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Characterization of Cotton Rat
(Sigmodon hispidus) Eosinophils, Including Their
Response to Respiratory Syncytial Virus Infection

M Gia Green,' Natasha Petroff,! Krista M D La Perle,? and Stefan Niewiesk"

Eosinophils have been postulated to play a protective role against infection with respiratory syncytial virus (RSV), increase
the severity of allergic asthma during respiratory viral infection, and drive vaccine-enhanced disease. To address these ques-
tions in the cotton rat model of RSV infection, we characterized cotton rat eosinophils by electron microscopy as well as by
bronchoalveolar lavage and histology of lung sections. Using these methods, we demonstrated that eosinophils comprise ap-
proximately half of all cells in the bronchoalveolar lavage fluids from cotton rats. The function of these cells was comparable to
that of eosinophils of other species. Ex vivo, eosinophils stimulated with calcium ionophores secreted eosinophil peroxidase.
In vivo, treatment with house dust mite antigen increased eosinophil numbers in lung. Infection with Staphylococcus aureus
lead to a marked increase in neutrophils without an increase in eosinophils, and eosinophil numbers were not influenced
by infection with influenza virus or measles virus. Similarly, infection with RSV did not result in an increase in eosinophils.
Lastly, RSV infection did not increase eosinophil recruitment into the lung after challenge with house dust mite antigen, but
it did increase eosinophil recruitment into the lungs of cotton rats previously immunized with formalin-inactivated RSV
vaccine, thus contributing to vaccine-enhanced disease.

Abbreviations: BAL, bronchoalveolar lavage; HDM, house dust mite; HEp2, human epithelial type 2, FI, formalin-inactivated;

RSV, respiratory syncytial virus

Eosinophils are leukocytes of the granulocyte lineage and
develop from CD34-expressing pluripotent progenitor cells in
the bone marrow (see reference 48 for review). Typically, eosino-
phils are thought to play a role in the development of allergic
diseases (including asthma) and in antiparasitic defense against,
for example, helminths (see reference 1 for review). However,
eosinophils may also play a role in the antiviral defense against
various viruses, particularly human respiratory syncytial vi-
rus (RSV).” Although RSV infects the upper respiratory tract in
humans of all age groups,™ severe disease with involvement
of the lower respiratory tract is common in infants and the el-
derly.>? Epidemiologic evidence links severe RSV infection and
subsequent wheezing to the development of asthma, although
some studies point to rhinovirus as being the main viral in-
ducer of asthma development (see reference 49 for review). In
humans, increased eosinophils and eosinophil granule proteins
(eosinophil-derived neurotoxin and eosinophil cationic protein)
have been found in patients with RSV bronchiolitis without'”
or with®* mechanical ventilation and in infants with early pri-
mary infection.’* In individual patients, the presence of eo-
sinophils was linked to increased RSV-associated induction of
IL5.% Support for the assumption that RSV-induced eosinophils
contribute to respiratory disease is supplied by a clinical trial
using a formalin-inactivated RSV (FI-RSV) vaccine candidate.

Received: 28 Feb 2017. Revision requested: 21 Mar 2017. Accepted: 29 Mar 2017.
"Department of Veterinary Biosciences, The Ohio State University, Columbus, Ohio;
*Comparative Pathology and Mouse Phenotyping Shared Resource, Comprehensive
Cancer Center, The Ohio State University, Columbus, Ohio.

“Corresponding author. Email: niewiesk.1@osu.edu

Natural exposure to wild-type RSV during the first year after
vaccination led to a severe, atypical (that is, vaccine-enhanced)
disease in about 80% of unvaccinated persons that was lethal
for 2 patients."** The published autopsy report of these 2 pa-
tients mentioned marked influx of eosinophils into the lung.””
In addition, increased numbers of eosinophils were found in
the blood of some children hospitalized with vaccine-enhanced
RSV disease, suggesting that eosinophilia might be a hallmark
of vaccine-enhanced disease."! However, revisiting the original
pathology reports of these 2 fatal cases and studying additional
histologic slides instead revealed a predominance of neutrophils
rather than eosinophils.*

Although eosinophils typically have been viewed as poten-
tiators of respiratory disease, other evidence suggests that they
may play a role in antiviral defense. In one study, the addition of
eosinophils to a suspension of RSV viral particles reduced viral
infectivity, and it was demonstrated that this reduction in viral
activity was mainly due to the major eosinophil ribonuclease.
In another study, the addition of eosinophils led to reduced
spread of RSV infection in the human bronchial epithelial cell
line BEAS-2B.* Furthermore, mice with peripheral eosinophilia
due to transgenic expression of IL5 cleared RSV infection faster
than nontransgenic mice.*’

