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Abstract
Background: Single Nucleotide Polymorphisms (SNPs) in 
genes influencing hypercytokinemia have been implicated 
in the clinical manifestations of severe influenza infection. 
Genotype-phenotype studies in healthy subjects may help 
to identify biomarkers of early prediction for severe disease 
outcome.

Objective: The aim of this study was to determine the as-
sociation between genetic risk factors of severe influenza 
infection related to SNPs in hypercytokinemia genes and 
the plasma proteome markers in Canadian healthy young 
adults. 

Methods: Subjects were from the Toronto Nutrigenomics 
and Health Study and included Caucasian men and wom-
en (n = 433) who completed a general health and lifestyle 
questionnaire and provided a fasting blood sample. Poly-
morphisms in the TNF (rs1800629), CCL1 (rs2282691), IL8 
(rs4073) and LTα (rs909253) genes were extracted from an 
Affymetrix 6.0 chip and 54 plasma proteins were assayed 
by a mass spectrometry-based multiple reaction monitoring 
method.

Results: The frequency of risk genotypes of rs2282691 
(AA), rs4073 (TA), rs909253 (AG) and rs1800629 (GA) 
were, 42%, 44%, 40% and 24%, respectively. Participants 
were separated into four risk subgroups (zero-, one-, two- 
and ≥ three-risk genotypes) based on the number of risk 
genotypes of the four examined SNPs. Eighteen proteomic 
markers were significantly correlated with the number of risk 
genotypes. Several of these proteins were involved in the 
innate immune pathway such as haptoglobin-β chain (r = 
0.34, p = 0.039), complement factor B (r = 0.32, p = 0.05), 
complement C9 (r = 0.31, p = 0.049) and downstream acute 
phase reactants such as CRP (r = 0.33, p = 0.043) and he-
mopexin (r = 0.34, p = 0.039).

Conclusion: Polymorphisms in genes related to hypercyto-
kinemia and risk of severe influenza infection are associated 
with a proteomics profile linked to biomarkers involved in the 
innate immune system. This outcome may permit identifying 
public health measures for early risk prediction and preven-
tion of severe outcome upon infection with influenza virus.

Keywords
Hypercytokinemia, Influenza, Genotype, Proteomics, Nutri-
tional intervention

Introduction

Influenza type A Virus (IAV) is one the most patho-
genically communicable viruses affecting humans in 
which genetic reassortment of viral proteins allows for 
antigenic shifts that can cause serious pandemics when 
human to human transmission occurs [1]. Upper respi-
ratory tract infections can be mild and often self-limiting 
but can spread aggressively with the ability to induce se-
vere complications, morbidity and mortality in a vulner-
able or "at-risk" subset of the population [2,3]. Yearly 
seasonal influenza outbreaks cause more than 200,000 
hospitalizations and 41,000 deaths in the United States 
where it is the seventh leading cause of death [4]. In 
Canada, influenza accounts for the highest incidence 
of infection in children under 2-years of age and is the 
eighth leading cause of death [5]. Serious complications 
of IAV infections can impact the pulmonary, cardiac and 
neurological systems, which can have detrimental out-
comes specifically in genetically predisposed subjects 
[1,3].

RESEARch ARticlE

Check for
updates

https://doi.org/10.23937/2474-3658/1510044
https://doi.org/10.23937/2474-3658/1510044
http://crossmark.crossref.org/dialog/?doi=10.23937/2474-3658/1510044&domain=pdf


ISSN: 2474-3658DOI: 10.23937/2474-3658/1510044

Dhir et al. J Infect Dis Epidemiol 2017, 3:044 • Page 2 of 9 •

Recent studies have demonstrated that hypercytoki-
nemia is the principal immunopathological mechanism 
that contributes to severe clinical presentation in pa-
tients with influenza infections. The genes that code for 
pro-inflammatory cytokines and chemokines responsi-
ble for hypercytokinemia include TNFα, IFNγ, IL-1, IL-
6, IL-8, IL-9, IL-12, IL-15, and IL-17 [6]. These genes are 
polymorphic and certain alleles have been associated 
with susceptibility to a wide range of infectious diseases 
as well as their severe outcome [7-9]. Although these 
mediators are principally associated with immune reac-
tions, they also influence functions in epithelial and en-
dothelial cells, smooth muscle, and adipose tissue [10] 
and play a role in sepsis, shock, acute respiratory dis-
tress, and responses to toxic medication [10,11]. Clinical 
signs and symptoms associated with hypercytokinemia 
include headaches, muscle pain, nausea, diarrhea, vaso-
dilatation, and hypotension [10] and can be responsible 
for the symptoms caused by IAV [12].

