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Abstract

Rationale: Exposure to particulates from burning biomass is an
increasing global health issue. Burning biomass, including wood
smoke, is associated with increased lower respiratory infections.

Objectives: To determine whether acute exposure to wood smoke
modifies nasal inflammatory responses to influenza.

Methods: Healthy young adults (n = 39) were randomized to a
2-hour controlled chamber exposure towood smoke, where exposure
levels were controlled to particulate number (wood smoke particles
[WSP]; 500mg/cm3) orfiltered air, followedbynasal inoculationwith
a vaccine dose of live attenuated influenza virus (LAIV). Nasal lavage
was performed before exposure (Day 0) and on Days 1 and 2 after
exposure. Nasal lavage fluid cells were analyzed for inflammatory
gene expression profiles, and cell-free fluid was assayed for cytokines.

Measurements andMainResults:Only IP-10 protein levels were
affected, suppressed, by WSP exposure in aggregate analysis.
Subsequent analysis indicated an exposure3 sex interaction,

prompting additional analyses ofWSP- and LAIV-induced changes
in males and females. Inflammation-related gene expression
profiles differed between the sexes, at baseline (males greater than
females), after LAIV inoculation (females greater than males), and
after WSP exposure (increase in males and decrease in females),
demonstrating that WSP- and LAIV-induced changes in antiviral
defense responses in the nasal mucosa occur in a sex-specific
manner.

Conclusions:WSP exposure resulted in minimal modification of
LAIV-induced responses in aggregate analysis. In contrast, analyzing
WSP-inducedmodification of LAIV responses in the sexes separately
unmasked sex-specific differences in response to exposure. These
data highlight the need for additional studies to understand sex-
specific pollutant-induced effects.

Clinical trial registered with www.clinicaltrials.gov (NCT02183753).

Keywords: air pollution; viral infection; sex difference; nasal
mucosa

Particulate matter (PM) has been linked to a
variety of respiratory diseases (1–14). Wood
smoke particles (WSP) are an increasing
source of PM in the United States as the

predicted prevalence of wildfire events rises
(15). Another source of WSP is wood
burning for heating or cooking, which is
estimated to contribute up to 30% of

ambient fine particles (PM2.5) in some areas
of the United States during the winter (1).
Throughout the world, more than 2 billion
people rely on the burning of biomass,
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including wood, as their main source of
energy for heating and cooking (14). The
use of biomass as the primary source of
fuel contributes to high concentrations of
PM in the air (mg/m3 range), a major
contributing source of air pollution (7),
and is associated with increased lower
respiratory infections, a chief cause of death
in many populations (2, 14).

Epidemiologic studies suggest that
wood smoke and biomass exposure may
contribute to increased risk of infection and
reduced lung function (3, 4, 6, 8–10).
Several controlled exposure studies have
also shown clear associations between

exposure to WSP and respiratory
dysfunction (16, 17). Other studies have
found increased glutathione levels in
BAL fluid along with upper respiratory
symptoms after WSP exposure (18). Both
systemic and respiratory proinflammatory
effects, such as increased peripheral blood
and BAL fluid neutrophil counts, have been
shown in a WSP exposure model (5).

Emerging evidence also suggests that
responses to respiratory virus infection are
sex specific (19–21). This is an important
consideration because exposure to WSP
varies greatly throughout the world, with
women primarily exposed to WSP and
biomass in the home, while cooking or
heating, and men as the majority of first
responders to household fires and wildfires
(22). Furthermore, early exposure to
wildfire smoke has been shown to result in
sex-specific alteration of immune response
to infection by attenuating systemic TLR
(toll-like receptor) responses (23).

Although controlled exposure studies
link WSP exposure and respiratory
proinflammatory effects, the mechanistic
link between WSP exposure and respiratory
infections has not been well established.
Using our protocol of inoculation with live-
attenuated influenza virus (LAIV) as a
model for respiratory infection (24), we
investigated the effect of controlled
exposure to whole wood smoke in humans,
in vivo, on viral infection and antiviral host
defense responses. We hypothesized that
short-term exposure to whole wood
smoke enhances LAIV-induced nasal
inflammation. To test this, we conducted a
randomized, placebo-controlled study
measuring the effect of a 2-hour wood
smoke exposure on short-term nasal
inflammatory responses to LAIV. Some of
the results of these studies have been
previously reported in conference abstracts
(25, 26).

