILCs aggravates liver abnormalities after 24 weeks on Western Diet. (A) Body weight monitoring of 
NKp46+/+CD44flox/flox and NKp46iCre/+CD44flox/flox mice fed with chow diet or Western diet for 24 weeks. Statistics correspond to the comparison 
between Ncr1iCre/+ CD44flox/flox mice challenged with WD versus Ncr1icre/+ CD44flox/flox mice challenged with CD (*) and Ncr1+/+ CD44flox/flox mice 
challenged with WD versus Ncr1+/+ CD44flox/flox mice challenged with CD (#). (B) Haematoxylin and Eosin (H&E) staining of liver tissue sections 
and quantification of hepatic steatosis. (C) Hepatic mRNA expression levels of inflammatory associated markers evaluated by real-time quantita-
tive PCR. (D) Serum level of ALT activity. (E) Hepatic mRNA expression levels of fibrotic genes. (F) Representative Sirius red staining of liver tissue 
sections (left panel) and quantification of collagen area in tissue sections (right panel). All real-time quantitative PCR data are presented as relative 
mRNA expression levels normalised to the β2M mRNA level. Histograms represent mean ± SEM of pooled data from 2 independent experiments 
(n = 4–10 mice/group). p values are indicated for two-way ANOVA analysis with Benjamini correction. Statistical significance was defined as p < 0.05. 
*p < 0.05, **p < 0.001, p < 0.0001,#p < 0.05.
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FIGURE 3    |     Legend on next page.
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cells during MASH [17, 34] was increased in the livers of 
MCCD-challenged mice, with a more pronounced infiltration in 
Ncr1iCre/+Cd44flox/flox mice (Figure 4C,D). In addition, after WD 
feeding, the absence of CD44 in NKp46 cells is also associated 
with the increased recruitment of CLEC2− TIM4− osteopon-
tin+ macrophages to the liver as found upon MCDD challenge 
(Figure  S4). Overall, the MCDD mouse model reinforces the 
results obtained with the WD model in the regulation of liver 
inflammation by CD44-expressing hepatic ILCs.

3.4   |   The Lack of CD44 Predisposes the NK Cells to 
an Inflammatory Phenotype in Response to LPS

This aggravation of liver inflammation could be caused by the 
overactivity of CD44-deficient NK cells. It has been well estab-
lished that PAMPs, including LPS, are major regulators of he-
patic immune cell activation and sustained liver inflammation. 
First, we verified that liver NK cells express TLR4 by qPCR and 
by analysing a public database (Figure S5A). Next, we exposed 
enriched liver NK cells to LPS in  vitro and we analysed met-
abolic pathways, as well as cytokine and chemokine profiles 
(Figures  5A and S5B). We confirmed our in  vivo data show-
ing that liver CD44-deficient NK cells preferentially increase 
their glycolytic capacity in response to LPS at the expense of 
oxidative phosphorylation (Figure 5B). To further evaluate the 
activity of the CD44-deficient NK cells, we assessed their cy-
tokine and chemokine profiles. Enriched LPS-treated CD44-
deficient NK cells showed significantly higher expression of 
pro-inflammatory mediators including Ifng, Csf2 (GM-CSF) 
and Il6 compared to CD44-sufficient NK cells (Figure  5C,D, 
respectively). We confirmed that IFN-γ production is signifi-
cantly higher in LPS-treated CD44-deficient NK cells by ELISA 
(Figure  5C). Further, CD44 does not regulate IFNγ, TNFα 
and GM-CSF production after stimulation with IL12 + IL18 
(Figure S5C). Taken together, these findings suggest that CD44-
deficient NK cells are more sensitive to LPS and could contribute 
to the aggravation of hepatic necro-inflammation.

