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ABSTRACT

Infection of the lower respiratory tract by influenza A viruses results in increases in inflammation and immune cell infiltration
in the lung. The dynamic relationships among the lung microenvironments, the lung, and systemic host responses during infec-
tion remain poorly understood. Here we used extensive systematic histological analysis coupled with live imaging to gain access
to these relationships in ferrets infected with the 2009 HIN1 pandemic influenza A virus (H1IN1pdm virus). Neutrophil levels
rose in the lungs of HIN1pdm virus-infected ferrets 6 h postinfection and became concentrated at areas of the HIN1pdm virus-
infected bronchiolar epithelium by 1 day postinfection (dpi). In addition, neutrophil levels were increased throughout the alveo-
lar spaces during the first 3 dpi and returned to baseline by 6 dpi. Histochemical staining revealed that neutrophil infiltration in
the lungs occurred in two waves, at 1 and 3 dpi, and gene expression within microenvironments suggested two types of neutro-
phils. Specifically, CCL3 levels, but not CXCL8/interleukin 8 (IL-8) levels, were higher within discrete lung microenvironments
and coincided with increased infiltration of neutrophils into the lung. We used live imaging of ferrets to monitor host responses
within the lung over time with ['®F]fluorodeoxyglucose (FDG). Sites in the HIN1pdm virus-infected ferret lung with high FDG
uptake had high levels of proliferative epithelium. In summary, neutrophils invaded the HIN1pdm virus-infected ferret lung
globally and focally at sites of infection. Increased neutrophil levels in microenvironments did not correlate with increased FDG
uptake; hence, FDG uptake may reflect prior infection and inflammation of lungs that have experienced damage, as evidenced by
bronchial regeneration of tissues in the lungs at sites with high FDG levels.

IMPORTANCE

Severe influenza disease is characterized by an acute infection of the lower airways that may progress rapidly to organ failure and
death. Well-developed animal models that mimic human disease are essential to understanding the complex relationships of the
microenvironment, organ, and system in controlling virus replication, inflammation, and disease progression. Employing the
ferret model of HIN1pdm virus infection, we used live imaging and comprehensive histological analyses to address specific hy-
potheses regarding spatial and temporal relationships that occur during the progression of infection and inflammation. We
show the general invasion of neutrophils at the organ level (lung) but also a distinct pattern of localized accumulation within the
microenvironment at the site of infection. Moreover, we show that these responses were biphasic within the lung. Finally, live
imaging revealed an early and sustained host metabolic response at sites of infection that may reflect damage and repair of tis-
sues in the lungs.

he annual impact of seasonal influenza A viruses (IAV) on
public health is fairly predictable and is mostly preventable in
normal, healthy populations with currently available vaccine

strategies (1-3). However, novel IAV variants arising from anti- Received 3 April 2015 Accepted 4 June 2015

genic shifts in zoonotic reservoirs are not predictable and may not
be immediately preventable with contemporary vaccines (4-6). In
the past 100 years, IAV with high transmissibility and virulence
(1918 HIN1 IAV), high transmissibility and moderate virulence
(2009 HIN1 pandemic IAV), and low transmissibility and high
virulence (H5N1 and H7N9 IAV) have emerged (7-9). The viru-
lence factors of IAV have been attributed to specific mutations in
the viral proteins hemagglutinin (HA) and polymerase basic pro-
tein 2 (PB2) (10, 11). Moreover, the specific sialic acid-binding
affinity of the HA determines the types of cells infected in the
respiratory tract and hence the location of infection (i.e., upper
versus lower respiratory tract) (12, 13). In general, IAV strains that
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are able to infect the lower respiratory tract cause more inflamma-
tion and have greater lethality (13-16).

Controlled inflammation is required for the resolution of IAV
infection, yet increased inflammation is correlated with more-
severe influenza disease, and a dysregulated immune response to
infection with highly pathogenic avian influenza (HPAI) viruses
(e.g., H5N1IAV) may be fatal (17, 18). Seasonal H3N2 and HIN1
IAV typically infect only the upper respiratory tract and result in
mild inflammation of the nasopharynx and trachea. Increased in-
flammation in the lung was observed in cases of infection with the
2009 pandemic HIN1 (HINI1pdm) IAV, which caused higher
mortality than seasonal strains (19-24). Studies with humans and
ferrets show that HPAI (e.g., H5N1 IAV) and HIN1pdm viruses
infect and replicate well in the lower respiratory tract (15, 25), yet
cases of HINpdm virus infection showed much lower lethality
than H5N1 IAV infection and did not cause severe immune dys-
regulation. Thus, the precise relationship between the location of
infection and the location of inflammation is complex, and patho-
genesis may depend on other specific immune responses to certain
IAV isolates.

