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development of sepsis
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Abstract

Background: Previous studies have identified critical roles of IL-27 in the pathological mechanisms of sepsis, and
blockade of IL-27 may be a promising alternative therapy for sepsis. The purpose of this study was to evaluate the
clinical relevance of /[-27 genetic polymorphisms in sepsis and to further characterize their effect on I[-27
expression and inflammatory processes following sepsis.

Methods: A total of 885 septic patients and 1101 healthy controls were enrolled and genotyped for /[-27 genetic variants
(rs153109/—964A > G and rs17855750/2905 T > G). Quantitative real-time PCR and enzyme-linked immunosorbent assays
were performed to detect I[-27 expression and cytokine production. The effect of the rs153109 polymorphism on I-27
promoter activity was evaluated using a luciferase reporter assay, and THP-1 cell apoptosis was calculated using an
annexin V apoptosis assay.

Results: No significant differences in the genotype/allele frequencies were observed between patients with sepsis and
healthy controls, suggesting that these two /[-27 polymorphisms may not influence susceptibility to sepsis. The -964AA
genotype was overrepresented in patients with severe sepsis/septic shock relative to patients with the sepsis subtype,
and the A allele was significantly associated with 28-mortality in sepsis. Patients carrying the -964AA genotype exhibited
significantly higher expression levels of /[-27 than the GA/GG genotype carriers. The results of an in vitro (lipopolysaccharide
(LPS))-stimulated experiment showed that this sepsis-associated high-risk AA genotype significantly increased IL-27 levels
and enhanced TNF-a and IL-1B3 production in the peripheral blood mononuclear cells (PBMCs) upon exposure
to LPS in vitro. Furthermore, luciferase reporter assays indicated that the high-risk -964A allele resulted in
increased promoter activities compared to the non-risk allele in THP-1 and 293 T cells. Additionally, IL-27
treatment significantly enhanced TNF-a and IL-6 secretion and apoptosis of THP-1 cells upon LPS stimulation.
Conclusions: These results provided evidence that the /[-27 -964A > G polymorphism functionally enhanced
ILl-27 expression and promoted sepsis-induced inflammatory responses, which ultimately resulted in promoting
the progression of sepsis and poor prognosis.
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Background

Sepsis is a multisystem disease that usually results from
infection and is mediated by severe systemic inflamma-
tory responses. This disease can lead to hemodynamic
alterations, multiple organ dysfunction and septic shock
[1, 2]. Despite extensive progress in the management of
sepsis and critical care techniques, sepsis-associated
mortality remains as high as 30-50% [3]. Growing evi-
dence indicates that genetic polymorphisms in genes en-
coding inflammation-related cytokines, including IL-6,
IL-10 and TNF-aq, play significant roles in the pathogen-
esis of sepsis and even contribute to sepsis susceptibility
and progression [4—6]. Identifying the single nucleotide
polymorphisms (SNPs) in these genes and associated dif-
ferences in detrimental systemic inflammatory responses
may facilitate the identification of and progress in gen-
etic diagnostic and new therapeutic targets of sepsis that
will improve the prognosis of critically ill patients.

Interleukin-27 (IL-27), a recently identified heterodi-
meric cytokine belonging to the IL-12 family, is com-
posed of two subunits of IL-27p28 and Epstein-Barr
virus (EBV)-induced gene 3 (EBI3) and is secreted
primarily by stimulated antigen-presenting cells, such as
macrophages and dendritic cells [7, 8]. IL-27 has
emerged as a pro-inflammatory factor that signals via
binding to IL-27R, which consists of IL-27Ra (WSX-1/
TCCR) and glycoprotein 130 subunits, and mediates
various inflammation-promoting biological activities in-
volved in the pathogenesis of many inflammation-related
diseases, including sepsis [9-11]. Recent studies have in-
dicated that IL-27 expression is significantly increased in
patients with sepsis and in septic mice, and is strongly
correlated with disease severity and mortality following
sepsis [12, 13]. IL-27R knock-out in mice shows in-
creased resistance against secondary bacterial pneumo-
nia in sepsis and protection against sepsis-induced
lethality, whereas treatment with recombinant IL-27
confers susceptibility to Pseudomonas aeruginosa infec-
tion and enhanced lipopolysaccharide (LPS)-induced
pro-inflammatory cytokine production [14—16]. Other
studies have demonstrated that the neutralization of
IL-27 decreases the inflammatory response and affords
mice a survival benefit following sepsis [17, 18]. These
findings indicate the critical role of IL-27 in the patho-
logical mechanisms of sepsis, and blockade of IL-27 may
be a promising alternative therapy for sepsis.

The human IL-27 gene is located on chromosome
16p11 and contains five exons. Recently, two genetic poly-
morphisms of IL-27, namely, rs153109 and rs17855750,
were reported to be associated with a variety of diseases
[19, 20]. The rs153109 (- 964 A > G) polymorphism lo-
cated 964 bp upstream of the transcription start site of the
IL-27 gene has been demonstrated to be a potentially
functional polymorphism that may alter transcription and
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expression of IL-27, leading to a genetic predisposition to
many inflammatory diseases, such as ulcerative colitis,
chronic obstructive pulmonary disease (COPD) and
rheumatoid arthritis [21-23]. Another polymorphism in
our study, rs178855750 (2905 T > G) is located in exon 2
of the IL-27 gene and has also been implicated in allergic
rhinitis and cervical cancer [24, 25]. Nonetheless, there
are currently no studies exploring the genetic association
of these IL-27 SNPs with sepsis, and the related mecha-
nisms by which these variants influence systemic inflam-
matory responses upon sepsis remain to be elucidated.

