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TLR4 genotype and environmental LPS mediate RSV
bronchiolitis through Th2 polarization
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While 30%-70% of RSV-infected infants develop bronchiolitis, 2% require hospitalization. It is not clear why disease severity
differs among healthy, full-term infants; however, virus titers, inflammation, and Th2 bias are proposed explanations. While
TLR4 is associated with these disease phenotypes, the role of this receptor in respiratory syncytial virus (RSV) pathogenesis
is controversial. Here, we evaluated the interaction between TLR4 and environmental factors in RSV disease and defined the
immune mediators associated with severe illness. Two independent populations of infants with RSV bronchiolitis revealed
that the severity of RSV infection is determined by the TLR4 genotype of the individual and by environmental exposure to
LPS. RSV-infected infants with severe disease exhibited a high GATA3/T-bet ratio, which manifested as a high IL-4/IFN-y
ratio in respiratory secretions. The IL-4/IFN-y ratio present in infants with severe RSV is indicative of Th2 polarization. Murine
models of RSV infection confirmed that LPS exposure, TIr4 genotype, and Th2 polarization influence disease phenotypes.
Together, the results of this study identify environmental and genetic factors that influence RSV pathogenesis and reveal that
a high IL-4/IFN-y ratio is associated with severe disease. Moreover, these molecules should be explored as potential targets
for therapeutic intervention.

Introduction

Respiratory syncytial virus (RSV) is the most frequent cause of
hospitalization in infants worldwide (1). An estimated 30%-70%
of infants develop bronchiolitis upon primary RSV infection,
1%-3% of whom are hospitalized (1-3). Even though risk factors
for hospitalization have been identified (2, 4), the mechanism of
severe RSV bronchiolitis is not well understood.

Three hypotheses have been widely accepted as probable expla-
nations for disease severity (4). The first attributes severe bron-
chiolitis to RSV damage to the respiratory tract and is supported
by studies in which higher doses of candidate intranasal vaccine
viruses increased symptoms in recipients (5). A second hypothesis
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postulates that severity is a consequence of inflammation (6). The
final explanation ascribes severe RSV bronchiolitis to a CD4* Th2
polarization of the immune response in the respiratory tract (7, 8)
and is supported by the resemblance of symptoms between bron-
chiolitis and asthma, high Th2 cytokine levels in severely ill infants,
and genetic association studies with Th2 genes (8-11).

TLR4 is associated with all 3 hypotheses, and its activation
has been reported to affect RSV titers in the lungs, inflammation,
and Th bias (12, 13). However, studies of the role of TLR4 in RSV
pathogenesis have yielded conflicting results in mice (12-14) and
in children living in different environments (refs. 15-19 and Sup-
plemental Table 1; supplemental material available online with
this article; doi:10.1172/JC175183DS1). To our knowledge, envi-
ronmental factors have not been considered in evaluations of RSV
pathogenesis. Yet, gene-environment interactions involving TLRs
modulate other wheezing illnesses (20, 21).

Two SNPs in TLR4 encode substitutions (Asp299Gly and
Thr3991le) in the ectodomain that are in high linkage disequilib-
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rium and have been associated with an endotoxin (LPS) hypore-
sponsive phenotype (22). LPS interacts with molecules that allow
activation of TLR4, altering responses to different stimuli (23).

We prospectively studied 2 independent populations of infants
with bronchiolitis to test the hypothesis that the interaction of
TLR4 SNPs with the environment modulates RSV disease severity.
We confirmed the role of the candidate molecules associated with
disease severity in this study in mechanistic experiments using a
mouse model of RSV bronchiolitis that reproduced the phenotype
of human disease.

Results

Infants with RSV bronchiolitis are exposed to different levels of envi-
ronmental LPS. In our first study, 768 infants with bronchiolitis
(426 with severe disease and 342 with mild disease) were prospec-
tively recruited in the emergency rooms (ERs) and outpatient clin-
ics (OPCs) of participating institutions during the winter seasons
of 2003 to 2006. Fifty-four (7%) parents declined their infant’s
participation; these infants had characteristics similar to those of
infants enrolled in the study (not shown).

RSV was detected in nasal secretions of 418 (54%) partici-
pating patients. Severe RSV bronchiolitis was found in 246 cases
(59%), while 172 (41%) infants had mild RSV bronchiolitis and
served as controls.

Infants from 3 geographical regions of Buenos Aires partici-
pated in the first study. Those from the western and southern rural
regions of the Buenos Aires district lived in families of low socio-
economic status (SES) (Supplemental Table 2). Variables reported
to affect the risk of severe RSV bronchiolitis (1, 2) were similar in
infants from the western and southern low-income regions (Sup-
plemental Table 3).

The third group of infants lived in urban middle-class families
(central region; Supplemental Table 2). In a comparison of the fre-
quency of risk factors in the low- and middle-income groups, expo-
sure to cigarette smoke (24) was observed more often in low-in-
come families (Supplemental Table 3). Only age and number of
siblings under the age of 14 years living at home influenced the
severity of RSV bronchiolitis (Supplemental Table 4). We detected
no differences in symptom duration, oxygen requirement, or need
for intensive care between RSV-infected populations in the rural
and urban groups (Supplemental Table 5).