Thus far, the studies in humans and mice demonstrate that
the roles of eosinophils in RSV infection are complex and not
fully understood. To further investigate this role, we chose cot-
ton rats as an animal model because they are highly suscep-
tible to RSV infection and have previously been used to study
RSV pathogenesis and to test RSV vaccines and antivirals.>'
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The blood” and lung'® of uninfected cotton rats show relatively
high baseline levels of eosinophils: 5% to 10% and 25%, re-
spectively. In addition, RSV infection in cotton rats has been
observed to lead to an increase of eosinophils in the lung, as de-
tected through analysis of bronchoalveolar lavage (BAL) fluid,
during days 2 through 28 after infection.”” In contrast, when
atypical disease was induced experimentally in cotton rats by
immunization with FI-RSV and subsequent RSV challenge, the
infiltrating leukocytes were classified as neutrophils, rather than
eosinophils.**

Given these findings and data from several of our preliminary
studies, we aimed to characterize eosinophils in cotton rats mor-
phologically and functionally in response to an allergen (house
dust mite [HDM]), bacteria (S. aureus), and viruses (measles vi-
rus, influenza A virus). In addition, we sought to determine the
eosinophil response to RSV infection after concomitant applica-
tion of RSV and an allergen and to RSV challenge after vaccina-
tion with a FI-RSV vaccine.

Materials and Methods

Animals. Inbred cotton rats (Sigmodon hispidus) were obtained
from Harlan Laboratories (now Envigo, Indianapolis, IN) and
housed in standard polycarbonate cages within an ABSL2 bar-
rier system. Corncob bedding (Cincinnati Lab Supply, Cincin-
nati, OH) was used for all experimental animals, unless stated
otherwise. Environmental conditions were constant at 22 +2 °C,
30% to 70% relative humidity, and 12:12-h light:dark cycle. Cot-
ton rats of both sexes between the ages of 5 to 10 wk were used.
Animals were euthanized by using CO, inhalation. All animal
experiments were approved by the IACUC of The Ohio State
University. Cotton rats were purchased SPF and maintained in
colonies free of endo- and ectoparasites, mouse parvoviruses
1 and 2, minute virus of mice, mouse hepatitis virus, murine
norovirus, Theiler murine encephalomyelitis virus, mouse ro-
tavirus, Sendai virus, pneumonia virus of mice, reovirus, My-
coplasma pulmonis, lymphocytic choriomeningitis virus, mouse
adenovirus, and ectromelia virus according to quarterly health
monitoring of sentinel (CD1) mice exposed to 100% pooled dirty
bedding from colony animals at each cage change.

In one experiment, the effect of bedding conditions on eo-
sinophil levels in the lungs was evaluated. Three different con-
ditions were examined. The first condition was our standard
bedding protocol: cotton rats were housed on shredded aspen
bedding (Harlan) until they were 4 wk old, when they were
transferred to corncob bedding (Bed-o’Cobs, The Andersons,
Maumee, OH). In this first experiment, the animals were eutha-
nized at 6 wk of age, 2 wk after being switched to the corncob
bedding. For the second bedding condition, cotton rats were
housed exclusively on corncob bedding. For the final bedding
condition, cotton rats were housed exclusively on low-dust
paper bedding (ALPHA-dri, Shepherd Specialty Papers, Wa-
tertown, TN), which is free from many potentially allergenic
contaminating factors commonly found in corncob or shredded
aspen bedding.

Infection. Cotton rats were anesthetized by using isoflurane
inhalation before being inoculated intranasally with virus, bac-
teria, or allergen diluted in PBS (final volume, 100 uL).

Viruses and bacteria. Stocks of RSV A/2 were grown in hu-
man epithelial type 2 (HEp2) cells in MEM supplemented with
2% fetal bovine serum. When infection yielded a cytopathic ef-
fect of approximately 80%, cells were scraped from the flask
in the growth media. The cells were briefly frozen at -80 °C,
thawed, and centrifuged at 1860 x g for 15 min at 4 °C to re-
move all large cellular debris. The supernatant was collected
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and placed on top a 15-mL 35% sucrose cushion and centrifuged
at 15,000 rpm (that is, approximately 27,000 x g) in an SS 34 rotor
(Sorvall, Thermo Fisher Scientific, Waltham, MA) for 5 h at 4 °C
to pellet the virus. Virus pellets were resuspended in MEM con-
taining 10% trehalose, and TCID,, was determined by titration
on NY3 cells.” Influenza virus A/Wuhan/359/95(H3N2) was
grown on Madin-Darby canine kidney cells in MEM supple-
mented with 1% BSA and 5 ng/mL TPCK trypsin (Worthington
Biochemical, Lakewood, NJ). Cells and supernatant were har-
vested when cytopathic effect reached approximately 80%. After
2 freeze—thaw cycles, cellular debris was pelleted by centrifuga-
tion at 1860 x g for 15 min at 4 °C, and the supernatant was fro-
zen in small aliquots in liquid nitrogen. TCID,, was measured
by titration on Madin-Darby canine kidney cells. Measles virus
Bilthoven strain was grown on BJAB cells, and the TCID as-
say was performed on human Vero-CD150 cells as described.®
Staphylococcus aureus serotype 5 (catalog no. 49521, American
Type Culture Collection, Manassas, VA) was grown in tryptic
soy broth to a density of OD,, 0.9 and titered on tryptic soy
agar.* Each virus or bacterial stock was separated into aliquots
and frozen in liquid nitrogen. Aliquots were thawed immedi-
ately prior to use and were only used once to prevent loss of
titer due to repeated cycles of freeze-thaw.

