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Abstract

Interleukin (IL)-35 plays an immunosuppressive role in infectious diseases, autoimmune disorders, and cancers. However,
IL-35 expression and its regulation of CD8* T cells in infectious mononucleosis (IM) are not fully understood. In this study,
three groups of participants were compared, including twenty-three patients of IM without liver inflammation, twenty-eight
patients of IM with liver inflammation, and twenty-one controls. Plasma and peripheral blood mononuclear cells (PBMCs)
were isolated. CD8™ T cells were purified. Plasma IL-35 was measured by ELISA. PBMCs and CD8* T cells were stimulated
with recombinant human IL-35 in vitro. Perforin and granzyme B secretion was assessed by ELISPOT. Immune checkpoint
molecule expression was investigated by flow cytometry. CD8" T cells were co-cultured with HepG2 cells in direct contact
and indirect contact manner. The cytotoxicity of CD8" T cells was calculated by measuring lactate dehydrogenase release
and proinflammatory cytokine expression. There was no significant difference in plasma IL-35 levels between patients with
IM without liver inflammation and the controls, but the IL-35 level was notably increased in patients with IM who presented
with liver inflammation and negatively correlated with aminotransferase. CD8* T cells in patients with IM with liver inflam-
mation showed stronger cytotoxicity. IL-35 stimulation inhibited CD8% T cell-induced target cell death in patients with IM,
mainly through suppression of IFN-y/TNF-a secretion and elevation of immune checkpoint molecule expression, but did not
affect perforin or granzyme B secretion. The current data indicated that IL-35 dampened the cytotoxicity of CD8* T cells
in patients with IM probably via repression of cytokine secretion. Elevated IL-35 may protect against CD8" T cell-induced
liver inflammation in patients with IM.
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Introduction

Epstein-Barr virus (EBV) is a y-herpesvirus that infects
the majority of the population worldwide (Henle et al.
1979). 85.3% of individuals were EBV seropositive
between 0 and 25 years old in the United Kingdom (Kuri
et al. 2020), while 97.3% of men aged 18-70 years were
seropositive for EBV in Brazil, Mexico, and United States
(Rahman et al. 2021). EBV infection is often asympto-
matic, but some adolescents and young adults present
with a clinical syndrome of infectious mononucleosis
(IM) (Niederman et al. 1976). IM is clinically character-
ized by at least two of the classical symptoms of fever,
pharyngitis, and lymphadenopathy (Hoagland 1952). Fur-
thermore, 40-80% of patients with EBV-induced IM have
liver inflammation, which mainly manifests as jaundice
or acute hepatitis (Vine et al. 2012; Zhang et al. 2021a).
Although IM-related liver inflammation is self-limited, in
rare cases, severe and potentially fatal cases of hepatitis
have been reported (Hu et al. 2018; Kamal and Haboubi
2021; Mellinger et al. 2014). The risk factors for a poor
prognosis are older age (> 60 years old), co-infection
with other hepatitis viruses, and afflicted splenomegaly
(Hu et al. 2018; Zhang et al. 2021a). However, the mecha-
nisms of liver inflammation in patients with IM are still
not completely understood.

The progression of IM is closely associated with altered
expression of inflammatory cytokines and disturbed T-cell
homeostasis (Panikkar et al. 2015). Cytokine-mediated
immune dysfunction contributes to dysregulated homeo-
stasis during acute IM (Panikkar et al. 2015). Interleukin
(IL)-35 is a new member of the IL-12 cytokine family
and mainly plays an immunosuppressive role in infectious
diseases (Teymouri et al. 2018). Chronic hepatitis B virus
(HBV) and hepatitis C virus infection induced elevation
of peripheral and liver-resident IL-35 (Liu et al. 2017,
Shao et al. 2017; Taghinejad et al. 2020). Increased IL-35
expression mediated immune tolerance and promoted viral
persistence through suppression of cytotoxicity of CD8%
T cells (Li et al. 2015; Shao et al. 2017), inhibition of Th9
and Th17 cell activity (Yang et al. 2019a; Zhang et al.
2021b), and enhancement of CD4*CD25*CD 127%™~ reg-
ulatory T cell (Treg) function (Liu et al. 2017; Shao et al.
2017; Yang et al. 2019a). However, circulating IL-35 and
IL-35-producing Tregs were decreased in patients with
severe enterovirus 71-induced hand, foot, and mouth dis-
ease, which was positively correlated with the Tregs-to-
Th17 cell ratio (Huang et al. 2017; Zhang et al. 2020).
Limited studies have focused on IL-35 expression in
patients with IM.

