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Abstract

Previous studies have indicated that the monocyte chemo-attractant protein 1 (MCP-1),

also referred to as C-C motif chemokine ligand 2 (CCL2), plays a significant role in the path-

ogenesis of sepsis, and this study investigated the clinical relevance of two MCP-1 gene

polymorphisms on sepsis onset and progression. The Multiplex SNaPshot genotyping

method was used to detect MCP-1 gene polymorphisms in the Chinese Han population

(403 sepsis patients and 400 controls). MCP-1 mRNA expression levels were measured

using real-time quantitative PCR, and enzyme-linked immunosorbent assays were used to

analyze MCP-1, tumor necrosis factor-alpha (TNF-α), interleukin 6 (IL-6) and interleukin-1

beta (IL-1β) plasma concentrations. The rs1024611 polymorphism analysis showed lower

frequencies of minor homozygous genotype (AA) and allele (A) in sepsis patients compared

to the healthy controls (19.4% vs. 31.5%, P = 0.0001 and 45.9% vs. 54.8%, P = 0.0004,

respectively). And the frequencies of GG genotype and G allele were lower in sepsis

patients compared to the controls (19.6% vs. 31.3%, P = 0.0002 and 46.0% vs. 54.5%, P =

0.0007, respectively). The rs1024611 AG/GG and rs2857656 GC/CC genotypes were both

overrepresented in patients with severe sepsis (both P = 0.0005) and septic shock (P =

0.010 and P = 0.015, respectively) compared to the patients with mild sepsis. Moreover,

among sepsis patients, the rs1024611 AG/GG and rs2857656 GC/CC carriers exhibited

significant increases in expression levels of MCP-1 (P = 0.025), TNF-α (P = 0.034) and IL-6

(P = 0.043) compared with the rs1024611 AA or rs2857656 GG carriers. This study provides

valuable clinical evidence that the MCP-1/CCL2 polymorphisms rs1024611 and rs2857656

are associated with sepsis susceptibility and development. We conclude that MCP-1/CCL2

plays a significant role in the pathogenesis of sepsis, which has potentially important thera-

peutic implications.
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Introduction

Sepsis is a systemic inflammatory disease resulting from a harmful response to microbial infec-

tion [1–3]. Although the pathological mechanism of sepsis remains unclear, numerous lines of

evidence have demonstrated that variations in genes associated with the inflammatory

immune response play vital roles in the pathomechanism and progression of sepsis [4–7].

Progress in genetic sequencing and association studies between different immunological pro-

files and disease outcomes may someday allow for genetic diagnosis and interventional treat-

ment of sepsis, ultimately improving outcomes for critically ill patients [8–10].

Monocyte chemo-attractant protein 1 (MCP-1), also known as CC motif chemokine ligand

2 (CCL2), is an important molecule for monocytes chemotaxis, endothelial activation and reg-

ulation of leukocyte function, mediating a variety of inflammation-promoting biological activ-

ities [11–13]. A growing body of evidence shows that sepsis patients, as well as animal models

of sepsis, exhibit high levels of MCP-1, which are strongly correlated with organ dysfunction

and mortality following sepsis [14–17]. A genomic deletion of MCP-1 in mice contributes to

resistance against major Leishmania infection, whereas excessive MCP-1 expression in trans-

genic mice results in predisposition to infection with Listeria monocytogenes and Mycobacte-
rium tuberculosis [18, 19]. Studies have shown that antibody neutralization or a specific

antagonist of MCP-1 in mouse models of sepsis can decrease the septic response and are bene-

ficial to survival, making MCP-1 a promising potential therapeutic target for sepsis [20–22].

Taken together, these lines of evidence indicate that continuous activation of MCP-1 plays a

role in the pathogenesis and progression of sepsis.

