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Abstract
Rationale: Children are an at-risk population for developing

complications following inﬂuenza infection, but immunologic
correlates of disease severity are not understood. We hypothesized
that innate cellular immune responses at the site of infection would
correlate with disease outcome.
Objectives: To test the immunologic basis of severe illness during
natural inﬂuenza virus infection of children and adults at the site of
infection.
Methods: An observational cohort study with longitudinal sampling
of peripheral and mucosal sites in 84 naturally inﬂuenza-infected
individuals, including infants. Cellular responses, viral loads, and
cytokines were quantiﬁed from nasal lavages and blood, and
correlated to clinical severity.
Measurements and Main Results: We show for the ﬁrst time that
although viral loads in children and adults were similar, innate
responses in the airways were stronger in children and varied

considerably between plasma and site of infection. Adjusting for
age and viral load, an innate immune proﬁle characterized by
increased nasal lavage monocyte chemotactic protein-3, IFN-a2, and
plasma IL-10 levels at enrollment predicted progression to severe
disease. Increased plasma IL-10, monocyte chemotactic protein-3,
and IL-6 levels predicted hospitalization. This inﬂammatory cytokine
production correlated signiﬁcantly with monocyte localization
from the blood to the site of infection, with conventional monocytes
positively correlating with inﬂammation. Increased frequencies of
CD14lo monocytes were in the airways of participants with lower
inﬂammatory cytokine levels.
Conclusions: An innate proﬁle was identiﬁed that correlated with

disease progression independent of viral dynamics and age. The
airways and blood displayed dramatically different immune proﬁles
emphasizing the importance of cellular migration and localized
immune phenotypes.
Keywords: natural inﬂuenza virus infection; human; cytokine;
innate immune response; monocyte
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At a Glance Commentary
Scientiﬁc Knowledge on the
Subject: The nature and severity of

symptoms presented during inﬂuenza
virus infection are thought to be
inﬂuenced by the ability to control viral
load, preexisting immunity, and the
degree of inﬂammation generated by
the immune response. However, it is
not understood why infection of
healthy individuals can result in severe
disease or poor clinical outcomes, such
as bronchiolitis, pneumonia, or acute
respiratory distress syndrome.
What This Study Adds to the Field:

Our study indicates that younger
individuals produce a more
proinﬂammatory respiratory
environment after infection, but that
general inﬂammation is not predictive
of a poor outcome. A speciﬁc immune
proﬁle can predict disease severity, and
deﬁning the characteristics of protective
versus pathologic immune responses at
presentation may provide new clinical
treatment modalities for improving
outcomes, especially in the young.

Natural inﬂuenza infection in humans can
result in asymptomatic to serious illness
characterized by sudden onset of fever and
respiratory symptoms. The nature and
severity of symptoms presented are thought
to be inﬂuenced by the ability to control viral
load, preexisting immunity, and the degree of
inﬂammation generated by the host response.
It is not understood why infection of
previously healthy individuals can result in
poor clinical outcomes, such as bronchiolitis,
pneumonia, or acute respiratory distress
syndrome, and particularly during pandemic
years, there is a disproportionate rate of
hospitalization and death compared with
nonpandemic years, supporting the
argument for protective contributions of
preexisting immunity. Although much has
been learned from human challenge studies,
relatively few reports examine natural
inﬂuenza infection in humans, particularly in
the traditionally vulnerable pediatric and
elderly populations, and rarely at the site of
infection (1–7).
From extensive animal studies, it is
apparent that local airway immune
450

responses are critical determinants of
infection kinetics and disease progression,
although immune factors in human
infection are less well understood. The
adaptive immune response has been the
most studied because of its ability to limit
viral replication and facilitate viral
clearance, particularly the role of humoral
responses in neutralizing virus. Possibly
because of restricted access to the site of
infection, innate responses are less well
characterized. There are conﬂicting reports
regarding the role of inﬂammatory
mediators during inﬂuenza infection, and
no one set of cytokines has been identiﬁed
as the primary correlate of symptom type
or severity. Human innate cellular responses
are also poorly characterized, particularly
at the site of infection. Animal studies
suggest that a dysregulated innate response,
both in quality and magnitude, may lead
to immunopathogenesis and therefore more
severe disease (reviewed in Reference 8).
To understand the interplay between
host and viral factors during natural
inﬂuenza infection in humans, we designed
a longitudinal observational study, sampling
blood and nasal lavages from infected
individuals. Many studies to date have
identiﬁed associations between viral load or
individual immune parameters and clinical
outcome (4, 7, 9–16). However, statistical
corrections are rarely made to adjust for
viral load. In our study, children were
found to mount signiﬁcantly more
aggressive, broad-spectrum inﬂammatory
responses at the site of infection,
independent of viral load. Controlling for
this age effect and viral load, we identiﬁed
an innate immune proﬁle that correlated
well with disease progression independent
of viral dynamics. Importantly, the site of
infection and blood displayed dramatically
different immune proﬁles emphasizing
the importance of directed cellular migration
and localized immune phenotypes.