In this study, 885 patients with sepsis and 1101 healthy
subjects were examined to evaluate the clinical relevance
of two IL-27 genetic SNPs, rs153109 (- 964 A >@G) and
rs17855750 (2905 T > G), in the susceptibility and pro-
gression of sepsis in a Han Chinese population. Further-
more, functional in vitro assays were performed to
characterize the effect of these IL-27 variants on its gene
expression and inflammatory processes following sepsis.
The mechanistic characterization of this sepsis-associated
functional polymorphism might provide new opportun-
ities for the development of targeted treatments for sepsis.

Methods

Subject enroliment

This study was approved by the Ethical Committee of the
Affiliated Hospital of Guangdong Medical University
(Zhanjiang, China), the Central Hospital of Wuhan (Hubei,
China) and the Second Affiliated Hospital of Harbin Med-
ical University (Harbin, China), and performed according
to the Declaration of Helsinki. Written, signed, informed
consent was provided by all enrolled subjects or their fam-
ilies prior to enrollment. The diagnosis of sepsis, severe
sepsis, or septic shock was established according to the
International Sepsis Definitions Conference [26, 27]. Pa-
tients with sepsis who suffered from diabetes mellitus, ma-
lignant tumors, human immunodeficiency virus, or
autoimmune diseases or who were receiving immunosup-
pressive, steroid, or radiation therapy were excluded from
this study. The healthy controls were free from any recent
acute illness, any chronic illness such as autoimmune dis-
eases, hypertension, diabetes mellitus, COPD, cancer or
major cardiac, renal, hepatic, or endocrinological disor-
ders, and any history of sepsis according to our previous
study [28]. The health conditions were determined by
examining the medical examination reports; and by ques-
tioning the participators or their next of kin. Initially, 605
patients who were suffering from sepsis in the intensive
care unit (ICU) within 24 h of admission, and 769 healthy
controls matched for age and gender, from the Health
Examination Center at the Affiliated Hospital of Guang-
dong Medical University were enrolled into cohort I, be-
tween December 2012 and February 2018. In order to
verify the results of genotype analysis in cohort I, another
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cohort of 249 subjects (110 patients with sepsis and 139
matched healthy controls) from the Central Hospital of
Wuhan and 363 subjects (170 patients with sepsis and 193
matched healthy controls) from the Fourth Affiliated Hos-
pital of Harbin Medical University were enrolled as cohort
II, between April 2017 and March 2018. A total of 885 pa-
tients with sepsis and 1101 controls in the cohorts I + II
were older than 18 years of age and were from the Chin-
ese Han population. The age, gender, source of infection,
dysfunctional organs, blood microbiological cultures, and
Acute Physiology and Chronic Health Evaluation (APA-
CHE) II score of each patient were documented, and their
blood samples were collected in the 12-h period after the
diagnosis of sepsis.

DNA extraction and genotyping for the IL-27 SNPs
Genomic DNA from the peripheral blood was extracted via
using a TIANamp DNA extraction kit (Tiangen Biotech,
Beijing, China) and stored at — 80 °C until used. The ABI
PRISM SNaPshot method (Applied Biosystems, Carlsbad,
CA, USA) was performed to genotype the two IL-27 SNPs
rs153109 and rs17855750. The primers used for PCR ampli-
fication of two target fragments (227 and 232 bp, respect-
ively) were as follows: rs153109E, 5 CCCGGCTGTGTCTG
TGTTTAGG 3'; rs153109R, 5° GGTTGAGCCCTGAT
CCTGACCT 3'; rs17855750F, 5° CTGGGGGGCAAGGT
CTGTTAGT 3’; rs17855750R, 5 GCTCCTGGTTCAAG
CTGGTGTC 3'. Also, 10% of samples were chosen at ran-
dom for re-genotyping as an independent validation group.
The experimental results were analyzed using GeneMapper
4.1 (Applied Biosystems, Carlsbad, CA, USA).

Plasma collection, mononuclear cell isolation and LPS
stimulation

The peripheral blood mononuclear cells (PBMCs) were
isolated from the patients with sepsis and healthy indi-
viduals by density gradient centrifugation with Lympho-
prep™ (Axis-Shield PoCAS, Oslo, Norway). Plasma was
also extracted from the blood samples by centrifugation
at low speed and was stored at — 80 °C until used for the
cytokine measurements. The PBMCs from the 55 healthy
individuals were randomly selected for LPS stimulation
experiments in vitro. Briefly, 1 x 10° cells were cultured in
RPMI 1640 (Thermo Fisher Scientific, Waltham, MA,
USA) contained with FBS (Thermo Fisher Scientific) in
24-well plates. After stimulation with 500 ng/mL of LPS
for 8 h, the cells and supernatants were collected for
real-time (RT)-PCR analysis and cytokine measurements,
respectively. The control cells were treated with the PBS
vehicle.

