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Overactivation of Mitogen-Activated Protein Kinase
and Suppression of Mitofusin-2 Expression

Are Two Independent Events in High Mobility Group

Box 1 Protein—Mediated T Cell Immune Dysfunction

Zhong-qgiu Lu"" Lu-ming Tang,*" Guang-ju Zhao,' Yong-ming Yao?
Xiao-mei Zhu? Ning Dong,® and Yan Yu®

High mobility group box 1 protein (HMGB1), a critical proinflammatory cytokine, has recently been identified to
be an immunostimulatory signal involved in sepsis-related immune dysfunction when released extracellularly,
but the potential mechanism involved remains elusive. Here, we showed that the treatment with HMGB1 in vitro
inhibited T lymphocyte immune response and expression of mitofusin-2 (Mfn-2; a member of the mitofusin
family) in a dose- and time-dependent manner. Upregulation of Mfn-2 expression attenuated the suppressive
effect of HMGB1 on T cell immune function. The phosphorylation of both extracellular signal-regulated kinase
(ERK)1/2 and p38 mitogen-activated protein kinase (MAPK) was markedly upregulated by treating with high
amount of HMGB1, while pretreatment with ERK1/2 and p38 MAPK-specific inhibitors (U0126 and SB203580)
could attenuate suppression of T cell immune function and nuclear factor of activated T cell (NFAT) activation
induced by HMGBI, respectively. HMGB1-induced activity of ERK1/2 and p38 was not fully inhibited in the
presence of U0126 or SB203580. Interestingly, overexpression of Mfn-2 had no marked effect on HMGBI1-
mediated activation of MAPK, but could attenuate the suppressive effect of HMGBI on the activity of NFAT.
Thus, the mechanisms involved in HMGB1-induced T cell immune dysfunction in vitro at least partly include
suppression of Mfn-2 expression, overactivation of ERK1/2, p38 MAPK, and intervention of NFAT activation,
while the protective effect of Mfn-2 on T cell immune dysfunction induced by HMGBL1 is dependent on other
signaling pathway associated with NFAT, but not MAPK. Taken together, we conclude that overactivation of
MAPK and suppression of Mfn-2 expression are two independent events in HMGB1-mediated T cell immune
dysfunction.

Introduction

HIGH MOBILITY GROUP BOX-1 PROTEIN (HMGBI) is a
nonhistone DNA-binding protein that is commonly
stored in the nucleus and plays a critical role in regulating
gene transcription. Recently, HMGB1 was identified to be
present extracellularly after active secretion (particularly by
inflammatory cells) or passive release by necrotic cells, and it
functions as a late proinflammatory cytokine involved in
severe sepsis (Wang and others 1999; Huang and others
2010). Simultaneously, HMGB1 acts as a chemoattractant
and activator of immune cells, such as dendritic cells (DCs)
(Yang and others 2007), and is thus increasingly recognized
as an immune alarmin. Further, evidence suggests that the

excessive release of HMGBI1 contributes to the development
of immunosuppressive state after sepsis or severe trauma
(Lantos and others 2010). T cells are major effectors and
modulators of many immune responses and play a pivotal
role in the development of various immune diseases. Dys-
function of T cell-mediated immunity has been increasingly
recognized as an important step in the pathogenesis of severe
trauma and sepsis, which contributes to diminished host
resistance to infection (Kerksiek and Pamer 1999; Sir and
others 2000). Our previous data showed that high levels of
systemic HMGB1 were closely associated with T cell-medi-
ated immunosuppression in both thermal injured animals
and septic patients (Yao and Lin 2008; Zhang and others
2008). We also found that HMGB1 had a dual regulatory
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effect on immune functions of mice CD4™" T cell in vitro along
with the different concentrations and stimulated duration
(Zhao and others 2012). Additionally, HMGBI is necessary
for proliferation, survival, and polarization of naive CD4" T
cells after activation by allogeneic DCs (Zetterstrom and
others 2002). In spite of these evidence that HMGB1 might
exert a profound influence on immune functions of T cells,
the precise regulatory mechanisms involved have not been
clarified.

Mitofusin-2 (Mfn-2), a highly conserved transmembrane
GTPase, localizes in outer membrane of mitochondria and
plays a critical role in mitochondrial fusion process. Recent
data have demonstrated that Mfn-2 is involved in the regu-
lation of several crucial cellular pathways beyond fusion,
including mitochondrial metabolism, cellular signaling cas-
cade, apoptosis, and proliferation (de Brito and Scorrano
2008). Moreover, it was reported that Mfn-2 acted as an en-
dogenous Ras inhibitor and inhibited Ras-activated mitogen-
activated protein kinase (MAPK) signaling in vascular
smooth muscle cells and cancer cell lines (Chen and others
2004). Although our previous study demonstrated that up-
regulation of Mfn-2 expression attenuated the immunosup-
pressive effect of HMGB1 on CD4" T lymphocytes (Zhao
and others 2012), the regulative signaling pathways of Mfn-2
in HMGBIl-induced T cells immune dysfunction remain
unclear.