Interestingly, we found that socioeconomic status was asso-
ciated with differences in LPS levels in infants’ bedrooms (Fig-
ure 1A). Homes in low-SES, rural regions had similar levels of
bedroom LPS (P = 0.89), which were significantly higher than
those in urban neighborhoods of middle SES (P < 0.01). Yet,
other microbial signals in addition to LPS modulate immune
responses through TLR4. Therefore, we expanded our charac-
terization of these signals by exploring nasopharyngeal (NP)
colonization with 3 bacteria encoding TLR4 agonists: Strep-
tococcus pneumoniae (S. pneumoniae) (25), nontypable Haemo-
philus influenzae (H. influenzae) (26), and Moraxella catharrhalis
(M. catharrhalis) (27). NP carriage of each bacterium was more
frequent and carriage more diverse in infants of low SES from
rural homes (Supplemental Figure 1 and Figure 1B). Therefore,
infants of low SES are exposed to higher levels of TLR4 bacte-
rial agonists, evidenced directly by higher bedroom levels of
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LPS (Figure 1A) and more frequent NP carriage of each and all 3
bacteria (Figure 1B and Supplemental Figure 1) and indirectly by
demographic indicators like lack of sewage (62% vs. 0% in high
SES) and crowding (45% vs. 3% in high SES) at home (Supple-
mental Table 2 and refs. 28, 29). For simplicity hereafter in the
text and figures, we refer to infants from rural homes with NP
bacterial carriage and indicators of low SES as having exposure
to high levels of LPS.

The interaction between TLR4 genotype and the environment
is associated with severity of RSV bronchiolitis. The cohort was
genotyped for the Asp299Gly and Thr3991le alleles (Supple-
mental Table 6). The overall distributions of the 2 alleles were
in Hardy-Weinberg equilibrium, and the frequencies were sim-
ilar to those reported for other populations (30). Thirty-three
ethnicity-specific genomic markers revealed neither evidence of
admixture nor significant ethnic differences between the groups
(Supplemental Table 7).

The TLR4 D299G allele was present in 27 of 397 (6.8%)
RSV-infected infants and 21 of 331 (6.3%) infants infected with
other agents (P = 0.9; Supplemental Table 6). The number of indi-
viduals homozygous for the SNP was too small for statistical anal-
yses. We performed identical analyses with the Thr3991le allele
and the Asp299Gly/Thr3991le haplotype. The results were simi-
lar to those observed with the Asp299Gly allele alone. Therefore,
hereafter only analyses with the Asp299Gly SNP are presented.

In infants from the rural western and southern regions, char-
acterized by low SES and environments with high LPS levels,
Asp299Gly was more frequently found in children with mild RSV
bronchiolitis (Supplemental Figure 2). In fact, both low-income
groups had similar risk factors (Supplemental Table 3), addi-
tional indicators of disease severity (Supplemental Table 5), and
distribution of TLR4 genotypes (P = 0.3) and were therefore sub-
sequently analyzed as 1 group (Figure 1C). Conversely, in infants
from urban homes who had low-level LPS exposure and high
SES, Asp299Gly was more frequently found in the infants with
severe disease (Figure 1C). The impact on severity of illness of
the interaction between TLR4 and environments with different
LPS levels was significant, even after adjusting for risk factors
affecting the severity of RSV bronchiolitis (Table 1 and refs. 1, 2).
TLR4 genotypes did not affect the severity of illness in patients
with non-RSV bronchiolitis, suggesting that the gene-environ-
ment interaction is virus specific (Table 1).

CD14 is a component of the CD14/TLR4 signaling that
enhances TLR4 responses (31, 32). To determine whether CDI4
affected RSV disease severity, we asked whether the CDI14 C-159T
and CDI4 C-550T SNPs were also associated with RSV bronchi-
olitis (Figure 1, F and G, and Supplemental Table 8). Allelic fre-
quencies for both SNPs were in Hardy-Weinberg equilibrium and
did not differ from those reported previously (16, 17, 31). Unlike
TLR4 Asp299Gly, CDI4 C-159T and CD14 C-550T did not affect
RSV disease severity.

Role of RSV titers in disease severity. To explore candidate
variables that may affect the severity of RSV bronchiolitis, we
first compared RSV titers in respiratory secretions. A compari-
son between cases and controls revealed no differences (Figure
2A). Time from initiation of symptoms to sampling was similar
between groups (Figure 2B). Neither differential LPS exposure
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Figure 1. Pattern recognition receptors and environmental interactions. (A) LPS concentrations categorized as low (<48 EU/ml), medium (48-480 EU/ml),
and high (>480 EU/ml), as determined using an LAL assay in cradles and bed sheets of infants from low- versus middle-SES groups. P < 0.01 by Fisher’s
exact test. (B) Diversity of NP colonization, defined as carriage of all 3 S. pneumoniae, H. influenzae, and M. catarrhalis bacteria in a convenience sample of
100 infants of low SES versus those of high SES. Percentage of infants with detectable bacterial DNA. P < 0.001 by ? test. (C and D) Association of the TLR4
Asp299Gly heterozygous genotype in RSV-infected infants with mild (white bars) or severe (black bars) bronchiolitis in groups of infants from rural homes
with high NP bacterial carriage, indicators of low SES, exposure to high environmental levels of LPS (High LPS), and groups of infants from urban homes
with low NP bacterial carriage, middle-SES status, and low LPS exposure levels (Low LPS) in 2003-2006 (C; P = 0.003 for interaction) and 2010-2013 (D;

P = 0.002 for interaction). (E) ORs and 95% Cls for disease severity in infants from high and low LPS level environments in population 1(2003-2006), popu-
lation 2 (2010-2013), and both populations combined (P < 0.001 for interaction in combination). Fisher's exact and Zelen's exact tests for C-E (see Table 1).
(F) CD74 C-159T and (G) CD14 C-550T alleles in RSV-infected infants with severe (black bars) or mild (white bars) bronchiolitis in groups exposed to low or high
environmental levels of LPS. Fisher’s exact; P = NS for both alleles.

levels (Figure 2C) nor different genotypes (Figure 2D) affected
RSV titers. These observations do not support an association
between the severity of RSV disease and virus titers in respi-
ratory secretions. Our comparisons of RSV subgroups A and B
also failed to find differences between severe and mild cases
(Supplemental Figure 4).

