1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
J Allergy Clin Immunol. 2012 November ; 130(5): 1175-1186.e9. doi:10.1016/j.jaci.2012.08.033.

Responsiveness to respiratory syncytial virus in neonates is
mediated through thymic stromal lymphopoietin and OX40
ligand

Junyan Han, PhD?, Azzeddine Dakhama, PhD?, Yi Jia, PhD?2, Meigin Wang, MD, PhD?,
Wanjiang Zeng, MD, PhD?, Katsuyuki Takeda, MD, PhD?2, Yoshiki Shiraishi, PhD?,
Masakazu Okamoto, MD, PhD?, Steven F. Ziegler, PhDP, and Erwin W. Gelfand, MD?
aDivision of Cell Biology, Department of Pediatrics, National Jewish Health, Denver, Colo

bBenaroya Research Institute, Seattle. Wash

Abstract

Background—Recent studies revealed a critical role for thymic stromal lymphopoietin (TSLP)
released from epithelial cells and OX40 ligand (OX40L) expressed on dendritic cells (DCs) in
TH2 priming and polarization.

Objectives—We sought to determine the importance of the TSLP-OX40L axis in neonatal
respiratory syncytial virus (RSV) infection.

Methods—Mice were initially infected with RSV as neonates or adults and reinfected 5 weeks
later. Anti-OX40L or anti-TSLP were administered during primary or secondary infection.
Outcomes included assessment of airway function and inflammation and expression of OX40L,
TSLP, and IL-12.

Results—OX40L was expressed mainly on CD11¢*MHC class 1l (MHCII)*CD11b* DCs but
not CD103* DCs. Treatment of neonates with OX40L antibody during primary RSV infection
prevented the subsequent enhancement of airway hyperresponsiveness and the development of
airway eosinophilia and mucus hyperproduction on reinfection. Administration of anti-TSLP
before neonatal RSV infection reduced the accumulation of lung DCs, decreased OX40L
expression on lung DCs, and attenuated the enhancement of airway responses after reinfection.

Conclusions—In mice initially infected as neonates, TSLP expression induced by RSV
infection is an important upstream event that controls OX40L expression, lung DC migration, and
TH_2 polarization, accounting for the enhanced response on reinfection.
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The association between respiratory syncytial virus (RSV) lower respiratory tract infection
in early life and the subsequent development of persistent wheezing and asthma is well
documented.14 There is a Ty2 bias in the immune response during the neonatal period,>6
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and RSV infection during the first 3 months of life induces a T2-biased response compared
with infection in older infants.” Previously, we demonstrated that the age at primary RSV
infection dictated the subsequent consequences on reinfection.® Initial infection of neonatal
mice resulted in enhanced airway hyperresponsiveness (AHR) after reinfection, as
characterized by increased AHR, airway eosinophilia, increased IL-13 levels, and mucus
hyperproduction. The underlying mechanisms responsible for these significant age
differences are not entirely defined. IFN-y,? RSV-specific IgE,10 cysteinyl leukotrienes, 11
and T cells!? have all been implicated in this asthma-like T2 response of neonates to RSV
reinfection. However, the characteristics of lung dendritic cells (DCs), which are potent
antigen-presenting cells (APCs), and their ability to activate and polarize T cells in neonates
infected with RSV has not been studied.

0X40 ligand (OX40L; CD252) and its cognate receptor, OX40 (CD134), belong to the
TNF/TNF receptor superfamily. OX40 is expressed on activated T cells, whereas OX40L is
mainly expressed on APCs. OX40L/OX40 interactions are important in T-cell activation and
survival and for the generation of memory T cells from activated effector T cells.1314 In
allergen-induced models of asthma, OX40- or OX40L-deficient mice had markedly
attenuated T2 responses and airway inflammation!®:16; blocking OX40L significantly
impaired the development of T2 responses and abolished lung inflammation.17+18 Recently,
thymic stromal lymphopoietin (TSLP), an epithelium-derived cytokine, has been identified
as a key initiator of allergic airway responses.1®-21 Further evidence showed that TSLP-
activated DCs triggered allergic inflammatory T2 responses through OX40L expressed on
these DCs.22:23 These studies suggested that preventing OX40-OXA40L interactions could be
beneficial in the treatment of allergic disease.2425 On the basis of these observations, we
hypothesized that OX40L expressed on lung DCs might play a critical role during primary
RSV infection, particularly in determining the asthma-like T2 airway responses after RSV
reinfection of mice initially infected as neonates. Some of the results of these studies have
been previously reported in abstract form.26

METHODS

Antibodies

Animals

Rat anti-mouse OX40L (RM134L) and anti-TSLP mAb (M702) were used.1?