3.5   |   The Inflammatory Phenotype 
of CD44-Deficient NK Cells Enhances Production 
of Pro-Inflammatory Mediators by Hepatocytes 
and Macrophages

To validate that CD44-deficient NK cells contribute to the local 
inflammation and liver damage during steatohepatitis, we 
then investigated the direct effect of cytokines derived from 
LPS-treated NK cells on hepatocytes and macrophages in vitro 

(Figures  6A and 7A, respectively). Primary hepatocytes and 
bone marrow macrophages isolated from healthy mice were 
treated with the supernatant of LPS-treated CD44-deficient 
NK cells (SupNK-CD44KO) or LPS-treated CD44-sufficient NK 
cells (SupNK-WT). We showed that LPS-SupNK-CD44KO treatment 
increased the expression of pro-inflammatory mediators in-
cluding Tnfa, Il6 and Cxcl1 in primary hepatocytes and bone 
marrow macrophages (Figures 6B and 7B), and oxidative stress 
markers, including nos2 and gp91phox, in primary hepatocytes 
(Figure 6B). To note, the treatment of hepatocytes with LPS alone 
did not significantly increase the expression of these markers 
(Figure 6B). In addition, the secretion of the pro-inflammatory 
factors TNF-α, IL-6, and CCL2 by primary hepatocytes was en-
hanced in response to LPS-SupNK-CD44KO conditioned medium 
(Figure  6C). Collectively, these results suggest that CD44 is a 
novel regulator of LPS-dependent NK cell responses. Its absence 
in NK cells may contribute to the aggravation of local inflamma-
tion by amplifying the expression of pro-inflammatory media-
tors by NK cells, which in turn increase the release of additional 
inflammatory mediators by hepatocytes and macrophages, 
thereby favouring the progression of steatohepatitis.

3.6   |   Hepatic NK Cell Marker Is Associated With 
MASLD Features in Patients With Obesity

We then examined Cd44 and Eomesodermin expression, 
which helps to define also human hepatic NK cells, in human 
liver cells and their relationship to MASLD [35]. From Gene 
Expression Omnibus public database under accession number 
GSE192742, liver resident NK cells displayed an elevated expres-
sion level of Cd44 and Eomesodermin (Figure 6A) [36]. We also 
analysed hepatic expression of Cd44 and Eomesodermin in liver 
biopsies from patients with severe obesity who had undergone 
bariatric surgery. Patients were classified into 2 groups: without 
MASLD (n = 7) and with MASLD (n = 13), including 8 patients 
with hepatic steatosis and 5 with steatohepatitis (based on histo-
pathological features; Table S1). Hepatic expression of Cd44 and 
Eomesodermin was upregulated at the mRNA level in MASLD 
patients (Figure S6B). The upregulation of Eomesodermin also 
correlated with the hepatic expression of Cd44 (Figure  S6C). 
These results indicate that NK cells may also be involved in the 
development of liver complications in patients with obesity.

4   |   Discussion

It is now well established that chronic inflammation and activa-
tion of innate immune cells are essential features of MASLD. A 

FIGURE 3    |    CD44 deficiency in NKp46+ ILCs aggravates liver abnormalities after 4 weeks of Methionine and Choline Deficient Diet. (A) 
NKp46+ ILC, NK cell and ILC1 number evaluated by flow cytometry in livers of NKp46+/+CD44flox/flox and NKp46iCre/+CD44flox/flox mice fed for 
4 weeks with control diet (CD) or Methionine and Choline Deficient Diet (MCDD). (B) Ki67 staining evaluated by flow cytometry. (C) Haematoxylin 
and Eosin (H & E) staining of liver tissue sections and quantification of hepatic steatosis. (D) Hepatic mRNA expression levels of inflammatory 
associated-markers evaluated by real-time quantitative PCR. (E) Serum level of ALT activity. (F) Hepatic mRNA expression levels of fibrotic genes. 
(G) Representative Sirius red staining of liver tissue sections (left panel) and quantification of collagen area in tissue sections (right panel) in livers 
of NKp46+/+CD44flox/flox and NKp46iCre/+CD44flox/flox mice. All real-time quantitative PCR data are presented as relative mRNA expression levels 
normalised to the β2M mRNA level. Histograms represent mean values ± SEM of pooled data from 2 to 4 independent experiments (n = 8–19 mice/
group). p values are indicated for two-way ANOVA analysis with Benjamini correction. Statistical significance was defined as p < 0.05.
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FIGURE 4    |     Legend on next page.
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growing body of evidence indicates that innate lymphoid cells 
and, in particular, NK cells and ILC1s are important players in 
steatohepatitis pathogenesis [3, 37]. In this study, we demon-
strate that steatohepatitis is associated with increased hepatic 
NKp46+ ILC numbers in murine dietary models of MASH and 
steatohepatitis. We show that CD44 regulates the abundance 
of NKp46+ ILCs in liver tissue presumably by regulating their 
proliferation. Furthermore, the specific deletion of CD44 within 
NKp46+ ILCs aggravates liver inflammation and injury, as well 
as liver fibrosis, notably through the establishment of an inflam-
matory loop with hepatocytes and macrophages.