We know very little about how most viral respiratory infections
and the resulting immune responses progress in real time within
the local microenvironments of the upper and/or lower respira-
tory tract in humans or in animal models. Live, whole-body im-
aging of pathogens or host responses may offer a bridge to gain
insight into these dynamics (26). During the 2009 HIN1pdm vi-
rus outbreak, molecular imaging of patients revealed that
['®F]fluorodeoxyglucose (FDG) expression increases and be-
comes concentrated in sites of consolidation and ground-glass
opacities within the lung (22, 23, 27, 28). This motivated our ex-
ploration of live FDG imaging in the ferret model of IAV infection
(29). The ferret serves as a critical animal model with which to ask
questions regarding IAV disease progression, given the similarity
of its clinical signs and disease with those in humans (29-32). As
observed for human cases of HIN1pdm virus disease, HIN1pdm
virus-infected ferrets had a focal pattern of FDG uptake in the
lungs that correlated with bronchiolitis and bronchitis histopa-
thology scores (29).

We and others have shown that IAV infection initiates in dis-
crete foci of the respiratory tract (29, 33, 34). Viral replication
triggers inflammation in the form of cytokines, chemokines, and
the infiltration of innate immune cells into the lungs (20, 35, 36).
Cellular uptake of FDG in acute lung injury correlates with in-
flammatory cell infiltration (37, 38). We and others have hypoth-
esized that cellular uptake of FDG in the lung following infection
may be due to the infiltration of inflammatory cells, e.g., neutro-
phils and monocytes (29, 39, 40). Neutrophils are among the first
cells to respond to many types of inflammation, particularly in-
flammation associated with bacterial infection (41-43). Neutro-
phils perform many functions during bacterial infection (e.g.,
phagocytosis, release of antibacterial proteases, and generation of
reactive oxygen species), yet very little is known about their con-
tributions during viral infections (44). In mild and severe human
cases of influenza, levels of neutrophils and neutrophil chemoat-
tractant signals are elevated in blood and nasal lavage fluid and are
independent of bacterial coinfection (20, 22, 45-48). In mouse
models of influenza, depletion of neutrophils results in increased
virus replication and increased disease severity (49-52). However,
itis known that neutrophil levels are increased in the lungs of mice
during severe IAV infection (16, 17, 53-55).
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Currently, we know very little about the timing and spatial
distribution of neutrophils as they infiltrate the lungs following
viral infection or, importantly, about how they function in disease
resolution or exacerbation. Here we used an extensive systematic
histological analysis coupled with live imaging to probe the tem-
poral dynamics of virus distribution and inflammation within mi-
croenvironments of the lungs of ferrets infected with a clinical
HIN1pdm IAV isolate. Given their importance early in infection,
we focused on neutrophils and hypothesized that neutrophils
would migrate preferentially to sites of IAV infection, creating an
inflammatory microenvironment (40, 41, 44, 56). IAV distribu-
tion, neutrophil accumulation, and selected immune gene expres-
sion profiles were measured within discrete sections of a lung lobe.
We show that the recruitment of neutrophils to the lung following
infection occurs in two waves, coincides with chemokine gene
expression, and may reflect two different states of neutrophil ac-
tivation. Using extensive histological sampling, we show that neu-
trophilic inflammation correlates with the temporal and spatial
distribution of IAV in the lungs of infected ferrets. Importantly,
neutrophil recruitment and accumulation occur at the tissue level
(i.e., the whole lung) and at sites of IAV infection. Finally, we show
that FDG uptake in the infected lungs is not due to neutrophilic
infiltrates but correlates with epithelial cell proliferation and re-
generation following infection.

MATERIALS AND METHODS

Virus and viral titers. Ferrets were infected with a clinical isolate of IAV
HINIpdm (A/Kentucky/180/2010), taken in a fatal case of HINIpdm
influenza (57), that has been described previously in ferret (29), DBA/2
mouse (57), and human primary cell culture (58) models. The virus was
grown in 10-day-old embryonated hen eggs and was diluted in phos-
phate-buffered saline (PBS). The concentration of virus stock was deter-
mined using a 50% tissue culture infectious dose (TCIDs,) assay in Ma-
din-Darby canine kidney cells as described previously (29).

