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Rationale: Effective immunomodulatory therapies for children with life-threatening 

“cytokine storm” triggered by acute influenza infection are lacking. Understanding the 

immune profiles of children progressing to severe lung injury and/or septic shock could 

provide insight into pathogenesis.

Objectives: To compare the endotracheal and serum cytokine profiles of children with 

influenza-related critical illness and to identify their associations with severe influenza-as-

sociated complications.

Methods: Children with influenza-related critical illness were enrolled across 32 hospi-

tals in development (N = 171) and validation (N = 73) cohorts (December 2008 through 

May 2016). Concentrations of 42 cytokines were measured in serum and endotracheal 

samples and clustered into modules of covarying cytokines. Relative concentrations of 

cytokines and cytokine modules were tested for associations with acute lung injury (ALI), 

shock requiring vasopressors, and death/ECMO.

Measurements and main results: Modules of covarying cytokines were more 

significantly associated with disease severity than individual cytokines. In the 

development cohort, increased levels of a serum module containing IL6, IL8, IL10, 

IP10, GCSF, MCP1, and MIP1α [shock odds ratio (OR)  =  3.37, family-wise error 

rate (FWER) p  <  10−4], and decreased levels of a module containing EGF, FGF2, 

SCD40L, and PAI-1 (shock OR = 0.43, FWER p = 0.002), were both associated with 

ALI, shock, and death-ECMO independent of age and bacterial coinfection. Both of 

these associations were confirmed in the validation cohort. Endotracheal and serum 

cytokine associations differed markedly and were differentially associated with clinical 

outcomes.
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Conclusion: We identified strong positive and negative associations of cytokine modules 

with the most severe influenza-related complications in children, providing new insights 

into the pathogenesis of influenza-related critical illness in children. Effective therapies 

may need to target mediators of both inflammation and repair.

Keywords: influenza, cytokine, acute lung injury, septic shock, inflammation

INTRODUCTION

In�uenza virus is one of the leading causes of hospitalizations 
and deaths in children (1). In�uenza-related lower respiratory 
tract infection that progresses to acute lung injury (ALI) with 
profound hypoxia and respiratory failure, or to systemic in�am-
mation leading to circulatory collapse requiring vasopressors 
(i.e., septic shock), is o�en deadly. Patients developing both ALI 
and shock have the highest mortality. Many deaths are related 
to superinfection with bacteria that colonize the upper airway, 
such as Staphylococcus aureus (2). Understanding the in�uenza-
associated immune phenotype of patients with ALI and shock 
could facilitate the development of prognostic biomarkers or tar-
geted therapies to terminate harmful in�ammation and enhance 
mediators of recovery (3).

Studies of infection in mice and humans with particularly 
virulent in�uenza A viruses, including pandemic 2009 H1N1 
(pH1N1) and avian H7N9 and H5N1, have yielded important 
insights into the proin�ammatory factors involved in host 
response and pathogenesis (4–16). Unfortunately, data in children 
with severe in�uenza are limited. In a small cohort of critically 
ill children and young adults, we previously reported associa-
tions between high levels of individual cytokines circulating in 
the bloodstream (IL6, IL8, IP10, GMCSF, MCP1, and MIP1α) 
with fatal in�uenza infection (17). In pediatric outpatients 
infected with in�uenza, we also identi�ed a proin�ammatory 
cytokine pro�le that was associated with symptom severity a�er 
controlling for viral load and age (18). Because these children 
had high intracompartment (e.g., blood, nasopharynx) correla-
tion among cytokines (18), we hypothesized that overall levels 
of immune activation drive absolute cytokine concentrations. 
A high level of generalized immune activation could obscure 
identi�cation of cytokines that are relatively de�cient. Technical 
artifacts, such as sampling variability introduced by methods for 
respiratory sample collection, can also a�ect absolute cytokine 
concentration. We employed linear regression in a novel context 
to adjust for the overall concentration of cytokines and estimate 
each cytokines relative concentration in the sample. Focusing 
on relative, as opposed to absolute, cytokine concentration helps 
control for these artifacts and reveals a more complex signaling 
pattern.

Previous work by our group and others tested for associations 
of individual cytokines with illness severity (17–19), however, 
a viral infection induces a complex cytokine response, both at 
the site of infection and in the periphery. We hypothesized that 
patterns of cytokine covariation would provide novel insights 
into the pathophysiology of disease severity-related phenotypes. 
�erefore, in this study, we employed a modular approach 
to cytokine analysis that leverages covariation and intrinsic 

redundancy to identify patterns of immune signaling that can be 
evaluated for their associations with disease. With this approach, 
our primary aim was to characterize the cytokine pro�les of 
children with life-threatening and fatal in�uenza-related com-
plications including ALI, septic shock, and death or receipt of 
extracorporeal life support (ECMO).

MATERIALS AND METHODS

We enrolled children with suspected in�uenza critical illness at 35 
hospitals (Table S13 in Supplementary Material). Children with 
underlying medical conditions predisposing to severe in�uenza 
infection (17) were excluded (see Table S1 in Supplementary 
Material for detailed inclusion/exclusion criteria). �e develop-
ment cohort included patients enrolled December 2008 to April 
2014 with a positive in�uenza test (DFA, PCR, or culture). �e 
validation cohort included in�uenza virus positive children 
enrolled November 2015 to May 2015 and patients with positive 
rapid in�uenza tests December 2008 to April 2014 without PCR 
con�rmation. We excluded children included in prior reports 
(17). �e Institutional Review Boards at each site approved the 
study and written informed consent was obtained from at least 
one parent or guardian.

Samples of blood and endotracheal aspirates (if intubated) 
were provided; BSL2 and universal precautions were taken with 
all samples. Samples were provided at enrollment (mostly within 
24 h of intensive care unit admission). �e pediatric risk of mor-
tality (PRISM) III score was used for admission severity. ALI was 
de�ned by American-European Consensus Conference criteria 
(20). We quanti�ed vasoactive agent use with the cardiovascular 
sepsis-related organ failure assessment (CV-SOFA) score as 
described in the Presentation S1 in Supplementary Material 
(21). Septic shock was de�ned as CV-SOFA ≥ 2 in the cohort. 
�e concentration of 42 cytokines were measured in duplicate 
by the University of Minnesota Cytokine Reference Laboratory 
using standard ELISA as well as bead-based Luminex multi-
plex assays (see Presentation S1 in Supplementary Material). 
Cytokines were chosen for inclusion based upon prior reports 
of their association with in�uenza infection (3, 17, 22–24).