MAPK is a key player in cellular signaling pathway and
can be divided into several subgroups, among which extra-
cellular signal-regulated kinase (ERK)1/2, c-jun amino-
terminal kinase (JNK)/SAPK, and p38 are the three best
characterized ones (Chang and Karin 2001). Many studies
have implicated MAPK pathways as pivotal signaling
pathways involved in thymocyte differentiation and T cell
responses (Rincén and others 2000; Zhang and Dong 2005).
MAPK activation is associated with inflammatory cytokines,
genotoxic agents, ultraviolet light, and heat shock proteins
(Seger and Krebs 1995; Chen and Thorner 2007). It has pre-
viously also been demonstrated that HMGBI induces a
transient phosphorylation of MAPKs and a nuclear translo-
cation of nuclear factor kappaB (NF-xB) in outgrowing
neurites, certain tumor cells, and human microvascular en-
dothelial cells (Huttunen and others 1999; Taguchi and oth-
ers 2000; Fiuza and others 2003).

In the present study, we investigated that the role of
MAPK in T cell-mediated immune property induced by
HMGBI in vitro, and determined whether the regulatory role
of Mfn-2 in HMGB1-mediated T cells immune dysfunction
was associated with its inhibitory effect on activation of
MAPK.

Materials and Methods
Materials

Phorbol-12-myristate-13-acetate (PMA), ionomycin, and
Mfn-2 primary antibody were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). RPMI 1640 medium and
other cell culture products were obtained from TianRun-
Shanda Biotech Co. Ltd (Beijing, China). Fetal bovine serum
was obtained from HyClone Laboratories (Logan, UT).
U0126, SP600125, and SB203580 were purchased from Merck
(Rahway, NJ). Recombinant human HMGB1 was purchased
from R&D Systems (Minneapolis, MN). Interleukin (IL)-2,
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IL-4, and interferon (IFN)-y enzyme-linked immunosorbent
assay (ELISA) kits were obtained from Biosource (Worcester,
MA). ERK1/2, p38, and JNK fast-activated cell-based ELISA
(FACE™) kits were obtained from Active Motif (Carlsbad,
CA). Monoclonal antibody to p-actin, poly-L-lysine, and
methyl-thiazolyl-tetrazolium (MTT) was purchased from
Sigma-Aldrich (St. Louis, MO). Trizol reagent was obtained
from Invitrogen (California, CA). The phycoerythrin (PE)
Annexin V apoptosis detection kit (annexin-V-PE and 7-
amino-actinomycin D) was purchased from BD/PharMingen
(San Diego, CA).

Cell culture and treatment

Jurkat E6-1 cells (purchased from the Cell Resource Cen-
ter, Chinese Academy of Medical Sciences, Beijing, China)
were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum, 1 mM sodium pyruvate, and 2mM
L-glutamine at 37°C in a humidified incubator with 5% CO,.
For experiment, Jurkat cells were stimulated with PMA
(50ng/mL) plus ionomycin (1 pM) for 12h, then recombi-
nant HMGBI in different amount or phosphate buffered
saline (PBS) was added to the T cell suspension, or cells were
pretreated for 1h with p38 MAPK inhibitor SB203580 (5 uM),
ERK1/2 inhibitor U0126 (5 uM), or dimethyl sulfoxide (1 puL)
before HMGBI1 stimulation. The final concentration and
duration of HMGBI treatment in the present study were set
as follows: 10, 100, and 1,000 ng/mL for 24 h, or 100ng/mL
HMGBI for 12, 24, and 48 h as indicated in each experiment,
respectively. All materials and compounds used in these
experiments were sterile and endotoxin-free.

Lentiviral transduction

A full-length human Mfn-2 ¢cDNA was obtained from
Genscrip Corporation (Piscataway, NJ). Lentrivirus vectors
expressing the DNA fragments encoding green fluorescent
protein (GFP)-tagged full-length Mfn-2 of human (Lv-Mfn-2)
were constructed, packed, and purified by GeneChem Co.,
Ltd. (Shanghai, China). Lentiviral transduction of Jurkat cells
was done according to the protocol provided by the manu-
facturer. In brief, cells were grown to log phase, harvested,
and washed twice with PBS. Cells were resuspended to 1x10°
per mL in 4mL of complete medium (RPMI 1640 with 10%
fetal bovine serum) in 25-cm?” dishes. Lentivirus was added to
a final multiplicity of infection (MOI) of 50 colony-forming
units per cell. In initial experiments, polybrene was added to
give a final concentration of 8 ug/mL. The cells were then
incubated for a further 8 h at 37°C in CO, incubator before the
cells were washed and replated in fresh media without
polybrene. After 48h of culture to allow gene expression,
transduced cells were resuspended to 5x10° per mL in fresh
medium and placed in 96-well round-bottom plates.

T cell proliferation assay

Jurkat E6-1 cells (5x10° cells/mL) were inoculated to 96-
well plates with 0.2 mL per well and treated with or without
PMA (50ng/mL) plus ionomycin (1 uM) for 12 h, recombinant
HMGSBI in different amount or PBS were added to the cell
suspension. Then, 100 pL supernatant was procured after 10,
100, and 1,000 ng/mL HMGB1 for 24 h, or 100 ng/mL HMGB1
for 12,24, and 48 h. About 20 unL. MTT was added to each well.
After culturing for 4h, about 100 uL Triton-ISOP solution was
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added to dissolve the MTT crystals. When all the crystals had
been dissolved through repeated blowing with a pipet, the
optical density was measured by a microplate reader (Spectra
MR; Dynex, Richfield, MN) at a wavelength of 540 nm.