Methods

Study Protocol
Healthy, young adults 18–40 years of age
(Table 1) were recruited and entered into
the protocol shown in Figures 1 and 2.
Participants were either never-smokers
or had been abstinent from smoking for
at least 1 year. At baseline (Day 0),
subjects underwent nasal lavage and were
randomized to undergo exposure to either
whole wood smoke, where exposure level

was controlled by particulate number
(WSP, 500 mg/m3) or filtered air (FA) for
2 hours, sitting at rest, in an exposure
chamber controlling for levels of carbon
monoxide and other gaseous pollutants (see
Table E1 in the online supplement). The
exposure level was based on prior studies
demonstrating tolerance and similarity to
levels found in homes heated by burning
wood (24, 25). Following WSP or FA
exposure, subjects were inoculated with a
standard vaccine dose of 2014–2015 LAIV
(FluMist, MedImmune Astra Zeneca). On
Days 1 and 2 following inoculation, nasal
lavage fluid (NLF) was collected as in our
previous studies and stored at 2808C until
analysis (23, 26–30). NLF cells were
resuspended in RLT lysis buffer (Qiagen),
at 50,000 cells per 7 ml of lysis buffer
and stored at 2808C until analysis. Cell-
free NLF supernatants were also stored
at 2808C until analysis. Additional
supplementary methodologic details can be
found in the online supplement.

The protocol was approved by the
University of North Carolina at Chapel Hill
Biomedical Institutional Review Board
(number: 13–3076) and all methods were
performed in accordance with relevant
guidelines and regulations.

Sample Analysis
Cell-free NLF was analyzed using the
V-PLEX Human Cytokine 30-Plex Kit from
Meso Scale Diagnostics. IP-10 and IL-6
analysis was completed via single-plex
ELISA (BD) and read using a CLARIOstar
microplate reader (BMG Labtech Inc.).

NLF cells were analyzed for gene
expression via Nanostring nCounter
Human Inflammation code set (255 genes)
with a 10-gene nCounter Panel-Plus add-in
to include influenza genes from the
2014–2015 season of the LAIV FluMist
(Table 2). Nanostring data were normalized
per manufacturer recommendations.

Statistical Analysis
To complete the a priori analysis, we
defined the dependent variable as the LAIV
response measures calculated from the area
under the curve (https://cran.r-project.
org/web/packages/AUC/AUC.pdf) over the
days of the study. This measure has been
used in previous studies with similar
experimental design of exposure followed
by LAIV (24, 27). We used multiple
regression analysis to evaluate the
relationship between LAIV response and

At a Glance Commentary

Scientific Knowledge on the
Subject: Particulate matter has been
linked to a variety of respiratory and
cardiac diseases. Wood smoke particles
(WSP) are an increasing source of
particulate matter via wildfires and
burning for heating or cooking.
Epidemiologic and controlled exposure
studies suggest that wood smoke and
biomass exposure may contribute to
increased risk of infection and reduced
lung function. Emerging evidence
suggests that responses to respiratory
virus infection and immune response
to WSP are sex specific. This is an
important consideration because
exposure to wood smoke varies greatly
throughout the world by sex, with
women primarily exposed to WSP and
biomass in the home, while cooking or
heating, and men as the majority of
first responders to household fires and
wildfires. Themechanistic link between
WSP exposure and respiratory
infections has not been well
established.

What This Study Adds to the
Field: This study shows that
inflammation-related gene expression
profiles significantly differed between
males and females at baseline, after
live attenuated influenza virus
inoculation, and after WSP exposure,
demonstrating that WSP-induced and
live attenuated influenza virus–induced
changes in antiviral defense responses
in the nasal mucosa occur in a sex-
specific manner.
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the independent exposure variable, WSP
exposure. Following this, we included
demographic factors in the regression as a
secondary analysis. The inclusion of sex
was particularly of interest based on
rodent studies suggesting sex-dependent
modifications of responses to influenza
virus (19, 28). Because of significant
interaction between sex and exposure,
we conducted a sex-specific subgroup
analysis. All analyses were conducted

using R (http://www.R-project.org/). In
our subgroup analysis, we were also
interested in differential response patterns in
males and females to LAIV because of acute
response pattern differences noted in
previous studies (19, 28). We conducted a
Wilcoxon paired signed rank test after
Shapiro-Wilk normality testing, where the
independent variable was defined as
postexposure2 preexposure LAIV gene
expression. Next, effect of sex at baseline was

evaluated using a two-sample Student’s t test
for unequal variance because no biologic
variables influence both sex of the individual
and gene expression profiles. Lastly, to
determine the functional outcome of gene
expression profile changes, we assessed
concomitant changes in protein expression
through regression analyses. For all analyses,
statistical significance was set at P less
than 0.05 and jfold change (FC)j greater
than 1.5.