Asymptomatic EBV infection induces a strong EBV-
specific CD8* T cell response, which plays a vital role in
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controlling latent EBV infection (Dunne et al. 2002). In
contrast, EBV replication is poorly controlled in the acute
phase in patients with IM despite the massive expansion
of EBV lytic antigen-specific CD8* T cells (Angelini et al.
2013; Deng et al. 2021). IL-35 suppressed non-specific
and antigen-specific CD8" T cells in HBV-related diseases
(Shao et al. 2017; Yang et al. 2019b, 2020), and elevation
of IL-35 suppressed acute HBV infection-induced liver
inflammation and protected against hepatocyte damage
(Teng et al. 2019). Thus, we hypothesized that IL-35 regu-
lated CD8* T cells in patients with IM. To test this pos-
sibility, we investigated the IL-35 expression profile and
CD8* T cell activity in patients with IM with and without
liver inflammation. The cytotoxicity of CD8* T cells from
patients with IM was assessed in response to recombinant
human IL-35 stimulation in vitro.

Materials and Methods
Institutional Review Board Approval

The current study protocol was in accordance with the Dec-
laration of Helsinki and was approved by the Ethics Commit-
tee of Shaanxi Provincial People’s Hospital (No. 2017019).
Written consent was obtained from each enrolled subject.

Enrolled Subjects

Fifty-one adult patients with IM were enrolled in this study
between July 2017 and July 2021. The inclusion criteria:
(1) Age> 18 years old when admitted. (2) Meeting the
IM diagnostic criteria: clinical indicators (three or more):
fever, pharyngeal tonsillitis, cervical lymphadenopathy,
splenomegaly, hepatomegaly, and eyelid edema (Naughton
et al. 2021). Laboratory indicators (meeting one or more):
(a) positive for EBV DNA in the peripheral blood; (b)
positive for anti-EBV-viral capsid antigen (VCA)-IgM and
anti-EBV-VCA-IgG and negative for anti-EBV-nuclear
antigen-IgG; (c) Serum anti-EBV-VCA-IgG titer was more
than four-fold elevated in the convalescence phase com-
pared with the acute phase; (d) atypical lymphocyte ratio in
peripheral blood >0.10 and/or lymphocytosis >5.0 x 10°/L
(Ebell et al. 2016). (3) Treatment-naive for non-steroidal
anti-inflammatory drugs or glucocorticoids. The exclusion
criteria were as follows: (1) afflicted with hepatitis virus or
human immunodeficiency virus (HIV) infection; (2) afflicted
with autoimmune diseases; (3) afflicted with cancers; (4)
afflicted with severe systemic or organic disorders such as
liver failure and impaired renal function. The diagnosis for
IM-related liver inflammation was as follows: (1) abnormal
liver function, including more than two times elevation of
alanine aminotransferase (ALT), aspartate aminotransferase
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(AST), and/or total bilirubin (T-BIL); (2) exclusion of drug-
induced liver injury or hereditary metabolic disease. Mean-
while, twenty-one healthy individuals with a matched sex
ratio and average age, who received physical examination
in our hospital, were also enrolled as controls. The clinical
characteristics of the enrolled subjects are shown in Table 1.

Plasma and Peripheral Blood Mononuclear Cells
Isolation

Twenty milliliters of EDTA anti-coagulant peripheral
blood was collected from all enrolled subjects. Plasma was
obtained by centrifugation of whole blood at 1000xg for
10 min. Plasma and peripheral blood mononuclear cells
(PBMCs) were isolated using Ficoll-Paque Premium (GE
Healthcare Bio-Sciences AB, Bjokgatan, Uppsala, Sweden)
as previously described (Teng et al. 2019). PBMCs were
cultured in RPMI 1640 supplemented with 10% fetal bovine
serum (FBS) at 37 °C under 5% CO, conditions and were
stimulated with recombinant human IL-35 (1 ng/ml; Pep-
rotech, Rocky Hill, NJ, USA) (Teng et al. 2019) for 24 h.

