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Abstract: Increasing evidence reveals that immune cells significantly contribute to metabolic
dysfunction-associated steatotic liver disease (MASLD) progression. The patatin-like phospholipase
domain-containing protein 3 (PNPLA3) 1148M variant has been linked to hepatic inflammation and
fibrosis; however, its role in immune cell infiltration and activation within the liver remains unclear.
Seventy patients with MASLD were prospectively enrolled. Genomic DNA was extracted from
buccal swabs or liver biopsy samples, followed by single nucleotide polymorphism genotyping to
determine the rs738409 SNP genotype at codon 148 of PNPLA3. Immunohistochemistry was
conducted using CD3 and CD68 antibodies to quantify T cell and macrophage infiltration,
respectively. Total RNA extracted from biopsy specimens was used for quantitative reverse
transcription polymerase chain reaction to assess the expression of specific markers associated with
immune cell activation. Among the 70 patients with MASLD, 34 had the GG genotype, whereas 21
and 15 had the GC and CC genotypes, respectively. The GG genotype group showed a higher
proportion of advanced fibrosis (F3 or F4) than the GC+CC group (P = 0.051). GG genotype carriers
exhibited significantly higher CD3* and CD68* cell counts in the periportal region than the GC/CC
carriers (P < 0.05). The transcriptomic analysis revealed elevated expression of markers associated
with chronic antigen stimulation and immune cell activation (CD8A, GZMB, CCL2, and TIMP1) in
GG carriers compared with those of GC and CC (P < 0.05). Furthermore, correlations among various
markers, including inflammatory, steatosis-associated, and fibrosis-associated markers, exhibited
consistent positive correlations. Our findings revealed that the PNPLA3 I148M variant and increased
immune cell infiltration and activation were significantly correlated within the MASLD liver. Further
studies are needed to elucidate the mechanistic links between this genetic variant and liver
inflammation.

Keywords: PNPLA3; metabolic dysfunction-associated steatotic liver disease; liver fibrosis; immune
cell
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1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is the pathological
accumulation of lipids in the liver along with metabolic comorbidities, such as obesity, diabetes,
hypertension, and hypertriglyceridemia [1]. It is widely believed that MASLD progresses to
advanced liver disease and severe liver-related outcomes, including hepatocellular carcinoma (HCC)
and decompensated cirrhosis, thus posing a substantial clinical and socioeconomic burden [2,3]. A
central mechanistic driver of MASLD progression is insulin resistance, which promotes de novo
lipogenesis and causes lipid overload and subsequent hepatocellular injury [4]. Since higher grades
of fibrosis or the presence of steatohepatitis are prognostic factors for unfavorable outcomes in
MASLD cases, various therapeutic approaches have been proposed to restrain MASLD progression,
such as resmetirom, which was recently approved as the first drug for MASLD [5-7]. Nevertheless,
considering that MASLD presentation and pathobiology can be considerably heterogeneous,
additional therapeutics that target diverse molecular pathways are urgently needed [8].

Growing evidence reveals that genetic factors are pivotal for MASLD pathogenesis. Among the
numerous implicated loci, the 1148M variant in the patatin-like phospholipase domain-containing
protein 3 (PNPLA3) gene is uniquely associated with hepatic steatosis [9,10]. Individuals that are
homozygous for the GG allele exhibit a higher risk of fibrosis progression, liver-related events, and
HCC [11-13]. Mechanistically, the 1148M substitution impairs the enzymatic lipase activity of
PNPLA3, diminishes triglyceride mobilization, and promotes excessive lipid droplet accumulation
in hepatocytes, which are key processes driving MASLD development and progression [14,15].
Recently, Vilar-Gomez et al. demonstrated that portal inflammation accounts for a substantial
proportion of the indirect influence of PNPLA3 on fibrosis severity, indicating a possible role of
PNPLA3 on immune cell-related meachnisms [16]. However, the precise mechanisms by which
PNPLAS3 facilitates MASLD progression have not been completely characterized, particularly
regarding the immunological and inflammatory pathways it influences and the role of immune cell-
mediated processes, which are not yet fully understood.