Statistical and Modeling Approaches
Cytokine concentrations (pg/mL) were log-transformed for all 
analyses. Pearson’s correlation was used to assess cytokine covari-
ation. To adjust for high correlation among cytokines, relative 
concentrations were computed from the absolute concentrations 
by adjusting for the mean cytokine level within each sample; the 
e�ect was that all downstream analyses of relative concentra-
tions were independent of the mean cytokine concentrations of 
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TABLE 1 | Characteristics of children admitted to the pediatric with influenza-

associated critical illness in the development and validation cohorts.

Demographics and PICU course Development 

(N = 171)

Validation 

(N = 76)

p-Value

Age (years), median  

[interquartile range (IQR)]

6.5 (3.4, 10.9) 6.6 (1.8, 11.8) 0.81

Male, N (%) 102 (59.6) 38 (50.0) 0.20

Hispanic, N (%) 42 (24.6) 19 (25.0) 0.94

Race, N (%)

White 128 (74.8) 55 (72.4) 0.80

African-American 21 (12.3) 15 (19.7) 0.18

Other 22 (12.9) 6 (7.9) 0.36

No influenza risk conditions 105 (61.4) 50 (65.8) 0.61

Mechanical ventilation

None 15 (8.8) 7 (9.2) 0.91

Non-invasive only 22 (12.9) 10 (13.2) 0.95

Any invasive 134 (78.4) 59 (77.6) 0.90

Acute lung injury/ARDS 81 (47.4) 30 (39.5) 0.31

PaO2/FiO2, median (IQR)

Shock 79 (46.2) 38 (50) 0.68

Extracorporeal life support 23 (13.5) 11 (14.5) 0.99

Days in PICU, median (IQR) 7.3 (4, 13.8) 6.1 (2.8, 12.9) 0.92

Hospital mortality 11 (6.4) 2 (2.6) 0.36

Pathogens identified, N (%)

Influenza infections

Influenza A 140 (81.9) 59 (77.6)

2009 H1N1 84 (49.1) 0a

H3N2 26 (15.2) 28 (36.8) 0.0003

Other or no subtype 30 (21.4) 29 (38.2)

Influenza B 32 (18.7)a 17 (22.4) 0.61

Bacterial pathogen identified 65 (38.0) 24 (31.6) 0.41

Non-influenza viral pathogen 

identified

19 (11.1) 21 (27.6) 0.002

aSome with no subtype could be 2009 H1N1; one patient positive for influenza A 2009 

H1 and influenza. Bold means p-values were less than 0.05.
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each sample (see Presentation S1 in Supplementary Material for 
details). Brie�y, each cytokine variable was regressed on a vector 
of mean concentrations in each sample, and the residuals were 
taken as cytokine concentration adjusted for the mean. Cytokine 
modules were constructed with ET and blood stream (BS) samples 
separately, using hierarchical clustering on a correlation-based 
similarity metric; patient-level bootstrapping was employed to 
improve cluster reliability (25). Modules were also constructed 
using absolute cytokine concentrations. �e score for each module 
and each sample was the mean concentration of cytokines in the 
module. �is approach of using relative analyte concentrations in 
a module-based analysis is described in detail the Presentation S1 
in Supplementary Material.

�e prespeci�ed primary analysis included evaluation of each 
BS and ET modules for associations with clinical complications 
using logistic regression, with and without adjustment for age 
and bacterial coinfection. An exploratory analysis followed to 
evaluate the associations of individual cytokines with the clinical 
complications. Associations of individual cytokines and modules 
are reported using an odds ratio (OR) and a fold-di�erence in 
concentration or module score between patients with and without 
the respective complication. For the primary analysis signi�cance 
was based on a conservative family-wise error rate (FWER) 
adjusted p  <  0.05 accounting for 182 comparisons (including 
modules based on relative and absolute cytokine concentrations). 
False-discovery rate (FDR) adjusted q-values are also reported. 
Signi�cant modules of relative cytokines in the development 
cohort were tested for associations in the validation cohort, using 
unadjusted p < 0.05 as criteria for successful validation. Except 
where indicated, �gures and text describe analyses of relative as 
opposed to absolute cytokine concentrations. Python code for all 
statistical analyses is publicly available on github: https://github.
com/agartland/cycluster.

RESULTS

Characteristics of the 171 children with in�uenza critical illness 
in the development cohort were overall similar to those of the 76 
children in the validation cohort (Table  1). Almost half of the 
enrolled patients received vasoactive agents for septic shock and 
a similar fraction met criteria for ALI (PaO2/FiO2 < 300 mmHg) 
with the majority having its more severe form ARDS (PaO2/
FiO2 ≤ 200 mmHg). In the development cohort, the 2009 pan-
demic H1NI was the most common strain identi�ed, whereas 
in�uenza A H3N2 was commonly identi�ed in the validation 
cohort.

In the development cohort, there were 70 (40.9%) with no 
shock or ALI, 22 with ALI only (12.9%), 20 with shock only 
(11.7%), and 59 with both (34.5%). In children with both ALI 
and shock, 32% received ECMO and 17% died versus 0 and 1% 
of children without either ALI or shock; survivors of both also 
had signi�cantly longer PICU length of stay. Children with ALI 
and shock were older [median age 9.4 years, interquartile range 
(IQR) 5.7, 13.8]. In�uenza B and bacterial superinfection with 
methicillin-resistant S. aureus were also more prevalent in the 
children with both ALI and shock (30.5 and 37.3%, respectively). 
Detailed comparisons of demographic characteristics, clinical 

outcomes, and infections for these outcome subgroups are shown 
in Tables S1 and S2 in Supplementary Material.

Serum samples from the BS were provided at enrollment 
(mostly within 24 h) by 165 of 171 in�uenza-positive children 
in the development cohort, with endotracheal samples (ET) 
available from 93 patients on mechanical ventilator support (87 
of 93 also had a matched BS sample). We measured the concentra-
tions of 42 cytokines, chemokines, and other immune signaling 
analytes (referred to herea�er as cytokines) in BS and ET samples 
(Figure S1 in Supplementary Material).

Strong Cytokine Covariation Motivated 

Use of Relative Cytokine Concentrations
Most cytokines in BS samples were positively correlated. We 
quanti�ed this by computing the Pearson’s correlation coe�cient 
between all pairs of BS cytokines (Figure 1A). Evidenced by the 
majority of red-shade areas of the heatmap in Figure 1A we noted 
that 70% of all pairs of cytokines exhibited a positive correlation 
(unadjusted p < 0.05) with a median correlation coe�cient of 
0.26 [IQR (0.13, 0.39)]. Correlations were also high among ET 
cytokines with a median correlation coe�cient of 0.37 [IQR 
(0.23, 0.52); Figure S2A in Supplementary Material]. �erefore, 
within a compartment, children with a high concentration of 
one cytokine were relatively likely to have high concentrations 

http://www.frontiersin.org/Immunology/
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FIGURE 1 | Cytokine covariation. (A) Pairwise Pearson’s correlations among log-concentrations of cytokines, chemokines, and growth factors in serum samples 

(165 patients; 42 cytokines). Cytokines were sorted along both axes to emphasize clusters of cytokines, using hierarchical clustering (complete-linkage).  