CD8* T Cell Purification and Culture

CDS8™ T cells were purified using a CD8" Cell Isolation
Kit (Miltenyi, Bergisch Gladbach, Germany) as previously
described (Jin et al. 2019). The purity of enriched CD8* T
cells was > 95% by flow cytometry determination. Enriched
CD8* T cells were seeded into 24-well plates at a concen-
tration of 10°/ml, and were cultured in RPMI 1640 supple-
mented with 10% FBS at 37 °C under 5% CO, conditions.
CD8* T cells were stimulated with anti-CD3/CD28 (1 mg/
ml) in the presence or absence of IL-35 (1 ng/ml) (Teng
et al. 2019) for 24 h. A total of 10° of IL-35-stimulated
CD8* T cells from HLA-A*02 restricted individuals were
co-cultured with 5x 10° HepG2 cells, which are also HLA-
A*02 restricted (Boegel et al. 2014), in either direct contact
or indirect contact conditions (Phillips et al. 2010). HepG2

Table 1 Clinical characteristics of enrolled subjects

is an immortalized cell line consisting of human liver car-
cinoma cells derived from the liver tissue of a 15-year-old
Caucasian male who had well-differentiated hepatocellular
carcinoma. Briefly, in the direct contact co-culture condi-
tion, CD8* T cells and HepG2 cells were directly mixed and
cultured in the presence of anti-CD3/CD28. In the indirect
contact co-culture condition, a transwell plate (Corning,
Corning, NY, USA) was used. CD8" T cells were added to
the upper chamber with anti-CD3/CD28 stimulation. HepG2
cells were added to the lower well. Cells and supernatants
were harvested for further analyses 48 h post co-culture.

Enzyme-Linked Imnmunosorbent Assay

Cytokine levels were determined by commercial enzyme-
linked immunosorbent assay (ELISA) kits (ColofulGene,
Wuhan, Hubei Province, China).

Enzyme-Linked Immunospot Assay

The secretion of perforin and granzyme B by PBMCs was
analyzed using a Human Perforin enzyme-linked immuno-
spot assay (ELISPOT) Kit (with precoated plates) (Abcam,
Cambridge, MA, USA) and Human Granzyme B ELISPOT
Kit (with precoated plates) (Abcam), respectively. Briefly,
10° PBMCs were added to antibody-precoated polyvi-
nylidene difluoride membrane 96-well plates and stimu-
lated with phytophemagglutinin (10 pg/ml) for 12 h. Per-
forin or granzyme B secretion is shown as spot-forming cells
(SFCs)/10° PBMCs.

Cytotoxic Assay

Target HepG2 cell death was determined by measuring
lactate dehydrogenase (LDH) levels in the cultured super-
natants using an LDH cytotoxicity kit (Beyotime, Wuhan,
Hubei Province, China). The LDH level in the supernatants
of cultured HepG?2 cells was defined as the low-level control,

Control IM without liver inflammation IM with liver inflammation
Cases (n) 21 23 28
Gender (male/female) 11/10 13/10 15/13
Age (years) 30.14+8.54 27.22+6.42 28.14+8.19
Lymphocytes (x 10°/L) 1.73+0.64 5.01+1.08 4.32+1.17
Atypical lymophocyte ratio Not available 0.12+0.02 0.11+0.02
ALT (IU/L) 19(14, 28) 45(24,52) 162(123, 263)
AST (IU/L) 26(19, 33) 38(28, 47) 93(59, 152)
T-BIL (pmol/L) 13.82(12.22, 17.96) 21.82(18.18, 28.18) 75.91(51.59, 131.4)

EBV DNA positive (n, %) Not available

14 (60.87%) 16 (57.14%)

IM infectious mononucleosis, ALT alanine aminotransferase, AST aspartate aminotransferase, 7-BIL total bilirubin
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while the LDH level in the supernatants of Triton X-100-
treated HepG?2 cells was defined as the high-level control.
The percentage of HepG2 cell death was calculated using the
following formula: (experimental LDH — low-level control)/
(high-level control — low-level control) X 100% (Jin et al.
2019; Phillips et al. 2010).