Additionally, in MASLD progression, immune cells including T cells and macrophages serve as
central regulators of immune-mediated mechanisms. Enriched within the periportal region, these
immune cells are actively engaged in inflammatory responses [17,18]. Under lipotoxic conditions,
proinflammatory T cell subsets become activated, secreting cytokines such as interferon-vy,
interleukin-2, and tissue necrotic factor-a, and 3, thereby fostering a proinflammatory milieu [17,19].
Oxidative stress has also been implicated in CD8* T cell accumulation, further exacerbating liver
inflammation and injury [20]. Macrophages, encompassing resident Kupffer cells and monocyte-
derived macrophages, are likewise key players in chronic liver disease and MASLD pathogenesis [21-
23]. Chronic inflammatory cascades in metabolic disorders are predominantly driven by these hepatic
macrophage populations, while translocated lipopolysaccharide from the gut aggravates liver injury
by activating macrophages and other intrahepatic immune cells [24,25]. Although direct evidence
linking PNPLAS3 status to immune cell infiltration remains limited, a potential pathophysiological
connection can be inferred from the central role of immune cells in MASLD pathobiology.

Based on these considerations, we sought to determine whether the PNPLA3 1148M variant
influences immune cell infiltration within the periportal region of MASLD livers. We also aimed to
evaluate the expression level of immune-related genes in relation to PNPLA3 I148M genetic variants,
thereby providing mechanistic insights into how PNPLA3 might shape immune cell-driven
immunopathology and contribute to MASLD progression.

2. Materials and Methods

2.1. Patients

We conducted a prospective study, in which patients with MASLD at two affiliated university
hospitals in Korea were consecutively enrolled between June and December 2024. MASLD was
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defined as the presence of steatosis along with at least one of the recognized cardiometabolic risk
factors, following the current consensus criteria [26]. All enrolled patients underwent PNPLA3
genotyping, and each provided a liver biopsy sample for histological assessment and
immunohistochemical staining of CD3 and CD68. This study was approved by the Institutional
Review Board of the Catholic University of Korea (approval number: XC24TIDI0025) and was
conducted in accordance with the Declaration of Helsinki. Informed consent was obtained from all
participants before enrollment.

2.2. Genomic Data Collection and Single Nucleotide Polymorphism Genotyping

Genomic DNA was extracted from the buccal swabs, whole blood, or tissue samples using the
XENOPURE™ gDNA Purification Kit (XENOHELIX, Incheon, Republic of Korea). Single nucleotide
polymorphism genotyping was performed using the XENO-SNP assay kit (XENOHELIX, Incheon,
Republic of Korea). Approximately, 10 ng of genomic DNA was amplified in a 20 pL reaction volume,
following the manufacturer's protocol, using a 96-well plate format. Amplifications for all assays
were conducted using the CFX Connect Real-Time Polymerase Chain Reaction (PCR) Detection
System.

2.3. Immunohistochemistry Analysis

First, a liver sample was obtained via core-needle liver biopsy. The liver biopsy sample was fixed
in 10% formalin for 24 h before embedding paraffin. Hematoxylin and eosin staining, Masson’s
trichrome staining, and immunohistochemistry were conducted following previously established
methods [27]. Anti-CD3 (Abcam, Cambridge, UK) and anti-CD68 (clone: KP1; Dako, Carpinteria, CA,
USA) antibodies were used for incubation. The cells were quantified by evaluating three distinct
periportal regions per liver sample. In each region, positive cells were manually counted under a
light microscope at 400x magnification. The cell counts were normalized to a standard unit area of
20,000 um? to account for the variability of tissue size. Specifically, the number of CD3* and CD68*
cells was recorded within each defined area, and the values obtained from the three regions were
averaged to determine the representative cell density for each sample.

2.4. Exploration of Gene Expression Profiles

To measure mRNA expression, cDNA synthesis and TagMan reverse transcription-quantitative
polymerase chain reaction analyses were performed following previously established protocols [27].
mRNA levels of target genes were quantified using the TagMan gene expression assay (Applied
Biosystems, Foster City, CA, USA). The assay IDs for each gene are provided in Supplementary Table
1. The quantitative real-time reverse transcription PCR (qRT-PCR) was performed on a LightCycler
480 II system (Roche Diagnostics) using the LightCycler 480 Probes Master Reaction Mix (Roche).