BALB/c mice were obtained from the Jackson Laboratory (Bar Harbor, Me).

Virus preparation

Human RSVAZ2 Strain (catalog no. VR-1302) and HEp-2 cells (catalog no. CCL-23) were
obtained from the American Type Culture Collection (Rockville, Md), and stocks of purified
RSV were prepared and viral titers determined.8

RSV infection and treatments

Mice were inoculated with 106 plaque-forming units of purified RSVat the indicated age.
Anti-OX40L or control antibody was administered intraperitoneally at 15 mg/kg 1 day
before primary or secondary RSV infection and on days 1 and 2 after infection. Secondary
RSV infection was initiated 5 weeks after primary infection. Airway function and
inflammation were assessed on day 7 after either primary or secondary RSV infection. Anti-
TSLP or control antibody (50 mg per pup) was administered intraperitoneally 1 day before
primary RSV infection in neonates.
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Assessment of airway function
Airway function was as previously described.2’

Airway inflammation
Airway inflammation was assessed based on counting of cells recovered in BAL fluid.

Measurement of cytokine levels

IFN-v, IL-4, IL-5, and IL-6 levels were measured in bronchoalveolar lavage (BAL) fluid by
using commercial ELISA Kits, according to the manufacturer’s instructions (eBioscience,
San Diego, Calif), as was IL-13 (R&D Systems, Minneapolis, Minn).

Flow cytometry
Lung single-cell suspensions were prepared and analyzed, as previously described.28:29

Quantitative real-time PCR analysis

RNA was isolated from lungs by using the RNeasy Mini Kit (Qiagen, Valencia, Calif) and
analyzed for TSLP transcript expression by using TagMan 1-step real-time (RT) PCR
Master Mix Reagents (Applied Biosystems, Foster City, Calif) with 50 ng of total RNA.

In vitro cytokine production by peribronchial lymph node cells after restimulation with
RSV

Seven days after secondary RSV infection, single-cell suspensions from peribronchial lymph
nodes (PBLN) were prepared, and concentrations of I1L-4, IL-5, IL-6, IL-13, and IFN-vy in
the supernatants were measured by using ELISA.

Statistical analysis

All results were expressed as means + SEMs. Data were analyzed by means of ANOVA
with the StatView 4.5 statistical analysis software package (Abacus Concepts, Piscataway,
NJ). Student #tests and 1-way ANOVA were used to determine the level of differences,
where appropriate. Nonparametric analysis with the Mann-Whitney U'test was used to
confirm that the statistical differences remained significant, even if the underlying
distribution was uncertain. The Pvalues for significance were set to .05 for all tests.

RESULTS

RSV infection induces OX40L expression on lung DCs

Mice were infected as neonates (<1 week of age) or at 5 weeks of age to determine the
levels of OX40L expression on lung DCs after RSV infection. On each day after infection,
single-cell suspensions from lung homogenates were prepared, and the frequency of lung
DC subsets expressing OX40L was obtained according to the gating strategy described in
Fig E1 in this article’s Online Repository at www.jacionline.org. In both age groups, RSV
infection resulted in an increased percentage of OX40L*CD11c" cells. The increased
frequency of OX40L* cells peaked 1 day after RSV infection (Fig 1, A), was maintained for
up to 2 days after infection, and then returned to basal levels (data not shown). However, the
pattern of OX40L expression was different in the 2 age groups either before or after RSV
infection. In both age groups, OX40L was expressed mainly on
CD11c*MHCII*CD11b*CD103~ DCs but was significantly higher at baseline in neonatal
than in adult mice, resulting in an even greater frequency of OX40L* lung DCs in neonatal
mice after RSV infection (Fig 1, A, and see Fig E2, A, in this article’s Online Repository at
www.jacionline.org). In both age groups, OX40L was not expressed on CD103* DCs before

J Allergy Clin Immunol. Author manuscript; available in PMC 2013 November 01.