Review Boards of St. Jude Children’s
Research Hospital and the University of
Tennessee Health Science Center/Le
Bonheur Children’s Hospital approved the
study. Index cases were asked to provide
nasal swabs, nasal lavages, and blood on the
day of enrollment (Day 0) and Days 3, 7,
10, and 28, whereas household contacts
were asked to provide nasal swabs on Day
0, 3, 7, and 14 and blood and nasal
lavages on Days 0 and 28 (Figure 1a).
Participants were asked to rank their
symptom severity daily according to
a visual analog scale. Additional detail is
provided in the online supplement.

Methods

Microneutralization Assay

Study Participants and Design

Inclusion criteria required that participants
meet the clinical case deﬁnition of inﬂuenza
virus infection at the time of enrollment,
or were asymptomatic household contacts
of a participant with conﬁrmed inﬂuenza
infection. This study was conducted in
compliance with 45 CFR46 and the
Declaration of Helsinki. Institutional

Quantitative Reverse-Transcriptase
Polymerase Chain Reaction

Molecular viral loads were determined from
nasal swabs according to the protocol
developed by the World Health
Organization Collaborating Centre for
Inﬂuenza at the Centers for Disease Control
and Prevention (Atlanta, GA). Additional
detail is provided in the online supplement.
Detection of Cytokines

The Luminexx MAP system was used with
a MILLIPLEX MAP human cytokine
immunoassay (Millipore, St. Charles, MO)
for detection of cytokines from samples
according to the manufacturer’s protocol.
Flow Cytometry

Approximately 1 3 105 peripheral blood
mononuclear cells or nasal lavage cells
were stained with a panel of monoclonal
antibodies including CD14 (clone M5E2; BD
Biosciences, San Jose, CA), HLA-DR
(clone LN3; eBioscience, San Diego, CA),
and CD16 (clone CB16; eBioscience), and
analyzed on a BD FACSCalibur ﬂow
cytometer. Additional analysis was
performed using FlowJo (TreeStar, Ashland,
OR). Single stain and ﬂuorescence-minusone controls were performed.

Plasma was tested for antibodies against
recently circulating inﬂuenza strains by
microneutralization assay. Additional detail
is provided in the online supplement.
Statistical Analysis

A predeﬁned statistical analysis plan was
used to analyze cytokine measurements and
their relation to clinical outcomes including
hospitalization and clinical scores. Full
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Figure 1. (a) Study design. Index cases were asked to provide nasopharyngeal swabs, nasal lavages, and peripheral blood on the day of enrollment
(Day 0), and on or about Days 3, 7, 10, and 28, whereas household contacts were asked to provide nasopharyngeal swabs on Day 0, and on or about
Days 3, 7, and 14, and peripheral blood and nasal lavages on Day 0 and on or about Day 28. If at any point the household contact became
influenza positive by RT-PCR, they were reenrolled as an influenza-positive participant, with Day 0 becoming the day of PCR positivity. Mean symptom
scores were determined from daily visual analog symptom score cards reported by influenza-infected participants, according to virus strain or subtype.
The symptom scores were determined by adding the total individual scores for each symptom set for each participant per day reported for (b) total
symptoms, (c) URT symptoms, (d) LRT symptoms, (e) systemic symptoms, and (f) GI symptoms as defined in the METHODS. Only participants who were
influenza-positive at the time of enrollment are shown. GI = gastrointestinal; LRT = lower respiratory tract; RT-PCR = reverse-transcriptase
polymerase chain reaction; URT = upper respiratory tract.

details regarding statistical analysis are
provided in the online supplement.

