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Background: Dysregulation of immune responses may influence the progression
of metabolic dysfunction-associated steatotic liver disease (MASLD) to metabolic
dysfunction-associated steatohepatitis (MASH). Our recent data suggest the role
of Thl7-related cytokines in fibrosis advancement in MASLD. Herein, we aimed to
analyze T-regulatory and Thl7-producing T-lymphocytes by flow cytometry
with respect to MASLD progression.

Methods: Extensive immunophenotyping was performed in a subset of 30
patients with MASLD diagnosed by elastography and ultrasonography and 15
healthy controls (HCs). Ex-vivo surface markers (CD4, CD25, CD127) and
intracellular cytokine expressions (IL-10, IL-17, Foxp3, RORgt) were analyzed by
flow cytometry (BD FACS-Calibur). Plasma concentrations of selected
interleukins such as IL-10, I1L22, and IL-17A were measured by ELISA.

Results: 19/30 (63%) of MASLD patients were diagnosed with steatosis with
inflammation (advanced MASLD) as compared to simple steatosis (early MASLD)
using elastography. The percentage of IL-17-producing cells among CD4(+) T-
lymphocytes was two-fold more frequent (1.70% vs. 0.73%), while of T-regulatory
cells (CD4+CD25+Foxp3+, T-regs) lower (3.57% vs. 6.56%) in advanced MASLD
compared to HCs. This resulted in an aberrated ratio of Thl7 to Tregs in MASLD
(p=0.004). The frequency of T-regulatory cells (CD4+CD25+Foxp3+, Tregs)
declined also in the advanced MASLD patients (3.57%) compared to the early stage
disease (5.16%). Importantly, IL-10 and IL-17A serum levels positively correlated with
CD4+IL-17+/CD4+CD25+Foxp3+ ratio. Plasma IL-10/IL-17A ratio and IL-10/IL-22
ratio significantly differed between FO fibrosis vs. moderate (F2).
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Conclusions: The imbalance between Th17 and T-regulatory immune responses
is present not only at cytokine level but also at a cellular level in MASLD. Especially
in advanced disease, a higher percentage of IL-17 producing T-cells is coupled
with the lower number of T-regulatory cells.

metabolic dysfunction-associated steatotic liver disease, Thl7 CD4+ T-cells, T-
regulatory cells, fibrosis, IL-10, IL-17A, IL-22

1 Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD)
is a highly dynamic disease that affects more than 38% of the world’s
general population, although its diagnostic techniques are still not fully
adequate. Pathogenesis is closely linked to obesity and metabolic
syndrome (1). Among patients with MASLD, approximately 30%
will develop metabolic dysfunction-associated steatohepatitis
(MASH) (2, 3) as a result of inflammation associated with the
recruitment and activation of inflammatory cells in the liver with
pre-existing steatosis (4). It is important to note that frequent
exacerbations of MASLD to MASH result in the progression of type
2 diabetes, diseases of the cardiovascular system, liver cirrhosis, and
hepatocellular carcinoma (HCC) (5, 6). Historically, MASLD diagnosis
required liver biopsy to detect steatosis (7). However, this invasive
procedure is associated with a risk of complications and variability due
to the uneven distribution of lesions as it only assesses approximately 1
in 50,000 of the entire liver parenchyma (8, 9). Novel non-invasive
modalities, including elastography, show the limited capability of
differentiating between mild and moderate fibrosis, which is of
importance for the selection of treatment (9, 10). There is no
screening test, which will allow the routine determination of blood to
detect irregularities. In order to prevent further progression of MASLD
fast implementation of the principles of healthy diet as well as the
application of appropriate treatment therapies is indispensable.
Therefore, there is a strong need for new noninvasive markers of
liver injury, especially to detect not only fibrosis, but also the
advancement of inflammatory processes, particularly at less advanced
stages of the disease (11).

CD4+ T cells play an important role in the inflammation and
progression of liver fibrosis and chronic liver diseases, including
MASLD. Among subsets of CD4+ T cells stimulate differentiation
of Treg cells that mediate immune tolerance, and Th17 cells, which
induce severe inflammation (12, 13). Th17 cells may contribute to
rapid steatosis of the liver and accelerate progression from simple
steatosis to steatohepatitis (14, 15). In the process of liver damage,
the imbalance between the pro-inflammatory and anti-
inflammatory mechanisms of congenital and acquired immunity
is significant (6, 13, 16). Therefore, the change in the balance of
Treg/Th17 cells may be an effective strategy for monitoring disease
progression in patients with MASLD (13, 15, 16).
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The aim of the study was to analyze the activity of regulatory T
cells and Th17 determined by the cytometric method in patients
with MASLD, as well as to establish the effect of Th17 immune
response activity and associated cytokines on the progression of
MASLD (early vs. advanced disease). In addition, the number of
circulating lymphocytes producing IL-17A and IL-10 in the
peripheral blood of patients with MASLD was assessed depending
on the biochemical and histological activity of the disease.

2 Materials and methods
2.1 Patient characteristics

The experimental protocols and sample studies were approved
by the Ethics Committee of the Medical University of Bialystok,
Bialystok, Poland (permission number: R-1-002/93/2014, date of
approval: 27.03.2014) and followed the internationally endorsed
standards as stated in the Declaration of Helsinki. All patients were
adults and were informed of the aim of the study. The clinical
characteristics of the studied population are presented in Table 1.

The study population included n=30 Caucasian patients with
confirmed MASLD (16 males and 14 females) and treated at the
Department of Infectious Diseases and Hepatology at Medical
University of Bialystok were included in this experiment. Due to the
convenience of ultrasonography, it was used as a primary means of
screening the liver steatosis (17), together with serum alanine
transaminase (ALT) activity (18). Moreover, a diagnosis of MASLD
was confirmed with electrography, daily alcohol consumption (women
<20 g/d and men <30 g/d) (19), and the absence of other causes of liver
disease. No patients received pharmacological treatment at least 6
months before entering the study, in particular drugs potentially
affecting cholesterol metabolism (e.g. statins, phytosterols, etc.).
Exclusion criteria were as follows: cirrhotic patients, autoimmune
diseases, co-infection by hepatitis B virus, or human
immunodeficiency virus infections. None of the patients had
systemic disorders, such as type 1 diabetes, hypertension, coronary
heart disease. Patients without fibrosis and normal ALT activity were
classified as early MASLD, whereas individuals with fibrosis >6.6 kPa
and upper ALT activity were considered as advanced MASLD. A total
of 15 healthy controls (HCs) (6 men/9 female), median age 36 (28-52),

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1597204
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Supruniuk et al.

TABLE 1 Clinical characteristics of MASLD, early MASLD, advanced MASLD patients, and healthy controls (HCs).

Parameter

MASLD n=30

Early MASLD n=11

Advanced MASLD
n=19

10.3389/fimmu.2025.1597204

HCs n=15

Sex (M/F)
Age (years)

WHR

16 M/14 F
47 (38 - 58)

0.94 (0.91 - 0.99)

5M/6 F
53 (38 - 58)

0.91 (0.88 - 0.96)

11 M/8 F
44 (38 - 60)

0.97 (0.93 - 1.06)

6 M/9 F
36 (28 - 52)

0.76 (0.73 - 0.90)

Weight (kg)

86 (81 - 109)

Height (cm)

173 (162 - 182)

86 (80 - 102)

163 (161 - 182)

92 (82 - 110)

175 (164 - 182)

68 (55 - 77)

170 (168 - 176)

BMI (kg/m?)
ALT (U/L)
AST (U/L)

GGT (U/L)

30.05 (27.77 - 33.67)*
57.0 (38.0 - 86.0)
35.0 (28.0 - 53.8)*

42.0 (26.0 - 119.5)

30.0 (25.96 - 33.95)
38.0 (32.0 - 39.0)
28.0 (19.0 - 34.0)

36.0 (25.0 - 207.0)

31.0 (27.99 - 33.58)
84.0 (58.0 - 127.0)*#
47.0 (35.0 - 69.0)*#

43.0 (34.8 - 91.2)

