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Abstract

Background The interaction between T-cells/fatty acids

involved in non-alcoholic fatty liver disease (NAFLD) and

liver fibrosis progression is poorly understood. In this

study, we conducted a comprehensive analysis of T-cell

profiles of NAFLD patients to better understand their

relationship with fatty acids and relevance to liver fibrosis.

Methods We analyzed the differences in T-cell profiles of

peripheral blood mononuclear cells (PBMCs) between 40

NAFLD patients and 5 healthy volunteers (HVs), and their

relationship with liver fibrosis stage or progression.

Moreover, we analyzed the relationship between T-cell

profiles and fatty acid compositions in vivo, and changes in

T-cell profiles after treatment with fatty acids in vitro.

Results T-cell profiles of NAFLD patients were different

from those of HVs. The CD25?CD45?CD4? T-cell fre-

quency was increased in NAFLD patients with high liver

fibrosis stage and progression, and this indicated immune

activation. Despite such a state of immune activation, the

PD1?CD4? T-cell frequency was decreased in the same

patients group. The PD1?CD4? T-cell frequency had a

significantly negative correlation with the serum fatty acid

composition ratio C16:1n7/C16:0. Moreover, the

PD1?CD4? T-cell frequency was significantly decreased

by in vitro treatment with fatty acids. In addition, its rate of

frequency change was significantly different between

C16:0 and C16:1n7 and decreased by artificially increasing

the C16:1n7/C16:0 ratio.

Conclusions The analysis of PBMCs in NAFLD patients

showed that T-cell profiles were different from those of

HVs. And, it suggested that fatty acids modified T-cell

profiles and were involved in liver fibrosis in NAFLD

patients.
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Abbreviations

NAFLD Non-alcoholic fatty liver disease

NASH Non-alcoholic steatohepatitis

CD Cluster of differentiation

PBMCs Peripheral blood mononuclear cells

NAS NAFLD activity score

RPMI Roswell Park Memorial Institute

FSC Fetal calf serum

Treg Regulatory T-cell

FoxP3 Forkhead box P3

T-bet T-box expressed in T-cells

RORct Retinoic acid-related orphan receptor gamma t

Th T-helper

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4

PD-1 Programmed death 1

CXCR3 C-X-C motif chemokine receptor 3

CCR4 C–C motif chemokine receptor 4

IHC Immunohistochemistry

DAPI 406-Diamidino-2-phenylindole

NAFL Non-alcoholic fatty liver
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Introduction

With an increase in the number of patients with obesity,

diabetes, and dyslipidemia, the phenotype of metabolic

syndrome of the liver, non-alcoholic fatty liver disease

(NAFLD), has become the main cause of chronic liver

disease [1]. The pathology of non-alcoholic steatohepatitis

(NASH) accompanied by inflammation is a risk factor for

hepatic cirrhosis and hepatocellular carcinoma with poor

prognosis [2].

The liver is the central metabolic organ in the human

body and also the largest organ involved in the immune

system. Approximately half of the non-hepatocytes, com-

prising 20–40% of all liver cells, are immune cells. Lym-

phocytes involved in acquired immunity comprise

approximately 15% of the non-hepatocytes [3]. In the liver

of a NASH mouse model, cluster of differentiation 8-pos-

itive (CD8?)/CD4? T-cell ratio increases [4], while CD4?

T-cells selectively decreases [5]. In addition, acquired

immunity in NASH is caused by oxidative stress and is

related to hepatic inflammation [6]. Thus, NAFLD

pathology is closely linked to acquired immunity.

NAFLD is characterized by a disruption of fat metabo-

lism that induces fat accumulation in the liver, resulting in

a fatty liver. Previously, we have shown that the progres-

sion of NASH is driven by the changes in the metabolic

pathways that digest accumulated fatty acids in the hepa-

tocytes [7]. Furthermore, such accumulated fatty acids

have been reported to induce immune cell infiltration

through lipotoxicity characterized by apoptosis, endoplas-

mic reticulum oxidative stress, and mitochondrial dys-

function that affects NAFLD pathophysiology [8, 9].