Enzyme-linked immunosorbent assay

IL-2, IL-4, and IFN-y levels in culture supernatants were
quantitated by commercially available ELISA kits for human.
ELISA was performed strictly following the protocols pro-
vided by the manufacturer. Plates were read in a microplate
reader (Spectra MR; Dynex).

Assessment of MAPK expression and activation

ERK1/2, p38, and JNK phosphorylation levels in culture
Jurkat cells stimulated by HMGB1 were measured by com-
mercially available fast-activated cell-based ELISA (FACE) kits.
ELISA was performed strictly following the protocols provided
by the manufacturer, according to the methods previously
described (Versteeg and others 2000). The absorbance of each
well in plates was measured in a microplate reader (Spectra
MR; Dynex) at a wavelength of 450 nm. Data were corrected
with cell number performed through use of Crystal Violet.

Western blotting

Cell lysate that contained 40 pg of protein in sodium do-
decyl sulfate (SDS)-Laemmli loading buffer per lane was
separated by 8%-10% SDS-polyacrylamide gel electropho-
resis and transferred onto nitrocellulose membranes. After
transfer, membranes were blocked in Tris-buffered saline
[20mM Trisbase (pH 7.6), 150 mM sodium chloride] contain-
ing 5% nonfat milk (BioRad, Hercules, CA) and incubated for
1h with primary antibodies, followed by incubation with a
secondary antibody. The blots were detected with an ECL
system (Amersham Biosciences, Uppsala, Sweden). The pro-
tein bands were quantified by densitometry using National
Institutes of Health ImageJ software.

Real-time polymerase chain reaction

Total RNA isolation system and reverse transcription
system were purchased from Promega Corp. (Madison, WI).
Total RNA was extracted from cultured cells using Trizol
reagent according to the manufacturer’s instruction. The
concentration of purified total RNA was determined spec-
trophotometrically at 260 nm. The mRNA for Mfn-2 and B-
actin was quantified in duplicate by SYBR Green 2-step, real-
time reverse transcription polymerase chain reaction (PCR).
After removal of potentially contaminating DNA with DN-
ase I, 1 ug of total RNA from each sample was used for re-
verse transcription with an oligo dt and a Superscript II to
generate first-strand cDNA. PCR mixture was prepared us-
ing SYBR Green PCR Master Mix with the following primers:
Mfn-2, 5-TGG CTC AAG ACT ATA AGC TGC G-3’ (for-
ward) and 5-GAG GAC TAC TGG AGA AGG GTIG G-3'
(reverse); B-actin, 5-TGA CGT GGA CAT CCG CAA AG-3
(forward) and 5-CTG GAA GGT GGA CAG CGA GG-3
(reverse). Thermal cycling conditions were 20s at 95°C fol-
lowed by 40 cycles of 95°C for 3s, 60°C for 30's on a sequence
detection system (ABI RPISM 7500; Applied Biosystems,
Foster City, CA). Mfn-2 gene expression was normalized
with B-actin mRNA content.
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Assay of nuclear factor of activated T cell activity

Nuclear protein was extracted from cultured cells using
nuclear extract kit (Active Motif ) and the protocol was based
on samples of 107 cells, avoiding freeze/thaw cycles. Cells
were washed, and collected in ice-cold PBS in the presence of
phosphatase inhibitors to limit further protein modifications.
Then, cells were resuspended in a hypotonic buffer and
treated with detergent to allow leakage of the cytoplasmic
proteins into the supernatant. After collection of the cyto-
plasmic fraction, the nuclei were lysed, and nuclear proteins
were solubilized in lysis buffer containing protease inhibition
cocktail. Protein concentrations were determined by the
Bradford protein assay kit (Applygen Technologies Inc.,
Beijing, China). The ELISA-based electrophoretic mobility
shift assay (transAM™ NFAT kit; Active Motif ) was used to
quantify the amount of active nuclear factor of activated T
cell (NFAT) in nuclei (6 pug). Briefly, the NFAT activity was
purified from a nuclear lysate upon binding an immobilized
oligonucleotide containing a 5-AGGAAA-3" motif, and de-
tected by ELISA.

Statistical analysis

All results were expressed as mean+standard deviation
(SD) of more than three independent experiments conducted
in triplicate, and analyzed with a one-way analysis of var-
iance. Fisher’s least significant difference was used to eval-
uate significant differences between groups. P values <0.05
were considered statistically significant.

Results

The effect of HMGB1 stimulation on immune
dysfunction of T lymphocytes

To investigate the influence of HMGB1 on T cell-mediated
immune function, Jurkat cells were treated with different
concentrations of HMGBI1 for different duration. In our ex-
periments, the immune function of T lymphocytes included
T cell proliferation, IL-2 production, and ratio of IFN-y (Thl
cytokine)/IL-4 (Th2 cytokine), which, respectively, reflecting
differentiation of T lymphocytes, and was assessed by MTT
and ELISA, respectively. As shown in Fig. 1, treatment with
HMGBI1 for 24 h resulted in a dose-dependent immunosup-
pression of T lymphocytes, which was in agreement with our
previous results. Cells were treated with PMA /ionomycin
and without HMGB1 as control, and T cells incubated with
increasing concentrations of HMGB1 (10, 100, 1,000 ng/mL)
for 24 h resulted in suppression of proliferation (P <0.05) as
well as IL-2 production (P<0.05), and a decrease in IFN-y/
IL-4 ratio (P <0.05). When T cells were exposed to 100 ng/mL
HMGBLI for different duration (12, 24, 48h), immune func-
tion of T lymphocytes was markedly inhibited (P <0.05).
Thus, cultured cells were exposed to HMGB1 at 100 ng/mL
for 24 h in the following experiments.