(B) Correlation of cytokines with each patient’s mean cytokine concentrations. Red bars indicate correlation with unadjusted p < 0.05. (C) Pairwise correlations  

of cytokines after computing relative concentrations adjusted for each patient’s mean cytokine concentration. (D) Correlation of each cytokine in serum versus 

endotracheal aspirate samples. Red bars indicate correlation with unadjusted p < 0.05.
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of all other cytokines. With the exception of one BS cytokine 
and one ET cytokine, the levels of all cytokines were correlated 
with the mean cytokine level within each compartment (p < 0.05 
unadjusted; Figure  1B for BS; Figure S2B in Supplementary 

Material for ET). In contrast, as evidenced by the majority of 
blue-shaded regions in Figure  1C, correlations between indi-
vidual cytokines measured in the BS with the same cytokine 
in the ET compartment [median 0.21, IQR (0.08, 0.32)] were 
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similar to or weaker than the within-compartment correlation 
of all measured BS or ET cytokines. A Wilcoxon rank-sum test 
comparing the intercompartment correlation coe�cients to 
the within-compartment coe�cients for BS cytokines showed 
that the di�erence was signi�cant (p  <  0.04); the di�erence 
was also signi�cant for intercompartment correlations and ET 
cytokines (p < 0.001). For example, the correlation coe�cient 
of IP10 measured in BS and ET (i.e., intercompartment correla-
tion) was 0.15 while the median correlation of ET IP10 with all 
other ET cytokines was 0.27 [IQR (0.15, 0.41)] (Figure S3 in 
Supplementary Material).

We hypothesized that the high levels of intrasample correla-
tion re�ected generalized in�ammation or possibly sampling 
artifacts (e.g., ET sample dilution), both of which could obscure 
important immunological signals. �erefore, from the absolute 
cytokine concentrations we derived relative concentrations that 
compensated for the mean concentration of cytokines in each 
sample; a high relative concentration re�ected that the cytokine 
was high relative to the all of the other cytokines in the sample 
(see Materials and Methods for details). �e relative concen-
trations revealed correlations that were quite di�erent from 
those computed with absolute concentrations (Figure  1C for 
BS; Figure S4 in Supplementary Material for ET). For example, 
unadjusted BS levels of IL9 and TNFα were positively corre-
lated, both with each other (ρ = 0.37) and with the compart-
ment mean (ρ = 0.68 and ρ = 0.70, respectively), yet the relative 
concentrations were negatively correlated (ρ  =  −0.27). �e 
change in correlation re�ects that patients with generally high 
cytokine levels tended to have high IL9 and high TNFα, yet a�er 
accounting for overall levels of in�ammation, the patients with 
relatively high IL9 were likely to have relatively lower TNFα. 
Many correlations were salient in both the absolute and relative 
cytokine datasets, for example, IL6 and IL8, which were strongly 
correlated in the blood (absolute, ρ = 0.63; relative, ρ = 0.43). 
Overall, the percentage of signi�cantly correlated cytokine pairs 
(unadjusted p < 0.05) dropped from 70 to 42% in the blood and 
from 79 to 38% in the lung a�er adjusting for mean cytokine 
concentration.

Cytokine Modules Associated With Illness 

Severity
Previous studies have conducted univariate analyses of cytokines 
to assess phenotypic associations. �is approach has limited 
statistical power and does not leverage the complex covariation 
structure. We applied a modular approach that clusters cytokines, 
based on their pairwise correlation, to both amplify the signal 
they share and aid in interpretation by grouping putatively 
cosignaling molecules (see Materials and Methods for details). 
Cytokines in BS and ET samples were clustered independently 
due to the low cross-compartment correlations, which re�ect 
notable di�erences in signaling patterns (Figure  1D). �e 
approach yielded six BS (Figure  2) and six ET (Figure S5 in 
Supplementary Material) modules that were based on pairwise 
correlations of relative cytokine concentrations. A patient’s score 
for each module was based on the mean cytokine concentration 
within the module. We then conducted a prespeci�ed primary 

analysis testing BS and ET modules for associations with clinical 
complications: (1) septic shock, (2) ALI/ARDS, (3) mechanical 
ventilation, and (4) ECMO support or death (ECMO-death). 
We identi�ed several signi�cant associations with BS and ET 
modules (Figure 3; Tables S3 and S4 in Supplementary Material), 
each of which was determined to be independent of bacterial 
coinfection and age. �e BS3 module containing GCSF, IL6, 
IL8, IL10, IP10, MCP1, and MIP1α was positively associated 
with shock (OR 3.37, FWER p < 10−4) and ALI/ARDS (OR 2.15, 
FWER p  =  0.008), with a trend for association with ECMO-
death (OR 2.33, FWER p =  0.085; Figure  4). An examination 
of individual cytokines within BS3 showed that patients with 
shock had higher MCP1 (1.4-fold), IL6 (2.0-fold), GCSF (1.6-
fold), and IL8 (1.8-fold), however, only IL6 and MCP1 were 
signi�cantly associated with shock and ALI/ARDS as individual 
cytokines a�er FWER-adjustment (Table S5 in Supplementary 
Material). A second module, BS4, was inversely associated 
with shock (OR 0.43, FWER p = 0.002) and ECMO-death (OR 
0.43, FWER p = 0.04); all cytokines were lower in patients with 
septic shock, including EGF, GRO, IL12-P70, sCD40L, eotaxin, 
FGF2, and PAI-1. Notably, even the most strongly associated 
cytokine, EGF (OR 0.11), was not signi�cantly associated a�er 
FWER-adjustment, demonstrating the increased sensitivity of a 
modular approach. A module of endotracheal cytokines, ET2, 
was signi�cantly associated with ECMO-death (OR 3.6, FWER 
p  =  0.03; Figure  4E). All cytokines within the module were 
higher in patients who died or who received ECMO, including 
GMCSF (2-fold), IFNβ (1.9-fold), and PAI-1 (1.7-fold), but were 
not signi�cantly associated with ECMO-death when analyzed 
individually (Table S6 in Supplementary Material).

To complement the primary analysis of septic shock, we 
additionally quanti�ed the severity of shock based on the level of 
vasopressors administered captured by the modi�ed CV-SOFA 
score, which is used clinically to track a patient’s severity (21). 
We found that patients’ levels of BS3 and BS4 cytokines were sig-
ni�cantly positively and negatively correlated, respectively, with 
their CV-SOFA scores at enrollment (n  =  85; BS3 Spearman’s 
ρ  =  0.44, p  <  0.001, Figure  5A; BS4 ρ  =  −0.41, p  <  0.001, 
Figure 5B).