The human MCP-1 gene is located on chromosome 17q11.2-q12 [23]. Studies have shown

that two functional genetic variations within the MCP-1 gene promoter region, rs1024611 A/

G and rs2857656 G/C, influence MCP-1 expression levels and result in genetic predisposition

to various inflammation-related diseases [24–27]. The MCP-1 rs1024611 polymorphism

within the distal regulatory region of the gene can influence the transcriptional activity of

MCP-1 and contributes to susceptibility to systemic lupus erythematosus, rheumatoid arthritis

and inflammatory bowel disease [27–30]. The other polymorphism, MCP-1 rs2857656, is

located within the proximal promoter region of the gene and reportedly contributes to

increased MCP-1 expression levels as well as increased risk of spinal tuberculosis and carotid

atherosclerosis [31, 32]. However, there are currently no reports on the clinical relevance of

these two MCP-1 polymorphisms to sepsis susceptibility and progression.

A growing body of work has demonstrated that many variations in genes associated with

the inflammatory and immune responses contribute to the occurrence and progression of sep-

sis [4–7]. However, to the best of our knowledge, the clinical relevance of MCP-1 genetic poly-

morphisms to sepsis has not been determined, adequately. Given the evidence implicating

MCP-1 in the pathomechanism and progression of sepsis, we conducted this case-control

study to examine whether two MCP-1 promoter polymorphisms (rs1024611 and rs2857656)

are associated with sepsis in the Han Chinese population. In addition, we determined the

expression levels of MCP-1, IL-6, IL-1β and TNF-α in the study subjects to assess potential

associations between these genetic variations and cytokine production.

Materials and methods

Study population

In the present study, 403 sepsis patients (age range 23–86 years, mean 59.2; 286 men and 117

women) were enrolled within 24 hours of admission to the intensive care unit (ICU) at the

Affiliated Hospital of Guangdong Medical University (Zhanjiang, China) from December
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2012 to December 2015. The diagnosis of sepsis was defined following the International Sepsis

Definitions Conference [33, 34]. Those patients were excluded from this study if they were

combined with preexisting cancer, ACI, HIV, blood or autoimmune diseases. The peripheral

blood samples were collected within 12 hours when the diagnosis of sepsis, severe sepsis, or

septic shock was established. The sepsis, severe sepsis or septic shock is the initial situation of

the disease in the patients. The following clinical parameters were recorded for each patient:

age, sex, dysfunctional organs, source of infection, blood microbiological cultures, and Acute

Physiology and Chronic Health Evaluation (APACHE) II score [35]. As a control group, 400

healthy subjects (age range 20–83 years, mean 57.5; 271 men and 129 women) without a his-

tory of sepsis, cancer, autoimmune diseases and other inflammation-related diseases were

enrolled from the Health Examination Center in this hospital at the same period time. All the

studied subjects were from the Chinese Han population and were at least of eighteen years old.

Written informed consent was obtained from the participants prior to their enrollment in the

study. Each sepsis patient’s capacity to consent was confirmed by a family member when nec-

essary. The STROBE Statement of this study was included in the supplementary information

(S1 File). This study was approved by the Ethical Committee of the Affiliated Hospital of

Guangdong Medical University (No. PJ2012134).

DNA extraction and genotyping

Genomic DNA extraction was performed by using the TIANamp Blood DNA Kit (Tiangen

Biotech Co., Ltd., Beijing, China) and stored at -80˚C until use. Two MCP-1 polymorphisms

rs1024611 (-2518 A>G) and rs2857656 (-362 G>C) were genotyped using the SNaPshot Mul-

tiplexKit (Applied Biosystems Co., Ltd., Foster City, CA, USA), and the primers used for

amplification of PCR and extension of SNaPshot were designed with GenBank database and

were as follows: rs1024611F, 5' CTCTCACGCCAGCACTGACCTC3'; rs1024611R, 5' CCAA
TTAGCCCATGGTCACAGA3'; rs2857656F, 5' TAAGCTGGCAGCGAGCCTGAC3'; rs2857

656R, 5' GCCATTAAGCCCAGACTGACCA 3'. The SNaPshot PCR reaction consisted of SNaP-

shot Multiplex Kitreagent (5μL), templates (4μL) and primer mix (4μl). The PCR reaction pro-

tocol was as follows: 96˚C for 60s; 28 cycles of 96˚C for 10s, 55˚C for 5s, and 60˚C for 30s; 4˚C

for 120s. The products were purified by 1-h incubation with 1U of shrimp alkaline phospha-

tase (Takara: Otsu, shiga, Japan) at 37˚C and 75˚C for 15 minutes. Then the purified products