Results
Participant Selection
and Characteristics

A total of 73 individuals exhibiting
inﬂuenza-like illness and 126 household

contacts were enrolled during the
2009–2010 (aged 3.6 wk to 71 yr) and
2010–2011 (aged 10.5 wk to 56 yr)
inﬂuenza seasons (Table1). Additionally,
individuals were classiﬁed as having
increased risk for inﬂuenza-associated
complications by the Advisory Committee
on Immunization Practices (ACIP) (17).
Of the 84 inﬂuenza virus–positive

participants, 24 suffered from ACIPdeﬁned high-risk conditions at enrollment,
including 17 individuals with underlying
asthma or reactive airway disease (Table2).
Our cohort contained 19 individuals
who were hospitalized (median duration,
3 d; range, 1–26 d), with four requiring
intensive care (median duration, 6 d;
range, 2–6 d).
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Table 1: Participant Demographics
Characteristic
Index cases†
Household contacts
Contacts of inﬂuenza-positive index cases
Initially infected‡
Subsequently infectedx
Negative
Total
Sex
Male
Female
Age group
,6 mo
6–23 mo
24–59 mo
5–8 yr
9–12 yr
13–17 yr
181 yr
Race/ethnicity
Black, non-Hispanic
White, non-Hispanic
Asian
Other
Inﬂuenza vaccination status
Ineligible for vaccine (,6 mo)
Eligible for vaccine
Received 2006–2007 vaccine
Received 2007–2008 vaccine
Received 2008–2009 vaccine
Received 2009–2010 vaccine
Received 2010–2011 vaccine
Breastfeeding
Yes
No

Total Enrolled

A/H1N1 (2009)

A/H3N2

B

73
126
105
15
13
77
199

30

14

12

56

13
7
6

10
5
5

5
3
2

28

43

24

17

84

79
120

21
22

14
10

7
10

42
42

16
25
18
14
12
14
100

8
8
5
3
3
3
13

1
4
6
2
4
2
5

1
3
2
5
2
4

10
15
13
10
7
7
22

153
42
1
3

27
15

22
2

14
3

63
20

10
74
13
17
35
21
22

1

7
8
10

Total Inﬂuenza Positive*

1

3
8
5

2
3
5

15
11
10
5
15

Median (range) age, 18 yr (3.6 wk to 71 yr).
*Influenza virus molecular viral loads were determined from nasal swabs using quantitative reverse-transcription real-time polymerase chain reaction
(qRT-PCR) as described in the METHODS.
†
Index cases are defined as individuals displaying symptoms of influenza-like illness within 96 hours of enrollment. Nasal swabs from these individuals
were subsequently tested for presence of influenza virus, and if no virus was detectable, the participant was removed from the study.
‡
Initially infected household contacts refer to those participants enrolled as contacts who tested influenza positive by RT-PCR on Day 0 (day of enrollment) of
the study.
x
Subsequently infected household contacts refer to those participants initially enrolled as contacts who later tested influenza positive by RT-PCR after
Day 0 (day of enrollment) of the study.

Clinical Severity Is Associated with
Age but Not Viral Dynamics

Hospitalization and symptom scores were
used as endpoints to evaluate clinical
outcome. Individually measured symptoms
were grouped and classiﬁed as upper or
lower respiratory tract (URT or LRT),
systemic, or gastrointestinal as described
in the METHODS. Approximately half of
participants reported URT (56%), LRT
(56%), or systemic (50%) illness. A smaller,
but signiﬁcant, proportion of participants
reported gastrointestinal symptoms (38%).
A(H1N1)pdm09-infected individuals
reported signiﬁcantly more severe
respiratory symptoms (Figures 1b–1d)
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compared with those infected by A(H3N2)
or inﬂuenza B (P , 0.05), whereas
inﬂuenza B–infected participants reported
more severe systemic and gastrointestinal
symptoms (Figures 1b, 1e, and 1f)
(P , 0.05).
Index cases and initially infected
contacts shed peak viral loads at the time of
enrollment (i.e., Day 0) (Figure 2a). Areas
under the curve were determined for all
symptom scores (total symptoms, URT,
LRT, gastrointestinal, and systemic) and
correlated with their associated viral loads,
both peak and areas under the curve. There
were no signiﬁcant correlations between
viral load and symptom scores at

enrollment or areas under the curve,
regardless of the infecting virus strain (see
Figure E1 and Table E1 in the online
supplement), indicating that in this cohort,
viral load is not associated with disease
severity as measured by reported symptom
scores. No differences in peak viral load
or viral load areas under the curve were
apparent between participants who
required hospitalization and those
remaining in out-patient care, or in peak
viral load between individuals who did or
did not receive oseltamivir (data not
shown). We also considered whether
baseline participant or preexisting factors
were predictive of clinical outcome.
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Table 2: Participant Clinical Information
Value
ACIP-deﬁned high-risk condition*
Yes
No
Unknown
Type of ACIP-deﬁned high-risk condition*
Immunosuppressive condition
Cardiac disease
Pulmonary disease
Asthma or reactive airway disease
Hematologic disorder
Renal insufﬁciency
Neurologic disorder
Duration of viral shedding, d
>1 high-risk condition*, median (range)
No high-risk condition*, median (range)
Complications during acute illness
Yes
No
Unknown
Complications‡
Hospitalized
No. d hospitalized, median (range)
Intensive care required
No. d in intensive care, median (range)
Mechanical ventilation required
Respiratory failure
Pneumonia
Shock or sepsis
Acute respiratory distress syndrome
Febrile acute respiratory disease
Bronchiolitis
Secondary bacterial infection
Seizures
Day care attendance
Premature birthx
Gestational age at birth, wk, median (range)
Received antibiotic therapy
Received antiviral therapy
Received oseltamivir