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

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Han et al.

Page 4

or after RSV infection (see Fig E2, B). In addition, OX40L was not expressed on
CD11c*Siglec-F* cells (data not shown). Of note, there were very few plasmacytoid DCs
(pDCs) in neonates, and the frequency of OX40L* pDCs did not change after RSV
infection. In adult mice more pDCs in the lung were identified; the percentage of OX40L*
cells among this population was lower at baseline and increased on RSV infection (see Fig
E3 in this article’s Online Repository at www.jacionline.org).

As shown in Fig 1, B, a small number of lung DCs expressed IL-12 at baseline in both age
groups. After RSV infection, a significantly increased percentage of IL-12—-expressing DCs
was detected in the adult lung, whereas there were no changes in neonatal mice (Fig 1, B,
and see Fig E4 in this article’s Online Repository at www.jacionline.org).

Effect of anti-OX40L on primary RSV infection in adult mice

Changes in the expression pattern of OX40L in the lung after RSV infection suggested it
might be involved in the development of altered airway responsiveness. To test this
possibility, we determined the effects of administration of anti-OX40L on RSV-induced
AHR and inflammation /n vivo after primary infection. Mice were infected at 5 weeks of
age; anti-OX40L or control antibody was administered intraperitoneally at 15 mg/kg 1 day
before RSV infection and on days 1 and 2 after infection. As shown in Fig 2, A, in mice
treated with anti-OX40L, AHR development was significantly decreased. After primary
RSV infection, total cell, lymphocyte, and neutrophil numbers recovered in BAL fluid were
significantly increased compared with those in noninfected mice, and injection of anti-
OX40L significantly reduced lymphocyte and neutrophil numbers in BAL fluid compared
with those seen in control antibody-treated mice (Fig 2, B). There were no significant
differences in the numbers of macrophages or the few eosinophils detected. Although RSV
infection resulted in significant increases in BAL fluid IFN-y levels, the anti-OX40L~-
treated group had significantly lower levels of IFN-y in BAL fluid (Fig 2, C); none of the
other cytokines measured (IL-4, IL-5, IL-6, and 1L-13) were detected after primary infection
in the BAL fluid of the anti-OX40L-treated or control antibody-treated groups (data not
shown).

Effect of anti-OX40L during primary infection on secondary RSV infection in adult mice

In previous studies we demonstrated that neonatal RSV infection predisposes to the
development of airway eosinophilia and enhanced AHR after reinfection, whereas infection
at a later age protects against the development of these altered airway responses after
reinfection.® As shown in Fig 3, A, primary infected mice at 10 weeks of age had significant
AHR, whereas in mice that were initially infected at 5 weeks, treated with control antibody,
and reinfected 5 weeks later, AHR to inhaled methacholine (MCh) did not develop. Mice
treated with anti-OX40L during primary infection similarly had no AHR on reinfection.
However, compared with the mice infected (primary) at 10 weeks of age, control antibody—
treated and reinfected mice had a markedly increased mononuclear cell airway inflammatory
response. In parallel, the number of lymphocytes recovered in BAL fluid was also
significantly increased after reinfection compared with that seen in age-matched, primary
infected mice (Fig 3, B). Treatment with anti-OX40L during primary infection significantly
reduced lymphocyte numbers in the BAL fluid after reinfection. IFN-y levels in BAL fluid
after reinfection were greater than those measured after primary infection, but the peak
response shifted to an earlier time point after reinfection (2 days after reinfection, data not
shown). As shown in Fig 3, C, 7 days after RSV reinfection, the anti-OX40L—treated mice
had significantly lower levels of IFN-y in BAL fluid compared with control antibody—
treated mice. IL-4, IL-5, IL-6, and 1L-13 levels in the BAL fluid were at the limit of
detection and were not different in all the groups (data not shown).
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Effect of anti-OX40L during neonatal primary infection on the response to RSV reinfection