Flow Cytometry

PBMC:s were stained with PE-Cy7 Mouse Anti-Human CD3
(Clone UCHTT1; BD Pharmingen, San Jose, CA, USA), FITC
Mouse Anti-Human CDS8 (Clone RPA-T8; BD Pharmingen),
PE Mouse Anti-Human CD279 (programmed death-1,
PD-1) (Clone EH12.1; BD Pharmingen), APC Mouse Anti-
Human CD152 (cytotoxic T-lymphocyte-associated protein
4, CTLA-4) (Clone BNI3; BD Pharmingen), PerCP-Cy5.5
Mouse Anti-Human T cell immunoglobulin and mucin
domain 3 (TIM-3) (CD366) (Clone 7D3; BD Pharmingen)
and APC-R700 Mouse Anti-Human lymphocyte activation
gene-3 (LAG-3) (CD233) (Clone T47-530; BD Pharmin-
gen). Cells were analyzed using a FACS Aria II flow cytom-
eter (BD Biosciences, San Jose, CA, USA).

Statistical Analysis

All data were analyzed using SPSS version 23.0 for Win-
dows (Chicago, IL, USA). The Shapiro—Wilk test was used

for the normal distribution assay. Variables following a
normal distribution are presented as the mean + standard
deviation, and statistical significance was determined by Stu-
dent’s ¢ test, paired ¢ test, one-way ANOVA, or Tukey test.
Variables following a skewed distribution are presented as
the median (Q1, Q3), and statistical significance was deter-
mined by the Mann—Whitney test, Wilcoxon paired test,
Kruskal-Wallis test, or Dunn’s multiple comparison test.
Pearson or Spearman correlation analysis was performed for
correlation analysis. P values of less than 0.05 were consid-
ered to indicate significant differences.

Results

Plasma IL-35 Levels were Elevated in Patients
with IM with Liver Inflammation

The IL-35 level in the plasma was screened in all enrolled
subjects. There was no significant difference in plasma IL-35
levels between controls and patients with IM [73.30(50.06,
99.36) pg/ml vs. 71.08(49.53, 125.0) pg/ml; P =0.824,
Mann—Whitney test; Fig. 1a]. Patients with IM with liver
inflammation had notably elevated plasma IL-35 levels com-
pared with those without liver inflammation [59.43(43.70,
89.82) pg/ml vs 84.59(62.28, 188.8) pg/ml; P=0.025,
Mann—Whitney test; Fig. 1b]. In patients with IM with liver
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Fig.1 Plasma IL-35 levels in controls (n=21) and patients with IM
(n=>51). The IL-35 level in the plasma was measured by ELISA. a
There was no significant difference in plasma IL-35 levels between
controls (n=21) and patients with IM (n=51). b IL-35 expression
in the plasma was remarkably elevated in patients with IM with liver
inflammation (n=28) when compared with patients with IM with-
out liver inflammation (n=23). The Mann—Whitney test was used
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AST (IU/L)

T-BIL (umol/L)

for comparison. ¢ Plasma IL-35 level was negatively correlated with
ALT in patients with IM with liver inflammation. d Plasma IL-35
levels were negatively correlated with AST in patients with IM with
liver inflammation. e There was no statistical correlation between
plasma IL-35 and T-BIL in patients with IM with liver inflammation.
Spearman correlation analysis was used for correlation analysis. The
individual level for each subject is shown
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inflammation, IL-35 levels in the plasma were negatively
correlated with ALT (r=—-0.441, P=0.019, Spearman cor-
relation analysis; Fig. 1¢) and AST (r=— 0.504, P=0.0063,
Spearman correlation analysis; Fig. 1d). However, the IL-35
level did not correlate with the T-BIL level (r=— 0.316,
P=0.101, Spearman correlation analysis; Fig. le). There
was no statistical correlation between IL-35 expression and
other clinical indices (such as lymphocyte count, T-BIL
level, etc., data not shown, P> 0.05). Furthermore, there
were no significant differences in IL-35 receptor subunits
in CD8* T cells among controls, patients with IM without
liver inflammation, and patients without liver inflammation
(P>0.05; Fig. S1).

CD8* T Cells in Patients with IM with Liver
Inflammation Presented Stronger Cytotoxicity