Immunization with HDM antigen. Cotton rats were sensitized
by intraperitoneal injection of 100 ug HDM antigen (Derma-
tophagoides pteronyssinus), which was adsorbed to aluminum
phosphate (AdjuPhos, Brenntag, Ballerup, Denmark) at a 1:1
(v/v) for 30 min at room temperature. Sensitization was fol-
lowed by challenge 8 d later with 100 ng HDM intranasally in a
volume of 100 ul PBS.

FI-RSV vaccine. FI-RSV vaccine was prepared according to
published procedures.?” In brief, RSV was grown on HEp2 cells.
When cytopathic effect reached 80%, cells and medium were
frozen. After thawing, samples were centrifuged 10 min at 300
x g, and the supernatant was collected. Formalin was added to
achieve a final concentration of 1:4,000, mixtures were incubated
for 72 h (37 °C), and samples centrifuged at 50,000 x g (Beckman
L8-M ultracentrifuge with SW28 rotor) for 1 h at 4 °C. The pellet
was diluted in PBS (1/25 of the original volume) and incubated
with an equivalent volume of aluminum phosphate (Adju-phos,
Brenntag, Ballerup, Denmark) for 1 h at room temperature. Af-
ter centrifugation at 1,000 x g, the pellet was resuspended in
MEM (1/4 of the original volume). Mock-infected HEp2 cells
were harvested and prepared similarly to obtain a FI-mock vac-
cine, designated ‘FI-sup.” For the ‘FI-spRSV’ vaccine, RSV was
purified through a 30% sucrose cushion to remove some of the
contaminating HEp2 cellular components from the virus stock,
before formalin inactivation and adsorption to aluminum phos-
phate. Cotton rats were immunized twice with 200 pL of the
appropriate preparation, on days 0 and 28. On day 49, animals
were challenged intranasally with 10° TCID,, RSV A/2.

BAL collection and analysis. To collect BAL fluid, animals
were euthanized, the trachea was cannulated, and the lungs
were lavaged with PBS supplemented with 1% protease-free
BSA in a volume sulfficient to fully inflate the lungs (1.5 to 2 mL).
The lavage fluid was collected and kept on ice until processed
(Comparative Pathology and Mouse Phenotyping Shared Re-
source, Ohio State University). Automated nucleated cell counts
were performed by using a Forcyte veterinary hematology ana-
lyzer (Oxford Science, Oxford, United Kingdom), and differen-
tial cell counts from cytospin preparations were stained with
either modified Wright Giemsa (Aerospray 7150, Wescor, Lo-
gan, UT) or Hansel (Lide Laboratories, New Prague, MN) stain
and manually read by a medical technologist and specialist in



hematology certified by the American Society for Clinical Pa-
thology:.

Histology and electron microscopy. Lungs were inflated and
fixed in freshly prepared 4% paraformaldehyde for 48 to 72 h,
paraffin-embedded, cut into 5-pm sections, and treated with
hematoxylin and eosin stains or Luna stain.” For transmission
electron microscopy, paraffin-embedded lung tissue was post-
treated with OsO, in toluene and acetone and reimbedded in
Spurr resin. Lungs that had been flushed for BAL analysis were
not used for histologic review.

Eosinophil peroxidase assay. Eosinophil peroxidase release
was measured as previously described.? Briefly, cells from
BAL were plated in 10-cm tissue culture dishes at 37 °C. After
2 h, macrophages had adhered to the plastic surface, and eo-
sinophils were obtained from the supernatant with a purity of
greater than 95% as confirmed by cytostains. Graded numbers
of eosinophils were plated in a 96-well plate (Nunc) in a volume
of 50 pL per well, in triplicate. After stimulation of eosinophils
with 25 uM of the calcium ionophore A23187 (Sigma Aldrich,
St Louis, MO) for 30 min at 37 °C, 100 uL O-phenylenediamine
(0.4 mg/mL) was added directly to the wells. The reaction was
terminated by adding 50 pL. 2 N H,SO,, and color intensity was
measured at a wavelength of 492 nm in an ELISA plate reader
(Sunrise, Tecan Life Sciences, Zurich, Switzerland).