RNA extraction and quantitative RT-PCR
For RT-PCR analysis of IL-27 messenger RNA (mRNA)
expression, TRIzol reagent (Sangon Biotech, Shanghai,
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China) was used to isolate total RNA from PBMCs,
which were derived from 160 randomly selected subjects
(80 patients with sepsis and 80 healthy controls) or from
the LPS stimulation experiments in vitro. Then a First
Strand complementary DNA (cDNA) Synthesis Kit
(Thermo Fisher Scientific) was used to convert the RNA
into cDNA following the instructions of the manufac-
turers. Quantitative RT-PCR was conducted to detect
the expression levels of IL-27 using the SYBR Green
RT-PCR Kit (Takara). The human ACTB (B-actin) gene
was used as a control in the quantitative RT-PCR ana-
lysis. The primer sequences used in this study were de-
signed by Sangon Biotech with the Primer Premier 5.0
program (Applied Biosystems) as follows: IL-27: 5 CGGA
GGGAGTTCA CAGTCAG 3" and 5° CAGGTGAGA
TTCCGCAAAGC 3'; B-actin: 5" TCCCTGGAGAAGAG
CTACGA 3" and 5" AGCACTGTGTTGGCGTACAG 3.
Amplification was performed in a LightCycler480 se-
quence detector system (Roche Applied Science, Laval,
QC, Canada) with 40 cycles of 5 s at 95 °C, 20s at 58 °C,
and 1 min at 72 °C. The IL-27 mRNA expression was cal-
culated using the 27°*“T method with values normalized
to B-actin expression.

Plasmid construction and luciferase reporter assay
According to our Initial results, a 2145-bp promoter se-
quence (-2000 to + 145) carrying rs153109 (A or G al-
lele at position —964) of IL-27 gene (Homo sapiens
chromosome 16: 28,499,362-28,506,834) was cloned into
pGL3 luciferase reporter vectors (Promega, Madison,
WI, USA). The promoter gene fragment of [L-27 was
created by PCR amplification using the /L-27 primer se-
quences as follows: 5'-TCCACGCGTGAGACAGTGT
CTTGCTCTGTTG-3' (forward) and 5'-GCCAAGCTT
GCCAGCCAAGGTCGCCTGC-3" (reverse). The THP-
1 and 293 T cells and human umbilical vein endothelial
cells (HUVEC) obtained from Shanghai Institute of Cell
Biology (Shanghai, China) were transfected with the
pGL3-basic original plasmid or the constructed vectors
using Lipofectamine 2000 (Invitrogen, USA) following
the instructions of the manufacturer. The assay was con-
ducted follow the protocol of the dual-luciferase assay
kit (Promega, USA), and measured in the Mithras LB940
Multilabel Reader (Berthold Technologies, Bad Wildbad,
Germany).

IL-27 and LPS treatment experiments

THP-1 cells were cultured in RPMI 1640 medium
(Thermo Fisher Scientific) contained with 10% FBS
(Thermo Fisher Scientific) at 37 °C. IL-27 was purchased
from MedChem Express (Monmouth Junction, NJ,
USA). Cells were treated with IL-27 (100 ng/mL), LPS
(500 ng/mL), or LPS plus IL-27 for 8 and 16 h. At each
time point, the THP-1 cells and supernatants were
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collected for annexin V apoptosis assay and cytokine
measurements, respectively.

Cytokine measurements

The plasma from 160 randomly selected subjects (80 pa-
tients with sepsis and 80 controls), and culture superna-
tants from the in vitro experiment were used to detect
expression of the cytokines IL-27, IL-1B, IL-6 and
TNEF-«, following the manufacturer’s instructions for
each specific enzyme-linked immunosorbent assay
(ELISA) kit (TianGen Biotech). Absorbance was mea-
sured at 450 nm with a microplate reader.

Annexin V apoptosis assay

The apoptosis of THP-1 cells was detected using the
ANXAS5/AnnexinV-FITC  Apoptosis Detection Kit
(Beyotime institute of biotechnology, Shanghai, China)
following the manufacturer’s instructions. Briefly, cells
were collected and washed twice with PBS and resus-
pended in 195 pL binding buffer. Then 10 pL propidium
iodide (PI) and 5 pL. ANXAS5-FITC stock solution were
added for 15 min of incubation at 37 °C, protected from
light. Then the apoptosis of cells was immediately ana-
lyzed by FACS.

Statistical analyses

The association between IL-27 polymorphisms and sepsis
was analyzed using the chi-squared test or Fisher’s exact
test. The false discovery rate was analyzed using the
Benjamini-Hochberg correction for multiple testing.
Power analysis calculated using the QUANTO 1.2 pro-
gram (University of Southern California, LA, USA)
showed 100% and 79.3% power with a significance level of
0.05 at an odds ratio of 1.5 for rs153109 and rs17855750
on the basis of the sample size, respectively. The
Kaplan-Meier method was used to plot 28-day survival
curves, using the different genotypes of the IL-27 poly-
morphisms, and these were compared using the log-rank
test. IL-27 mRNA expression and cytokine levels in the in-
dependent groups were compared using the
non-parametric Mann-Whitney U test. All data are pre-
sented as the mean + standard error of the mean (SEM).
Statistical analysis was conducted using SPSS version 19.0
(IBM, NY, USA) and GraphPad Prism 4.0 (GraphPad Soft-
ware Inc., San Diego, CA, USA). A P value less than 0.05
was considered statistically significant.