Perforin and granzyme B secretion by PBMCs was meas-
ured in all enrolled subjects. Perforin secretion was sig-
nificantly elevated in patients with IM with liver inflam-
mation (320.6 +62.94 SFC/10° PBMCs) compared with
patients with IM without liver inflammation (247.1 +65.63
SFC/10° PBMCs, P=0.0018, Tukey test; Fig. 2a) and
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Fig.2 Perforin and granzyme B secretion by PBMCs in controls
(n=21) and patients with IM (n=>51). Perforin and granzyme B
secretion by PBMCs was measured by ELISPOT. a Perforin secretion
was significantly elevated in patients with IM with liver inflammation
compared with patients with IM without liver inflammation and con-
trols. One-way ANOVA and Tukey tests were used for comparisons.
b Granzyme B secretion was markedly increased in patients with IM
with liver inflammation compared with controls. The Kruskal-Wallis

controls (258.1 +68.42 SFC/10° PBMCs, P=0.0002, Tukey
test; Fig. 2a). Granzyme B secretion was also increased in
patients with IM with liver inflammation [123.6(77.12,
207.8) SFC/10°®° PBMCs] compared with controls
[60.81(47.27, 103.9) SFC/10° PBMCs] (P =0.0047, Dunn’s
multiple comparison test; Fig. 2b). However, the IL-35
level did not correlate with either perforin (r=— 0.108,
P=0.583, Spearman correlation analysis, Fig. 2¢) or gran-
zyme B (r=0.136, P=0.489, Spearman correlation analysis;
Fig. 2d) in patients with IM with liver inflammation. Simi-
larly, plasma IL-35 levels also did not correlate with either
perforin or granzyme B in patients with IM without liver
inflammation (data not shown; P> 0.05).

A total of 10° of purified CD8* T cells from seven
HLA-A*02 patients with IM without liver inflamma-
tion and from six HLA-A*02 patients with IM with liver
inflammation were co-cultured with 5 x 10°> HepG2 cells
under both direct contact and indirect contact conditions.
CD8™ T cells from patients with IM with liver inflamma-
tion induced increased HepG?2 cell death in both direct
contact and indirect contact co-culture systems (P < 0.05,
Tukey test; Fig. 3a). Similarly, interferon (IFN)-y and
tumor necrosis factor (TNF)-a production in cultured
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test and Dunn’s multiple comparison test were used for comparisons.
¢ There was no statistical correlation between plasma IL-35 and per-
forin secretion in patients with IM with liver inflammation. d There
was no statistical correlation between plasma IL-35 and granzyme
B secretion in patients with IM with liver inflammation. Spearman
correlation analysis was used for correlation analysis. The individual
level for each subject is shown
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Fig.3 Cytotoxicity of CD8* T
cells in patients with IM. A total
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supernatants was also notably elevated in CD8" T cells
from patients with IM with liver inflammation compared
with those without liver inflammation (P <0.05, Tukey
test; Fig. 3b, ¢). However, there were no significant differ-
ences in target cell death or IFN-y/TNF-« levels between
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direct contact indirect contact

the direct contact and indirect contact co-culture sys-
tems in either patients with IM with liver inflammation
or those without liver inflammation (P> 0.05, Tukey test;
Fig. 3a—c), suggesting that IFN-y or TNF-a secretion may
be responsible for EBV-associated liver inflammation.
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In Vitro IL-35 Stimulation Suppressed
the Cytokine-Induced Cytotoxicity of CD8* T Cells
in Patients with IM

PBMCs were convenience-sampled from seventeen
patients with IM without liver inflammation and from
fifteen patients with IM with liver inflammation and
were stimulated with recombinant human IL-35 for 24 h.
Perforin and granzyme B secretion was then measured.
In vitro IL-35 stimulation only slightly dampened per-
forin secretion in patients with IM with liver inflamma-
tion (302.0 +70.97 SFC/10% PBMCs vs. 314.4 +70.22
SFC/10® PBMCs, P =0.047, paired 7 test; Fig. 4a),
but not in patients with IM without liver inflammation
(251.8 +68.88 SFC/10° PBMCs vs. 259.1 + 66.24 SFC/10°
PBMCs, P=0.190, paired ¢ test; Fig. 4a). IL-35 stimula-
tion did not affect granzyme B secretion in either patients
with IM without or with liver inflammation (P> 0.05, Wil-
coxon paired test; Fig. 4b).