Statistical analysis. Data are represented as means + 1 SD. Sta-
tistical significance was determined by using multiple ¢ tests,
and the Holm-Sidak method was used to correct for multiple
comparisons with o set at 0.05. Each cell type was analyzed in-
dividually, without assuming a consistent standard deviation.
Data were analyzed by using Prism version 7.00 for Windows
(GraphPad Software, La Jolla, CA).

Results

Identification of cotton rat eosinophils. The ultimate goal of
our study was to define the cellular response to RSV infection
by using the cotton rat model, given its unique permissiveness
to RSV. However, cotton rat eosinophils are not well described
in the literature. In addition, cell differential analyses often do
not distinguish between eosinophils, basophils, and neutrophils
but instead summarize all 3 cell types as polymorphonuclear
granulocytes. To define cotton rat eosinophils, electron micros-
copy was used in conjunction with various staining methods
using paraffin-embedded lung sections or cytospin preparations
of BAL fluid.

To obtain a visualization of cotton rat eosinophils on an ultra-
structural level, we performed transmission electron microscopy
on lung tissue. By using this method, eosinophils were readily
identified by their often bilobed nucleus and the abundance of
cytoplasmic granules containing an electron-dense crystalline
core. The other predominant cell type observed, neutrophils, of-
ten exhibited a multilobed nucleus and a cytosol that was filled
with granules lacking a crystalline core (Figure 1).

To identify an optimal method for the detection of cotton rat
eosinophils on paraffin-embedded lung sections, we compared
the standard hematoxylin and eosin with Luna stain, which has
been used successfully to differentiate eosinophils from other
polymorphonuclear granulocytes, including the less commonly
encountered heterophils (or “pseudoeosinophils’).”® Heterophils
are found in species such as rabbits, chickens, guinea pigs, and
hamsters. They perform the same function as a neutrophil of
other species, but unlike neutrophils, heterophils contain acido-
philic (or ‘eosinophilic’) granules within their cytoplasm, caus-
ing them to easily be confused for eosinophils. In cotton rats, we
did not detect heterophils by using either staining method. On
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paraffin-embedded lung sections, eosinophils clearly displayed
large red granules in the cytoplasm regardless of the staining
method (Figure 2). However, because Luna staining led to in-
creased patchy background staining, hematoxylin and eosin
was used to detect eosinophils in subsequent analyses.

For the identification of eosinophils in BAL fluid, we com-
pared the standard Wright-Giemsa stain with Hansel stain,
which sometimes facilitates the differentiation of eosinophils
from neutrophils. Wright-Giemsa staining worked well and
enabled accurate cell differentiation, but we ultimately chose
Hansel stain because it yielded greater color contrast between
eosinophils and neutrophils in cotton rat BAL fluid, allowing for
easier cell differentiation (Figure 3).

Baseline levels of eosinophils in cotton rat blood and lungs.
We examined the percentage of eosinophils in blood and lungs
of uninfected cotton rats. Hansel stain was used for differentia-
tion of BAL samples, and cell counts were performed manually.
In peripheral blood, the percentage of eosinophils ranged from
4.4% to 11.2%, with an average of 7.8% + 3.4% of total blood
leukocytes. In BAL fluid, the percentage of eosinophils ranged
from 34% to 83% of total leukocytes with an average of 56.4% *
12.5%. The analysis of the BAL fluid of 6 male and 8 female cot-
ton rats did not reveal sex-specific differences (data not shown);
this finding is consistent with a previous report of no sex-asso-
ciated hematologic differences.*? For further analyses, data from
male and female cotton rats were pooled. The percentage of
eosinophils is much lower in humans and mice than in cotton
rats.* To rule out the possibility that eosinophils accumulate in
cotton rat lung in response to allergens or dust in the bedding,
we compared 3 types of bedding. Specifically cotton rats were
housed from birth on traditional corncob bedding, low-dust
paper bedding, or shredded aspen bedding; animals housed on
aspen bedding were moved to corncob bedding after 4 wk (at
time of weaning) according to our standard protocol. At 6 wk
of age, all animals displayed similar numbers of eosinophils in
their BAL fluid, regardless of the type of bedding used to house
them (data not shown), This result suggests that the high per-
centage of eosinophils detected in the lungs of cotton rats is not
due to an allergic response to excessively dusty or contaminated
bedding.