Results

The characteristics of the study population

The Consolidated Standards of Reporting Trials (CON-
SORT) flowchart of this study is shown in Additional file
1. The demographic and clinical characteristics of the sub-
jects studied (885 patients with sepsis and 1101 healthy
controls) are summarized in Table 1. A total of 1986
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subjects were successfully genotyped for rs153109 and en-
rolled in this study. Only 403 patients with sepsis and 400
controls in the initial cohort I were genotyped for
rs17855750. No significant differences in age or gender
distribution were detected between patients with sepsis
and healthy controls in cohorts I, Il and I+ II (Table 1, all
P >0.05). The primary source of infection in these two
study cohorts was lung infection: 18.3% and 47.1% of co-
horts I + II had Gram-positive and Gram-negative infec-
tion, respectively. Patients with polymicrobial infections
made up 21.9% of these two study cohorts. The primary
pathogenic bacteria identified in this study were Acineto-
bacter baumannii (24.9%), P. aeruginosa (12.3%), Escheri-
chia coli (10.6%), Klebsiella pneumoniae (7.5%), and
Staphylococcus aureus (6.8%). The main comorbidities in
patients with sepsis included severe pneumonia (22.4%),
hypertension (19.8%), cerebrovascular disease (17.3%),
trauma (13.7%), renal disease (10.3%), and COPD (10.1%),
as shown in Additional file 2. The 885 patients with sepsis
comprised 18.6% with sepsis subtype, 41.2% with severe
sepsis, and 40.2% with septic shock. The 28-day mortality
rate in the whole study cohort was 24.4%.

The association between IL-27 SNPs and sepsis
susceptibility and progression

Two IL-27 SNPs, rs153109 in the promoter region and
rs17855750 in exon 2 of the gene are presented in Fig. 1.
The genotype distributions of these two IL-27 SNPs in both
the patients and controls were consistent with Hardy-Wein-
berg equilibrium (all P > 0.05, see Additional file 3). No sig-
nificant differences in the genotype/allele frequencies of
rs153109 and rs17855750 were found between patients with
sepsis and healthy controls in study cohorts I, I and I + II,
suggesting that these two IL-27 SNPs might not influence
susceptibility to sepsis (Tables 2 and 3, all P > 0.05). We fur-
ther divided the patients with sepsis into subgroups of sepsis
subtype, severe sepsis or septic shock, based on the severity
of sepsis, to assess the effect of IL-27 SNPs on the develop-
ment of sepsis. As shown in Table 4, the frequencies of the
AA genotypes and A allele at the IL-27 SNP rs153109 A > G
were significantly greater in the severe sepsis subgroup (P =
0.002 for genotype and allele) and septic shock subgroup
(P =0.0002 for genotype and P = 0.0003 for allele) compared
to the sepsis subtype subgroup, which indicated a significant
role of A allele in promoting the progression of sepsis from
sepsis subtype to severe sepsis/septic shock. Nevertheless, no
significant differences were observed among the sepsis sub-
groups in the IL-27 SNP at rs17855750 G > T in this study
(Table 4, all P > 0.05).

The association between IL-27 SNPs and 28-day mortality
in patients with sepsis

The patients with sepsis were further stratified by 28-day
mortality into two subgroups to evaluate the effect of
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Table 1 Clinical characteristics of patients with sepsis and healthy controls

Variable Sepsis (n = 885) Control (n =1101) P value
Number (percent) Number (percent)
Demographics
Age, years, mean = SEM 60.05 +0.58 59.02 +0.52 0.189
Male/female, n 584/301 688/413 0.106
Sepsis status, n (%)
Sepsis subtype 165 (18.6) N.A
Severe sepsis 364 (41.2) N.A
Septic shock 356 (40.2) N.A
Source of infection, n (%)
Respiratory tract infection 629 (71.1) N.A
Primary bloodstream infection 126 (14.2) N.A
Abdominal infection 193 (21.8) N.A
Urinary tract infection 45 (5.1) N.A
Catheter-associated infection 51(58) N.A
Brain 37 (4.2) N.A
Others 60 (6.8) N.A
Infection type, n (%)
Gram-positive 162 (18.3) N.A
Gram-negative 417 (47.1) N.A
Mixed Gram-negative and Gram-positive 163 (184) N.A
Fungus 136 (15.3) N.A
Polymicrobial 194 (21.9) N.A
Negative blood culture 59 (6.7) N.A
Pathogenic bacteria, n (%)
Acinetobacter baumannii 220 (24.9) N.A
Monilia albican 47 (5.3) N.A
Yeast sample sporphyte 34 (38 N.A
Aspergillus 30 (34) N.A
Klebsiella pneumoniae 66 (7.5) N.A
Pseudomonas aeruginosa 109 (12.3) N.A
Staphylococcus aureus 60 (6.8) N.A
Escherichia coli 94 (10.6) N.A
Others 169 (19.1) N.A
APACHE Il score 256+57 N.A
Mortality, 28 days, n (%) 216 (24.4) N.A

Continuous data are expressed as the mean + SEM
N.A not applicable, APACHE Il Acute Physiology and Chronic Health Evaluation II

IL-27 SNPs on the clinical outcome of patients with sepsis.
The frequencies of the AA genotypes and A allele at the
IL-27 SNP rs153109 A >G were significantly higher in
28-day non-surviving patients than that in the surviving
patients (Table 5). Moreover, Kaplan-Meier survival ana-
lysis showed that 28-day survival in patients with sepsis
carrying the rs153109 AA genotype was much worse than
in the GA/GG genotype carriers (log-rank test 8.297, P =
0.004; Fig. 2A). Nevertheless, no significant differences

were observed in the IL-27 SNP at rs17855750 G>T
(log-rank test 0.856, P = 0.335; Fig. 2B).