Mice were first infected with RSV shortly after birth (<1 week of age) and then reinfected 5
weeks later to determine whether anti-OX40L administered during primary infection in the
neonatal period would affect the enhanced responses detected on reinfection. Anti-OX40L
or control antibody was administered on days —1, +1, and +2 during primary infection. As
shown in Fig 4, A, control antibody—treated mice had enhanced AHR on reinfection with
RSV. Administration of anti-OX40L only during primary neonatal infection prevented the
enhancement of AHR on reinfection, although these mice did have levels of AHR similar to
those of the mice subjected to primary infection at 6 weeks of age.The number of total cells
and eosinophils recovered in the BAL fluid were significantly increased after secondary
RSV infection, and this was reduced in anti-OX40L-treated mice; there were no differences
in macrophage, lymphocyte, or neutrophil numbers in the anti-OX40L-and control
antibody-treated groups (Fig 4, B).

After reinfection, the levels of IFN-y and the T2 cytokines IL-5 and IL-13 were increased
in the BAL fluid after RSV reinfection compared with levels after primary infection (Fig 4,
0), and as in the adult mice, the peak response of IFN-y was shifted to an earlier time point
after reinfection (2 days after reinfection, data not shown). Treatment with anti-OX40L
during primary infection decreased IL-5 and IL-13 levels but did not alter IFN-y levels (Fig
4, O). These effects of anti-OX40L treatment during primary infection were clearly different
than observed when the OX40L antibody was only administered during reinfection. In
essence, when administered during reinfection, there was no effect on AHR (see Fig E5, A,
in this article’s Online Repository at www.jacionline.org), airway eosinophilia (see Fig E5,
B), or BAL fluid cytokine levels (see Fig E5, C).

Administration of anti-OX40L affects cytokine responses in PBLNs

To further define the T-cell cytokine profiles after RSV reinfection, PBLN mononuclear
cells were isolated 7 days after RSV reinfection and stimulated with UV-inactivated RSV in
vitro, and levels of IL-4, IL-5, IL-6, IL-13, and IFN-vy in the culture supernatants were
measured. As shown in Fig 5, A, in mice treated with anti-OX40L during primary infection,
lower IL-5 and IL-13 levels but higher IFN-+y levels were detected. There were no
differences in IL-4 and IL-6 levels in these 2 groups. When PBLNSs were isolated from
reinfected mice treated with anti-OX40L during secondary infection and restimulated with
UV-RSV, there were no differences in cytokine responses compared with those seen in
control antibody-treated animals (Fig 5, B). Thus unlike the effects of OX40L blockade on
reinfection responses when administered during primary neonatal infection, anti-OX40L
treatment was without effect on the responses to reinfection when administered only during
secondary infection.

RSV induces TSLP expression in the lung

It has been shown that the TSLP-OX40L-0X40 axis plays an important role in the
development of allergic inflammation both in human subjects and experimental mouse
models.21:25 TSLP expression was measured before and after RSV infection in both age
groups to identify potentially important events upstream of OX40L/OX40 signaling.
Compared with uninfected control animals, RSV-infected lungs expressed higher levels of
TSLP mRNA, as determined by using quantitative PCR in both neonates and adult mice (Fig
6, A). Of note, among the uninfected mice, TSLP expression was significantly higher in
neonatal than adult mice.
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Neutralization of TSLP before primary infection affects response to RSV reinfection

Anti-TSLP or control antibody was administered 1 day before neonatal RSV infection to
directly delineate the role of TSLP in the enhanced response of neonatal mice to reinfection.
Compared with control antibody-treated and reinfected mice, anti-TSLP—treated mice had a
significantly attenuated airway response to inhaled MCh (Fig 6, B), and total cell and
eosinophil numbers in the BAL fluid were significantly reduced in the treated group (Fig 6,
C). Treatment with anti-TSLP decreased IL-5 and IL-13 levels but did not alter IFN-y levels
in the BAL fluid (Fig 6, D).