Analyses were conducted in parallel using absolute cytokine 
concentrations and their modules (denoted AbsBSX). Twelve 
of 42 cytokines (28.6%) were in the same BS modules and 16 
of 42 (38.1%) were in the same ET modules (Figure S6 in 
Supplementary Material). �e cytokines in BS3 were identical to 
those in AbsBS3 and the module was also positively associated 
with shock (OR 2.5, FWER p =  0.002) and ECMO-death (OR 
2.6, FWER p = 0.002); it did not reach signi�cance for ALI/ARDS 
(OR 1.9, FWER p  =  0.1) (Tables S7 and S8 in Supplementary 
Material). AbsBS1 containing IFNβ, FLT3L, neutrophil elastase, 
and HMGB1 was also positively associated with ECMO-death 
(OR 2.98, FWER p = 0.01). No AbsBS or AbET modules were 
inversely associated with clinical outcomes. No absolute individ-
ual BS or ET cytokines or ET cytokine modules were signi�cantly 
associated with outcomes a�er multiplicity adjustment (Tables 
S9 and S10 in Supplementary Material; see Presentation S1 in 
Supplementary Material for additional comparisons of relative 
and absolute modules).
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FIGURE 2 | Modules of blood stream (BS) cytokines based on relative cytokine concentrations. Heatmap of BS cytokine modules. A distance was computed 

between every pair of cytokines using Pearson’s correlation coefficient estimated across the development cohort. Cytokines were then clustered using complete-

linkage hierarchical clustering. The algorithm was repeated 1,000 times, each time resampling the patient cohort with replacement [i.e., patient-level bootstrap 

clustering (25)]. Finally, cytokines were clustered based on the fraction of times that each pair of cytokines clustered together (heatmap color intensity). Dendrogram 

shows the separation between clusters, which is the basis of the modules. Stripe of colors indicates the six resultant BS modules used in subsequent analyses.
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Independent Validation of Significant 

Associations
In the validation cohort, we evaluated each of the signi�cant asso-
ciations that were identi�ed between the BS3 and BS4 cytokine 
modules and clinical complications. Despite the smaller cohort, all 
�ndings were replicated (Table S11 in Supplementary Material), 
including both the direct associations of BS3 with ALI, shock, and 
ECMO-death (all p < 0.001) as well as the inverse associations of 
BS4 with shock (p = 0.04) and ECMO-death (p = 0.0003). We 
also found that additional associations in the development cohort 
with FDR-q < 0.2 were replicated in the validation cohort. �ere 
were insu�cient ET validation samples to validate ET module 
results.

Blood Cytokines Can Be Used As 

Biomarkers of Clinical Severity
To provide more rapid and appropriate treatment to children in 
the PICU, there is a need to identify the most severely ill patients: 

those with both septic shock and ALI/ARDS. We hypothesized 
that a biomarker based on cytokines in the blood could provide 
useful diagnostic information. We applied three common 
machine-learning algorithms to the cytokine data from the 
development cohort and evaluated their ability to discriminate 
patients with shock and ALI/ARDS from the others: (1) logistic 
regression with L1-regularization (LASSO), (2) support vector 
machine classi�er with L2-regularization (SVC), and (3) gradient 
boosting machine classi�er. Both relative and absolute cytokine 
concentrations were considered in two independent analyses. 
Classi�cation performance was evaluated in 10-fold nested cross-
validation using the area under the receiver operator curve (AUC), 
sensitivity (i.e., true-positive rate), and speci�city (i.e., one minus 
the false-positive rate). �e classi�ers based on absolute cytokine 
concentration performed well (Figure 6; Table 2), with general 
concordance among the algorithms; all had AUC between 0.74 
and 0.78 and there was high correlation in the predicted prob-
ability of each patient’s phenotype (Spearman ρ = 0.8–0.92 for 
each pair of classi�ers). �e LASSO classi�er had the additional 
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FIGURE 3 | Cytokine associations with clinical complications. Modules constructed of covarying cytokines from (A) blood stream (BS) or (B) ET samples, were 

tested for associations with the clinical complications shock, acute lung injury (ALI)-ARDS and ECMO-death. Each cytokine or module is indicated along the rows, 

grouped by their assigned module. Heatmap color indicates the direction and magnitude of the fold-difference between patients with and without the complication 

in the development cohort (N = 165). Only associations with false-discovery rate (FDR)-adjusted q-value < 0.2 are colored. Asterisks indicate family-wise error rate 

(FWER)-adjusted p-values with ***, **, and * indicating p < 0.0005, 0.005, and 0.05, respectively.
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practical advantage of �nding a sparse solution requiring only 
the concentrations of 19 of the 42 cytokines, including many 
that were implicated in the primary analysis: TNFα, IFNα2, 
GMCSF, GRO, IL1β, IL6, IL7, IL8, IL10, MCP1, MCP3, MDC, 
MIP1β, VEGF, IFNβ, EGF, FGF2, TGFα, and HMGB1. Use of 
relative cytokine concentrations did not improve performance 
with AUC ranging from 0.70 to 0.74 (Table S12 in Supplementary 
Material). A�er training the classi�ers on patients in the develop-
ment cohort, they were used to predict the severity phenotype of 

patients in the validation cohort. Performance declined in the 
validation cohort with AUCs ranging from 0.69 to 0.71.

�e cytokine-based classi�ers were compared to a logistic 
regression model using each patient’s age and admission day ill-
ness severity score (PRISM III score) measuring degree of organ 
dysfunction based on patient physiology and excluding level 
of support. �e score was developed as a mortality risk assess-
ment tool in the PICU (26). Notably, many of the physiological 
measures that contribute to the PRISM score are also included 
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FIGURE 5 | Shock-associated serum modules correlate with shock severity. 

A score based on vasopressor levels was computed at enrollment in a subset 

of patients (n = 85). Boxplots show the distribution of the levels of the BS3 

(A) and BS4 (B) cytokine modules at enrollment (log scale). Module levels are 

grouped by each patient’s cardiovascular sepsis-related organ failure 

assessment (CV-SOFA) score at enrollment. Spearman’s rank-based 

correlation was used to assess correlation between the vasopressor score 

and cytokine module levels, with the correlation coefficient and p-value 

annotating each panel.