Several variants in the genes encoding these cyto-
kines, e.g., TNF (rs1800750 G/A), IL1B (rs16944 G/A), CCL 
(rs2282691 A/T) and IFITM3 (rs12252 T/C) have been asso-
ciated with risk of severe clinical manifestations in IAV [13]. 
Furthermore, elevated levels of the resultant pro-inflam-
matory cytokines and chemokines were found in the plas-
ma of patients with acute respiratory distress syndrome 
caused by IAV [14,15]. Previous studies examining the re-
lationship between infectious diseases and cytokine mark-
ers suggest that host genetic factors may indeed influence 
these biomarkers and the subsequent disease severity [16], 
as was also noted in severe IAV infection [14,15,17,18]. Ad-
vances in proteomics enable the simultaneous detection 
of multiple proteins in plasma that assist in understanding 
the interactions within and between pathways. Analysis 
of the genetic variants in cytokine genes related to severe 
IAV, when examined in association with the profile of the 
affected proteins, may identify novel proteins related to 
risk of disease severity. The aim of this study is to deter-
mine the association between variants in genes coding for 
cytokine synthesis and the downstream proteomic bio-
markers in a young Canadian population to identify novel 
proteins related to genetic risk of severe influenza upon 
infection.

Materials and Methods

Study population

The Toronto Nutrigenomics and Health Study is an 
ethnoculturally diverse population of men (n = 520) and 
women (n = 1,117) at 20-29 years of age, recruited from 
the University of Toronto campus. All subjects complet-
ed a general health and lifestyle questionnaire, which 
collected information on subject characteristics including 
age, sex, medical history, smoking status and ethnocultur-
al group. Information on habitual dietary intake over the 
past month was collected using a semi-quantitative food 
frequency questionnaire, modified from the Willett ques-
tionnaire and included questions on supplement use, as 

previously described [19]. Fasting venous blood samples 
for biomarker assessment and DNA isolation were drawn 
from participants following a 12-hour fast. Average blood 
pressure measurements were taken at rest, twice at one 
minute intervals, using the OMRON IntelliSense Blood 
Pressure Monitor (Model HEM-907XL; OMRON Health-
care, Vernon Hills, Illinois) [20]. The study was approved 
by the Research Ethics Board at the University of Toronto 
and was in compliance with the Declaration of Helsinki. All 
subjects provided written, informed consent.

Biochemical measurements and genotyping

Subjects provided a blood sample after an overnight 
fast. Blood samples were collected and analyzed for bio-
markers of cardiometabolic disease at LifeLabs Labora-
tories (Toronto, ON, Canada). Serum ascorbic acid was 
measured using High Performance Liquid Chromatogra-
phy (HPLC) as described elsewhere [19]. The Homeostasis 
Model of Insulin Resistance (HOMA-IR) and beta-cell func-
tion (HOMA-β) were calculated from measures of insulin 
(μU/mL) and glucose (mmol/L). HOMA-IR was calculated 
using the formula insulin × glucose/22.5 and HOMA-β was 
calculated using the formula 20 × insulin/(glucose-3.5). Al-
iquots of plasma from sodium heparin- and EDTA-treated 
blood samples were shipped from LifeLabs to the Universi-
ty of Toronto (Toronto, ON, Canada) and stored at -80 °C. 
Proteomic analysis was conducted at the Genome British 
Columbia Proteomics Centre at the University of Victoria 
(Victoria, BC, Canada) as previously described [19].

Genotype analysis

Genotyping from the Caucasian subset of the study 
population (n = 433; 120 males and 313 females) was 
performed through Genome-Wide Association Geno-
typing (GWAS) using the Affymetrix 6.0 Human SNP Ar-
ray. SNPs in hypercytokinemia-associated genes were 
extracted from the GWAS chip and consisted of tumor 
necrosis Factor (TNF, rs1800629), chemokine ligand-1 
(CCL1, rs2282691), interleukin-8 (IL8, rs4073) and lym-
photoxin-alpha (LTα, rs909253). After excluding sub-
jects with missing or incomplete proteomics data from 
blood samples, analyses were performed on a total of 
399 Caucasian subjects (105 males, 294 females).

Statistical analysis

Statistical analyses were carried out using Statistical 
Analysis Software (version 9.4, SAS Institute Inc., Cary, 
North Carolina). The distributions of continuous vari-
ables were examined prior to analysis and loge- or square 
root- transformed to improve normality where neces-
sary. Means and measures of spread are reported in un-
transformed states. For all analyses, the α-error was set 
at 0.05 and reported p values are two sided. Differences 
in subject characteristics between males and females 
were assessed using t-test for continuous variables and 
χ2 tests for categorical variables. Analysis of Covariance 
(ANCOVA) was used to compare mean biochemical 
characteristics by genotype adjusted for age, sex, BMI 
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of biochemical markers and the number of risk geno-
types for all study subjects was calculated adjusted for 
age, sex and BMI. Similar correlation analysis was con-
ducted between the individual SNPs and the proteomic 
markers. Departure of genotype distributions from Har-
dy-Weinberg equilibrium was assessed using a χ2 test 
with 1 degree of freedom.

Results

The present study determines the association be-
tween variants in genes linked to severe influenza infec-

and Hormonal Contraceptive (HC) use among women. 
The study population was divided into four subgroups 
consisting of subjects with no- (n = 68), one- (n = 141), 
two- (n = 118) and ≥ three- (n = 72) risk genotypes. These 
risk groups were assigned solely based on the number - 
not the specific type - of risk genotypes. Comparison be-
tween group means was carried out by one-way ANOVA 
test. Comparisons between the no-risk and ≥ three-risk 
genotypes groups were conducted by t-test adjusted 
for age, sex, BMI and HC use. Among these risk groups, 
Pearson's correlation coefficient (r) between the levels 

Table 1: Characteristics of study participantsa.