23.2 (19.5 - 24.5)
35 (26 - 37)
23 (19 - 28)

Cholesterol (mg/dL)

198.0 (179.5 - 208.5)

173.5 (160.0 - 187.5)

205.0 (195.0 - 211.0)

158 (146 - 184)

LDL-C (mg/dL)
HDL-C (mg/dL)
Leukocytes (10°/L)
Erythrocytes (10"%/L)

Platelets (10”L)

112.0 (99.3 - 151.8)
52.0 (42.5 - 56.0)
6.74 (5.78 - 8.90)
473 (4.53 - 5.22)

204.5 (173.3 - 265.8)

101.5 (97.5 - 115.5)
50.0 (33.3 - 66.0)
6.68 (5.78 - 9.40)
4.53 (437 - 4.88)

257.0 (199.0 - 302.0)

144.5 (109.8 - 180.0)
52.0 (47.5 - 52.0)
7.04 (5.42 - 8.77)
4.84 (4.66 - 5.33)

189.0 (165 - 238)*#

7.11 (6.00 - 9.01)
4.7 (3.9 -49)

320 (289 - 361)

Fibrinogen (mg/dL)

211.5 (203.0 - 294.3)

241.5 (199.9 - 283.0)

211.5 (204.5 - 309.5)

Prothrombin time (s)
INR
Prothrombin index

Total bilirubin (mg/dL)

11.0 (1030 - 11.70)
0.96 (0.916 - 1.04)
1045 (93.5 - 115.5)

0.62 (0.4 - 1.11)

11.30 (10.45 - 13.55)
0.96 (0.92 - 1.05)
104.0 (94.0 - 116.0)

0.695 (0.53 - 1.29)

10.80 (10.20 - 11.70)
0.96 (0.91 - 1.04)
105.0 (93.0 - 117.0)

0.60 (0.36 - 1.15)

HOMA-IR score

2.26 (1.51 - 3.15)

1.94 (1.28 - 2.51)

2.37 (1.59 - 6.29)

FIB-4 score

1.16 (0.55 - 1.5)*

0.87 (0.43 - 1.21)

1.32 (0.86 - 1.89)

0.48 (0.39 - 0.65)

ALT, alanine aminotransferase; BMI, body mass index; CRP, C-reactive protein; GGT, gamma glutamylotranspeptidase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; PLT, blood
platelets; RBC number of red blood cells; WBC white blood cells; WHR, waist-hip ratio.
Data are presented as median (Q1 - Q3). *p<0.05 vs. HCs, #p<0.05 advanced vs. early MASLD.
The bold values indicate statistically significant differences between the groups (p<0.05).

median BMI 23.2 (19.5-24.5) were included. All control subjects had no
evidence or history of liver pathology.

2.2 Blood samples

In order to assess routinely used parameters of liver damage and
function, lipid metabolism, blood glucose levels, peripheral venous
blood from the ulnar vein was drawn in the morning after overnight
fasting. For serum separation, samples were taken into a tube with a
clotting activator and centrifuged at 3000xg for 15 min. To obtain
plasma, blood samples were collected in a tube filled with EDTA K2
anticoagulant (9 mL) and centrifuged at 3000xg for 15 min.
Additional plasma sample was obtained for cytokine
concentration measurement and cell isolation. The resulting
serum and plasma were collected and stored at -80°C (except for
cell isolation) until further processing.
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2.3 Cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated
immediately after collection (ex vivo) using a Ficoll gradient as a
separation system (Biochrom, Berlin, Germany). After density
gradient centrifugation, the cells were resuspended in Roswell
Park Memorial Institute (RPMI) 1640 medium (Sigma Chemical
Co., Saint Louis, MO, USA) supplemented with 10% fetal bovine
serum, 2 mmol/L L-glutamine, and 50 pg/mL. Subsequently, they
were subjected to phenotypic dyes.

2.4 Analysis by flow cytometry
Immunophenotyping, performed on peripheral blood

lymphocytes, included evaluation of IL-10 and IL-17 production
by flow cytometry. To assess the frequency of regulatory T
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lymphocytes (Treg) in the peripheral blood, a panel of monoclonal
antibodies conjugated to fluorochromes was used: anti-CD4, anti-
CD25, anti-CD127, anti-IL-10 and anti-FoxP3. The developed
antibody panel anti-CD4, anti-IL-17 and anti-ROR gamma (t)
were used to assess the prevalence of IL-17 producing T cells
(Thl7 cells) in PBMC. To allow staining of the intracellular
markers with anti-Foxp3, anti-ROR gamma (t), anti-IL-10, and
anti-IL-17 antibodies, cells were permeabilized using
Permeabilization Buffer 2 (BD Bioscience). Lymphocytes were
initially identified on the basis of their morphology using relative
size (forward scatter, FSC) and granularity/complexity (side scatter,
SSC) properties. Following selection of the lymphocytes with CD4
marker - Th cells, further markers were analyzed for Treg and Th17
identification. The results were obtained using a FACS Calibur
cytometer (BD Bioscience, San Jose, CA, USA) and analyzed with
Flow]Jo software (Tree Star Inc., Ashland, OR, USA).

2.5 Anthropometric and biochemical
analyses

Each patient underwent a physical examination. Measurements
of weight and height were used to calculate the body mass index
(BMI) [weight (kg)/height (m?). Waist to hip ratio (WHR) was
calculated as: waist circumference was measured on the midaxillary
line between the lower border of the rib cage and the upper margin
of the iliac crest, and hip circumference was measured around the
widest part of the buttocks. Additionally, HOMA index was
determined based on formula=(glucose x insulin)/22.5 (20).

Levels of the liver function biomarkers, such as alanine
transaminase (ALT), aspartate transaminase (AST), and gamma-
glutamyl transferase (GGT) were assessed by enzymatic methods
using COBAS INTEGRA 400 PLUS analytical platform. Blood
count, prothrombin time, and prothrombin index were
determined by a Sysmex XT-4000i Hematology Analyzer. Total
cholesterol (TC), triglyceride (TG), high-density lipoprotein
cholesterol (HDL-C) and low-density lipoprotein cholesterol
(LDL-C) levels were assessed using a standard enzymatic method.

Furthermore, to assess liver fibrosis, FIB-4 index was counted
based on the results: AST, ALT, platelets (in PLT morphology), and
the patient’s age. We used the FIB-4 Scoring Calculator on the FIB-4
Calculator page (https://www.mdcalc.com/calc/2200/fibrosis-4-fib-
4-index-liver-fibrosis). The formula: age x AST (IU/L)/platelet
count (x 10°/L) x VALT (IU/L) (21). In order to calculate the
BARD score, 3 parameters were used: the presence of diabetes is 1
point, BMI 225 is 1 point, AST/ALT ratio >0.8 is 2 points. Scores of
0-4 were obtained, with scores of 0 or 1 having a high negative
predictive value for severe liver fibrosis and scores of 2-4 was
associated with a more advanced stage of liver fibrosis (21).

2.6 Elastography

Transient elastography with controlled attenuation parameter
(CAP) is an appropriate alternative to liver biopsy and is used to
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diagnose and quantify the degree of steatosis with 90% sensitivity
(22). Liver stiffness measurement assessed by FibroScan device
(Echosens) was combined with AST, ALT, or AST: ALT ratio.
Elastography was performed in the entire MASLD group (n=30).
CAP cut-off values indicative of fatty liver (S) were based on (23) as
follows: (1) <237 dB/m (S0, no steatosis), (2) 237.0-259.0 dB/m (S1,
mild steatosis), (3) 259.0-291.0 dB/m (S2, moderate steatosis), and
(4) 291.0-400.0 dB/m (S3, severe steatosis). The values for fibrosis
(F) were also adopted (23): (1) <5.5 kPa (F0, no fibrosis), (2) 5.5-8.0
kPa (F1, mild fibrosis), (3) 8.0 -10.0 kPa (F2, moderate fibrosis), (4)
11.0-16.0 kPa (F3, severe fibrosis), and (5)> 16.0 kPa (F4, cirrhosis).