Table 1. Subject Demographics

FA (n = 19) WSP (n = 20)

Female Male Female Male

BMI 22.876 0.9 28.836 1.6 27.826 2.4 25.016 0.9
Age 25.806 1.7 27.336 2.5 28.426 1.7 27.256 1.6
Baseline FVC% 104.76 4.6 108.46 2.9 107.16 3.8 104.86 4.0
Baseline FEV1% 99.96 4.4 1066 3.9 106.86 4.1 108.36 3.0
Sex, female/male 10 9 12 8
Race, white/African American/Asian 7/3/0 8/1/0 6/5/1 8/0/0
Former smokers, n 2 1 1 0

Definition of abbreviations: BMI = body mass index; FA = filtered air; WSP =wood smoke particles.
Values are mean6 SE.




Excluded (n = 10)
Not meeting inclusion criteria (n = 5)
Declined to participate (n = 5)

Randomized (n = 39)

Assessed for eligibility (n = 49)




Assigned to WSP exposure (n = 20)
Received allocated intervention (n = 20)
Did not receive allocated intervention (give
reasons) (n = 0)




Assigned to FA exposure (n = 19)
Received allocated intervention (n = 19)
Did not receive allocated intervention (give
reasons) (n = 0)

Allocation


Analyzed (n = 19)

Excluded from analysis (n = 0) 
Analyzed (n = 20)

Excluded from analysis (n = 0)

Analysis

Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

Follow-Up

Figure 1. Consolidated Standards of Reporting Trials diagram. Participant recruitment, screening, and randomization. FA = filtered air; WSP =wood
smoke particles.
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Results

Effect of WSP and LAIV on Aggregate
Data
No effect of WSP exposure on response to
LAIV in aggregate gene expression data was
found; none of the genes examined reached
statistical significance (see Table E2).
Because WSP exposure induced no
significant effects on gene expression
changes, we confirmed that LAIV
inoculation indeed resulted in gene
expression changes consistent with an
antiviral host defense response. Similar to
previous studies (19, 28, 29), we saw an
upregulation of genes that are canonical
responses to viral inoculation and the
presence of the season-specific influenza
strain subunit genes (influenza B NA gene;
Infl_B_NA) in the FA group, confirming
infection with LAIV (data not shown).

Area Under the Curve Effect Measure
Modification of Exposure3 Sex on
LAIV Response
Considering the known effects of sex as a
biologic variable in the response to influenza
virus (19, 20, 28, 30, 31), we examined
whether there was an interaction between
WSP and sex. Twenty-five genes displayed
a sex-modified effect of WSP exposure in
response to LAIV (see Table E2). These
genes included complement factors (C1S,
C4A, C6, and C8A), cell surface markers
(CD4 and CD55), and inflammatory
signaling genes (TGFBR1, TGFB1,
CCL16, IL21, and IL12B). Because of the
contribution of sex as an interactive factor,
we also completed statistical testing within
strata. In males, 13 genes were differentially
affected after WSP exposure (see Table E3).
All of these were upregulated more than
twofold when WSP-exposed subjects were
compared with FA. Most of the upregulated
genes were proinflammatory (Figure 3).
The top five genes differentially affected in

males were: CD4, CCR7, CSF2, PLCB1,
and MASP1. In females, 18 genes were
differentially expressed after WSP exposure
(see Table E3). All of these were moderately
downregulated, with most changes being
less than twofold (Figure 3). The top five
genes differentially affected in females were:
HMGB2, LTB4R, DEFA1, MAFF, and
CYSLTR1.

Sex-Specific Effects of LAIV
Because our analysis indicated an interactive
response of LAIV byWSP exposure and sex,
we also evaluated the potential for sex-
specific responses to LAIV, which have not
previously been reported to our knowledge
(28). Ten genes were differentially
expressed in males and 78 genes in females,
when comparing before inoculation (Day 0)
with after inoculation (Day 1) (see Table
E4). When comparing Day 0 with Day 2,
a total of 16 genes were differentially
expressed in males and 78 genes in females
(see Table E4). Interestingly, in addition to
fewer genes responding to LAIV in males
compared with females, influenza subunit
(Infl_B_NA) was upregulated in females
on Day 1, whereas in males it was not
upregulated until Day 2.