(0.5μL) were mixed with Lizl20 Size Standard (0.5μL) and HiDi formamide (9μL) and were

incubated at 95˚C for 5 minutes, and were analyzed using ABIPrism 3730XL genetic sequence

analyzer (Applied Biosystems, Foster City, CA, USA) and GeneMapper 4.1 (Applied Biosys-

tems, Carlsbad, CA, USA). Finally, 10% of the samples were randomly selected as the valida-

tion group for re-genotyping. All the samples were successfully genotyped for the two MCP-1

polymorphisms. Power analyses exhibited 98.2% power for rs1024611 and 98.2% power for

rs2857656 to test a genotype relative risk at an odds ratio of 1.5 at a significance level of 0.05 in

this study.

RNA extraction and quantitative real-time PCR

We randomly selected 80 sepsis patients and 80 controls from the enrolled subjects for the

peripheral blood mononuclear cells (PBMCs) isolation by using density gradient centrifuga-

tion method with LymphoprepTM (Axis-Shield PoCAS, Oslo, Norway). The 80 sepsis samples

included 12 mild sepsis, 38 severe sepsis and 30 septic shock samples. Among the 160 selected

subjects, 21 cases and 23 controls carried the rs1024611 AA and rs28576565 GG genotypes,

and 59 cases and 57 controls carried the rs1024611 GA/GG and rs28576565 GC/CC genotypes.

The genomic RNA extraction from PBMCs was performed by using the RNAprep Pure Blood
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Kit (Sangon Biotech, Shanghai, China) and then converted to cDNA by using the First Strand

cDNA Synthesis Kit (Thermo) following the protocol of the manufacturer. Next, the MCP-1

mRNA expression was detected by quantitative real-time PCR. The Primers were designed

with Primer Premier 5.0 software by Shanghai Sangon Biological Engineering as follows:

MCP-1: 5' CTCGCCTCCAGCATGAAAGT 3' and 5' GGTGACTGGGGCATTGATTG3';

GAPDH: 5' TCCTACCCCCAATGTATCCG 3' and 5' CCTTTAGTGGGCCCTCGG3'. The

quantitative real-time PCR was performed using a LightCycler480 sequence detector system

(Roche Applied Science, Laval, Quebec, Canada) in the following reaction conditions: 95˚

C/300s, and 40 cycles of 95˚C/10s, 60˚C/20s and 70˚C/30s. The 2-ΔΔCT method was used to

calculate the mRNA expression of MCP-1.

Cytokine measurement

The peripheral blood samples were obtained from the selected 80 sepsis cases and 80 controls

in a sodium heparin vacutainer tube. The plasma was collected from the peripheral blood sam-

ples by centrifugation at low speed and stored at −80˚C until used. The plasma concentrations

of MCP-1, IL-1β, IL-6 and TNF-α were measured by using each specific enzyme linked immu-

nosorbent assay (ELISA) kits (TianGen Biotech, Beijing, China), according to the protocol of

the manufacturer. The absorbance of samples and standards were detected at 450 nm by using

a microplate reader. The minimum detectable concentrations of MCP-1, IL-1β, IL-6 and TNF-

α were 0.1 ng/ml, 1 pg/ml, 1 pg/ml and 1 pg/ml, respectively.

Statistical analyses

The measurement data were shown as the mean ± standard error of the mean (SEM) and com-

pared using Student’s t-test. Genotype/allele distribution of each polymorphism was analyzed

using Chi-squared test or Fisher’s exact test, and the false discovery rate-adjusted P-value was

calculated by using the Bonferroni correction in multiple-time statistics. The Hardy-Weinberg

equilibrium (HWE) was used to assess the deviation of the allele or genotype frequency. A link-

age disequilibrium (LD) map was construct to determine the extent of linkage disequilibrium

between genetic variations using the Haploview (version 4.2) software (Jeffrey C Barrett and

Mark J Daly, Cambridge, MA, USA). All statistical analyses were performed in the SPSS version

19.0 (IBM,NY, USA), and a P value< 0.05 was considered to be statistically significant.

