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protects against pulmonary virus infection through
interaction with the microbiota
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Background: Helminth parasites have been reported to have
beneficial immunomodulatory effects in patients with allergic
and autoimmune conditions and detrimental consequences in
patients with tuberculosis and some viral infections. Their role
in coinfection with respiratory viruses is not clear.

Objective: Here we investigated the effects of strictly enteric
helminth infection with Heligmosomoides polygyrus on
respiratory syncytial virus (RSV) infection in a mouse model.
Methods: A murine helminth/RSV coinfection model was
developed. Mice were infected by means of oral gavage

with 200 stage 3 H polygyrus larvae. Ten days later, mice

were infected intranasally with either RSV or UV-inactivated RSV.
Results: H polygyrus—infected mice showed significantly less
disease and pulmonary inflammation after RSV infection
associated with reduced viral load. Adaptive immune responses,
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including T2 responses, were not essential because protection
against RSV was maintained in Ragl ™'~ and Il4ra™’" mice.
Importantly, H polygyrus infection upregulated expression of
type I interferons and interferon-stimulated genes in both the
duodenum and lung, and its protective effects were lost in both
Ifnarl™"~ and germ-free mice, revealing essential roles for type
I interferon signaling and microbiota in H polygyrus—induced
protection against RSV.

Conclusion: These data demonstrate that a strictly enteric
helminth infection can have remote protective antiviral effects in
the lung through induction of a microbiota-dependent type I
interferon response. (J Allergy Clin Immunol 2017;140:1068-78.)
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Abbreviations used
¢DC: Conventional dendritic cell
HES: Heligmosomoides polygyrus excretory-secretory
IL-4R: IL-4 receptor
ISG: Interferon-stimulated gene
mCRAMP: Murine cathelicidin-related antimicrobial peptide
NK: Natural killer
OAS: 2'-5'-Oligoadenylate synthetase
RAG: Recombination-activating gene
RSV: Respiratory syncytial virus
SPF: Specific pathogen-free
UV-RSV: UV-inactivated RSV

Respiratory syncytial virus (RSV) is a major respiratory
pathogen. It infects nearly all infants by the age of 2 years' but
does not induce lasting immunity and leads to recurrent infections
throughout life. Worldwide, it is estimated that 33.4 million
children under 5 years of age experience RSV-induced lower
respiratory tract infection (LRTI) annually, and 10% of these
require hospitalization, resulting in up to 199,000 deaths.>* There
is also major morbidity and mortality caused by RSV in the
elderly.” Currently, there is no effective vaccine available for
RSV, and treatment is limited to supportive care. Severe
RSV-induced LRTIs are associated with and thought to be caused
by severe pulmonary inflammation.

In addition, severe RSV infection during infancy has also been
associated with increased risk for asthma development. There is
substantial evidence indicating that children hospitalized with
RSV-induced bronchiolitis are more likely to experience
recurrent wheezing episodes for a prolonged period of time after
recovery from this illness.®”

Helminths infect approximately 3 billion people worldwide. It
has long been proposed that infection with helminths could
suppress the development of immune-mediated disease because
in countries where their prevalence is high, the prevalence of
asthma, allergy, and autoimmune conditions has been found to be
correspondingly low.'” In particular, intestinal helminths have
been of major interest because of their ability to modulate host
immune and inflammatory responses to foreign antigens,''™'°
and several clinical trials have been carried out or are underway
assessing their utility as therapeutic agents in patients with
inflammatory bowel disease, multiple sclerosis, and asthma.'”

Helminth infections rarely occur in isolation, and coinfections
are very common with varying effects, such as reduced pathogen
control and increased disease, as reported for HIV infection and
tuberculosis.'®*' Recent experimental models in mice report
reactivation of systemic latent -y-herpesvirus and reduced control
of enteric norovirus replication,””** indicating that in these
systems helminth infection suppresses antiviral immunity,
resulting in increased viral replication. However, the effect of
helminth infection on respiratory viruses is not well understood.
Clinical data are lacking, but mouse models suggest reduced
influenza-induced pathology in helminth coinfection.’**

Here we investigated whether infection with the strictly enteric
murine helminth Heligmosomoides polygyrus would change the
course of disease and inflammation during RSV infection. This
study demonstrates protective effects of helminth infection on
RSV infection and reveals a novel mechanism of type I interferon
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induction by enteric helminth infection at a site distant from
the gut.

METHODS

Animals

BALB/c, C57BL/6, IL-4 receptor o (1l4ra) - 7,2(‘ recombination-activating
gene 1 (Ragl)™~,>" IL-33 receptor (II33r)”/~ (BALB/c background),
Ifnarl ™~ *® and Camp ™~ (bred to congenicity on a C57BL/6J Ola Hsd
background) mice were bred in house at the University of Edinburgh.
Germ-free BALB/c mice were obtained from the Clean Mouse Facility, Uni-
versity of Bern (Bern, Switzerland), and compared with specific pathogen-free
(SPF) BALB/c mice from Charles River Breeding Laboratories (I’ Arbresle
Cedex, France). Six- to 12-week-old female mice were infected by means
of oral gavage with 200 stage 3 H polygyrus larvae. Ten days later, mice
were intranasally infected with RSV or mock infected with UV-inactivated
respiratory syncytial virus (UV-RSV; standard coinfection protocol).

Parasites, parasite products, and viral stocks
Parasites were maintained, as previously described.” For some
experiments stage 3 H polygyrus larvae were irradiated at 100, 200, or
300 Gy by using a GSR-CI irradiator at a rate of 6.2 Gy/min before
administration by oral gavage. Axenic H polygyrus larvae were produced,
as previously described.’’ Plaque-purified human RSV (Strain A2; ATCC,
Manassas, Va) was grown in Hep-2 cells, as previously described.””

Whole-body plethysmography

Baseline respiratory effort was assessed in individual mice by using
whole-body plethysmography (Buxco, Wilmington, NC). Mice were placed
into individual chambers, and baseline measurements were recorded for
5 minutes. Enhanced pause values were recorded, averaged, and expressed as
absolute values, as previously described.*

RSV immunoplaque assay

RSV titers were assessed, as previously described,”* in lung homogenates
by means of titration on HEp-2 cell monolayers in 96-well, flat-bottom plates.
Twenty-four hours after infection, monolayers were washed, fixed with
methanol, and incubated with biotin-conjugated goat anti-RSV antibody
(Bio-rad, Watford, United Kingdom). Infected cells were detected with
3-amino-9-ethylcarbazole, and infectious units were enumerated by means
of light microscopy.

Lung cell isolation and flow cytometry

Right lung lobes were excised, cut into small pieces, incubated on a shaker
with collagenase A (0.23 mg/mL PBS; Sigma, St Louis, Mo) at 37°C for
45 minutes, and sheared through a 19-gauge needle. After red blood cell lysis
(Sigma), the single-cell suspension was passed through a 40-pm cell strainer
and stained with the viability dye eFluor 780 (eBioscience, Hatfield, United
Kingdom). The following anti-mouse antibodies were used to phenotype lung
immune cells: PDCA-1 (EBIO-927), Ly6G (RB6-C5), NKp46 (29A1.4), and
B220 (RA3-6B2), all eFluor 450 conjugated (eBioscience, San Diego, Calif);
Ly6C (AL-21) and CDS8 (Ly-2), both fluorescein isothiocyanate conjugated
(BD Biosciences, San Jose, Calif); CD11b (M1/70) and CD4 (RM4-5), both
phycoerythrin conjugated (eBioscience); CD45 (30-F11), eFluor 605
Nanocrystal (NC605) conjugated (eBioscience); CD49B (DXS5), CD19
(6D5; BioLegend, San Diego, Calif), and F480 (Cl:A3-1), all Alexa Fluor
647 conjugated (AbD Serotec, Bio-Rad Laboratories, Hercules, Calif); MHC
class II (M5/114.15.2) and CD3 (145-2C11), both peridinin-chlorophyll-
protein complex CyS5.5 conjugated (BioLegend); CD19 (EBIO1D3), CD3
(17A2; eBioscience), and Ly6G (1AB), all Alexa Fluor 700 conjugated
(BD Biosciences); and CDl1lc (N418), phycoerythrin-Cy7 conjugated
(eBioscience). Isotype control antibodies were used on pooled samples. Cells
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TABLE Il. Primers used for real-time PCR
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Gene Forward primer (5’-3’) Reverse primer (5'-3’) Probe (FAM-TAMRA 5’-3’)