2.5. Clinical and Histological Data Collection

Anthropometric measurements, including body weight and height, were measured for each
patient. Laboratory data including lipid profile, total bilirubin, alanine aminotransferase, and
aspartate aminotransferase, were also obtained for the analysis. Fibrosis-4 Index score was calculated
using the laboratory findings [28]. Furthermore, histologic findings from liver biopsy samples that
were used to determine the NAFLD Activity Score (NAS) and fibrosis stage were evaluated by expert
pathologists, following the guidelines established by the Non-Alcoholic Steatohepatitis Clinical
Research Network [29,30]. In addition, patients who underwent vibration-controlled transient
elastography when they were enrolled had their liver stiffness measurement and controlled
attenuation parameter values recorded.
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2.6. Statistical Analysis

Two-tailed, unpaired Student’s t-tests or Mann—-Whitney tests were used to compare continuous
variables between two groups, with results expressed as mean * standard deviation. For three or
more group comparisons, analysis of variance was performed. Categorical variables were analyzed
using either the chi-square or Fisher’s exact tests, depending on sample size. Additionally, linear
regression analysis was conducted to identify correlations between markers related to immune
activation, fibrosis, and steatosis, and these relationships were quantified using Pearson’s correlation
coefficients. Statistical significance was set at p <0.05. All statistical analyses were performed using
the R statistical software (version 4.0.3; R Foundation Inc., Vienna, Austria; http://cran.r-project.org,
accessed on January 3, 2025).

3. Results

3.1. Baseline Characteristics

Overall, 70 patients with MASLD were included in the analysis. Of these, 34 had the GG
genotype, whereas 36 carried the GC or CC genotype (21 GC, 15 CC) (Table 1). Anthropometric
measurements and medical histories did not significantly differ between the GG and GC+CC groups.
Similarly, laboratory findings did not significantly differ, except for serum albumin levels, which
were lower in the GG group than in the GC+CC group (p = 0.020). controlled attenuation parameter
and controlled attenuation parameter values were also compared between the two groups. Both were
higher in the GG group than in the GC+CC group; nevertheless, they did not statistically significantly
differ (p = 0.228 and p = 0.115, respectively).

Table 1. Demographic and Clinical Characteristics.

Total PNPLA3 GG PNPLA3 GC+CC

d0i:10.20944/preprints202505.1962.v1

(n=70) (n=34) (n=36) ’

Male sex 36 (51.4) 15 (44.1) 21 (58.3) 0.342
Age 51.3+17.4 53.4+15.1 49.3+19.2 0.323
BMI (Kg/m?) 28.3+6.0 28.0+£6.5 28.5+£5.5 0.743
HTN 28 (40.0) 16 (47.1) 12 (33.3) 0.354
DM 31 (44.3) 16 (47.1) 15 (41.7) 0.831
WBC (10°/L) 7.3+2.4 6.6+2.2 7.9+2.4 0.025
Hb (g/dL) 14.2+1.9 13.9+1.9 14.4+2.0 0.372
PLT (10%/uL) 236.2+80.7 219.4+80.7 252.1+78.6 0.090
PT (INR) 1.1+0.1 1.1+0.1 1.0+0.1 0.055
Albumin (g/dL) 4.4+0.4 4.3+0.4 4.5+0.4 0.020
TB (mg/dL) 0.8+0.5 0.9£0.6 0.8+0.4 0.310
AST (IU/L) 65.1+£38.6 64.3+41.3 65.9+36.4 0.864
ALT (IU/L) 105.0+155.9 82.0£73.6 126.8+204.5 0.232
GGT (U/L) 93.4+93.2 85.4+69.3 101.0+111.8 0.486
Triglycerides (mg/dL) 161.3+117.8 140.0+71.3 182.0+148.2 0.140
Total Cholesterol (mg/dL) 186.7+43.3 178.4+38.7 194.8+46.5 0.116
LDL-C (mg/dL) 110.9+38.0 106.7+36.9 115.1+39.1 0.364
HDL-C (mg/dL) 47.1+11.4 47.2+11.6 47.0+11.3 0.932
NAS>5 16 (22.9) 9 (26.5) 7 (19.4) 0.678
Fibrosis stage 0.025

