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Respiratory Syncytial Virus is a leading cause of bronchiolitis and pneumonia in infants, the elderly and individuals
with compromised immune systems. Despite decades of research, there is currently no available vaccine for RSV. Our
group has previously demonstrated that intranasal immunization of mice with RSV inactivated by and adjuvanted with
W805EC nanoemulsion elicits robust humoral and cellular immune responses, resulting in protection against RSV
infection. This protection was achieved without the induction of airway hyper-reactivity or a Th2-skewed immune
response. The cotton rat Sigmodon hispidus has been used for years as an excellent small animal model of RSV disease.
Thus, we extended these rodent studies to the more permissive cotton rat model. Intranasal immunization of the
nanoemulsion-adjuvanted RSV vaccines induced high antibody titers and a robust Th1-skewed cellular response.
Importantly, vaccination provided sterilizing cross-protective immunity against a heterologous RSV challenge and did
not induce marked or severe histological effects or eosinophilia in the lung after viral challenge. Overall, these data
demonstrate that nanoemulsion-formulated whole RSV vaccines are both safe and effective for immunization in
multiple animal models.

Introduction

Respiratory syncytial virus (RSV) is a negative-sense ssRNA
virus that is the leading cause of lower respiratory tract infections
in infants and young children.1,2 Infection with RSV causes cold-
like symptoms in otherwise healthy adults and older children but
can lead to serious disease in infants and individuals with com-
promised immune systems. The Centers for Disease Control and
Prevention estimates that 24% of hospitalizations for lower respi-
ratory tract infections among children less than 5 y of age are
attributable to RSV.3 RSV infection in humans does not confer
protective immunity so repeat infections occur and are especially
common among the elderly, transplant recipients, and patients
with chronic lung diseases such as chronic obstructive pulmonary
disease and asthma.4-9

A serious complication was observed during the testing of
an alum-adjuvanted formalin-inactivated RSV (FI-RSV) vac-
cine in the 1960s. Not only did this vaccine fail to protect
against RSV infection, but vaccinated individuals had more
severe disease upon natural RSV infection, sometimes includ-
ing death.10-13 The cause of the vaccine-related adverse events
is still unclear, but it is known that in mice the pathologic
changes accompanying the FI-RSV response are associated
with a Th2 skewing of the cytokine environment.14-20 An
ideal RSV vaccine needs to be both immunogenic and safe
for infants, the elderly, transplant recipients, and those with
chronic disease. While live-attenuated vaccines are immuno-
genic, they are not typically considered safe and effective for
the target populations for RSV.21 Much effort has been
devoted to the development of inactivated RSV and subunit
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vaccines, which typically require the inclusion of an adjuvant.
As adjuvants augment and skew immune responses, they can
influence both the efficacy and safety of the vaccine.22 Given
the history of RSV vaccine development, the choice of adju-
vant may be critical in the development of an RSV vaccine
that is both safe and effective.

We have previously demonstrated that intranasal (IN)
immunization with nanoemulsion (NE) adjuvants induces
strong Th1 and Th17-associated immunity.23-25 Importantly,
the W805EC adjuvant is safe and well-tolerated in humans.26

NE adjuvants have been shown to generate robust, protective
immune responses in mice and other rodents for a variety of
different pathogens, including anthrax, influenza, hepatitis B,
vaccinia and RSV.23-35 Live RSV is inactivated directly by
the NE. The resulting inactivated virus retains the native
antigen structure, unlike chemical inactivation which can alter
the structure of epitopes critical for mounting an immune
response appropriate for the virus.34 Previous studies have
demonstrated that intranasal immunization of mice with a
W805EC NE-based whole RSV or RSV fusion glycoprotein
(F protein) vaccine led to humoral and cellular immune
responses, including mucosal antibody production.28,29 These
vaccinations conferred protection against RSV L19 challenge
without the induction of Th2 cytokines or pathological
changes associated with the mouse model of RSV infection.
Although encouraging, these murine studies cannot solely be
used to determine the effectiveness of RSV vaccines because
mice are not particularly susceptible to RSV infection. In
contrast, the cotton rat (Sigmodon hispidus) model has
become a standard for evaluating RSV vaccines and therapeu-
tics, as they exhibit high viral replication in the lungs and
recapitulate disease pathogenesis better than mice.36-38 Here,
we extended our mouse studies to the more permissive cotton
rat model to evaluate immunogenicity and protection
induced by 2 intranasally administered nanoemulsion-formu-
lated RSV L19 vaccines.