Oasla TCCTGGGTCATGTTAATACTTCCA GAGAGGGCTGTGGTGGAGAA CAAGCCTGATCCCAGAATCTATGCC
Viperin CGAAGACATGAATGAACACATCAA AATTAGGAGGCACTGGAAAACCT CCAGCGCACAGGGCTCAGGG

RSV L GAACTCAGTGTAGGTAGAATGTTTGCA TTTCAGCTATCATTTTCTCTGCCAAT TTTGAACCTGTCTGAACATTCCCGGTT

were gated as viable and CD45™ and subsequently phenotyped based on their
markers as follows: Ly6G~CD19~CD3~CD49B*NKp46™ natural killer
(NK) cells, Ly6G CDI9 CD3"MHC class II"CD11B*CDI1IC"
conventional dendritic cells (cDCs) and Ly6G CD19-CD3*CD4" or
CD8" T cells, and Ly6G"CD3~CDI19"CD197B220" B cells. Samples
were collected with the LSR Fortessa II (BD Biosciences). Postacquisition
analysis was performed with FlowJo software (version 7.6.5; TreeStar,
Ashland, Ore).

Real-time PCR

The lung and duodenum were harvested and homogenized in 1 mL of
TRIzol (Invitrogen, Carlsbad, Calif) by using a TissueLyser. cDNA was made
from the extracted RNA by using the Qiagen QuantiTect Reverse
Transcription Kit (Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. One microgram of RNA was used for reverse transcription.
Primers were diluted in TE buffer to a final concentration of 0.025 nM/p.L, and
probes were diluted to 0.005 nM/pL. Custom primers and probes were
purchased from Jena Bioscience (Jena, Germany) or Applied Biosystems
(Foster City, Calif). PCR amplification was carried out in a 25-pL volume
made up of custom 7 pL of primer probe mix (300 nM primers and 200 nM
probe), 12.5 pL of TagMan Mastermix (Applied Biosystems), 1.75 wL of
H,0, 1.25 pL of 18S (Applied Biosystems), and 2.5 pL of DNA template.
Premade primer probe mix (1.25 pL) was used in the following mixture:
12.5 pL of Mastermix, 5 pL of H,O, 1.25 pL of 18S, and 2.5 pL of DNA
template. Ifnb (MmO00439552_s1) and Camp (MmO00438285) primers and
probes were bought premade from Life Technologies (Grand Island, NY).
Custom primers used are shown in Table I.

ELISA
IFN-a and IFN-f levels were measured with an ELISA kit (PBL, Interferon
Source, Piscataway, NJ), according to the manufacturer’s instructions.

Statistical analysis

All data were analyzed with Prism 6 software (GraphPad Software, La
Jolla, Calif). Analysis of 2 groups used an unpaired 7 test. Analysis of 3 or more
groups used either 1-way ANOVA with the Tukey or Bonferroni posttest or
2-way ANOVA with the Bonferroni posttest. Unless otherwise stated, the
differences are nonsignificant. We tested for outliers using the Grubb test,
and outliers were removed.

Study approval

All procedures were carried out with institutional ethical approval under
Home Office licenses. Germ-free animal experiments were performed
according to institutional guidelines and Swiss Federal and Cantonal laws
on animal protection.

RESULTS
H polygyrus protects against RSV-related disease
and inflammation and reduces viral load

Mice were infected with H polygyrus, and 10 days later, when
adult worms emerge into the lumen of the gut, mice were infected

with RSV. H polygyrus coinfection protected against
RSV-induced weight loss (Fig 1, A) and reduced RSV-induced
increases in enhanced pause, which are indicative of increasing
baseline respiratory effort (Fig 1, B).

RSV infection in the mouse model induces pulmonary
inflammation with cellular infiltration, specifically of NK cells,
CD8" T cells, and cDCs.*** In mice coinfected with
H polygyrus, RSV-induced increases in NK cell, B-cell (see
Fig El, A and B, in this article’s Online Repository at
www.jacionline.org), and CD8" T-cell numbers were absent
(Fig 1, C), and the increase in cDC numbers was significantly
reduced (Fig 1, D). Early proinflammatory cytokine production
of IL-6 and TNF-a on day 2 was induced to a significantly lower
level in H polygyrus—infected mice compared with those infected
with RSV alone (see Fig E1, C and D). IFN-vy levels increased
with RSV infection but were not significantly suppressed in
coinfected mice, indicating selective inhibition of a pathway
independent of IFN-v (see Fig El, E).

Given these changes in RSV-induced signs of disease, we
investigated whether H polygyrus suppresses the immune
response or directly alters the magnitude of RSV infection.
Lung RSV titers, as assessed by using the plaque assay, were
reduced after H polygyrus infection, without changes in the
kinetics of replication (Fig 1, E). In C57BL/6 mice ex vivo plaque
assays for RSV are unreliable because of the low viral load,”® and
therefore we tested the effects of coinfection in C57BL/6 mice by
measuring expression of the RSV L gene in the lung by RT-PCR,
as an indicator of viral load. L gene expression was
significantly reduced in H polygyrus—infected mice in this strain
(see Fig El, F).

These findings demonstrate a potent inhibition of RSV-induced
disease, early proinflammatory cytokine production, and
recruitment of a broad range of immune cells to the lung in the
setting of H polygyrus coinfection, presumably because of an
early reduction in viral infection.

Adaptive immune responses, including Ty2
responses, are not required for H polygyrus-
induced protection against RSV infection

Type 2 immune responses are crucial during most
helminth infections, aiding in wound healing and immunity
to helminths.””*° [i4ra—deficient mice cannot respond to IL-4
or IL-13 signals and present strongly diminished type 2
immune responses.’’ Consistent reductions in RSV titers
were observed in H polygyrus—coinfected Il4ra™’~ mice,
similar to those seen in wild-type BALB/c mice (Fig 2, A).
We further assessed innate type 2 immune responses after
H polygyrus infection and found a nonsignificant trend for
increased IL-13—producing type 2 innate lymphoid cells and
IL-33 levels in the lung tissue compared to RSV- and
UV-RSV-infected control mice (see Fig E2, A and B, in
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FIG 1. H polygyrus infection attenuates RSV disease and inflammation and reduces RSV viral load. The
standard coinfection protocol was used as follows: female BALB/c mice were given 200 H polygyrus L3
larvae by oral gavage at day —10 or left naive. At day 0, 6 X 10° plaque-forming units (PFU; A and B) or
4 X 10° PFU (C-E) RSV or UV-inactivated RSV was administered intranasally. Fig 1, A, Mice were weighed
daily, and percentage of original weight is shown. Fig 1, B, Enhanced pause (PenH) was assessed by
whole-body plethysmography. Fig 1, C and D, Samples were taken at indicated time points after RSV
infection for flow cytometric analysis. Numbers of CD3*CD8* T cells (Fig 1, C) and MHC class
II"'CD11b"CD11c™ ¢DCs (Fig 1, D) per right lung lobe are shown. Fig 1, E, Lungs were harvested on days
3, 4, and 6 after RSV infection, and plaque assays were performed. All data are depicted as
means + SEMs. Data in Fig 1, Aand B, were pooled from 2 independent experiments (total n = 8 per group),
and those in Fig 1, C, D, and E, were from 2 independent experiments (total n = 6 per group per time point).
Statistical significance of differences between RSV-infected groups was determined by using 2-way ANOVA
with the Bonferroni post hoc test. ¥*P < .05, **P < .01, and ***P < .001.

this article’s Online Repository at www.jacionline.org).
To investigate any protective role of IL-33 in response to
RSV infection, we used //33r/~ mice. The RSV load was
similar between 133~ and wild-type control mice (see
Fig E2, C) and was reduced to similar levels in both groups
by H polygyrus coinfection, indicating that there is no essential
role for IL-33 in protection against RSV infection.

To determine whether any adaptive immune responses are
required for H polygyrus—mediated protection against RSV
infection, we used Ragl-deficient mice, which lack all T and
B cells. Once again, RSV titers were significantly suppressed in
both Rag! "~ mice and wild-type control mice after coinfection
with H polygyrus (Fig 2, B). Together, these observations show
that adaptive immune responses and IL-4Ra—dependent or
IL-33 receptor-dependent type 2 cytokine responses are not
required for the protective effect of H polygyrus on RSV
infection.