FIGURE 4 | Modules associated with clinical complications. (A,B) Box plots of the BS3 and BS4 cytokine module levels for patients with or without shock and 

acute lung injury (ALI)-ARDS. BS3 levels were significantly different in patients with versus without shock and patients with versus without ALI-ARDS [family-wise 

error rate (FWER)-adjusted p-values < 0.01]. BS4 levels were significantly different in patients with versus without shock (FWER-adjusted p-value < 0.01). (C–F) Box 

plots of cytokine module levels in patients for the BS3 (C), BS4 (D), ET2 (E), and ET6 (F) modules grouped by whether or not they died or were on ECMO support 

(near death). Extents of the box indicate the interquartile range (IQR) with whiskers indicating the most extreme data point within 1.5 times the IQR. Patients who 

died on study are plotted using a black circle. An asterisk and line indicate a FWER-adjusted p-values < 0.05 (D,E).
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in the de�nition of septic shock and ALI, making it a somewhat 
circular classi�er for the shock and ALI severity phenotype. �e 
model performed well with AUC of 0.84 in the development 
cohort, however, performance was no better than cytokines on 
the validation cohort with AUC of 0.7.

DISCUSSION

Children who develop the most severe complications of in�u-
enza infection, including ALI/ARDS and septic shock, are the 
focus of critical care management and could potentially bene�t 
from targeted immunomodulatory therapy. However, a major 
hurdle will be to dissect the pathways that can be targeted to 
reduce pathogenesis while maintaining the ability of host cells 
to mount an antiviral response (3). Although mouse models of 
in�uenza-associated lung injury exist, data describing immune 
responses in children with respiratory failure and in�uenza 
lung injury is lacking. Our central objective was to gain insight 
into the pathogenesis of lung injury in children with in�uenza, 
with the ultimate goal of guiding strategies for future therapies 
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FIGURE 6 | Evaluation of blood cytokine classifier. To evaluate blood stream (BS) cytokines as a potential biomarker of the most severely ill patients [shock and 

acute lung injury (ALI)/ARDS] a classifier was developed using L1-regularized logistic regression (i.e., LASSO). The final classifier was based on age and the 

concentrations of 19 cytokines: TNFα, IFNα2, GMCSF, GRO, IL1β, IL6, IL7, IL8, IL10, MCP1, MCP3, MDC, MIP1β, VEGF, IFNβ, EGF, FGF2, TGFα, and HMGB1. For 

reference, a classifier based on pediatric risk of mortality (PRISM) score and age alone was also evaluated. Classification performance was evaluated using receiver 

operating curves (ROC), first on the development cohort [(A), n = 165] and then on the validation cohort [(B), n = 73]. The area under the ROC curve (AUC) and 

classification accuracy (ACC) are provided in each panel (see Presentation S1 in Supplementary Material for classifier implementation and evaluation details).

TABLE 2 | Biomarker development with absolute analyte concentrations.

Development Validation

Area under the receiver operator curve (AUC) Sensitivity Specificity AUC Sensitivity Specificity

LASSO 0.74 0.51 0.82 0.69 0.54 0.70

SVC 0.78 0.53 0.90 0.71 0.54 0.77

Gradient boosting machine classifier 0.74 0.44 0.91 0.70 0.54 0.81

Pediatric risk of mortality 0.84 0.61 0.87 0.70 0.46 0.75
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or biomarkers. In two independent cohorts, we identi�ed two 
distinct modules of serum cytokines associated with shock, ALI 
and ECMO-death independent of age and bacterial coinfection. 
One module (BS4) included eotaxin, EGF, FGF2, GRO, IL12P70, 
PAI-1, and soluble CD40L and was relatively de�cient in children 
with shock and in those who received ECMO or died. Consistent 
with these �ndings, the module was negatively correlated with 
vasopressor levels, an indicator of shock severity.

�e inverse association of EGF with severity is consistent 
with two smaller studies of acute in�uenza infection, in which 
EGF was lower in patients that required intensive care (19) or 
hospitalization (22). EGF plays a role in the regeneration of dam-
aged epithelium (13); inhibition of downstream EGF receptor 
tyrosine kinase impedes epithelial repair in mice with ALI (27) 
and alveolar epithelial wound healing depends on EGF signal-
ing (28). Two other growth factors, FGF2 (a BS4 member) and 
VEGF, were also lower in serum of patients that died. We also 
noted trends of relatively lower EGF in ET samples of patients 
that died, representing one of only a few cytokines showing simi-
lar associations in the blood and lung. Together these �ndings 
indicate that one component of cytokine dysregulation may be 

a reduction in the ability to stimulate barrier repair necessary 
for recovery. �is motivates further study into stimulation of 
epithelial repair in the treatment of severe in�uenza, particularly 
in patients beyond the acute phase of infection. For example, 
a recent study in mice reported that bone marrow-derived 
mesenchymal stromal cell therapy can enhance in vitro alveolar 
human type 2 epithelial function and increase survival in H5N1 
in�uenza infection (29).

A second serum module (BS3), which included IL6, IL8, IL10, 
IP10, GCSF, and MCP1, was elevated in patients with septic 
shock, ALI, and ECMO-death, in two independent cohorts. In a 
previous study of in�uenza-infected PICU patients, all but GCSF 
and IL10 were previously associated with mortality (17). Studies 
of pandemic H1N1, associated with hospitalizations and death 
especially in children (30), have also reported increases in IL6, 
IL8, IL10, MCP1, MIP1β, and IP10 compared to cases of seasonal 
in�uenza and healthy controls (15, 31–33). Adults infected with 
avian H5N1 (versus human H3/H1), also had elevated serum 
concentrations of IP10, MCP1, IL10, and IL6 that were highly 
correlated with viral load (6). Notably, IL8, IL6, MCP1, and 
GCSF have been associated with ARDS, mortality and organ 
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dysfunction in critically ill patients without in�uenza infection 
(34–36). �erefore, these mediators may not be in�uenza-speci�c 
and may re�ect the hyperin�ammatory ARDS subphenotype 
identi�ed by Calfee and colleagues in adult patients (37).

By analyzing cytokines in the blood as well as the lung, at the 
site of infection, we were able to distinguish unique patterns of 
immune signaling in the two immune compartments. Cytokines 
were moderately correlated within compartments and weakly 
correlated between compartments, consistent with a previous 
study by our group of a cohort with less severe in�uenza infection 
(18). �e two compartments di�ered markedly in their asso-
ciations with shock and ALI/ARDS, with many cytokines having 
opposite trends in their associations (Figure S7 in Supplementary 
Material). �e di�erences may be partially attributed to the lower 
number of ET samples, but also likely re�ect distinct functional 
responses. Pro�ling immune signaling in the periphery and at the 
site of infection may be important in future studies. A limitation 
of this study is the lack su�cient ET samples in the validation 
cohort to con�rm our �ndings.