Previous studies showed that TSLP promoted Tn2-biased responses through induction of
OX40L expression on DCs. To delineate the role of TSLP in this model, we compared
OX40L expression on lung DCs with and without anti-TSLP treatment. Mice were infected
with RSV as neonates, anti-TSLP or control antibody was administered 1 day before RSV
infection, and single-cell suspensions from lung homogenates were prepared and analyzed
by using flow cytometry 1 day after RSV infection. Compared with uninfected control
animals, RSV infection induced a significantly higher percentage of CD11c*OX40L* cells
in the lung, but there were no obvious differences between the anti-TSLP-and control
antibody-treated groups (Fig 6, £). However, the absolute number of CD11¢*OX40L" cells
in anti-TSLP-treated mice was significantly lower than in control antibody—treated mice
(Fig 6, F). Moreover, the mean fluorescence intensity (MFI) of OX40L was lower in the
anti-TSLP-treated mice (Fig 6, G). Thus after infection of neonates, TSLP exerted its
activity through increasing the levels (MFI) of OX40L expression on CD11c* DCs, as well
as resulting in increased numbers of CD11c*OX40L* cells in the lung.

DISCUSSION

The interplay between RSV infection and asthma, especially the development of asthma, is
not entirely clear.39 Severe RSV infection and the need for hospitalization have been linked
to asthma development,2-4 but it is unclear whether reinfection plays a similar role as it does
in enhancing respiratory disease severity. To approach these issues in an experimental
model, we examined the responses to reinfection in mice initially infected as neonates or at a
later age and demonstrated dramatic differences.® Whereas initial infection at 5 weeks of age
and reinfection 5 weeks later elicited robust airway lymphocytosis, there was no associated
AHR to inhaled MCh, eosinophilia, or significant mucus hyperproduction. In contrast, when
mice were initially infected as neonates and reinfected 5 weeks later, AHR was markedly
enhanced and associated with airway eosinophilia, mucus hyperproduction, and increases in
IL-13 levels, responses often associated with an asthma-like picture, especially in
experimental models.8 To some extent, these differential responses in the age groups at the
time of primary infection have been related to the capacity of the neonatal mice to have
RSV-specific IgE antibodies!® and a deficiency in IFN-y production,® aspects also
associated with RSV disease severity in human infants.31:32

To define the mechanism underlying the enhanced responsiveness in neonatally infected
mice reinfected with RSV, we focused on potential differences in lung DCs given their
central role as APCs in T-cell polarization. Lung DCs from neonatal mice differed from
those obtained at 5 weeks of age. Neonatal lung DCs expressed higher baseline levels of
OX40L and lower cytoplasmic levels of 1L-12, a known inducer of IFN-y production,33 and
these differences were amplified after RSV infection, with further increases in OX40L
expression in infected neonates and higher IL-12 expression in infected older mice. In the 2
age groups OX40L was mainly expressed on CD11c*MHCII*CD11b*CD103™ myeloid
dendritic cells (mDCs). The expression pattern of OX40L among mDCs was different in the
2 age groups; it was higher at baseline in neonates than in adult mice. After RSV infection,
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the expression of OX40L increased in both groups, but the increases were greater in the
neonates. We did not detect OX40L expression on CD103* DCs in either age group.

The other major difference in the 2 age groups was the number of pDCs. There were few
pDCs in neonates, and they expressed higher levels of OX40L than in adult mice at baseline
but did not change on RSV infection. The adult mice had more pDCs in the lung than
neonatal mice, and these cells expressed lower levels of OX40L at baseline that increased on
RSV infection. The pDCs are thought to be protective against asthmatic reactions to
harmless inhaled antigen34 and might limit T2 responses to RSV infection.3® Here the
differences in the numbers of pDCs between neonates and adults might play a role in the
age-dependent responses.

Although treatment of older mice with anti-OX40L during primary infection reduced the
consequences of both primary and secondary RSVinfection, limiting the development of
AHR in the former and the prominent lymphocytosis in the latter, the more dramatic effects
were seen in neonatal mice. In concert with the increased expression of OX40L during
neonatal infection, administration of anti-OX40L during primary but not secondary infection
dramatically reduced the consequences of reinfection, preventing the enhancement of AHR,
airway eosinophilia, mucus hyperproduction, and increases in levels of the T2 cytokines
IL-5 and IL-13. Moreover, the changes in cytokine levels were mirrored in the draining
PBLN cells, where treatment with anti-OX40L during primary but not secondary infection
resulted in a similar reduction in T2 cytokine levels and an increase in IFN-y production
after RSV restimulation /n vitro.