H polygyrus infection induces expression of type |
interferons and interferon-stimulated genes in both
the duodenum and lung

Type I interferons are major players in the initial response to
viral entry into the mucosa.”” Because adaptive and innate type 2
immune responses were not essential for protection against RSV
infection, we hypothesized that H polygyrus enhances the
mucosal innate interferon response, conferring an antiviral state.
2'-5'-Oligoadenylate synthetase (Oas) and viperin are 2 of many
interferon-stimulated genes (ISGs) that have been found to play a
protective role in RSV infection and can be driven by type I
interferon signaling.43 4% Gene expression of Ifib, viperin, and
Oasla tended to increase in the duodenum from day 3 after
H polygyrus infection (see Fig E3 in this article’s Online
Repository at www.jacionline.org). Importantly, expression
of these genes was also subsequently increased in the lung
(Fig 3, A-C), despite the strictly enteric nature of H polygyrus,


http://www.jacionline.org
http://www.jacionline.org

1072 MCFARLANE ET AL

A B

25 1.5
E 20 E
2L 18 8o 10
g 10 g *os
o 05 o

0.0

BALB/lc  IL-4Ra” BALBlc  RAGT”
B RSV

B H. polygyrus & RSV
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required for the H polygyrus-mediated attenuation of RSV viral titers. The
standard coinfection protocol was followed in BALB/c /l4ra—deficient mice
(A) and BALB/c Rag1-deficient mice (B). Lungs were harvested on day 4
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titers. All data are depicted as means = SEMs. Data in Fig 2, A, are pooled
from 2 individual experiments (total n = 4-8 per group). Data in Fig 2, B, are
representative of 2 independent experiments (n = 3-4 per group). Statistical
significance between groups was determined by using 1-way ANOVA with
the Tukey post hoc test. *P < .05 and **P < .01.

and remained increased 1 hour after RSV infection (Fig 3, D-F) if
this was preceded by H polygyrus. By 6 to 12 hours after RSV
infection, Ifnb transcripts reached the same levels in RSV
monoinfected and coinfected mice (Fig 3, G and H). IFN-3
protein levels measured by ELISA were below the detection limit
at 1 hour after RSV infection and were found at similar levels
between groups by 6 hours after infection, reflecting the
RT-PCR data. However, IFN-a protein levels were significantly
increased in H polyrgyrus coinfected mice at 6 hours after RSV
infection (Fig 3, I). These data suggest that pre-existing
upregulation of pulmonary type I interferons, viperin, and
Oasla before RSV infection could underpin H polygyrus—
induced protection against RSV infection in the lung.

H polygyrus-induced protection against RSV
infection requires type | interferon receptor
signaling

Because ISGs, including viperin and Oasla, are expressed
upon type  interferon receptor signaling, we used Ifnarl-deficient
mice, which do not signal in response to IFN-a and IFN-{. In
Ifnarl ™'~ mice the reduction of RSV load in the setting of
H polygyrus coinfection was lost, implying an essential role for
this pathway in H polygyrus—induced protection against RSV
infection (Fig 4, A). Furthermore, the ISG induction seen in
wild-type mice is also lost in Ifnar /" mice after H polygyrus
infection (Fig 4, B and C).

The cathelicidin-related AMP is upregulated during
H polygyrus infection but is not required for
expression of type | interferon and ISGs
Cathelicidins are a family of small cationic peptides with
microbicidal and immunomodulatory properties.”’ Human
subjects and mice have only one cathelicidin, LL-37 and
murine cathelicidin-related antimicrobial peptide (mCRAMP),
respectively, both of which have direct antiviral activity against
RSV.*>*® Cathelicidins have also been shown to promote type I
interferon production by dendritic cells (DCs)**>” and enhance
responses to viral RNA.”' Interestingly, expression of Camp
(encoding mCRAMP) was also found to be upregulated in both
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the duodenum and lung (see Fig E4, A and B, in this article’s
Online Repository at www.jacionline.org) during H polygyrus
infection, with expression peaking before peak type I interferon
and ISG expression and remaining increased 1 hour after RSV
infection (see Fig E4, (). These data suggested that Camp
expression might be upstream of these responses. Thus
H polygyrus—induced type I interferon and ISG expression was
investigated in cathelicidin-deficient (Camp ") mice and found
to be intact (see Fig E4, D-F). This indicates that, although
potentially contributing to the innate defense against RSV
infection, mCRAMP is not the initiator of and is not required
for the protective antiviral immune response induced by
H polygyrus infection.

H polygyrus adult excretory-secretory products are
not responsible for effects on RSV infection,
whereas larval stages alone confer protection

Much interest has been building around the prospect of
helminth excretory-secretory products as potential therapeutics.”™
Heligmosomoides polygyrus excretory-secretory (HES) products,
as secreted by adult worms collected from the intestinal lumen,
have been shown to have systemic effects in models of disease
and to mimic the effects of live infection.”” HES products were
administered in various regimens through the intranasal and
intraperitoneal routes the day before RSV infection, for a week
before infection, and both before and after infection and also by
means of continuous HES product treatment through an
intraperitoneal osmotic minipump. None of these protocols
resulted in significant reduction in viral titers when compared
with those in RSV-infected control mice without HES product
treatment (see Fig E5 in this article’s Online Repository at
www.jacionline.org).

The lack of protection afforded by adult worm products,
together with the lack of requirement for an adaptive immune
response, caused us to question whether adult worms play any
role in the interaction with RSV or whether larval stages of
H polygyrus and the damage associated with their initial invasion
of submucosal tissue is key. Therefore we irradiated stage 3
H polygyrus larvae as a nonlethal means of preventing their
maturation to adulthood.”* Consequently, larvae are able to
penetrate the duodenal wall and enter into the submucosa, causing
initial trauma associated with infection, but do not re-emerge into
the lumen as adults. Irradiated larvae also reduced RSV titers and
induced Ifnb, Oasla, and viperin expression (Fig 5). No adults
were found in the lumen in the 300 Gy-treated group, and
numbers were severely reduced after 100 Gy irradiation of larvae,
but granulomas were observed in all groups on the duodenal
serosa (data not shown), confirming that the irradiated larvae
were still able to invade the intestinal mucosal epithelium.”

The presence of gut microbiota is essential for H
polygyrus-induced protection against RSV
infection

Larval stages of H polygyrus protected against RSV infection,
and this effect could be attributed to either the direct damage
caused on larval penetration of the submucosa, the consequent
translocation of intestinal bacteria into the mucosal tissues, or
both. To ascertain whether the microbiota play an important
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200 L3 H polygyrus larvae or left naive. At indicated time points after H polygyrus infection, half of the large
left lung lobe was placed in TRIzol, and RT-PCR was performed for expression levels of /fnb (Fig 3, A), Oas1a
(Fig 3, B), or viperin (Fig 3, C) in lung tissue comparing H polygyrus-infected with naive mice. D-l, The
standard coinfection protocol was followed in BALB/c mice. One hour after RSV infection, half of the large
left lung lobe was placed in TRIzol, and RT-PCR was performed to measure expression levels of /fnb (Fig 3,
D), Oas1a (Fig 3, E), and viperin (Fig 3, F). Fig 3, G, One (data from Fig 3, A), 6, and 12 hours after RSV
infection, half of the large left lung lobe was placed in TRIzol and RT-PCR was performed for expression
levels of Ifnb. Fig 3, H and I, The large left lung lobe was homogenized, and IFN-B (Fig 3, H) and IFN-«a
(Fig 3, ) protein levels were analyzed by ELISA. In Fig 3, A-G, results were normalized to 78S
expression and represented as fold change in expression over that in naive control mice (Fig 3, A-C)
and UV-RSV-infected control mice (Fig 3, D-G). Data are depicted as means = SEMs. Data are pooled in
Fig 3, A-H, from 2 independent experiments (total n = 6-8 per group) and in Fig 3, /, from 2 individual
experiments (total n = 10 per group). Statistical significance of differences between groups was
determined in Fig 3, A-C, by using the 1-way ANOVA with the Bonferroni post hoc test and in Fig 3, D-,
by using 2-way ANOVA with the Bonferroni post hoc test. *P < .05, **P < .01, and ***P < .001.
NS, Nonsignificant.
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FIG 4. Type | interferon signaling is essential for H polygyrus-induced protection against RSV. A, The
standard coinfection protocol was followed in C57BL/6 wild-type or Ifnari-deficient mice or were given
200 L3 H polygyrus larvae or left naive. Three days after RSV infection, half of the large left lung lobe
was placed in TRIzol, and RT-PCR was performed for expression of RSV L gene. B and C, Ten days after
H polygyrus infection, half of the large left lung lobe was placed in TRIzol, and RT-PCR was performed to
measure expression levels of Oas1a (Fig 4, B) or viperin (Fig 4, C) in lung comparing H polygyrus-infected
mice with naive mice. All results were normalized to 78S expression and represented as fold change in
expression over naive/RSV control values. Data are depicted as means + SEMs. Data are pooled from 2
independent experiments (total n = 6-10 per group). Statistical significance of differences between groups
was determined by using 2-way ANOVA with the Bonferroni post hoc test. *P < .05. NS, Nonsignificant.
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FIG5. Hpolygyruslarval stages are sufficient to protect against RSV infection. Two hundred L3 H polygyrus
larvae were irradiated at 300 Gy and compared with nonirradiated larvae in a standard coinfection protocol
(A) or naive control mice after H polygyrus infection alone (B-D). Fig 5, A, Lungs were harvested on day 4 of
RSV infection, and plaque assays were performed. Fig 5, B-D, On day 10 of H polygyrus infection, the right
lung lobes were removed and placed in TRIzol for RT-PCR for Ifnb, Oas1a, and viperin. All results were
normalized to 78S expression and represented as fold change in expression over control values. All data