Another possible explanation for the high percentage of eo-
sinophils in cotton rat lungs is that dysfunctional eosinophils
accumulate in lung and undergo delayed replacement. In mice,
the 50% replacement rate of eosinophils in the lung is 3 d.* To
investigate whether dysfunctional eosinophils accumulate in
cotton rat lung, we tested the functionality of these cells by mea-
suring the release of eosinophil peroxidase. On a per-cell basis,
cotton rat lung eosinophils demonstrated similar peroxidase
release as human eosinophils,? indicating that cotton rat lung
eosinophils are indeed functional (Figure 4). We then tested the
response of cotton rat eosinophils toward allergens, bacteria,
and viruses.

Cellular response of cotton rat lungs to allergen sensitization
and challenge. Typically, the number of eosinophils in lung
increases in response to an allergenic stimulus. To ascertain
whether a similar increase indeed occurs in cotton rat lung
despite the high basal level of eosinophils, we modified cur-
rent protocols for mice to develop a cotton rat model of aller-
gic asthma by using the common clinical allergen HDM. After
intraperitoneal sensitization with HDM adsorbed to alum and
subsequent intranasal challenge with HDM alone, eosinophil
numbers were greatly increased (adjusted P < 0.0001) in the BAL
fluid of treated animals compared with naive controls (Figure 5).
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Figure 1. Transmission electron micrographs of eosinophils in cotton rat lung tissue. (A) Eosinophils (E) are readily distinguishable from mac-

rophages (M) and neutrophils (N). Eosinophils are discernible by (B) their bilobed nucleus (n) and (C) oval cytoplasmic granules (g) that contain
a dark crystalloid body. Unlike in eosinophil granules, (D) neutrophil granules (g) do not contain a dark crystalloid body; this cell also contains
empty vesicles (ev). Magnification, 15,000x (A), 25,000x (B), 30,000x (C), 40,000x (D).

Response of cotton rat lung to bacterial infection. Neutrophil
influx is a hallmark of bacterial infection of the lung. To examine
the effect of bacterial infection on the cellular response in the
lungs of the cotton rat, animals were challenged with 100 pL of
4 x 107 cfu S. aureus intranasally. Infection of the lungs with S.
aureus had a pronounced effect on the number of neutrophils
present in the lung. BAL taken from infected animals at 24 h
after infection had more than a 500-fold increase in the number
of neutrophils compared with naive controls (adjusted P < 0.001;
Figure 6), whereas the number of eosinophils in lung was not
increased.
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Eosinophil counts in cotton rat lung in response to infection
with influenza A virus or measles virus. In humans and mice,
infection with influenza A or measles virus does not increase
the number of eosinophils in the lung. To determine the effect
of virus infection on eosinophils in the lung of cotton rats, BAL
fluid was collected at 4 d after infection from animals infected
with influenza A virus or measles virus. Consistent with find-
ings in other species, eosinophil levels in cotton rat lung did
not increase after infection with either virus (Figure 7). Fur-
thermore, measles virus infection did not significantly alter
any cell population. Influenza A infection led to increases in
neutrophils (adjusted P < 0.0001), macrophages (adjusted P



Cotton rat eosinophils and RSV infection

L.
L

sty
" TR

. "-
RE0A 2T S R
? .'r-:).:..l'“ HeRiey ‘Q
‘\'4331){:{f\0'. “ *
;". . 3 e "".kx

r
Sy
¥

Mk

i 08 - ¢
L) -
Vs UG

oy o ety . N
e e = o O ‘.‘.\:‘j’ﬁ¢4“.'é.'!‘°‘.

e
.4

Figure 2. Standard staining with hematoxylin and eosin is better than Luna staining for visualization of cotton rat eosinophils in lung tissue.
Paraffin-embedded lung sections from cotton rats (A and B) 4 d after infection with RSV or (C and D) 1 d after infection with S. aureus were
stained with (A and C) hematoxylin and eosin or (B and D) Luna stain. Variable numbers of eosinophils with bilobed nuclei and prominent
pink to red cytoplasmic granules (black arrows), neutrophils with segmented nuclei and less distinct cytoplasmic granules (white arrows), and
alveolar macrophages (dotted circles), are present within alveoli. Macrophages in S. aureus infected cotton rats frequently contain cocci. Magni-

fication, 60x; insets, 100x.

< 0.0001), and lymphocytes (adjusted P < 0.0001), which cor-
relates with our observations that influenza A virus is more
cytotoxic for lung epithelial cells than measles virus (data
not shown).

Eosinophil counts in cotton rat blood and lung in response to
RSV infection. Increased numbers of eosinophils have some-
times been detected after RSV infection in the cotton rat lung,
which supports a proposed antiviral role for eosinophils dur-
ing RSV infection.” To investigate the pulmonary eosinophil
response to RSV infection, we infected cotton rats with RSV ata
dose of 10° or 10° TCID,, and measured the number of eosino-
phils present in the blood and BAL fluid during the onset of vi-
ral replication (2 d after infection) and at peak viral replication (4
d after infection).* However, RSV infection did not significantly
alter eosinophil numbers in the blood (data not shown) or BAL
fluid compared with those in naive controls (Figure 8).