Characteristic
All

(n = 433)

Men

(n = 120)

Women

(n = 313)
Pb

Age 23.1 ± 0.12 23.1 ± 0.22 23.2 ± 0.14
BMI (kg/m2)c 23.2 ± 0.17 23.6 ± 0.31 23.0 ± 0.2
Hormonal contraceptive used

Yes 174 (56)
No 139 (44)
Weight (kg)c 67.1 ± 0.60 76.3 ± 1.12 63.51 ± 0.6 < 0.0001
Height (cm) 170 ± 0.42 180 ± 0.57 166 ± 0.35 < 0.0001
Systolic Blood Pressure (mmHg)c 115 ± 0.54 125 ± 0.9 112 ± 0.52 < 0.0001
Diastolic Blood Pressure (mmHg)c 69.4 ± 0.38 71.1 ± 0.69 68.7 ± 0.45 0.009
Heart Rate (bpm)c 69.6 ± 0.52 68.6 ± 1.01 70.0 ± 0.61
Waist circumference (cm) 74.5 ± 1.23 80.1 ± 1.85 72.1 ± 1.32 < 0.0001
HOMA-IR 1.3 ± 0.04 1.2 ± 0.06 1.4 ± 0.05 0.008
HOMA-Beta 105 ± 4 82 ± 4 114 ± 5 < 0.0001
Glucose (mmol/L)c 4.7 ± 0.02 4.9 ± 0.03 4.7 ± 0.02 < 0.0001
Insulin (pmol/L)e 44.0 ± 1.3 38.5 ± 1.88 46.1 ± 1.6 0.001
CRP (mg/L)e 1.5 ± 0.14 0.7 ± 0.11 1.82 ± 0.18 < 0.0001
Total Cholesterol (mmol/L)e 4.2 ± 0.04 3.89 ± 0.07 4.33 ± 0.04 < 0.0001
LDL-C (mmol/L)c,e 2.2 ± 0.03 2.11 ± 0.06 2.22 ± 0.04 0.049
HDL-C (mmol/L)e 1.6 ± 0.02 1.37 ± 0.03 1.69 ± 0.02 < 0.0001
Total:HDL-Cc,e 2.7 ± 0.03 2.95 ± 0.07 2.65 ± 0.03 0.0002
Triglycerides (mmol/L)e 0.90 ± 0.02 0.91 ± 0.04 0.95 ± 0.02
Free Fatty Acid (µmol/L) 481 ± 12 483 ± 25 480 ± 14
Ascorbic acid (µmol/L)c,e 31.9 ± 0.8 28.5 ± 1.4 33.2 ± 1.0 0.014
Lutein, (µmol/L)f 0.42 ± 0.01 0.33 ± 0.01 0.45 ± 0.02 0.0001
β-cryptoxanthin (µmol/L)f 0.29 ± 0.01 0.24 ± 0.02 0.31 ± 0.01 0.005
Trans-lycopen (µmol/L)f 0.88 ± 0.03 0.94 ± 0.07 0.86 ± 0.03
Cis-lycopene (µmol/L)f 0.44 ± 0.04 0.53 ± 0.08 0.40 ± 0.04
α-carotene (µmol/L) 0.24 ± 0.01 0.17 ± 0.01 0.26 ± 0.01 < 0.0001
β-carotene (µmol/L) 0.72 ± 0.03 0.52 ± 0.04 0.79 ± 0.04 < 0.0001
Retinol (µmol/L)c,f 2.13 ± 0.03 2.11 ± 0.04 2.14 ± 0.04
δ-tocopherol (µmol/L)f 0.28 ± 0.01 0.31 ± 0.02 0.27 ± 0.01
γ-tocopherol (µmol/L)f 3.40 ± 0.10 3.79 ± 0.21 3.26 ± 0.11 0.0353
α-tocopherol (µmol/L)f 30.7 ± 0.60 28.7 ± 0.98 31.4 ± 0.74
Canxanthin (µmol/L)f 0.02 ± 0.01 0.03 ± 0.02 0.02 ± 0.01
Cis-5-lycopene (µmol/L)f 0.43 ± 0.01 0.44 ± 0.03 0.43 ± 0.01
Cis-lycopene (µmol/L)f,g 0.26 ± 0.01 0.26 ± 0.02 0.26 ± 0.01
25(OH)D (nmol/L)e 68 ± 1.4 62 ± 2.3 70 ± 1.7 0.0114