2.7 Immunoenzymatic assay (ELISA)

Plasma levels of IL-10, IL-17A, and IL-22 were measured using
the Human IL-10 Quantikine HS ELISA Kit (cat. HS100C), IL-17A
Human ELISA Kit (cat. D1700), Human IL-22 Quantikine ELISA
Kit (cat. D2200; R&D System, Abingdon, UK), according to the
manufacturer’s instructions. The results were based on the optical
density of samples using microplate reader Synergy H1 (BioTek,
Winooski, VT, USA). To determine the final cytokine
concentration, a standard curve based on a four-parameter
logistic (4-PL) curve-fit was employed.

To study the balance between Th17/Treg; Th17/resting Treg
(rTreg), the ratios between IL-10/IL-17A and IL-10/IL-22
were determined.

2.8 Statistical analysis

Statistical processing of the collected data was performed using
Statistica 13.1 (Statsoft, Tulsa, OK) and Graph Pad Prism 9 (La
Jolla, CA) softwares. Statistical differences between groups were
calculated, by a two-tailed Student’s t-test (if normally distributed),
or if not normally distributed by Mann-Whitney U for independent
variables. Data are presented as mean * standard deviation (if
normally distributed) or as median and 25%-75% percentile when
appropriate. Correlations were calculated with the Spearman’s rank
correlation coefficient. Differences between more than two variables
were analyzed by Kruskal-Wallis ANOVA. The p values <0.05 were
considered statistically significant.

3 Results

3.1 Clinical characteristics and liver
function tests

A total of n=30 patients with MASLD (16 men, 14 woman) -
median age 47 (38-58), median BMI [30.05 (27.77 - 33.67)] were
included in this study and divided into two groups in terms of
disease activity: 11 patients had early (37%) MASLD, and 19 (63%)
patients had advanced MASLD, elastography proven. Mann-
Whitney’s analysis of FIB-4 and HOMA-IR parameters did not
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differentiate between early and advanced MASLD patients. Fisher
test showed statistically significant differences in BARD score
between the control and MASLD groups (early: p=0.00022,
advanced: p=0.00023; Supplementary Table 1). However, as in the
case of FIB-4 score and HOMA-IR index, BARD score did not
enable a distinction between the two advancement stages of
MASLD (p=0.52) (Supplementary Table 1). Seven (23%) patients
from the entire MASLD group were diagnosed with type 2 diabetes.
Patients with MASLD had a higher BMI compared with HCs
(p<0.001). General characteristics of the patients population and
HCs is presented in Table 1.

In 18/30 (60%) of MASLD patients, ALT activity was elevated
suggesting, together with FibroScan, the diagnosis of advanced
MASLD. One of the patients had ALT in the upper limit of
normal, classified in accordance with the high score elastography
to the advanced MASLD group. Plasma ALT levels in the advanced
MASLD group were higher [84 (58-127) U/I] compared to early
stage of MASLD [38 (32-39) U/I, p<0.001]. The level of AST was
enhanced in advanced MASLD and in total MASLD group
compared to HCs (Table 1).

3.2 Frequencies of Treg cells and Th17 cells
in MASLD patients

The frequencies of blood Treg cells and Th17 cells in patients
with MASLD were analyzed by flow cytometry. Differentiation of
CD4+ T cells toward the Th17 phenotype was characterized by
detection of IL-17 expression. Analysis of Treg was based on the
presence of CD25+CD127- phenotype and presence of Foxp3+
expression within CD4+ lymphocytes (Figure 1).

The frequency of T-regulatory cells (CD4+CD25+Foxp3+,
Tregs) declined in the advanced MASLD patients [3.57 (2.15-
4.97) vs 6.56 (4.75-9.97), p=0.009] compared to the control
subjects. Interestingly, we observed that Tregs Foxp3 [MFI in
CD4+] and Foxp3 [MFI in CD4+ CD25+ CD127-] showed a
significant increase in the early MASLD group as compared to
the control group (p=0.02, p=0.005, respectively), which we did not
notice in a group of advanced MASLD patients (Table 2). This is
also confirmed by the results of inflammatory cytokine IL-10+ [% of
CD4+] in the early MASLD group compared to the control group
[1.73 (1.45-2.84) vs 1.09 (0.97-1.31), p=0.020] (Table 2). On the
other hand, the percentage of IL-17-producing cells among CD4+
T-lymphocytes was twofold more frequent in the total MASLD
group [(1.90 (0.83-3.73) vs 0.73 (0.54-1.56), p=0.002], which was
noticed at both early [2.22 (1.59-3.66) vs 0.73 (0.54-1.56), p=0.007]
and late stages of MASLD (1.70 (0.78-3.96) vs 0.73 (0.54-1.56),
p=0.011; Table 2).

Several parameters distinguished patients with simple steatosis
at the early MASLD stage from those with steatosis with
inflammation - advanced MASLD, including Foxp3+ [% of CD4
+CD25+]; IL-10 [MFI in CD4+ and CD4+CD25+ populations]
(Figures 2A, C, D). There was also a tendency toward a higher Th17
to Tregs ratio, based on CD4+IL-17+/CD4+Foxp3+ (p=0.055),
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differentiating advanced MASLD patients from those with early
MASLD, and providing insight into the balance between pro-
inflammatory and immune-suppressing responses (Figure 2B).
Collectively, the frequencies of blood Th17 cells, based on IL-17
(% of CD4+), in MASLD patients were significantly increased
compared with the HCs group (p<0.05), while Treg cell
population prevalence was decreased (Table 2).

The assessment of plasma cytokine concentration in the
individual groups demonstrated significant differences in the
blood level of IL-10 between patients with advanced (p=0.004)
and total MASLD (p=0.003) as compared to the control group
(Figure 3A, Table 2). The assessment of IL-22 not only
differentiated the advanced MASLD patients from the control
group (p<0.001), but also showed differences between early and
advanced MASLD stages (p=0.002) (Figure 3B, Table 2). This is
particularly important at the early stage of diagnosis and selection of
drugs, whether the patient has a liver contusion or the inflammatory
process is already underway. Interestingly, statistically significant
differences were also observed in the assessment of IL-17A levels
between early and advanced MASLD patients compared to the
control (p=0.02 and p=0.002, respectively). Additionally,
circulatory IL-17A concentration substantially raised with the
progression of the disease (advanced vs. early MASLD, p=0.0007,
Figure 3C, Table 2).

3.3 Correlation between Treg cells and
Th17 prevalence with liver function tests
and obesity-related parameters in MASLD
patients

The Spearman test in the MASLD group showed that ALT
activity was negatively correlated with Treg cells (IL-10 [MFI in
CD4+], IL-10 [MFI in CD4+ CD25+]). Moreover, we observed a
positive correlation between RoRyt+ [% of CD4+] and patients’
WHR, body weight, and BMI in advanced MASLD. Interestingly,
only CD4+RoRyt+/CD4+Foxp3+ was negatively correlated with
glucose in the early stages of MASLD (Table 3). Moreover, we
showed a negative correlation between IL-10 [MFI in CD4+] and
IL-10 [MFI in CD4+CD25+] with ALT in MASLD, and a positive
relationship between [MFI in CD4+] and AST/ALT ratio. The
strongest correlations were found between the cells from the Treg
line and the parameters assessing patients’ weight. In contrast, from
the measured interleukin plasma concentrations, only IL-17A
correlated with the liver damage parameter (AST). We also
showed a positive correlation between IL-22 and BMI in the early
and total MASLD groups, as well as LDL-C and IL-22 in patients
with MASLD. HOMA-IR was negatively associated with CD25
+CD127-Foxp3+ [% of CD4+] and positively with CD4+RoRyt
+/CD4+Foxp3+ ratio in advanced MASLD (Table 3). Additionally,
IL-10 and IL-17A circulating concentrations exhibited negative
correlations with Foxp3+ [% of CD4+CD25+], while they
positively correlated with CD4+IL-17+/CD4+CD25+Foxp3+ ratio
in patients with MASLD (Table 3).
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FIGURE 1

Gating strategy used in flow cytometric analysis of Th17 and Tregs cells. (A) Th17 phenotype was determined by the detection of IL-17 production
within CD4+ lymphocytes (B) Tregs identification was based on CD25+CD127- phenotype and Foxp3+ expression within CD4+ lymphocytes.