Therefore, both the immune system and fatty acids are

closely associated with NAFLD disease progression.

Recently, the regulation of fatty acid metabolism has been

elucidated as the main mechanism behind T-cell differen-

tiation and regulation [10–12], serving as a central regu-

latory switch that determines T-cell fate [13]. These

findings suggest that fatty acids are linked to immune cells

through direct and indirect lipotoxicity-driven effects;

however, the details of this association are unknown.

In the present study, we analyzed the peripheral blood of

NAFLD patients to investigate T-cell profiles and better

understand their associations with pathophysiology and

fatty acids in vivo. Moreover, by analyzing changes in the

peripheral blood mononuclear cells (PBMCs) upon treat-

ment with fatty acids in vitro, we investigated whether fatty

acids can modify NAFLD pathophysiology by affecting the

profiles of T-cell.

Methods

Patient population

The target population of this study was patients diagnosed

with NAFLD through ultrasound-guided percutaneous liver

biopsy at Kanazawa University Hospital, and healthy vol-

unteers. Healthy volunteers were judged normal by a

medical examination and the absence of fat deposition in

the liver was confirmed by abdominal ultrasound. All

participants in this study tested negative for hepatitis B

surface antigen and hepatitis C virus antibody, and were

free of any other chronic liver diseases. Furthermore, we

excluded patients with a history of significant alcoholic

consumption (alcohol consumption over 20 g/day), long-

term use of steatogenic medications, or suffering from

diseases associated with liver fat deposition, such as

monogenic hereditary disorders [2]. Two pathologists

independently conducted pathological evaluation and

diagnosis. Three evaluation items (steatosis, lobular

inflammation, and hepatocellular ballooning) were scored

for the NAFLD activity score (NAS) along with fibrosis in

all patients [14]. All patients gave written informed consent

to participate in the study in accordance with the Helsinki

declaration. This study was approved by the regional ethics

committee (Medical Ethics Committee of Kanazawa

University, No. 2418).

Laboratory testing and isolation of peripheral blood

mononuclear cells

Fasting blood samples for testing were collected from

patients before liver biopsy and from healthy volunteers.

Serum for fatty acid extraction and PBMCs were also

collected simultaneously. PBMCs were separated as pre-

viously described [15]. PBMCs were resuspended in Ros-

well Park Memorial Institute (RPMI) 1640 medium

containing 80% fetal calf serum (FCS) and 10% dimethyl

sulfoxide and cryopreserved until use.

Analysis of peripheral T-cell profiles

For analyzing of peripheral T-cell profiles, PBMCs were

collected from 5 healthy volunteers, 40 NAFLD patients,

and 13 patients with serial liver biopsy. A multicolor flu-

orescence-activated cell sorting analysis was conducted

using the Becton–Dickinson FACSAria II system to

determine the frequency and phenotype of CD4? T-cell,

CD8? T-cell, and regulatory T-cell (Treg) cells [16].

Treg cells were classified based on forkhead box P3

(FoxP3). Transcriptional factors, T-box expressed in

T-cells (T-bet), GATA3, and retinoic acid-related orphan
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receptor gamma t (RORct), were used to distinct the CD4?

T-cell subpopulations T-helper (Th)1, Th2, and Th17 cells.

Moreover, the expression levels of CD25, T-lympho-

cyte-associated protein 4 (CTLA-4), programmed death 1

(PD-1), C-X-C motif chemokine receptor 3 (CXCR3), C–C

motif chemokine receptor 4 (CCR4), CCR6, OX40, CD80,

and 4-1BB on each T-cell were evaluated using antibodies

against each marker.

The difference between the T-cell frequency of healthy

volunteers and NAFLD patients was analyzed. T-cell pro-

files were evaluated by dividing 40 patients with NAFLD

into 2 groups with a fibrosis score of 1 or less (F0–1) and 2

or more (F2–4) to better understand the relationship

between T-cells and liver fibrosis stage. Furthermore, in 13

patients with serial liver biopsy, we tracked the changes in

T-cell profiles at initial and second biopsies between a

progress group, whose members showed a pathological

progression of fibrosis, and a non-progress group, whose

members showed improvement or no change in fibrosis.