Ferrets, ferret virus challenge, and ethics statement. Four-month-
old (16- to 20-week-old) female Fitch ferrets were obtained from Triple F
Farms (Sayre, PA, USA). Ferrets were determined to be seronegative for
the A/Uruguay/716/2007 (H3N2), seasonal A/Brisbane/59/2007 (HIN1),
and A/Kentucky/180/2010 (HIN1pdm) subtypes of IAV by a hemagglu-
tination inhibition assay (29). Animals were housed for an acclimation
period of at least 1 week at the University of Louisville Regional Biocon-
tainment Laboratory prior to virus challenge. (This research facility is
fully accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International.) Animals were maintained on a
12-h light/dark cycle and were provided Teklad laboratory animal diet
2072 (Harlan Laboratories, Madison, WI) and water ad libitum. The re-
search described here complied with federal statutes and regulations re-
lating to animal experimentation, including the Animal Welfare Act, and
adhered to the principles stated in the Guide for the Care and Use of Lab-
oratory Animals (59). Experiments involving ferrets were approved by the
University of Louisville Institutional Animal Care and Use Committee.

Ferrets were inoculated with 10° TCID,s of influenza A/Kentucky/
180/2010 (H1N1pdm) virus as a 1-ml bolus. To prepare animals for in-
fection with the virus, ferrets were sedated by intramuscular administra-
tion of 0.05 mg atropine, 5.0 mg ketamine, and 0.08 mg dexmedetomidine
per kg of body weight. Sedated ferrets were held with their noses pointing
upwards and necks extended while 0.5 ml of virus or PBS was given per
naris. Following intranasal (i.n.) inoculation, animals were held in place
for 1 min before anesthesia was reversed with 0.4 mg/kg atipamezole.
Following infection, ferrets were assessed daily for temperature and
weight and were monitored twice daily for clinical signs (dyspnea, nasal
and ocular discharges, loss of appetite, neurological signs, sneezing, leth-
argy, anorexia, diarrhea, and other abnormalities) through the comple-
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TABLE 1 Primers used to identify ferret leukocyte-specific and inflammatory genes

Global and Local Host Responses of Ferret Lung to 1AV

Gene Forward primer (5'-3") Reverse primer (5'-3")

ELANE GCTGCTGAATGACATCGTG CACGTTCCTGTTGATGGTG
CCL2 CAGAAGTGGGTCCGGGATTC TTCATGGCTTTGCAGTTTGGG
CSF3R AGAGCTGGAAGATGGAGCAT TAGAGCTGAAAGGGCCTGAT
CCL3 GGTCTTCTCTGCACCATTTG CTTGCGTGTAATCTGCTTGG
MMP9 AGCGAGAGACTCTTCACCCA CAGTGGTGCAGGTGGAGTAA
CSF1R ATGGAGACACCAAGCTCACA CATCTTGGAAGCCTACGTGA
CD11B CTGGAGCTGCCTGTGAAATA ATAATGCGGCTGGTCTTCTC
TNFA CCAGATGGCCTCCAACTAAT CAGCTTCAGGGTTTGCTACA
IL-6 ACCGGTCTTCAGGAGTTTCA AAGAACTGGAGCAGGTGTTTG
IFNB TCCCAGAAGTTCCAGAAGGA TCGACAATGCTCTCATTCCA
1L-8 GTGAAGCTGCAGTTCTGACG GGGCCACTGTCAATCACTCT
SLC2A1 CTGCTGAGCGTCATCTTCAT TTCTTCAGCACACTCTTGGC
NCR1 GCACCGAGAAGCAGAATCTT GCTGGTACTTCACAGCCTCA
GZMA AGCTCACTGTGTCCTGAACAA TCAAAGCACGGATAAGGAAA
MPO TCCCTGAGGAGGAAGAGATG GCTGGTGTCAGCATGTCAGT
GAPDH AGCTGAATGGGAAGCTCACT CTGCTTCACCACCTTCTTGA
IAV HA CACCAGTCCACGATTGCAATA ATGGGAGGCTGGTGTTTATAGC

tion of the study. Body temperatures were measured via subcutaneous
implanted microchip IPTT transponders (BioMedic Data Systems, Inc.).
Right caudal lung tissues were snap-frozen in liquid nitrogen and were
stored at —80°C until they were homogenized and stored in TRIzol re-
agent (Invitrogen). Blood was taken in sodium-EDTA tubes and was
stored in TRIzol. Other lung tissues were taken for immunohistochemis-
try (IHC) as described below.