The association between IL-27 SNPs and IL-27 expression
in patients with sepsis and healthy controls

A total of 80 patients with sepsis and 80 healthy individuals
were randomly selected to evaluate the possible associa-
tions between the IL-27 rs153109 or rs17855750 polymor-
phisms and IL-27 expression in PBMCs. As presented in
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Fig. 3, significantly greater IL-27 mRNA levels were found
in patients with sepsis relative to the controls (Fig. 3A, P <
0.0001), and expression significantly was significantly
greater with the development of sepsis (Fig. 3C, P =0.047
for severe sepsis and P = 0.042 for septic shock). When the
data were stratified by genotype, our results suggested that
the IL-27 mRNA levels in patients with sepsis carrying the
AA genotype of rs153109 were significantly higher than
those in patients with the GA/GG genotypes (Fig. 3E, P =
0.044). With regard to rs17855750, no significant difference
in the IL-27 mRNA expression was observed between
different genotypes in patients with sepsis or healthy indi-
viduals (Fig. 3G, P >0.05). Additionally, we detected the
plasma concentration of IL-27 in these patients with sep-
sis and in controls using ELISA, which was consistent
with the results from the gene expression analysis in
PBMCs (Fig. 3).

The effect of IL-27 SNPs on IL-27 expression in LPS-
stimulated PBMCs and the promoter activity of the gene
To validate the effect of the IL-27 rs153109 and
rs17855750 polymorphisms on IL-27 expression at both
the transcriptional and translational levels, we further
measured the IL-27 mRNA expression and protein pro-
duction in PBMCs from 55 healthy subjects with differ-
ent genotypes under LPS stimulation in vitro. As shown
in Fig. 4, the IL-27 mRNA expression and protein pro-
duction were significantly greater in PBMCs carrying the
rs153109 AA genotype compared to those with the GA/
GG genotypes upon LPS stimulation (P =0.001 and P =
0.012, respectively), but these differences were not ob-
served without LPS induction (P > 0.05).

Considering the location of the IL-27 rs153109 poly-
morphism upstream of the transcription start site (-
964 bp), we further performed luciferase assays using

different cell lines to evaluate the effect of the - 964
A-to-G variation on the promoter activities of the IL-27
gene. As presented in Fig. 5, the pGL3 luciferase re-
porter vector containing the — 964 A allele exhibited sig-
nificantly higher transcription activity of IL-27 than the
vector containing the — 964 G allele in 293 T and THP-1
cells (P =0.029 and P =0.028, respectively), but no sig-
nificant differences were observed in HUVECs (P > .05).

The effect of IL-27 SNPs on the expression of related pro-
inflammatory cytokines

We further measured the plasma concentrations of re-
lated pro-inflammatory cytokines in the selected 80 pa-
tients with sepsis and 80 healthy subjects to evaluate the
effect of the IL-27 SNPs on the production of these cyto-
kines. As shown in Fig. 6, the TNF-a, IL-1p, and IL-6
concentrations in patients with sepsis were markedly
greater compared to those in the controls, and the levels
also increased with the development of sepsis. When
stratified by the rs153109 and rs17855750 genotypes,
only the IL-6 concentration was observed to be closely
associated with the rs153109 polymorphism in patients
with sepsis (P = 0.041).

To confirm the effect of IL-27 SNPs on these
pro-inflammatory cytokines, we also measured the ex-
pression levels of these cytokines in the supernatants of
PBMCs isolated from 55 healthy subjects with different
genotypes under LPS stimulation in vitro. Our data sug-
gested that the expression levels of TNF-a and IL-6 were
significantly higher in the LPS-stimulated PBMCs with
the rs153109 AA genotype than those with the GA/GG
genotypes (Fig. 7, P =0.043 and P =0.028, respectively).
However, no significant differences were found in IL-1p
expression levels between PBMCs with different rs153
109 genotypes (Fig. 7, P > 0.05).
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Table 3 Genotype and allele frequencies distribution of the /L-
27 1517855750 polymorphism in the cases and controls
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Table 5 Genotype and allele frequencies distribution in 28-day
surviving and non-surviving patients with sepsis