Purified CD8" T cells from seven HLA-A*02 patients
with IM without liver inflammation and from six HLA-
A*02 patients with IM with liver inflammation were stim-
ulated with recombinant human IL-35 for 24 h, and 10°
stimulated CD8* T cells were co-cultured with 5 x 10° of
HepG?2 cells in both direct contact and indirect contact
conditions. In vitro IL-35 stimulation suppressed CD8"
T cell-induced HepG?2 cell death in patients with IM with
and without liver inflammation in both direct contact and
indirect contact co-culture systems (P <0.05, paired ¢
test; Fig. 5a). Similarly, IFN-y and TNF-a secretion in
cultured supernatants were also reduced in CD8* T cells
in the presence of IL-35 stimulation (P <0.05, Tukey test;
Fig. 5b, ¢). However, there were no significant differences
in target cell death or IFN-y/TNF-« levels between the
direct contact and indirect contact co-culture systems in
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Fig.4 Perforin and granzyme B secretion by PBMCs in patients
with IM without liver inflammation (n=17) and patients with IM
with liver inflammation (n=15) in response to IL-35 stimulation
in vitro. A total of 10° of PBMCs were stimulated with recombinant
human IL-35 (1 ng/ml) for 24 h. Perforin and granzyme B secretion
by PBMCs was measured by ELISPOT. a IL-35 stimulation slightly
dampened perforin secretion in patients with IM with liver inflam-

either patients with IM with liver inflammation or those
without liver inflammation in response to IL-35 stimula-
tion (P > 0.05, Tukey test; Fig. Sa—c).

In Vitro IL-35 Stimulation Elevated Immune
Checkpoint Molecules in CD8* T Cells in Patients
with IM

PBMCs were convenience-sampled from nineteen patients
with IM without liver inflammation and from thirteen
patients with IM with liver inflammation and were stim-
ulated with recombinant human IL-35 for 24 h. Immune
checkpoint molecules, including PD-1, CTLA-4, TIM-3,
and LAG-3, in CD8* T cells were assessed. Representa-
tive flow dots for PD-17, CTLA-4%, TIM-3%, and LAG-3"
in CD3*CDS8™" T cells are shown in Fig. S2. PD-1, CTLA-
4, and TIM-3 were detected in all CD8" T cells. However,
there was very limited LAG-3 expression in CD8* T cells
with or without IL-35 stimulation. In vitro IL-35 stimulation
strongly enhanced PD-1, CTLA-4, and TIM-3 expression in
CD3*CD8™ T cells in both patients with IM without liver
inflammation and with liver inflammation (P <0.05, paired
t test; Fig. 6a—c). However, there were no significant dif-
ferences in PD-1%, CTLA-4%, or LAG-3" cell percentages
between patients with IM without liver inflammation and
with liver inflammation (P> 0.05, Tukey test; Fig. 6a—c).

Discussion

To our knowledge, this is the first report regarding IL-35
expression and its regulatory function in CD8% T cells in
adults with EBV-associated IM with liver inflammation.
Although acute EBV infection did not induce peripheral
IL-35 elevation in all patients with IM, those who had liver

R P=0.910

—_
o)
~—~

P=0.169

.m

Granzyme B (SFC/10° PBMCs)
n
o
o

L35 HL-35 L35 HL-35

No liver inflammation Liver inflammation

mation but not in patients with IM without liver inflammation. The
One-way ANOVA, Tukey test, and paired ¢ test were used for com-
parisons. b IL-35 stimulation did not affect granzyme B secretion
in either patients with IM without or with liver inflammation. The
Kruskal-Wallis test, Dunn’s multiple comparison test, and Wilcoxon
paired test were used for comparisons. The individual level for each
subject is shown
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Fig.5 Cytotoxicity of CD8*
T cells in patients with IM in

P=0.299 ,

P=0.792

response to IL-35 stimulation
in vitro. Purified CD8" T cells

£=0.0003 ,

from HLA-A*02 patients with
IM without liver inflammation
(n="7) and from HLA-A*02
patients with IM with liver
inflammation (n=6) were
stimulated with recombinant
human IL-35 (1 ng/ml) for

24 h, and 10° of stimulated
CD8* T cells were co-cultured
with 5x 10° HepG2 cells in

=
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contact conditions. a The
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percentage of HepG2 cell death
was calculated by measuring
LDH release and was compared
among groups. b IFN-y and ¢
TNF-a secretion was measured
by ELISA and was compared

direct contact

indirect contact

. P=0.559
P=0.325
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paired 7 test were used for com-
parisons. The individual level
for each subject is shown
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direct contact

inflammation revealed higher IL-35 expression in the plasma
than those without liver inflammation, which negatively cor-
related with the severity of liver inflammation. CD8" T cells
from patients with IM with liver inflammation demonstrated
stronger cytotoxicity. Importantly, IL-35 dampened the per-
centage of CD8" T cell-induced target cell death, and this