Upregulation of Mfn-2 expression attenuated
the suppressive effect of HMGB1 on T cell
immune function

Previously, we reported that the expression of Mfn-2 was
decreased in mouse CD4" T lymphocytes when stimulated
with a high dose of HMGBI1. On the other hand, upregula-
tion of Mfn-2 could diminish the suppressive effect of
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FIG. 1. The effect of HMGB1 on immune function of Jurkat cells in response to PMA /ionomycin. Jurkat cells were
incubated with PMA (50 ng/mL) plus ionomyecin (1 pM) for 12 h, and then stimulated with different dosages of HMGB1 (10,
100 and 1,000ng/mL) for 24h or with 100ng/mL HMGBI for different duration (12, 24, and 48h). Cells cultured under
normal condition served as baseline, and cells treated with PMA /ionomycin and 0ng/mL HMGBI1 or 100 ng/mL HMGB1
for Oh served as controls. Methyl-thiazolyl-tetrazolium cell proliferation assay was used to assess Jurkat cell proliferative
activity after HMGBI stimulation, respectively (A). In addition, the levels of IL-2, IL-4, and IFN-y were determined by
enzyme-linked immunosorbent assay (B, C). Results of four independent experiments were shown as mean*standard
deviation. *Statistically significant difference when compared with the controls (P <0.05). *Statistically significant difference
when compared with HMGB1-10ng/mL group (P<0.05). HMGB1, high mobility group box 1 protein; PMA, phorbol-12-

myristate-13-acetate; IL, interleukin; IFN, interferon.

HMGBI on CD4" T lymphocytes (Zhao and others 2012). To
assess whether Mfn-2 can exert the similar effect on human T
cells, we detected the Mfn-2 expression by real-time PCR and
western blot after stimulation of T cells with various doses of
HMGBI for different duration. Fig. 2A and 2B illustrated that
incubation of Jurkat cells with HMGB1 (10, 100, 1,000 ng/mL)
for 24h induced dose-dependent reduction in Mfn-2 mRNA
and protein expression, reaching their minimum with 1,000 ng/
mL HMGBI1. Moreover, the results also revealed the time-de-
pendent inhibitory effect of Mfn-2 expression in Jurkat cells
treated by HMGBI1 (100ng/mL), and the inhibitory effect of
Mifn-2 expression reached its minimum after 48 h.

Subsequently, we made an attempt to determine whether
Mfn-2 is necessary for HMGBI1-induced T cell immune dys-
function by using lentivirus-mediated overexpression of
Mfn-2. As shown in Fig. 3, infection of Jurkat cells with Lv-
Mfn-2 (MOI=50) displayed a profound increase in Mfn-2
expression and did not completely prevent but attenuated
HMGBI1-induced downregulation of Mfn-2 compared with
uninfected cells or those infected with the empty lentiviral
vector, Lv-GFP (MOI=50). More importantly, we found that
HMGB1-mediated inhibition of T cell proliferation and IL-2
production and decrease in IFN-y/IL-4 were obviously at-
tenuated in cells infected with Lv-Mfn-2 compared with
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FIG. 2. Effect of HMGB1 on Mfn-2 expression in response to PMA /ionomycin in Jurkat cells. Jurkat cells were incubated
with PMA (50ng/mL) plus ionomycin (1 uM) for 12h, and then stimulated with different dosages of HMGBL1 (10, 100,
and 1,000ng/mL) for 24h or with 100 ng/mL HMGBI for different duration (12, 24, and 48 h). Cells cultured normally
served as baseline and cells treated with PMA /ionomycin and 0 ng/mL HMGB1 or 100 ng/mL HMGBI for 0 h served as
controls. Mfn-2 mRNA expression by real-time PCR in Jurkat cells in response to PMA /ionomycin with increasing
dosages of HMGB1 for 24 h or with 100 ng/mL HMGBI for different duration (n =4 for each time point), respectively (A).
A typical western blot and the average increase in Mfn-2 protein abundance in response to PMA/ionomycin with
different concentrations of HMGBI for 24 h or with 100 ng/mL HMGBI1 for different duration (1 =4 for each time point),
respectively (B). Results were shown as mean +standard deviation. *Statistically significant difference when compared
with the controls (P<0.05). *Statistically significant difference when compared with HMGB1-10ng/mL group or

HMGB1-12h group (P <0.05). Mfn-2, mitofusin-2; PCR, polymerase chain reaction.

uninfected cells and cells infected with Lv-GFP (Fig. 4) (all
P<0.05), indicating that Mfn-2 is required for HMGB1-in-
duced T cell immune dysfunction and upregulation of Mfn-2
expression markedly protected T cells against HMGB1-in-
duced immunosuppression.