FO 9 (12.9) 2(5.9) 7 (19.4)

F1 25 (35.7) 13 (38.2) 12 (33.3)

2 13 (18.6) 4(11.8) 9 (25.0)

F3 13 (18.6) 6 (17.6) 7 (19.4)

F4 10 (14.3) 9 (26.5) 1(2.8)
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CAP (dB/m) 299.5+37.6 306.3+38.6 294.1+36.4 0.228
LSM (kPa) 11.2+6.4 12.7+7.8 10.0+4.9 0.115

Data are presented as n (%) or mean + SD. Abbreviations: ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BMI, body mass index; CAP, controlled attenuation parameter; DM, diabetes mellitus, GGT,
gamma-glutamyl transpeptidase; Hb, hemoglobin; HDL-C, high-density lipoprotein cholesterol; HTN,
hypertension; INR, international normalized ratio; LDL-C, low-density lipoprotein cholesterol; LSM, liver

stiffness measurement; PLT, platelet; PT, prothrombin time; TB, total bilirubin; WBC, white blood cell.

3.2. MASLD Severity According to the PNPLA3 1148M Genetic Variant

MASLD severity, as determined by the NAS and fibrosis stage, was compared between the GG
and GC+CC genotype groups (Figure 1). Figure 1A shows a representative histological image
corresponding to each fibrosis stage. Sixteen of the 70 patients had a NAS > 5, and their proportions
did not significantly differ between the two genotype groups (p = 0.678). Furthermore, none of the
individual components of the NAS, including steatosis degree, ballooning degeneration, and lobular
activity, varied significantly with the PNPLA3 genotype (Figure 1B). In contrast, the distribution of
fibrosis stages significantly differed between the groups (p = 0.025). The GG genotype group showed
a higher proportion of patients with advanced fibrosis (F3: 17.6%, F4: 26.5%) than that of the GC+CC
group (F3:19.4%, F4: 2.8%) (Figure 1C).

Steatosis degree Balleoning Lobular Activity
8 |
g . 100 o3 100 2 = 100 =3
& 6 - - . g Bz -2
2| o m E o1 =03 2
'§ 4 ey = 2 50 0o £ 50 < 50 oo
8 ] 5
a k] 8
D 2 sssse — g E -§
g 1) - =
0 * T 0 T T 0 T T 0 T T
GG GC+CC GG GC+CC GG GC+CC GG GC+CC
(n=234) (n=36)
Cc * 30
4 eswscnon [ @ 1 cc
g 5 O G6¢
& 3 F — = 20 0O GG
w — o
v -—
@ 2 —— 2 i —
] 2 10
Ly £
=
L =4
0 ”» —— 0 T T T T
GG GC+CC
(n=34) (n=135) FO F1 F2 F3 F4

Fibrosis Stage

Figure 1. Distribution of the non-alcoholic fatty liver disease activity score and fibrosis stage according to the
PNPLAS3 genotype. (A) Liver biopsies stained with hematoxylin and eosin and Masson’s trichrome (scale bar:
100 pm, 400%) (B) non-alcoholic fatty liver disease (NAFLD) activity score. (C) Fibrosis stage. Figure B displays,
from left to right, the distributions of the NAFLD activity score, steatosis grade, ballooning degeneration

severity, and lobular activity score according to PNPLA3 genotype.
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3.3. Differential Immune Cell Infiltration in MASLD Liver