Fatty acid extraction

To analyze the relationship between peripheral T-cell

profiles and fatty acids, fatty acids were extracted from the

liver tissue and serum samples. Liver specimens collected

by percutaneous liver biopsy and serum samples collected

before breakfast at diagnosis were used. The wet weight of

the liver specimen was measured, and 200 lL of serum

was used. Fatty acids were extracted as previously reported

[7].

Measurement and analysis of liver tissue and serum

fatty acids

Extracted fatty acids were identified and quantified using

gas chromatography. The SHIMADZU gas chromatograph

GC-2014AF/SPL was used as the measurement device, and

Rtx-2330 was used for the column. Gas chromatograms

were analyzed using GCsolution version 2.3 (Shimadzu

Corporation, Kyoto, Japan). To identify and quantitatively

analyze fatty acids, the external reference method was

employed using Supelco TM37 Component FAME Mix

47885-U (Sigma-Aldrich, St. Louis, MO, USA) as a stan-

dard solution. The fatty acid content was quantified as an

amount per mg of wet liver tissue or per 200 lL of serum.

Co-cultured of PBMCs with fatty acids

To confirm the relationship between T-cells and fatty acids

in vivo, we analyzed the change in T-cell profiles after

treating individual fatty acid in vitro. We selected C16:0

and C18:0 that exhibit strong lipotoxicity [10, 17], C16:1n7

whose ratio with C16:0 is associated with lobular

inflammation [7] and increased in NASH patients [18]. In

addition, to better mimic in vivo conditions [18], fatty acids

were artificially modified to obtain a composition ratio

(C16:1n7/C16:0, C18:0/C16:0) of 0.05 or 0.5, respectively.

PBMCs obtained from 19 NAFLD patients were incubated

with 50 lM each fatty acid (final concentration) or dif-

ferent fatty acid composition ratio in RPMI medium for

24 h, and the frequencies of T-cells were measured by a

multicolor fluorescence-activated cell sorting analysis.

There was no cellular toxicity in lymphocytes at 50 lM

concentration. C16:0, C16:1n7, C18:0, were purchased

from Sigma. Fatty acids were dissolved in 50% ethanol,

RPMI with 2% fatty-acid-free bovine serum albumin

(BSA; Sigma, A6003) was added, and the mixture was

warmed to 37 �C. Next, one round of vortexing was con-

ducted, followed by incubation at 45 �C for 5 min. The

culture medium was cooled to 37 �C, following which

PBMCs were added and incubated at 37 �C for 24 h. Since

the fatty acids were dissolved in 50% ethanol, control

samples were prepared such that the same volume of 50%

ethanol as that in the experimental samples was incorpo-

rated in RPMI with 2% fatty-acid-free bovine serum

albumin. The final ethanol concentration was 0.025%, a

concentration below cellular toxicity levels [19].

Fluorescent multiplex immunohistochemistry

Fluorescent multiplex immunohistochemistry (IHC) was

done using an OpalTM Solid Tumor Immunology Kit

(PerkinElmer, OP7TL4001KT), a tyramide signal amplifi-

cation plus system that performed multiple fluorescence

detection using multiple antibodies on formalin-fixed

paraffin-embedded tissue sections. Among the primary

antibodies in this kit anti-CD4, anti-CD8, anti-FoxP3, and

40,6-diamidino-2-phenylindole (DAPI) antibodies were

used. Furthermore, rabbit monoclonal anti-CD25 and rabbit

monoclonal anti-PD1 antibodies were added. The follow-

ing procedure was repeated for each combination of pri-

mary and fluorescent antibody: microwave treatment,

blocking, primary antibody incubation, secondary antibody

incubation, and fluorophore incubation [20]. The slide was

evaluated using the MantraTM quantitative pathology

workstation (PerkinElmer).

