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FORUM REVIEW ARTICLE

CD4+ T Cell NRF2 Signaling Improves Liver
Transplantation Outcomes by Modulating
T Cell Activation and Differentiation

Hidenobu Kojima,* Kentaro Kadono,* Hirofumi Hirao, Kenneth J. Dery, and Jerzy W. Kupiec-Weglinski

Abstract

Aims: Innate and adaptive immune responses regulate hepatic ischemia–reperfusion injury (IRI) in orthotopic
liver transplantation (OLT). While the mechanism of how nuclear factor erythroid 2-related factor 2 (NRF2)
plays a role in liver IRI has been studied, the contribution of T cell-specific NRF2 in OLT remains unknown. In
the current translational study, we investigated whether and how CD4+ T cell-specific NRF2 signaling affects
liver transplant outcomes in mice and humans.
Results: In the experimental arm, cold-stored (4�C/18 h) wild-type (WT) mouse livers transplanted to NRF2-
deficient (NRF2-knockout [NRF2-KO]) recipients experienced greater hepatocellular damage than those in
Nrf2-proficient (WT) counterparts, evidenced by Suzuki’s histological scores, frequency of TdT-mediated
dUTP nick end labeling (TUNEL)+ cells, and elevated serum aspartate aminotransferase/alanine aminotrans-
ferase (AST/ALT) levels. In vitro studies showed that NRF2 signaling suppressed CD4+ T cell differentiation to
a proinflammatory phenotype (Th1, Th17) while promoting the regulatory (Foxp3+) T cell lineage. Further-
more, OLT injury deteriorated in immune-compromised RAG2-KO test recipients repopulated with CD4+ T
cells from NRF2-KO compared with WT donor mice. In the clinical arm of 45 human liver transplant patients,
the perioperative increase of NRF2 expression in donor livers negatively regulated innate and adaptive immune
activation, resulting in reduced hepatocellular injury in NRF2-proficient OLT.
Innovation and Conclusion: CD4+ T cell population expressing NRF2 attenuated ischemia and reperfusion
(IR)-triggered hepatocellular damage in a clinically relevant mouse model of extended donor liver cold storage,
followed by OLT, whereas the perioperative increase of NRF2 expression reduced hepatic injury in human liver
transplant recipients. Thus, CD4+ T cell NRF2 may be a novel cytoprotective sentinel against IR stress in OLT
recipients. Antioxid. Redox Signal. 38, 670–683.

Keywords: NRF2, liver ischemia–reperfusion injury, liver transplantation, T cell differentiation, translational
research

Introduction

The nuclear factor erythroid 2-related factor 2 (NRF2)
is a critical transcription factor that regulates cellular

resistance to oxidants. Besides regulating phase I, II, and III
drug-metabolizing enzymes, NRF2 controls NADPH pro-
duction, glutathione (GSH), and thioredoxin (TXN)-based
antioxidant system (Hayes and Dinkova-Kostova, 2014).
Indeed, by regulating heme, iron, and lipid metabolism,

NRF2 represents the cellular defense mechanism against
xenobiotic and oxidative stress by expressing numerous an-
tioxidant and detoxification genes (Tonelli et al, 2018). In
addition to antioxidant responses, NRF2 is involved in cel-
lular processes such as mitochondrial bioenergetics, stem cell
quiescence, and cell death (Galicia-Moreno et al, 2020; To-
nelli et al, 2018). With an emerging regulatory role of oxi-
dative stress in cell metabolism, tumor suppression, and cell
death, such as autophagy and ferroptosis, there is a significant
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interest in NRF2 as a novel checkpoint for oxidative stress
responses (Chen et al, 2018).

The regulation of reactive oxygen species by NRF2 is deeply
rooted in organ ischemia–reperfusion injury (IRI), a peritrans-
plant event affecting early and late liver transplant outcomes.
Hepatic ischemia and reperfusion (IR) stress occurs in two
major types, with the ‘‘cold’’ IRI, initiated by liver sinusoidal
endothelial cells (LSECs) injury during low-temperature donor
organ preservation, followed by ‘‘warm’’ IR insult that occurs
during the surgery and after graft reperfusion (Zhai et al, 2013).
While the target cells and mechanisms may be distinct, NRF2
signaling was documented to regulate oxidative stress and en-
doplasmic reticulum stress induced by cold and warm IR insult
(Cong et al, 2018; Guo et al, 2022).