@ Springer

indirect contact

process was accompanied by an elevation of immune check-
point molecule expression and inhibition of proinflammatory
cytokine secretion in CD8" T cells. Our findings indicate
that overexpression of IL-35 in patients with IM with liver
inflammation might be one of the important regulators of
CD8* T cell function.
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Fig. 6 Immune checkpoint mol-
ecule expression in CD8* T
cells in patients with IM in
response to IL-35 stimulation.
PBMCs from patients with

IM without liver inflammation 20-
(n=19) and from patients with

(A)

; P=0.921 ;
. P=0.536 i
P=0.0004 P=0.0041
— —_

g y

IM with liver inflammation °\E 154

(n=13) were stimulated with &

recombinant human IL-35 for g 10-

24 h. PBMCs were stained with o

PE-Cy7 Mouse Anti-Human 5-

CD3, FITC Mouse Anti-Human

CD8, PE Mouse Anti-Human 0 : : - :
PD-1, APC Mouse Anti-Human -IL-35 +|L-35 -IL-35 +|L-35

CTLA-4, PerCP-Cy5.5 Mouse
Anti-Human TIM-3, and
APC-R700 Mouse Anti-Human
LAG-3. Cells were analyzed

by flow cytometry. a PD-1%,

b CTLA-4%, ¢ TIM-3* cell
percentage within CD3*CD8*
T cells was compared among

groups. One-way ANOVA, The
Tukey test, and paired ¢ test
were used for comparisons. The = 69
individual level for each subject o
is shown < 44
<
.
'—
(&) 24
0

No liver inflammation Liver inflammation

i P=0.624 i
i P=0.199 ;

} <0.0001 I

3

AL-35 +IL-35 AL-35 +IL-35

(C) s

No liver inflammation Liver inflammation

g P=0.494 p
i P=0.992 ;
—£=0.0004_, P=0.0060

IL-35 plays a dual function during infection. Sepsis is
closely related to the enhancement of IL-35 release, and
IL-35 is likely to facilitate bacterial dissemination in clini-
cal and experimental abdominal sepsis (Cao et al. 2015). In
contrast, recombinant IL.-35 reduced inflammatory damage
through suppression of inflammatory cytokine/chemokine

AL-35 +IL-35 AL-35 +IL-35

No liver inflammation Liver inflammation

secretion and inhibition of T cell and local neutrophil
recruitment. The immunosuppressive property of IL-35 may
be essential for improving the prognosis of a septic rat model
(Wu et al. 2022). IL-35 was significantly reduced in periph-
eral blood in viral myocarditis patients (Ouyang et al. 2017)
and severe enterovirus 71 infection (Huang et al. 2017).
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However, few studies have focused on the IL-35 expression
profile during EBV infection. IL-35 is highly expressed
in nasopharyngeal carcinoma, which is the most common
EBV-associated epithelial cancer. Overexpression of IL-35
was associated with lymph node metastases and advanced
tumor stage and was an independent prognostic factor for
nasopharyngeal carcinoma (Zhang et al. 2015). For the first
time, we investigated IL-35 expression in the peripheral
blood of patients with EBV-associated IM. There was no sig-
nificant difference in plasma IL-35 levels between patients
with IM without liver inflammation and the controls, but
the IL-35 level was notably increased in patients with IM
who presented with liver inflammation. Furthermore, IL-35
levels were negatively correlated with ALT and AST levels,
which are the most important criterion and basis for liver
inflammation. This result indicated that IL-35 might pro-
tect against EBV-induced liver damage in patients with IM,
but the mechanism underlying the phenomenon still needs
further elucidation.