Analysis of gene expression levels by reverse transcription-PCR
(RT-PCR). Previously, the right caudal lung lobe of each ferret was di-
vided into four sections, and each section was homogenized for the quan-
tification of virus by determining the TCID, (29). Following homogeni-
zation, a portion of the lung tissue was placed in TRIzol reagent and was
stored at —80°C. Here, total RNA was extracted from these samples, and
1 pg RNA was used to make cDNA using SuperScript III reverse trans-
criptase (Life Technologies). Ferret mRNA gene-specific primers were
generated by using published ferret sequences (Table 1). Primers were
designed to span exons when possible by comparison to known human
and canine splice sites. Primers were chosen to identify cell type-specific
targets (e.g., granulocyte colony-stimulating factor receptor [G-CSFR;
encoded by the Csf3r gene], myeloperoxidase [MPO; encoded by the Mpo
gene], and neutrophil elastase [ELANE; encoded by the Ela2 gene] tran-
scripts, which are specific to neutrophils; monocyte colony-stimulating
factor receptor [M-CSFR; encoded by the CsfIr gene], which is used as a
macrophage/monocyte marker; NCR1 [encoded by the NcrI gene], a nat-
ural killer cell receptor; and CD11b [encoded by the Itgam gene], an in-
tegrin expressed on inflammatory leukocytes), as well as soluble inflam-
matory signals (interleukin-6 [IL-6; encoded by the II6 gene], CXCL8
[also known as interleukin-8; encoded by the II8 gene], interferon beta
[IFN-B; encoded by the Ifubl gene], CCL2 [also known as monocyte
chemotactic protein 1; encoded by the Ccl2 gene], CCL3 [also known as
monocyte-inducible protein la; encoded by the Ccl3 gene], and tumor
necrosis factor alpha [TNF-a; encoded by the Tnf gene]). Real-time PCR
was performed using SYBR green dye on a ViiA 7 real-time PCR machine
(Applied Biosystems). Primers were validated using mitogen-stimulated
whole blood from donor ferrets (Marshall Farms) (data not shown). Mea-
surements of fold increases in transcript levels were compared to the tran-
script levels of housekeeping genes (glyceraldehyde-3-phosphate dehydroge-
nase [GAPDH; encoded by the Gapdh gene]) and average transcript levels in
mock-infected animals by using the AAC; method; the fold change is ex-
pressed here as the 2747 value.

Histology. Lungs were inflated with 10% neutral buffered formalin
and were fixed for 48 h. Lungs were trimmed, placed in cassettes, dehy-
drated through ethanol to p-limonene, paraffin embedded, and sectioned

at a thickness of 5 wm. For systematic sampling of the lungs, the right and
left caudal lung lobes (RCa and LCa, respectively) were trimmed into four
consecutive transverse slices approximately 0.5 cm thick, moving from
the lung hilum to the posterior of the lobe, as illustrated in Fig. 1. Sections
(numbered 1, 2, and 3 in Fig. 1) followed the main bronchus to approxi-
mately the lower middle of the lung (Fig. 1, left). The sections were par-
affin embedded, and two serial 5-pm sections were mounted on each glass
slide (Fig. 1, center). Slides were dewaxed in 3 xylene washes and were
rehydrated in decreasing ethanol gradients to water for IHC, and regions
of the slides were photographed and analyzed (e.g., Fig. 1, right, boxed
areas).

IHC and tissue staining. Rehydrated tissue slides were incubated in
3% hydrogen peroxide and avidin-biotin blocking buffer (Vector Labo-

FIG 1 Sampling scheme for experiments on the temporal and spatial distri-
bution of inflammation and infection in ferrets after HINIpdm virus chal-
lenge. Comprehensive histological sampling of ferret lungs was performed at
time points following intranasal infection with 10° TCIDs,s of HINIpdm
virus (A/Kentucky/180/10)/ferret. Samples were taken at 0.25, 1, and 3 dpi
from 2 infected ferrets per time point, and from 2 mock-infected ferrets at 3
dpi, immediately following PET-CT imaging. (Left) Diagram of a ferret lung
showing the method by which the left caudal lobe was divided (dashed lines on
expanded lobe) for histology. The right caudal lobe was similarly divided into
at least 4 cross sections along the main branching bronchus (cuts not shown).
Ferret lung lobes are labeled as follows: RCr, right cranial lobe; LCr, left cranial
lobe; RCa, right caudal lobe; LCa, left caudal lobe; RM, right middle lobe; Acc,
accessory lobe. (Center) The resulting cross sections of tissues are shown as
black-and-white photos of histological slides, numbered according to the lo-
cations on the lung diagram. (Right) Outlines of the tissues were given to a
blinded observer for the selection of four regions for IHC analysis (boxed
areas). This sampling scheme for IHC was used to analyze the pattern of neu-
trophil infiltration, as well as computed tomography and positron emission
tomography images.
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ratories) for 15 min each at room temperature before being blocked in 5%
fetal calf serum for 1 h at room temperature. For the detection of IAV
nucleoprotein (NP), antigen was retrieved with 1% pronase in a CaCl,
solution and was detected with a primary monoclonal antibody (HB65
clone EVS238; EastCoast Bio, Inc.) (60), and avidin-biotin complex am-
plification (Vector Laboratories) was used to visualize the antibody with
diaminobenzidine (DAB) peroxidase as the substrate. The slides were
dehydrated through increasing ethanol gradients, cleared in xylenes, and
mounted under a cover glass with a toluene solution. Neutrophils were
stained pink by a 30-min incubation in naphthol AS-D chloroacetate
esterase (NACE) at 37°C according to the manufacturer’s instructions
(Sigma-Aldrich), and one serial section was counterstained with hema-
toxylin to identify anatomical features. Slides were mounted with a cover
glass under an aqueous mounting medium (VectaMount AQ; Vector Lab-
oratories). For each NACE-stained slide, the next consecutive slide was
similarly stained for IAV antigen. For both NACE and NP staining, one
section per slide was counterstained with hematoxylin for anatomical
reference, and a second, unstained section was used for image processing
as described below. The Ki-67 and histone H3 antigens were retrieved by
heating rehydrated slides in a 72°C water bath overnight in target retrieval
buffer (Dako). A monoclonal antibody cross-reactive to ferret Ki-67
(clone MIB-1; Dako) was used as described above and stained with the
DAB peroxidase substrate, and a rabbit polyclonal anti-human histone
H3 antibody (Abcam) was stained red with the Vector Red alkaline phos-
phatase substrate (Vector Laboratories). Sirius Red staining was per-
formed by incubating rehydrated tissue slides for 30 min in saturated
picric acid containing 0.1% Sirius Red and 0.1% Fast Green and then
dehydrating and mounting the slides under Permount mounting medium
(Fisher Scientific).