Immunohistochemistry

Immunostaining was done using a DAKO EnVisionTM kit

with an immunoperoxidase technique. Rabbit anti-CD4 and

rabbit anti-CD8 were used as primary antibodies. Counts of

T-cells per unit area were calculated using the BIOREVO

BZ-9000 fluorescence microscope image analysis system

(KEYENCE Japan). The unit area was defined as the area

of one image acquired at a 200-fold magnification.
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Statistical analysis

Data are expressed as the median value (range). T-cell

profiles were evaluated using the Mann–Whitney U test.

The changes in T-cell profiles between the initial and

second biopsies of the patients with serial liver biopsy were

evaluated using the Wilcoxon signed-rank test. The com-

parison of fatty acid treatment samples with the control

sample was evaluated using the Wilcoxon signed-rank test,

whereas fatty acid comparisons were evaluated using the

Mann–Whitney U test. Cytokine comparisons to the con-

trol samples were evaluated with the Wilcoxon signed-rank

test. T-cell frequency and cell surface markers, along with

their relationships to fatty acids were evaluated with

Spearman’s rank correlation.

Results

Peripheral blood T-cell profiles in NAFLD patients

differ from those of healthy volunteers

The background information of 5 healthy volunteers and 40

NAFLD patients whose T-cell profiles were analyzed in the

present study is shown in Table 1. PBMCs analyzed by

flow cytometry are shown in Fig. 1a, b. The frequencies of

CD4? or CD8? T-cells were not different in NAFLD

patients compared to those in healthy volunteers (Supple-

mentary Fig. 1a). On the other hand, T-cell profiles of

NAFLD patients differed from those of healthy volunteers

(Supplementary Fig. 1b). The frequencies of Th2 or Th17

cells that acquired an effector function were significantly

increased in NAFLD patients compared to those in healthy

volunteers (Supplementary Fig. 1c). Moreover, the fre-

quencies of OX40?CD4?, CD80?CD8?, and CD25?-

CD45RA?CD4? T-cells expressing activation markers

were increased in NAFLD patients (Fig. 1c, Supplemen-

tary Fig. 1b). The PD1?CD4? T-cell and CXCR3?CD4?

T-cell frequencies were significantly lower in NAFLD

patients (Fig. 1c). The expression of PD1 in CD25?-

CD45RA?CD4? T-cell was significantly lower in NAFLD

patients than in healthy volunteers (Fig. 1d).

CD25?CD45RA?CD4? T-cells were a heterogeneous

population containing cells expressing T-bet, GATA3, or

ROR-ct in significantly different frequencies (Supplemen-

tary Fig. 2a). Furthermore, the frequencies of RORct-ex-

pressing T-cells in CD25?CD45RA?CD4? T-cells

increased significantly in relation to those in healthy vol-

unteers (Supplementary Fig. 2b).

Peripheral T-cell profiles are involved in liver

fibrosis stage

There were 28 cases in the F0–1 group and 12 cases in the

F2–4 group (Supplementary Table 1). As shown in Fig. 2,

the PD1?CD4? T-cell, CXCR3?CD4? T-cell, and PD1?-

CD25?CD45RA?CD4? T-cell frequencies were signifi-

cantly lower in the F2–4 group compared with the F0–1

group. On the other hand, the CD25?CD45RA?CD4?

T-cell frequency was significantly higher in the F2–4 group

compared to the F0–1 group. Furthermore, the frequency of

these cells in the F2–4 group was significantly different

when compared with the healthy volunteers.

T-cells subsets were associated with histopathology

indicative of NAFLD, such as fibrosis, lobular inflamma-

tion, and ballooning (Supplementary Fig. 3).

Peripheral T-cell profiles are involved in liver

fibrosis progression

To further investigate the relationship between T-cells and

fibrosis progression, we analyzed the T-cell profiles of 13

patients who underwent serial liver biopsy. Background

information of these 13 patients is shown in Supplementary

Table 2. As shown in Fig. 3, the PD1?CD4? T-cell fre-

quency was maintained at a low level in the progress

group, whereas it was maintained at a high level in the non-

progress group. Contrastingly, the CD25?CD45RA?CD4?