Results

Clinical characteristics

The clinical parameters of the 403 consecutive patients with sepsis who were admitted to the inten-

sive care unit (ICU) and matched the inclusive criteria from December 2012 to December 2015, as

well as the 400 healthy subjects, that were included in this study are presented in Table 1. No sig-

nificant differences were observed between the sepsis and healthy subject groups with respect to

gender (P = 0.323) or age (P = 0.110). The 403 sepsis patients were divided into three subgroups

based on the severity of their sepsis as follows: 74 patients with mild sepsis, 191 patients with severe

sepsis and 138 patients with septic shock. Respiratory tract infection (63.0%), abdominal infection

(23.3%) and primary bloodstream infection (11.9%) were the main sources of infection. The main

pathogens identified in this study were Acinetobacter baumannii (23.1%), Escherichia coli (10.9%),

Pseudomonas aeruginosa (9.7%) and Staphylococcus aureus (8.2%). Gram-negative infections,

Gram-positive infections and mixed infections accounted for approximately 33.5%, 9.9% and

11.7%, respectively. The 28-day ICU mortality rate was 25.3% in this study.
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Effects of MCP-1 gene polymorphisms on sepsis risk

The genotype/allele frequency distributions of the two MCP-1 promoter polymorphisms

(rs1024611 A>G and rs2857656 G>C) in the sepsis and control groups are listed in Table 2.

No deviations from Hardy-Weinberg equilibrium were observed for the two MCP-1 genetic

variations in the sepsis and control groups (all P>0.05, S1 Table). Significant differences

between the sepsis and healthy subject groups were found for the genotype distributions of

rs1024611 (P = 0.0004) and rs2857656 (P = 0.0007). The frequencies of the rs1024611 AG/GG

and rs2857656 GC/CC genotypes in the sepsis group were statistically higher compared with

the control group (P = 0.0001 for rs1024611: AA versus AG+GG; P = 0.0002 for rs2857656:

GG versus GC+CC). The frequencies of the rs1024611 G allele and the rs2857656 C allele were

Table 1. Clinical characteristics of sepsis patients and healthy controls.

Variable Sepsis (n = 403) N(%) Control (n = 400) N(%) P value

Demographics

Age, years, mean ± SD 59.2 ± 17.1 57.5 ± 13.7 0.110

Male/female, number 286/117 271/129 0.323

Sepsis status, n(%)

Mild sepsis 74(18.4) N.A

Severe sepsis 191(47.4) N.A

Septic shock 138(34.2) N.A

Source of infection, n(%)

Respiratory tract infection 254(63.0) N.A

Primary bloodstream infection 48(11.9) N.A

Abdominal infection 94(23.3) N.A

Urinary tract infection 22(5.5) N.A

Catheter-associated infection 14(3.5) N.A

Brain 29(7.2) N.A

Others 35(8.7) N.A

Infection types, n(%)

Gram-positive 40(9.9) N.A

Gram-negative 135(33.5) N.A

Mixed Gram-negative and -positive 47(11.7) N.A

Fungus 87(21.6) N.A

Polymicrobial 64(15.9) N.A

Negative blood culture 31(7.7) N.A

Pathogenic bacteria, n(%)

Acinetobacter baumannii 93(23.1) N.A

Monilia albican 27(6.7) N.A

Yeast sample sporphyte 26(6.5) N.A

Aspergillus 17(4.2) N.A

Klebsiella pneumoniae 26(6.5) N.A

Pseudomonas aeruginosa 39(9.7) N.A

Staphylococcus aureus 33(8.2) N.A

Escherichia coli 44(10.9) N.A

Others 76(18.9) N.A

APACHE II score 23.8±7.1 N.A

28-day mortality, n(%) 102(25.3) N.A

N.A: not applicable; APACHE II: Acute Physiology and Chronic Health Evaluation II; Continuous data are expressed as the mean ± SD

https://doi.org/10.1371/journal.pone.0176781.t001
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overrepresented in the sepsis patients compared with the controls (P = 0.0004 for rs1024611

and P = 0.0007 for rs2857656). A haplotype block was established to determine the extent of

linkage disequilibrium between polymorphisms using the Haploview software program

(rs1024611-rs2857656, D’ value = 0.995, r2 = 0.988, Fig 1). The data indicated there is a nearly

complete linkage disequilibrium (LD) between the rs1024611 and rs2857656 polymorphisms.