Effect of RSV infection on pulmonary eosinophilia in a model
of allergic asthma. RSV is increasingly recognized as an im-
portant cause of asthma exacerbations in both children and
adults.?%3 To examine whether RSV infection exacerbates
pulmonary eosinophilia in a model of allergic asthma, we
compared cotton rats sensitized and challenged with HDM to

induce pulmonary eosinophilia with those that, in addition,
were infected with RSV 1 d prior to HDM challenge (Figure 9).
However, infection with RSV during an allergic asthma re-
sponse actually decreased (adjusted P = 0.002) the number of
eosinophils after HDM challenge, thus perhaps suggesting an
immunosuppressive role for RSV.

Effect of vaccination with FI-RSV vaccine and subsequent RSV
challenge on pulmonary eosinophil counts. Immunization of
mice and cotton rats with FI-RSV vaccines has been studied to
determine the underlying mechanism of atypical disease after
challenge with live virus. During these studies, an eosinophilic
response occurred in mice.!** In cotton rats, polymorphonu-
clear granulocytic” and neutrophilic responses without men-
tion of eosinophils** have been described. In addition, several
studies have linked some of the effects of immunization with
FI-RSV vaccines to contaminating factors including cellular pro-
teins and fetal calf serum contained in the preparations of both
vaccines and challenge viruses.***** To determine the effect of
FI-RSV and nonviral antigens on the number of eosinophils in
cotton rat lung, cotton rats were vaccinated with 1 of 2 different
FI-RSV vaccine formulations or a formalin-inactivated mock
vaccine before being challenged with live virus. We prepared
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Figure 3. Eosinophil detection in cotton rat BAL cytology is improved by using Hansel stain rather than Wright-Giemsa. In cytospin prepara-
tions of cells from cotton rat BAL, eosinophils (black arrowheads) are clearly distinguishable from neutrophils (white arrowheads) by using
either staining method. However, (A) Wright-Giemsa also stains neutrophil cytoplasmic granules red. (B) In contrast, Hansel stain does not
stain the cytoplasmic granules of cotton rat neutrophils as intensely as eosinophils, thereby enhancing the contrast between eosinophils and

neutrophils for cell differentiation. Magnification, 100x.

the standard FI-RSV vaccine in the same way as the original vac-
cine so it contained both viral (that is, RSV) and nonviral (that
is, cellular or fetal calf serum) antigens.* The second vaccine,
referred to as FI-spRSV, differed from the original vaccine in
that the RSV was purified through a sucrose cushion before in-
activation with formalin. This additional step served to remove
many of the nonviral proteins that are carried over from growth
in cell culture. The mock preparation (that is, FI-sup) was pre-
pared from noninfected HEp2 cell cultures and therefore con-
tained only nonviral antigens. In addition, we purified the live
virus that was used to challenge all 4 groups through a sucrose
cushion to reduce the amount of nonviral antigens present.”
After vaccination and challenge, cotton rats immunized with
the FI-RSV vaccine had more eosinophils (adjusted P = 0.006)
and fewer macrophages (adjusted P = 0.045) in their BAL fluid
than did animals that received the challenge virus only (Figure
10). However, due to a large standard deviation, the difference
in the number of eosinophils between the FI-spRSV group and
the ‘challenge only” group did not reach statistical significance
(adjusted P = 0.051). Similar to those in the FI-RSV group, mac-
rophage numbers in the FI-spRSV group were decreased (ad-
justed P = 0.035). No statistically significant difference occurred
between any other groups.

Discussion

The goal of our study was to explore whether RSV infec-
tion and eosinophilia were correlated, given the inconsistent
data from humans and cotton rats. Perhaps the interaction of
RSV and eosinophils is influenced by the severity of infection
and other circumstances, such as allergen exposure. Because
we aimed to use a cotton rat model to clarify the relationship
between RSV and eosinophils, we were particularly interested
in reports that described an increase in the percentage of eo-
sinophils after RSV infection" and those that did not.?**# In the
literature, photographs of tissue sections are often in black and
white and at low magnification, thus complicating the charac-
terization of eosinophils and the determination of the number of
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Figure 4. Eosinophils from the lungs of cotton rats are functional. Pu-
rified cotton rat eosinophils stimulated with the calcium ionophore
A23187. Eosinophil peroxidase activity detected by using O-phenylen-
ediamine and measured by using optical density at 492 nm. Range of
linearity for eosinophil peroxidase activity compared with numbers of
eosinophils per well was similar between cotton rat eosinophils and
published data for human eosinophils *. Each data point represents a
mean of at least 3 samples; error bars, 1 SD.

eosinophils. In the current study, we characterized eosinophils
by using electron microscopy and Luna and Hansel stains. Of
note, immunohistochemistry using antibodies directed against
mouse eosinophil major basic protein has been unsuccessful for
detecting cotton rat eosinophils. We attempted to use a rat an-
timouse monoclonal antibody to eosinophil major basic protein
(product 14.7.4)," but it was not cross-reactive.