Since 2013 when our group first described the hepatopro-
tective role of NRF2, we have reported how NRF2 signaling
may regulate liver IRI (Huang et al, 2014a; Huang et al,
2014b; Ke et al, 2013; Zhang et al, 2017). Thus, the hepatocyte
KEAP1-NRF2 complex has proven critical in preventing ox-
idative injury in the mouse orthotopic liver transplantation

Innovation

Although the antioxidative potential of nuclear factor
erythroid 2-related factor 2 (NRF2) signaling has been
established, the contribution of CD4+ T cell NRF2 in in-
nate immune-driven ischemia and reperfusion (IR) stress
in liver transplant recipients remains unknown. In this
study, we demonstrate that CD4+ T cell NRF2 signaling
attenuated the peritransplant hepatocellular injury in
mouse orthotopic liver transplantation (OLT) models and
suppressed CD4+ T cell differentiation into the proin-
flammatory phenotype while promoting the regulatory T
cells (Tregs) in vitro. In parallel clinical screenings, host
NRF2 immune cells mitigated hepatocellular damage in
human OLT recipients. This translational study identifies
CD4+ T cell NRF2 as a novel therapeutic target to mitigate
IR stress in liver transplantation.
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(OLT) model (Ke et al, 2013), while the NRF2-HO-1 axis
regulated Notch1 signaling to mediate macrophage activation
and inhibit liver IRI (Huang et al, 2014a). While NRF2 acti-
vation triggered PI3K-Akt and inhibited the Foxo1 pathway in
IR inflammation (Huang et al, 2014b), targeting endothelial
selectins mitigated liver injury by imposing cytoprotection on
LSECs in an NRF2-dependent manner (Zhang et al, 2017).
Thus, various mechanisms and cell types might be involved in
the NRF2 regulation of hepatic IRI.

Innate, immune-dominated, antigen-independent sterile in-
flammation following reperfusion is known to drive liver IRI.
IR-induced cell injury produces danger-associated molecular
patterns (DAMPs), which in turn activate pattern recognition
receptors (PRRs), such as Toll-like receptor 4 (TLR4), to
initiate an inflammatory immune cascade (Tsung et al, 2005;
Zhai et al, 2004). While inhibition of innate immunity can
control liver IRI, T cells are also involved in the pathogenesis
of hepatic IRI (Rao et al, 2014). Indeed, we and others have
documented the role of CD4+ T cell-dependent adaptive im-
mune responses, especially under cold preservation in mouse
OLT recipients (Kageyama et al, 2021; Liu et al, 2015).

In the context of adaptive immunity, NRF2 is a notable
molecule that elicits the anti-inflammatory function of T cells
(Suzuki et al, 2020). NRF2 can suppress Th1 cytokines, such as
IL-2 and IFNc, increase IL-4, IL-5, and IL-13 production by
Th2 cells, and inhibit the differentiation of proinflammatory
Th17 cells (Rockwell et al, 2012; Turley et al, 2015; Zhao et al,
2016). Indeed, T cell-specific augmentation of NRF2 signaling
has led to a higher frequency of CD25+Foxp3+ regulatory T
cells (Tregs) and protection against IR-induced acute kidney
injury (Noel et al, 2015). Thus, there is growing evidence that
NRF2 works as an antioxidant molecule and may also regulate
T cell differentiation. However, the contribution of T cell-
specific NRF2 in liver IRI-OLT remains unknown.

In the present translational study, we used a clinically
relevant mouse OLT model, well-defined cell culture sys-
tems, and human liver transplant biopsies to investigate
whether and how CD4+ T cell NRF2 signaling can affect IR-
stressed liver transplants in mice and humans.

Results

Recipient NRF2 signaling mitigates the hepatocellular
injury in IR-stressed mouse OLT

First, we used NRF2-deficient (NRF2-knockout [NRF2-
KO]) mice as recipients of wild-type (WT) liver grafts in a
clinically relevant model with extended donor organ cold

storage, which mimics the marginal human OLT setting
(Kageyama et al, 2018a). At 6 h after reperfusion, IR-
triggered OLT damage, assessed by Suzuki’s histological
score (sinusoidal congestion, hepatocellular vacuolization,
and necrosis), was significantly higher in NRF2-KO com-
pared with WT recipients (NRF2-KO 6.7 – 0.6 vs. WT
4.8 – 0.6, p < 0.05) (Fig. 1A). The frequency of TUNEL+ cells
was increased in NRF2-KO compared with WT counterparts
(NRF2-KO 68.7 – 4.7 cells/high-power field [HPF] vs. WT
46.0 – 5.0 cells/HPF, p < 0.01) (Fig. 1B).

We found increased frequency of OLT-infiltrating CD68
macrophages (NRF2-KO 64.5 – 7.0 cells/HPF vs. WT
42.6 – 4.4 cells/HPF, p < 0.05) and Ly6G neutrophils (NRF2-
KO 50.7 – 4.1 cells/HPF vs. WT 37.8 – 4.4 cells/HPF,
p = 0.060) in NRF2-KO recipients (Fig. 1B). These results
suggest that disruption of NRF2 signaling at the recipient site
promoted the hepatocellular damage and proinflammatory
response against IR stress in OLT.

In agreement with histological findings, serum aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)
levels were elevated in NRF2-KO compared with WT re-
cipients (AST: NRF2-KO 4976 – 524 vs. WT 2991 – 454,
p < 0.05; ALT: NRF2-KO 6802 – 1030 vs. WT 3542 – 495,
p < 0.05) (Fig. 1C), confirming that recipient NRF2 signaling
was required to attenuate IR liver injury. The hepatic mes-
senger RNA (mRNA) levels coding for IL-2 and IL-17 were
significantly higher. At the same time, Foxp3 and related IL-
13 expression were decreased in NRF2-KO compared with
WT hosts (Fig. 1D), consistent with the possibility that en-
richment of a T cell proinflammatory phenotype coincides
with the disruption of NRF2 signaling in OLT recipients.