Abbreviations: BMI: Body Mass Index; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; HOMA-IR: Homeostatic 
Model Assessment of Insulin Resistance; HOMA-Beta: Homeostasis Model of Beta-Cell Function; HDL-C: High-Density Lipoprotein 
Cholesterol; LDL-C: Low-Density Lipoprotein Cholesterol; CRP: C-Reactive Protein; aValues expressed as mean ± S.E. unless 
otherwise indicated;  bP values are for differences between males and female using t tests. Only significant values are shown; 
cUntransformed variables were used for analysis. Where necessary, all other characteristics were natural log-transformed for 
analysis; dHormonal contraceptive drug use as self-reported by women (percent); eSerum levels; fPlasma levels; gCis-other-lycopene.
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δ-tocopherol and 25(OH)D, in inflammatory markers in-
cluding CRP, ILK-1 receptor antagonist and PDGF-BB, the 
innate immunity complement pathway (complement 
C4 γ chain) and in protein markers such as afamin, apo-
lipoproteins A-II precursor and B-100 and beta-2-glyco-
protein (Table 3). We examined the difference between 
the no- and ≥ three-risk genotypes groups and the 
correlation between the protein markers and the risk 
subgroup (Table 3). There was no association between 
the individual SNPs and the various proteome markers 
(data not shown). However, the correlation between 
biochemical, nutritional and proteomics markers and 
risk subgroup indicated a significant association with 
18 proteins, several of which are involved in the innate 
immune pathway. These included the cascade activator 
haptoglobin-β chain (r = 0.34, p = 0.039), members of 
the complement pathway such as complement factor 
B (r = 0.32, p = 0.05) and complement C9 (r = 0.31, p 
= 0.049), and downstream acute phase reactants such 
as CRP (r = 0.33, p = 0.043) and hemopexin (r = 0.34, p 
= 0.039) in addition to L-selectin (r = 0.39, p = 0.021), 
a mediator for leukocyte function. Significantly higher 
levels of δ-tocopherol were found in the ≥ 3 risk geno-
types group compared to the no-risk group (p < 0.01). 
This difference was coupled by a significant correlation 
between the number of risk genotypes and levels of af-
amin (r = 0.36, p = 0.046) that plays a role in vitamin E 
transport [21].

Discussion

Previous studies have examined the proteomic pro-
file associated with the response to IAV infection and 
the heritability of risk of severe disease in Mexican, Chi-
nese, African and American Indigenous populations [13, 
22-25]. However, studies comparing the association 
between variants in cytokine-coding genes and various 
proteome biomarkers of risk for severe infection are 
lacking in the general healthy population and in Cana-

tion and code for cytokine synthesis and proteomic bio-
markers in a population of young Canadian adults. The 
objective is to identify novel proteins related to genetic 
risk of severe influenza infection. Subject characteristics 
are shown in Table 1. Serum levels of the biochemical 
markers were all within the normal clinical ranges. LDL, 
HDL, total cholesterol, triglycerides, insulin and C-Re-
active Protein (CRP) were significantly (p < 0.05) higher 
in females than males. In general, females had higher 
levels of vitamins such as ascorbic acid,  α- and  β-caro-
tene, α-tocopherol, and vitamin D compared to males, 
but slightly lower levels of δ- and γ-tocopherol.

Genotype frequency for CCL1 (rs2282691), IL8 (rs4073), 
LTA (rs909253) and TNF (rs1800629) are shown in Figure 1. 
The frequency of risk genotypes of rs2282691 (AA), rs4073 
(TA), rs909253 (AG) and rs1800629 (GA) were 42%, 44%, 
40% and 24%, respectively. All SNPs were in Hardy-Wein-
berg equilibrium (p = 0.686, 0.992, 0.481, and 0.919 for 
rs2282691, rs4073, rs90925, and rs1800629, respectively). 
Analysis of the relationship between genotypes of the ex-
amined SNP and the biochemical measures in the studied 
population (Table 2) adjusted for age, sex, BMI and HC use 
among women-revealed several significant associations. 
For example, CCL1 rs2282691 genotypes were significantly 
associated with total cholesterol, lutein, β-carotene, α-to-
copherol and cis-5-lycopene. IL8 (rs4073) genotypes were 
associated with HOMA-IR and insulin as well as trans- and 
cis-lycopenes. Only lutein was significantly associated with 
the different genotypes of LTA (rs909253) whereas TNF 
(rs1800629) genotypes were associated with HOMA-Beta 
and δ-tocopherol.

Based on the number - not the specific type - of risk 
genotypes, the study subjects were stratified into four 
risk subgroups (no-, one- two- and ≥ three-risk geno-
types). One-way analysis of variance test showed a sig-
nificant difference between these risk genotypes groups 
in the average levels of some nutritional factors such as 
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Figure 1: Genotype frequency for CCL1 (rs2282691), IL8 (rs4073), LTA (rs909253) and TNF (rs1800629) in the study population. 
Risk genotypes are shown in parentheses for each SNP [13].
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Table 3: Levels of proteomic and inflammatory markers in relation to risk genotypes of hypercytokinemia genesa

Biomarker

(pmol/µL)

Number of risk genotypes
rdNone 

(n = 68)

1

(n = 141)

2

(n = 118)

≥ 3

(n = 72)
pb pc

Vitamins

Ascorbic acid 27.9 ± 1.9 33.5 ± 1.4 32.6 ± 1.5 29.7 ± 2.1 -0.25

α-tocopherol 29.7 ± 1.3 30.4 ± 1.0 31.0 ± 1.2 31.7 ± 1.6 0.07

δ-tocopherole 0.25 ± 0.02 0.26 ± 0.01 0.30 ± 0.02 0.33 ± 0.03 0.026 0.01 -0.26

γ-tocopherole 3.01 ± 0.21 3.37 ± 0.16 3.43 ± 0.19 3.61  ±  0.28 -0.06

25(OH)De 71 ± 3 64 ± 2 64 ± 2 65 ± 3 0.049 -0.25

Inflammatory Markers 

C-reactive proteine 0.98 ± 0.16 1.71 ± 0.28 1.56 ± 0.28 1.72 ± 0.37 0.048 0.04 0.33