HMGB1 induced immunosuppression
of T lymphocytes through ERK1/2 and p38 MAPK
but not INK MAPK

To determine whether treatment with HMGB1 could
activate MAPK in Jurkat cells, we examined the phos-
phorylation of ERK1/2, p38 MAPK, and SAPK/JNK after
HMGBI1 stimulation with fast-activated cell-based (FACE)
ELISA. As shown in Fig. 5, it was revealed that the expo-
sure of cells to HMGBI1 induced the activation of both
ERK1/2 and p38 MAPK in a time-dependent manner,
without obvious changes in phosphorylation levels of
JNK. Simultaneously, no significant changes were ob-
served in whole protein levels of these MAPKSs. Treatment
with HMGB1 induced the progressive accumulation of
phosphorylated ERK1/2 starting from 30min to 1h (all
P <0.05). In contrast, we detected a rapid activation of p38
MAPK. Indeed, there was an increase in phosphorylation
levels of p38 MAPK within 5min after HMGB1 exposure
and retained its activity for 30 min after HMGBI treatment,
peaking at 15min (P <0.05).

To clearly elucidate the potential role of ERK1/2 and
p38 MAPK in HMGB1-induced T cell immunosuppression,
immune function of T cells was measured after HMGB1
stimulation in the presence or absence of ERK1/2-specific
inhibitor, 5 uM of U0126 and p38 specific inhibitor, or 5 pM
of SB203580. HMGB1-induced T cells immunosuppression
were markedly attenuated by inhibiting the activation of

ERK1/2 or p38 MAPK (Fig. 6A-C). Pretreatment with
U0126 notably attenuated HMGB1-mediated inhibition of
T cell proliferation (Fig. 6A) and IL-2 production (Fig. 6B),
and lowering of IFN-y/IL-4 (all P<0.05) (Fig. 6C), while
SB203580 exerted no marked influence on HMGB1-medi-
ated inhibition of cell proliferation (Fig. 6A) but was able
to ameliorate suppression of IL-2 production (Fig. 6B) as
well as IFN-y/IL-4 ratio (Fig. 6C) (all P<0.05). Further,
5uM U0126 or SB203580 had no effect on T cell immune
function without HMGB1 stimulation. These data indi-
cated that ERK1/2 and p38 MAPK pathways might par-
ticipate in HMGB1-mediated immune dysfunction of T
lymphocytes.

U0126 and SB203580 exerted their effect
by moderately diminishing HMGB1-induced
activation of ERK1/2 and p38 MAPK

It has been documented that inhibition of ERK1/2 de-
creased proliferation and IL-2 production of T cells (DeSilva
and others 1998), and blockade of p38 MAPK interfered
with Thl cytokine production (Rincén and others 1998), we
tried to evaluate ERK1/2 and p38 MAPK activation levels
stimulated by HMGB1 in the presence of U0126 and
SB203580 (Fig. 7). As expected, HMGB1-induced ERK1/2
activation was strongly reduced by pretreatment with
U0126 (P<0.05) without being affected by SB203580,
whereas SB203580 preincubation specifically interfered
with phosphorylation of p38 MAPK (P <0.05) without af-
fecting ERK1/2. Interestingly, it was of note that certain
levels of ERK1/2 and p38 MAPK activation remained in
cultures exposed to HMGBI in the presence of U0126 or of
SB203580 (both P<0.05). Taken together, these results im-
plied that HMGB1-mediated T cell immunosuppression
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appeared to be associated with overactivation of ERK1/2
and p38 MAPK induced by HMGBI.

NFAT might be a potential target of ERK1/2 and p38
MAPK in HMGB1-mediated immunosuppression
of T lymphocytes

NFAT, a key transcription factor in T lymphocytes, is
negatively regulated by various upstream signaling kinases
such as MAPK, casein kinase 1 (CK1), and glycogen synthase
kinase-3 (GSK-3) (Nel 2002). For this reason, we further ex-
amined the effect of HMGB1 on NFAT activation in the
presence or absence of U0126 and SB203580. As shown in
Fig. 8, HMGBI significantly inhibited PMA /ionomycin- in-
duced activation of NFAT (P<0.05), whereas pretreatment
with U0126 and SB203580 could partially abrogate inhibitory
effect of HMGB1 on NFAT activity, respectively (P <0.05).
Similarly, 5 pM U0126 or SB203580 had no marked influence
on NFAT activation without HMGBI1 stimulation. These data
indicated that NFAT might be a potential downstream
transcription factor of ERK1/2 and p38 MAPK pathways in
HMGBI1-mediated immunosuppression of T lymphocytes.

HMGB1(100ng/ml)

Overexpression of Mfn-2 dampened the
suppression of HMGB1 on NFAT activation, but had
no effect on HMGB1-induced activation of MAPK

It has been reported that Mfn-2 is able to bind to Ras and
inhibit Ras-activated MAPK signaling in vascular smooth
muscle cells and cancer cell lines (Chen and others 2004).
Thus, hereupon we investigated the possible effect of Mfn-2
on the activation of ERK1/2 and p38 MAPK induced by
HMGBI in Jurkat cells. Unexpectedly, overexpression of
Min-2 had no detectable effect on HMGBI1-mediated acti-
vation of ERK1/2 or p38 MAPK in cultured Jurkat cells
under our experimental condition (Fig. 9A, B). Next, we
examined the impact of Mfn-2 on activation of NFAT in
cultured cells with HMGB1 stimulation. Interestingly, as
shown in Fig. 9C, upregulation of Mfn-2 expression mark-
edly enhanced the NFAT activity of the cells with or
without HMGBI1 treatment (all P <0.05). Thus, these results
indicated that the protective effect of Mfn-2 in HMGBI1-
mediated Jurkat cell immune dysfunction might be associ-
ated with other signaling pathways related to NFAT, with
the exception of MAPK signal pathways.
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well as IFN-y were deter-
mined by enzyme-linked
immunosorbent assay. Mean
values of four individual

meantstandard deviation.
*Statistically significant dif-
ference when compared with
control  group  (P<0.05).
*Statistically significant dif-
ference when compared with
HMGBI1-treated group (P<
0.05).
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Discussion