3.4 Thl7, Treg cells and interleukin
concentrations in the histological
progression of MASLD

Advanced MASLD patients had a trend toward higher fibrosis
scores compared with patients with early stages, but the difference
did not reach statistical significance.

Plasma IL-10/IL-17A ratio was associated with the histological
advancement of liver fibrosis (Kruskal-Wallis, p=0.028) (Figure 4).
Plasma IL-10/IL-17A ratio was higher in patients with F0 4.0 (2.7-

Frontiers in Immunology

06

8.5) vs moderate (F2) 1.2 (0.6-2.5) and severe (F3) fibrosis 2.12 (0.9-
2.5) (Figure 4A). The plasma ratio of IL-10/IL-22 differentiates the
degree of liver fibrosis (Kruskal-Wallis, p=0.03). Specifically, the
highest difference was recorded between moderate (F2) fibrosis vs
F0 (p=0.016) (Figure 4B).

4 Discussion

It is still unresolved why some patients remain clinically stable
in MASLD for years while in others the disease progresses to
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TABLE 2 Tregs/Th17 in patients with MASLD. Early and advanced stages of MASLD are compared to healthy control group (HCs).

Parameter

MASLD n=30

Early MASLD

n=11

Advanced MASLD

n=19

HCs n=15

Foxp3+ [% of CD4+]
Foxp3+ [% of CD4+CD25+]

Foxp3+ [% of CD4+CD25+CD127-]

3.57 (2.65-8.30)
4.12 (2.79-8.49)

5.03 (3.06-11.68)

4.67 (3.09-32.20)
5.16 (3.56-26.00)

7.22 (3.37-20.80)

3.41 (2.64-4.51)
3.57 (2.15-4.97)*#

4.62 (2.83-7.37)

6.80 (3.52-12.60)
6.56 (4.75-9.97)

9.01 (4.01-12.00)

Foxp3 [MFI in CD4+]

Foxp3 [MFI in CD4+CD25+]

160.0 (50.23-223.5)

119.0 (47.9-181.3)

173.0 (158.0-238.0)*

144.0 (98.2-209.0)

75.6 (34.9-204.0)

70.1 (35.4-174.0)

50.1 (40.2-181.0)

55.9 (39.8-153.0)

Foxp3 [MFI in CD4+CD25+CD127-]
CD25+ [% of CD4+]
CD25+CD127- [% of CD4+]

CD25+Foxp3+ [% of CD4+]

141.0 (53.6-189.8)
14.40 (7.22-20.13)
2.96 (1.56-4.28)

0.57 (0.24-1.16)

163.0 (120.0-217.0)*
8.59 (5.56-14.90)
3.01 (0.56-4.18)

0.63 (0.28-2.23)

79.5 (41.1-175.0)
16.10 (8.92-25.90)
2.90 (1.96-4.35)

0.57 (0.22-1.03)

64.7 (44.7-134.0)
11.90 (7.47-21.90)
2.42 (1.26-5.24)

1.05 (0.32-2.25)

CD25+CD127-Foxp3+
[% of CD4+]

IL-17 [% of CD4+]

0.15 (0.05-0.26)

1.90 (0.83-3.73)*

0.20 (0.04-0.86)

2.22 (1.59-3.66)*

0.15 (0.06-0.25)

1.70 (0.78-3.96)*

0.28 (0.03-0.53)

0.73 (0.54-1.56)

IL-17 [MFI in CD4+]

4.85 (3.20-6.30)

5.69 (3.64-6.58)

3.50 (3.10-5.99)

4.23 (3.41-5.38)

CD4+IL-17/CD4+FoxP3+

0.35 (0.17-0.81)

0.17 (0.11-0.51)

0.35 (0.25-1.02)*

0.11 (0.08-0.27)

IL-10 [% of CD4+]
IL-10+ [% of CD4+CD25+]
IL-10+ [% of CD4+CD25+CD127-]

IL-10 [MFI in CD4+]

1.43 (1.09-1.95)
3.08 (1.86-4.73)
4.05 (2.88-8.01)

3.22 (2.80-3.99)

1.73 (1.45-2.84) *
3.73 (2.83-7.70)
533 (3.21-8.74)

3.58 (3.11-4.55)

1.31 (1.08-1.85)
2.49 (1.60-3.84)
3.59 (2.26-5.28)

3.00 (2.74-3.81) #

1.09 (0.97-1.31)
331 (2.35-4.10)
4.11 (2.72-5.22)

3.23 (3.07-3.30)

IL-10 [MEFI in CD4+CD25+]

3.48 (2.95-4.40)

4.17 (3.42-4.93)

3.16 (2.89-4.11)*#

3.58 (3.47-4.03)

IL-10 [MFI in CD4+CD25+CD127-]

3.44 (2.98-4.54)

3.70 (3.34-4.97)

3.28 (2.86-4.15)

3.63 (3.36-3.76)

CD25+IL-10+ [% of CD4+]
CD25+CD127-IL-10+ [% of CD4+]
IL-10 [pg/ml]

IL-17A [fg/ml]

0.7 (0.4-1.2)
0.1 (0.1-0.3)
5.02 (2.97-11.90)*

235 (128-474)

0.8 (0.6-1.6)
0.2 (0.1-0.6)
332 (2.64-9.18)

123 (89-171)*

0.6 (0.3-1.0)
0.1 (0.1-0.3)
6.29 (3.08-16.43)*

289 (208-557)*#

0.4 (0.4-0.9)
0.1 (0.1-0.2)
2.64 (2.24-3.34)

177 (171-300)

IL-22 [pg/ml]

13.4 (11.6-17.8)*

11.9 (10.5-13.4)*

16.2 (12.6-19.4)%#

8.5 (7.6-11.5)

Results are presented as median (Q1-Q3). *p<0.05 - MASLD groups vs control group; #p<0.05 — advanced vs early MASLD.

The bold values indicate statistically significant differences between the groups (p<0.05).

advanced MASLD with liver fibrosis (16). Understanding the
immune pathways involved is essential to determine the
pathogenesis of MASLD progression, which can considerably
support the diagnosis and treatment of this disease. In our study,
we analyzed the composition of CD4+ T lymphocytes and assessed
the concentration of interleukins from the Th17 and Treg
lymphocyte lines in advanced MASLD patients compared to
those with early MASLD as well as healthy volunteers. We
demonstrated that the imbalance between Th17 and T-regulatory
lymphocytes occurs not only at the level of serum cytokine
concentration, but also in the immune response at the cellular
level in the course of MASLD. Importantly, we noted the higher
activity of Th17 response and IL-17 synthesis combined with lower
activity of Treg cells in patients with the control group.