24
59
1
2
1
17
2
3
1
3 (1–8)
3 (1–29)†
22
57
5
19
3 (1–26)
4
6 (2–6)
4
1
3
2
1
4
3
3
1
21
6
33 (28–36)
16
33
32

Definition of abbreviation: ACIP = Advisory Committee on Immunization Practices.
Data are given as n values unless otherwise indicated.
*Persons with ACIP-defined high-risk conditions include adults and children who have chronic
pulmonary (including asthma) or cardiovascular (except isolated hypertension), renal, hepatic,
neurologic, hematologic, or metabolic disorders (including diabetes mellitus); persons who have
immunosuppression (including immunosuppression caused by medications or by HIV); and women
who were pregnant during the influenza season.
†
One participant was still shedding virus at study completion, and if excluded, the median (range)
duration of viral shedding becomes 3 days (1–11).
‡
Any participant experiencing one or more complications during their acute illness.
x
Preterm birth is the birth of an infant before 37 weeks of pregnancy.

Participants with underlying ACIP-deﬁned
high-risk conditions (Table 2), including
asthma, showed no differences in terms of
the duration or peak of viral shedding, in
symptom severity, or between self-reported
participants with asthma and those without
respiratory disease (data not shown).
Finally, viral load alone was not correlated
with strain (Figure 2b) or any other
demographic category, including sex and
age, with the exception that inﬂuenza B

infection may drive early age-related viral
load differences (Figures 2c and 2d). Thus,
the magnitude and duration of viral
shedding is a poor predictor of clinical
outcome and is not associated with any
measured demographic, clinical, or viral
strain characteristic.
Hospitalization was associated with age
(Figure 2e), with the very young more likely to
be hospitalized during natural inﬂuenza
virus infection than older children (P =

0.002; q = 0.004). Furthermore, hospitalized
children tended to have more severe LRT
symptoms compared with nonhospitalized
children (P = 0.0674), although the
difference is only borderline signiﬁcant,
possibly because of reporting biases or
sample size (e.g., parents scoring for their
young children). Taken together, age is
a key correlate of the clinical severity of
natural inﬂuenza disease, and this severity
is not deﬁned by viral load or rate of
clearance within the individual.
Site-of-Infection Cytokine Responses
Associate with Each Other but Not
with Peripheral Responses

Because there was little association between
viral load and clinical outcome, we
hypothesized that immune factors may have
critical and independent roles in disease
severity. We ﬁrst analyzed how nasal lavage
levels of cytokines correlated with similar
measurements from the plasma. Within
plasma and nasal lavages, 39 and 42
different cytokine levels, respectively, were
measured (Figure 3a).
Substantial correlation was found
between cytokine concentrations within the
nasal lavage (Figure 3a, lower left), with
a signiﬁcant correlation coefﬁcient between
90% (773 of 861) of cytokines measured. In
contrast, weaker covariations were observed
between cytokine concentrations in the
plasma (57%; 422 of 741) (Figure 3a,
upper right). Comparisons of cytokine
concentrations measured in plasma versus
nasal lavage (Figure 3a, upper left) showed
that the same cytokines from these sources
were only weakly correlated, with 21 of
39 cytokines not signiﬁcantly correlated
between the two sites (q . 0.2). These
ﬁndings were independent of the year of
enrollment (data not shown). This cytokine
panel broadly represents the output of
several characteristic innate and adaptive
immune responses and suggests that the
plasma is a poor reﬂection of the immune
proﬁle at the site of the infection.
Local Inﬂammatory Cytokines Are
Inversely Correlated with Age and Do
Not Depend on Viral Load

Because age seems to be a better predictor of
clinical severity compared with viral
dynamics (Figure 2e), we investigated
whether there was an age association with
the immune response. We found that
overall, infants and young children had
signiﬁcantly higher cytokine levels than
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Figure 2. Viral shedding in natural influenza-infected individuals. (a) Overall influenza A matrix gene or influenza B NS gene copy numbers were determined for
each participant. Participants were classified as index cases, initially infected contacts, and subsequently infected contacts. (b) Influenza A matrix gene or
influenza B NS gene copy numbers were determined for each participant over the course of infection by viral strain. (c) Viral loads determined for each
influenza-infected participant by age. (d) Linear regression analysis for viral loads detected on study Day 0 with respect to participant age. Data are shown as
natural log transformations of gene copy numbers. (e) Young participants were more likely to be hospitalized than older participants. Lines indicate mean age.
Significance is indicated by q , 0.2 (the false discovery rate–adjusted P value accounting for the six outcomes that were tested).