Immune cell infiltration was evaluated in MASLD liver biopsy samples through
immunohistochemical staining for CD3 and CD68, and results were compared according to the
fibrosis stage, PNPLA3 genotype, and NAS (Figure 2). Figure 2A shows a representative
immunohistochemical staining of CD3 and CD68 based on the PNPLA3 genotype. The fibrosis stage
analyses (Figure 2B) showed that both CD3* and CD68* cell counts were highest in F4, with
statistically significant differences observed across fibrosis stages (p < 0.001 for both). Notably, the
GG genotype group exhibited a significantly higher CD3* cell count than that of the GC+CC group
(39.6 +18.2 vs. 25.7 £ 13.2; p < 0.001) (Figure 2C). Similarly, the CD68* cell count was elevated in the
GG group (36.9 + 14.4) compared with the GC+CC group (27.5 + 10.2; p = 0.002). When stratified by
NAS (Figure 2D), patients with a NAS of 5-8 had higher CD3* and CD68+ cell counts than those with
a NAS of 0—4, although these differences were not statistically significant (p = 0.074 and 0.580 for CD3
and CD68, respectively).

A B
100 80
=& ea .
25 3 Ew _
Sg . = :
TS 50 + o [F] 8840 , s M ;
= Y T SR I ) P <) L sy [
85 + L RE |- | 25201 st (29 18] [T
Oc m N = 8 & F . i
0 T T T 0 3 T '
FO F1_F2 F3 F4 FO F1_F2 F3 F4
{n=9) In=25{n=13) (h=13){n=10) {n=9) (n=25{n=13) n=13)(n=10)
Fibrosis Stage Fibrosis Stage
C e ek D
10(7 80 100 80
=T 2 F, = : E& .
g5 ® ZEw ERS : g5 . i
8 2 60+ o 8 o * ° 5 .
=0 e o . = O H =3
82-40‘ ?340 o -;'%._. 8250 L] _:E:_ ?2»40 ".:'Tf:., et
HA " o N Coglest e FE - il o & ,vi%, safun
85 ggni [P [EHT O3 2 | & S5 [Ek
oce ™ c e O = w1 O
0 0 T T 0 T T 0 T T
GG GC+CC GG GC+CC NAS 0-4  NAS 5-8 NAS 0-4  NAS5-8
(n=34) (n=36) (n=34) (n=36) (n=54) (n=16) n=54) (n=16)
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Figure 2. Differential Infiltration of CD3* and CD68* cells in metabolic dysfunction-associated steatotic liver
disease livers. (A) Representative immunohistochemical staining of CD3 and CD68 according to the patatin-like
phospholipase domain-containing protein 3 (PNPLA3) genotype (scale bar: 100 pum, 400%). (B-D) Quantitative
comparisons of CD3* and CD68* cell infiltration in metabolic dysfunction-associated steatotic liver disease livers
according to (B) fibrosis stage, (C) PNPLA3 genotype, and (D) non-alcoholic fatty liver disease activity score.
Statistical significance is indicated by *p < 0.05, **p < 0.01, and **p < 0.001.

3.4. Association Between PNPLA3 1148 M Genetic Variant and Immune-Related Gene Expression

To examine the association between chronic antigen stimulation, immune cells, and the GG
genotype, we analyzed the expression of various immune-related genes in liver biopsy samples from
36 patients with MASLD using qRT-PCR (Supplementary Table 2). The GG genotype group showed
significantly higher expression of T cell activation-related genes, including CD8A and GZMB,
compared with the GC+CC group (p < 0.05). Additionally, genes associated with T cell exhaustion
and CD8+ clonal expansion, such as CXCR6, PDCD1, TIGIT, TOX, KLRG1, and CD160, showed a
trend toward increased expression in the GG group. However, these expressions were not statistically
significant (Figure 3A). The inflammation-related gene CCL2 was significantly upregulated in the
GG group (p < 0.05), with IFNy, TNFa, and IL1p displaying a similar upward trend (Figure 3B).
Fibrosis-related genes, including TIMP1 (p < 0.05) and PPARY, also showed higher expression in the
GG group than in the GC+CC group, and the trend observed was also comparable (Figure 3C).
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Figure 3. Reverse transcription quantitative polymerase chain reaction-based gene expression analysis in
liver biopsies. Hepatic mRNA levels of genes related to (A) T cell activation, (B) inflammation, and (C) fibrosis.