Frontiers in Immunology

The prevalence of MASLD is increasing in developing as well as
developed countries (24). The etiology of MASLD is multifactorial,
and inflammation has been considered the main cause of the
development and progression of the disease (6). Results similar to
ours had been obtained earlier with mice fed a high-fat diet, where
Treg/Th17 imbalance was observed causing abnormal secretion of
liver cytokines that stimulate further expression of STAT3 and RORyt
(6). This promotes the differentiation of CD4+ T cells, which are the
main producers of IL-17A and IL-17F in the course of MASLD (24).
It was demonstrated that the content of Th17 cells was elevated in
mice with developed MASLD, with high IL-17 concentration in
serum (6). We showed an increase in IL-17 with a statistical
difference of IL-17 [% of CD4+] between the groups of advanced
MASLD, early MASLD, and healthy controls. Importantly, in our
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Whitney U test, p<0.05.

study, the concentration of IL-17A in plasma distinguished patients
with advanced MASLD from early MASLD group (p<0.001). Both
higher frequency of intrahepatic Th17 cells, and a lower proportion of
Treg cells increase inflammation of the liver, which suggests that they
may contribute to the development of MASLD (6). It was
demonstrated that IL-17 signaling accelerates liver cell damage and
advanced MASLD progression in mice (14). Increased levels of Th17
proinflammatory cells have been reported in autoimmune diseases,
rheumatoid arthritis, multiple sclerosis, chronic viral hepatitis,
hepatocellular carcinoma, and Crohn’s disease (6, 25, 26). The
progression from simple steatosis to steatosis with advanced
MASLD inflammation is accompanied by a more visible
accumulation of Thl17 cells in the liver (16). In a study of 112
patients with steatotic liver disease (SLD) and MASLD, higher
amounts of IFN-y+ and IL-4+ cells were observed in CD4+ T
lymphocytes in the peripheral blood of patients compared to
healthy volunteers (16). Importantly, these results allowed patients
with MASH to be distinguished from those with SLD by a
considerably higher concentration of Th17 cells among liver CD4+
T cells (16). Our study revealed a new marker differentiating
advanced from early MASLD. We demonstrated a significant
difference in the level of Foxp3+ [% of CD4+CD25+],
distinguishing patients with early MASLD from advanced MASLD.
It should be remembered that IL-17 is induced in the course of

Frontiers in Immunology

obesity, and there is a strong correlation between IL-17 induction and
inflammation and liver damage. Therefore, scientists believe that
activation of IL-17 axis may lead to MASLD pathogenesis (6, 16, 24,
26-28). The aforementioned mouse model study showed that
blocking the signaling pathway IL-17/IL-17RA may be a new
therapeutic method to reduce hepatitis in the course of viral
hepatitis (26). Reduced expression of IL-17 was observed during
miR-26a administration in mice compared to the control group (29).
Interestingly, in our study we observed higher values of IL-17+ [% of
CD4+] in early MASLD patients than in those with advanced
MASLD. The pro-inflammatory activity of Th17 lymphocytes is
confirmed by the high concentration of IL-22 in the plasma of
MASLD patients compared to the control group, and in patients
with advanced MASLD compared to early MASLD. This may be
associated with IL-17-mediated inhibition of adipogenesis by
downward regulation of specific pro-adipogenic transcription
factors, including CCAAT-enhancer-binding proteins (C/EBPs)
and peroxisome proliferator-activated receptor (PPAR) v (29).
Therapeutic drugs may lead to the reduction of ALT levels, but
there was no positive correlation between the assessment of the
histological status of hepatitis and ALT (in our case: one patient).
The ongoing inflammatory process in MASLD causes an increase in
ALT levels as well as IL-17 levels, which may be reduced by therapy
(30). Moreover, the neutralization of IL-17 inhibited the deposition
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Median (Q1-Q3) plasma (A) IL-10 (B) IL-22 (C) IL-17A concentration
in all patients with MASLD (n=30), early MASLD (n=11), advanced
MASLD (n=19) patients compared to healthy controls (HCs; n=15)
Mann—-Whitney U test and Kruskal-Wallis ANOVA test, p<0.05.

of triglycerides, and ALT level, and decreased the total mass of the
liver (29). It is known that blocked signaling of IL-17 also prevents
the development of hepatocellular carcinoma (HCC) (31).
Therefore, it can be concluded that reducing steatosis alleviates
liver damage.

Frontiers in Immunology

10.3389/fimmu.2025.1597204

Notably, Th17 cells are responsible for inhibiting the process of
Treg cell differentiation (6). CD4+ CD25+ Foxp3 Treg cells
contribute to the alleviation of inflammatory liver diseases (6). In
the mouse-model experiment, a reduced number of liver Treg cells
was demonstrated in mice with MASLD (32), and decreased
expression of Foxp3 mRNA was observed in mice with advanced
MASLD (15). We found significantly lower protein levels of Foxp3
[% of CD4+] and FoxP3 [% of CD4+ CD25+] in patients with early
MASLD and advanced MASLD compared to higher values in the
control group (p < 0.05). A similar relationship was observed in
several studies with human subjects. For instance, in alcoholic
hepatitis (AH), the distribution of CD4+CD25+CD127-/lo Tregs
was analyzed using flow cytometry and was lower (p < 0.05) in
patients with AH compared to healthy individuals (33). These
results corresponded to an increased secretion of inflammatory
cytokines, which is an important process in liver damage (33).
Moreover, the above information implies that Foxp3 does not serve
as a specific biomarker for fatty liver disease but is a more ‘pan-
damage marker’.

It is probable that T lymphocytes producing IL-10 participate in
the regulation of liver infection in the course of MASLD (4). A study
that evaluated the level of Treg cells in the peripheral blood of patients
with chronic hepatitis C (CHC) and MASLD/advanced MASLD, and
demonstrated that the percentage of circulating CD25+CD127- and
Foxp3+ was higher only in patients with CHC, and no changes were
observed in patients with MASLD/advanced MASLD (34). Another
study focused on the role of B-cells producing IL-10 that can control
the normal development of anti-inflammatory T-cells. This suggests
that not only Treg cells are significant components of immune
regulation (35). Our work confirmed this hypothesis. Interestingly,
the level of IL-10 [MFI in CD4+] and IL-10 [MFI in CD4+CD25+]
differentiated patients with simple steatosis in early MASLD from
advanced MASLD patients (p < 0.01, p < 0.02, respectively). IL-10 is a
strong inflammatory suppressor as well as lowers plasma cholesterol
levels in mice and humans. The use of PEG-rIL-10 in therapy decreases
the level of lipids and thus may contribute to the improvement in the
course of advanced MASLD (36). However, the assessment of IL-10
concentration in the blood plasma of patients did not allow for
distinguishing patients with early MASLD from those with advanced
MASLD inflammation; the only difference was noticed between the
entire study group and the control group. Furthermore, the pro-
inflammatory effect of the IL-10/IL-17A ratio was observed in
patients with advanced MASLD in comparison with those without
liver inflammation. IL-10/IL-17A imbalance towards an inflammatory
state plays a role in the pathophysiology of steatohepatitis (13). The IL-
10/IL-17A ratio observed in our study, as well as the ratio of IL-10/IL-
22, varied between various degrees of hepatic fibrosis (FO-F3). The
strongest correlations were observed between the lowest and moderate
degrees of liver damage, with FO degree significantly higher than F2.
This may suggest a possible use of the IL-10/IL-17A and the IL-10/IL-
22 ratios in the classification of patients for treatment.

It is known that different subpopulations of T cells participate in
the progression of advanced MASLD. Transplantation of fecal
microflora (fecal microflora transplant, FMT) aimed at changing
gastrointestinal microflora is considered a new interesting
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TABLE 3 Correlations between the frequency of Th17/T-regulatory cells subpopulations, liver function tests, and obesity-related parameters (R-value
by Spearman rank test).