Since NRF2 expression was reported to associate with
immune checkpoint regulators (Oshi et al, 2020), we further
evaluated mRNA coding for T cell immunoglobulin and
mucin-domain containing-3 (TIM-3), programmed death-1
(PD-1), and lymphocyte activation gene 3 (LAG3). However,
their expression was comparable between WT and NRF2-KO
OLT recipients (Fig. 1E).

CD4+ T cell NRF2 promotes CD4+ T cell differentiation
into CD4+CD25+Foxp3+ Tregs

As IR-stressed liver grafts implanted into NRF2-KO re-
cipient mice were enriched in IL-2 and IL-17 but deficient in
Foxp3 and IL-13, we next evaluated the impact of NRF2
signaling on CD4+ T cell phenotype in vitro. The purity of
spleen CD4+ T cells, isolated by magnetic cell sorting, was

‰

FIG. 1. Recipient NRF2 signaling mitigates the inflammatory response and improved hepatocellular function in IR-
stressed mouse OLT. Mouse livers subjected to 18 h of cold storage were transplanted into WT or NRF2-KO mouse
recipients. Liver and serum samples were analyzed 6 h after reperfusion. The sham group underwent the same procedures
except for OLT. (A) Representative H&E staining (original magnification · 200) and Suzuki’s histological grading of liver
IRI. (B) Representative TUNEL staining and immunohistochemical staining of OLT-infiltrating CD68+ and Ly6G+ cells
(original magnification · 400) and cell quantification/HPF. (C) Serum AST and ALT levels (U/L). (D) Quantitative RT-
PCR-assisted detection of mRNA coding for IL-2, IL-17, IL-13, and Foxp3 in OLT. Data were normalized to HPRT gene
expression. (E) Quantitative RT-PCR-assisted detection of mRNA coding for TIM-3, PD-1, and LAG3 in OLT. Data were
normalized to HPRT gene expression. The triangle indicates the sham group, the white circle indicates WT recipients, and
the black square indicates NRF2-KO recipients. Data are shown as mean – SEM. *p < 0.05, **p < 0.01, Student’s t-test (A–
D), n = 5–6 per group. ALT, alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin and eosin; HPF,
high-power field; IRI, ischemia–reperfusion injury; LAG3, lymphocyte activation gene 3; mRNA, messenger RNA; PD-1,
programmed death-1; RT-PCR, reverse transcription–polymerase chain reaction; SEM, standard error of the mean; TIM-3,
T cell immunoglobulin and mucin-domain containing-3; TUNEL, TdT-mediated dUTP nick end labeling.
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FIG. 2. CD41 T cell NRF2 signaling promotes CD41 T cell differentiation into the CD41CD251Foxp31 Tregs
in vitro. Spleen CD4+ T cells from WT and NRF2-KO mice were evaluated for CD4+, CD69+, CD25, and Foxp3 expression
by flow cytometry. (A) The frequency of purified splenic CD4+ T cells. (B) The frequency of CD69+ CD4+ T cells (n = 3 per
group). (C) The frequency of CD4+CD25+Foxp3+ Tregs in WT versus NRF2-KO mice before activation (n = 3 per group)
and after activation with anti-CD3/CD28 antibody (n = 5 per group). The white circle indicates WT, and the black square
indicates NRF2-deficient CD4+ T cells. Data are shown as mean – SEM (B, C). *p < 0.05, **p < 0.01, Student’s t-test (B, C).
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FIG. 3. CD41 T cell NRF2 signaling suppresses Th1 and Th17 activation in vitro. Quantitative RT-PCR-assisted
detection of mRNA coding for IL-2, IFNc, T-bet, IL-17, IL-22, IL-6, TNF-a, and GPX4 in isolated CD4+ T cells before
activation (n = 3 per group) and after activation with anti-CD3/CD28 antibody (n = 5). The white circle indicates WT, and
the black square indicates NRF2-KO CD4+ T cells. Data are shown as mean – SEM. *p < 0.05, **p < 0.01, Student’s t-test.
GPX4, glutathione peroxidase 4; T-bet, T-box protein expressed in T cells; TNF-a, tissue necrosis factor-a.