THC analyses. Images from IHC slides were analyzed with the “Thresh-
old Colour” plugin of the Fiji package of ImageJ software (61). Briefly,
pixels of a certain hue and saturation (bright pink for NACE-stained neu-
trophils, red for Sirius Red-stained collagen, and brown for DAB-stained
NP-positive or Ki-67-positive cells) were selected, and the percentage of
total pixels was calculated for each image. The percentage of consolidation
was determined by converting each image to a high-contrast 8-bit (black-
and-white) image and calculating the percentage of black pixels (i.e., the
number of pixels containing tissue, eliminating airspace). A Java com-
puter language script (available on request) was generated to analyze all
images in the same way using validated settings. Neutrophil density is
reported here as the percentage of NACE-positive pixels divided by the
percentage of consolidation in a single image. To validate this measure-
ment, two independent observers counted the number of NACE-positive
neutrophils in 50 images. There was a 95% correlation between the auto-
mated method and visual inspection (data not shown).

Comprehensive, systematic sampling of the caudal lung lobes was per-
formed by a blinded observer choosing four regions per NACE-stained
tissue section and photographing three images per region at X20 magni-
fication (Fig. 1, right, boxed areas). To correlate the number of neutro-
phils with foci of IAV infection, NP antigen-positive areas were photo-
graphed, and their anatomical locations (i.e., bronchial epithelium,
bronchiolar epithelium, submucosal epithelium, alveolar region) were
recorded. The same site was located on the NACE-stained slides and was
photographed (i.e., a serial section of tissue no more than 15 pm away
from the NP-positive site). IAV NP antigen-negative regions were ana-
tomically site-matched to NP-positive foci located in the same general
regions (e.g., a region of bronchiolar epithelium that was antigen negative
was selected on a slide where bronchiolar epithelium was antigen positive,
and therefore the antigen-negative region was always <0.5 cm from the
original antigen-positive focus). NACE-positive neutrophils, IAV NP-
positive cells, and areas of Sirius Red-stained collagen were quantified
using automated image analysis as described above. The number of Ki-
67-positive cells per slice was estimated by two observers using a scoring
index (62, 63).
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Ferret molecular imaging. Ferrets were anesthetized by isoflurane
induction, and 2 mCi of FDG was administered intraperitoneally as de-
scribed previously (29, 64). The dose was confirmed before and after
injection with an Atomlab 500 dose calibrator (Biodex Medical Systems
Inc., Shirley, NY). Ferrets were kept warm under sedation with isoflurane
for 1 h prior to intubation and during imaging using the Siemens trimodal
platform as described previously (29, 64). Following imaging, ferrets were
removed from isoflurane, given intramuscular ketamine (5 mg/kg) and
dexmedetomidine (0.08 mg/kg), and immediately euthanized by cardiac
exsanguination.