Early MASLD Advanced MASLD
Parameter n=11 n=19
AST & IL-17A 0.55 0.002 0.21 0.79 0.25 0.36
ALT & IL-10 [MFI in CD4+] -0.41 0.03 -0.26 0.44 -0.11 0.64
ALT & IL-10 [MFI in CD4+CD25+] -0.38 0.04 -0.15 0.65 -0.09 0.72
AST/ALT & IL-10+ [% of CD4+] 0.37 0.04 0.55 0.09 0.24 0.33
AST/ALT & CD25+IL-10+ [% of CD4+] 0.36 0.05 0.71 0.02 0.16 0.51
AST/ALT & IL-10 [MFI in CD4+] 0.39 0.03 0.72 0.01 0.16 0.52
WHR & CD25+ [% of CD4+] 0.43 0.04 0.56 0.15 0.25 0.34
WHR & RoRyt+ [% of CD4+] 0.44 0.05 0.11 0.82 0.66 0.02
WHR & CD4+RoRyt+/CD4+Foxp3+ 0.41 0.05 0.10 0.82 0.56 0.03
WHR & IL-10/17A -0.48 0.02 -0.73 0.05 -0.26 0.33
Body weight & RoRyt [MFI in CD4+] 0.05 0.24 -0.77 0.03 0.43 0.09
Body weight & RoRyt+ [% of CD4+] 0.33 0.05 -0.18 0.67 0.54 0.03
BMI & RoRyt+ [% of CD4+] 0.32 0.13 -0.16 0.72 0.59 0.02
BMI & CD4+RoRyt+/CD4+Foxp3+ 0.16 0.39 -0.63 0.04 0.59 0.01
BMI & IL-22 0.44 0.02 0.68 0.03 0.46 0.05
GGTP & CD4+RoRyt+/CD4+Foxp3+ 0.16 0.50 0.81 0.03 -0.13 0.66
Glucose & CD4+RoRyt+/CD4+Foxp3+ -0.11 0.55 -0.67 0.03 0.16 0.50
Cholesterol & Foxp3+ [% of CD4+CD25+CD127-] -0.52 0.03 -0.09 0.92 -0.12 0.73
HDL-C & CD25+Foxp3+ [% of CD4+] -0.65 0.001 -0.77 0.03 -0.68 0.01
HDL-C & CD25+CD127-Foxp3+ [% of CD4+] -0.52 0.02 -0.42 0.30 -0.60 0.03
HDL-C & CD25+ [% of CD4+] -0.74 0.0001 -0.60 0.12 -0.68 0.01
HDL-C & CD4+IL-17+/CD4+CD25+Foxp3+ 0.55 0.01 0.57 0.14 0.70 0.01
LDL-C & CD4+IL-17+/CD4+Foxp3+ 0.59 0.01 0.29 0.50 0.69 0.02
LDL-C & CD4+IL-17+/CD4+CD25+Foxp3+ 0.62 0.004 0.67 0.08 0.54 0.07
LDL-C & CD4+IL-17+/CD4+CD25+CD127+Foxp3+ 0.76 0.0003 0.86 0.01 0.60 0.07
LDL-C & IL-17A 0.49 0.03 0.55 0.17 0.06 0.86
LDL-C & IL-22 0.74 0.0002 0.36 0.38 0.56 0.06
HOMA-IR & CD25+Foxp3+ [% of CD4+] -0.38 0.04 -0.05 0.90 -0.56 0.01
HOMA-IR & CD25+CD127-Foxp3+ [% of CD4+] -0.34 0.07 -0.05 0.88 -0.56 0.01
HOMA-IR & CD4+IL-17+/CD4+Foxp3+ 0.48 0.01 0.18 0.60 0.55 0.01
HOMA-IR & CD4+RoRyt+/CD4+Foxp3+ 0.32 0.08 -0.29 0.38 0.58 0.01
HOMA-IR & IL-22 0.42 0.02 0.14 0.69 0.41 0.08
IL-10 & Foxp3+ [% of CD4+] -0.59 0.001 -0,41 0.08 -0.77 0.008
IL-10 & Foxp3+ [% of CD4+CD25+] -0.60 <0.001 -0.51 0.03 -0.73 0.01
IL-10 & CD4+IL-17+/CD4+Foxp3+ 0.55 0.002 0.45 0.05 0.59 0.06
IL-10 & CD4+IL-17+/CD4+CD25+Foxp3+ 0.50 0.005 0.49 0.03 0.43 0.18
(Continued)
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Early MASLD

Advanced MASLD

n=11 n=19
Parameter
IL-17A & Foxp3+ [% of CD4+CD25+] -0.42 0.02 -0.43 0.07 -0.02 0.97
IL-17A & CD4+IL-17+/CD4+Foxp3+ 0.39 0.04 0.45 0.06 -0.12 0.73
IL-17A & CD4+IL-17+/CD4+CD25+Foxp3+ 0.39 0.03 0.36 0.13 0.05 0.88
IL-22 & Foxp3+ [% of CD4+CD25+CD127-] -0.37 0.04 -0.46 0.05 0.19 0.57
The bold values indicate statistically significant differences between the groups (p<0.05).
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FIGURE 4

The ratio of circulatory levels of (A) IL-10/IL-17A and (B) IL-10/IL-22 in MASLD patients with subsequent grades of fibrosis in the liver FibroScan
histology. Results are presented as median (Q1-Q3). Comparisons by the use of Mann—-Whitney U test and Kruskal-Wallis ANOVA test, p<0.05.

treatment method. Reducing Treg cells in the liver may help
transform simple liver steatosis into steatohepatitis. It was
demonstrated that IFN-y (Thl) and IL-17 (Th17) were reduced,
and IL-4 (Th2), IL-22 (Th22) and Foxp3 (Treg) were increased in
mice fed a high-fat diet in which the FMT method was applied. This
contributed to the improvement of immune balance in the liver
(37). Experiments on mice with developed MASLD showed
decreased expression of Treg and Thl7 cells after the
intraperitoneal administration of anti-CD25 and anti-IL-17
neutralizing antibodies. The researchers found that with
decreased function of Treg cells, ALT and AST levels in mice
with advanced MASLD increased dramatically, with no visible
histological changes in liver steatosis (15). Our results confirmed
the above observations. Moreover, liver steatosis may be more
susceptible to damage due to leukocyte infiltration (4). It should
be remembered that ALT concentration increases at the moment of
lipid accumulation and not after the activation of inflammatory
cells (31). Therefore, it can be concluded that the progress of liver
damage may be caused at the same time by steatosis, hepatitis, and
insulin resistance (31).

The progression from MASLD to MASH patients can be
monitored by an increased frequency of IL-17+ cells among
intrahepatic CD4+ T cells, and noninvasively by a significantly
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higher Th17/resting Tregs (rTregs; CD4+CD45RA+CD25+) and
Th2/rTreg ratio in peripheral blood (16). The above indicates
heightened turnover of Tregs, potentially driven by increased
activation of naive Tregs in these patients. Therefore, our study
appears useful and adequate as it was based on peripheral blood
collected from patients. If the patients were stratified according to the
cytokeratin 18 fragment (CK-18) level, an established marker for liver
fibrosis and increased inflammatory activity, only Th17/rTreg ratio
differentiated between early and advanced stages of MASLD. However,
there was no significant association between CK-18 levels and Th1/
rTreg or Th2/rTreg ratio in both peripheral blood and hepatic tissue
(16). Future studies based on a comparison between the accuracy of the
cytokine and cell-expression markers assessed in this study with other
more specific immune biomarkers recently used for diagnosis and
staging of MASLD (such as TIM4, TREM2, VSIG4, and FOLR2, all
commonly associated with Kupffer cells) could further clarify
immunomodulatory processes undergone during MASLD progression.

In conclusion, the results indicate that the pro-inflammatory state
of cytokines is associated with greater histological and metabolic
changes in patients with advanced MASLD. Additionally, the
imbalance between Th17 and T-regulatory lymphocytes occurs not
only at the level of cytokine concentration in plasma, but also at the
level of cellular immune response in the course of MASLD. In
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patients with advanced MASLD, higher activity of Th17 response and
IL-17 synthesis were observed along with lower activity of regulatory
T cells. Our results emphasize the importance of Th17 lymphocyte
response in MASLD pathogenesis but also suggest the potential
usefulness of anti-T17 therapy in advanced MASLD. An important
role is played by IL-10/IL-17A and IL-10/IL-22 relations in the
progression from simple MASLD steatosis to advanced MASLD
inflammatory steatosis.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Ethics
Committee of the Medical University of Bialystok, Bialystok,
Poland (permission number: R-1-002/93/2014, date of approval:
27.03.2014). The studies were conducted in accordance with the
local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.