Distributions of MCP-1 allele and genotype frequencies in the sepsis

subgroups

We further divided the 403 cases into three subgroups based on the severity of sepsis to evalu-

ate potential associations between MCP-1 genetic variations and sepsis progression. As pre-

sented in Table 3, the genotype distributions of the two polymorphisms in the subgroup of

mild sepsis were significantly different from those in the severe sepsis (P = 0.0005 for

rs1024611 and rs2857656) and septic shock (P = 0.010 for rs1024611, and P = 0.015 for

rs2857656) subgroups. The frequencies of both the rs1024611 G and rs2857656 C alleles were

observed to be overrepresented in the severe sepsis/septic shock subgroups compared with the

mild sepsis subgroup, suggesting a role for rs1024611 A>G and rs2857656 G>C in the pro-

gression of mild sepsis to severe sepsis/septic shock.

Effects of MCP-1 gene polymorphisms on the expression of MCP-1

In total, 80 sepsis cases and 80 healthy subjects were randomly selected to investigate MCP-1

mRNA expression in peripheral blood mononuclear cells. Consistent with several previous

studies [16, 17], expression levels of the MCP-1 mRNA in the sepsis group were significantly

higher than in the control group (P = 0.002, Fig 2A). Among the three sepsis subgroups, MCP-

1 mRNA expression levels in the severe sepsis/septic shock subgroups were statistically higher

compared with the mild sepsis subgroup (P<0.05, Fig 2B). We further assessed the influence

of MCP-1 genetic variations on MCP-1 mRNA expression in the sepsis and control groups.

Table 2. Frequencies of the MCP-1 genotypes and alleles in the sepsis patients and controls.

MCP-1 Sepsis n = 403 Control n = 400 P P* OR (95% CI)

rs1024611

AA 78(19.4) 126(31.5) 0.0004 0.0005 -

AG 214(53.1) 186(46.5) - - -

GG 111(27.5) 88(22.0) - - -

AA/AG 292(72.5) 312(78.0) 0.069 0.069 0.742(0.538, 1.024)

AG/GG 325(80.6) 274(68.5) 0.0001 0.0004 1.916(1.384, 2.652)

A 370(45.9) 438(54.8) - - 1.000 (reference)

G 436(54.1) 362(45.2) 0.0004 0.0005 1.426(1.171, 1.735)

rs2857656

GG 79(19.6) 125(31.3) 0.0007 0.0009 -

GC 213(52.9) 186(46.5) - - -

CC 111(27.5) 89(22.2) - - -

GG/GC 292(72.5) 311(77.8) 0.083 0.083 0.753(0.546, 1.038)

GC/CC 324(80.4) 275(68.8) 0.0002 0.0008 1.864(1.348, 2.579)

G 371(46.0) 436(54.5) - - 1.000 (reference)

C 435(54.0) 364(45.5) 0.0007 0.0009 1.404(1.154, 1.709)

OR: odds ratio; 95% CI: 95% confidence interval

* False discovery rate-adjusted P-value for multiple hypotheses testing using the Benjamin-Hochberg method.

https://doi.org/10.1371/journal.pone.0176781.t002
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Significantly higher expression levels of the MCP-1 mRNA were found in sepsis patients and

healthy controls carrying the rs1024611 AG/GG genotypes or rs2857656 GC/CC genotypes

(Fig 2C and 2D). In addition, we determined the plasma concentrations of the MCP-1 protein

in sepsis and control groups, and our results were consistent with the MCP-1 mRNA expres-

sion levels, whereas MCP-1 plasma concentrations were normal in healthy controls with these

genotypes (Fig 3).

Effects of MCP-1 gene polymorphisms on the plasma concentrations of

related pro-inflammatory cytokines

We determined the plasma concentrations of TNF-α, IL-6 and IL-1β to determine whether

MCP-1 gene polymorphisms had any effect on the production of these related cytokines in the

sepsis and control groups. The sepsis patients exhibited significantly higher plasma concentra-

tions of TNF-α, IL-6 and IL-1β compared with the healthy controls (Fig 4A, 4B and 4C).