Our study reports that livers of CD44-deficient NKp46+ ILCs 
mice fed with MASH diets express higher levels of markers of 
macrophage recruitment/activation (cd11b, cd11c, ccl2, cd44, 
spp1). CD44 and osteopontin (spp1) are reliable markers of liver 
macrophages participating in MASH pathogenesis [17, 34]. 
Hepatic macrophage infiltration has been described in mouse 
dietary models of MASLD (high-fat diet (HFD) and MCDD) 
[34, 38–40]. The liver is comprised of liver-resident Kupffer cells 
(KC) and recruited monocyte-derived macrophages. It has been 
proposed that KC are the first responders upon liver injury, secret-
ing proinflammatory mediators such as TNF-α, CCL2, CXCL10 
and in turn leading to recruitment of monocyte-derived mac-
rophages and NK cells [32, 38, 41]. An elegant study accurately 
characterised the origin and dynamics of the distinct liver mac-
rophage subsets in MASH using the KC-specific markers Clec4F 
and Timp4. In MASH liver, the KC pool is maintained by prolif-
eration and differentiation of short-lived monocyte-derived KC, 
presumably due to increased pro-inflammatory mediators in 
the liver environment [42, 43]. Further, monocytes recruited to 
the liver also differentiated into a distinct subset of osteopontin-
expressing CLEC2− macrophages that contribute to MASH dis-
ease [40]. In line with this, we found that Ncr1iCre/+Cd44flox/flox 
mice displayed a higher frequency of F4/80+ CD11bhigh CD11c+ 
inflammatory macrophages and CLEC2− TIM4− Osteopontin+ 
macrophages upon WD or MCCD challenge.

Liver NK cell-derived IFNγ is also an important contributor to 
the polarisation of pro-inflammatory macrophages, which in 
turn sustain liver inflammation [14]. We also report that IFN-γ 
production by LPS-treated NK cells was strongly increased 
when CD44 is absent, suggesting a potential role of NK cells ex-
pressing CD44 in regulating liver IFN-γ levels and macrophage 
polarisation. The role of IFN-γ in macrophage activation is well 
known, notably through the induction of pro-inflammatory 
cytokine secretions such as TNF-α or IL-1β [44]. However, its 
mechanism in the MASH context is still debated, and IFN-γ 
seems to be more specifically involved in the priming of mac-
rophages. IFN-γ could induce internal changes within macro-
phages, which could be responsible for the robust inflammatory 

response triggered by TLR ligands during macrophage activa-
tion [45, 46].