Currently, there is no standard method to adjust absolute 
cytokine concentrations for sampling e�ects or for overall 
cytokine secretion, particularly for respiratory samples that could 
be in�uenced by dilution from capillary leak or use of saline. Our 
novel use of relative cytokine levels, adjusted for the overall mean 
concentration of all cytokines in a sample, revealed potentially 
important inverse associations, evidenced by BS4 whose associa-
tion with shock was not detected using absolute concentrations. 
�ere was one module based on absolute concentrations, con-
taining IFNβ, FLT3L, neutrophil elastase, and HMGB1, that was 
associated with ECMO or death, but did not have an analogous 
module of relative cytokines with similar associations. �erefore, 
to fully reveal immune signaling, it may be important to evaluate 
absolute and relative concentrations; insights from one or the 
other may di�er by context.

Application of a module-based analysis approach appeared 
overall to increase statistical power, presumably by aggregating 
covarying signals prior to testing. Although modular analysis 
has been applied to gene expression studies (38), it has not been 
applied to multiplexed cytokine protein data. �e modules also 
aided immunological interpretation, generating hypotheses 
about cytokines that signal together or that share pathways. �e 
combined analysis approach, code for which has been made 
publicly available, may have broad applicability for multiplexed 
cytokine analysis in many clinical or scienti�c contexts.

Modules were not used for development of a cytokine bio-
marker since interpretability and power for statistical inference 
were not a requirement. �e concordance among three machine-
learning algorithms suggested that there was a robust signal in 
the data. �e comparable performance of relative and absolute 
cytokine concentrations is not surprising as relative concentra-
tions are derived from absolute concentrations. �ough the bio-
marker would need further development and validation before 
use in the PICU, the LASSO classi�er would be most practical as 
it decreased the number of cytokines required from 42 to 19. �e 
high performance of the PRISM classi�er on the development 

cohort was expected as it is aggregated from several measures of 
symptom severity, some of which directly inform the diagnosis 
of shock and ALI. �e substantial drop in performance on the 
validation cohort suggests that the model may be in�exible and 
overly sensitive at the decision boundary. �e validation also 
showed that a cytokine-based classi�er performs comparably 
to a PRISM-based classi�er despite that the latter bene�ts from 
direct in�uence of patient severity. A question for future studies 
is whether a cytokine-based biomarker could be used earlier, 
perhaps prior to PICU admission, to identify high risk patients. 
In this study, we have characterized the state of the immune sys-
tem in the later stages of infection, when the patient is critically 
ill. �e �ndings provide new insights into the immune signaling 
underlying disease pathogenesis and o�er potential targets for 
future investigation.

ETHICS STATEMENT

�is study was carried out in accordance with the recommenda-
tions of the Institutional Review Boards at each study site with 
written informed consent from at least one parent or guardian of 
each subject. �e parent or guardian of each subject gave written 
informed consent in accordance with the Declaration of Helsinki. 
�e protocol was approved by the Institutional Review Boards at 
each study site.

AUTHOR CONTRIBUTIONS

Study design: AR, AP-M, and PALISI. Clinical data collection 
and management: AA, AP-M, PALISI, and AR. Cytokine data 
generation: AP-M, AM, and AR. Statistical analysis: AF-G and 
TH. Synthesis and manuscript writing: AF-G, AP-M, AA, AM, 
MM, PT, TH, and AR.

ACKNOWLEDGMENTS

We thank the patients and their families for participation in the 
study. We gratefully acknowledge the collaboration of the PALISI 
PICFlu Study Site Investigators and medical sta� who enrolled 
patients and made other major contributions to this study (see 
the Presentation S1 in Supplementary Material for full list of 
investigators).

FUNDING

�is work was funded by the National Institutes of Health 
(NIH AI084011 to AR, NIH AI068635 to AF-G, NIH AI107625 
to PT, NHLBI HL51856 to MM) and the Centers for Disease 
Control and Prevention (CDC).

SUPPLEMENTARY MATERIAL

�e Supplementary Material for this article can be found online at 
http://www.frontiersin.org/article/10.3389/�mmu.2017.01423/
full#supplementary-material.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/article/10.3389/fimmu.2017.01423/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fimmu.2017.01423/full#supplementary-material


11

Fiore-Gartland et al. Cytokine Profiles of Influenza Critical Illness

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1423

REFERENCES

1. Ampofo K, Gesteland PH, Bender J, Mills M, Daly J, Samore M, et  al. 

Epidemiology, complications, and cost of hospitalization in children with 

laboratory-con�rmed in�uenza infection. Pediatrics (2006) 118(6):2409–17. 

doi:10.1542/peds.2006-1475 

2. Rynda-Apple A, Robinson KM, Alcorn JF. In�uenza and bacterial superin-

fection: illuminating the immunologic mechanisms of disease. Infect Immun 

(2015) 83(10):3764–70. doi:10.1128/IAI.00298-15 

3. Ramos I, Fernandez-Sesma A. Modulating the innate immune response to 

in�uenza A virus: potential therapeutic use of anti-in�ammatory drugs. 

Front Immunol (2015) 6:361. doi:10.3389/�mmu.2015.00361 

4. Meliopoulos VA, Karlsson EA, Kercher L, Cline T, Freiden P, Duan S, et al. 

Human H7N9 and H5N1 in�uenza viruses di�er in induction of cytokines 

and tissue tropism. J Virol (2014) 88(22):12982–91. doi:10.1128/JVI.01571-14 

5. Conenello GM, Zamarin D, Perrone LA, Tumpey T, Palese P. A single muta-

tion in the PB1-F2 of H5N1 (HK/97) and 1918 in�uenza A viruses contrib-

utes to increased virulence. PLoS Pathog (2007) 3(10):e141. doi:10.1371/ 

journal.ppat.0030141 

6. de Jong MD, Simmons CP, �anh TT, Hien VM, Smith GJD, Chau TNB, et al. 

Fatal outcome of human in�uenza A (H5N1) is associated with high viral 

load and hypercytokinemia. Nat Med (2006) 12(10):1203–7. doi:10.1038/ 

nm1477 

7. Cheung CY, Poon LLM, Lau AS, Luk W, Lau YL, Shortridge KF, et al. Induc-

tion of proin�ammatory cytokines in human macrophages by in�uenza A 

(H5N1) viruses: a mechanism for the unusual severity of human disease? 