Results

Immunization with RSV-NE adjuvanted vaccines induces
robust humoral immune responses

Nanoemulsions are nanometerscale (d D 200 – 700 nm) oil-
in-water emulsions, containing soybean oil, water, ethanol and
surfactants.39,40 Previous studies from our group utilizing a NE
formulation containing cetylpyridinium chloride (CPC) and
Tween 80 (W805EC) have shown protection against RSV infec-
tion in mice.28 In the studies presented here, vaccines were pre-
pared by inactivation of RSV with either the W805EC (CPC/
Tween 80) adjuvant or the P188 adjuvant (CPC/Tween 80/
P188). A second nonionic surfactant (Poloxamer P188, P188)
was reformulated with the excipients of the W805EC adjuvant in
order to increase the mucoadhesion of the NE droplets in the
nasal cavity. Poloxamers are synthetic tri-block copolymers com-
posed of a central hydrophobic chain of polyoxypropylene
flanked by 2 hydrophilic chains of polyoxyethylene with a weight
ratio of 4:2:4. P188 is a nonionic linear copolymer having an
average molecular weight of 8400 Daltons. It is well tolerated
upon repeated exposure and is commonly used in many over the
counter products such as toothpaste, laxatives and mouthwash.
P188 is known to have suitable mucoadhesive force, low toxicity,
less mucosal and skin irritation, good drug release characteristics
and compatibility with other chemicals.41 The polar group of
P188 likely protrudes further from the NE oil droplet than
Tween 80, which could modify the interaction between the NE
and the mucosal surface. Previous mouse studies determined that
the P188 adjuvant, CPC/Tween 80/P188, performed equally as
well as W805EC.

39

Immunization with RSV adjuvanted with W805EC or P188
nanoemulsion resulted in a robust antibody response. F protein-
specific IgG was detected in the sera of cotton rats at 4 weeks after
only one IN immunization (Fig. 1). A significant augmentation
was observed after a subsequent IN administration, as antibodies
rose [GMT (Geometric Mean Titer) D 10,979 and 14,351 for

Figure 1. Time course of serum anti-F protein IgG in cotton rats. Cotton rats were intranasally immunized with 3 doses of vaccine (filled arrows) followed
by a live viral challenge with RSV A2 (open arrows). Serum anti-F protein IgG end point titers were determined in cotton rats vaccinated with a dose of
3.2 £ 105 PFU RSV L19 (6.6 mg F protein) formulated in (A) W805EC or (B) P188. The results are presented as the geometric mean titer § 95% confidence
interval (CI) (nD 8 cotton rats per group).
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W805EC and P188, respectively] 2 weeks after the second immu-
nization (week 6). Serum antibodies declined slightly between
the second and third immunizations and increased to the highest
levels 2 weeks after the third vaccination (week 23) with GMTs
of 46,312 and 34,336 for W805EC and P188 groups, respec-
tively. Challenge with live RSV did not result in any further
increase in serum antibodies, as the strong humoral immune
responses generated by vaccination approached post-challenge
levels. There were no significant differences in antibody titers
between the W805EC and P188 vaccinated groups at any time-
point tested (p> 0.05 by Mann-Whitney test).