T-cell frequency was maintained at a high level in the

progress group, and it was significantly reduced over time

in the non-progress group.

Peripheral T-cell frequencies are correlated

with serum fatty acids in vivo

Focusing on fatty acids as a factor affecting T-cell profiles

in NAFLD patients, we investigated the relationship

between the frequency of each T-cell type and in vivo

serum/liver tissue fatty acid composition. Out of 40

patients, serum fatty acid was measured for 20 NAFLD

patients, while liver tissue fatty acid was measured for 24

NAFLD patients (Supplementary Tables 3, 4). We com-

pared these serum and liver tissue fatty acids values and

found a strong correlation between the C16:1n7/C16:0

fatty acid composition ratio (p\ 0.0001) (Supplementary

Table 5). These results were similar to those of our pre-

vious study [7, 18].

The CD4? T-cell frequency was negatively correlated

with many serum fatty acids; the strongest negative cor-

relation was observed with serum C18:2 as described

previously [5, 17] (Fig. 4a).

In vivo investigations showed that fatty acids had dif-

ferent effects on each T-cell. Especially, the PD1?CD4?
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T-cell and CXCR3?CD4? T-cell frequencies had signifi-

cantly negative correlations with the serum fatty acid

composition ratios C16:1n7/C16:0 or C18:0/C16:0,

respectively (Fig. 4b, c).

In vitro fatty acid treatment changes T-cell profiles

in PBMCs

Using PBMCs from 19 NAFLD patients, we analyzed

changes in individual T-cell frequencies upon in vitro fatty

acid treatment. The demographics of the 19 patients are

shown in Supplementary Table 6. Although the treatment

of fatty acids resulted in various changes, many fatty acids

reduced the frequency of T-cells. And, the rate of T-cell

frequency change due to the treatment with fatty acids

differed according to the treated fatty acid. Particularly, the

rate of frequency change significantly differed for the

PD1?CD4? T-cells between C16:0 and C16:1n7 and

CXCR3?CD4? T-cells between C16:0 and C18:0

(Fig. 5a).

We then artificially set the fatty acid composition ratio

of C16:1n7/C16:0 and C18:0/C16:0 to 0.05 and 0.5,

respectively, and analyzed the change in rate of the fre-

quency for each T-cell subset. An increase in the fatty acid

composition ratio of C16:1n7/C16:0 was correlated with a

significant decrease in PD1?CD4? T-cell frequency

(Fig. 5b). However, no correlation between an increase in

the fatty acid composition ratio of C18:0/C16:0 and the

frequency of CXCR3?CD4? T-cells was found (Fig. 5c).

Table 1 Characteristics of

NAFLD patients and healthy

volunteers

Normal (n = 5) NAFLD (n = 40)

Sex (M/F) 2/3 19/21

Age (years) 39 (32–41) 46 (31–57)

BMI (kg/m2) 20.2 (19.1–22.7) 29.8 (21.9–55.1)

Platelet count (9 103/lL) 33.1 (32.2–34) 23.9 (10.2–234)

AST (IU/L) 20 (18–29) 38 (14–128)

ALT (IU/L) 21 (14–26) 54 (14–307)

GGT (IU/L) 25 (16–45) 64 (17–301)

ALP (IU/L) ND 239 (113–612)

Albumin (g/dL) ND 4.4 (3.4–5.2)

Active prothrombin (%) ND 102 (74–138)

T-chol (mg/dL) ND 189 (129–293)

HDL (mg/dL) ND 46 (24–87)

TG (mg/dL) ND 125 (36–302)

LDL (mg/dL) ND 115 (48–225)

HbA1c (%) ND 7.1 (5–12)

HOMA-IR ND 4.6 (0.97–12)

Hyaluronic acid (ng/mL) ND 29 (10–174)

PIIIP (IU/mL) ND 0.56 (0.37–0.95)

7 s (ng/mL) ND 4.1 (2.9–8.8)

Ferritin (ng/mL) ND 74 (4–805)