‰

FIG. 4. CD41 T cell-specific NRF2 signaling mitigates IRI-OLT in the RAG2-KO mouse system. (A) Livers from
WT mice subjected to 18 h of cold storage were transplanted into immune-compromised RAG2-KO recipients repopulated
with CD4+ T cells (10 · 106 i.v.) from WT versus NRF2-KO donor mice and analyzed 6 h post-OLT. (B) Representative
H&E staining (original magnification · 200) and Suzuki’s histological grading of liver IRI. (C) Representative TUNEL
staining and quantification of TUNEL+ cells/HPF. (D) Serum AST and ALT levels (U/L). (E) Quantitative RT-PCR-assisted
detection of mRNA coding for IL-2, IL-17, and IL-6 in OLT. Data were normalized to HPRT gene expression. (F)
Quantitative RT-PCR-assisted detection of mRNA coding for Foxp3, IL-13, and IL-10 in OLT in RAG2-KO recipients.
Data were normalized to HPRT gene expression. The triangle indicates untreated RAG2-KO recipient; white circle and
black square indicate RAG2-KO recipient adoptively transferred with CD4+ T cells from WT versus NRF2-KO donor mice.
Data are shown as mean – SEM. n = 4–6 per each group, *p < 0.05, **p < 0.01, ***p < 0.001, Student’s t-test.
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>95% (Fig. 2A and Supplementary Fig. S1). When we used
flow cytometry to evaluate the T cell activation profile, the
CD69 expression was significantly lower in CD4+ T cells
from WT compared with NRF2-KO mice (WT 6.4% – 0.3%
vs. NRF2-KO 8.0% – 0.4%, p < 0.05) (Fig. 2B).

Although the frequency of CD4+CD25+Foxp3+ Tregs was
comparable in WT and NRF2-KO-naive CD4+ T cells (WT
3.5% – 0.4% vs. NRF2-KO 4.2%– 0.2%, p = 0.182), their
numbers significantly increased in stimulated WT compared
with NRF2-deficient cultures (WT 15.0% – 0.5% vs. NRF2-
KO 11.9% – 0.4%, p < 0.01) (Fig. 2C). Thus, NRF2 signaling
promoted CD4+ T cell differentiation into the Treg cell lineage.

CD4+ T cell NRF2 suppresses CD4+ T cell
differentiation into the inflammatory phenotype

We then evaluated the T cell cytokine profile by quantitative
reverse transcription–polymerase chain reaction (qRT-PCR) in
the purified CD4+ T cell cultures. NRF2 knockdown enhanced
IL-2, IFNc, and T-box protein expressed in T cells (T-bet) in
stimulated CD4+ T cells ( p < 0.05, Fig. 3). Furthermore, IL-17
and IL-22 gene expression was enhanced in activated NRF2-
deficient compared with WT CD4+ T cells ( p < 0.01, Fig. 3). In
contrast, Th1 and Th17 cytokine expression was comparable in
naive unstimulated WT and NRF2-KO CD4+ T cell cultures (IL-
2, p = 0.664; IFNc, p = 0.522; T-bet, p = 0.152; IL-17, p = 0.073;
IL-22, p = 0.433). While IL-6 levels increased in activated
NRF2-KO CD4+ T cells (activation-, p = 0.105; activation+,
p < 0.05), there was no significant difference in tissue necrosis
factor-a (TNF-a) expression (activation-, p = 0.857; activation+,
p = 0.326) (Fig. 3). Thus, NRF2 signaling suppressed CD4+ T
cell differentiation into the proinflammatory phenotype.

Since NRF2-glutathione peroxidase 4 (GPX4) axis might
regulate homeostasis by preventing Tregs from lipid perox-
idation and ferroptosis (Xu et al, 2021), we assessed its ex-
pression in WT and NRF2-KO CD4+ T cell cultures.
However, there were no differences in GPX4 signaling be-
tween WT and NRF2-deficient CD4+ T cells in naive and
activated states (Fig. 3).

CD4+ T cell-specific NRF2 protects mouse liver grafts
against IR stress

To elucidate the impact of T cell-specific NRF2 signaling on
OLT outcomes, RAG2-KO mice, which do not produce mature
T cells or B cells, served as recipients of adoptively transferred
purified CD4+ T cells. Such conditioned RAG2-KO mice were
then challenged with WT liver grafts, which were subjected to
18 h ex vivo cold storage (Fig. 4A). Indeed, adoptive transfer of
WT CD4+ T cells increased liver injury in RAG2-KO test re-
cipients, evidenced by histological Suzuki’s score (T cell re-
constitution -2.8 – 0.5 vs. T cell reconstitution +5.0 – 0.4,
p < 0.05), the frequency of TUNEL+ cells (T cell reconstitution
-21.8 – 3.7 cells/HPF vs. T cell reconstitution +38.8 – 3.8 cells/
HPF, p < 0.05), and serum AST/ALT levels (AST: T cell re-
constitution -1456 – 123 vs. T cell reconstitution +2258 – 322,
p = 0.073; ALT: T cell reconstitution -2035 – 306 vs. T cell
reconstitution +4004– 422, p < 0.01) (Fig. 4B–D).

In marked contrast, adoptive transfer of NRF2-deficient
CD4+ T cells further exacerbated IR-triggered OLT damage
in RAG2-KO recipients compared with WT counterparts
(NRF2-KO Suzuki’s score 7.2 – 0.7 vs. WT, p < 0.05; TU-
NEL+ cells 53.7 – 4.9 cells/HPF vs. WT, p < 0.05; AST

3603 – 460 vs. WT, p < 0.05; ALT 6649 – 1174 vs. WT,
p = 0.082) (Fig. 4B–D). Thus, CD4+ T cell-specific NRF2
signaling was required to protect liver grafts from peri-
transplant IR stress.