Two-tailed unpaired independent t-test; data are presented as the mean + SD. *p < 0.05.

3.5. Correlation Between Immune-Related Markers and MASLD Severity

Correlation between markers, including inflammatory, steatosis-associated, and fibrosis-
associated markers, were assessed (Figure 4). Both CD3* and CD68* cell counts showed positive
correlations with fibrosis stage (CD3: r = 0.56, p < 0.001; CD68: r = 0.63, p < 0.001), controlled
attenuation parameter (CD3: r = 0.55, p < 0.001; CD68: r = 0.50, p < 0.001), and fibrosis-4 Index score
(CD3:r=0.55, p<0.001; CD68: r=0.50, p <0.001). In addition, mRNA levels of T cell activation-related
genes, such as CD8A, CXCR6, GZMB, and PDCD1, were positively correlated with CD3* cell counts,
fibrosis stage, and controlled attenuation parameter. Finally, TIMP1 and CCL2, recognized as key
mediators of fibrosis and inflammation, displayed strong and significant correlations with CD3* cell
counts, fibrosis stage, and NAS, reflecting consistent trends across these diverse markers.
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3.6. Sensitivity Analysis in MASLD with Early Fibrosis (FO-2)

To further clarify the association between the PNPLA3 genotype and immune cell infiltration,
we performed a sensitivity analysis for patients with fibrosis stages FO-2 (Supplementary Figure 1).
In this subgroup, CD3* cell counts remained significantly higher in the GG genotype group than in
GC+CC (31.6 vs. 24.3; p = 0.043). Furthermore, regarding CD68* cell counts, the GG genotype again
showed higher cell counts than the GC+CC genotype did, although the difference was not statistically
significant (29.4 vs. 25.3, p = 0.126).

4. Discussion

In this study, we comprehensively investigated the PNPLA3 [148M genetic variant and its
association with immune cell populations and activation in MASLD. Our findings revealed that the
GG genotype is associated with higher periportal infiltration of CD3* and CD68* cells than the GC+CC
genotype. Furthermore, the GG group exhibited elevated expression of CD8A, GZMB, CCL2, and
TIMP1, indicating a clear correlation between the PNPLA3 genotype and immune cell-associated
gene expression. To the best of our knowledge, this study is the first to report an association between
PNPLA3 genotype and immune cell infiltration in MASLD, suggesting a potential role for immune
cells as mediators of disease progression in individuals carrying the GG variant.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.1962.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 May 2025 d0i:10.20944/preprints202505.1962.v1

9 of 13

The role of PNPLA3 in MASLD progression is well established across diverse ethnic and age
groups [31]. Specifically, the GG genotype increases the risk of fibrosis progression. This finding
aligned with our results, which showed that the GG group showed a higher proportion of advanced
fibrosis than the GC+CC group [16]. Recent reports further suggest that patients with the GG
genotype may benefit less from certain pharmacological interventions, prompting ongoing trials of
agents that modulate PNPLA3 transcription, some of which have shown promising results in Phase
I studies [32,33]. The PNPLA3 gene encodes an enzyme essential for lipid droplet remodeling in
hepatocytes, and its [148M variant has long been recognized as a pivotal risk factor for MASLD.
Beyond its role in lipid regulation, emerging evidence shows that PNPLA3 also affects immune-
mediated pathways, such as IL-6/STAT signaling, which contributes to the progression to more
advanced stages of MASLD [34]. Furthermore, Villar-Gomez et al. demonstrated that a substantial
portion of the mechanistic pathway in GG-mediated MASLD progression may be driven by portal
inflammation, consistent with our findings that an association exists between the PNPLA3 GG
genotype and periportal T cell infiltration [32].