Regarding the direct role of LPS on NK cells, initial studies have 
demonstrated that human NK cells express the LPS receptors 
TLR2 and TLR4 at the gene level [47–49]. In line with our re-
sults, Kanevskiy et al. revealed that LPS had a stimulatory effect 
on IFN-γ production by human NK cells [50, 51]. Whether CD44 
and LPS receptors form a complex at the cell surface of NK cells 
to trigger IFN-γ production still deserves further investigations. 
Interestingly, as demonstrated in the work of Freeman et  al. 
[52], we assume that CD44 can associate indirectly with F-actin, 
suggesting it may function as a membrane picket. It transiently 
anchors to formin-induced actin filaments, thereby limiting the 
lateral diffusion of surface receptors and facilitating activation 
of intracellular pathways for migration and/or cytokine produc-
tion. In the context of acute liver injury, liver sinusoidal endo-
thelial cells (LSECs) activated by LPS are important sources of 
myeloid cell-attracting chemokines such as CCL2 and CXCL10, 
which support NK cell recruitment and IFN-γ production [53]. 
Hepatocytes, the predominant cells in the liver capable of de-
tecting pathogens such as LPS, also contribute to the regulation 
of hepatic cytokines and chemokines, leading to the recruitment 
of inflammatory cells to the liver [29]. Interestingly, we report 
that isolated primary hepatocytes showed a huge increase in the 
expression of inflammatory and oxidative stress markers after 
stimulation with the supernatant of CD44-deficient NK cells 
activated with LPS. Our results are in line with a recent study 
showing that NK cells isolated from inflamed liver secrete pro-
inflammatory cytokines able to activate the nuclear factor kappa 
B signalling pathway, responsible for the establishment of a sig-
nificant inflammatory response by hepatocytes [54]. Further, 
this study proposed a promising protective role for ILC1 cells 
in addition to the pathogenic role for NK cells in fatty liver dis-
eases using NK-cell and/or ILC1 deficient mice. We suggest that 
ILC1 may be protective in Western Diet of KO mice as the NK/
ILC1 ratio decreased in WD compared to CD. The worsening 
of steatohepatitis observed in CD44-deficient NKp46+ ILCs 
mice challenged with diet-induced steatohepatitis could thus be 
explained by a greater responsiveness of NK cells to LPS and 
the existence of a cross talk between NK cells, hepatocytes, and 
macrophages.

In our mouse model of genetic deletion of CD44 in NKp46+ 
ILCs challenged with diet-induced steatohepatitis, we observed 
a marked elevation in liver fibrogenesis markers (col1a1, timp1, 
tgfβ) and collagen deposition associated with increased liver in-
jury and inflammatory macrophages. The latter could overcome 
the anti-fibrogenic properties of NK cells recently reported in 
a mouse model of steatohepatitis [55]. Indeed, the NK cell de-
pletion led to macrophage polarisation toward TGF-β producing 

FIGURE 4    |    CD44 deficiency in NKp46+ ILCs enhances NK cell functions and regulates liver macrophage subsets after 4 weeks of Methionine and 
Choline Deficient Diet. (A) IFN-γ production by NK cells evaluated by flow cytometry in livers of NKp46+/+CD44flox/flox and NKp46iCre/+CD44flox/flox 
mice fed for 4 weeks with control diet (CD) or Methionine and Choline Deficient Diet (MCDD). (B) Determination of NK cell glycolytic capacity and 
mitochondrial dependence measured by Scenith experiment. (C) Representative flow cytometry gating strategy of liver cells allowing identification 
of liver macrophage subsets. (D) Hepatic frequencies of liver macrophage subsets determined by flow cytometry in NKp46+/+CD44flox/flox and 
NKp46iCre/+CD44flox/flox mice fed with CD or MCDD. Histograms represent mean values ± SEM of pooled data from 2 to 3 experiments (3–19 
mice/group). p values are indicated for two-way ANOVA analysis with Benjamini correction. Statistical significance was defined as p < 0.05.
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12 of 17 Liver International, 2025

FIGURE 5    |    The specific deficiency of CD44 in NK cells undergoes an increase in glycolytic capacity and inflammatory profile after LPS stim-
ulation. (A) Schematic diagram for analysis of NK cell metabolism and derived cytokine produced after LPS stimulation. (B) Determination of NK 
cell glycolytic capacity and mitochondrial dependence measured by Scenith experiment after LPS stimulation (5 h, 1 μg/mL) of the non-parenchymal 
fraction of NKp46+/+CD44flox/flox and NKp46iCre/+CD44flox/flox mice. (C) NK cell mRNA expression of Ifng evaluated by real-time quantitative PCR 
and IFNg protein level measured by ELISA assay in the supernatant of NK cells stimulated with LPS (1 μg/mL) for 5 h. (D) NK cell mRNA expression 
of inflammatory-associated markers evaluated by real-time quantitative PCR. Real-time quantitative PCR data are presented as relative mRNA ex-
pression levels normalised to the β2M mRNA level. Histograms represent mean values ± SEM of pooled data from 2 to 3 independent experiments 
(n = 5–12 mice/group). p values are indicated for two-way ANOVA analysis with Benjamini correction. Statistical significance was defined as p < 0.05.
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FIGURE 6    |     Legend on next page.
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FIGURE 6    |    CD44-invalidated NK cells activated with LPS enhance the expression and the secretion of proinflammatory cytokines by primary 
hepatocytes. (A) Schematic diagram of NK cells derived supernatant treatment on hepatocytes. (B) Primary hepatocyte mRNA expression levels of 
inflammatory and oxidative stress markers after 24 h of stimulation with the supernatant of WT-NK cells and CD44-invalidated NK cells, activated 
with LPS or with LPS alone (LPS/Hep). Real-time quantitative PCR data are presented as relative mRNA expression levels normalised to the Rplp0 
mRNA level. (C) Cytokine levels measured by ELISA assay in the supernatant of primary hepatocytes after their stimulation. Histograms represent 
mean values ± SEM of pooled data from 3 independent experiments (n = 9–13 mice/group). p values are indicated for two-way ANOVA analysis with 
Benjamini correction. Statistical significance was defined as p < 0.05.