ILK 1 receptor antagoniste 295 ± 19 341 ± 19 317 ±  17 308 ± 19 0.050 -0.19

IFN γe 170 ± 13 203 ± 13 191 ±  14 199 ± 15 -0.23

IFN-inducible protein-10e 668 ±  71 597 ± 29 624 ± 53 587 ± 46 0.14

PDGF BBe 1359 ± 224 1513 ± 239 1083 ± 98 1031 ± 99 0.037 -0.22

RANTESe 2743 ± 164 2764 ± 170 2580 ± 98 2476 ± 148 0.22

Fibrinogen α chaine 12.0 ± 0.93 11.6 ± 0.31 12.0 ± 0.73 11.6 ± 0.53 0.21

Fibrinogen β chaine 9.58 ± 0.64 9.24 ± 0.24 9.50 ± 0.46 9.38 ± 0.41 0.25

Fibrinogen γ chaine 9.46 ± 0.57 9.30 ± 0.28 9.50 ± 0.52 9.18 ± 0.43 0.24

Proteins
Adiponectin 0.07 ± 0.004 0.07 ± 0.003 0.07 ± 0.003 0.07 ± 0.004 0.33

Afaminf 0.256 ± 0.01 0.250 ± 0.01 0.256 ±  0.01 0.255 ± 0.01 0.019 0.36

Albumin, serum 961 ± 21.7 935 ± 12.9 947 ± 12.1 941 ± 19.8 0.15

Alpha-1-acid glycoprotein 1e 1.74 ± 0.08 1.80 ±  0.05 1.77 ± 0.06 1.95 ± 0.09 0.27

Alpha-1-antichymotrypsine 3.28 ± 0.10 3.42 ± 0.06 3.33  ±  0.06 3.46  ±  0.12 0.32

Alpha-1-Anti-trypsine 11.7 ± 0.35 11.7 ± 0.29 11.7 ± 0.30 11.6 ± 0.50 0.31

Alpha-1B-glycoprotein 1.70 ± 0.07 1.76 ± 0.04 1.66 ± 0.05 1.74 ± 0.06 0.11

Alpha-2-antiplasminf 1.92 ± 0.06 1.90 ± 0.03 1.90 ± 0.04 1.90 ± 0.05 0.28

Alpha-2-HS-glycoproteinf 9.09 ± 0.25 8.71 ± 0.18 8.89 ± 0.22 8.87 ± 0.32 0.27

Alpha-2-macroglobuline 6.13 ± 0.26 5.80 ± 0.14 5.79 ± 0.16 5.75 ± 0.23 0.25

Angiotensinogene 1.21 ± 0.09 1.17 ± 0.07 1.14 ± 0.08 1.21 ± 0.12 0.33

Antithrombin-IIIf 3.54 ± 0.09 3.51 ± 0.05 3.51 ± 0.05 3.49 ± 0.08 0.09

Apolipoprotein A-If 44.9 ± 1.15 44.2 ± 0.87 45.0 ± 0.86 44.7 ± 1.53 0.27

Apolipoprotein A-II precursor 26.4 ± 0.66 25.6 ± 0.49 26.1 ± 0.56 25.8 ± 0.91 0.050 0.13

Apolipoprotein A-IVe 1.5 ± 0.07 1.5 ± 0.04 1.5 ± 0.04 1.5 ± 0.05 0.02

Apolipoprotein B-100 0.81 ± 0.03 0.79 ± 0.02 0.80 ± 0.02 0.82 ± 0.03 0.044 0.10

Apolipoprotein C-I lipoproteinf 3.49 ± 0.13 3.21 ± 0.07 3.28 ± 0.07 3.30 ± 0.13 0.23

Apolipoprotein C-III 2.60 ± 0.1 2.46 ± 0.07 2.50 ± 0.09 2.53 ± 0.12 0.15

Apolipoprotein D 0.35 ± 0.01 0.35 ± 0.01 0.35 ± 0.01 0.34 ± 0.01 0.11

Apolipoprotein Ef 0.47 ± 0.02 0.46 ± 0.01 0.46 ± 0.01 0.46 ± 0.02 0.33

Apolipoprotein L1e 0.46 ± 0.02 0.42 ± 0.02 0.44 ± 0.02 0.46 ± 0.03 0.26

Beta-2-glycoprotein If 2.84 ± 0.09 2.81 ± 0.05 2.83 ± 0.06 2.80 ± 0.11 0.050 0.33