Histological findings

Fibrosis (0/1/2/3/4) ND 2/26/6/5/1

Steatosis (0/1/2/3) ND 0/11/15/14

Lobular inflammation (0/1/2/3) ND 2/15/21/2

Ballooning (0/1/2) ND 14/17/9

Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) [fasting serum insulin (lU/mL) 9

fasting plasma glucose (mg/dL)/405] was calculated from the fasting blood glucose and insulin levels

BMI body mass index, AST aspartate aminotransferase, ALT alanine aminotransferase, GGT gamma-glu-

tamyltransferase, ALP alkaline phosphatase, T-chol total cholesterol, HDL high-density lipoprotein

cholesterol, TG triglyceride, LDL low-density lipoprotein cholesterol, HbA1c hemoglobin A1c, HOMA-IR

Homeostasis Model Assessment of Insulin Resistance, PIIIP type III procollagen-N-peptide, 7s type IV

collagen 7 s domain, ND not measured
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Fig. 1 Peripheral blood T-cell profiles in NAFLD patients differ from

those of healthy volunteers. a Treg cells were classified based on

FoxP3 and CD45RA into effector Treg cells (CD45RA-CD4?-

FoxP3?? T-cells) or naı̈ve Treg cells (CD45RA?CD4?FoxP3?

T-cells). In addition, the CD4?FoxP3- T-cell population was

classified based on the presence or absence of CD45RA into

CD45RA?CD4? T-cells or CD45RA-CD4? T-cells. And, CD8?

T-cell population was similarly classified CD45RA?CD8? T-cells or

CD45RA-CD8? T-cells. b Each cell expressing cell surface antigens

measured are shown. c For each T-cell subtype, the significant

differences in frequency between healthy volunteers (normal) and

NAFLD patients are shown. d PD1?CD25?CD45RA?CD4? T-cell

frequency are shown. Comparison between the two groups was

analyzed by the Mann–Whitney U test

Fig. 2 Peripheral T-cell profiles are involved in liver fibrosis stage. For each T-cell subtype, the significant differences in frequency between the

F0–1 and F2–4 are shown. Comparison between the two groups was analyzed by the Mann–Whitney U test
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T-cells in the liver change with fibrosis progression

in NAFLD patients

The number of CD4? T-cells and CD8? T-cells per unit

area increased at each stage in the liver tissues of patients

with progressing fibrosis (F0–1, n = 18 and F2–4, n = 12)

(Fig. 6a, b).

Furthermore, we analyzed the presence of T-cells in the

liver by flow cytometry (Supplemental Fig. 4) and fluo-

rescent multiplex IHC (Fig. 6c). T-cells including

Fig. 3 Peripheral T-cell profiles

are involved in liver fibrosis

progression. The frequency of

PD1?CD4? T-cells and

CD25?CD45RA?CD4? T-cells

in 13 serial liver biopsy patients

were evaluated for an initial,

and a second biopsy; * denotes

evaluation by the Wilcoxon

signed-rank test and � denotes

evaluation by the Mann–

Whitney U test

Fig. 4 Peripheral T-cell frequencies are correlated with serum fatty

acids in vivo. a The correlation between each T-cell and fatty acids in

serum or liver tissue are shown. Especially, the frequency of CD4?

T-cell showed a significantly negative correlation with serum C18:2.

b The correlation between each subset of CD4? T-cells and C16:1n7/

C16:0, as well as the correlation between PD1?CD4? T-cells and

C16:1n7/C16:0 are shown. c The correlation between each subset of

CD4? T-cells and C18:0/C16:0, along with the correlation between

PD1?CD4? T-cells and C18:0/C16:0 are shown. The correlation was

evaluated using the Spearman’s rank correlation coefficient. Statis-

tical significance was denoted as: *p\ 0.05, �p\ 0.01, and
�p\ 0.001. The degree of correlation is indicated separately by color

J Gastroenterol (2020) 55:701–711 707

123



FoxP3-CD25?CD4? T-cell, PD1?CD4? T-cell, and

CXCR3?CD4? T-cells were found.