FIGURE 7    |    CD44-invalidated NK cells activated with LPS enhance the expression and the secretion of proinflammatory cytokines by bone 
marrow-derived macrophages. (A) Schematic diagram of NK cells derived supernatant treatment on macrophages. (B) Primary macrophage mRNA 
expression levels after 24 h of stimulation with the supernatant of WT-NK cells and CD44-invalidated NK cells, activated with LPS. Real-time quan-
titative PCR data are presented as relative mRNA expression levels normalised to the Rplp0 mRNA level. Histograms represent mean ± SEM of one 
experiment (three mice/group). p values are indicated for two-way ANOVA analysis with Benjamini correction. Statistical significance was defined 
as p < 0.05.
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alternative macrophages which enhanced liver fibrosis [14]. 
Liver NK cells can also limit liver fibrosis by killing hepatic stel-
late cells (HSCs) via their cytotoxic activity. This mechanism is 
in part dependent on engagement of NK cell-activating recep-
tors such as NKG2D and the TRAIL/TRAIL receptors pathway 
[55, 56]. Further, it has been proposed that the crosstalk between 
HSCs and NK cells is mediated through engagement of activat-
ing receptors NKp30, NKp46 or reduced engagement of inhibi-
tory NK cell receptors [57, 58]. It will be interesting to assess the 
expression of activating receptors in CD44-deficient NK cells 
and their ability to recognise and kill HSCs to establish whether 
CD44 also regulates the anti-fibrogenic properties of NK cells. 
Our results also highlight that targeting CD44 as a therapeutic 
approach requires further in-depth study. We have previously 
reported that systemic targeting of CD44 by genetic deficiency 
and neutralisation prevents and corrects MASH and ALD, re-
spectively. These approaches first affect cells that strongly ex-
press CD44 and are highly present in organs (macrophages, 
neutrophils) [17, 18]. Future investigations will be necessary to 
increase the specificity of the tools (targeting CD44 mainly in 
myeloid cells) and to adjust the dose and duration of treatment 
according to the results and side effects (targeting NK cells). In 
conclusion, we show that specific deletion of CD44 in NKp46+ 
ILCs represents a yet unknown mechanism of regulation of liver 
homeostasis during MASLD progression. Through our ex vivo 
approaches on NK cells, we have highlighted a potential role for 
CD44 in regulating LPS-mediated activation of NK cells. CD44-
invalidated NK cells stimulated with LPS have their metabolic 
and functional activity increased, leading to the establishment 
of an inflammatory loop with hepatocytes. Finally, in the liver of 
patients with obesity and MASLD, expression of NK cell marker 
correlates with expression of CD44 and macrophage markers. 
Altogether, our study provides more insight into the pathogene-
sis of MASH/MASLD and should help to better understand the 
physiopathology of the disease.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Phenotype and function 
of liver NK cells and ILC1s. Representative histogram plot showing 
marker expression on liver ILC1s (red line) and NK cells (blue line) with 
isotype control (dotted black line). Cell surface expression of KLRG1, 
CD69, NKG2A, NKG2D were evaluated by flow cytometry after gating 
on hepatic CD45+ CD3− NKp46+ CD49b+ NK cells and CD45+ CD3− 
NKp46+ CD49a+ ILC1. FMO: fluorescence minus one + isotype control 
antibody. IFN-γ expression in NK cells and ILC1 was assessed after a 4 h 
in vitro stimulation assay of hepatic cells with IL-12 + IL-18 by flow cy-
tometry as previously described [6, 59]. Representative histogram plots 
are shown and bar graph represents mean ± SEM of 1 experiment (3 
mice/group). Figure S2: Liver NK cells and ILC1 in diet-induced ste-
atohepatitis. (A) Representative dot plots of CD49a and CD49b expres-
sion gated on CD45+ CD3− NKp46+ in mice fed with WD or MCDD. 
(B) NKp46+ ILC, NK cell and ILC1 number evaluated by flow cytom-
etry in livers of NKp46+/+CD44flox/flox and NKp46iCre/+CD44flox/
flox mice fed for 24 weeks with chow diet (CD) or Western diet (WD). 
Histograms represent mean values ± SEM of pooled data from 2 to 3 
independent experiments (4–10 mice/group). p values are indicated for 
two-way ANOVA analysis with Benjamini correction. Statistical signif-
icance was defined as p < 0.05. Figure S3: The CXCR3/CXCL10 axis is 
not involved in CD44 mediated effect on NKp46+ ILCs. Evaluation of 
CXCR3 expression in hepatic NK cells by flow cytometry and CXCL10 
production by ELISA assay in the total liver after 4 weeks of MCDD. 
Histograms represent mean ± SEM of pooled data from 1 to 3 indepen-
dent experiments (3–12 mice/group). p values are indicated for two-way 
ANOVA analysis with Benjamini correction. Statistical significance was 
defined as p < 0.05. Figure S4: The hepatic macrophage pool and specif-
ically the osteopontin+ subset is regulated by CD44-deficient NKp46+ 
ILCs during MASH pathogenesis. Number of hepatic OPN+ monocyte-
derived macrophages after 24 weeks of Western Diet. Histograms 
represent mean values ± SEM of pooled data from 2 independent ex-
periments (7–9 mice/group). p value is indicated for Mann–Whitney 
test. Statistical significance was defined as p < 0.05. Figure S5: CD44 
does not regulate the activation of NK cells after stimulation with IL12/
IL18. Tlr4 and b2m gene expression in naive liver NK cells evaluated by 