Neutralizing antibodies have been reported to be protective
against RSV infection,42 and therefore neutralizing antibody
titers were assessed in the sera of these animals. Neutralization
titers were slightly higher for the group vaccinated with
W805EC; however, no statistical differences were observed
between the W805EC and P188-vaccinated groups (Fig. 2A).
Similar neutralizing antibody titers were developed against either
the homologous virus (RSV L19) or a heterologous virus strain
(RSV A2), suggesting that vaccination induced a statistically sig-
nificant relative amount of crossprotection (Fig. 2B, C).

Intranasal administration of RSV-NE adjuvanted vaccine
protects against RSV challenge

RSV L19 immunized cotton rats and na€ıve, healthy control
animals were challenged with the heterologous RSV A2 strain at
week 23 (2 weeks after the last immunization), and viral titer in
the lungs was assessed 4 and 8 d post challenge. Four days follow-
ing viral challenge, unvaccinated control cotton rats had very
high titers of virus in the lungs (geometric mean 1536 PFU/g),
while RSV-NE vaccinated cotton rats exhibited no detectable
virus in their lungs (p D 0.02 by Fisher’s exact test) (Fig. 3). By
day 8 post-challenge, all animals had cleared the virus (data not
shown), consistent with previously published reports.36 These
data indicate that 3 immunizations with RSV L19 formulated in
W805EC or P188 NE adjuvant achieved sterilizing immunity
against heterologous RSV challenge.

Immunization with RSV-NE adjuvanted vaccines induces
Th1-skewed cell-mediated immune responses

In order to characterize cell-mediated immune responses
induced by vaccination, splenocytes were harvested 8 d after chal-
lenge and evaluated for cytokine secretion with and without ex
vivo re-stimulation with RSV L19. Spontaneous IFN-g secretion
was very high in all vaccinated animals after RSV A2 challenge,
and attempts to increase this with ex vivo stimulation with RSV
A2 did not enhance IFN-g production (Fig. 4A, B). Conversely,
splenocytes from unimmunized, virally challenged cotton rats
produced very low levels of IFN-g when cultured ex vivo, but the
IFN-g production could be increased in response to ex vivo RSV
A2 stimulation. IFN-g production was significantly lower in
non-immunized cotton rats compared with immunized animals,
regardless of the ex vivo stimulation conditions (p< 0.05). No
IL-4 production above the limit of detection (7.5 pg/mL) was
observed from any of the animals even upon ex vivo stimulation
with RSV (data not shown). Overall, these results support our

previous data in mice that nanoemulsion-based RSV vaccines
elicit the production of Th1 (IFN-g) cytokines.28,29

Histopathology
In order to assess the impact of RSV L19 vaccination on histo-

logical changes after subsequent infection with RSV A2, we per-
formed H&E staining of tissue sections from the lungs of cotton
rats 4 and 8 d post-challenge. Prior to challenge, there were no
detectable differences in the lungs of cotton rats that had been
immunized compared to na€ıve animals, demonstrating that
immunization alone does not induce any histopathological
changes in the lungs (data not shown). Inflammation was
increased in the lungs of all cotton rats after viral challenge
(Fig. 5). Four days post-viral challenge, RSV L19-immunized
cotton rats had modestly higher lung histopathological scores
compared to non-immunized animals..There was a decrease in
histopathological score in the lungs from day 4 to day 8 for both
vaccinated groups, while in non-immunized cotton rats, the
degree of inflammation was slightly more severe at day 8 than
day 4. At 8 d post infection, there were no statistically significant
differences between any of the challenged groups.

Figure 2. Immunization with RSV L19 formulated in nanoemulsion gen-
erates cross-protective neutralizing antibodies. (A) Serum neutralizing
antibody titers against RSV L19 were determined at 0, 4, 5, and 21 weeks.
Neutralizing titers are determined as the serum dilution which neutral-
izes 50% of virus. Results are presented as mean titer § standard devia-
tion (n D 8 cotton rats per group). Neutralizing antibody titers against
both L19 and A2 virus were determined after the final immunization and
prior to viral challenge in animals immunized with (B) W805EC or (C)
P188. Points represent neutralization titer for individual animals. Error
bars indicate standard deviation.
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In non-immunized cotton rats, lung changes following RSV
A2 challenge were characterized by peribronchiolar mononuclear
cell infiltrates (minimal to mild), increased interstitial cellularity
(minimal to moderate), occasional perivascular mononuclear cell
infiltrates (minimal to mild), alveolar histiocytosis (minimal to
mild); occasional alveolar polymorphonuclear cells (minimal),
and prominence of mucus cells (mild to moderate) in larger air-
ways (bronchi/bronchioles).