Lancet (2002) 360(9348):1831–7. doi:10.1016/S0140-6736(02)11772-7 

8. Perrone LA, Plowden JK, Garcia-Sastre A, Katz JM, Tumpey TM. H5N1 

and 1918 pandemic in�uenza virus infection results in early and excessive 

in�ltration of macrophages and neutrophils in the lungs of mice. PLoS Pathog 

(2008) 4(8):e1000115. doi:10.1371/journal.ppat.1000115 

9. Chang ST, Tchitchek N, Ghosh D, Benecke A, Katze MG. A chemokine gene 

expression signature derived from meta-analysis predicts the pathogenicity 

of viral respiratory infections. BMC Syst Biol (2011) 5(1):202. doi:10.1186/ 

1752-0509-5-202 

10. Conenello GM, Tisoncik JR, Rosenzweig E, Varga ZT, Palese P, Katze MG. 

A single N66S mutation in the PB1-F2 protein of in�uenza A virus increases 

virulence by inhibiting the early interferon response in  vivo. J Virol (2011) 

85(2):652–62. doi:10.1128/JVI.01987-10 

11. Pommerenke C, Wilk E, Srivastava B, Schulze A, Novoselova N, Ge�ers R, 

et al. Global transcriptome analysis in in�uenza-infected mouse lungs reveals 

the kinetics of innate and adaptive host immune responses. PLoS One (2012) 

7(7):e41169. doi:10.1371/journal.pone.0041169 

12. Brandes M, Klauschen F, Kuchen S, Germain RN. A systems analysis identi�es 

a feedforward in�ammatory circuit leading to lethal in�uenza infection.  

Cell (2013) 154(1):197–212. doi:10.1016/j.cell.2013.06.013 

13. Ito Y, Correll K, Zemans RL, Leslie CC, Murphy RC, Mason RJ. In�uenza 

induces IL-8 and GM-CSF secretion by human alveolar epithelial cells 

through HGF/c-Met and TGFα/EGFR signaling. Am J Physiol Lung Cell Mol 

Physiol (2015) 308(11):L1178–88. doi:10.1152/ajplung.00290.2014 

14. Askovich PS, Sanders CJ, Rosenberger CM, Diercks AH, Dash P, Navarro G, 

et al. Di�erential host response, rather than early viral replication e�ciency, 

correlates with pathogenicity caused by in�uenza viruses. PLoS One (2013) 

8(9):e74863. doi:10.1371/journal.pone.0074863 

15. Gao R, Bhatnagar J, Blau DM, Greer P, Rollin DC, Denison AM, et al. Cytokine 

and chemokine pro�les in lung tissues from fatal cases of 2009 pandemic 

in�uenza A (H1N1): role of the host immune response in pathogenesis.  

Am J Pathol (2013) 183(4):1258–68. doi:10.1016/j.ajpath.2013.06.023 

16. Kreijtz JHCM, Fouchier RAM, Rimmelzwaan GF. Immune responses to 

in�uenza virus infection. Virus Res (2011) 162(1–2):19–30. doi:10.1016/j.

virusres.2011.09.022 

17. Hall MMW, Geyer SMS, Randolph AG, Guo C-Y, Panoskaltsis-Mortari A, 

Jouvet P, et al. Innate immune function and mortality in critically ill children 

with in�uenza: a multicenter study. Crit Care Med (2013) 41(1):224–36. 

doi:10.1097/CCM.0b013e318267633c 

18. Oshansky CM, Gartland AJ, Wong S-S, Jeevan T, Wang D, Roddam PL, et al. 

Mucosal immune responses predict clinical outcomes during in�uenza infec-

tion independently of age and viral load. Am J Respir Crit Care Med (2014) 

189(4):449–62. doi:10.1164/rccm.201309-1616OC 

19. Bradley-Stewart A, Jolly L, Adamson W, Gunson R, Frew-Gillespie C, Templeton K,  

et al. Cytokine responses in patients with mild or severe in�uenza A(H1N1)

pdm09. J Clin Virol (2013) 58(1):100–7. doi:10.1016/j.jcv.2013.05.011 

20. Bernard GR, Artigas A, Brigham KL, Carlet J, Falke K, Hudson L, et  al. 

Report of the American-European consensus conference on acute respiratory 

distress syndrome: de�nitions, mechanisms, relevant outcomes, and clinical 

trial coordination. Consensus Committee. J Crit Care (1994) 9(1):72–81. 

doi:10.1016/0883-9441(94)90033-7 

21. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H, 

et  al. �e SOFA (sepsis-related organ failure assessment) score to describe 

organ dysfunction/failure. On behalf of the Working Group on Sepsis-Related 

Problems of the European Society of Intensive Care Medicine. Intensive Care 

Med (1996) 22(7):707–10. doi:10.1007/BF01709751 

22. Fu Y, Gaelings L, Jalovaara P, Kakkola L, Kinnunen MT, Kallio-Kokko H, 

et  al. Protein pro�ling of nasopharyngeal aspirates of hospitalized and 

outpatients revealed cytokines associated with severe in�uenza A(H1N1)

pdm09 virus infections: a pilot study. Cytokine (2016) 86:10–4. doi:10.1016/ 

j.cyto.2016.07.003 

23. Guo XJ, �omas PG. New fronts emerge in the in�uenza cytokine storm. 

Semin Immunopathol (2017) 39(5):541–50. doi:10.1007/s00281-017-0636-y 

24. Dittmann M, Ho�mann HH, Scull MA, Gilmore RH, Bell KL, Ciancanelli M,  

et al. A serpin shapes the extracellular environment to prevent in�uenza A 

virus maturation. Cell (2015) 160(4):631–43. doi:10.1016/j.cell.2015.01.040 

25. Dudoit S, Fridlyand J. Bagging to improve the accuracy of a clustering proce-

dure. Bioinformatics (2003) 19(9):1090–9. doi:10.1093/bioinformatics/btg038 

26. Pollack MM, Patel KM, Ruttimann UE. PRISM III: an updated pediatric 

risk of mortality score. Crit Care Med (1996) 24(5):743–52. doi:10.1097/ 

00003246-199605000-00004 

27. Harada C, Kawaguchi T, Ogata-Suetsugu S, Yamada M, Hamada N,  

Maeyama T, et al. EGFR tyrosine kinase inhibition worsens acute lung injury 

in mice with repairing airway epithelium. Am J Respir Crit Care Med (2011) 

183(6):743–51. doi:10.1164/rccm.201002-0188OC 

28. Kheradmand F, Folkesson HG, Shum L, Derynk R, Pytela R, Matthay MA. 

Transforming growth factor-alpha enhances alveolar epithelial cell repair in a 

new in vitro model. Am J Physiol (1994) 267(6 Pt 1):L728–38. 