RSV-mediated inflammation in the lungs is determined by environ-
mental exposure. We then examined whether severity of RSV bronchi-
olitis was associated with inflammation in the respiratory tract. For
this purpose, we measured levels of IL-6, IL-8, TNF-q, and IL-1f in
respiratory secretions from RSV-infected infants and found no differ-
encesin levels between mildly and severelyill patients (Figure 3, A-D).
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Table 1. OR for severe bronchiolitis: association with TLR4 mutation according to the environment

Environment TLR4 mutation n/N (%) Crude Adjusted®
OR (C195%) PA P8 OR (C195%) P P°
RSV positive
Low LPS Yes 9/10 (90.00) 793 (1.03-354.2) 0.041 8.96 (0.98-81.68) 0.052
No 59/11 (53.15) <0.001 1.00 <0.001
High LPS Yes 5/17 (29.41) 0.22 (0.06-0.70) 0.004 0.20 (0.06-0.64) 0.006
No 170/259 (65.64) 1.00
RSV negative
Low LPS Yes 5/8 (62.50) 149 (0.26-10.51) 0.716 141(0.24-8.32) 0.704
No 29/55 (52.73) 0.65 1.00 0.68
High LPS Yes 6/13 (46.15) 0.79 (0.21-2.84) 0.780 0.80 (0.24-2.65) 0.718
No 133/256 (51.95) 1.00

AFisher’s exact test. 8Zelen’s exact test for homogeneity of ORs. ‘Logistic regression model, adjusted for age, sex, breastfeeding, number of siblings, and

smoking at home. °For interaction between TLR4 mutation and LPS.

Interestingly, we found that inflammatory cytokines were
more abundant in secretions from patients living in urban areas
who had low levels of LPS exposure versus those in rural areas
with chronically high levels of LPS exposure (Figure 3, E and F).
These findings suggest that rural environments rich in LPS influ-
ence cytokine production levels during RSV infection. To explore
whether different inflammatory responses in these populations
were associated with differential expression of pattern recogni-
tion receptors (PRRs) in the respiratory tract before infection, we
compared TLR4 expression in asymptomatic infants residing in
the same neighborhoods as infants infected with RSV during the
study. We found that expression of TLR4 in the respiratory tract
of asymptomatic infants from rural neighborhoods with high envi-
ronmental LPS levels was suppressed compared with that detected
in infants from urban neighborhoods with low LPS levels (Figure
3G). We reasoned that other PRRs might also be modulated by
environmental exposure. Indeed, CDI14, TLR2, and MD2 mRNA
levels were downregulated in infants chronically exposed to LPS
(Figure 3, H and I, not shown, and ref. 33).

The TLR4-environment interaction modulates GATA3/T-bet
ratios affecting RSV disease severity. In mice, exposure to high lev-
els of pathogen-associated molecular patterns (PAMPs) promotes
Th1 bias, and low-level exposure promotes Th2 responses through
PRRs (34). We therefore reasoned that the population of poor
infants from rural environments with low PRR expression would
have weak PRR-RSV interactions (equivalent to a low inoculum
of a PAMP) and bias the immune response to Th2, while middle-
class infants from urban environments with high PRR expression
would bias the immune response to Th1 in RSV infection.

To explore this hypothesis, we examined in both populations
expression of the Th2 and Th1 transcription factors GATA3 and
T-bet (35, 36). We hypothesized that the ratio between these
master regulators during RSV infection would be affected by the
interaction between TLR4 and the environment and play a role
in the severity of illness.

Interestingly, in the subgroup of infants with available mea-
surements (n = 120), we found that Th2 GATA3/T-bet ratios
greater than 1 were associated with RSV disease severity (Figure
4A; odds ratio [OR] = 2.82 [CI, 1.14-6.96]; P= 0.02). Furthermore,
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infants at high risk for severe disease (low-level LPS exposure and
a TLR4 D299G allele plus high-level LPS exposure and 2 major
alleles) had a higher frequency of GATA3/T-bet ratios greater than
1 than did low-risk infants (Figure 4B; OR = 7.61 [CI, 2.83-20.4];
P < 0.0001). Finally, we found that the effect of the TLR4-envi-
ronment interaction on severe RSV bronchiolitis was weakened by
adjusting for GATA3/T-bet (OR = 2.03 [CI, 0.88-4.69]; P = 0.1),
even after adjusting for RSV risk factors (P = 0.1; Figure 4C). These
findings suggest that the GATA3/T-bet ratio is involved in the LPS/
TLR4 pathway to severe RSV bronchiolitis.