The immunized cotton rats had similar histopathological
changes as described above for the non-immunized group with
an increase from focal to multifocal inflammation; however,
there were no widespread changes in the lungs of any of the cot-
ton rats. None of the sections received scores of severe or diffuse
inflammation for any of the parameters assessed. Importantly, we
did not observe eosinophilia or severe/extensive alveolar poly-
morphonuclear cell infiltration in immunized animals following
viral challenge.

Discussion

In these studies we employed a cotton rat model to document
that vaccination with a NE-based whole viral RSV vaccine elicits
a robust humoral response with evidence of Th1 cell-mediated
immunity. Vaccination with either RSV-W805EC or RSV-P188

vaccine resulted in sterilizing immunity against a heterologous
RSV A2 challenge, indicating that RSV L19 vaccination results
in cross-strain protection. Importantly, this study also demon-
strated that vaccination with either W805EC or P188 NE adju-
vant induced after viral challenge only mild histopathology, or
moderate changes at day 4 which resolved by day 8. Thus, this
study provides the proof of concept that an adequate immune
response can be generated after 3 doses of NE adjuvanted vaccine
in the cotton rat model of RSV infection and supports the asser-
tation that NE-based adjuvants may be a safe and effective strat-
egy for immunization against RSV.28

Serum anti-F protein antibodies are thought to be important
mediators of protection against RSV infection, as infusion of
anti-F protein monocolonal antibodies attenuates RSV disease.43

In the studies presented here, high antibody titers were present
after 2 immunizations and persisted with only a slight decline
over the 17 weeks between the second and third IN administra-
tion of the vaccines. There was no increase in antibody titers fol-
lowing challenge, and the lack of convalescence may be related to
the short time between the third immunization and challenge. In
other experiments in which cotton rats received a single boost 2
weeks prior to challenge, there were increases in antibody titer
upon challenge (data not shown), suggesting that the immuniza-
tion protocol and vaccines used in this study may have resulted
in maximal antibody titers which could not be boosted by chal-
lenge. These high, persistent antibody titers generated after 2
doses may be sufficient to confer long term immunity and possi-
bly negate the need for a third IN dose.

An ideal RSV vaccine should also induce antibodies capable of
neutralizing the virus. We observed high levels of neutralizing
antibodies against both the homologous L19 and heterologous
A2 strains with titers exceeding 1:380, which is thought to be suf-
ficient for inducing protection.44 Indeed, vaccination with RSV
L19 NE-adjuvanted vaccine induced complete protection against
a heterologous viral challenge with the A2 strain, demonstrating
the effectiveness of this vaccination protocol against even hetero-
geneous viral strains.

While immunogenicity is critical to vaccine efficacy, factors
that influence safety are crucial in evaluating RSV vaccines due to

Figure 3. Intranasal vaccination with NE-RSV protects against RSV chal-
lenge. Cotton rats were vaccinated intranasally at weeks 0, 4 and 21 and
challenged with 5 £ 105 PFU RSV A2 at week 23. Viral clearance was
assessed in lung tissue 4 d after challenge. Data are represented as PFU/
g of lung tissue. The line represents the lower limit of detection of the
assay.