IL-27 Sepsis Control P P* OR (95% Cl) I-27 Survivors  Non-survivors P P OR (95% ClI)
n =403 (%) n =400 (%) n (%) n (%)
T 312 (77.4) 315 (78.7) 0719 0719 - rs153109
TG 82 (204) 79 (19.8) - - - AA 235 (35.1) 99 (45.8) 0019 0025 -
GG 922 6 (1.5 - - - GA 321 (480) 87 (40.3) - - -
TT/TG 394 (97.8) 394 (98.5) 0443 0719 067 (0.24-1.89) GG 113 (169) 30 (13.9) - - -
TG/GG 91 (22.6) 85 (21.3) 0649 0719 1.08(0.77-1.51) AA/GA 556 (83.1) 186 (86.1) 0.297 0297 0794
T 706 (87.6) 709 (88.6) - - 1.000 (reference) (0513-1227)
G 100 (12.4) 91 (11.4) 0523 0719 1.10 (0.82-1.49) GA/GG 434 (649) 7642 000500201563
(1.145-2.133)
OR odds ratio, 95% Cl 95% confidence interval
*False discovery rate-adjusted P value for multiple hypotheses testing using A 791 (59.1) 285 (66.0) - - 1A0f00
the Benjamini-Hochberg method (reference)
G 547 (409) 147 (34.0) 0011 0022 1.341
IL-27 enhances LPS-induced pro-inflammatory cytokine (1.068-1.682)
expression and cell apoptosis 1517855750
We .next evaluated tl.le 1nﬂuenc.e of IL-27 on th.e o 237 (787) 75 (73.5) 0311 0311 -
pro-inflammatory cytokine expression and cell apoptosis or 59(196) 23 (226
in THP-1 cells upon LPS stimulation. There was a sig- ‘ '
nificant increase in the LPS-stimulated expression of 66 >07) 469 - - N
TNF-a and IL-6 following IL-27 treatment relative to TI/GT 29 (98.3) 98 (96.1) 0239 0311 6 (0.636-9.180)
the expression with IL-27 or LPS treatment alone GT/GG 64 (213) 27 (26.5) 0277 0311 0750 (0446-1.261)
(Fig. 8a, b). However, IL-27 treatment had no significant T 533 (885) 173 (84.8) _ _ 1,000 (reference)
effect on the LPS-stimulated expression of IL-13 (Fig. G 69 (115 31 (152) 0162 0311 0722 (0457-1141)

8c). In addition, the LPS-stimulated THP-1 cells dis-
played a significant increase in the apoptotic rate com-
pared with the control cells (Fig. 8d, e). Most
importantly, simultaneous treatment of cells with LPS

Table 4 Genotype and allele frequencies distribution of the
I-27 polymorphisms by different sepsis status
Sepsis Severe Septic P1 P2 p1* p2*

subtype  sepsis shock
n (%) n (%) n (%)

rs153109 (—964A > G)

AA 42 (255) 142 150 0002 0.0002 0.002 0.0003
(39.0) (42.1)
GA/ 123 222 206 - - - -
GG (74.5) (61.0) (57.9)
A 171 452 453 0002 0.0003 0.002 0.0003
(52.2) (62.1) (63.6)
G 159 276 259 - - - -
(48.8) (37.9) (36.4)
rs17855750 (2905 T > G)
T 59(738) 144 109 0338 0552 0338 0.711
(79.1) (77.3)
GT/GG 21(262) 3809 32227 - - - -
T 137 324 245 0272 0711 0338 0.711
(85.6) (89.0) (86.9)
G 23 (144) 40(11.00 37(13.1) - - - -

P1 sepsis subtype versus severe sepsis, P2 sepsis subtype versus septic shock
*False discovery rate-adjusted P value for multiple hypotheses testing using
the Benjamini-Hochberg method

OR odds ratio, 95% Cl 95% confidence interval
*False discovery rate-adjusted P value for multiple hypotheses testing using
the Benjamini-Hochberg method

and IL-27 resulted in a striking increase in the apoptotic
rate relative to that of cells with IL-27 or LPS treatment
alone.

Discussion

Research so far has demonstrated that dysfunctional im-
mune inflammatory responses are critical in promoting
the development and progression of adverse outcomes
in patients with sepsis [29-31]. The previous results
from our group and evidence from other studies have in-
dicated that SNPs in at least 38 genes from the
pro-inflammatory signaling pathway are critical for de-
termining individual differences in inflammatory re-
sponses and predisposition to sepsis susceptibility and
progression [32-38]. In this study, for the first time, we
investigated the association between sepsis and two
functional polymorphisms (rs153109 and rs17855750) in
the IL-27 gene. No significant differences in the geno-
type/allele frequencies were found between patients with
sepsis and healthy controls, which suggests that these
IL-27 SNPs may not be risk factors for the occurrence of
sepsis. Further stratification showed that the rs153109 A
allele was overrepresented in the patients with severe
sepsis/septic shock relative to the patients with the
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sepsis subtype. Furthermore, significant differences in
the rs153109 genotype/allele frequencies were observed
between 28-day survivors and non-survivors among pa-
tients with sepsis, indicating that the rs153109 poly-
morphism may act as a risk factor for the severity of
sepsis and poor outcome. The rs153109 (- 964 A > Q)
promoter polymorphism of IL-27 may alter its gene
transcription and cause alterations in the inflammatory
responses, which ultimately result in the progression of
sepsis from sepsis subtype to severe sepsis/septic shock
and poor prognosis.