Diffuse lobular infiltration by lymphocytes, a histological feature of metabolic dysfunction-
associated steatohepatitis (MASH), is also a critical component of periportal infiltration [35,36]. In
patients with MASH, immune cells form localized aggregates that correlate positively with lobular
inflammation and fibrosis stages [37]. Furthermore, hepatocyte injury can occur via various
pathways, among which the activity of CD8* cytotoxic T lymphocytes plays a pivotal role [17]. The
progression of MASLD and MASH in both humans and mice is accompanied by an increase in
activated intrahepatic CD8* cytotoxic T lymphocytes [35,38-40], which exacerbate hepatic
inflammation and damage [41-43]. In addition to intrahepatic CD8* T cells, activated CD8* T cells
from the gut have strong tendencies to migrate to the liver, further aggravating hepatic injury [44].
In the liver, CD8* T cells with distinctive phenotype —combining tissue-resident properties, effector
characteristics (granzyme), and exhaustion markers (PD1) —have been observed to accumulate [45].
Recently, studies have reported that CD8* T cells accumulating in the livers of humans and mice with
MASH express high levels of Tigit, Tox, and Pd1, which are associated with chronic exhaustion
induced by persistent stimulation at the protein and transcriptional levels [46,47]. These findings
reveal that intrahepatic T cell accumulation during MASH is more likely caused by antigen-driven T
cell activation and clonal expansion rather than cytokine-mediated activation and accumulation [46].
Notably, the clonal expansion of T cells in the liver is observed at approximately week 13 after
initiating a high-fat, high-cholesterol diet—coinciding with the onset of fibrosis —suggesting that this
process is likely associated with the later stages of the disease progression [46].

Our study findings showed that the GG group exhibited an increased periportal infiltration of
CD3* and CD68 cells, alongside elevated expression levels of CD8A and GZMB, establishing a clear
association between immune cell infiltration and PNPLA3 genotype variation. Additionally, genes
associated with CD8* T cell characteristics, such as tissue residency, effector functions, and
exhaustion, had a tendency to show higher expression levels in the GG group than in the GC+CC
group. Moreover, inflammatory and fibrosis-related genes, including CCL2 and TIMP1, were
significantly upregulated in the GG group. Strong correlations were observed among inflammatory,
steatosis-associated, and fibrosis-associated markers. Collectively, these findings provide the first
evidence that the PNPLA3 genetic variant drives excessive lipid accumulation in hepatocytes,
exacerbates periportal inflammation, and contributes to fibrosis progression by interacting with
immune cells.

This study has some limitations. First, the relatively small sample size may limit the
generalizability of the findings. Increasing the sample size in future studies would improve the
accuracy and reliability of the results and better represent the broader population. In the same
context, the ethnic homogeneity of the study population may further limit the generalizability of our
findings. Hence, future research that includes participants from diverse ethnic backgrounds is
essential. Second, direct confirmation of phenotypes associated with tissue residency, effector
functions, and exhaustion in CD8* T cells and other immune cell subsets, rather than liver tissue
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alone, is necessary to more clearly elucidate the relationship between PNPLA3 genetic variants and
immune cells.

5. Conclusions

In conclusion, our findings provided novel evidence that the PNPLA3 I1148M GG genotype is
associated with heightened immune cell infiltration and activation in MASLD, providing more
insights into advanced stages of fibrosis and disease progression. By linking this genetic variant to
specific immune cell-associated immune mechanisms, our findings reveal that immune cell-driven
inflammation is a potential mediator of PNPLA3-associated MASLD progression. These results
underscore the importance of stratifying patients by PNPLA3 genotype in both clinical management
and future therapeutic interventions, including those aimed at modulating immune cell-mediated
pathways to mitigate fibrosis progression in MASLD. Further studies, including T cell receptor
sequencing, in vitro co-culture experiments tailored to PNPLA3 genotypes, and investigations using
knock-in mouse models, are required to elucidate the mechanistic link between PNPLA3 genetic
variants and immune cell-mediated processes.

Supplementary Materials: The following supporting information can be downloaded at: Preprints.org, Figure
S1: Sensitivity analysis of correlation between PNPLA3 genotype and CD3+ cells and/or CD68+ cells in patients
with fibrosis stage 0-2; Table S1: TagMan® Gene Expression Assays IDs used in this study; Table S2:
Demographic and Clinical Characteristics of 36 Samples Analyzed by Real-Time PCR.
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