Figure 4. Splenocytes from immunized cotton rats secrete high amounts
of IFN-g. Spleens were harvested 8 d following viral challenge and were
either cultured ex vivo in medium (filled symbols) or stimulated with 0.5
MOI RSV L19 (open symbols). IFN-g in culture supernatants was deter-
mined by ELISA. Data are represented as mean § SD. * indicates statisti-
cal difference (p<0.05).
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historical problems with vaccine augmented disease. Vaccine
enhanced disease with the FI-RSV vaccine trial in the 1960s is
thought to have been caused by low affinity antibodies to the
virus which could not neutralized the virus to produce a protec-
tive immune response but instead, the antibodies promoted
immune complex-mediated exacerbation of the disease.45 Also,
FI-RSV is associated with enhanced recruitment of conventional
CD4C T cells into the airways accompanied by a profound loss

of regulatory T cells, suggesting the inability to turn off the
aberrant immune response.46 In our studies we observed pre-
dominantly mild histopathologic changes induced by RSV L19
vaccination followed by RSV A2 viral challenge. These changes
were associated with prevention of viral replication and viral
clearance from the lungs, and any of the moderate inflammation
resolved quickly. Importantly, we did not observe the massive
infiltration of inflammatory cells associated with the FI-RSV

Figure 5. Evaluation of histopathological changes in the lung after immunization and viral challenge. Lungs were harvested 8 d after RSV A2 challenge
and stained with hematoxylin and eosin to assess histological changes. The lung sections from days (A) 4 and (B) 8 were scored as described in the meth-
ods section, and (C) representative photomicrographs are shown. Bars represent mean§ 95% CI.
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vaccine (Fig. 5c). These observations are not surprising given the
recent paper by Shaw et al. suggesting that “enhanced respiratory
disease” in cotton rats may be the result of non-viral contaminat-
ing proteins in crude viral preparations.47 The RSV preparation
used in the current study was grown in Vero cells and purified by
polyethylene glycol precipitation, thus it contains significant
amounts of host cell proteins. Despite the use of a crude viral
preparation, the histopathologic changes observed were generally
minimal to mild and focal, without eosinophilia. Histopatho-
logic changes following live RSV viral challenge in animals intra-
muscularly (IM) vaccinated with formalin inactivated RSV (FI-
RSV) adsorbed on alum are more severe, more extensive and
associated with moderate to severe alveolar polymorphonuclear
cell infiltration,18 which did not occur following IN immuniza-
tion with RSV-NE adjuvanted formulations. Future definitive
studies are being conducted with a more purified viral prepara-
tion containing low levels of host cell proteins.

Finally, the development of a safe RSV vaccine will require an
approach that generates a protective immune response without
the enhanced Th2 response that characterized alum-adjuvanted
FI-RSV vaccines.14-16 In mice, intranasal immunization with
RSV-nanoemulsion adjuvanted-based vaccines in mice does not
result in a hyper-Th2 response either prior to or post-infec-
tion.28,29 This study in the cotton rat model again demonstrates
that these nanoemulsion adjuvants induce Th1 skewed cellular
immunity to RSV. The high amounts of IFN-g secreted by sple-
nocytes suggest that IFN-g secreting effector cells may play an
important role in protection. When delivered via the IN route,
W805EC adjuvanted vaccines also induce mucosal and systemic
IL-17.28,31,33,48,49 While the role of IL-17 in pulmonary patho-
genesis during RSV infection is conflicting in the literature, we
have previously shown in a mouse model of RSV infection that
while the NE-adjuvanted RSV vaccine given via the IN route
induced significant levels of IL-17, there was no associated
increase in pulmonary pathology, mucus production or airway
reactivity.28 We were unable to assess IL-17 production in cotton
rats due to lack of reagents to detect cotton rat (Sigmodon Hispi-
dus) IL-17. Further studies are needed to confirm a role for IL-17
in the protective response induced by this intranasal vaccination
strategy. Importantly, IN administered RSV-NE vaccines did not
induce any detectable IL-4. Because of cross-regulation of Th1/
Th2/Th17 immune responses, the Th1 and Th17 responses
likely suppress and/or prevent the development of Th2 responses
during vaccination and host defense after infection.