EBYV infection affects the percentage of functionally dis-
tinct T cell subsets in children with IM (Sulik et al. 2014).
The CD41/CDS8" ratio was decreased, and the memory
CD8* T cell number was also rapidly down-regulated in
patients with IM (Sulik et al. 2014). Herein, we analyzed
the cytotoxicity of CD8" T cells in patients with IM. CD8*
T cells presented cytolytic activity mainly through two dif-
ferent mechanisms. On the one hand, CD8* T cells pro-
duce cytotoxic molecules, such as perforin and granzyme B,
which can directly induce apoptosis. This process requires
direct cell-to-cell contact (Johnson et al. 2003). On the other
hand, CD8™ T cells secrete proinflammatory cytokines (e.g.
IFN-y and TNF-a) to mediate target cell death without the
requirement for direct cell-to-cell contact (Rodrigues et al.
2021). Phillips et al. (2010) set up a direct contact and indi-
rect contact co-culture system between CD8" T cells and
target cells to separate these two mechanisms in vitro. The
current results showed that CD8" T cells from patients with
IM with liver inflammation induced a higher percentage of
target cell death than those from patients with IM without
liver inflammation, indicating the stronger cytotoxicity of
CD8* T cells in patients with IM with liver inflammation.
This process was accompanied by increased production of
IFN-y and TNF-a. Although perforin secretion by CD8* T
cells was found to be increased in patients with IM with liver
inflammation, there was no significant difference in CD8*
T cell cytotoxicity between the direct contact and indirect
contact co-culture systems, revealing that cytotoxicity was
mainly related to secretory factors such as IFN-y and TNF-
a. Furthermore, a new terminal effector CD8* T cell sub-
set, which was defined by a high level of IKAROS family
zinc finger 2 and low expression of IL-7 receptor, expressed
CD16 and mediated potent HIV-specific antibody-depend-
ent cellular cytotoxicity (ADCC) (Naluyima et al. 2019).

@ Springer

However, no CD16YCD8™ T cells were detected in patients
with IM based on flow cytometry analysis (data not shown).
Thus, ADCC function may not contribute to CD8" T cell
function in patients with IM.

Cytokine-mediated immune cell dysfunction plays an
important role during the acute phase of EBV-associated IM.
IL-10 stimulation led to the loss of plasmacytoid dendritic
cells in the acute phase in patients with IM (Panikkar et al.
2015). IL-35 mainly suppresses CD8* T cell cytotoxicity in
hepatocellular carcinoma and acute-on-chronic liver failure
through various mechanisms, including suppressing cellular
proliferation, inhibiting cytotoxic molecule secretion, damp-
ening cytokine production, and promoting immune check-
point molecule expression (Yang et al. 2019b, 2020). We
found that IL-35-stimulated CD8" T cells presented weaker
cytotoxicity to target cells in patients with IM, but CD8"
T cells from patients with IM with liver inflammation also
induced elevated target cell death than those from patients
with IM without liver inflammation in response to IL-35
stimulation. Consistent with the findings in Kawasaki dis-
ease (Sun and Xing 2021), we found that there was no sig-
nificant difference in IL-35 receptor levels among controls,
patients with IM without liver inflammation, and patients
with liver inflammation. This suggested that IL-35 signaling
might be comparable between patients with IM and con-
trols, and the elevation of plasma IL-35 might contribute to
CD8™ T cell function in patients with IM with liver inflam-
mation. Although granzyme B secretion by CD8" T cells
was not significantly affected by IL-35 stimulation, IFN-y
and TNF-a production was down-regulated in response to
IL-35 in patients with IM with liver inflammation. More-
over, PD-1, CTLA-4, and TIM-3, which are important
immune checkpoint molecules, were increasingly expressed
with IL-35 stimulation in CD8* T cells in patients with IM.
The induction of immune checkpoint molecule expression
by IL-35 was also found in hepatocellular carcinoma (Liu
et al. 2021; Yang et al. 2019b) and acute-on-chronic liver
failure (Yang et al. 2020). Although the exact mechanisms
are not completely understood, it is possible that IL-35
regulates Janus kinase/signal transducers and activators of
the transcription pathway and further affects the promoters
of immune checkpoint molecules (Dong et al. 2020). Thus,
IL-35 may suppress CD8" T cell cytotoxicity via inhibi-
tion of proinflammatory cytokine secretion and elevation of
immune checkpoint molecule expression in patients with IM
with liver inflammation. Elevated IL-35 may have a protec-
tive function by dampening cytokine-mediated CD8* T cell
cytotoxicity in patients with IM with liver inflammation.

The strength of the study was using the PBMCs from
patients with IM to investigate the regulatory function of
IL-35 to immune cells. There were also several limitations
of the study. On the one hand, the participants were hospi-
talized adults and thus not typical patients with IM. On the
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other hand, further in vivo animal experiments should be
performed to confirm the in vitro findings.

In summary, elevated IL-35 expression in patients with
IM with liver inflammation might dampen the cytotoxic-
ity of CD8* T cells probably through repression of IFN-y/
TNF-a secretion and elevation of immune checkpoint mole-
cule expression. IL-35 may protect against cytokine-induced
liver damage and may be considered a potential therapeutic
target for patients with IM with liver inflammation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00005-022-00663-8.
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