adults during inﬂuenza infection (see Table
E2; Figure 3b), and this negative correlation
is stronger with cytokines examined
within nasal lavages than in plasma.
Importantly, when this analysis is adjusted
for viral load, the association with age is no
longer signiﬁcant for most plasma
cytokines, but remains intact in the nasal
lavage (data not shown). Thus, the local
immune response measured in the nasal
lavage is inversely correlated with age in
a manner independent of viral load.
454

Children, particularly infants and
neonates, may lack preexisting immunity,
including neutralizing antibodies present at
the time of enrollment, because of reduced
exposure to inﬂuenza virus or other
pathogens. However, we found no
signiﬁcant differences in participant age
when grouped by neutralization titer at the
time of enrollment, indicating that existing
neutralizing antibody titers do not depend
on age (see Figure E2a). Next we examined
the association between age and cytokines,

adjusting for the presence of existing
neutralizing antibody titers. We found that
the correlations between age and cytokine
levels remain signiﬁcant, and importantly,
the nasal lavage and plasma cytokines
signiﬁcantly associated with age (Figure 3b)
remain signiﬁcant even after adjusting for
the presence of existing neutralization
antibody. These associations were
consistent among participants who
had existing neutralizing antibodies
(determined as a microneutralization titer
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Figure 3. Site-of-infection immune responses predict clinical outcomes. (a) Correlation coefficients were determined for 741 pairs of cytokines within the
nasal lavage or plasma. The heat map indicates the correlation coefficients, with red, green, and black indicating perfect positive, negative, and no
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.1:40) to the same type of inﬂuenza virus
they were infected by (strain A or strain B)
(see Figure E2b) and those who had existing
neutralizing antibodies to the infecting
inﬂuenza strain (H1 or H3 or B) (see Figure
E2c). Therefore, existing immunity, as
measured by microneutralization titers at
the time of enrollment, did not inﬂuence
age-related cytokine expression.
Site-of-Infection Immune Responses
Predict Poor Clinical Outcomes

Using the same panel of cytokines, we
examined early symptom scores (Days 0–3),
day of enrollment viral loads, and
hospitalization status, and their relation to
individual inﬂammatory cytokines. We
prespeciﬁed a subgroup of 11 cytokines
representative of diverse immune activities
to focus our analysis and prevent loss of
power from multiple comparisons. This
down sampling statistical plan was made
before any analysis of the cytokine data.
Because we established that several of these
inﬂammatory cytokines were ageassociated, we performed a multivariate
logistic regression and adjusted for ageassociated effects. Following false discovery
rate adjustment, only the Day 0 nasal lavage
levels of IFN-a2 and monocyte chemotactic
protein (MCP)-3 positively correlated with
URT, LRT, and total symptom scores, and
none of the selected cytokines correlated
with viral loads (Table 3, Figures 3c, 3d, 4a,
and 4b). In addition, IL-6 and vascular
endothelial growth factor correlated with
URT scores. Systemic cytokines, while
measured at lower concentrations in the
blood than found in nasal lavages, were also
found to be positively associated with
symptom severity (Table 3, Figures 3e and
3f). MCP-3 was again associated with LRT,
URT, and total symptom scores, as was
plasma IL-10 (Figure 4c). Systemic MCP-3,
IL-10, and IL-6 were associated with
hospitalization as a clinical outcome
(Table 3, Figure 4d). All of these
associations remain signiﬁcant after
adjusting for viral load. This is consistent

Table 3: Day of Enrollment Cytokine Levels Correlate with Participant Symptom
Scores
Cytokine
Nasal lavage
IFN-a2
IFN-a2
IFN-a2
MCP-3
MCP-3
MCP-3
IL-6
VEGF
Plasma
MCP-3
MCP-3
MCP-3
MCP-3
IL-10
IL-10
IL-10
IL-10
IL-6
IL-6
IP-10

Symptom or Outcome

Rho or Odds Ratio

P Value

q Value

Total symptoms
URT
LRT
Total symptoms
URT
LRT
URT
URT

0.456
0.46
0.36
0.371
0.371
0.367
0.331
0.384

0.002
0.002
0.019
0.014
0.014
0.016
0.03
0.013

0.007
0.007
0.038
0.031
0.031
0.031
0.181
0.079

Total symptoms
URT
LRT
Hospitalized
Total symptoms
URT
LRT
Hospitalized
LRT
Hospitalized
Viral load