are depicted as means =*

SEMs. The entire figure is representative of 2 individual experiments

(total n = 3-4 per group). Statistical significance of differences between groups was determined in Fig 5,
A, by using 1-way ANOVA with the Tukey post hoc test and in Fig 5, B-D, by using the unpaired t test.

*P < .05 and ***P < .001.

role in protection, we studied RSV infection in germ-free mice in
the presence or absence of H polygyrus infection.

In contrast to fully colonized SPF mice, in germ-free mice RSV
titers and RSV L gene expression were not suppressed by
H polygyrus coinfection (Fig 6, A and B). Furthermore, the
upregulation of type I interferon expression seen in the lungs
and duodenum of H polygyrus—infected SPF mice was absent in
H polygyrus—infected germ-free mice (Fig 6, C and D). These
data support a model in which the microbiota plays a critical
role in the induction of type I interferons and ISGs during
H polygyrus infection, which in turn leads to functional antiviral
protection in the lung.

DISCUSSION

Here we demonstrate that a strictly enteric helminth can have
protective effects against RSV infection in the lung through a
mechanism mediated by microbiota-dependent type I interferon
production. First, we established that coinfection with
H polygyrus ameliorated RSV-induced disease (manifesting as
weight loss and increased respiratory effort), as well as reducing
the production of proinflammatory cytokines and infiltration of
immune cells (NK cells, cDCs, CD8" T cells, and B cells) into
the lungs. Unexpectedly, this was associated with and presumably
a consequence of a reduction in RSV load after H polygyrus
coinfection. These protective effects were found to be
independent of adaptive immune responses, including Ty2
responses, as demonstrated in Ragf/ ~ and I4ra™’" mice,
respectively. In addition, these protective effects could not be
replicated with HES product treatment instead of live infection.
Finally, enteric helminth infection upregulated antiviral type I

interferon, ISG, and Camp gene expression in both the duodenum
and lung, and the protective effects of H polygyrus on RSV
infection were dependent on type I interferon receptor signaling
and the presence of microbiota, as demonstrated in Ifnarl "~
and germ-free mice, which were not protected against RSV
infection by H polygyrus.

The role of helminths in coinfections is not well understood.”’
In particular, viral respiratory tract infection in the context of
coinfection with helminths has not been investigated in
epidemiologic studies or in any great detail in animal models.
H polygyrus coinfection has previously been shown to reduce
influenza virus titers and antibodies against the virus regardless
of the lifecycle stage of helminth used.”* In addition, Trichinella
spiralis was found to have protective effects against influenza
infection that were dependent on the intestinal phase of infection,
enhancing weight gain after influenza-induced weight loss and
reducing cellular infiltration into the lung.”” These observations
are similar to the reduced weight loss observed in the H polygyrus
and RSV coinfection model reported here and the reduced cellular
infiltrate into the lung. However, the mechanisms involved in this
protection were not elucidated in previous studies. More recently,
chronic infection with Schistosoma mansoni provided significant
protection against lethal influenza infection and infection with
pneumovirus of mice.’® This was found to be dependent on the
presence of eggs, which are known to cause significant damage
to the gut wall. § mansoni induced TNF-a—dependent induction
of Muc5ac and led to goblet cell hyperplasia in the lung,
indicating increased epithelial barrier function. However, this
was independent of type I interferon production and without
any increase in type I interferon levels in the lungs of
S mansoni—infected mice over control values.
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FIG 6. Microbiota are required to protect against RSV infection. The
standard coinfection protocol was followed in BALB/c germ-free and SPF
mice by using 400 L3 germ-free H polygyrus larvae and 3 X 107 sterile RSV
in 100 pL. A, On day 4 after RSV infection, the left lung lobe was removed,
and plaque assays were performed. B and C, Right lung lobes were
removed and placed in TRIzol for RT-PCR for RSV L gene (Fig 6, B) or Ifnb
expression (Fig 6, C). D, The first centimeter of the duodenum was removed
and placed in TRIzol, and RT-PCR was performed to determine expression
of Ifnb. Results in Fig 6, B-D, are normalized to 78S and represented as fold
change in expression over SPF RSV-infected control values. All data are
depicted as means = SEMs. All data are representative of 2 individual
experiments (total n = 3-4 per group). Statistical significance of differences
between groups was determined by using the unpaired t test. *P < .05 and
**P < .01. NS, Nonsignificant.

Helminths induce a strong Ty2 immune response, which is
characterized by high levels of IL-4, IL-5, and IL-13; infiltration
of eosinophils, basophils, and alternatively activated
macrophages; and high IgE production.”®*’ In recently reported
murine models, helminths induced type 2 immune responses,
and associated alternative macrophage activation aggravated
~y-herpesvirus and norovirus infection.”>** However, our data
show clearly that the Ty2 response is not involved in protection
against RSV, which was maintained in Il4ra™’" mice. In fact,
the helminth-induced adaptive immune response was altogether
dispensable for protection, indicating an important role for the
innate antiviral immune response.

Type I interferons are an important part of the innate antiviral
immune response that can be triggered through activation of
pathogen recognition receptors by viral components. They not
only have direct antiviral activity but also have the ability to
upregulate the expression of ISGs, which have further antiviral
potential, thus limiting viral infection and spread. Type I
interferons and ISGs are rapidly upregulated after RSV infection
and decrease by 24 hours after infection.”’* The ISGs viperin
and OAS, have previously been found to play a role in inhibiting
RSV infection and have potent antiviral activity.***® In murine
models of RSV infection, prior administration of type I
interferons results in a decrease in replication and pathology on
RSV infection.’”*” In addition, IFN-B treatment has also been
shown to have antiviral effects against RSV through protease
induction.®’ Administration of recombinant type I interferons in
human subjects has been limited thus far to IFN-a in the context
of RSV infection,(’z’64 and nasal, but not intramuscular,
administration before RSV challenge reduced the signs and
symptoms of upper respiratory tract infection.”> Administration
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of recombinant ISGs has not been widely explored; however,
RSV infection in chinchillas was reduced after transduction of
the airways with vectors encoding viperin.** However, there is
very little evidence linking helminths and type I interferons in
the literature. Aksoy et al®” found that double-stranded structures
found in S mansoni egg RNA triggered Toll-like receptor 3
activation, which in turn lead to activation of the type I interferon
response.”’ In the setting of H polygyrus infection, the type I
interferon response has been reported previously to inhibit
granuloma formation around larval parasites, but expression of
the cytokines in direct response to infection was not measured.*®