Together, these data positioned the OX40L-OX40 pathway as a major regulator of the
skewed response of reinfected mice initially exposed to RSV in the neonatal period.
However, the effects of OX40L-OX40 interaction on the polarization of Ty cells is
complex. Initially, the notion was that OX40 ligation led to T2 polarization and was
implicated in a number of allergic diseases. OX40L-OX40 ligation on naive CD4" T cells
was shown to preferentially lead to T2 generation driven by early autocrine production of
IL-4.36-38 0X40- or OX40L-deficient mice or anti-OX40L-treated mice had attenuated T2
responses and airway inflammation in allergen-induced asthma models.1518 In a similar
fashion several lines of evidence in the present work suggested the involvement of OX40L
in initiating the Ty2-dominant asthma-like responses in the neonatal reinfection model.
Although the frequency of OX40L* lung DCs was increased in neonatal mice after RSV
infection and greater than the frequency of OX40L* lung DCs in adult mice, they were
nonetheless increased in the adult mice, as well as after RSV infection, even though Tyl
responses predominated. Ito et al?2 have shown that in the presence of 1L-12, OX40L served
to increase Tyl responses, whereas in the absence of IL-12, OX40L promoted T2
polarization. We found IL-12 expression to be lower after RSV infection in neonatal than
adult mice, and this was associated with lower IFN-y levels. Thus it might be that local
conditions determine how OX40L-OX40 interactions influence the response to RSV in the
lung. If the cytokine environment in neonatal mice after primary RSV infection was T2
biased, OX40L-OX40 interactions could preferentially lead to the development of Ty, 2-
skewed responses. In adult mice the increased production of IL-12 could skew away from
TH2-driven activities, resulting in enhanced Tl responses after OX40 engagement.

The role of OX40L-0X40 interactions in reactivation of memory T cells in asthmatic
patients also is unclear. Two studies showed that administration of anti-OX40L during the
challenge phase resulted in significant decreases in activated CD4" T-cell lung infiltration,
Tw2 cytokine production, and antigen-specific IgE levels.18:23 In contrast, Hoshino et all’
observed a greater suppressive effect of anti-OX40L during the sensitization phase
compared with the challenge phase. In the current study we also demonstrated that anti-
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OX40L administered during secondary RSV infection did not alter the development of
enhanced AHR or airway eosinophilia in mice initially infected as neonates. This lack of
effect of OX40 blocking on “recall responses” was also demonstrated in a mouse influenza
model.3% These results suggest that the skewing toward asthma-like T2 responses and, in
particular, the involvement of OX40L-OX40 interactions was likely initiated soon after
primary infection in neonates, accounting for the absence of effects in the reinfection phase.

In keeping with this notion of early involvement of OX40L-OX40 interactions after primary
RSV infection were the findings with TSLP. RSV infection increased the expression of
TSLP in the lungs of both neonates and older mice, and the expression levels of TSLP at
baseline were higher in neonates than in adult mice. Administration of anti-TSLP before
neonatal RSV infection reduced the accumulation of lung DCs, decreased OX40L
expression on lung DCs, and attenuated the enhancement of airway responses after
reinfection, including AHR, eosinophilic airway inflammation, mucus hyperproduction, and
IL-13 levels. There are several possibilities responsible for the decreased total level of DCs
in the lungs of anti-TSLP-treated mice. RSVor influenza infection results in increased
numbers of pulmonary DCs.49-43 Increases in DC numbers could be due to DCs migrating
from the periphery to the lung. In addition, DC precursors have been described in the lung,
and these precursors can give rise to CD11c*MHCII* DCs.** We identified a population of
CD11c*MHCII"CD11bM cells in both age groups and a population of
CD11c*MHCII"CD11b'°W cells only seen in the neonates that might represent these
precursors (data not shown). Most likely, the mechanism or mechanisms behind increased
DC numbers on day 1 is a combination of factors. In human subjects TSLP receptor has
been shown to be expressed on CD34* hematopoietic progenitor cells,*> and TSLP-TSLP
receptor interactions might play a role in the increased number of CD34™" progenitor cells
that migrate to the site of allergic inflammation. Second, TSLP might be involved in the
proliferation, differentiation, or both of local DC progenitors directly or interact through
other intermediates. The end result, an increase in total DC numbers and an increase in
OX40L MFI, could reflect these 2 aspects of TSLP function: chemotaxis and activation of
DCs. Together, the data identified the involvement of a TSLP-OX40L-0X40 axis in the
development of RSV-induced AHR and inflammation on reinfection of mice initially
infected as neonates.