Author contributions

ES: Conceptualization, Data curation, Formal analysis, Funding
acquisition, Project administration, Visualization, Writing -
original draft, Writing - review & editing. KG: Investigation,
Methodology, Writing - review & editing. AP-K: Resources,
Writing - review & editing. RF: Conceptualization, Supervision,
Writing - review & editing. MM: Conceptualization, Project
administration, Supervision, Writing - review & editing. JJ:
Conceptualization, Data curation, Formal analysis, Resources,
Software, Writing — review & editing. AC: Resources, Supervision,
Writing - review & editing. MS: Conceptualization, Data curation,
Formal analysis, Funding acquisition, Investigation, Methodology,
Validation, Visualization, Writing - original draft.

References

1. Pan Z, Derbala M, AlNaamani K, Ghazinian H, Fan JG, Eslam M. MASLD criteria
are better than MASLD criteria at predicting the risk of chronic kidney disease. Ann
Hepatol. (2024) 29:101512. doi: 10.1016/].AOHEP.2024.101512

2. Garg K, Brackett S, Hirsch IB, Garg SK. NAFLD/NASH and diabetes. Diabetes
Technol Ther (2020) 22:5174-86. doi: 10.1089/DIA.2020.2513

3. Moore MP, Cunningham RP, Dashek RJ, Mucinski JM, Rector RS. A fad too far?
Dietary strategies for the prevention and treatment of NAFLD. Obes (Silver Spring).
(2020) 28:1843. doi: 10.1002/0OBY.22964

4. Onofrio LI, Arocena AR, Paroli AF, Cabalén ME, Andrada MC, Cano RC, et al.
Trypanosoma cruzi infection is a potent risk factor for non-alcoholic steatohepatitis
enhancing local and systemic inflammation associated with strong oxidative stress and

Frontiers in Immunology

12

10.3389/fimmu.2025.1597204

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was funded
by the National Science Center in Cracow, grant number: 2017/01/
X/NZ5/01279, and Medical University in Bialystok grant number:
SUB/1/DN/22/011/1118 and B.SUB.24.610.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1597204/full#supplementary-material

metabolic disorders. PloS Negl Trop Dis. (2015) 9:1-22. doi: 10.1371/
journal.pntd.0003464

5. Reccia I, Kumar J, Akladios C, Virdis F, Pai M, Habib N, et al. Non-alcoholic fatty
liver disease: A sign of systemic disease. Metabolism. (2017) 72:94-108. doi: 10.1016/
j-metabol.2017.04.011

6. He B, Wu L, Xie W, Shao Y, Jiang J, Zhao Z, et al. The imbalance of Th17/Treg
cells is involved in the progression of nonalcoholic fatty liver disease in mice. BMC
Immunol. (2017) 18:1-9. doi: 10.1186/512865-017-0215-y

7. Ooi GJ, Burton PR, Doyle L, Wentworth JM, Bhathal PS, Sikaris K, et al. Effects of
bariatric surgery on liver function tests in patients with nonalcoholic fatty liver disease.
Obes Surg (2017) 27(6):1533-42. doi: 10.1007/s11695-016-2482-8

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1597204/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1597204/full#supplementary-material
https://doi.org/10.1016/J.AOHEP.2024.101512
https://doi.org/10.1089/DIA.2020.2513
https://doi.org/10.1002/OBY.22964
https://doi.org/10.1371/journal.pntd.0003464
https://doi.org/10.1371/journal.pntd.0003464
https://doi.org/10.1016/j.metabol.2017.04.011
https://doi.org/10.1016/j.metabol.2017.04.011
https://doi.org/10.1186/s12865-017-0215-y
https://doi.org/10.1007/s11695-016-2482-8
https://doi.org/10.3389/fimmu.2025.1597204
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Supruniuk et al.

8. Zhang JZ, CaiJJ, Yu Y, She ZG, Li H. Nonalcoholic fatty liver disease: an update
on the diagnosis. Gene Expr. (2019) 19:187. doi: 10.3727/105221619X15553433838609

9. Fazel Y, Koenig AB, Sayiner M, Goodman ZD, Younossi ZM. Epidemiology and
natural history of non-alcoholic fatty liver disease. Metabolism. (2016) 65:1017-25.
doi: 10.1016/j.metabol.2016.01.012

10. Dhyani M, Anvari A, Samir AE. Ultrasound elastography: liver. Abdom Imaging.
(2015) 40:698-708. doi: 10.1007/s00261-015-0373-4

11. Tapper EB, Saini SD, Sengupta N. Extensive testing or focused testing of patients
with elevated liver enzymes. ] Hepatol. (2017) 66:313-9. doi: 10.1016/j.jhep.2016.09.017

12. Liu Y, She W, Wang F, Li ], Wang ], Jiang W. 3, 3’-diindolylmethane alleviates
steatosis and the progression of NASH partly through shifting the imbalance of Treg/
Th17 cells to Treg dominance. Int Immunopharmacol. (2014) 23:489-98. doi: 10.1016/
j.intimp.2014.09.024

13. Vonghia L, Magrone T, Verrijken A, Michielsen P, Van Gaal L, Jirillo E, et al.
Peripheral and hepatic vein cytokine levels in correlation with Non-Alcoholic Fatty
Liver Disease (NAFLD)-related metabolic, histological, and haemodynamic features.
PloS One. (2015) 10:1-17. doi: 10.1371/journal.pone.0143380

14. Harley ITW, Stankiewicz TE, Giles DA, Softic S, Flick LM, Cappelletti M, et al.
IL-17 signaling accelerates the progression of nonalcoholic fatty liver disease in mice.
Hepatology. (2014) 59:1830-9. doi: 10.1002/hep.26746

15. Liu Y, She W, Wang F, Li ], Wang J, Jiang W. 3, 3’-diindolylmethane alleviates
steatosis and the progression of NASH partly through shifting the imbalance of Treg/
Th17 cells to Treg dominance. Int Immunopharmacol. (2014) 23:489-98. doi: 10.1016/
j.intimp.2014.09.024

16. Rau M, Schilling A-K, Meertens J, Hering I, Weiss J, Jurowich C, et al.
Progression from nonalcoholic fatty liver to nonalcoholic steatohepatitis is marked
by a higher frequency of th17 cells in the liver and an increased th17/resting regulatory
T cell ratio in peripheral blood and in the liver. J Immunol. (2016) 196:97-105.
doi: 10.4049/jimmunol.1501175

17. Yang KC, Liao YY, Tsui PH, Yeh CK. Ultrasound imaging in nonalcoholic liver
disease: Current applications and future developments. Quant Imaging Med Surg.
(2019) 9:546-51. doi: 10.21037/qims.2019.03.14

18. Martin-Rodriguez JL, Gonzalez-Cantero ], Gonzalez-Cantero A, Arrebola JP,
Gonzalez-Calvin JL. Diagnostic accuracy of serum alanine aminotransferase as
biomarker for nonalcoholic fatty liver disease and insulin resistance in healthy
subjects, using 3T MR spectroscopy. Med (United States). (2017) 96:e6770.
doi: 10.1097/MD.0000000000006770

19. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, et al. The
diagnosis and management of non-alcoholic fatty liver disease: practice guideline by the
american association for the study of liver diseases, American college of
gastroenterology, and the American gastroenterological association. Am ]
Gastroenterol. (2012) 107:811. doi: 10.1038/ajg.2012.128

20. Singh B, Saxena A. Surrogate markers of insulin resistance: A review. World |
Diabetes. (2010) 1:36. doi: 10.4239/WJD.V1.12.36

21. Kim HM, Kim BS, Cho YK, Kim BI, Sohn CI, Jeon WK, et al. Elevated red cell
distribution width is associated with advanced fibrosis in NAFLD. Clin Mol Hepatol.
(2013) 19:258. doi: 10.3350/CMH.2013.19.3.258

22. Carvalho-Furtado ACL, Carvalho-Louro DM, Regattieri NAT, Rodrigues MP,
Montenegro MLRN, Ferro AM, et al. Transient elastography and controlled attenuation

parameter (CAP) in the assessment of liver steatosis in severe adult growth hormone
deficiency. Front Endocrinol (Lausanne). (2019) 10:364. doi: 10.3389/fendo.2019.00364