Discussion

In the present study, we conducted comprehensive analyses

of peripheral blood T-cell profiles of NAFLD patients and

analyzed the in vivo and in vitro association of these pro-

files with fatty acids.

The peripheral T-cell profiles of healthy volunteers and

NAFLD patients differed. Previous studies have shown that

T-cells with effector functions are involved in the pathol-

ogy of NAFLD [21, 22], and that T-cells expressing PD1 or

CXCR3 are associated with organ fibrosis [23, 24].

Therefore, we focused on PD1?CD4?, CXCR3?CD4?,

and CD25?CD45RA?CD4? T-cells, the latter of which

were activated before acquiring the effector function.

T-cells expressing the activation marker CD25, OX40

[25], or CD80 [26], and Th2 or Th17 cells that acquired

effector function were significantly increased in NAFLD

patients, suggesting immune activation (Fig. 1c,

Supplementary Fig. 1b, c). CD25, the a-chain of the tri-

meric IL-2 receptor, is constitutively expressed in Treg cells

expressing the master regulator gene FoxP3, but CD25 is

also one of the T-cell activation markers [27]. The

CD45RA?CD4? T-cells in all 40 NAFLD patients were

FoxP3 negative (Fig. 1a), and CD25 expression levels

reflected activated T-cells. Antigen-stimulated Th1, Th2,

and Th17 cells acquire effector functions after limited

clonal expansion through further signaling. CD25 is

expressed during this limited clonal expansion. Therefore,

CD25?CD45RA?CD4? T-cells are in a pre-activated stage

[28]; yet, their differentiation fate has already been deter-

mined. Th1, Th2, or Th17 cells expressing master regula-

tors T-bet, GATA3, or RORct were included in the

CD25?CD45RA?CD4? T-cell subpopulation (Supple-

mentary Fig. 2a). The increase in RORct? T-cells in

NAFLD patients is consistent with previous studies

reporting that Th17 cells are involved in the progression

from non-alcoholic fatty liver (NAFL) to NASH [21]

(Supplementary Fig. 2b). Similarly, T-cell activation in

NAFLD patients are consistent with previous reports that

the activation of CD4? T-cells occurs in liver tissue in

Fig. 5 In vitro fatty acid treatment changes the PD1?CD4? and

CXCR3?CD4? T-cells frequencies. a The differences in the rate of

frequency change of PD1?CD4? T-cells after treatment C16:0 or

C16:1n7, and CXCR3?CD4? T-cell after treatment of C16:0 or

C18:0 are shown. Comparison between the two groups was analyzed

by the Mann–Whitney U test. b, c The rate of change for each T-cell

subset is shown, as the fatty acid composition ratio is artificially

increased from 0.05 to 0.5. We defined change rate of frequency as

the ratio of frequencies before and after fatty acid treatment. A change

rate of frequency[ 1 denotes an increase in T-cell frequency upon

fatty acid treatment, whereas a rate\ 1 denotes a decrease in T-cell

frequency. Frequency indicates the ratio of CD4? T-cells expressing

each surface antigen. The relations of C16:1n7/C16:0 (b), and C18:0/

C16:0 c are shown. Comparison of change rate of each T-cell subset

between two concentrations was analyzed by the Wilcoxon signed-

rank test
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NAFLD mouse models [5, 6] and in peripheral blood cells

in NAFLD patients [29].

PD1, a type I transmembrane protein, is an important

regulator of immune homeostasis and tolerance. It is usu-

ally expressed in activated T-cells and suppresses T-cell

proliferation and effector functions. Its upregulation of

CD8? T-cell potentially limits T-cell mediated liver dam-

age in murine steatohepatitis [30]. In this study, the

expression level of PD1 on CD25?CD45RA?CD4? T-cells

was low in NAFLD patients, despite the activation of the

immune environment. This suggests that maintenance of

immune homeostasis is impaired and that activated CD4?

T-cells are not properly regulated in NAFLD patients.

Liver fibrosis is known as a NAFLD prognostic factor

[31]. It has been reported that the presence of ballooned

hepatocytes is associated with fibrosis progression [32].