H polygyrus infection induced upregulation of [fnb transcript
and IFN-o protein levels in the lung at very early (<6 hours after
infection) time points. This result, combined with the observation
that the protective effect of H polygyrus coinfection was lost in
Ifnarl-deficient mice, indicates that upregulation of type I
interferon expression by H polygyrus is critical to its antiviral
effects. Although we were unable to detect IFN-f3 protein after
H polygyrus monoinfection or very early after RSV infection,
the extensive gene expression data and in particular the induction
of ISGs suggests that H polygyrus induces type I interferon
production at levels too low to be detected by means of ELISA.
We hypothesize that helminth infection, associated bacterial
exposure, or both act as weak signals for cells to produce low
levels of type I interferon, which, after feedback through the
IFNAR, induce ISG transcription. This can prime cells to elicit
rapid and strong type I interferon and ISG responses upon
encounter of a strong stimulus, such as RSV.%” Such priming
would benefit the host by enabling the fine balance between
necessary and rapidly efficient antiviral responses triggered by
type 1 interferons and detrimental inflammation and
autoimmunity associated with chronic type I interferon
responses.”® We observed a significant increase in IFN-« protein
levels in the lungs of coinfected mice 6 hours after RSV infection.
Previous reports indicate that IFN- is effective in inducing
IFN-a production (but not vice versa),”” and therefore we
speculate that the early increase in IFN-3 production could lead
to the observed increase in IFN-« levels. Based on the recently
described central role of alveolar macrophages in the production
of type I interferons during RSV infection,’” we speculate that
these cell are also the likely source of helminth-induced type I
interferons in the lung.

Irradiation of stage 3 H polygyrus larvae has been shown
previously to inhibit their maturation but allows larval migration
into the intestinal submucosa, after which the larvae do not
develop further into adults.’® By taking this approach, we
demonstrated that larval stages are sufficient to induce IFN-f3
and ISG gene expression and to confer protection against RSV
infection. Further investigation in germ-free mice revealed a
requirement for microbiota in helminth-induced IFN-
upregulation and resistance to viral replication. Therefore it is
plausible to speculate that the damage caused by initial
penetration of larvae into the submucosa can result in bacterial
translocation from the gut and activation or priming of the innate
immune response. Indeed, upregulation of type I interferons at
epithelial barrier surfaces can reduce bacterial translocation by
upregulating tight junctions.”' Thus bacterial translocation in
the intestine during H polygyrus infection might induce
upregulation of type I interferons systemically to limit such
translocation. In addition, commensal, but not pathogenic,
bacteria have been shown to induce type I interferon production
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and can also provide protection against influenza infection.”””*

Furthermore, helminth infection has been shown to alter the mi-
crobiome in the intestines of both human subjects and mice.
A study conducted in Malaysia indicated that helminth-infected
subjects had a greater bacterial number and richer diversity,
with increases in specific bacterial taxa, than uninfected control
subjects.”” Likewise in mice, parasites, including Trichuris muris
and H polygyrus, have been found to alter the balance of
commensals in the intestine.”””” A specific increase in
Lactobacillus species has been noted during H polygyrus
infection.”” Interestingly, the administration of Lactobacillus
species before RSV infection, either through the intranasal or
oral routes, can increase antiviral immunity, including an increase
in IFN-f levels in the bronchoalveolar lavage fluid and therefore
resistance to RSV infection.”*”

Viral LRTI with RSV and rhinoviruses in the first years of life
has been linked to the development of asthma,xo'82 which
helminth infections have been shown to protect against in mouse
model systems.gm4 In parallel, intestinal helminth infections in
human subjects have been reported to increase bacterial
translocation.”> Thus we speculate that helminth infection can
protect against severe viral respiratory tract infections in early
life and that this effect in turn can contribute to a reduced potential
for asthma development.

In conclusion, we show that intestinal helminth infection can be
beneficial in viral respiratory tract infections. On the basis of our
findings, we hypothesize that helminth infection in the gut
triggers type I interferon production through bacterial
interactions, which leads to systemic type I interferon induction,
thus raising preparedness of remote sites, such as the lung, to
mount an effective innate response against incoming
unrelated viral pathogens. Further work will be required to
elucidate the exact mechanisms of H polygyrus—induced antiviral
effects and thus inform potential translation toward new
helminth-based approaches to the prevention and treatment of
viral respiratory tract disease.

We thank Richard Gallo (University of California San Diego) for the
Camp ™"~ mice, Judith Allen for the /[4ra "~ and Rag ™'~ mice and also Silke
Currie, Lauren Melrose, and Emily Gwyer-Findlay for technical assistance.

Key messages

e Strictly enteric helminth infection induces type I inter-
feron production and ISG expression in both the duo-
denum and lung.

o Helminth-induced type I interferon signaling and the
presence of the microbiota are critical for protection
against RSV infection.

REFERENCES

1. Glezen WP, Taber LH, Frank AL, Kasel JA. Risk of primary infection and
reinfection with respiratory syncytial virus. Am J Dis Child 1986;140:543-6.

2. Chi H, Chang IS, Sai FY, Huang LM, Shao PL, Chiu NC, et al. Epidemiological
study of hospitalization associated with respiratory syncytial virus infection in
Taiwanese Children Between 2004 and 2007. J Formos Med Assoc 2011;110:
388-96.

3. Nair H, Nokes DJ, Gessner BD, Dherani M, Madhi SA, Singleton RJ, et al.
Global burden of acute lower respiratory infections due to respiratory syncytial
virus in young children: a systematic review and meta-analysis. Lancet 2010;
375:1545-55.

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

J ALLERGY CLIN IMMUNOL
OCTOBER 2017

. Navas L, Wang E, Decarvalho V, Robinson J. Improved outcome of respiratory

syncytial virus-infection in a high-risk hospitalized population of Canadian
children. J Pediatr 1992;121:348-54.

. Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE. Respiratory

syncytial virus infection in elderly and high-risk adults. N Engl J Med 2005;
352:1749-59.

. Fjaerli HO, Farstad T, Rod G, Ufert GK, Gulbrandsen P, Nakstad B. Acute bronchio-

litis in infancy as risk factor for wheezing and reduced pulmonary function by seven
years in Akershus County, Norway. BMC Pediatr 2005;5:31.

. Henderson J, Hilliard TN, Sherriff A, Stalker D, Shammari NA, Thomas HM.

Hospitalization for RSV bronchiolitis before 12 months of age and subsequent
asthma, atopy and wheeze: a longitudinal birth cohort study. Pediatr Allergy
Immunol 2005;16:386-92.

. Osundwa VM, Dawod ST, Ehlayel M. Recurrent wheezing in children with

respiratory syncytial virus (Rsv) bronchiolitis in Qatar. Eur J Pediatr 1993;152:
1001-3.

. Singleton RJ, Redding GJ, Lewis TC, Martinez P, Bulkow L, Morray B,

et al. Sequelae of severe respiratory syncytial virus infection in infancy
and early childhood among Alaska native children. Pediatrics 2003;112:
285-90.

Hotez PJ, Brindley PJ, Bethony JM, King CH, Pearce EJ, Jacobson J.
Helminth infections: the great neglected tropical diseases. J Clin Invest 2008;
118:1311-21.

Elliott DE, Summers RW, Weinstock JV. Helminths as
immune-mediated inflammation. Int J Parasitol 2007;37:457-64.
Wammes LJ, Mpairwe H, Elliott AM, Yazdanbakhsh M. Helminth therapy or
elimination: epidemiological, immunological, and clinical considerations. Lancet
Infect Dis 2014;14:1150-62.

McSorley HJ, Maizels RM. Helminth infections and host immune regulation. Clin
Microbiol Rev 2012;25:585-608.

governors  of

. Fleming JO, Isaak A, Lee JE, Luzzio CC, Carrithers MD, Cook TD, et al.

Probiotic helminth administration in relapsing-remitting multiple sclerosis: a
phase 1 study. Mult Scler 2011;17:743-54.

Flohr C, Tuyen LN, Quinnell RJ, Lewis S, Minh TT, Campbell J, et al. Reduced
helminth burden increases allergen skin sensitization but not clinical allergy: a
randomized, double-blind, placebo-controlled trial in Vietnam. Clin Exp Allergy
2010;40:131-42.

Elliott DE, Weinstock JV. Helminthic therapy: using worms to
immune-mediated disease. Adv Exp Med Biol 2009;666:157-66.