PET-CT image analysis. After positron emission tomography (PET)
and computed tomography (CT) images were acquired from the trimodal
scanner, PET images were aligned to CT anatomical reference space in
order to provide one-to-one voxel correspondence between anatomical
and functional images. Since pathology on CT (e.g., consolidation) can
confound true lung volume and boundary estimation, the lungs were
segmented from CT images using a robust algorithm (i.e., interactive
region growing) proposed in reference 65, by which users had a chance to
correct any missegmented lung portion interactively if necessary. Then
significant uptake regions were segmented using an affinity propagation-
based PET delineation algorithm (66). Once all the metabolically active
lesions were identified and delineated, maximum standard uptake values
(SUVmax) and maximum intensity values were calculated as an evalua-
tion metric for FDG uptake. These measurements were taken from re-
gions coinciding with histopathology slices, which were manually located
on the registered and segmented PET-CT scans. The alignment between
histology and PET-CT images was ensured by processing 9-parameter
affine registration and using prior knowledge about anatomy, particularly
the airway structures and the lung lobes. For airway structure extraction,
we used the hybrid algorithm for delineation of the airway tree as pro-
posed in reference 67. Due to the 2-dimensional (2D) nature of the his-
topathology slices, registration operations were all carried out in 2D. After
alignment of the histopathology slices into PET-CT scans, in vivo imaging
correlation with histopathology slices was explored.

Statistical analyses. All statistical analyses were performed using R,
version 2.13.0, and GraphPad Prism, version 5. In general, nonparametric
statistical tests were used as stated in Results; even when the sample size
was large, nonindependent measurements for the same ferret made para-
metric analyses undesirable. Pairwise post hoc tests were adjusted for mul-
tiple comparisons using Bonferroni’s method. For generalized linear
modeling of neutrophil density, variables such as the time postinfection,
the individual ferret, the lung lobe in the ferret, and the sample region
within the lung lobe approximated a nested block design with repeated
measures within ferrets, and within lobes within ferrets. The fully factorial
model was reduced using stepwise regression to find the best-fitting
model as determined by significant reduction in the Akaike information
criterion. For all statistical tests, the type I error rate was set to an « value
of 0.05, although P values of <0.1 are given consideration here due to
sample size limitation and pseudoreplication as discussed below.

RESULTS

We have shown previously that infection of ferrets with the
HIN1pdm virus (A/Kentucky/180/2009) causes moderate dis-
ease, evidenced by a brief febrile period, low weight loss, and clin-
ical signs recorded during infection (i.e., lethargy, rhinorrhea)
(29). Virus was detected in nasal swabs, throat swabs, nasal turbi-
nates, and right caudal lung lobes on 1, 2, and 3 days postinfection
(dpi) but was undetectable by 7 dpi (one animal had small
amounts of virus in nasal and throat swabs on 7 dpi) (29). Histo-
pathology revealed focal bronchitis and bronchiolitis character-
ized by infiltration of leukocytes (neutrophils and exudate mac-
rophages) during HIN1pdm virus infection (29). Cellular uptake
of FDG correlates with leukocytic infiltration in certain model
systems (38—40). In this ferret model, we have observed progres-
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sive increases in FDG uptake in distinct foci of the HINIpdm
virus-infected ferret lung (29). Therefore, here, we tested the over-
arching hypothesis that FDG uptake during infection of ferrets
with TAV was due to infiltrating neutrophils and macrophages.
We first determined which leukocytes were likely to exhibit in-
creased expression in these regions by measurement of immune
gene expression profiles within discrete lung microenvironments.

Lung microenvironments of IAV infection have increased
CCL2 and CCL3 gene expression. First, the expression of signa-
ture immune genes was analyzed in the right caudal lobes of one
mock-infected ferret and two HIN1pdm virus-infected ferrets on
1, 2, 3, and 7 dpi. As stated above, the right caudal lobe had the
greatest levels of FDG uptake following infection (29). Primers for
IAV HA and inflammatory cytokines and chemokines were used
to confirm the presence of the virus and the host immune re-
sponse to infection. Genes were chosen to detect cytokines and
chemokines that are known to show increased expression during
the acute phase of influenza virus infection and that are important
for leukocyte activation and chemoattraction (e.g., IFN-f,
TNF-a, IL-6, CCL2, CCL3, and CXCLS). First, IAV HA mRNA
was detected at 1, 2 and 3 dpi, but not 7 dpi, and was not uniformly
distributed within the right caudal lobe (data not shown). This
matched the pattern of IAV infection as measured by the TCID5,
assay and reported previously for the same ferret lung sections
(29). Fold changes in the expression of inflammatory cytokine
(IFN-B, TNF-a, IL-6) and chemokine (CCL2, CCL3, CXCL8)
genes in sections were compared to expression in mock-infected
controls. No significant change in inflammatory expression levels
was detected in the blood (data not shown). In some lung sections
from infected ferrets, but not in all, levels of the cytokines IL-6 and
TNF-a (not shown) were elevated at 2 dpi. Other inflammatory
signals (e.g., IFN-B, CXCL8) were not elevated above those in
mock-infected animals (data not shown). The expression levels of
the CCL2 and CCL3 genes were both slightly increased at 1 dpiand
significantly increased at 3 dpi (P < 0.05) (Fig. 2).