We previously reported that treatment with a high dosage
of HMGBI induced CD4" T cell immunosuppression in-
cluding inhibition of cell proliferation, IL-2 production and
differentiation to Th2, and upregulation of Mfn-2, a mito-

chondrial sharping protein, and it could attenuate the sup-
pressive effect of HMGB1 on T cell-mediated immune
response; however, the signaling pathways involved remains
to be elucidated. In the current study, we demonstrated that
the immunosuppressive effects of HMGB1 on T cells in vitro
were at least partly mediated by overactivating ERK1/2 as
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FIG.5. HMGBI induced a transient phosphorylation of ERK1/2 and p38 MAPK. Jurkat cells were cultured in 96-well plates
with PMA (50 ng/mL) plus ionomyecin (1 pM) for 12h, and then stimulated with HMGB1 (100 ng/mL) for different duration
or without HMGBI (control). The phosphorylation of JNK (A), p38 MAPK (B), and ERK1/2 (C) was assayed in triplicate
using the phosphor-specific JNK, ERK1/2, and p38 antibody (from FACE kits) at various time points (5, 15, 30, or 60 min),
respectively, while total J]NK (A), p38 MAPK (B), and ERK1/2 (C) was determined using the total-specific JNK, ERK1/2, and
p38 antibody from the FACE kits. Cell numbers were normalized using crystal violet. Mean values of three individual
experiments were shown as mean+standard deviation. *Statistically significant difference when compared with control
group (P<0.05). ERK1/2, extracellular signal-regulated kinase 1/2; JNK, cjun amino-terminal kinase; MAPK, mitogen-

activated protein kinase.

well as p38 MAPK pathways, and interfering with NFAT
activation, and suppression of Mfn-2. Meanwhile, these data
also showed that the protective effect of Mfn-2 on HMGBI1-
mediated T cell immunosuppression might be independent
on MAPK signal pathways. Conclusively, we demonstrated
that overactivation of MAPK and suppression of Mfn-2 ex-
pression appeared to be two independent events in HMGBI1-
mediated immune dysfunction of T cells. Moreover, the re-
sults provided an explanation for our previous findings that
HMGBI had a dual regulatory effect on immune functions
of T cells with different concentrations and stimulation
duration.

Immunosuppression of T cells following trauma or sepsis
impairs cellular immune defenses, which can result in post-
traumatic infectious complications and severe sepsis, which
are known to be the leading causes of death in trauma pa-
tients (Oberholzer and others 2001; Patenaude and others
2005; Phan and others 2005). Although the mechanistic and
molecular bases for sepsis-induced T cell immunosuppres-
sion have not yet been entirely elucidated, the main features
of the condition have already been described. During sepsis,
T cell proliferative responses and cytokine production (IL-2,
tumor necrosis factor-o. were significantly depressed, leading
to an imbalance in T helper (Th) cell functions caused by a
phenotypic imbalance in the regulation of Th1l and Th2 im-
mune response (Ayala and others 1994; O’Sullivan and
others 1995; Ferguson and others 1999; Heidecke and others
1999). HMGBI, an important extracellular mediator of in-
flammation described recently, was proven to be involved in
maturation and activation of DCs (Yang and others 2007).
Moreover, it had been recognized that a high level of sys-
temic HMGB1 contributed to the impairment of cellular
immune function in thermal injured animals and septic pa-
tients (Lantos and others 2010), and inhibition of HMGB1
secretion was shown to improve septic survival and T cell
function (Zhang and others 2008; Lantos and others 2010).
Thus, these findings support the view that HMGBI release
might be associated with the suppression of T lymphocytes
after severe thermal or septic episode. Our current findings

further strengthened the concept that HMGB1 had a direct
influence on immune function of T lymphocytes, which
might contribute to the anti-inflammatory immunosuppres-
sive state in severe sepsis. However, when compared to our
previous studies (Zhao and others 2012), it was not exhibited
that a low dose of HMGB1 promoted the production of Thl
cytokines with proinflammatory properties in our experi-
ment. The reason for this difference is unclear, but it is
likely due to the distinction of cell types or experimental
conditions.

Mfn-2 is an outer mitochondrial membrane protein and
ubiquitously expressed. In addition to its well-established
functional role in mitochondrial fusion, accumulating evi-
dence reveals that this mitochondria-shaping protein plays a
role in regulating mitochondrial metabolism, apoptosis, and
even progression through cell cycle (de Brito and Scorrano
2008). Although our current and previous data have dem-
onstrated that Mfn-2 is an important regulator of HMGBI1-
mediated T cell immunosuppression in vitro (Zhao and
others 2012), the precise mechanisms as well as signal
transduction underlying the immuno-regulatory effect of
Mfn-2 on T cells remain poorly understood.