TSLP is an important initiator of allergic inflammation and is expressed primarily by
epithelial cells at barrier surfaces, such as the lung.¢ Mice that overexpressed TSLP had
Tw2-driven allergic inflammation.1947-50 The receptor for TSLP is expressed on a variety of
cell types, including DCs, and TSLP can polarize DCs to induce the differentiation of naive
T cells into T2 cells, at least in part through upregulation of OX40L expression.22:51 Qiao
et al®2 showed that RSV can stimulate primary rat epithelial cells to release TSLP. In the
context of the present study, we postulated that neonatal RSV infection initiates a cascade
that involves increased TSLP release from infected epithelial cells, which induces the
upregulation of OX40L on lung DCs. This in turn initiates the polarization of RSV-specific
T cells to a T2 phenotype so that re-exposure to RSV triggers the expansion of RSV-
specific T2 memory cells and the enhanced development of AHR, now accompanied by
eosinophilic airway inflammation, mucus hyperproduction, and IL-13 release. In adult mice
this cascade was lower in intensity and potentially subverted by the increased production of
IL-12, leading to increased IFN-y production.33 Although the receptors for TSLP and
OXA40L (0OX40) are expressed on many cell types,1447 the protective effects of anti-TSLP,
as seen with anti-OX40L, were postulated to be due to the interference of this initial
interaction between epithelial cells and DCs. Notably, the development of AHR, airway
eosinophilia, and mucus hyperproduction on reinfection was not inhibited completely by
either anti-TSLP or anti-CD40L. In fact, the inhibitory effects were restricted to the
increases in AHR seen over and above the response to primary infection. In addition,
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attenuation of airway eosinophilia, mucus production, and increased IL-13 levels were
demonstrated. As shown previously, these enhanced components of the response to
reinfection were blocked by interfering with 1L-13 activity, indicating an important role for
this cytokine in the enhanced allergic-like responses on reinfection.® Together, these results
imply that the response to RSV potentially involves 2 distinct pathways, with both
contributing to the development of AHR. In neonates, RSV additionally triggers responses
that were associated with T2 skewing and dependent on TSLP and OX40L upregulation.

The results of the present study confirm the importance of age at initial contact with RSV
and the critical role of the neonatal environment in dictating the outcome of reinfection. The
host response to RSV infection can be divided into 3 phases: an epithelial phase, an innate
immune response phase, and an adaptive immune response phase.>3>4 The data presented
here link these 3 phases of RSV-host interplay through a TSLP-OX40L-0OX40 axis so that
the epithelial phase is mediated by TSLP release, the innate phase is triggered through
increased OX40L expression on lung DCs, and the adaptive or effector T-cell immune phase
results from the initial polarization and subsequent expansion of T2 memory cells on RSV
reinfection. On the basis of these findings, novel insights into potential prophylactic
approaches are apparent for the prevention of RSV-mediated long-term sequelae in infants
with severe RSV bronchiolitis through interference with the initial phases of RSV infection.
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RSV infection induces OX40L expression on lung DCs. Mice were infected as neonates or
at 5 weeks of age. Age-matched control mice were inoculated with PBS. One day after RSV
infection, lung single-cell suspensions were prepared, and lung DC subsets were identified
following the gating strategy described in Fig E1. The percentage of OX40L* cells among
CD11c¢*CD11b*CD103™ DCs (A) and the percentage of IL-12* cells among CD11c* cells
(B) was analyzed by using flow cytometry, as described in the Methods section. Results are
from 3 independent experiments (n = 12). **P< .01.
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FIG 2.