Neutrophil-specific gene expression is detected in lung mi-
croenvironments. Primers for leukocyte-specific genes that en-
code cell surface receptors and other cell-specific proteins were
used to determine the presence of neutrophils (G-CSFR, MPO,
ELANE, CD11b), macrophages (M-CSFR, CD11b), and natural
killer cells (NCR1, granzyme A, CD11b) in the lung. Expression
of the monocyte/macrophage-specific gene Csflr (encoding M-
CSFR) was increased slightly at 2 and 3 dpi, and increased expres-
sion of the natural killer cell receptor gene Ncr1 (encoding NCR1)
was detected in some sections at 2 and 3 dpi (data not shown).
Expression of the neutrophil growth factor receptor gene Csf3r
(encoding G-CSFR) was increased in lung sections at 3 dpi (P <
0.05) (Fig. 3A). Neutrophil-specific granule genes (e.g., Mpo,
Elane) were not significantly upregulated relative to expression in
mock-infected animals (data not shown).

Neutrophils show biphasic infiltration into the lungs of IAV-
infected ferrets. The major inflammatory signals in the right cau-
dal lung sections were the neutrophil-specific gene Csf3r and the
genes encoding the leukocyte chemoattractants CCL2 and CCL3.
To confirm the temporal pattern of neutrophils detected by gene
expression in the lungs of these ferrets, NACE staining was used to
label neutrophil-specific granules. One histological preparation
per lung lobe (except for the right caudal lobe, which was used for
gene expression, as described above) from HIN1pdm virus-in-
fected and mock-infected ferrets was stained and inspected for
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FIG 2 Inflammatory cytokine and chemokine gene expression in the ferret
lung after infection with influenza A virus (HIN1pdm). Female ferrets (2 per
time point) were infected with 10° TCID4,s each of HIN1pdm virus (A/Ken-
tucky/180/2010). The right caudal lung lobe from each HIN1pdm virus-in-
fected and mock-infected (1 ferret per time point) ferret was taken upon eu-
thanasia on days 1, 2, 3, and 7 postinfection and was divided into four sections.
Each section was homogenized separately, and cDNA was synthesized for gene
expression analysis. Ferret gene-specific primers were developed to cross ex-
ons, and RT-PCR was performed to identify the expression of the genes en-
coding leukocyte chemoattractant chemokines CCL2 (A) and CCL3 (B). Fold
expression is compared to the expression of housekeeping controls (GAPDH)
and to expression in mock-infected animals by using the AAC; method. As-
terisks indicate significant differences between days by nonparametric statis-
tical tests, corrected for multiple comparisons.

neutrophils. To estimate the number of neutrophils within the
stained histological sections, image analysis software was used to
determine the number of NACE-positive pixels per unit of tissue
in an image (taken with a 20X objective) of the NACE stained lung
(expressed as the estimated neutrophil density), as described in
Materials and Methods. Image analysis of sites chosen haphaz-
ardly within each tissue slice revealed that the overall density of
neutrophils in the lung was at a maximum at 1 dpi (P < 0.05) (Fig.
3B). Thus, the major peak of neutrophils did not correspond to
the major peak of neutrophil-specific gene expression in the lung.
The lung lobes other than the right caudal lobe showed a wide
range of neutrophil densities, similarly to the gene expression
data, suggesting that there were foci of neutrophil infiltration
throughout the lungs.

Neutrophils may hone to specific sites of IAV infection in the
lungs. To determine the precise distribution of IAV within the
lungs, IHC was used to detect NP antigen in paraffin-embedded
sections of the lung lobes. Infection was detected in bronchial,
submucosal, and bronchiolar epithelial cells (Fig. 4A to D) but not
in alveolar epithelium (not shown). IAV NP was detected in sec-
tions from all infected ferrets at 1 and 3 dpi and from one animal
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FIG 3 Neutrophils were detected in ferret lung sections after infection with
influenza A virus (H1IN1pdm). Female ferrets (2 per time point) were infected
with 10° TCIDss each of the HIN1pdm virus (A/Kentucky/180/2010). (A)
The right caudal lung lobe from HIN1pdm virus-infected and mock-infected
(1 ferret per time point) ferrets was taken upon euthanasia on days 1, 2, 3, and
7 postinfection and was divided into four sections. Each section was homoge-
nized separately, and cDNA was synthesized for gene expression analysis. Fer-
ret gene-specific primers were developed to cross exons, and RT-PCR was
performed to identify the expression of a neutrophil-expressed gene (Csf3r,
encoding G-CSFR) relative to the expression of housekeeping controls and to
expression in mock-infected animals. Asterisks indicate significant differences
between days by nonparametric statistical tests, corrected for multiple com-
parisons. (B) Other lung lobes (left cranial, right cranial, left caudal, and mid-
dle) taken from each ferret were prepared for IHC, and one slice from each was
stained for neutrophils (NACE). Neutrophils were quantified in images (taken
with a 20X objective) from 3 regions on each of the NACE-stained slides by
using Image] image analysis software. The number of NACE-positive pixels
divided by the number of total tissue-containing pixels is presented as the
neutrophil density. The asterisk indicates a significant difference in distribu-
tion from that in mock-infected ferrets by nonparametric statistical tests.