Baseline Sex Differences
Based on the sex-dependent gene
expression changes in response toWSP and
LAIV, we examined whether NLF cell
gene expression differed at baseline in
males and females. Eighty-eight genes were
differentially expressed at baseline when
comparing males with females (see Table
E5). Seventy-four of 88 genes were
upregulated in males compared with
females, whereas the remaining 14 of 88
were downregulated in males compared
with females (Figure 4). The significant
upregulation of IL-8 in males compared
with females recapitulates a sex difference
of this gene in the nasal mucosa we

reported in our previous study (32). Genes
upregulated and downregulated in males
compared with females were clustered
and analyzed for functional enrichment
using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes
(KEGG) pathways in STRING version 10.5
(33). The top five genes upregulated in
males compared with females were:
RHOA, CXCL1, PRKCB, IL-8, and RELA.
The top five genes downregulated in males
compared with females were: NOS2, HRAS,
IL18, PTK2, and PLA2G4A. Additionally, we
compared genes within-sex between
exposure groups at baseline to ensure that at
baseline groups were not different. We
found 1 of 255 genes in females and 5 of 255
genes in males were different between
exposure groups at baseline (data not
shown). Based on a small number of
significant genes and that only two of the six
differentially expressed genes appear in
other results, we do not believe that our
baseline groups differed substantially.

Cytokine Levels in NLF and
Correlation with Gene Expression
Changes
IP-10 and IL-6 increased after LAIV
(Figures 5A and 5C). WSP exposure
suppressed IP-10 on Day 2 as compared
with FA exposed (Figure 5A) in both males
and females. Exposure3 sex differences
were observed in levels of IL-6 and IP-10
(Figures 5B and 5D). The remainder of the
cytokine data are shown in Table E6.

We also examined whether cytokine
levels in NLF correlated with gene
expression changes in NLF cells. Protein
data that significantly correlated with gene
expression data for genes of interest
included IL-8, MIP-1b, MIP-1a, TARC,
and IL-1b (Figure 6). Five analytes
indicated positive concordance between
gene and protein data, thus changes in gene
expression data likely resulted in similar
changes in protein data.

Discussion

The goal of this study was to test the
hypotheses that WSP exposure alters
antiviral host defense responses in human
volunteers. To probe this hypothesis, we
chose nasal LAIV inoculation following a
single exposure to WSP as a model for
community-acquired infection with

500 g/m3 WSP/FA
(2 hr)

LAIV

D02-4 weeksScreen D1 D2

Medical History
Physical Exam (PE)

NLF

PE
NLF

PE
NLF

PE
NLF

Figure 2. Study design and sample collection timeline. FA = filtered air; LAIV = live attenuated
influenza virus; NLF = nasal lavage fluid; PE = physical exam; WSP =wood smoke particles.
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circulating influenza in the context of a
wildfire. Overall, our study demonstrated
that WSP exposure did not significantly
alter markers of viral replication, such as
Infl_B_NA expression, but resulted in
reduced NLF IP-10 levels (Figure 5).
In our previous studies, LAIV-induced
responses, including IP-10, were blunted in
individuals exposed to inhaled toxicants,
such as cigarette smoke and diesel exhaust
(22, 29–31). Suppression of IP-10 could
impede antiviral defense, because IP-10 is
essential for the recruitment of cytotoxic

lymphocytes, such as T cells and natural
killer cells, to infected tissue (32).

Although our data in aggregate did not
show significant effects of WSP on LAIV-
induced inflammatory gene expression, there
was a significant exposure3 sex interaction,
prompting separate analysis of WSP-induced
changes in males and females. Inflammation-
related gene expression profiles differed in
several ways between males and females,
suggesting that WSP-induced changes in
antiviral defense responses in the nasal
mucosa occur in a sex-specific manner.