We then analyzed T cell phenotype in WT liver grafts of
RAG2-KO recipients repopulated with CD4+ T cells. Indeed,
IL-2, IL-17, and IL-6 gene expression increased after transfer
of NRF2-deficient compared with NRF2-proficient CD4+ T
cells (IL-2, p < 0.05; IL-17, p = 0.255; IL-6, p = 0.104)
(Fig. 4E). In parallel, the expression of Foxp3, IL-13, and IL-
10 increased after transfer of WT CD4+ T cells compared
with untreated RAG2-KO or those repopulated with NRF2-
KO CD4+ T cells (no CD4+ T cells vs. WT CD4+ T cells and
WT CD4+ T cells vs. NRF2-KO CD4+ T cells; Foxp3,
p < 0.05 and p < 0.05; IL-13, p = 0.095 and p < 0.05; IL-10,
p < 0.001 and p = 0.152) (Fig. 4F). Thus, T cell-specific NRF2
signaling was required to promote Treg differentiation and
function after transfer into RAG-2 KO mice.

NRF2 negatively regulates proinflammatory phenotype
and the hepatocellular injury in human OLT

Having shown the homeostatic function of CD4+ T cell
NRF2 signaling in mouse OLT recipients, we next assessed
its putative role in a clinical cohort of 45 human liver
transplant patients. Donor hepatic biopsies were collected
after cold storage before liver implantation, whereas OLT
biopsies were sampled at 2 h after portal reperfusion
(Fig. 5A). The post-NRF2/pre-NRF2 ratio, reflecting OLT-
infiltrating NRF2 immune cells of the recipient origin,
negatively correlated with mRNA coding for CD4
(r = -0.2749, p = 0.078) and CD8 (r = -0.3252, p < 0.05),
indicating that perioperative NRF2 reduced intragraft T cell
infiltration.

The post-NRF2/pre-NRF2 ratio also negatively correlated
with proinflammatory IL-17 (r = -0.2997, p = 0.054) and the
costimulatory CD28 (r = -0.3064, p < 0.05) (Fig. 5B). The
CD80 and CD86, co-stimulatory innate immune cell ligands
for CD28, negatively correlated with the post-NRF2/pre-
NRF2 ratio (r = -0.3355, p < 0.05 and r = -0.3668, p < 0.05,
respectively) (Fig. 5B). Thus, the perioperative NRF2 in-
crease in the human liver grafts was associated with an
adaptive suppressive immune signature and a diminished
CD80/CD86-CD28 costimulatory phenotype.

TLR4, one of the PRRs that can activate both innate and
adaptive immune cells (Palm and Medzhitov, 2009), was also
negatively correlated with post-NRF2/pre-NRF2 ratio
(r = -0.3279, p < 0.05) (Fig. 5B). In addition, the post-NRF2/
pre-NRF2 ratio negatively correlated with a proinflammatory
CXCL10 (r = -0.2947, p = 0.058) and neutrophil cathepsin G
(r = -0.3250, p < 0.05) (Fig. 5B). Thus, enhanced periopera-
tive NRF2 signaling in human OLT mitigated innate and
adaptive immune responses.

To elucidate the influence of perioperative augmented
NRF2 signaling on OLT injury, we classified our clinical
cohort into post-NRF2/pre-NRF2 ratio £1 (n = 23) and post-
NRF2/pre-NRF2 ratio >1 (n = 22) groups. The patient’s
demographic data and clinical parameters did not reveal
significant differences between the groups in OLT recipi-
ents or liver donors (Supplementary Table S1A, B). No-
tably, 51% of OLT recipients failed to increase NRF2 gene
expression perioperatively (23 of 45; post-NRF2/pre-NRF2
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ratio £1, median 0.998; range, 0.05–5.97) (Supplementary
Fig. S2). Although postoperative AST levels were decreased in
the patient group with post-NRF2/pre-NRF2 ratio >1 (Fig. 6A),
the differences failed to reach statistical significance between
the groups on postoperative days (POD) 1–7.

Next, we set the cutoff ratio value of 2 for the perioperative
NRF2 increase and classified the 45 patients into post-NRF2/
pre-NRF2 ratio £2 (n = 35) and post-NRF2/pre-NRF2 ratio
>2 (n = 10) groups. Although there was a trend of higher
donor body mass index ( p = 0.065) and longer warm ische-
mia time ( p = 0.084) in the group of post-NRF2/pre-NRF2
ratio >2, other demographic variables were comparable be-
tween the groups (Supplementary Table S2A, B). Interest-
ingly, compared with the cutoff value of 1, we detected a
clearer trend or statistical significance in post-transplant sera
AST and ALT levels in the ratio cutoff value of 2 (Fig. 6B),
with sera AST (POD 1, p = 0.077; POD 2, p = 0.046; POD 3,
p = 0.089; POD 6, p = 0.060) and ALT (POD 6, p = 0.071;
POD 7, p = 0.046) levels. Thus, increased perioperative

NRF2 signaling is associated with improved hepatoprotec-
tion against IR stress in human OLT.