Frontiers in Immunology

13

10.3389/fimmu.2025.1597204

23. Kamali L, Adibi A, Ebrahimian S, Jafari F, Sharifi M. Diagnostic performance of
ultrasonography in detecting fatty liver disease in comparison with fibroscan in people
suspected of fatty liver. Adv BioMed Res. (2019) 8:69. doi: 10.4103/ABR.ABR_114_19

24. Giles DA, Moreno-Fernandez ME, Stankiewicz TE, Cappelletti M, Huppert SS,
Iwakura Y, et al. Regulation of inflammation by IL-17A and IL-17F modulates non-
alcoholic fatty liver disease pathogenesis. PloS One. (2016) 11:1-18. doi: 10.1371/
journal.pone.0149783

25. Sundrud MS, Trivigno C. Identity crisis of Th17 cells: Many forms, many
functions, many questions. Semin Immunol. (2013) 25:263-72. doi: 10.1016/
j.smim.2013.10.021

26. Jie Z, Liang Y, Hou L, Dong C, Iwakura Y, Soong L, et al. Intrahepatic innate
lymphoid cells secrete IL-17A and IL-17F that are crucial for T cell priming in viral
infection. J Immunol. (2014) 1:3289-300. doi: 10.1109/TM1.2012.2196707.Separate

27. Hardy T, Zeybel M, Day CP, Dipper C, Masson S, McPherson S, et al. Plasma
DNA methylation: a potential biomarker for stratification of liver fibrosis in non-
alcoholic fatty liver disease. Gut. (2016) 66(7):1321-8. doi: 10.1136/gutjnl-2016-311526

28. Swiderska M, Jaroszewicz J, Stawicka A, Parfieniuk-Kowerda A, Chabowski A,
Flisiak R. The interplay between Th17 and T-regulatory responses as well as adipokines
in the progression of non-alcoholic fatty liver disease. Clin Exp Hepatol. (2017) 3:127-
34. doi: 10.5114/ceh.2017.68466

29. He Q,LiF, LiJ, Li R, Zhan G, Li G, et al. MicroRNA-26a-interleukin (IL)-6-IL-
17 axis regulates the development of non-alcoholic fatty liver disease in a murine
model. Clin Exp Immunol. (2017) 187:174-84. doi: 10.1111/cei.12838

30. Du W-], Zhen J-H, Zeng Z-Q, Zheng Z-M, Xu Y, Qin L-Y, et al. Expression of
Interleukin-17 associated with disease progression and liver fibrosis with hepatitis B
virus infection: IL-17 in HBV infection. Diagn Pathol. (2013) 8:712. doi: 10.1186/1746-
1596-8-40

31. Gomes AL, Teijeiro A, Burén S, Tummala KS, Yilmaz M, Waisman A, et al.
Metabolic inflammation-associated IL-17A causes non-alcoholic steatohepatitis and
hepatocellular carcinoma. Cancer Cell. (2016) 30:161-75. doi: 10.1016/
j.ccell.2016.05.020

32. TangY, Bian Z, Zhao L, Liu Y, Liang S, Wang Q, et al. Interleukin-17 exacerbates
hepatic steatosis and inflammation in non-alcoholic fatty liver disease. Clin Exp
Immunol. (2011) 166:281-90. doi: 10.1111/j.1365-2249.2011.04471.x

33. Almeida J, Polvorosa MA, Gonzalez-Quintela A, Marcos M, Pastor I, Hernandez
Cercefio ML, et al. Decreased peripheral blood CD4 */CD25 * Regulatory T cells in patients
with alcoholic hepatitis. Alcohol Clin Exp Res. (2013) 37:1361-9. doi: 10.1111/acer.12095

34. Maggio R, Viscomi C, Andreozzi P, D’Ettorre G, Viscogliosi G, Barbaro B, et al.
Normocaloric low cholesterol diet modulates Th17/Treg balance in patients with
chronic hepatitis C virus infection. PloS One. (2014) 9(12):e112346. doi: 10.1371/
journal.pone.0112346

35. Carter NA, Rosser EC, Mauri C. Interleukin-10 produced by B cells is crucial for
the suppression of Th17/Th1 responses, induction of T regulatory type 1 cells and
reduction of collagen-induced arthritis. Arthritis Res Ther. (2012) 14:R32. doi: 10.1186/
ar3736

36. Chan IH, Van Hoof D, Abramova M, Bilardello M, Mar E, Jorgensen B, et al.
Pegylated il-10 activates kupffer cells to control hypercholesterolemia. PloS One. (2016)
11:1-21. doi: 10.1371/journal.pone.0156229

37. Zhou D, Pan Q, Shen F, Cao H, Ding W, Chen Y, et al. Total fecal microbiota
transplantation alleviates high-fat diet-induced steatohepatitis in mice via beneficial
regulation of gut microbiota. Sci Rep. (2017) 7:1529. doi: 10.1038/s41598-017-01751-y

frontiersin.org


https://doi.org/10.3727/105221619X15553433838609
https://doi.org/10.1016/j.metabol.2016.01.012
https://doi.org/10.1007/s00261-015-0373-4
https://doi.org/10.1016/j.jhep.2016.09.017
https://doi.org/10.1016/j.intimp.2014.09.024
https://doi.org/10.1016/j.intimp.2014.09.024
https://doi.org/10.1371/journal.pone.0143380
https://doi.org/10.1002/hep.26746
https://doi.org/10.1016/j.intimp.2014.09.024
https://doi.org/10.1016/j.intimp.2014.09.024
https://doi.org/10.4049/jimmunol.1501175
https://doi.org/10.21037/qims.2019.03.14
https://doi.org/10.1097/MD.0000000000006770
https://doi.org/10.1038/ajg.2012.128
https://doi.org/10.4239/WJD.V1.I2.36
https://doi.org/10.3350/CMH.2013.19.3.258
https://doi.org/10.3389/fendo.2019.00364
https://doi.org/10.4103/ABR.ABR_114_19
https://doi.org/10.1371/journal.pone.0149783
https://doi.org/10.1371/journal.pone.0149783
https://doi.org/10.1016/j.smim.2013.10.021
https://doi.org/10.1016/j.smim.2013.10.021
https://doi.org/10.1109/TMI.2012.2196707.Separate
https://doi.org/10.1136/gutjnl-2016-311526
https://doi.org/10.5114/ceh.2017.68466
https://doi.org/10.1111/cei.12838
https://doi.org/10.1186/1746-1596-8-40
https://doi.org/10.1186/1746-1596-8-40
https://doi.org/10.1016/j.ccell.2016.05.020
https://doi.org/10.1016/j.ccell.2016.05.020
https://doi.org/10.1111/j.1365-2249.2011.04471.x
https://doi.org/10.1111/acer.12095
https://doi.org/10.1371/journal.pone.0112346
https://doi.org/10.1371/journal.pone.0112346
https://doi.org/10.1186/ar3736
https://doi.org/10.1186/ar3736
https://doi.org/10.1371/journal.pone.0156229
https://doi.org/10.1038/s41598-017-01751-y
https://doi.org/10.3389/fimmu.2025.1597204
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Increased frequencies of human Th-17 CD4+ T-cells and decreased T-regulatory cells in patients with early and advanced metabolic dysfunction-associated steatotic liver disease
	1 Introduction
	2 Materials and methods
	2.1 Patient characteristics
	2.2 Blood samples
	2.3 Cell isolation
	2.4 Analysis by flow cytometry
	2.5 Anthropometric and biochemical analyses
	2.6 Elastography
	2.7 Immunoenzymatic assay (ELISA)
	2.8 Statistical analysis

	3 Results
	3.1 Clinical characteristics and liver function tests
	3.2 Frequencies of Treg cells and Th17 cells in MASLD patients
	3.3 Correlation between Treg cells and Th17 prevalence with liver function tests and obesity-related parameters in MASLD patients
	3.4 Th17, Treg cells and interleukin concentrations in the histological progression of MASLD

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