0.278
0.376
0.428
1.857
0.297
0.453
0.509
1.813
0.395
1.813
0.404

0.145
0.045
0.021
0.066
0.117
0.014
0.005
0.077
0.034
0.044
0.013

0.174
0.089
0.062
0.1
0.141
0.041
0.029
0.141
0.131
0.131
0.079

Definition of abbreviations: IP = IFNg-induced protein; LRT = lower respiratory tract; MCP = monocyte
chemotactic protein; URT = upper respiratory tract; VEGF = vascular endothelial growth factor.

with the ﬁnding that viral load did not
correlate with clinical outcomes or clinical
scores and suggests an independent role for
immunopathogenesis in the clinical outcome
of inﬂuenza infection.
Monocyte Recruitment at the Site
of Infection

Because the cytokines associated with
clinical outcome were associated with innate
immunity, we next examined three
populations of monocytes using surface
CD14 and CD16 expression: CD141/162
“conventional” monocytes, CD141/161
“double positive” monocytes, and CD14lo/
161 “patrolling” monocytes (18). In our
analysis, we consider both the frequency of
each subset relative to the total number
of monocytes and also the absolute number
of monocytes in each subset. The relative
frequency describes the distribution of
monocyte phenotypes in the blood or at the

site of infection, whereas the absolute
number reﬂects overall cellularity within
that compartment.
We determined the relative frequency
and total numbers of each of these three
populations (Figure 5a) within peripheral
blood mononuclear cells and nasal lavage
cells from a subset of our participant cohort
(Figures 5b–5e). Given the strong age
associations we found with nasal lavage
inﬂammatory responses, we investigated
whether there were age associations with
the monocyte proﬁles in either of these
immune compartments (blood or nasal
lavage). We found that the relative
frequency of conventional CD141/162
monocytes was negatively correlated with
age (i.e., younger participants had greater
frequencies of these conventional cells),
whereas the frequency of CD14lo/161
patrolling monocytes was positively
correlated with age in the nasal lavage

Figure 3. (Continued). correlation, respectively. Correlations with false discovery rate (FDR)-adjusted q value . 0.2 were set to zero. (b) Correlations of
nasal lavage or plasma cytokines with participant age. *q , 0.2 where q is the FDR-adjusted P value across all cytokines (either plasma or nasal lavage).
Day 0 cytokines present in the nasal lavage (c and d) or plasma (e and f) were examined for correlations with viral loads, symptom scores, and clinical
outcomes as described in the METHODS. The heat map indicates the correlation coefficient (c and e) or the FDR-adjusted values (d and f). EGF = epidermal
growth factor; FGF = fibroblast growth factor; FKN = fractalkine; GCSF = granulocyte colony–stimulating factor; GMCSF = granulocyte-macrophage
colony–stimulating factor; GRO = growth-regulated oncogene; IP = IFNg-induced protein; LRT = lower respiratory tract symptom scores; MCP =
monocyte chemotactic protein; MDC = macrophage-derived chemokine; MIP = macrophage inflammatory protein; PDGF = platelet-derived growth factor;
RANTES = regulated on activation, normal T-cell expressed and secreted; TGF = transforming growth factor; TNF = tumor necrosis factor; Total = total
symptom score; URT = upper respiratory tract symptom scores; VEGF = vascular endothelial growth factor.
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Figure 4. Cytokine levels predict symptom severity. Day 0 cytokines present in the nasal lavage (a and b) or plasma (c and d) were examined for
correlations with symptom scores and hospitalization as described in the METHODS and shown in Figure 3. LRT = lower respiratory tract symptom scores;
MCP = monocyte chemotactic protein; OR = odds ratio.

(Figure 6a). These data indicate that the
distinct age-associated inﬂammatory
cytokine proﬁles identiﬁed in Figure 3b are
reﬂected in patterns of monocyte recruitment.
Next, we investigated whether the
absolute number or relative frequency of
each monocyte subset was associated with
the immune cytokine proﬁles that were
predictive of illness outcome. Speciﬁcally,
we separately assessed correlations between
cytokines and monocyte subsets within
the nasal lavage, and cytokines and
monocyte subsets within the blood. Within
the nasal lavage, the absolute number of
each monocyte subset was positively
correlated with cytokine levels (Figure 6b),
suggesting that overall monocyte cellularity
is generally associated with higher levels
of inﬂammation at the site of infection.
However, the relative frequencies of these