Among the three sepsis subgroups, the plasma concentrations of TNF-α, IL-6 and IL-1β in the

Fig 1. The linkage disequilibrium (LD) block (rs1024611 and rs2857565) and their locations in the promoter

region of the MCP-1 gene. According to the GRCh38.p7 primary assembly, the human MCP-1 gene is located in Homo

sapiens chromosome 17 (34,255,277–34,257,203). The blue bar represents the 5’-flanking region of the MCP-1 gene,

and the three dark green bars individually represent its exon1, exon2 and exon3, respectively. In the visual, rs1024611

and rs2857656 are located in the upstream of the transcriptional start site (-2508 bp and -289 bp), respectively. The

haplotype block (rs1024611-rs2857656, D’ value = 0.995, r2 = 0.988) is generated using Haploview 4.2.

https://doi.org/10.1371/journal.pone.0176781.g001
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severe sepsis/septic shock subgroups were significantly higher compared with the mild sepsis

subgroup (Fig 4D, 4E and 4F). Furthermore, the MCP-1 rs1024611 AG/GG and rs2857656

GC/CC genotype carriers exhibited significantly higher concentrations of TNF-α and IL-6

compared with the rs1024611 AA and rs2857656 GG genotype carriers among the sepsis

patients (Fig 4G, 4H, 4J and 4K). However, no significant differences in the IL-1β concentra-

tions were observed among the different genotypes in sepsis cases or healthy controls (Fig 4I

and 4L).

Discussion

To our knowledge, this study was the first to explore the clinical relevance of two specific

MCP-1 gene promoter polymorphisms, rs1024611 (-2518 A>G) and rs2857656 (-362 G>C),

for sepsis susceptibility in the Chinese population. Our results showed that the AG/GG geno-

types at rs1024611 and GC/CC genotypes at rs2857656 were associated with susceptibility to

sepsis. Furthermore, we identified additional stratifications indicating that the rs1024611 G

allele and rs2857656 C allele were both overrepresented among the severe sepsis/septic shock

subgroups compared with the mild sepsis subgroup, suggesting a possible role for rs1024611

A>G and rs2857656 G>C in promoting sepsis progression.

Accumulating evidence indicates that MCP-1 plays an important role in the pathogenic

mechanisms leading to sepsis [14–17]. MCP-1 is a member of the CC chemokine family, and

Table 3. Genotype and allele frequencies distribution in the different sepsis status.

MCP-1 Mild sepsis n = 74 (%) Severe sepsis n = 191 (%) Septic shock n = 138 (%) P1 P2 P1* P2*

rs1024611

AA 25(33.8) 28(14.7) 25(18.1) 0.0005 0.010 0.001 0.020

AG/GG 49(66.2) 163(85.3) 113(81.9)

A 83(56.1) 163(42.7) 124(44.9) 0.0055 0.029 0.0055 0.029

G 65(43.9) 219(57.3) 152(55.1)

rs2857656

GG 25(33.8) 28(14.7) 26(18.8) 0.0005 0.015 0.001 0.030

GC/CC 49(66.2) 163(85.3) 112(81.2)

G 83(56.1) 163(42.7) 125(45.3) 0.0055 0.034 0.0055 0.034

C 65(43.9) 219(57.3) 151(54.7)

P1: mild sepsis group versus severe sepsis; P2: mild sepsis group versus septic shock.