In conclusion, we have shown in a cotton rat model that an
RSV L19 vaccine using 2 novel nanoemulsion adjuvants
W805EC or P188 given via the IN route of administration
resulted in an robust immune responses and sterilizing cross-pro-
tective immunity from a heterologous RSV A2 challenge. Histo-
pathologic changes were not marked or severe, despite the
relatively crude viral prep used in these studies, and cell-mediated
immune responses were highly Th1 skewed. Overall, these results
demonstrate that nanoemulsion-formulated whole RSV vaccines
may be both effective and safe for immunization against RSV
and warrant further studies to determine the optimal dose and
purity of antigen, adjuvant, and schedule.

Materials and Methods

Adjuvant formulations, viruses and vaccines
The oil-in-water nanoemulsion (NE) adjuvant formulations

used in these studies were produced by NanoBio Corp. Briefly,
the W805EC NE adjuvant was manufactured by combining a cat-
ionic surfactant [cetylpyridinium chloride (CPC)], a nonionic
surfactant Tween 80], a solvent, soybean oil, and purified water
using a high speed homogenizer.34 The P188 NE adjuvant was
prepared with the same excipients as W805EC with the addition
of a second nonionic surfactant, poloxamer 188 (P188). Adju-
vant formulations used in these studies are referred to as
W805EC (CPC/Tween 80) and P188 (CPC/Tween 80/P188).
Viral antigenic component of the vaccine was produced using a
subgroup A strain of RSV, referred to as RSV L19, originally iso-
lated from an infected infant at the University of Michigan,50

and cotton rats were subsequently infected with the RSV A2
strain (ATCC # VR-1540). For virus purification, infected cells
were collected after syncytia formation, freeze/thawed, and cell
lysate was clarified by centrifugation. Virus was concentrated by
polyethylene glycol (PEG) precipitation using 10% PEG 6000-
NT buffer.51 Viral F protein content of the preparation was
determined by immunoblot. Vaccine was prepared by incubating
the NE with live RSV for 3 hours at room temperature, which
results in complete viral inactivation.28 Virus inactivation in vac-
cine preparations was confirmed by the absence of viral proteins
after 3 successive cultures of HEp-2 cells (ATCC#CCL¡23).

Animal model, immunization and challenge protocol
7–10 week old female cotton rats (Sigmodon hispidus) were

purchased from Sigmovir Biosystems and were housed in specific
pathogen-free conditions in facilities maintained by the Univer-
sity of Michigan Unit for Laboratory Animal Medicine. All ani-
mal work was performed in accordance with the University
Committee on Use and Care of Animals at the University of
Michigan.

Cotton rats were vaccinated IN with 30 ml (15 ml/nare) of the
indicated nanoemulsion containing 3.2£ 105 plaque-forming
unit (PFU) RSV L19, which contains 6.6 mg F protein, at weeks
0, 4, and 21. Cotton rats were challenged with the RSV A2 strain
by intranasal delivery of 5£ 105 PFU in 100 ml/animal at week
23 and were sacrificed 4 and 8 d after challenge.

Antibody assays
Blood was collected from the saphenous vein prior to each

immunization and throughout the study. Final blood samples
were collected by cardiac puncture after euthanasia. Whole blood
samples were centrifuged at 7000 £ g for 9 min to separate the
serum. RSV F protein-specific IgG was measured by enzyme-
linked immunosorbent assay (ELISA). 96-well plates were coated
with 1 mg/ml recombinant F protein (Sino Biological Inc.
#11049-V08B). After blocking, serial dilutions of serum were
added to the plate. F protein specific IgG was detected with
horseradish peroxidase-conjugated anti-cotton rat IgG (Immu-
nology Consultants Laboratory # CCOT-25P) and tetramethyl-
benzidine substrate (Neogen #308175). Titers were defined as
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the reciprocal of the highest dilution giving an OD higher than
the background plus 3 standard deviations.