Ceruloplasmine 2.55 ± 0.12 2.55 ± 0.09 2.52 ± 0.12 2.54 ± 0.17 0.35

Clusterinf 1.53 ± 0.04 1.50 ± 0.02 1.53 ± 0.03 1.52 ± 0.04 0.20

CF XIIa 0.32 ±  0.01 0.33 ± 0.01 0.31 ± 0.01 0.33 ± 0.01 0.23

CF XIII (a chain)e 0.07 ± 0.004 0.07 ± 0.003 0.07 ± 0.00 0.07 ± 0.004 0.04
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licated to have similar effects in another study among a 
Greek population [27]. Such polymorphisms in hypercy-
tokinemia genes are associated with an increased po-
tential to synthesize cytokines and chemokines and in-
fluence the nature and effectivness of the inflammatory 
immune response [13,27]. Overall, risk alleles of IL8 and 
TNF-β were associated with a 1.5 to 3-fold increased risk 
of IAV infection and with a 1.2 to 2.4 increased risk of 
death [16,28]. This observation may facilitate the char-
acterization of genetic factors and downstream protein 
biomarkers that can be employed in identifying individ-
uals at high risk of disease severity upon and during in-
fection. For example, in severe IAV cases, TNF rs361525 
was more common in patients compared with controls 

dians. To our knowledge, this is the first study to exam-
ine the association between SNPs in hypercytokinemia 
genes and plasma proteomics markers in a healthy Ca-
nadian population.

Risk alleles and the specific genotypes identified in 
polymorphic genes of Mexican Mestizos during the 2009 
flu pandemic include the AG genotype at rs1800750 in 
TNF, AG genotype at rs16944 in IL1B and the AA geno-
type at rs2282691 in CCL1 [13]. In addition, the AT geno-
type at rs4073 in IL8 [16] and the AG at rs909253 in LTα, 
also known as TNF-β [16,26], were associated with the 
inflammatory response [13]. In the present study, the 
genotypes identified to play a role in IAV, were also rep-

Biomarker

(pmol/µL)
Number of risk genotypes

rd

None (n = 68) 1 (n = 141) 2 (n = 118) ≥ 3 (n = 72) pb pc

Complement C1 inactivator 4.41 ± 0.19 4.43 ± 0.10 4.36 ± 0.11 4.49 ± 0.15 0.15

Complement C3f 19.5 ± 0.54 19.7 ± 0.35 19.7 ± 0.41 20.1 ± 0.68 0.28

Complement C4 β chaine 1.35 ± 0.06 1.38 ± 0.04 1.33 ± 0.04 1.41 ± 0.07 0.11

Complement C4 γ chaine 1.45 ± 0.07 1.51 ± 0.05 1.46 ± 0.04 1.53 ± 0.08 0.044 0.02

Complement factor Be 1.41 ± 0.05 1.44 ± 0.03 1.40 ± 0.03 1.48 ± 0.06 0.32

Complement factor He 0.61 ± 0.02 0.61 ± 0.01 0.61 ± 0.01 0.62 ± 0.02 0.20

Complement C9e 2.62 ± 0.11 2.71 ± 0.07 2.59 ± 0.07 2.68 ± 0.10 0.31

Fibrinopeptide Ae 7.01 ± 0.4 6.94 ± 0.17 6.99 ± 0.32 6.89 ± 0.28 0.26

Fibronectine 0.70 ± 0.22 0.56 ± 0.05 0.64 ± 0.13 0.54 ± 0.08 0.09

Gelsolin, isoform 1 1.24 ± 0.04 1.16 ± 0.03 1.17 ± 0.02 1.21 ± 0.04 -0.01

Haptoglobin β chain 10.41 ± 0.59 10.64 ± 0.43 10.28 ± 0.43 10.84 ± 0.62 0.35

Hemopexin 10.26 ± 0.29 10.34 ± 0.16 10.29 ± 0.20 10.50 ± 0.29 0.34

Heparin cofactor IIe 0.75 ± 0.03 0.73 ± 0.02 0.71 ± 0.02 0.74 ± 0.03 0.34

Histidine-rich glycoprotein 1.31 ± 0.05 1.21 ± 0.03 1.27 ± 0.04 1.25 ± 0.05 -0.02

Inter-α-trypsin inhibitor HC 0.64 ± 0.02 0.61 ± 0.01 0.61 ± 0.01 0.62 ± 0.02 0.23

Kininogen-1 2.31 ± 0.07 2.28 ± 0.05 2.27 ± 0.05 2.28 ± 0.08 0.22

L-selectine 0.07 ± 0.002 0.07 ± 0.002 0.07 ± 0.002 0.07 ± 0.003 0.39

Plasma retinol-binding protein 0.99 ± 0.04 0.98 ± 0.02 1.01 ± 0.03 0.98 ± 0.04 0.06