*False discovery rate-adjusted P-value for multiple hypotheses testing using the Benjamin-Hochberg method.

https://doi.org/10.1371/journal.pone.0176781.t003

Fig 2. Real-time PCR analysis of the monocyte chemo-attractant protein 1 (MCP-1) mRNA expression

levels in sepsis cases (n = 80) and healthy controls (n = 80). Expression levels of MCP-1 in sepsis

patients and healthy controls (A). Expression levels of MCP-1 in mild sepsis, severe sepsis and septic shock

subgroups (B). The distribution of MCP-1 mRNA expression levels in groups of sepsis patients with different

rs1024611 genotypes (C) and different rs2857656 genotypes (D). The horizontal line stands for the median

expression level with each group. * P <0.05; ** P <0.01; *** P <0.001.

https://doi.org/10.1371/journal.pone.0176781.g002
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Fig 3. The plasma concentration of MCP-1 in sepsis patients (n = 80) and healthy controls (n = 80). The plasma concentration of MCP-1 in sepsis

patients and healthy controls (A), and the plasma concentration of MCP-1 in mild sepsis, severe sepsis and septic shock subgroups (B). The distribution of

the plasma concentration of MCP-1 in groups of sepsis patients with different rs1024611 genotypes (C) and different rs2857656 genotypes (D). The

horizontal line stands for the median concentration with each group. * P <0.05; ** P <0.01; *** P <0.001.

https://doi.org/10.1371/journal.pone.0176781.g003

Fig 4. The plasma concentrations of pro-inflammatory cytokines polymorphisms in sepsis patients (n = 80) and healthy controls (n = 80). The

plasma concentration of TNF-α (A), IL-6 (B) and IL-1β (C) in sepsis cases (n = 80) and controls (n = 80), and the plasma concentration of TNF-α (D), IL-6 (E)

and IL-1β (F) in mild sepsis, severe sepsis and septic shock subgroups. The distribution of the plasma concentration of TNF-α (G), IL-6 (H) and IL-1β (I) in

groups of sepsis patients with different rs1024611 genotypes. The distribution of the plasma concentration of TNF-α (J), IL-6 (K) and IL-1β (L) in groups

of sepsis patients with different rs2857656 genotypes. The horizontal line stands for the median concentration with each group. * P <0.05; ** P <0.01;

*** P <0.001.

https://doi.org/10.1371/journal.pone.0176781.g004
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it is an important molecule for monocytes recruitment under acute inflammatory conditions

and endothelial activation by regulating inflammation progression through the production of

pro-inflammatory cytokines [36, 37]. Several studies have shown that the expression levels of

MCP-1 are markedly increased in various murine models of sepsis, which reflect the organ

dysfunction and mortality seen in sepsis patients [15, 38]. Consistent with previous studies

[16, 17], our results showed that MCP-1 expression levels in the sepsis group were significantly

higher than in the control group, and expression levels also increased with severity of sepsis.

These results confirm an important role for MCP-1 in the pathomechanisms and progression

of sepsis as a pro-inflammatory mediator, and they also suggest that MCP-1 could be used as

an indicator of sepsis severity.

Recently, several studies indicated that MCP-1 genetic variations within the regulatory

regions of the gene could predispose patients to certain inflammation-related diseases by alter-

ing MCP-1 expression levels or certain linkage correlations under conditions of infection or

systemic inflammatory response [25–27]. MCP-1 transcription is under the control of two dis-

tinct regions in the 5’-flanking region of the MCP-1 gene [39]. The -2518 A/G (rs1024611)

promoter polymorphism influences the distal regulatory region, which is located upstream of

the transcription start site (1.9–2.7 kb) [40], and is considered a good candidate for genetic

predisposition to various inflammatory diseases, such as Crohn’s disease [41], spontaneous

bacterial peritonitis [24] and systemic lupus erythematosus [28]. Another proximal regulatory

region located upstream of the transcriptional start site (>150 bases) appears to contain poten-

tial transcription factor binding sites [42]. The MCP-1 rs2857656 polymorphism located in

this proximal promoter region was reported to increase the risk of carotid atherosclerosis by

enhancing transcriptional activity of the MCP-1 gene [43]. Consequently, we conducted this

study to assess the roles of these two MCP-1 promoter polymorphisms in the susceptibility to

and development of sepsis. Our data show that the sepsis patients carrying the rs1024611 AG/