Helmby H. Human helminth therapy to treat inflammatory disorders—where do
we stand? BMC Immunol 2015;16:12.

Babu S, Bhat SQ, Kumar NP, Jayantasri S, Rukmani S, Kumaran P, et al. Human
type 1 and 17 responses in latent tuberculosis are modulated by coincident filarial
infection through cytotoxic T lymphocyte antigen-4 and programmed death-1.
J Infect Dis 2009;200:288-98.

Secor WE, Sundstrom JB. Below the belt: new insights into potential
complications of HIV-1/schistosome coinfections. Curr Opin Infect Dis 2007;
20:519-23.

Walson JL, Herrin BR, John-Stewart G. Deworming helminth co-infected
individuals for delaying HIV disease progression. Cochrane Database Syst Rev
2009;(3):CD006419.

Salgame P, Yap GS, Gause WC. Effect of helminth-induced immunity on
infections with microbial pathogens. Nat Immunol 2013;14:1118-26.

Osborne LC, Monticelli LA, Nice TJ, Sutherland TE, Siracusa MC, Hepworth
MR, et al. Virus-helminth coinfection a microbiota-independent
mechanism of immunomodulation. Science 2014;345:578-82.

Reese TA, Wakeman BS, Choi HS, Hufford MM, Huang SC, Zhang X, et al.
Helminth latent gamma-herpesvirus via cytokine
competition at a viral promoter. Science 2014;345:573-7.

Chowaniec W, Wescott RB, Congdon LL. Interaction of Nematospiroides dubius
and influenza virus in mice. Exp parasitol 1972;32:33-44.
Furze RC, Hussell T, Selkirk ME. Amelioration of
pathology in mice by coinfection with Trichinella spiralis. Infect Immun 2006;
74:1924-32.

Herbert DR, Holscher C, Mohrs M, Arendse B, Schwegmann A, Radwanska M,
et al. Alternative macrophage activation is essential for survival during
schistosomiasis and downmodulates T helper 1 responses and immunopathology.
Immunity 2004;20:623-35.

Loke P, Gallagher L, Nair MG, Zang X, Brombacher F, Mohrs M, et al.
Alternative activation is an innate response to injury that requires CD4(+) T cells
to be sustained during chronic infection. J Immunol 2007;179:3926-36.

Muller U, Steinhoff U, Reis LF, Hemmi S, Pavlovic J, Zinkernagel RM, et al.
Functional role of type I and type II interferons in antiviral defense. Science
1994;264:1918-21.

treat

reveals

infection reactivates

influenza-induced


http://refhub.elsevier.com/S0091-6749(17)30229-4/sref1
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref1
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref2
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref2
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref2
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref2
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref3
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref3
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref3
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref3
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref4
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref4
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref4
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref5
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref5
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref5
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref6
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref6
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref6
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref7
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref7
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref7
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref7
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref8
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref8
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref8
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref9
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref9
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref9
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref9
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref10
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref10
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref10
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref11
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref11
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref12
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref12
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref12
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref13
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref13
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref14
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref14
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref14
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref15
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref15
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref15
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref15
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref16
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref16
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref17
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref17
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref18
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref18
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref18
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref18
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref19
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref19
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref19
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref20
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref20
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref20
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref21
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref21
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref22
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref22
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref22
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref23
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref23
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref23
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref24
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref24
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref25
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref25
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref25
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref26a
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref26a
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref26a
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref26a
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref27b
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref27b
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref27b
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref27b
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref28c
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref28c
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref28c

J ALLERGY CLIN IMMUNOL
VOLUME 140, NUMBER 4

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

Nizet V, Ohtake T, Lauth X, Trowbridge J, Rudisill J, Dorschner RA, et al. Innate
antimicrobial peptide protects the skin from invasive bacterial infection. Nature
2001;414:454-7.

Johnston CJ, Robertson E, Harcus Y, Grainger JR, Coakley G, Smyth DJ, et al.
Cultivation of heligmosomoides polygyrus: an immunomodulatory nematode
parasite and its secreted products. J Vis Exp 2015;98:e52412.

Zaiss MM, Rapin A, Lebon L, Dubey LK, Mosconi I, Sarter K, et al.
The intestinal microbiota contributes to the ability of helminths to modulate
allergic inflammation. Immunity 2015;43:998-1010.

Currie SM, Findlay EG, McHugh BJ, Mackellar A, Man T, Macmillan D, et al.
The human cathelicidin LL-37 has antiviral activity against respiratory syncytial
virus. PLoS One 2013;8:¢73659.

Hamelmann E, Schwarze J, Takeda K, Oshiba A, Larsen GL, Irvin CG, et al.
Noninvasive measurement of airway responsiveness in allergic mice using
barometric plethysmography. Am J Respir Crit Care Med 1997;156:766-75.
Pribul PK, Harker J, Wang B, Wang H, Tregoning JS, Schwarze J, et al.
Alveolar macrophages are a major determinant of early responses to viral lung
infection but do not influence subsequent disease development. J Virol 2008;
82:4441-8.

Openshaw PJ, Tregoning JS. Immune responses and disease enhancement during
respiratory syncytial virus infection. Clin Microbiol Rev 2005;18:541-55.
Chavez-Bueno S, Mejias A, Gomez AM, Olsen KD, Rios AM, Fonseca-Aten M,
et al. Respiratory syncytial virus-induced acute and chronic airway disease is
independent of genetic background: an experimental murine model. Virol J
2005;2:46.

Gause WC, Wynn TA, Allen JE. Type 2 immunity and wound healing:
evolutionary refinement of adaptive immunity by helminths. Nat Rev Immunol
2013;13:607-14.

Grencis RK, Humphreys NE, Bancroft AJ. Immunity to gastrointestinal
nematodes: mechanisms and myths. Immunol Rev 2014;260:183-205.

Maizels RM, Hewitson JP, Smith KA. Susceptibility and immunity to helminth
parasites. Curr Opin Immunol 2012;24:459-66.

Anthony RM, Rutitzky LI, Urban JF Jr, Stadecker MJ, Gause WC. Protective
immune mechanisms in helminth infection. Nat Rev Immunol 2007;7:975-87.
NobenTrauth N, Shultz LD, Brombacher F, Urban JF, Gu H, Paul WE. An
interleukin 4 (IL-4)-independent pathway for CD4(+) T cell IL-4 production is
revealed in IL-4 receptor-deficient mice. Proc Natl Acad Sci U S A 1997;94:
10838-43.

Stetson DB, Medzhitov R. Type I interferons in host defense. Immunity 2006;25:
373-81.

Jumat MR, Huong TN, Ravi LI, Stanford R, Tan BH, Sugrue RJ. Viperin protein
expression inhibits the late stage of respiratory syncytial virus morphogenesis.
Antiviral Res 2015;114:11-20.

McGillivary G, Jordan ZB, Peeples ME, Bakaletz LO. Replication of respiratory
syncytial virus is inhibited by the host defense molecule viperin. J Innate Immun
2013;5:60-71.

Behera AK, Kumar M, Lockey RF, Mohapatra SS. 2'-5' Oligoadenylate
synthetase plays a critical role in interferon-gamma inhibition of respiratory
syncytial virus infection of human epithelial cells. J Biol Chem 2002;277:
25601-8.

Leaman DW, Longano FJ, Okicki JR, Soike KF, Torrence PF, Silverman RH,
et al. Targeted therapy of respiratory syncytial virus in African green monkeys
by intranasally administered 2-5A antisense. Virology 2002;292:70-7.
Beaumont PE, Li H-N, Davidson DJ. LL-37: an immunomodulatory
antimicrobial host defence peptide. In: Hiemstra SP, Zaat JSA, editors.
Antimicrobial peptides and innate immunity. Basel: Springer Basel; 2013. pp.
97-121.

Currie SM, Gwyer Findlay E, McFarlane AJ, Fitch PM, Bottcher B, Colegrave N,
et al. Cathelicidins have direct antiviral activity against respiratory syncytial virus
in vitro and protective function in vivo in mice and humans. J Immunol 2016;196:
2699-710.