Discussion

The current translational study was designed to elucidate
the role of CD4+ T cell NRF2 in IR-stressed OLT. In the
experimental arm, we first confirmed that recipient NRF2
signaling was required to mitigate the hepatocellular injury in
IR-stressed mouse OLT, whereas adoptive transfer of
NRF2-deficient CD4+ T cells into immune-compromised
RAG2-KO test mice exacerbated IRI-OLT. Moreover, CD4+

T cell-activated NRF2 suppressed Th1/Th17 while promot-
ing differentiation into CD4+CD25+Foxp3+ Treg lineage
in vitro. In the clinical arm of 45 human OLT patients, the
perioperative graft increase of NRF2, derived mainly from
host infiltrating immune cells, was negatively associated with
Th1/Th17 activation, CD80/CD86-CD28 costimulatory
phenotype, and innate immune activation.

FIG. 5. NRF2 levels in
human donor livers nega-
tively correlate with proin-
flammatory phenotype in
OLT patients. (A) Pre-
transplant (after cold storage)
and post-transplant (2 h after
portal reperfusion) biopsies
were collected from 45 OLT
patients. (B) Relationship be-
tween post-NRF2/pre-NRF2
gene ratio and CD4, CD8, IL-
17, CD28, CD80, CD86,
TLR4, CXCL10, and cathep-
sin G gene expressions with b-
actin normalization, analyzed
by nonparametric Spearman’s
method. TLR4, Toll-like
receptor 4.
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Notably, augmented hepatic NRF2 signaling effectively al-
leviated the hepatocellular injury in OLT. Although, in addition
to CD4+ T cells, other host-derived NRF2 cells may have con-
tributed to intragraft NRF2 signaling, our results highlight the
benefit of NRF2 in protecting human OLT. To the best of our
knowledge, this study is the first to provide direct evidence that
CD4+ T cell-specific NRF2 signaling attenuated IRI-OLT.

The pathogenic role of T cells has been addressed in var-
ious solid organ IRI models. The direct evidence is that he-
patic and renal IR damage was attenuated in T cell-deficient
mice compared with those with an intact immune system,
whereas adoptive transfer of T cells restored liver injury
(Burne et al, 2001; Zwacka et al, 1997). The relation between
T cells and IRI has been confirmed in other solid organ and
limb transplant models (Brait et al, 2012; Burne et al, 2001;
Rabb et al, 2000; Yilmaz et al, 2006; Zwacka et al, 1997). The
suggested mechanisms for CD4+ T cells include secreting
cytokines and activating costimulatory molecules to stimu-
late or inhibit innate immune activation (Rao et al, 2014).
Thus, IFNc and IL-17 promote inflammatory pathology,
whereas IL-4, IL-10, and IL-13 mitigate organ IRI.

CD4+ T cells expressing NRF2 represent a promising
target to attenuate organ IRI because NRF2 signaling sup-
presses Th1/Th17 while enhancing Th2/Tregs cells (Suzuki
et al, 2020). Indeed, although T cell-specific NRF2 activation
by KEAP1 deletion led to the accumulation of intrarenal
Tregs and diminished renal damage in mice (Noel et al,
2015), the role of CD4+ T cell-specific NRF2 in the liver IRI
has not been studied. This study documents the regulatory

function of CD4+ T cell-specific NRF2, both in vitro and
in vivo, suggesting that harnessing NRF2 signaling in CD4+ T
cell activation alleviates IRI in OLT recipients.

In a recent study, discarded human liver grafts with in-
creased NRF2 levels showed decreased serum AST, ALT,
albumin levels, and a percentage of small droplet macro-
steatosis compared with those with lower NRF2 levels
(Ahmed et al, 2022). This indicates that NRF2 signaling in
hepatocytes, LSECs, and Kupffer cells is essential for ho-
meostatic liver function. A higher post-NRF2/pre-NRF2 ratio
in OLT patients was accompanied by somewhat attenuated
injury, although the clinical cohort (n = 35 vs. n = 10) was not
large enough to show statistical significance (Fig. 6B).

Another clinical study demonstrated that serum NRF2 lev-
els correlated positively with Th2 and negatively with Th1
cytokine programs (Sireesh et al, 2018). While the latter study
showed that NRF2 and its downstream targets were decreased
in peripheral blood mononuclear cells of diabetes mellitus
patients, the precise mechanism by which NRF2 signaling
contributes to anti-inflammatory phenotype remains to be
elucidated. Our findings provide the proof-of-principle and the
rationale to focus on the role of CD4+ T cell NRF2 signaling in
post-transplant liver injury in a larger clinical cohort.