Accumulating evidence has demonstrated that the
IL-12 family member IL-27 is pivotal in the pathogenic
mechanisms of sepsis [11, 14—18]. IL-27, as an import-
ant regulatory cytokine mainly secreted by antigen-pre-
senting cells upon exposure to microbial products and

inflammatory stimuli, can regulate the duration and in-
tensity of various T cell responses such as the expansion
of Thl cells, proliferation, and interferon (IFN)-c pro-
duction in CD4+ T cells [39, 40]. Enhanced expression
of IL-27 has been identified in patients with sepsis and
in a model of sepsis, which was closely correlated with
disease severity and mortality [12, 13]. Our data suggest
that both the transcriptional and translational levels of
IL-27 were overexpressed in patients with sepsis, which
corroborates several previous studies. Wong et al. identi-
fied IL-27 as a candidate diagnostic gene for sepsis, by
genome-wide expression analysis [41, 42]. Other studies
have indicated that elevated IL-27 strongly correlates
with early-onset sepsis and might provide additional
diagnostic value for sepsis, alone or in combination with
PCT [43, 44]. In our study IL-27 exerted a significant

Fig. 3 The expression of /[-27 in patients with sepsis and healthy controls with different /l-27 polymorphisms. The mRNA expression level and plasma
concentration of IL-27 in patients with sepsis (n = 80) and healthy controls (n =80) (a, b); the mRNA expression level and plasma concentration of IL-
27 in mild sepsis, severe sepsis, and septic shock subgroups (¢, d); the distribution of IL-27 expression levels in groups of patients with sepsis with
different rs153109 genotypes (e, f) and different rs17855750 genotypes (g, h). The horizontal line represents the median expression level with each
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Fig. 4 The /[-27 expressions in the peripheral blood mononuclear cells (PBMCs) isolated from 55 healthy volunteers. The /-27 mRNA expression of
PBMCs from 55 healthy individuals under lipopolysaccharide (LPS) stimulation (500 ng/mL) in groups with different rs153109 genotypes (a, b); the
supernatant concentration of IL-27 under LPS stimulation in groups with different rs153109 genotypes (c, d). The horizontal line indicates the
mean expression level in each genotype group. The error bar represents standard error of the mean

effect on the progression of sepsis and might also serve
as an indicator of disease severity as it increased with
the development of sepsis.

Recent genetic association studies have confirmed that
the IL-27 rs153109 polymorphism affects mRNA expres-
sion and influences patient predisposition to various
inflammation-related diseases [21-23, 45, 46]. A recent
study showed that the rs153109 promoter polymorphism
of IL-27 probably influences gene transcription by alter-
ing its binding to transcription factors and that the AA

genotype or A allele confers susceptibility to asthma
[47]. Shen et al. discovered that the TT genotype and T
allele of rs178855750 polymorphisms located in exon 2
of the IL-27 gene are closely associated with allergic
rhinitis [24]. Other studies have indicated that the A al-
lele of the IL-27 rs153109 polymorphism is associated
with increased risk of Crohn’s disease and ulcerative col-
itis in a Korean population, while it is associated with re-
sistance to Crohn’s disease in a Chinese Han population
[48, 49]. Nevertheless, the role of these IL-27

A B O rcL3-Basic @ peLsA @ peL3-G
K|?n| Xh:ol z 0.4 P =0.029
D 2202
------------------------------ é ° 0.1
5..CCTCACTCAACTC|AIAGCCT...3’  pGL3-A « o_crﬁmi
5..CCTCACTCAACTC|GAGCCT...3 pGl3G ©C, p-oan
rs153109 A>G 52
\ fﬂ\ f :
/\ / ! |‘\ \ U‘I Il'r &’ p—
B . [V \[\L" I \/\N\/& j >+ BESR D ° THP-1
CCTCACTCAACTC|AlAGCCT g 48
E >‘3.6—
N\ A A f A\ ER
| [ AVAVAYR [ oo L3- es
LS \’@U @x\ v PGL3-G %)
CCTCACTCAACTC|GlAGCCT &’00_
— ’ HUVEC

~N

Fig. 5 The /[-27 plasmid constructs and functional promoter activities of rs153109 in 293 T, THP-1 and HUVECs. The promoter region of /[-27 DNA
sequence (2145 bp) carrying A or G of rs153109 A > G was cloned into pGL3 luciferase reporter vectors (a); the different IL-27 plasmid constructs
were transfected into 293 T, THP-1 and HUVEC cells for 48 h, and then the promoter activities were detected by dual-luciferase report assays (b, ¢,
d). Three parallel samples were used in all transfections, and all experiments were performed in triplicate. The error bar represents standard error
of the mean
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polymorphisms has not been determined in the patho-
genesis of sepsis.

In this study, our data showed that the AA risk geno-
type or A allele at IL-27 rs153109 was overrepresented
in the subgroups of severe sepsis/septic shock compared
to the subgroup of sepsis subtype, indicating that
rs153109 A > G is involved in promoting the progression
of sepsis from sepsis subtype to severe sepsis/septic
shock. The frequencies of rs153109 AA genotype simi-
larly increased in 28-day non-surviving patients with
sepsis compared to 28-day survivors, and the 28-day sur-
vival in patients with sepsis with the AA genotype exhib-
ited was worse than those carrying the GA/GG
genotypes, which further supports the possibility that
the rs153109 A > G is a risk factor for the progression of
sepsis and poor prognosis. Furthermore, IL-27 expres-
sion in patients with sepsis carrying the rs153109 AA
genotype significantly increased compared to that of the
GA/GG genotype carriers, suggesting that this SNP
might be involved in the pathogenesis of sepsis by alter-
ing its gene transcription. However, another IL-27 poly-
morphism at rs17855750 G >T did not significantly
affect sepsis susceptibility or progression.