Low IFN-y and high IL-4 levels in respiratory secretions from
infants with severe RSV bronchiolitis. We therefore investigated
the role of Th1 (IFN-y) and Th2 (IL-4, IL-5, IL-9, and IL-13) cytok-
ines in bronchiolitis severity. IFN-y levels were lower in infants
with severe illness compared with those in infants with mild ill-
ness (Figure 4D). Conversely, IL-4 levels were higher in infants
with severe RSV infection (Figure 4E). In fact, IL-4/ IFN-y ratios
were also significantly higher in severely ill and at-risk infants,
confirming our observations (Figure 4, F and G). We detected no
differences in IL-9 or IL-13 levels in respiratory secretions from
mildly or severely ill patients (Figure 4, H and I). Interestingly,
IL-5 levels were associated with protection (Figure 4]). IL-17 was
undetectable in all infants.

Finally, we investigated the distribution of a gain-of-function
IL4 SNP (C-590T) in infants with RSV bronchiolitis. Consistent
with studies in industrialized countries (9, 10), C-590T was
associated with severity in environments with low LPS levels.
We observed no effect in the rural population exposed to high
levels of LPS (Supplemental Figure 3 and Supplemental Table
9). Conversely, IL13 SNP (A-445G) analysis was not associated
with differences in severity (Supplemental Figure 3 and Supple-
mental Table 9).

TLR4 genotype and environment in a second infant population.
To confirm our observations, we studied 433 infants with RSV
lower respiratory infection (LRI) between 2010 and 2013. These
infants were admitted to hospitals in the same central and south-
ern regions of Buenos Aires (Figure 1, D and E). Two hundred
and thirty-five infants lived in rural, low-income homes in the
southern region, which was characterized by high levels of envi-
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Figure 2. RSV lung titers are not associated with severity. (A) RSV titers in respiratory secretions from infants with severe (black box) or mild (white box)
bronchiolitis; P = 0.659. Data represent the mean + SEM. (B) Time from initiation of symptoms to collection of respiratory secretions in RSV-infected
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with low NP bacterial carriage, middle SES, and low LPS exposure levels (Low LPS; black box). P = 0.608. Data represent the mean + SEM. (D) RSV titers in
respiratory secretions from RSV-infected infants with 2 major alleles (black box) and infants with 1 TLR4 D299G allele (white box). P = 0.399. All statistical

analyses were performed using 2-tailed Student’s t tests.

ronmental LPS, while 198 infants lived in an urban, middle-class,
low-level LPS environment in the central region (Supplemental
Table 10). In this case, we detected the Asp299Gly allele in 12
infants in the southern region versus 14 in the central region, for
an overall rate of 6.0% (P = 0.64 vs. the first population). Again,
the Asp299Gly allele rates were higher in severe cases among
infants from urban, low-level LPS exposure environments
(OR = 4.72 [CI, 1.00-44.31]) and in mild cases among those
in rural, low-income, high-level LPS exposure environments
(OR = 0.20 [CI, 0.03-0.83]; Figure 1E). Moreover, the impact
of the TLR4-environmental interaction on disease severity was
significant when we analyzed this second population (P = 0.001)
and both populations together (P < 0.001; Figure 1E).

A mechanistic role for Th2 bias in a mouse model of RSV bronchi-
olitis. Finally, we investigated whether a Th bias played a mechanis-
tic role in RSV disease severity in mice. For this purpose, we eval-
uated airway hyperreactivity (AHR) in rodents infected with RSV.

First, we replicated the gene-environment interaction
observed in infants with RSV bronchiolitis (Figure 5, A and B).
Preexposure of C57BL/10 and Tlr4*~ mice to a chronically high
dose of LPS (mimicking infants of low SES) followed by RSV i.n.
inoculation led to enhanced AHR in WT mice compared with
that observed in Tlr4*- animals (Figure 5A). Conversely, no LPS
(high-SES mice) followed by RSV resulted in increased AHR in
Tlr4*/- mice compared with that seen in WT mice (Figure 5B).

As expected, we observed no differences in viral pulmonary titers
or inflammation, as determined by IL-6 and IL-1p immunoassays
in BAL fluids, between groups with different disease severity (not
shown). As in infants, we found that TLR4 expression was sup-
pressed in mice exposed to LPS (Figure 5C).

Following these results and our observations in infants, we
compared IFN-y and IL-4 levels in respiratory secretions from
mice at high versus low risk for severe disease. As described in
infants, at-risk mice had lower IFN-y levels and higher IL-4 lev-
els and IL-4/IFN-y ratios in the respiratory tract (Figure 5, D-F).
We then explored the cells responsible for IL-4 production in the
lungs of mice during RSV infection. Interestingly, we detected
IL-4 in CD4* T lymphocytes obtained from lung homogenates
of mice infected with RSV 5 days after infection (Supplemen-
tal Figure 5). In addition, IL-4 was produced by invariant NKT
(INKT) cells isolated from the lungs of mice infected with RSV
(Supplemental Figure 6).

Finally, we tested the role of Th2 bias in disease severity
using Statl”~ and Stat6”~ mice and mice conditionally deficient
for GATA3 (GATA3/#). T-bet activation is directly associated with
prior STAT1 activation (37). Induction of GATA3 in naive CD4"
T cells requires STAT6 activation (38). Five days after RSV inocu-
lation, we observed that Stat67/- mice had lower AHR than did WT
controls. Stat1”/~ mice had higher AHR than did both of the other
groups (Figure 5, G and H). The role of GATA3 was confirmed in
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GATA3"% mice (Figure 5I). Five days after RSV infection, these
mice had lower AHR than did WT mice, supporting a role for Th2
bias in the pathogenesis of RSV disease.