Lande R, Gregorio J, Facchinetti V, Chatterjee B, Wang YH, Homey B, et al.
Plasmacytoid dendritic cells sense self-DNA coupled with antimicrobial peptide.
Nature 2007:449:564-9.

Chamilos G, Gregorio J, Meller S, Lande R, Kontoyiannis DP, Modlin RL, et al.
Cytosolic sensing of extracellular self-DNA transported into monocytes by the
antimicrobial peptide LL37. Blood 2012;120:3699-707.

Lai Y, Adhikarakunnathu S, Bhardwaj K, Ranjith-Kumar CT, Wen Y, Jordan JL,
et al. LL37 and cationic peptides enhance TLR3 signaling by viral
double-stranded RNAs. PLoS One 2011;6:¢26632.

McSorley HJ, Hewitson JP, Maizels RM. Immunomodulation by helminth
parasites: defining mechanisms and mediators. Int J Parasitol 2013;43:301-10.
McSorley HJ, O’Gorman MT, Blair N, Sutherland TE, Filbey KJ, Maizels RM.
Suppression of type 2 immunity and allergic airway inflammation by secreted

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

MCFARLANE ET AL 1077

products of the helminth Heligmosomoides polygyrus. Eur J Immunol 2012;42:
2667-82.

Pleass RJ, Bianco AE. The effects of gamma radiation on the development of
Heligmosomoides polygyrus bakeri in mice. Int J Parasitol 1995;25:1099-109.
Filbey KJ, Grainger JR, Smith KA, Boon L, van Rooijen N, Harcus Y, et al.
Innate and adaptive type 2 immune cell responses in genetically controlled
resistance to intestinal helminth infection. Immunol Cell Biol 2014;92:436-48.
Scheer S, Krempl C, Kallfass C, Frey S, Jakob T, Mouahid G, et al. S. mansoni bolsters
anti-viral immunity in the murine respiratory tract. PLoS One 2014;9:¢112469.
Jewell NA, Vaghefi N, Mertz SE, Akter P, Peebles RS, Bakaletz LO, et al.
Differential type I interferon induction by respiratory syncytial virus and
influenza A virus in vivo. J Virol 2007;81:9790-800.

Pletneva LM, Haller O, Porter DD, Prince GA, Blanco JC. Induction of type I
interferons and interferon-inducible Mx genes during respiratory syncytial virus
infection and reinfection in cotton rats. J Gen Virol 2008;89:261-70.
Guerrero-Plata A, Baron S, Poast JS, Adegboyega PA, Casola A, Garofalo RP.
Activity and regulation of alpha interferon in respiratory syncytial virus and
human metapneumovirus experimental infections. J Virol 2005;79:10190-9.
Cormier SA, Shrestha B, Saravia J, Lee GI, Shen L, DeVincenzo JP, et al. Limited
type i interferons and plasmacytoid dendritic cells during neonatal respiratory
syncytial virus infection permit immunopathogenesis upon reinfection. J Virol
2014;88:9350-60.

Foronjy RF, Taggart CC, Dabo AJ, Weldon S, Cummins N, Geraghty P. Type-I
interferons induce lung protease responses following respiratory syncytial virus
infection via RIG-I-like receptors. Mucosal Immunol 2015;8:161-75.

Chipps BE, Sullivan WEF, Portnoy JM. Alpha-2A-interferon for treatment of
bronchiolitis caused by respiratory syncytial virus. Pediatr Infect Dis J 1993;12:653-8.
Higgins PG, Barrow GI, Tyrrell DA, Isaacs D, Gauci CL. The efficacy of
intranasal interferon alpha-2a in respiratory syncytial virus infection in
volunteers. Antiviral Res 1990;14:3-10.

Sung RY, Yin J, Oppenheimer SJ, Tam JS, Lau J. Treatment of respiratory
syncytial virus infection with recombinant interferon alfa-2a. Arch Dis Child
1993;69:440-2.

Aksoy E, Zouain CS, Vanhoutte F, Fontaine J, Pavelka N, Thieblemont N, et al.
Double-stranded RNAs from the helminth parasite Schistosoma activate TLR3 in
dendritic cells. J Biol Chem 2005:280:277-83.

Reynolds LA, Harcus Y, Smith KA, Webb LM, Hewitson JP, Ross EA, et al.
MyD88 signaling inhibits protective immunity to the gastrointestinal helminth
parasite Heligmosomoides polygyrus. J Immunol 2014;193:2984-93.

Taniguchi T, Takaoka A. A weak signal for strong responses: interferon-alpha/
beta revisited. Nat Rev Mol Cell Biol 2001;2:378-86.

Ivashkiv LB, Donlin LT. Regulation of type I interferon responses. Nat Rev
Immunol 2014;14:36-49.

Asano M, Hayashi M, Yoshida E, Kawade Y, Iwakura Y. Induction of
interferon-alpha by interferon-beta by
interferon-alpha, in the mouse. Virology 1990;176:30-8.

Goritzka M, Makris S, Kausar F, Durant LR, Pereira C, Kumagai Y, et al. Alveolar
macrophage-derived type I interferons orchestrate innate immunity to RSV through
recruitment of antiviral monocytes. J Exp Med 2015;212:699-714.

LeMessurier KS, Hacker H, Chi L, Tuomanen E, Redecke V. Type I interferon
protects against pneumococcal invasive disease by inhibiting bacterial transmi-
gration across the lung. PLoS Pathog 2013;9:¢1003727.

Abt MC, Osborne LC, Monticelli LA, Doering TA, Alenghat T, Sonnenberg GF,
et al. Commensal bacteria calibrate the activation threshold of innate antiviral
immunity. Immunity 2012;37:158-70.

Ganal SC, Sanos SL, Kallfass C, Oberle K, Johner C, Kirschning C, et al. Priming
of natural killer cells by nonmucosal mononuclear phagocytes requires instructive
signals from commensal microbiota. Immunity 2012;37:171-86.

Kawashima T, Kosaka A, Yan H, Guo Z, Uchiyama R, Fukui R, et al.
Double-stranded RNA of intestinal commensal but not pathogenic bacteria
triggers production of protective interferon-beta. Immunity 2013;38:1187-97.
Lee SC, Tang MS, Lim YAL, Choy SH, Kurtz ZD, Cox LM, et al. Helminth
colonization is associated with increased diversity of the gut microbiota. PLoS
Negl Trop Dis 2014;8:e2880.

Hayes KS, Bancroft AJ, Goldrick M, Portsmouth C, Roberts IS, Grencis RK.
Exploitation of the intestinal microflora by the parasitic nematode Trichuris
muris. Science 2010;328:1391-4.

Reynolds LA, Smith KA, Filbey KJ, Harcus Y, Hewitson JP, Redpath SA, et al.
Commensal-pathogen interactions in the intestinal tract: lactobacilli promote infec-
tion with, and are promoted by, helminth parasites. Gut Microbes 2014;5:522-32.
Chiba E, Tomosada Y, Vizoso-Pinto MG, Salva S, Takahashi T, Tsukida K, et al.
Immunobiotic Lactobacillus rhamnosus improves resistance of infant mice
against respiratory syncytial virus infection. Int Immunopharmacol 2013;17:
373-82.

interferon-beta, but not of


http://refhub.elsevier.com/S0091-6749(17)30229-4/sref29d
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref29d
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref29d
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref30e
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref30e
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref30e
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref31f
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref31f
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref31f
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref40g
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref40g
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref40g
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref33h
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref33h
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref33h
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref27
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref27
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref27
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref27
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref26
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref26
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref28
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref28
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref28
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref28
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref29
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref29
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref29
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref30
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref30
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref31
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref31
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref32
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref32
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref33
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref33
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref33
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref33
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref33
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref34
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref34
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref35
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref35
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref35
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref36
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref36
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref36
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref37
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref37
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref37
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref37
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref37
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref37
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref38
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref38
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref38
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref39
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref39
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref39
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref39
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref41
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref41
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref41
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref41
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref42
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref42
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref42
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref43
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref43
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref43
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref44
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref44
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref44
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref45
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref45
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref46
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref46
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref46
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref46
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref47
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref47
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref48
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref48
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref48
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref49
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref49
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref50
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref50
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref50
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref51
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref51
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref51
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref52
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref52
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref52
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref53
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref53
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref53
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref53
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref54
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref54
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref54
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref55
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref55
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref56
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref56
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref56
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref57
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref57
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref57
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref58
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref58
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref58
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref59
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref59
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref59
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref60
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref60
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref61
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref61
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref62
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref62
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref62
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref63
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref63
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref63
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref64
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref64
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref64
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref65
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref65
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref65
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref66
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref66
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref66
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref67
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref67
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref67
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref68
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref68
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref68
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref69
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref69
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref69
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref70
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref70
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref70
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref71
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref71
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref71
http://refhub.elsevier.com/S0091-6749(17)30229-4/sref71