monocyte subsets revealed a more complex
relationship. The frequency of conventional
CD141/162 monocytes in the nasal
lavage was positively correlated with
multiple cytokines, whereas strikingly the
frequency of patrolling CD14lo/161
monocytes in the nasal lavage was largely
inversely correlated with cytokine levels
(Figure 6c; see Figure E3). The increased
relative frequency of patrolling CD14lo/161
monocytes in the nasal lavage (Figure 5b;
see Figure E3) thus represents a less
inﬂammatory state. In addition, the relative
frequency of conventional CD141/162
monocytes in the nasal lavage was
positively correlated with cytokine levels
(Figure 6c; see Figure E3). In fact, the ratio
between the conventional and patrolling
monocytes at the site of infection was
predictive of the overall level of

inﬂammation (Figure 7a). Smaller
differences, representing a relatively higher
frequency of patrolling compared with
conventional monocytes, were negatively
associated with MCP-3, IFN-a2, and IL-10
(Figure 7b), the cytokines that were
predictive of clinical disease severity
(Figures 3 and 4).

Discussion
Infants and young children are known to
have a higher risk for poor clinical outcomes
after infection with inﬂuenza virus (19, 20).
Several explanations for this observation
have been proposed, including deﬁcient
innate immune responses and lack of
preexisting, protective immunity mediated
by antibody and cellular responses.
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Figure 5. Monocyte populations found at the site of infection are different from that in the blood. (a) An inclusion gating strategy was used to define
monocyte populations, based on a study by Abeles and coworkers (35). Following identification of singlet events, total monocytes are gated to exclude
most lymphocytes. Cells expressing CD16 but not HLA-DR may be CD161 natural killer cells, and therefore excluded. Monocytes were categorized
based on their expression patterns of CD14 and CD16. and nasal lavage cells from one representative participant are shown. Monocyte percentage
(b and d) and number (c and e) are qualitatively different among influenza-infected individuals at enrollment depending on surface expression of CD14
and CD16. PBMC = peripheral blood mononuclear cells.

However, we and others found minimal
viral load increases in the very young,
indicating they are immunologically
competent to clear virus. Additionally, we
found no age association with existing
antibody titer, although the precise
relationship between preexisting innate and
adaptive (including T cell) immunity and
458

subsequent immune responses, particularly
in children, warrants further study (21).
Instead, a far more striking age association
was observed with subsets of cytokines,
particularly in the nasal lavage. Cytokine
levels inversely correlated with age and
included two broad categories of mediators,
proinﬂammatory early innate or adaptive

cytokines (IFN-a2, IL-1b, IP-10, MCP-3,
IL-8, IL-10, IFN-g, IL-6) and growth
factors and late reparation mediators
(platelet-derived growth factor, vascular
endothelial growth factor, granulocyte
colony–stimulating factor). This early
proinﬂammatory burst of cytokines is
reminiscent of the hypercytokinemia
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Figure 6. Monocytes at the site of infection are associated with increased cytokines. (a) Correlations of nasal lavage or PBMC monocytes with participant
age. *q , 0.2 where q is the false discovery rate (FDR)–adjusted P value. Day of enrollment cytokines present in the nasal lavage or plasma were
examined for correlations with CD141CD162, CD14lo/161, and CD141/161 monocyte populations expressed as numbers (b) or percentages (c) as
described in the METHODS. The heat map indicates the Spearman correlation coefficients, with red, green, and black indicating perfect positive, negative,
and no correlation, respectively. Correlations with FDR-adjusted q value . 0.2 were set to zero. PBMC = peripheral blood mononuclear cells.

observed in some animal models of severe
infection and humans infected with A
(H5N1) viruses (9, 12, 22). Previous studies
focusing exclusively on hospitalized
patients with inﬂuenza infection found
positive associations between serum IL-6,
IL-8, MCP-1, and IP-10 levels and clinical
severity (10, 11, 13, 23), whereas others
showed no differences, possibly because of
the restricted nature of their cohorts
(24–27). The association shown here was
independent of existing immunity as
determined by protective neutralization
antibody titer. Our ﬁndings, combined with
a lack of association between age and viral
loads, suggest that enhanced inﬂammatory
responses mounted by children are driven
by immunologic predisposition rather
than failure to control pathogen levels.
Methods for assessing viral load in
humans are severely limited by lack of access
to the lower airways, where viral replication
has been associated with post-mortem with
lethal infection. Although we cannot
discount subclinical lower airway infections,
it seems likely that the longitudinal decline
of adaptive immune mediators in plasma
and nasal lavages of children following the