Discussion
Our study identifies an important and specific pathogenic mecha-
nism for severe RSV bronchiolitis. TLR4-environment interactions
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modulated GATA3/T-bet ratios during RSV infection, and a Th2
bias with high levels of IL-4 and low levels of IFN-y increased dis-
ease severity in infants. We also observed the role of these transcrip-
tion factors and cytokines in mice.

Our study does not find evidence supporting a causative role
for virus titers or RSV strains in disease severity (39). In addition,
while our 2003-2006 population exhibited a greater exposure to



The Journal of Clinical Investigation

RESEARCH ARTICLE

A B C
T s T 100
N Mild g i
S - S — 80 —— ®m—— 1 Unadjusted
S oA S oA
< o << Q 60
S o SE
£< Egw
Adjusted by
20
@ 8 X 20 GATA3/T-bet
c £ c E
8 8
g 0 £ 0 f T s
® Severe Mild ® High risk Low risk 03 OR for severity
D E F G
2000 P =0.004 600 P=0.007 10 P=0.005 10 P=0.009
= ke o
£ 1500 = ® s © ?
S £ 400 =5 >~ &
= <) = b4
= 1000 2 [ [
=z < = 4 = 4
U_- N 200 I ‘,"
500 = =2, —I— =,
0 - - 0 -
Severe Mild Severe Mild Severe Mild High risk Low risk
H J
501 P=0.866 1501 P=0.865 400+ P=0.02
40 R
= = = 3001
E £ 1001 E
g g T g
= = £ 200
@ 20 2] [ts)
= ' 50 2
Severe Mild Severe Mild Severe Mild

Figure 4. Th2 bias and RSV bronchiolitis. (A) Percentage of RSV-infected infants with severe or mild RSV bronchiolitis with a GATA3/Thet mRNA ratio
greater than 1in respiratory secretions. P = 0.02 by y? test. (B) Percentage of high-risk (WT and high-level LPS exposure plus TLR4 D299G and low-level
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a GATA3/Tbet mRNA ratio greater than 1in respiratory secretions. P < 0.0001 by 2 test. (C) Effect of TLR4-environment interaction on severity of RSV
bronchiolitis in unadjusted analysis and after adjusting for GATA3/T-bet ratios greater than 1. (D) IFN-y, (E) IL-4, and (F) IL-4/IFN-y levels in respiratory
secretions from infants with severe (black bar) or mild (white bar) RSV bronchiolitis (range = 0.33-9.2 for severe in IL-4/IFN-y and 0.01-2.3 for mild). Data
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SEM. (H) IL-9, (1) IL-13, and () IL-5 levels in respiratory secretions from infants with severe (black bar) or mild (white bar) RSV bronchiolitis. Data represent

the mean + SEM. Mann-Whitney U test for D-).

RSV A in high-level versus low-level LPS exposure environments,
RSV B prevailed in high-level LPS exposure homes between 2010
and 2013 (data not shown). Therefore, our data suggest that RSV
strains do not affect the TLR4-environment interaction either.
The poor record of corticosteroids against RSV (40), studies
reporting low levels of inflammatory cytokines during severe ill-
ness (41), absent inflammation in fatal RSV cases (42), and dis-
crepant inflammatory responses in severe bronchiolitis caused
by different viruses (43) suggest that an augmented production
of inflammatory cytokines may not explain severe bronchiolitis.
In our study, severe RSV bronchiolitis correlated with a predomi-
nance of GATA3 over T-bet and high IL-4/IFN-y ratios in the respi-
ratory tract (11). Previous studies associated IL-9 and IL-13 with
severe disease (8, 10), but ours did not replicate those observa-
tions. It is, however, clear that these forms of sampling represent
the mixture of conventional Th2 contributions (in ours and other
studies, ref. 44) with those of a number of other cell types. With
respect to CD4* T cells, for instance, a major source of IL-9 would
be the Th9 cell population (45). More broadly, a hallmark of the
innate lymphoid cell type 2 (ILC2) subset is scant IL-4 production,

yet detectable IL-5, IL-9, and IL-13 production (46). As such, our
findings are consistent with Th2 (sensu stricto) being one influ-
ence tipping the balance between severe and mild RSV disease
and that hallmarks shared with Th9 and ILC2 cells (IL-5, IL-9, and
I1L-13) do not provide the positive correlation observed with IL-4
and IL-4/IFN-y ratios. Additional studies will be required to fully
characterize the cell types, in addition to CD4* T lymphocytes and
iNKT cells, contributing to disease enhancement.

The role of TLR4 in RSV disease has been a source of con-
troversy. Environmental exposure (15, 19), lack of power (17-19),
choice of controls (15-19), or specific genetic or demographic
characteristics of the population (16) may explain the differences
between human studies. In fact, our observations and those of
others (47) suggest that the effect of TLR4 in disease severity
does not occur through interaction of this PRR with the virus but
rather through prior environmental TLR4 activation condition-
ing the immune response to infection. Moreover, not all indi-
viduals with this TLR4 haplotype display hyporesponsiveness
to LPS (22), and this discrepancy may contribute to the lack of
complete correlation in our data.
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Figure 5. Th2 bias promotes RSV disease in mice. AHR in mice exposed to 50 mg aerosolized mCh 5 days after i.n. infection with 10° PFU RSV line 19 after
high (100 pg god) (A) or no (B) exposure to bacterial LPS. Student’s t test; P = 0.029 (A) and P = 0.006 (B) for WT versus TIr4*/~. No statistically significant
differences were observed between uninfected WT and T/r4*/- controls (not shown). Results are representative of duplicate experiments (6-8 mice/group).
(C) TLR4 mRNA expression levels in WT mice exposed to high LPS levels versus no LPS. P = 0.012. (D) IFN-y, (E) IL-4, and (F) IL-4/IFN-y ratios in lung
homogenates of high-risk (no LPS exposure for T/r4*/~ plus high LPS exposure for WT) compared with low-risk (no LPS exposure for WT plus high-level LPS
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(CATA3"), P < 0.05 by Mann-Whitney U test. Data represent the mean + SEM (5 mice/group).