And, the gene expression levels in PBMCs are correlates

with ballooning in NAFLD patients [33]. Furthermore,

previous reports have shown that T-cells and surface

antigens contribute to fibrosis through various mechanisms

and exert both effects to promote or suppress fibrosis [34].

The activation of CD4? T-cell affects the development of

fibrocytes and is associated with renal fibrosis [35].

CXCR3 is involved in different antifibrogenic or profi-

brogenic functions in the liver depending on its ligand [24].

PD1 mediates the alleviation of pulmonary fibrosis by

human mesenchymal stem cells [23]. The CD4? T-cell

activation and expression of such surface antigens involved

in fibrosis on T-cells were also associated with liver

fibrosis in NAFLD patients. In other words, decreases in

the PD1?CD4? and CXCR3?CD4? T-cell frequencies and

Fig. 6 T-cells in the liver change with fibrosis progression in NAFLD

patients. The presence of CD4? (a) and CD8? T-cells (b) in the liver

was assessed through immunohistochemistry (IHC). The number of

CD4? or CD8? T-cells per unit area was compared between F0–1

(n = 18) and F2–4 (n = 12). Blue and red rectangle frames denote the

lobular and portal areas, respectively. Comparison between the two

groups was analyzed by the Mann–Whitney U test. c The presence of

T-cells in the liver was analyzed by fluorescent multiplex IHC.

Representative cases of F0–1 and F2–4 are shown. The IHC image is

shown on the left. Phenotypes of subsets of T-cells are represented by

colored dots on the right image. Corresponding colors were used in

both images
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an increase in the CD25?CD45RA?CD4? T-cell fre-

quency were associated with liver fibrosis (Figs. 2, 3).

We evaluated whether fatty acids that increase in

NAFLD patients [7, 36, 37] could be a factor that caused

such immune conditions. In vivo analysis revealed that

many fatty acids were associated with various peripheral

T-cell frequencies. Particularly, serum C16:1n7/C16:0

ratio, which is increased in NASH patients [18], was sig-

nificantly negatively correlated with the PD1?CD4? T-cell

frequency (Fig. 4b). This indicates that fatty acids and

T-cells are closely related in vivo and are possibly the

factors that modify the T-cell profile of NAFLD patients.

To better understand this association, we analyzed

T-cell profile changes in PBMCs upon in vitro fatty acid

treatment. The changes in the PD1?CD4? T-cells and

CXCR3?CD4? T-cells driven by in vitro treatment of fatty

acids supported an in vivo relationship (Fig. 5a). By arti-

ficially modifying the fatty acid composition, our tests

suggest that the relationship between the C16:1n7/C16:0

ratio and PD1?CD4? T-cells was more specific (Fig. 5b).

Fatty acid metabolism in T-cells largely influences their

functions [11–13] and the expression of these surface

antigens. PD1 causes lipolysis and b-oxidation of

endogenous fatty acids in T-cells [38], and CXCR3 con-

tributes to the regulation of lipogenesis in hepatocytes [24].

Thus, changes in the expression of these surface antigens

due to the fatty acid treatments may be related to a change

in lipid metabolism. This might explain the reason why the

expression of PD1 on CD4? T-cells is unsuitably down-

regulated despite the state of immune activation.

Our study might suggest a correlation between T-cells

and fibrosis in NAFLD patients. However, further valida-

tion on a larger sample of patients with progressive fibrosis

is required. In addition, changes found in the frequencies of

liver tissue T-cells depending on the fibrosis stage suggest

that T-cells might affect liver fibrogenesis (Fig. 6). The

finding that the portal inflammatory infiltrate may directly

contribute to fibrogenesis [39] might support our results.

Nevertheless, our study does not prove a direct relation

between peripheral blood and liver tissue T-cells.

In conclusion, T-cell profiles in NAFLD patients dif-

fered from healthy volunteers. It is suggested that fatty

acids directly modify the T-cell profiles and are involved in

pathogenesis such as liver fibrosis in NAFLD patients.
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