J ALLERGY CLIN IMMUNOL
VOLUME 140, NUMBER 4

METHODS
Cytometric Bead Array

Half of the left lung lobe was homogenized with a TissueLyser (Qiagen) in
0.5 mL of 1X cell lysis buffer (Cell Signaling, Danvers, Mass) containing 1 p.g
of phenylmethylsulfonyl fluoride (Sigma). Cytokines present in the lung
homogenate were detected through use of a Cytokine Bead Array Flex Set (BD
Biosciences), according to the manufacturer’s protocol. Samples were
collected on the FACS Array (BD Biosciences) and analyzed with FlowJo
software (version 7.6.5).

ELISA
IL-33 levels were measured with the R&D Systems ELISA kit, according
to the manufacturer’s instructions.

MCFARLANE ET AL 1078.e1

Osmotic minipump surgery

Minipumps (Alzet, Cupertino, Calif) were filled with the appropriate
volume and concentration of HES products before implantation and primed in
saline at 37°C overnight. Mice were started under general anesthesia by using
inhalable isoflurane and were given 0.1 mg/kg subcutaneous buprenorphine.
The peritoneal cavity area was shaved, and the area was swabbed with alcohol
to provide a sterile environment. A midline incision was made just below the
ribcage, about 1 cm in length. The musculoperitoneal layer was lifted with
forceps to avoid internal damage, and an incision was made in the peritoneal
wall beneath. The primed minipump was then inserted into the cavity, with the
delivery port entering first, and the wound was then closed with interrupted
sutures. Mice were monitored on recovery from anesthetic and were given a
further 0.1 mg/kg subcutaneous buprenorphine postoperatively.
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FIG E1. H polygyrus infection attenuates RSV inflammation and reduces viral load. The standard
coinfection protocol was followed. Samples were taken at the indicated time points after RSV infection
for flow cytometric analysis. A, Total number of CD49B*NKP46" NK cells per right lung lobe. B, Total
number of MHC class I1I"CD19%B220" B cells per right lung lobe. C-E, Half of the left lung lobe was
homogenized, and cytokine levels were analyzed by using the Cytometric Bead Array for levels of IL-6
(Fig E1, C), TNF-a (Fig E1, D), and IFN-y (Fig E1, E). F, The standard coinfection protocol was followed in
female C57BL/6 mice. Three days after RSV infection, half of the large left lung lobe was placed in TRIzol,
and RT-PCR was performed for expression of the RSV L gene. All data are depicted as means = SEMs
and are pooled from 2 independent experiments (total n = 6 per group per time point). Statistical
significance of differences between RSV-infected groups were determined in Fig E1, A-E, by using 2-way
ANOVA with the Bonferroni post hoc test and in Fig E1, F, by using the unpaired t test. *P < .05 and
***¥P < .001.
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FIG E2. IL-33 is not essential for protection against RSV. The standard coinfection protocol was followed in
BALB/c (A and B) or BALB/c //33r/~ (C) mice. Fig E2, A, Samples were taken 1 hour after RSV infection for
flow cytometric analysis of numbers of ICOS™IL-13" innate lymphoid cells per right lung lobe. Fig E2, B, Half
of the left lung lobe was homogenized, and cytokine levels were analyzed by means of ELISA. Fig E2, C, The
standard coinfection protocol was followed in BALB/c /133r~ mice. Lungs were harvested on day 4 of RSV
infection, and plaque assays were performed to determine titers. All data are depicted as means + SEMs.
Data are pooled from 2 independent experiments (total n = 6-8 per group). Statistical significance of
differences between groups was determined by using 2-way ANOVA with the Bonferroni post hoc test.
**P<.01.
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FIG E3. H polygyrus induces type | interferon and ISG expression in the intestine. BALB/c mice were
given 200 L3 H polygyrus larvae or left naive. The first centimeter of the duodenum was placed in TRlzol,
and RT-PCR was performed for expression levels of Ifnb (A), Oasla (B), and viperin (C) comparing
H polygyrus-infected with naive mice. Results were normalized to 78S expression and represented as
fold change in expression over naive control values. Data are depicted as means = SEMs. Data are pooled
from 2 independent experiments (total n = 6-8 per group). Statistical significance of differences between
groups was determined by using 1-way ANOVA with the Bonferroni post hoc test. **P < .01.



J ALLERGY CLIN IMMUNOL MCFARLANE ET AL 1078.e5
VOLUME 140, NUMBER 4

DUODENUM LUNG

A : C
[ Naive B M no H. polygyrus
P W H. polygyrus = & W H. polygyrus
o 10000y . o 100 s o 100
S 1000 ' s g s
= = i
E 100 ; 10 ; 10
e 10 L L
E 1 £ £
m o o
(&) 0.1 O 01 O 01
3 7 10 14 3 7 10 14
Days post H. polygyrus infection Days post H. polygyrus infection
D [ Naive E F
W H. polygyrus o ®

& 100 — 2 100 =) —

s g s

_g 10 ; 10 ; 10

© L 2

= 1 s 1 g 1

ZI w @

r - S o1 = £ 01 =

C57BL/6  Camp C57BL/6 Camp C57BL/6 Camp

FIG E4. Camp does not drive type | interferon ad ISG expression in the lung. BALB/c mice were given 200 L3
H polygyrus larvae or left naive. A and B, The first centimeter of the duodenum (Fig E4, A) and half of the
large left lung lobe (Fig E4, B) were placed in TRIzol, and RT-PCR was performed to measure expression
levels of Camp comparing H polygyrus-infected with naive mice. C, The standard coinfection protocol
was followed in BALB/c mice. One hour after RSV infection, half of the large left lung lobe was placed in
TRIzol, and RT-PCR was performed for expression levels of Camp. D-F, C57BL/6 or Camp ™/~ mice were given
200 L3 H polygyrus larvae administered by means of oral gavage or left naive. Half of the large left lung lobe
was placed in TRIzol, and RT-PCR was performed for measurement of expression levels of Ifnb (Fig E4, D),
Oas1a (Fig E4, E), and viperin (Fig E4, F). All results were normalized to 78S expression and represented as
fold change in expression over naive control values (Fig E4, A and B), UV-RSV-infected control values
(Fig E4, C), or C57BL/6 naive control values (Fig E4, D-F). Data are depicted as means = SEMs. Data are
pooled from 2 independent experiments (total n = 6-8 per group). Statistical significance of differences
between groups was determined in Fig E4, A and B, by using 1-way ANOVA with the Bonferroni post hoc
test and in Fig E4, C-F, by using 2-way ANOVA with the Bonferroni post hoc test. *P < .05, **P < .01, and
**¥*P < .001.
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FIG E5. RSV titers are not inhibited by HES product administration. A-C, Five micrograms of HES product
was administered to mice intranasally on days —1 and 0 (Fig E5, A); intranasally on days —7, —4, —1, and
0 (Fig E5, B); and intraperitoneally on days —7, —4, and —1 (Fig E5, C). D and E, Osmotic minipumps
containing HES products were surgically implanted on days —7 (Fig E5, D) and —10 (Fig E5, E), releasing
0.25 pL of HES products per hour for 10 or 14 days, respectively. On day 0, 4 X 10° PFU of RSV was
administered intranasally. Lungs were harvested on day 4 of RSV infection, and plaque assays were
performed. All data are depicted as means = SEMs (total n = 4 per group). Statistical significance of
differences between groups was determined by using the unpaired t test. NS, Nonsignificant.
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