Effect of anti-OX40L on airway responsiveness to primary RSV infection in adult mice.
Mice were infected on day 0 at 5 weeks of age. Anti-OX40L (RM134L) or control antibody
was administered intraperitoneally at 15 mg/kg on days -1, +1, and +2. Airway
responsiveness to inhaled MCh (A), BAL cellularity (B), and BAL fluid IFN-vy levels (C)
were assessed on day 7 after infection. Results are from 3 independent experiments (n = 12).
Data are expressed as means + SEMs. *P< .05 and **P< .01. Ab, Antibody; £o0s,
eosinophil; Lym, lymphocyte; Mac, macrophage; Neu, neutrophil; /;, lung resistance.
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Effect of anti-OX40L administered during primary infection on secondary RSV infection in
adult mice. Mice were initially infected with RSV at 5 weeks of age and reinfected with
RSV 5 weeks later. Anti-OX40L or control antibody was administered during primary RSV
infection. Airway responsiveness to inhaled MCh (A), BAL cellularity (B), and BAL fluid
IFN-7y levels (C) were assessed on day 7 after reinfection. Results are from 3 independent
experiments (n = 12). Data are expressed as means + SEMs. *P< .05 and **P< .01. Ab,
Antibody; £os, eosinophil; Lym, lymphocyte; Mac, macrophage; Neu, neutrophil; R;, lung

resistance.
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FIG 4.

Effect of anti-OX40L administered during neonatal primary infection on the response to
RSV reinfection. Newborn mice were infected with RSV on day 0. Anti-OX40L or control
antibody was administered on days -1, +1, and +2. Five weeks later, mice were reinfected
with RSV. Airway responsiveness to inhaled MCh (A), BAL cellularity (B), and BAL fluid
cytokine levels (C)were assessed on day 7 after secondary RSV infection. Results are from
3 independent experiments (n = 12). Data are expressed as means + SEMs. *P< .05 and **P
<.01. Ab, Antibody; Eos, eosinophil; Lym, lymphocyte; Mac, macrophage; Neu, neutrophil;
Ry, lung resistance.
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Administration of anti-OX40L during neonatal infection affects cytokine responses in
PBLNs. Newborn mice were infected with RSV and reinfected with RSV 5 weeks later.
Anti-OX40L or control antibody was administered either during primary RSV (A) or
secondary RSV (B) infection. Seven days after reinfection, PBLN cells were collected and
seeded in 96-well plates and stimulated with UV-RSV. IL-4, IL-5, IL-6, IL-13, and IFN-y
levels in the supernatants were measured 3 days after culture. Results are from 3
independent experiments (n = 12). Data are expressed as means + SEMs. *P< .05 and **P
<.01. Ab, Antibody.
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FIG 6.

RSV induces TSLP expression in the lung and neutralization of TSLP before primary
infection affects the responses to RSV reinfection. A, Lung mRNA was isolated 1 day after
primary infection of neonates or adult mice and TSLP mRNA levels were measured by
quantitative RT-PCR. Increases in expression levels were compared with those in adult
noninfected control animals. B-D, Newborn mice were infected with RSV and reinfected
with RSV 5 weeks later. Anti-TSLP or control antibody was administered 1 day before
neonatal infection. Seven days after reinfection, airway responsiveness to inhaled MCh (Fig
6, B), BAL cellularity (Fig 6, C), and BAL fluid cytokine levels (Fig 6, D) were assessed. E-
G, Mice were infected with RSV as neonates. Anti-TSLP or control antibody was
administered 1 day before infection. Lung single-cell suspensions were prepared 1 day after
infection, and OX40L expression was analyzed by flow cytometry. Fig 6, £, Percentage of
OX40L* cells among lung CD11c*CD11b* DCs. Fig 6, £, Total number of OX40L*CD11c*
cells in the lung. Fig 6, G, OX40L MFI expression on CD11c*CD11b* DCs. Representative
histogram and combined MFI depicting expression of OX40L on CD11c*CD11b* DCs; the
isotype control is shown as a shaded line. Results are from 2 to 4 independent experiments
(n = 6-12). Data are expressed as means + SEMs. **P < .01. Ab, Antibody; Eos, eosinophil,
Lym, lymphocyte; Mac, macrophage; Neu, neutrophil; /;, lung resistance.
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