Neutralization assays
Serum sample dilutions were prepared in EMEM (Lonza

#12–611F) containing 2% FBS (Hyclone # SH 30071.03). Eight
hundred PFU of RSV were added to one milliliter of serum test
dilutions. The serum/virus mixture was incubated at 37�C for
one hour. As a positive control, virus was mixed with EMEM
containing 2% FBS and incubated along with test samples. The
serum/virus mixture was applied on Vero cells (ATCC
#CCL¡81) and plates were incubated for 3 h at 37�C. After
incubation the antibody/virus mixture was removed and replaced
with 0.9% methylcellulose (Alfa Aesar #43146) pre-warmed at
37�C. Plates were incubated for 5–6 d at 37�C under 5% CO2.
Surviving virus plaque forming units were detected using immu-
nodetection with anti-RSV antibody (Millipore # AB1128). The
limit of detection of the plaque assay was 1 PFU/mL. Neutraliza-
tion titer was defined as the reciprocal of a sera dilution that
inhibits by 50% virus plaque formation.

Evaluation of viral load in lungs
Cotton rat lungs were weighed, homogenized, and diluted in

complete EMEM. Tissue homogenate was added to 90% conflu-
ent Vero cells. Each tissue homogenate was done in duplicate.
Plates were incubated at 37�C for 3 hours, and inoculum was
removed from each well and replaced with pre-warmed 0.9%
methylcellulose/EMEM. Plaques were visualized after 5–6 d by
immunohistochemistry using goat anti-RSV primary antibody
(Millipore #AB1128), HRP-rabbit anti-goat antibody as second-
ary (Thermo Scientific #31402) and 1-step chloronaphtol
(Thermo Scientific #34012) to develop the plaques. To calculate
PFU/ml the plaque counts from 2 replicate wells were averaged
and multiplied by the dilution factor.

Evaluation of cytokine secretion by lymphoid cells
Spleens were dissected and manually disrupted to generate

single cell suspensions. Erythrocytes were depleted from spleno-
cytes with ACK lysing buffer (Lonza #10-548E). Cells were re-
suspended in culture medium and plated in duplicate to 8 £ 105

cells per well in 96 well flat bottom plates in culture medium
alone (control) or with addition of RSV L19 (multiplicity of
infection D 0.5). Cell-free supernatants were harvested after
incubation at 37�C for 48 hours. T-cell cytokine secretion pro-
files were determined by ELISA analysis of undiluted cell culture
supernatants with duplicate wells for each sample, using cotton
rat IFN-g and IL-4 ELISA kits (R&D Systems # DY565 and #
DY584). Data are expressed as the mean of duplicate analyses.

Histopathology
The lungs were insufflated with neutral buffered formalin,

removed, fixed in NBF, sectioned and stained with hematoxylin

and eosin (H&E). Lung sections were evaluated for the following
histopathologic parameters: bronchi/bronchioles, peribronchiolar
infiltrates, perivascular infiltrates, interstitium, alveolar polymor-
phonuclear cell infiltrates, alveolar histiocytosis, and mucus cell
prominence. The lung sections were evaluated by light micros-
copy by a board certified veterinary pathologist who was blinded
to treatment groups. Histopathologic scoring of lesions was based
on a combination of severity (not remarkable, minimal, mild,
moderate, marked, or severe), distribution (focal, multifocal,
locally extensive, or diffuse) and the extent of the lesion (percent
of lung sections affected). Overall scores for each animal were the
sum of the scores of each parameter that was evaluated as follows:
0 D not remarkable; 0.5 D minimal, 1 or few foci, 0–10% of sec-
tions; 1 D mild, few or multifocal, 10–25% of sections; 2 D
moderate, multifocal, 25–50% of sections; 3 D marked, locally
extensive, 50–75% of sections; 4 D severe, diffuse, >75% of sec-
tions. Histopathologic assessment was based on the overall mean
score for each group calculated from the mean scores for the sec-
tions examined for each animal.

Statistical analysis
Statistical comparisons were assessed by the Mann-Whitney

test using GraphPad Prism version 6 (GraphPad Software). A p
value <0.05 was considered significant.
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