Importantly, our study identifies a group of full-term infants  ventive interventions aimed at virus neutralization and/or novel
who may be highly susceptible to RSV: TLR4*~ infants from urban  anti-Th2 approaches (51) may be needed to protect these children.
environments with low levels of LPS exposure. Over 80% of these On the other hand, our findings that approximately 94% of
infants in our studies were hospitalized when visiting the ERor OPC infants in the rural region had 2 major alleles for TLR4 and high
with respiratory symptoms due to RSV (15). Even if only 7%-10% of ~ LPS exposure levels — which are typical of low-income environ-
all TLR4*~ infants visit the ER with RSV infections every year (48), = ments and may result in increased severity of RSV bronchiolitis
hospitalization rates for them would approach those of extremely =~ among these children (P = 0.03) — help to explain why poverty is
premature babies (49). But while extremely premature babies consti-  associated with severe RSV LRI (52, 53). After all, treatment for
tute approximately 1.5% of the population in western industrialized =~ RSV disease is supportive. Hence, sophisticated medical inter-
societies, TLR4* full-term infants represent 6%-10% (30). More-  ventions are unlikely to explain all outcome inequalities between
over, 89.5% of North American premature infants hospitalized with ~ socioeconomic groups. In fact, risk factors such as crowding, day-
RSV LRI in an earlier study were found to be TLR4*, while the rate ~ care attendance, exposure to cigarette smoke, and numerous sib-
of heterozygosity in the general population was 10.5% (50). Should  lings may further contribute to disease severity by enhancing the
additional studies in TLR4*" infants confirm our observations, pre-  LPS environmental effect on TLR4.
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Our observations suggest that environmental factors — inter-
acting with the TLR4 genotype — modulate PRR expression in the
respiratory tract and can result in an exaggerated Th2 response
during RSV infection associated with severe bronchiolitis. While
TLR4 studies provide an interesting window into RSV pathogene-
sis, other genes and risk factors have also been noted to influence
disease severity (6-8, 10, 53). In fact, GATA3/T-bet ratios and Th2
bias may be part of a downstream pathogenic pathway modified
at various levels by different genes affecting pulmonary function
(54, 55) and /or immune responses (8-10, 34) in the context of the
environment and its epigenetic modifications.

Our results have caveats. First, in studying human populations
we recognize that other environmental factors or unmeasured con-
founders may affect the results. Second, even though we examined
highly representative inflammatory cytokines, other unmeasured
inflammatory molecules or even RSV load at other time points could
still influence disease severity. In addition, studying healthy human
subjects requires extrapolation of immune manifestations in the
lungs through the analysis of upper respiratory tract secretions. The
direct correlation of cytokine responses and viral titers during LRI
has been described in other reports (41). Finally, although the limu-
lus amebocyte lysate (LAL) assay is the industry standard for assess-
ment of endotoxicity, certain endotoxins may have different reactiv-
ity to the test, and variability is common (56, 57). Therefore, based
on the difficulty of drawing absolute environmental conclusions on
single-time point, single-molecule measurements (56, 57), we based
our environmental assessments on a combined evaluation of LPS
levels, NP bacterial carriage, and living conditions (28, 29, 56, 57).

However, this study has important strengths (58). First, it
presents hundreds of infants from different environments with
mild and severe RSV bronchiolitis and relevant RSV-negative
controls in various populations. Second, phenotypes in infants
and mice were defined by clinically relevant criteria, even in the
context of the limitations of murine models of human respiratory
viruses. Third, this study identifies a novel population at high risk
for severe disease: urban, middle-class TLR4"" infants. Finally,
this study proposes a plausible mechanistic paradigm for environ-
mental, genetic, epidemiological, and immune factors affecting
the pathogenesis of RSV bronchiolitis in infants and, simultane-
ously, offers mechanistic support for its observations in mice.

In summary, we describe an association between the TLR4
genotype and environmental conditions that modulate RSV
severity through a Th bias. High IL-4/IFN-y ratios are associated
with severe RSV bronchiolitis. Therapeutic interventions should
explore modulation of these molecules.

Methods

Patients. This prospective, case-control study was conducted in Bue-
nos Aires, Argentina, between 2003 and 2006 and between 2010
and 2013. Participating hospitals in 2003-2006 cared for infants in
the central (at Hospital Francés), western (Hospital Nacional Dr. Ale-
jandro Posadas), and southern (Hospital Evita Pueblo de Berazategui
and Hospital Mi Pueblo de Florencio Varela) regions of the city. These
last 2 regions are separated by 40 highway miles and by other areas of
the city. Therefore, the possibility of even small groups of people from
either population (who typically lack private transportation) moving to
the other district is extremely low.

RESEARCH ARTICLE

Previously healthy full-term infants under 1 year of age and born
after September 15 of the previous year, 15 days after the end of the
RSV season in Buenos Aires (3, 43), with signs and symptoms of bron-
chiolitis for the first time in their lives, were invited to participate.
Bronchiolitis was defined as a constellation of clinical signs including
wheezing with or without cough, rales, dyspnea, and increased respi-
ratory rate and retractions of the respiratory muscles. The diagnosis
was made by trained pediatricians.