GG or rs2857656 GC/CC genotypes presented with higher MCP-1 expression levels compared

with the carriers of the rs1024611 AA or rs2857656 GG genotypes. These results suggest that

these two SNPs are functional polymorphisms that upregulate the expression levels of MCP-1

through enhanced transcription, ultimately promoting MCP-1-mediated inflammatory pro-

gression and resulting in a predisposition towards sepsis. In addition, the frequencies of the

rs1024611 G allele and rs2857656 C allele were both overrepresented among the severe sepsis/

septic shock subgroups compared with the mild sepsis subgroup, further supporting the idea

that rs12692386 (-2518 A>G) and rs2857656 (-362 G>C) are statistically significant prognos-

tic factors that acts as genetic indicators of the sepsis risk and development. It is worth nothing

that, as well as the closely inflammation-related disease, the recent GWAS study related the

inflammatory bowel disease (IBD) identified rs3091315 and rs3091316 in the region as the sus-

ceptibility SNPs [44, 45], which there is strong linkage disequilibrium among rs1024611 and

rs2857656, rs3091315 and rs3091316 (r2>0.9) in each continental population, supporting our

report on the association between these two SNPs and sepsis risk. Future studies will investi-

gate the molecular mechanisms affected by these two functional polymorphisms using pro-

moter prediction techniques and a cellular sepsis model for experimental verification of these

findings.

MCP-1 plays pivotal roles in modulating monocyte chemotaxis and endothelial activation

as well as regulation of inflammatory progression and the production of pro-inflammatory

cytokines [17, 46, 47]. Accumulating evidence demonstrates that the inhibition or specific

antagonism of MCP-1 results in decreased release of TNF-α, IL-1β and IL-6 by macrophages

and confers survival benefits on mice following sepsis [20, 21, 48, 49]. Moreover, a recent

study suggested that the modulation of monocyte recruitment and endothelial activation dur-

ing LPS-induced endotoxemia are mediated by MCP-1 [50], and another study by Katherine
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et al. showed that antibody neutralization of MCP-1 in a mouse model of sepsis leads to greatly

decreased transcription of IL-1α, IL-1β, and IL-6 in the diaphragm [51]. We found that plasma

concentrations of TNF-α, IL-1β and IL-6 in the sepsis group were significantly higher than in

the healthy control group, and the levels of these cytokines also increased with sepsis severity.

Importantly, the plasma concentrations of TNF-α and IL-6 were significantly increased in sep-

sis patients with rs1024611 AG/GG or rs2857656 GC/CC genotypes, accompanied by an upre-

gulation of MCP-1. These results are consistent with previous studies involving models of

sepsis where the blockage of MCP-1 inhibited the expression of pro-inflammatory cytokines

and conferred a survival benefit to mice following sepsis [20–22]. We inferred that rs1024611

A>G and rs2857656 G>C upregulate MCP-1 expression levels by enhancing transcriptional

activity of the MCP-1 gene, thereby causing excessive macrophage activation, increased pro-

duction of pro-inflammatory cytokines and ultimately a predisposition to and development of

sepsis.

Several important limitations should be acknowledged in this study. First, the limited num-

ber of patients in the study could have affected estimations of our preliminary conclusions.

Second, only a few MCP-1 genetic variations implicated in the susceptibility and progression

of sepsis were studied, and it is possible that other MCP-1 polymorphisms associated with sep-

sis remain to be identified. Third, the subjects enrolled in this study were only from the Han

Chinese ethnic group. Thus, further biological studies with a larger sample size of sepsis

patients from different ethnicities will be necessary to verify the association of MCP-1 poly-

morphisms with sepsis. Moreover, not only MCP-1 (CCL2) but also other chemokine genes,

such as CCL7 and CCL11, are located near to the positions of the rs1024611 and rs2857656

polymorphisms, so it is also possible that these polymorphisms may affects the other activity of

neighboring genes.

In conclusion, this study was the first to demonstrate an association between two MCP-1

genetic variations (rs1024611 G and rs2857656 C allele/the AG haplotype) that are associated

with predisposition to and protection against sepsis, respectively. Moreover, the high-risk

rs1024611 AG/GG and rs2857656 GC/CC genotypes affected the transcriptional activity and

expression of MCP-1, accompanied by the upregulation of pro-inflammation cytokines. These

findings suggest that these two MCP-1 promoter polymorphisms are clinically significant and

further validate the importance of MCP-1 as a therapeutic target in the pathogenesis and pro-

gression of sepsis.
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