Plasminogene 1.29 ± 0.04 1.26 ± 0.02 1.24 ± 0.03 1.22 ± 0.04 0.26

Prothrombin 0.57 ± 0.01 0.58 ± 0.01 0.57 ± 0.01 0.59 ± 0.02 0.17

Serum amyloid P-component 0.43 ± 0.02 0.45 ± 0.01 0.44 ± 0.01 0.44 ± 0.02 0.18

Transferrinf 13.1 ± 0.38 12.5 ±  0.22 12.7 ± 0.30 13.0 ± 0.48 0.33

Transthyretinf 5.83 ± 0.18 5.67 ± 0.10 5.84 ± 0.12 5.67 ± 0.15 -0.01

Vitamin D-binding protein 3.01 ± 0.09 3.01 ± 0.07 2.99 ± 0.07 2.98 ± 0.11 0.26

Vitronectine 3.86 ± 0.11 3.87 ± 0.08 3.79 ± 0.09 3.81 ± 0.15 0.38

von Willebrand Factore 0.01 ± 0.003 0.01 ± 0.002 0.06 ± 0.04 0.04 ± 0.02 0.31

Zinc-α-2-glycoprotein 1.07 ± 0.06 1.06 ± 0.03 1.07 ± 0.04 1.05 ± 0.05 0.11

Abbreviations: RANTES: Regulated upon Activation Normal T-cell Expressed, and Secreted protein (CCL5); PDGFBB: Platelet-
Derived Growth Factor BB; ILK: Interleukin; CF: Coagulation Factor; IFN: Interferon; vWF = von Wildebrand Factor; aValues 
represent mean ± S.E; bP values are for one-way ANOVA test, evaluating the difference between groups means. Mean differences 
in δ-tocopherol and 25(OH)D were shown when the ≥ 3 group was separated into 3- and 4-risk genotypes subgroups; cP values 
are for test for differences between zero- and ≥ 3 risk alleles adjusted for age, sex, BMI and HC, using t-test. Only significant 
values are shown; dr is Pearson's correlation coefficient between biochemical markers and the number of risk alleles in all study 
subjects adjusted for age, sex and BMI. Significant values (p < 0.05) are shown in bold; eVariables were natural log-transformed 
for analysis; fVariables were natural square root transformed for analysis.
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compared to those with "no-risk" genotype. This was 
particularly apparent in subjects with the risk genotype 
of TNF rs1800629 compared to their counterparts with 
other TNF genotypes. There was also a significant dif-
ference between the risk genotypes groups in the av-
erage levels of nutritional factors such as δ-tocopherol 
and 25(OH)D (Table 3). Moreover, γ-tocopherol, which 
is more abundant in the American diet than other forms 
of vitamin E (e.g., α-tocopherol), was non-significantly 
elevated in subjects with ≥ three-risk genotypes, but 
was significantly higher in the AA risk genotype of the 
CCL1 rs2282691. The observation that the number of 
risk genotypes is correlated with the level of afamin, a 
vitamin E-binding glycoprotein that plays a role in vita-
min E transport [21], may shed some light on the poten-
tial relationship between the antioxidant characteristics 
of vitamin E and risk of severe clinical IAV [31,32,37]. 
Furthermore, consideration of vitamin E intake may 
also be beneficial for women who possess the cytokine 
risk genotypes given their overall lower levels of δ-to-
copherol and γ-tocopherol compared with men. As with 
vitamin E, numerous studies have assessed the role of 
ascorbic acid intake during a common cold and have 
reported the reduction of lung inflammation caused 
by IAV when taken synergistically with other nutrients 
[38,39]. Large doses of vitamin C have been shown to 
relieve symptoms [40]. Increased intake of vitamin C 
and other antioxidants by the at-risk group, who also 
have lower ascorbic acid concentrations, may potential-
ly have greater preventive benefits than in those with 
lower number of risk genotypes.

The present study has a number of limitations. Al-
though diet and lifestyle factors affect protein levels 
and function, they were not considered in this study. In-
stead, we assessed the serum levels of various nutrients. 
The study also consisted of only Caucasians because of 
the small sample size of the other ethnic groups. Fu-
ture studies are warranted to evaluate the association 
between the identified genetic risk factors of influenza 
and the associated phenotype in individuals diagnosed 
with severe infections. This will permit a better under-
standing for the utility of the risk profile characterized 
here and linked to an altered innate immune pathway 
in predicting severe disease outcome in asymptomatic 
subjects.

In conclusion, polymorphisms in hypercytokinemia 
genes are associated with an increased potential to syn-
thesize cytokines and chemokines and influence the innate 
immune responses to play a role in severe influenza infec-
tion. This was noted, for example, in the effect on these 
genes on the levels on haptoglobin-β chain, complement 
factor B, complement C9 and the downstream acute phase 
reactants CRP and hemopexin. This observation was sub-
stantiated from the overall association between the risk 
genotypes and the proteomics profile related to the innate 
immune pathway. Identifying genetic and proteomic mark-
ers associated with risk of severe influenza infection may 

[29]. Furthermore, diagnosis of pneumonia was 3-fold 
more common in cases with at least one copy of the mi-
nor allele than in cases with no copies [29]. Risk alleles of 
TNF rs361525 were found to primarily influence disease 
severity following infection rather than susceptibility to 
infection [29]. An ethnic-specific pattern of genetically 
pre-defined disease severity can be triggered by a range 
of environmental and nutritional factors and may result 
in phenotypic profiles related to disease severity [29].