The selection criterion for RSV disease severity was based on a
clinically relevant endpoint: previously healthy full-term infants with
bronchiolitis were recruited to the study if their oxygen saturation
upon enrollment was lower than 93% when breathing room air. Con-
trol subjects included infants with oxygen saturation at or above 93%
while breathing room air. In addition, these criteria allow comparison
with numerous previous studies (15-19).

Exclusion criteria included known or suspected impairment
of immunological function, major congenital oral malformations,
chronic lung disease, cardiac disease, prematurity (gestational age of
less than 37 weeks), neuromuscular disorders affecting swallowing,
and known or suspected coagulation disorders or bleeding tendency.
Epidemiological data reported by parents or guardians and clinical
data by physical examination were collected by a pediatric investiga-
tor. Epidemiological information included age, gender, breastfeeding
at the time of enrollment, smoking by others in the home, day-care
attendance, parental history of asthma, and presence of siblings
younger than 14 years of age in the household. Clinical information
included need for and duration of oxygen supplementation, need for
and duration of hospitalization, need for intensive care, and death.
Investigators monitored the clinical evolution of participating infants
through phone calls and/or hospital visits up to 7 days after enroll-
ment. Therefore, any change in the clinical status of the infants was
accounted for in the study (i.e., worsening clinical condition convert-
ing a control into a case).

Collection and testing of nasal aspirates. Nasal secretions were
obtained from all infants at the time of enrollment by nasal aspiration
using 1 ml sterile saline solution (Analyticals; ChemIT). Nasal aspi-
rates (2 ml) were immediately aliquoted, snap frozen in dry ice, and
transported to the laboratory. The initial diagnosis of RSV infection
was made by direct immunofluorescence assay (Light Biodiagnos-
tic). Results were immediately reported to the participating pedi-
atricians. Infants with positive RSV tests were asked to return for a
second visit 5-9 days after enrollment. Aliquots of nasal aspirates
were stored at -80°C for cytokine, mRNA, and viral titer determina-
tions. Viral titers were quantified in nasal aspirates using real-time
PCR (RT-PCR). Briefly, RNA was extracted using an RNeasy Mini Kit
(QIAGEN). RT-PCR was performed using an RSV TagMan probe with
the sequence 6FAMCAATGATCATGATTTACCTATTGMGBNFQ.
Viral titers were estimated using a standard curve with known
concentrations of RSV.

Collection and processing of blood samples (2003-2006). Blood was
collected from all participating infants at the time of enrollment by ven-
ipuncture in the first population (nasal aspirates were used for genotyp-
ing in the 2010-2013 population). Blood samples were transferred to
the central laboratory and 500 pl stored at -80°C for genotyping.

Assessment of LPS environmental levels. Samples from cradle and
bed sheets from the bedroom of participating infants (2003-2006)
were collected in fiberglass filters. LPS was assessed by an LAL
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Test Endotoxin Assay (Laboratorio Dr. Rapela) in sample dilutions.
Results are reported as EU/ml (endotoxin units). A similar proce-
dure was used to assess LPS levels in a convenience sample from 120
homes from the 2010-2013 cohort.

Identification of bacteria in NP aspirates. DNA was isolated with
the QIAmp DNA Kit (QIAGEN) in NP aspirates, and DNA concen-
trations were determined using a NanoDrop (Thermo Scientific).
S. pneumoniae, H. influenzae, and M. catarrhalis were analyzed by
RT-PCR using the StepOnePlus Real-Time PCR system (Invitrogen)
with the following sequences: S. pneumoniae forward primer, GCT-
GTTTTAGCAGATAGTGAGATCGA; S. pneumoniae reverse primer,
TCCCAGTCGGTGCTGTCA; S. pneumoniae probe, 5-FAMAAT-
GTTACGCAACTGACGAGMGBNFQI1-3'; M. catarrhalis forward
primer, GTGAGTGCCGCTTTACAACC; M. catarrhalis reverse
primer, TGTATCGCCTGCCAAGACAA; M. catarrhalis probe,
5'-FAMTGCTTTCAGCTGTTAGCCAGCCTAAMGBNFQ1-3';
H. influenzae forward primer, CCAGCTGCTAAAGTATTAGTA-
GAAG; H. influenzae reverse primer, TTCACCGTAAGATACTGT-
GCC; and H. influenzae probe, 5-FAMCAGATGCAGTTGAAGGT-
TATTTAGMGBNFQI-3' (all from Applied Biosystems).

Cytokine determinations. IL-6, IL-8, IL-1B, and TNF-a levels were
measured in nasal aspirates obtained upon enrollment of the patients
using a microbead array (BD). IL-4, IFN-y, IL-5, IL-9, IL-13, and IL-17
levels in nasal aspirates were assessed in aliquots of available samples
using BioSource ELISA kits following the manufacturer’s instructions.

GATA3, Tbhet, and TLR4 mRNA expression in nasal secretions.
GATA3, Tbet, TLR4, CDI14, MD2, and TLR2 mRNA expression was
assessed by RT-PCR (Applied Biosystems) in nasal aspirates from 120
randomly selected subjects from all study groups. RNA was extracted
using the RNeasy Mini Kit (QIAGEN). cDNA synthesis was performed
by SuperScript First-Strand ¢cDNA Synthesis Assay (Invitrogen) and
expression assayed by TagMan (Invitrogen). B-Actin mRNA expres-
sion was used as a housekeeping gene (Applied Biosystems).