To understand the mechanisms underlying HMGBI-
induced suppression of T cell-mediated immunity and the
immuno-regulatory effect of Mfn-2 on T cells, we determined
the effect of HMGBI on the activation of MAPK isoforms. It
was demonstrated that ERK1/2 and p38 might be the major
MAPKs associated with HMGBI1-mediated immunosup-
pressive effect on T cells, and such a conclusion was based on
several independent lines of evidence. First, as it has previ-
ously been demonstrated that HMGB1 induces a transient
phosphorylation of MAPK in outgrowing neurites, certain
tumor cells and human microvascular endothelial cells
(Huttunen and others 1999; Taguchi and others 2000; Fiuza
and others 2003), our data showed that the HMGBI1 treat-
ment of T cells obviously led to the phosphorylation of both
ERK1/2 and p38 MAPK, whereas the phosphorylation levels
of JNK were not obviously affected. Second, the intervention
of U0126 (ERK1/2-specific inhibitor) and SB203580 (p38
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FIG. 7. MAPK inhibitors exerted protective effects on HMGB1-induced suppression of T cell immune response through
moderately diminishing phosphorylation of ERK1/2 and p38 MAPK. Jurkat cells were stimulated with PMA (50 ng/mL) plus
ionomycin (1 uM) for 12h, and then incubated with ERK1/2 inhibitor, p38 inhibitor, or DMSO at indicated concentrations for
1h before stimulation with HMGB1 or without HMGBI. Cells treated with PMA /ionomycin alone were used as controls. The
phosphorylation levels of ERK1/2 (A) and p38 MAPK (B) were assayed by indicated methods after HMGB1 (100 ng/mL)
stimulation for 60min (A) or 15min (B), respectively. Mean values of four individual experiments were shown as
mean *standard deviation. *Statistically significant difference when compared with control group (P<0.05). *Statistically
significant difference when compared with HMGBI treated group (P <0.05).

MAPK-specific inhibitor) could notably improve the inhibi- and cell differentiation (Bulavin and others 1999; Hildesheim
tory effect of HMGB1 on T cell-mediated immune response. and others 2002; Sanchez-Prieto and others 2002). Ad-
More importantly, HMGBI1-induced activity of ERK1/2 and  ditionally, intense ERK activation throughout G1 leads to the
P38 was not completely blocked by the presence of U0126 or  accumulation of p2lcipl that inhibits cyclinE/CDK2 com-
of SB203580 in the present experiment. Therefore, our study plexes to block S-phase entry (Chambard and others 2007).
provided the important information herein that HMGB1- Thus, we speculate that overactivation of p38 and ERK1/2
mediated overphosphorylation of ERK1/2 and p38 might stimulated by HMGB1 might induce T cell cycle arrest or
play a critical role in the suppressive effect of HMGB1 on apoptosis, which resulted in T cell-mediated immunosup-
T cell-mediated immunity. However, our result was in dis- pression. Nevertheless, other reasons cannot be excluded,
agreement with previous studies which demonstrated that and further investigation is required to define the apoptosis
p38 MAPK and ERK1/2 positively regulated the differenti- of T cells treatment with HMGBI to support our hypothesis.
ation of CD4" T cells to Thl but not Th2 (Rincén and Ped- Cytokines secreted by T lymphocytes play pivotal roles in
raza-Alva 2003; Dodeller and others 2005) and proliferation  the regulation of T cell proliferation as well as differentiation.
of T cells (DeSilva and others 1998), respectively. Further, These cytokines, including IL-2, IL-4, IL-6, and IFN-y, are
p38 MAPK has been demonstrated to phosphorylate sub- regulated chiefly at the level of transcription of their genes
strates directly, thus activating the key cell-cycle regulators and dependent on the activation of several obligatory tran-
P53 and p73, which subsequently lead to cell cycle arrest, scription factors, such as NFAT, NF-kB, AP-1, and Oct-1
apoptosis, cytokine production, regulation of RNA splicing, (Kitamura and others 2005). These factors collaborate to form

NFAT activation(OD 450nm)

normal  control HMGB1 DMSO SB203580 U0126 DMSO SB203580 U0126

HMGRBI

FIG. 8. NFAT served as a potential target of MAPK on HMGB1-mediated immunosuppression of T lymphocytes. Jurkat
cells were incubated with PMA (50 ng/mL) plus ionomycin (1 pM) for 12 h, and then pretreated with ERK1/2 inhibitor (5 uM
U0126), p38 inhibitor (5 uM SB203580) or DMSO for 1h before stimulation with HMGB1 (100 ng/mL, 24 h). Cells treated with
PMA /ionomycin alone were used as controls. NFAT activity in the nuclear fraction of Jurkat cells was measured by enzyme-
linked immunosorbent assay. Mean values of four individual experiments were shown as mean=*standard deviation.
*Statistically significant difference when compared with control group (P<0.05). *Statistically significant difference when
compared with HMGBI treated group (P<0.05). NFAT, nuclear factor of activated T cell.
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FIG. 9. Overexpression of
Mfn-2 attenuated the sup-
pressive effect of HMGB1 on
NFAT activation, but exerted
no effect on the phosphory-
lation of ERK1/2 and p38
MAPK induced by HMGB1
in Jurkat cells. Jurkat cells
transfected with Lv-Mfn-2 or