We conducted a formal test of effect
measure modification with reporting of
interaction terms, and sex-stratified analysis
in our gene expression data, to look for the
effects of WSP and sex on immune response
to LAIV. For example, genes that tested
positive for an interaction of exposure3 sex
and were also found in the male stratum
data include CD4, MASP1, and FASLG.
When male and female data are combined
in the interaction dataset, the jFCj for each
of these genes is less than 1.5. When
analyzed separately in males, the FCs are
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Figure 3. Stratum-specific effects of wood smoke particles (WSP) on live attenuated influenza virus response in males and females. (A) Unbiased
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FC = 2.23, FC = 4.02, and FC = 3.76,
respectively, in subjects exposed to WSP as
compared with FA. Similarly in females,
WSP-induced genes that overlap in both
interaction and stratum-specific analysis

include HMGB2, LTB4R, MAFF, ARG1,
and MAP3K5. In the combined interaction
analysis exposure, jFCj ranges from 1.01 to
1.18, which was below our threshold of
1.5-fold. However, in the female-specific

stratum analysis, FC increased to
FC =21.91, FC =22.06, FC =21.82,
FC =22.63, and FC =21.55, respectively.
Thus, if the data were analyzed in
aggregate (males and females together), and
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Figure 4. Baseline (Day 0) sex difference. (A) Unbiased clustering of differentially expressed genes in males and females from nasal lavage fluid cells at
baseline (Day 0). Inclusion in heat map was determined by significance P, 0.05 and jfold changej .1.5. (B and C) Cluster maps of genes upregulated (B)
and downregulated (C) in males compared with females.
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sex was not considered as a biologic
variable, significant results would have been
minimal and would have appeared as
though the WSP exposure did not
substantially affect LAIV-induced antiviral
host defense responses. Moreover, when sex
is included in the analysis as a factor, sex-
specific effects in opposite directions
emerge, which has been observed in
multiple studies (34).

Our sex-specific analysis demonstrated
that in males, WSP significantly increased
expression of 13 genes as compared with FA.
The upregulation of these genes likely
indicates increased inflammation in
response to WSP, which could increase
cellular damage and the duration and
severity of infection or impede recovery,
potentially worsening previously observed
sex differences in response to infection (30).
In contrast, we observed downregulation of
inflammatory genes in females exposed to
WSP before inoculation with LAIV,
although to a moderate degree. The
inflammatory effects seen in males replicate
more closely the effects seen in previous

controlled WSP exposure studies (1, 2, 5,
16), whereas female effects seem to be a
milder suppression of defense responses per
enrichment for the associated GO pathway
(GO:0006952, shown in red in Figure 3C)
(Figures 3B and 3C).

Any sex-dependent modification in
vaccine response, including LAIV, could
present an alteration in vaccine efficacy.
Vaccine efficacy is normally assessed by
comparing the percentage of reduction in
disease incidence in a vaccinated versus
unvaccinated population or vaccine-specific
antibody production. Previous studies have
uncovered potential sex bias of vaccine
efficacy and antibody production following
influenza vaccination (28, 35, 36). Although
we cannot make direct inferences about the
impact of WSP on vaccine efficacy,
increases in such genes as IL10 in males
after WSP and LAIV may indicate an
impaired vaccine response, because IL-10
has been associated with decreased
pulmonary-specific antibody protection
against influenza virus (37). Further studies
are needed to better understand potential

implications of WSP on vaccine efficacy of
LAIV or other vaccines.

Although our study was designed to
test WSP effects, data in the control group
(FA) also allowed us to analyze sex-specific
responses to LAIV alone (see Table E4).
Females responded more robustly to
LAIV than males on Day 1 and Day
2 after inoculation with 79 and 78 genes
differentially expressed, respectively,
compared with 10 and 16 genes in males,
respectively. The genes found to be
upregulated in women include interferon
and TLR genes, which have previously
been shown to be higher in females and
may promote a more robust response to
infection, compared with males (reviewed
in Reference 31). In addition, influenza
gene subunit Infl_B_NA (a marker of
viral replication) increased in females on
Day 1 (ninefold) and on Day 2 (sixfold)
compared with males. Furthermore,
there were many more immune and
inflammatory genes that were upregulated
in females in response to the LAIV
inoculation, supporting previous findings
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in studies of sex-specific response to
viral infections and vaccines and
demonstrating, for the first time, sex-
specific responses to LAIV. These
observations contribute to the growing
body of evidence that virus-induced host
defense responses differ between males
and females (19–21, 28, 30, 31, 38).