29. Chan MCW, Kuok DIT, Leung CYH, Hui KPY, Valkenburg SA, Lau EHY, 

et al. Human mesenchymal stromal cells reduce in�uenza A H5N1-associated 

acute lung injury in vitro and in vivo. Proc Natl Acad Sci U S A (2016) 113(13): 

201601911. doi:10.1073/pnas.1601911113 

30. Randolph AG, Vaughn F, Sullivan R, Rubinson L, �ompson BT, Yoon G, 

et al. Critically ill children during the 2009-2010 in�uenza pandemic in the 

United States. Pediatrics (2011) 128(6):e1450–8. doi:10.1542/peds.2011-0774 

31. Yu X, Zhang X, Zhao B, Wang J, Zhu Z, Teng Z, et al. Intensive cytokine induc-

tion in pandemic H1N1 in�uenza virus infection accompanied by robust 

production of IL-10 and IL-6. PLoS One (2011) 6(12):e28680. doi:10.1371/

journal.pone.0028680 

32. Martinez-Ocaña J, Olivo-Diaz A, Salazar-Dominguez T, Reyes-Gordillo J, 

Tapia-Aquino C, Martínez-Hernández F, et  al. Plasma cytokine levels and 

cytokine gene polymorphisms in Mexican patients during the in�uenza 

pandemic A(H1N1)pdm09. J Clin Virol (2013) 58(1):108–13. doi:10.1016/ 

j.jcv.2013.05.013 

33. Chiaretti A, Pulitano S, Barone G, Ferrara P, Romano V, Capozzi D, et al. IL-1 

beta and IL-6 upregulation in children with H1N1 in�uenza virus infection. 

Mediators In�amm (2013) 2013:495848. doi:10.1155/2013/495848 

34. Ware LB, Koyama T, Zhao Z, Janz DR, Wickersham N, Bernard GR, et  al. 

Biomarkers of lung epithelial injury and in�ammation distinguish severe 

sepsis patients with acute respiratory distress syndrome. Crit Care (2013) 

17(5):R253. doi:10.1186/cc13080 

35. Calfee CS, �ompson BT, Parsons PE, Ware LB, Matthay MA, Wong HR. 

Plasma interleukin-8 is not an e�ective risk strati�cation tool for adults with 

vasopressor-dependent septic shock. Crit Care Med (2010) 38(6):1436–41. 

doi:10.1097/CCM.0b013e3181de42ad 

36. Bozza FA, Salluh JI, Japiassu AM, Soares M, Assis EF, Gomes RN, et  al. 

Cytokine pro�les as markers of disease severity in sepsis: a multiplex analysis. 

Crit Care (2007) 11(2):R49. doi:10.1186/cc5783 

37. Calfee CS, Delucchi K, Parsons PE, �ompson BT, Ware LB, Matthay MA, 

et al. Subphenotypes in acute respiratory distress syndrome: latent class anal-

ysis of data from two randomised controlled trials. Lancet Respir Med (2014) 

2(8):611–20. doi:10.1016/S2213-2600(14)70097-9 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1542/peds.2006-1475
https://doi.org/10.1128/IAI.00298-15
https://doi.org/10.3389/fimmu.2015.00361
https://doi.org/10.1128/JVI.01571-14
https://doi.org/10.1371/
journal.ppat.0030141
https://doi.org/10.1371/
journal.ppat.0030141
https://doi.org/10.1038/
nm1477
https://doi.org/10.1038/
nm1477
https://doi.org/10.1016/S0140-6736(02)11772-7
https://doi.org/10.1371/journal.ppat.1000115
https://doi.org/10.1186/
1752-0509-5-202
https://doi.org/10.1186/
1752-0509-5-202
https://doi.org/10.1128/JVI.01987-10
https://doi.org/10.1371/journal.pone.0041169
https://doi.org/10.1016/j.cell.2013.06.013
https://doi.org/10.1152/ajplung.00290.2014
https://doi.org/10.1371/journal.pone.0074863
https://doi.org/10.1016/j.ajpath.2013.06.023
https://doi.org/10.1016/j.virusres.2011.09.022
https://doi.org/10.1016/j.virusres.2011.09.022
https://doi.org/10.1097/CCM.0b013e318267633c
https://doi.org/10.1164/rccm.201309-1616OC
https://doi.org/10.1016/j.jcv.2013.05.011
https://doi.org/10.1016/0883-9441(94)90033-7
https://doi.org/10.1007/BF01709751
https://doi.org/10.1016/
j.cyto.2016.07.003
https://doi.org/10.1016/
j.cyto.2016.07.003
https://doi.org/10.1007/s00281-017-0636-y
https://doi.org/10.1016/j.cell.2015.01.040
https://doi.org/10.1093/bioinformatics/btg038
https://doi.org/10.1097/
00003246-199605000-00004
https://doi.org/10.1097/
00003246-199605000-00004
https://doi.org/10.1164/rccm.201002-0188OC
https://doi.org/10.1073/pnas.1601911113
https://doi.org/10.1542/peds.2011-0774
https://doi.org/10.1371/journal.pone.0028680
https://doi.org/10.1371/journal.pone.0028680
https://doi.org/10.1016/
j.jcv.2013.05.013
https://doi.org/10.1016/
j.jcv.2013.05.013
https://doi.org/10.1155/2013/495848
https://doi.org/10.1186/cc13080
https://doi.org/10.1097/CCM.0b013e3181de42ad
https://doi.org/10.1186/cc5783
https://doi.org/10.1016/S2213-2600(14)70097-9


12

Fiore-Gartland et al. Cytokine Profiles of Influenza Critical Illness

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1423

38. Chaussabel D, Quinn C, Shen J, Patel P, Glaser C, Baldwin N, et al. A mod-

ular analysis framework for blood genomics studies: application to systemic 

lupus erythematosus. Immunity (2008) 29(1):150–64. doi:10.1016/j.immuni. 

2008.05.012 

Con�ict of Interest Statement: �e authors declare that the research was con-

ducted in the absence of any commercial or �nancial relationships that could be 

construed as a potential con�ict of interest.

Copyright © 2017 Fiore-Gartland, Panoskaltsis-Mortari, Agan, Mistry, 

Thomas, Matthay, Investigators, Hertz and Randolph. This is an open-access 

article distributed under the terms of the Creative Commons Attribution License 

(CC BY). The use, distribution or reproduction in other forums is permitted, 

provided the original author(s) or licensor are credited and that the original 

publication in this journal is cited, in accordance with accepted academic prac-

tice. No use, distribution or reproduction is permitted which does not comply 

with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.immuni.
2008.05.012
https://doi.org/10.1016/j.immuni.
2008.05.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cytokine Profiles of Severe Influenza Virus-Related Complications in Children
	Introduction
	Materials and Methods
	Statistical and Modeling Approaches

	Results
	Strong Cytokine Covariation Motivated Use of Relative Cytokine Concentrations
	Cytokine Modules Associated With Illness Severity
	Independent Validation of Significant Associations
	Blood Cytokines Can Be Used As Biomarkers of Clinical Severity

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