The importance of functional evaluation of a genetic
variant in the context of a disease has been emphasized in
recent years [50, 51]. Mechanistic analysis of histone mod-
ifications within the promoter region of IL-27 revealed the
presence of H3K4me3 [52] and H3K27ac [53]. The
rs153109 A > G polymorphism located 964 bp upstream
of the transcription start site of the IL-27 gene might

increase the H3K4me3 and H3K27ac modifications,
thereby promoting the transcriptional activity of the IL-27
gene [21]. We performed luciferase assays using different
types of cells to evaluate the effect of the — 964 A-to-G
variation on the promoter activities of the IL-27 gene and
confirmed that the sepsis-associated A risk allele of
rs153109 significantly increased the promoter activity in
293 T and THP-1 cells. To further validate this result, we
evaluated the effect of rs153109 on IL-27 expression in
PBMCs upon LPS stimulation in vitro. Our data showed
that the LPS-stimulated PBMCs with the rs153109 AA
genotype exhibited significantly increased expression of
IL-27 compared to those with the GA/GG genotypes, as
predicted. Nevertheless, no significant difference was
found in IL-27 expression between the AA and GA/GG
genotypes of rs153109 without LPS induction. Our results
infer that the genetic effect of the — 964 A-to-G variation
might make a real difference following inflammatory stim-
uli or stress, which also suggests that the IL-27 rs153109
SNP influences the sepsis severity rather than the onset of
sepsis.

IL-27 mediates its biological function through ligation
to the IL-27RA/gp130 receptor and plays pivotal roles in
various T cell subsets, activating signaling through the
mitogen-activated protein kinase (MAPK) and Janus kin-
ase (JAK)/STAT pathways, following NF-kB activation
[54]. This molecule also induces native T cells to differen-
tiate into the Thl subset via intercellular adhesion
molecule-1/lymphocyte function-associated antigen 1
(LFA-1)/extracellular signal-related kinase (ERK)1/2, and
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p38 MAPK/T-bet signaling [55]. Recently, increasing evi-
dence has identified IL-27 as a strong inducer of chemo-
kines and pro-inflammatory cytokines, including TNF-a,
IL-6, IL-1B, macrophage inflammatory protein (MIP)-1p,
and MIP-la by activated neutrophils, monocytes, and
macrophages [56]. Gregersen et al. indicated that IL-27 in-
creased NLRP3 inflammasome activation in monocytes
with enhanced release of IL-1p [57]. Other studies have
demonstrated that IL-27 enhances the production of these
pro-inflammatory cytokines via activation of toll-like re-
ceptor (TLR)4 signaling [16, 58]. Consistently, our data
showed that IL-27 treatment significantly enhanced
TNF-a and IL-6 secretion and apoptosis of THP-1 cells
upon LPS stimulation, which further demonstrated that
IL-27 is critical in the pro-inflammatory responses during
sepsis. Then, we detected the expression levels of IL-1,
IL-6 and TNF-« in patients with sepsis and healthy sub-
jects to evaluate the influence of the functional /L-27 SNP
on the production of these related cytokines. However,
only the IL-6 level was closely associated with the
rs153109 polymorphism in patients with sepsis. Notably,
the in vitro LPS-stimulated experiment showed that the
sepsis-associated AA risk genotype significantly increased
TNF-a and IL-6 secretion in PBMCs upon exposure to
LPS in vitro. These results further supported the hypoth-
esis that the sepsis-associated A risk allele of the rs153109
functional SNP enhanced promoter activity and gene tran-
scription of IL-27, thereby directly or indirectly promoting
sepsis-induced inflammatory responses, which ultimately
resulted in the development of sepsis from sepsis subtype
to severe sepsis/septic shock and poor prognosis, with po-
tentially important therapeutic implications. The exact
mechanism needs to be studied further.

Several limitations of this study should be acknowl-
edged. First, we could not eliminate any potential selection
bias in the enrolled population due to the wide inclusion
criteria and regional central referring hospital. Second, the
sample size in this study was insufficient, and all subjects
were of Chinese Han nationality. Therefore, further bio-
logical studies with larger populations and different ethnic
backgrounds are required to validate our tentative conclu-
sions. Third, although we excluded patients with sepsis
with specific diseases to attain greater homogeneity in the
samples, it remains possible that the pre-existing condi-
tions of the patients with sepsis may make a difference in
the genetic results and observations in this case-control
study. In addition, other functional polymorphisms may
interfere with IL-27 expression, and these integrated ef-
fects should be studied for better estimation of individual
risk of the onset or development of sepsis.

Conclusions
In this study, for the first time, we provided evidence in-
dicating a significant association between the I[L-27
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polymorphism and the progression of sepsis in a Chinese
Han population. The sepsis-associated rs153109 (- 964
A >@G) SNP within the promoter region of IL-27 was
capable of increasing the transcription of the IL-27 gene
by regulating its promoter activities, upregulating both
transcription and translation of /L-27 and then enhan-
cing the secretion of pro-inflammatory cytokines, which
were closely associated with the severity of sepsis and
poor outcome. These results might to some extent ex-
plain the heterogeneity of the clinical course in patients
with sepsis.
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