We also compared baseline sex
differences in our data. We have previously
reported that nasal mucosal IL-8 levels are
significantly greater in males as compared
with females (32). Similarly, in this study we
observed 88 genes that were sex-biased at
baseline, with most of the sex-different
genes upregulated in males as compared

with females (Figure 4). The 74 genes that
were upregulated in males include genes
involved in NF-kB (nuclear factor-kB)
signaling pathway, such as IL-8 and their
receptors and TLRs (Figure 4B). The
functional origin and significance of these
differences are not well understood. Others
have hypothesized that sex-differences in
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disease incidence and severity and
responses to pathogens may be genetic
(X chromosome), hormonal (estrogen
and testosterone), evolutionary, or
developmental in origin (20, 39–41).
In addition, we hypothesize that sex
differences in gene and protein expression
at baseline could explain sex-biased
responses to pathogens. Increased levels of
inflammatory mediators in males may
represent an increased response threshold
to pathogens, needing more of the
pathogen to trigger influx and activation of
neutrophils and other innate immune cells.
The increased threshold would allow for
more pathogen replication before being
recognized by the immune system as
invasive and would thus explain the
increased intensity and duration of
infection seen in males compared with
females. The concept of immune signaling
thresholds has been introduced and
modeled in the microbiome literature with
macrophage activation; however, the model
presented only investigated cells from male
human subjects and the sex of the rodents
used was not identified (42, 43). Therefore,
the potential for threshold response to
pathogens to differ in females needs further
investigation to affirm this hypothesis.

To confirm the validity of our LAIV
infection model, we evaluated the acute
effects of LAIV on nasal inflammatory gene
expression. Similar to previous studies (44),
we found that genes and proteins
canonically associated with response to
viral infection were upregulated after
infection, indicative of host defense
response against viral insult (Figure 5).
Largely, the genes and proteins affected
are part of the IFN antiviral response
pathway, essential for host-defense and
development of immune memory (29).
For example, in our protein data we

observed increases in levels of IL-6 and
IP-10 after LAIV on Day 2 (Figure 5).
Overall, we recapitulated previously
observed increases in the expression
of genes associated with antiviral host
defense responses, indicating our model
appropriately mimics responses to
community-acquired influenza infections.

The findings presented here are
important for future controlled human
exposure studies beyond those examining
the health effects of exposure to WSP or
biomass, because exposure and response
differs by sex. Women primarily experience
a subchronic exposure, especially in the
developing world, to indoor WSP and
biomass while cooking or heating the
household (9, 12). In contrast, men are the
vast majority of firefighters and first
responders and have the potential to be
exposed to WSP and biomass in multiple
large acute doses (22, 45). Clinical studies
on either group would thus only describe
half of the effects in either males or females,
but together these data may better inform
on the effects on naturally occurring
exposures in the sexes. The few studies that
have completed controlled WSP exposures
in humans vary in the type of wood used,
combustion method, and exposure
concentration, but have investigated the
potential for altered inflammatory profiles
(18, 46–50). Interestingly, these studies
included both sexes, but did not analyze by
sex. Therefore, the finding of no or few
inflammatory effects on aggregate data in
these studies, similar to our findings, is not
surprising.

The study that replicates the wood,
combustion, and exposure concentration
used in our study found an influx of
neutrophils in bronchial and BAL afterWSP
exposure, but no change in cytokines;
however, they did not disclose the sex of

their 10 subjects, so a thorough comparison
cannot be completed (5). Similarly, rodent
WSP exposure studies have been largely
completed in just one sex (e.g., males only
[51–55], females only [13, 56–58]) or with
rodents of undisclosed sex (59, 60).
Although these studies have provided
important information on the effects of
WSP exposure, determining whether
differential responses between males and
females exist becomes difficult with a one-
sided experimental design. A limited
number of animal studies have included
both sexes and reported differential effects
of WSP exposure by sex (11, 23). Thus,
divergent effects of WSP exposure on the
sexes should be taken into account when
designing exposure studies in the future.

In summary, our study identifies
several baseline sex differences in gene
expression and protein levels in the airway,
which are further altered in a sex-dependent
manner after WSP exposure and LAIV
inoculation. These findings add to the
growing literature on physiologic
differences in immune function or
regulation between males and females, and
emphasize the importance of inclusion of
both sexes in controlled exposure studies
and analyzing data with sex as a biologic
factor. Further investigation is needed to
better understand the origin and functional
significance of respiratory immune sex
differences and its impact on susceptibility
to air pollutants and pathogens. n
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