qPCR (left panel) and expression pattern of Tlr4 in human liver after 
single-cell RNA sequencing analysis from www.livercellatlas.org (right 
panel) [36]. (B) NK cell purification/expansion strategy and dot-plots 
of NK cell isolation according to the different stages of experimenta-
tion (NK cell frequency is represented in Q3 framed in red). (C) IFNγ, 
TNFα, GM-CSF protein levels measured by ELISA assay in the super-
natant of NK cells stimulated with IL12 (20 ng/mL) + IL18 (5 ng/mL) 
during 4 h. Histograms represent mean values ± SEM of pooled data 
from 1 experiment (3 mice/group). p values are indicated for two-way 
ANOVA analysis with Benjamini correction. Statistical significance 
was defined as p < 0.05. Figure S6: Hepatic Eomesodermin expres-
sion correlates with Cd44 expression in livers of patients with obesity. 
Expression pattern of CD44 and Eomesodermin in human liver after 
single-cell RNA sequencing analysis from www.livercellatlas.org [36]. 
(B) Liver Cd44 and Eomesodermin mRNA expression levels evaluated 
by qPCR in patients with morbid obesity without MASLD (n = 7) and 
with MASLD (n = 13). Data are presented as mRNA level normalised 
to the RPLP0 mRNA level. Histograms represent mean value ± SEM. 
(C) Correlation between hepatic Eomesodermin and hepatic Cd44 ex-
pression levels in patients with obesity without (white circles) and with 
(black circles) MASLD. Linear regression curve, Spearman r value, and 
p value (95% confidence interval) are shown. p values are indicated for 
Mann–Whitney test. Statistical significance was defined as p < 0.05. 
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