In essence, the morphology of cotton rat eosinophils was
the same as observed for mice and humans.* Even the lung
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Figure 5. Treatment with allergen increased the number of pulmo-
nary eosinophils in cotton rats. Number of cells present in BAL col-
lected from either naive animals or animals sensitized and challenged
with house dust mite (HDM) antigen. Animals were sensitized intra-
peritoneally on day 0 with 100 ug HDM absorbed to alum and then
challenged intranasally with 100 pg HDM 8 d later. BAL fluid was col-
lected 4 d after challenge. Bars represent mean values (1 = 4 to 8 cotton
rats per group); error bars, 1 SD. Values differ significantly (§,adjusted
P < 0.0001; Welch t tests, Holm-Sidak correction) from that for naive
cotton rats.
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Figure 6. Infection with S. aureus induces a neutrophilic response.
Comparison of BAL cytology between naive cotton rats and those in-
fected with 4 x 107 cfu of S. aureus. BAL fluid was collected 24 h after
infection. Bars represent mean values (1 = 4-8 per group); error bars,
1 SD. Values differ significantly (3, adjusted P < 0.001; Welch ¢ tests,
Holm-Sidak correction) from that for naive cotton rats.

of uninfected cotton rats contained a high level of eosinophils
(about half of all cells recovered in BAL fluid). Although most
other species have low percentages of pulmonary eosinophils,
cats and horses, like cotton rats, have high eosinophil numbers.
Specifically, the BAL fluid of cats is 16% to 25% eosinophils in
BAL fluid,* and that of horses is as much as 35% eosinophils.!
In contrast, Brown Norway rats have fewer than 2% eosino-
phils in the BAL fluid from unsensitized lungs,® and this fig-
ure is consistent with mouse data.” However, the eosinophilic
response varies widely between mouse strains. For example,
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sensitization with ovalbumin induced responses ranging from
0% to 90% eosinophils in BAL fluid.” In mice, the majority of eo-
sinophils reside in the small intestine. It has been suggested that
this situation is not simply due to migratory patterns but also
the provision of survival signals (GM-CSF, CCL11) in mouse
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Figure 7. Measles virus infection does not significantly alter BAL cel-
lularity, and influenza infection primarily induces a macrophage re-
sponse. BAL cytology of naive animals was compared with that of
cotton rats infected intranasally with 10° TCID,, measles virus (Bil-
thoven [MV]) or 10° TCID,; influenza A virus (Wuhan H3N2 [Flu]).
BAL fluid was collected at 4 d after infection. Bars represent mean
values (n = 4-8 cotton rats per group); error bar, 1 SD. Value differs
significantly (§, adjusted P < 0.0001; Welch ¢ tests, Holm-Sidak correc-
tion) from that for naive cotton rats.
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Figure 8. Infection with RSV does not increase the number of eosino-
phils in the lungs. BAL cytology was compared 2 or 4 d after RSV
infection (d2 or d4, respectively) of cotton rats that received 10° or 10°
TCID,; RSV intranasally. Bars represent mean values (n = 4-8 cotton
rats per group); error bar, 1 SD. Value differed significantly (t, ad-
justed P < 0.01; Welch t tests, Holm-Sidak correction) from that for

naive cotton rats.
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Figure 9. RSV infection attenuates the eosinophil response after chal-
lenge with HDM allergen. BAL cytology of cotton rats infected with
10° TCID,, RSV intranasally (RSV only), treated with 2 doses of the
allergen HDM (HDM only), or both treated with allergen and infected
with RSV (HDM+RSV). Cotton rats that received HDM treatment were
sensitized through intraperitoneal injection on day 0 and challenged
intranasally on day 8. RSV infections were performed intranasally on
day 7. BAL fluid was collected on day 11, at 4 d after RSV inoculation.
Bars represent mean values (1 = 4-8 cotton rats per group); error bar,
1 SD. Value differs significantly (1, adjusted P < 0.001; §, adjusted P <
0.0001; Welch ¢ test, Holm-Sidak correction) from that for the RSV-
only group or (1, adjusted P < 0.01;Welch ¢ test, Holm-Sidak correc-
tion) from the HDM-only group.
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Figure 10. Vaccination with formalin-inactivated RSV induces an eo-
sinophilic response after challenge with live virus. Cotton rats were
immunized on days 0 and 28 with either formalin-inactivated RSV (FI-
RSV), formalin-inactivated sucrose cushion-purified RSV (FI-spRSV),
or a mock preparation of formalin-inactivated cell culture superna-
tant (FI-sup); control rats did not receive any vaccination, only RSV
challenge (unvaccinated). All animals were challenged intranasally
with 10° TCID,, RSV on day 49, and BAL fluid was collected on day 53.
Bars represent mean values (1 = 4-7 cotton rats per group); error bar, 1
SD. Value differs significantly (*, adjusted P < 0.05; 1, adjusted P < 0.01;
Welch ¢ tests, Holm—Sidak correction) from that for unvaccinated group.