same timeline as adults indicates
comparable viral clearance mechanisms.
Indeed, viral load was not predictive of
clinical outcome in our study. Instead,
elevated levels of MCP-3 in nasal lavage and
plasma, and nasal lavage levels of IFN-a2,
correlated with increased disease severity
even after accounting for both factors’
association with age. The associations
observed between plasma IL-10 and
hospitalization and respiratory symptom
scores are suggestive of a response to
pathologic inﬂammation. IL-10 is an
immunosuppressive cytokine, but is induced
by inﬂammatory signals, such as type I IFNs
(28). Murine models of inﬂuenza infection
have demonstrated that IL-10 produced by
CD81 T cells in the lung is associated with
reduced inﬂammation (29). Thus, elevated
IL-10 levels may represent attempts by the
host immune system to reverse a damaging
inﬂammatory environment.
The predictive immune proﬁle of
MCP-3, IFN-a2, and IL-10 strongly
suggested the differential involvement of
monocytes in this participant population,
and IFN-a produced by epithelial cells and
innate immune cells can act in an autocrine

and paracrine manner to limit infection
(30). MCP-3 is a ligand for CCR2 (CD192)
and CCR2-dependent inﬂammatory
responses have been implicated in
protective and pathologic responses in
animal models (31). However, monocyte
populations as deﬁned in mouse models are
not clearly associated with similar
populations in humans. Instead, recent
studies on human blood monocyte
populations have deﬁned three distinct
phenotypes based on surface CD14 and
CD16 expression: CD141/162
“conventional” monocytes, CD141/161
“double positive” monocytes, and CD14lo/
161 “patrolling” monocytes, which are of
particular interest because they are thought
to have potent antiviral activity (18).
Murine CCR21 cells seem to be analogous
to conventional monocytes in humans,
which were correlated in our study with
strong inﬂammation. In contrast, the
CD14lo population was shown to secrete
few cytokines and have a speciﬁc ability to
respond to virally infected cells (18). A
higher frequency of these cells relative to
conventional monocytes within a nasal
lavage monocyte population was predictive
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Figure 7. A shift in the monocyte population from patrolling CD14lo/161 to conventional CD141/162 monocytes is positively correlated with (a) the
total average cytokine score and (b) individual cytokines IFN-a2 and IL-10. The data are plotted as unadjusted values. MCP = monocyte chemotactic
protein.

of lower overall cytokine inﬂammation,
whereas a higher frequency of conventional
monocytes was predictive of increased
inﬂammation. This suggests that these two
populations might be cross-regulatory,
consistent with their purported roles in
mouse models. The mechanisms by which
patrolling monocytes might exert a negative
regulatory inﬂuence remain a topic for
further investigation and are poorly deﬁned
even in animal studies. Collectively, our
analyses emphasize the distinct nature of
blood and airway immunity and clearly
demonstrate that the systemic immune
response is not generally reﬂective of the
airway environment.
The current study requires validation in
future prospective cohorts designed and
powered to conﬁrm these associations.
Toward this end, we have collected samples
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from subsequent inﬂuenza seasons,
although we have not achieved statistical
power yet to test our ﬁndings. Still, in
a preliminary analysis, we were able to
conﬁrm the association between plasma
IL-10 and LRT symptoms.
Correlations between cytokines and
clinical outcomes may reﬂect underlying
genetic variation. Recent evidence suggests
that TNF polymorphisms and deﬁcient
IFN-induced transmembrane (IFITM)
proteins involved in antiviral defense
may be associated with inﬂuenza infection
or disease severity, respectively (14, 32).
Individuals, particularly those of Asian
descent, with severe inﬂuenza disease
showed enrichment for an IFITM3
polymorphism and increased serum
MCP-1 (25, 33). Interestingly, presence
of the IFITM3 polymorphism did not

affect overall inﬂuenza-speciﬁc T-cell
responses.
Taken together, our results suggest that
younger individuals are more likely to
produce a proinﬂammatory environment
and that general inﬂammation is not
predictive of a poor outcome but that
a speciﬁc immune proﬁle, characterized by
MCP-3, IFN-a2, and IL-10, can predict
disease severity. These cytokines,
characteristic of innate immune responses,
also correlated with the pattern of
monocyte recruitment. Clinically, deﬁning
the characteristics of protective versus
pathologic immune responses on
presentation might allow for targeted
interventions in young children to
ameliorate severe disease. A recent
metaanalysis of treatment with
oseltamivir indicated that antiviral
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treatment may be of limited therapeutic
effect (34). Although our study was not
designed to test the efﬁcacy of oseltamivir,
our data point to one possible explanation
for this outcome: hyperactive innate
immune responses in young children
may be a more important contributor to
poor disease outcome than failure to
control viral replication. Deﬁning
predictive markers of these pathologic
responses that appear early in infection

may provide new clinical treatment
modalities for improving outcomes,
especially in the young. n
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