We demonstrated an association between the num-
ber - not the specific type - of risk genotypes and protein 
factors involved in the innate immune pathway. These 
included the cascade activator haptoglobin  β chain, com-
plement factor B and complement C9, the downstream 
acute phase proteins such as CRP and hemopexin and 
L-selectin that mediates leukocyte function. There was 
also a significant difference between the risk genotypes 
groups in the average levels of inflammatory markers 
such as CRP, ILK-1 receptor antagonist and PDGF-BB as 
well as the complement C4 γ chain (Table 3). Attenu-
ation of the innate immune system during infection 
can be genetically- and/or environmentally-mediated 
leading to the overproduction of pro-inflammatory cy-
tokines such as ILs, TNF-α, IFN-γ and TGF-β [17,18]. This 
response is known to occur in a number of infectious 
diseases [30-32] including IAV [14,15,17,18], leading to 
the ensuing delayed clearance of viral load, vasculopa-
thy, hemorrhage and tissue [14,15,17,18,33,34]. The re-
sults of the present study suggest that polymorphisms 
in the hypercytokinemia genes are associated with a 
proteomic profile linked to innate immunity activation 
(e.g., haptoglobin  β chain), the modulation of the com-
plement pathway, increased levels of acute phase re-
actants (e.g., CRP and hemopexin) and altered levels of 
L-selectin influencing the overall function of leukocytes. 
The cytokine overload related to the Th1 to Th2 shift in 
severe viral infection - when accompanied by increased 
cytokine synthesis arising from gene polymorphisms - 
both can be detrimental to the endothelium and lead to 
a range of subsequent complications [35]. The altered 
innate immune pathway and shift in Th1 (microbicidal 
action of IFN-γ) to Th2 (anti-inflammatory IL-4, -5, -10 
and -13) may play a potential role in severe viral pre-
sentation as was noted by the high prevalence of, for 
example, allergy or eosinophilic responses observed in 
fatal viral infections [36]. It may be reasonable, there-
fore, to suggest that in infected patients, variants of the 
hypercytokinemia genes may synergistically attenuate 
the innate and humoral immune systems to further 
impair critical components of these pathways such as 
chemotaxis, phagocytosis, and the bactericidal activity 
of neutrophils and macrophages [30]. These outcomes 
may subsequently downregulate the functions of T cells 
and neutrophils to exacerbate the complications of the 
infectious diseases [30].

Significant increases in the levels of δ-tocopherol 
were found in the subjects with ≥ three-risk genotypes 
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Infect Dis 13: 1512-1518.

10. Cohen J (2002) The immunopathogenesis of sepsis. Na-
ture 420: 885-891.

11. Kellum J, Kong L, Fink M, Weissfield L, Yealy D, et al. 
(2007) Understanding the inflammatory cytokine response 
in pneumonia and sepsis. Arch Intern Med 167: 1655-1663.
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Biol Rev 76: 16-32.
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case-control study. BMC Infect Dis 12: 299.
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Delayed clearance of viral load and marked cytokine acti-
vation in severe cases of pandemic H1N1 2009 influenza 
virus infection. Clin Infect Dis 50: 850-859.

15. Bian J-R, Nie W, Zang Y-S, Fang Z, Xiu Q-Y, et al. (2014) 
Clinical aspects and cytokine response in adults with sea-
sonal influenza infection. Int J Clin Exp Med 7: 5593-5602. 

16. Badawi A (2017) The potential of omics technologies in 
Lyme disease biomarker discovery and early detection. In-
fect Dis Ther 6: 85-102. 

17. Bermejo-Martin JF, de Lejarazu RO, Pumarola T, Rello J, 
Almansa R, et al. (2009) Th1 and Th17 hypercytokinemia 
as early host response signature in severe pandemic influ-
enza. Crit Care 13: 201.

18. Hagau N, Slavcovici A, Gonganau DN, Oltean S, Dirzu DS, 
et al. (2010) Clinical aspects and cytokine response in se-
vere H1N1 influenza A virus infection. Crit Care 14: 203.

19. Da Costa LA, García-Bailo B, Borchers CH, Badawi A, 
El-Sohemy A (2013) Association between the plasma pro-
teome and plasma α-tocopherol concentrations in humans. 
J Nutr Biochem 24: 396-400.

20. Cahill L, Corey PN, El-Sohemy A (2009) Vitamin C deficien-
cy in a population of young Canadian adults. Am J Epide-
miol 170: 464-471.

21. Jerkovic L, Voegele AF, Chwatal S, Kronenberg F, Rad-
cliffe CM, et al. (2005) Afamin is a novel human vitamin 
E-binding glycoprotein characterization and in vitro expres-
sion. J Proteome Res 4: 889-899.

22. Tse H, To KKW, Wen X, Chen H, Chan K-H, et al. (2011) 
Clinical and virological factors associated with viremia in 
pandemic influenza A/H1N1/2009 virus infection. PLoS 
One 6: e22534.

23. Greiller CL, Martineau AR (2015) Modulation of the immune 
response to respiratory viruses by vitamin D. Nutrients 7: 
4240-4270.

24. Guo J, Huang F, Liu J, Chen Y, Wang W, et al. (2015) 
The serum profile of hypercytokinemia factors identified in 
H7N9-infected patients can predict fatal outcomes. Sci Rep 
5: 10942. 

25. Omer SB, Richards JL, Madhi SA, Tapia MD, Steinhoff MC, 
et al. (2015) Three randomized trials of maternal influen-
za immunization in Mali, Nepal, and South Africa: Methods 
and expectations. Vaccine 33: 3801-3812.

facilitate targeting these biomarkers as an effective ap-
proach for disease prevention, particularly in the "at-risk" 
subpopulation. Furthermore, elucidating the interrelation-
ship between genetic and phenotypic risk markers may 
permit a better understanding of the potential preventive 
efficacy of micronutrients on the severe disease outcome. 
Such an approach may permit developing a range of public 
health measures and recommendations for early disease 
risk prediction and prevention prior to the onset of severe 
clinical presentation.
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