intestine compared with lung.® Cotton rat lungs may provide
survival signals to eosinophils similar to those in the mouse
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intestine, thus perhaps explaining the high number of eosino-
phils present in cotton rat lung.

We found that the function of pulmonary eosinophils in cot-
ton rats is comparable to that of other species. After stimula-
tion with a calcium ionophore, cotton rat eosinophils released
eosinophil peroxidase in a similar manner to eosinophils puri-
fied from human blood.? When we investigated the influence
of external stimuli on the cotton rat eosinophilic response, we
found that the amount of dust in various types of bedding did
not influence the number of eosinophils. However, after sensi-
tization and subsequent challenge with HDM, eosinophil num-
bers in the respiratory tract of cotton rats increased, similarly
to what occurs in mouse lung.’’*® Again, comparable to data
from mice® and humans,” cotton rats respond to pulmonary
bacterial infection (S. aureus) via an influx of neutrophils, and
in response to viral infections (influenza virus, measles virus,
RSV), macrophages and neutrophils increase in number corre-
lating with the severity of damage to the respiratory epithelium,
but eosinophil levels are not increased in response to infection.
In contrast to a recent study of RSV infection in cotton rats,"”
we did not observe an increase in pulmonary eosinophils after
infection with RSV. Our finding is consistent with a lack of IL5
induction during primary RSV infection in cotton rats; IL5 is an
important cytokine for the regulation of eosinophil formation,
maturation, recruitment, and survival.® Because the methods
used in the previous®?! and our current studies are essentially
the same (that is, same RSV strain and BAL collection method),
it seems unlikely that the observed differences would be due to
differences in methods or techniques. One possible explanation
is that animals of the same strain but from different breeders
respond differently to treatment. Breeder-specific differences
in WBC, RBC, lymphocytes, monocytes, eosinophils, and other
hematologic parameters have been demonstrated in Wistar rats
of the same strain but from different breeders.”® When age, diet,
and environmental factors were controlled for by allowing a 3-
to 5-wk acclimation period in the same facility, hematologic data
between Wistar rats from breeder 1 and Wistar rats from breeder
2 were still distinct, indicating that environmental influences
and epigenetic factors may explain the observed differences. In
addition, similar findings were obtained for lab-raised, inbred
cotton rats compared with lab-raised wild-stock, although the
differences between those 2 groups were more likely to have
been genetic.*

In addition, we found that RSV infection reduced the number
of eosinophils in cotton rat lung during an allergic reaction. This
finding is consistent with those in mice, for which RSV infection
reduced the eosinophilic response and airway hyperresponsive-
ness against ovalbumin by inducing the expression of KC (IL8
analog).?

RSV vaccine-enhanced disease has been described as a non-
protective, pathogenic antibody response elicited by inacti-
vated RSV immunogens due to a lack of affinity maturation,
which manifests in pulmonary eosinophilia in animal mod-
els.”? In the original reports about vaccine-enhanced disease,
eosinophils were found in the lung and blood of affected pa-
tients."'»? However, this finding has been questioned, and
now neutrophilia is recognized as the predominant finding in
vaccine-enhanced disease in humans.* In the mouse model,
vaccine-enhanced disease is characterized by the expression
of IL4 and IL5 (see reference 38 for review). Similarly in cotton
rats, IL4 and IL5 markedly increased after RSV infection of ani-
mals previously immunized with FI-RSV.® In addition, IL13 is
increased and acts in concert with IL5 to recruit eosinophils into
the lung.*? The expression of both IL5 and IL13 in cotton rats is



consistent with our finding that eosinophils are increased dur-
ing FI-RSV vaccine-enhanced disease in this species, and these
data are consistent with findings from the mouse model.

In summary, we have characterized cotton rat eosinophils
both morphologically and functionally. We find that cotton rats
have relatively high basal levels of eosinophils in blood and
BAL fluid and respond normally to allergen, bacteria, and vi-
ruses. Taken together, our findings indicate that cotton rat eosin-
ophils are not recruited to the lung in response to RSV infection,
but eosinophils are increased in the vaccine-enhanced RSV dis-
ease model.
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