h

Lv-GFP (MOI=50) were in-

cubated with PMA (50ng/
mL) plus ionomycin (1 pM)
for 12h, and then stimulated
with HMGB1 (100ng/mL) or
without HMGBI1. The phos-
phorylation levels of ERK1/2
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a multifactor complex that binds the enhancer region in a
stable manner and initiates transcription. Among them,
NFAT is a major transcription factor participating in the
transcriptional induction of various immune response genes
in T lymphocytes. In the current experiment, our findings are
in agreement with previous observation showing that
HMGBI stimulation significantly decreased the activation of
NFAT during T cell activation. Of note, the data presented
here indicated that pretreatment with either U0126 or
SB203580 could partly abrogate inhibitory effect of HMGB1
on NFAT activation, implying that NFAT might be a po-
tential downstream target of ERK1/2 and p38 MAPK during

HMGE]

the suppression of T cell-mediated immune response in-
duced by HMGB1. Besides the Ca®* /calmodulin-dependent
Ser/Thr phosphatase, calcineurin can dephosphorylate the
NFAT homology (NFAT-h) domain, leading to unmasking of
the nuclear localization sequences and translocation of NFAT
to the nucleus, and many protein kinases, including MAPK,
CK1, and GSK-3, have been reported to negatively regulate
NFAT activation by phosphorylating different members of
NFAT at different serine residues (Beals and others 1997;
Chow and others 2000). Thus, it is possible that HMGBI1-
induced overactivation of ERK1/2 and p38 MAPK might
directly phosphorylate NFAT-h, resulting in an increase of its
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nuclear export. However, further studies are necessary to
explore the exact mechanism of HMGBI-induced inhibition
of NFAT activation, as NFAT activation is a complicated
course and the NFAT family contains at least five isoforms,
NFAT1 to NFATS5, and they play diverse roles in T cell-me-
diated immunity. For example, NFAT4 primarily regulates T
cell differentiation in the thymus, whereas NFAT1 and
NFAT?2 are more specifically involved in regulating mature T
cell activation and differentiation (Oukka and others 1998).

One of the major upstream proteins activating MAPK is
the GTP-binding proteins, including the Ras family, which
can be activated when the GTP-bound form is generated. Raf
binds to Ras-GTP via its Ras-binding domain and is brought
to the plasma membrane to be activated. Active Raf in turn
phosphorylates MAPK/ERK kinase, and the latter activates
ERK1/2 by tyrosine and threonine phosphorylation (Ray
and Sturgill 1988; Cobb and others 1991; Huang and others
1993). Recently, Mfn-2 was reported to be an endogenous
Ras inhibitor that was able to physically bind and sequester
Ras, thereby inhibiting the downstream Ras signaling path-
way, inactivating the ERK1/2 cascade, and eventually ar-
resting the cell cycle in the GO/G1 phase in multiple tumor
cell lines and rat vascular smooth muscle cells (Chen and
others 2004). Therefore, we hypothesized that the protective
effect of Mfn-2 on HMGB1-mediated impairment of T cel-
lular immunity might be associated with its inhibitory role in
MAPK activity. Unexpectedly, lentivirus-mediated over-
expression of Mfn-2 had no detectable effect on either basal
or HMGBI-induced activation of ERK1/2 and p38 MAPK in
cultured Jurkat cells in our experimentation system. Thus,
Mifn-2-mediated immune-regulating effect on T cells is un-
likely attributable to blockade of Ras-Raf-ERK1/2 MAPK
signaling pathway. Because the Ras—phosphatidylinositol 3-
kinase-Akt pathway was also reported to be inhibited by
Mifn-2 (Shen and others 2007), we speculate that this action of
Mfn-2 is dependent on other Ras-dependent signals or in-
dependent on Ras-dependent signal pathways. In our cur-
rent study, upregulation of Mfn-2 expression profoundly
alleviated HMGB1-mediated suppressive effect on NFAT
activity. Further, our previous study had demonstrated that
upregulation of Mfn-2 expression in CD4" T cells signifi-
cantly attenuated the suppressive response of HMGB1 on
calcium concentration and NFAT activation (Zhao and oth-
ers 2012). In view of the above evidence, it might be rea-
sonable to speculate that the protective effect of Mfn-2 on T
cell-mediated immune response is primarily dependent on
its protective effect on the Ca>*-NFAT signaling pathway,
but not through inhibiting MAPK signaling pathway.

In conclusion, we demonstrated that HMGB1 could in-
hibit T cell-mediated immune response in vitro via over-
phosphorylation of ERK1/2 and p38 MAPK and
intervention of NFAT activation. In addition, our data fur-
ther strengthened the concept that downregulation of Mfn-2
and overphosphorylation of MAPK appeared to be two
critical and independent events in HMGB1-mediated im-
munosuppression of T cells, and the protective effect of
Mfn-2 on T cell immune function might be dependent on
another signaling pathways related to NFAT, but not
MAPK signal pathways. Obviously, further investigation is
required to define the exact mechanisms underlying the
immuno-regulatory effect of Mfn-2 on T lymphocyte. Thus,
elucidation of the role of MAPK signaling and Mfn-2 in
regulation of immune property of T lymphocytes induced

LU ET AL.

by HMGB1 might provide promising strategy in the treat-
ment of sepsis or severe trauma in future.
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