In addition to its CD4+ T cell activity, NRF2 directly an-
tagonizes proinflammatory IL-6 and IL-1b and suppresses
macrophage inflammatory responses (Kobayashi et al, 2016).
NRF2 can also regulate inflammation by exerting antioxidant
function and regulating myeloid as well as T cell activation.
Our current study extends prior reports on the protective role

FIG. 6. Increased NRF2 expression in human donor livers attenuates post-transplant OLT injury. (A) Patients were
divided into post-NRF2/pre-NRF2 ratio £1 (n = 23) and post-NRF2/pre-NRF2 ratio >1 (n = 22) groups. Serum AST and
ALT levels were analyzed at POD 1–7. The white circle indicates post-NRF2/pre-NRF2 ratio >1, and the black circle
indicates post-NRF2/pre-NRF2 ratio £1. Data are shown as mean – SEM. (B) Patients were divided into post-NRF2/pre-
NRF2 ratio £2 (n = 35) and post-NRF2/pre-NRF2 ratio >2 (n = 10) groups. Serum AST and ALT levels were compared at
POD 1–7. The white circle indicates post-NRF2/pre-NRF2 ratio >2, and the black circle indicates post-NRF2/pre-NRF2
ratio £2. Data are shown as mean – SEM. *p < 0.05 (Mann–Whitney U test). POD, postoperative day.
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of NRF2 in organ IRI (Huang et al, 2014a; Huang et al,
2014b; Ke et al, 2013; Kudoh et al, 2014; Noel et al, 2015;
Zhang et al, 2017) by revealing the contribution of CD4+ T
cell-specific NRF2 in liver transplants subjected to cold
stress. Future studies should clarify cell-specific mechanisms
of NRF2 signaling in warm and cold hepatic IRI settings.

Besides the well-known p62-KEAP1-NRF2 axis in the
autophagic cell death pathway (Taguchi et al, 2012), much
attention has focused on the role of NRF2 in regulated cell
death via ferroptosis (Dixon et al, 2012), with NRF2 regu-
lating GSH/GPX4 signaling and iron metabolism (Dodson
et al, 2019). Although cold stress-induced ferroptosis affects
liver IRI (Hattori et al, 2017; Nakamura et al, 2020; Yamada
et al, 2020), the expression of GPX4 was comparable in our
WT and NRF2-KO CD4+ T cell cultures. Further studies are
required to dissect the putative role of NRF2 signaling in the
ferroptosis cell death pathway in OLT recipients.

In conclusion, we have documented the essential function
of CD4+ T cell-specific NRF2 in hepatic IRI-OLT. Indeed,
CD4+ T cell NRF2 signaling inhibited proinflammatory Th1/
Th17 cytokines and promoted Treg generation, whereas
adoptive transfer of NRF2-enriched CD4+ T cells attenuated
IRI-OLT in the RAG2-KO mouse model. In parallel clinical
screenings, immune cell NRF2 signaling reduced the hepatic
injury in human OLT. These findings provide the rationale
for novel strategies targeting CD4+ T cell NRF2 to mitigate
organ IRI in transplant recipients.

Materials and Methods

Clinical liver transplant study

This study was approved by the UCLA Institutional Re-
search Board (IRB No. 13-000143). Patients provided in-
formed consent before they participated in the study. We
performed a retrospective analysis of 45 adult patients who
underwent OLT (May 2013 to August 2015) and received
routine standard of care and immunosuppressive therapy.
Recipients who underwent re-transplantation were excluded
from the study. Donor livers, procured from donation after
brain death or cardiac death, were perfused and stored in the
University of Wisconsin (UW) solution (Niaspan; Bristol-
Myers Squibb, Princeton, NJ). Pretransplant and post-
transplant Tru-Cut needle biopsies from the left liver lobe
were obtained after cold storage at the back table (before
implantation) and about 2 h after portal reperfusion (be-
fore abdominal closure). Hepatic biopsies were screened
by qRT-PCR with b-actin normalization for NRF2, CD4,
CD8, IL-17, CD28, CD80, CD86, TLR4, CXCL10, and
cathepsin G. Recipient blood was collected before the
transplant and at POD 1–7. Liver injury was evaluated
with serum AST and ALT.

Animals

WT, RAG2-KO, and NRF2-KO mice (C57BL/6) were
purchased from the Jackson Laboratory and used at 8–10
weeks of age. Animals were housed in the UCLA animal
facility under specific pathogen-free conditions and received
humane care according to the criteria outlined in the Guide
for the Care and Use of Laboratory Animals (National Aca-
demies Press, 2011). Their use was approved by UCLA
Animal Research Committee (ARC No. 1999-094).

Mouse OLT model

We used a mouse model of ex vivo cold hepatic storage
followed by OLT, as described by our group (Kageyama et al,
2018b). To mimic the marginal human OLT setting, donor
livers were stored in the UW solution at 4�C for 18 h before
transplantation. Liver graft and serum samples were collected
6 h after reperfusion, the peak of hepatocellular damage in
this model. The sham group underwent the same procedures
except for OLT.

Adoptive transfer of CD4+ T cells

Syngeneic spleen CD4+ T cells, separated from groups of
WT or NRF2-KO mice by magnetic cell sorting kit (EasySep
Mouse CD4+ T Cell Isolation Kit; StemCell Technologies,
Vancouver, Canada), were adoptively transferred (1 · 107

i.v.), into RAG2-KO mice, in which T and B cells are absent.
These animals were subjected to OLT 1 h after the adoptive
transfer.