Genotyping. DNA was isolated from whole-blood samples using
the Gentra Puregene kit (Gentra Systems) and characterized for
purity and concentration on a Beckman Coulter DU640 spectropho-
tometer. Low-yield samples were whole-genome amplified with the
REPLI-g kit (QIAGEN). TLR4 Asp299Gly and I1e399Thr mutations
were assessed by allelic discrimination with preoptimized assays
from Applied Biosystems.

Briefly, the TLR4 polymorphic sites were amplified from 10 ng
genomic DNA, 12.5 ul TagMan Genotyping Master Mix, and 1.25 pl
of a x20 preoptimized assay mix containing C_11722238 (Asp299Gly,
rs4986790) or C_11722237 (1le399Thr, rs4986791). Each x20 mix
consisted of 18 uM forward and reverse primers and 8 pM of each
allele-specific fluorescence-labeled probe. Standard PCR cycling con-
ditions were used, with initial denaturation at 95°C for 10 minutes,
followed by 35 cycles at 92°C for 15 seconds and 60°C for 1 minute.
Allele-specific PCR products were detected on an ABI 7000 (Applied
Biosystems) and clustered by genotype using ABI 7000 sequence
detection software. Ambiguous samples were clustered manually and
verified by sequencing. Control samples with a known genotype, as
verified by DNA sequencing, were run with each plate. Comparison
of IL-6 levels in respiratory secretions from RSV-infected infants with
2 major TLR4 alleles with infants with 1 TLR4 D299G allele showed
significantly lower cytokine levels in secretions from infants with a
minor allele. No difference in TNF-a or IL-1B levels was observed
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between WT TLR4 and heterozygous infants (not shown). No dif-
ference in the time from initiation of symptoms to sampling was
observed (not shown).

CDI14 C-159T, CD14 C-550T, and IL4 C-590T mutations were ana-
lyzed by RFLP. Polymorphic sites were amplified from 50 ng genomic
DNA, 12.5 | FailSafe buffer (Epicentre Biotechnologies), 1 uM forward
and reverse primers, and 0.25 ul Taq polymerase enzyme mix (Epicen-
tre Biotechnologies). The resulting PCR products were digested with a
specific restriction enzyme (New England Biolabs) at 37°C for 4 hours
and run on 3% agarose gels for fragment detection. Control samples
with a known genotype, as verified by DNA sequencing, were run with
each plate. Supplemental Table 11 lists the FailSafe buffers, primer
sequences, and restriction enzymes used for the RFLP assays.

For quality control, assays were repeated on 5% of the samples,
and results were 100% concordant. In addition, because of the poten-
tial ethnic diversity in our study population, 33 ethnicity-specific
genomic markers were evaluated on the Sequenom iPLEX platform by
BioServe to rule out admixture.

Second population (2010-2013). The same recruitment crite-
ria were used as in 2003-2006 for infants at hospitals caring for
middle-income, insured families (Swiss Medical Center, CEMIC,
Hospital Espafiol) in the central region and at public institutions caring
for low-income families (Hospital Pedro de Elizalde) in the southern
region. Genotyping was performed in nasal aspirates.

Mice. Seven-day-old C57BL/10 mice and C57BL/10 mice hete-
rozygous for Tlr4=% (Tlr4*/- mice) (The Jackson Laboratory) were
inoculated with 100 pg LPS or placebo every 2 days for 14 days and
challenged i.n. with 10° PFU RSV line 19 at 28 days of age. Unlike RSV
A2, line 19 induces dose-dependent AHR in mice (59). Four-week-
old BALB/c (WT, Stat 67, and Stat 17-) mice and tamoxifen-treated
C57BL/6 WT and C57BL/6 mice conditionally deficient for GATA3
(GATA3"") were infected with RSV line 19 nine days later to evaluate
the role of transcription factors in RSV bronchiolitis.

AHR to increasing concentrations of methacholine (mCh) was
determined as previously described (60). Briefly, 5 days after chal-
lenge, we anesthetized the mice with a mix of ketamine (100 mg/kg)
and xilazine (10 mg/kg) i.p., intubated them, and ventilated them at
a rate of 120 breaths per minute with a constant tidal volume of air
(0.2 ml). We then paralyzed the mice with decamethonium bromide
(25 pg/kg) and, after establishing a stable airway pressure, determined
airway resistance to aerosolized mCh (0.01-30 mg/kg). Immunoas-
says for inflammatory cytokines in BAL fluids were determined using
kits from Biosource, following the manufacturer’s instructions.

Statistics. Data were analyzed using the y? test or Fisher’s exact test
for proportions. Continuous variables were analyzed using 2-tailed
Student’s t, Mann-Whitney U, or ANOVA tests, where appropriate. For
categorical outcomes, logistic regression was performed using mod-
els selected a priori. The Hardy-Weinberg equilibrium was calculated
for every SNP examined. Statistical analyses were performed using a
Stata 11.2 package for IBM-PC (StataCorp) and SAS 9.3 (SAS Institute
Inc.). A Pvalue of less than 0.05 was considered significant.

Study approval. The study protocol was approved by the IRBs of
Hospital Francés; Evita Pueblo de Berazategui; Hospital Posadas; Hos-
pital Mi Pueblo de Florencio Varela; Maternidad Suizo-Argentina in
Argentina; and Vanderbilt University. Written informed consent was
obtained from the parents or guardians of all patients. All murine stud-
ies were approved by the IACUC of Vanderbilt University.
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