Liver enzyme assay

Serum AST/ALT levels were measured with AST/ALT
Liquid Reagent Kit (Teco Diagnostics) and validated with
Validate GC3 (Maine Standards Company, LLC).

OLT histology and IRI grading

Formalin-fixed paraffin-embedded liver sections (4lm) were
stained with hematoxylin and eosin staining. The severity of IRI
was graded using Suzuki’s criteria (Suzuki et al, 1993).

TUNEL assay

Cell death in liver sections (4 lm) was detected by In Situ
Apoptosis Detection Kit (Clontech) according to the manu-
facturer’s protocol. Results were scored semiquantitatively
by blindly counting the number of positive cells in 10 HPF/
section.

CD4+ T cell isolation and culture

Spleens resected from WT or NRF2-KO were passed
through a 70 lm strainer and washed with sterile PBS.
After lysing red blood cells, CD4+ T cells were purified
with a negative selection (EasySep Mouse CD4+ T Cell
Isolation Kit). Isolated CD4+ T cells were plated at a
concentration of 1 · 106/mL in six-well plates that were
precoated with 5 lg/mL anti-CD3e (clone: 145-2C11;
eBioscience, San Diego, CA) and cultured in RPMI 1640
in the presence of 5 lg/mL anti-CD28 (clone: 37.51;
eBioscience) and supplemented with 10% fetal bovine
serum, 100 U/mL penicillin and 100 lg/mL streptomycin,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 2 mM l-glutamine, and non-essential
amino acids at 37�C in a humidified atmosphere incubator
containing 5% CO2 for 48 h.

qRT-PCR analysis

RNA extracted with the RNAse Mini Kit (Qiagen) was
reverse-transcribed into complementary DNA (cDNA).
Quantitative PCR was performed using QuantStudio 3
(Applied Biosystems). The primer sequences are listed in
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Supplementary Table S3. The expression of the target
gene was normalized to the housekeeping b-actin or
HPRT.

Immunofluorescence

Mouse liver samples were stained with rabbit anti-CD68
antibody (Abcam) and rat anti-Ly6G antibody (BD Bios-
ciences, San Jose, CA). Signals were visualized with sec-
ondary Alexa Fluor antibodies (Invitrogen, Thermo Fisher
Scientific). Hepatic CD68+ and Ly6G+ cells were scored
semiquantitatively by counting cells in 10 HPF/section
( · 400).

Flow cytometry

Isolated CD4+ T cells were incubated with anti-mouse
CD16/32 antibody (clone: 93; BioLegend, San Diego, CA) to
block Fc-mediated nonspecific antibody binding. Cells were
then stained with the fluorochrome-conjugated antibodies;
CD4-APC (clone: RM4-5;100515; BioLegend), CD69-FITC
(clone: H1.2F3;104506; BioLegend), and the antibodies in
the True-Nuclear Mouse Treg Flow Kit (320029; BioLe-
gend). Multi-parameter flow cytometric analysis was per-
formed using an LSRFortessa X-20 SORP (BD Biosciences),
and results were analyzed using BD FACSDiva software (BD
Biosciences) at the UCLA Jonsson Comprehensive Cancer
Center ( JCCC) and Center for AIDS Research Flow Cyto-
metry Core Facility (UCLA).

Statistics

For human data, continuous values were analyzed by the
Mann–Whitney U test and categorical variables by Fisher’s
exact test. Spearman’s correlation coefficient (r) was used to
evaluate the strength of the linear relationship between
variables. For mouse experiments, comparisons between the
two groups were assessed using a Student’s t-test. All p
values were two-tailed, and p < 0.05 was considered statis-
tically significant. GraphPad Prism 9 was used for statistical
analyses.
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Abbreviations Used

ALT¼ alanine aminotransferase
AST¼ aspartate aminotransferase

GPX4¼ glutathione peroxidase 4
GSH¼ glutathione
H&E¼ hematoxylin and eosin
HPF¼ high-power field

IR¼ ischemia and reperfusion
IRI¼ ischemia–reperfusion injury

LAG3¼ lymphocyte activation gene 3
LSECs¼ liver sinusoidal endothelial cells
mRNA¼messenger RNA
NRF2¼ nuclear factor erythroid 2-related factor 2
OLT¼ orthotopic liver transplantation
PD-1¼ programmed death-1

POD¼ postoperative day
PRRs¼ pattern recognition receptors

qRT-PCR¼ quantitative reverse transcription–polymerase
chain reaction

RT-PCR¼ reverse transcription–polymerase chain reaction
SEM¼ standard error of the mean
T-bet¼T-box protein expressed in T cells

TIM-3¼T cell immunoglobulin and mucin-domain
containing-3

TLR4¼Toll-like receptor 4
TNF-a¼ tissue necrosis factor-a
Tregs¼ regulatory T cells

TUNEL¼TdT-mediated dUTP nick end labeling
UW¼University of Wisconsin
WT¼wild type
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