at 2 dpi but not in sections from infected animals at 7 dpi.
HIN1pdm virus infection was highly focal in the lung and was
primarily restricted to sites in bronchioles and bronchi (Fig. 4A to
D). Similarly, the pattern of antigen positivity matched the pat-
terns of IAV mRNA expression, chemokine- and neutrophil-spe-
cific gene expression, and NACE staining. Counterstaining of NP-
labeled sections with hematoxylin allowed the identification of
increased numbers of inflammatory macrophages and neutro-
phils, some of which were antigen positive (Fig. 4D), at foci of
infection in the bronchioles. Therefore, neutrophils appeared to
hone to the sites of infection in specific anatomic regions.
Comprehensive sampling of the lung lobes for neutrophil
infiltration. The preliminary data suggested that neutrophils in-
filtrate the lungs and hone to sites of IAV infection, driven by
chemokine gradients (e.g., CCL3). However, the data were correl-
ative because the sampling was not comprehensive and data were
obtained from different lobes (i.e., gene expression data from the
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FIG 4 Immunohistochemical staining of influenza virus nucleoprotein and
neutrophils in ferret lungs. Shown are histological preparations from the right
caudal lobe of a female ferret 1 day after infection with 10° TCIDy,s of an
H1Nlpdm virus isolate (A/KY/180/2010). (A to D) The influenza antigen
(NP) is stained brown, with a hematoxylin (blue) counterstain. (E to H) Neu-
trophils are stained pink with NACE in a serial section of the same region of the
lung as the IHC NP stain (without a counterstain in panels E to G to show the
bright pink NACE stain; with the blue hematoxylin counterstain in panel H).
(A) Influenza virus-infected cells (stars) in the pseudostratified columnar ep-
ithelium of the bronchus of a ferret 2 days postinfection. (B) Infected seromu-
cinous glands (three are marked with stars, but more are visible). (C) Infection
of the bronchiolar epithelium (lumen marked “b”) was more common than
infection of other sites, and the antigen can be seen within luminal cells. (D)
Magnification of the region boxed in panel C. Many NP-positive cells (star) are
macrophages, and the lumen of the bronchiole is filled with polymorphonu-
clear neutrophils (arrows indicate two, but many more are visible). (E) Few
neutrophils are present at sites of influenza virus-infected epithelial cells
within the epithelial layer of the bronchus (arrowhead), but more are present
within the alveolar spaces adjacent to these sites (arrows). (F) Inflammatory
cells within the infected submucosal glands are neutrophils (arrows indicate
three areas, but more are present in each gland). (G) Extensive neutrophil
infiltration in the bronchiolar lumen (b). (H) Magnification of a serial section
of panel G that is stained for NACE and counterstained with hematoxylin to
show the morphological features defining neutrophils (arrows show three, but
many more are visible). Images were taken with a 10X (A to Cand E to G) or
40X (D and H) objective. Bars, 50 pm.

right caudal lobe; neutrophil and NP staining data from the four
remaining lung lobes). Therefore, we performed a second ferret
study to confirm these observations using systematic histological
sampling of the lung. Six female ferrets were infected with 10°
TCIDs,s each of the HIN1pdm virus (and 2 ferrets were mock
infected), and 2 animals each were euthanized at 0.25, 1, and 3 dpi.
Left and right caudal lung lobes were formalin fixed, sectioned
into four 0.5-cm cross sections from the hilum moving posteri-
orly, embedded in paraffin, and prepared for histology (three
cross sections are shown in Fig. 1). Tissue slices were stained with
NACE and were photographed to quantify neutrophils. Method-
ical sampling provided data for a generalized linear model to es-
tablish factors important for neutrophil distribution in the lung.
Four regions from each slice were chosen blindly, and three non-
overlapping images were taken from each region to quantify the
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FIG 5 Neutrophils in the lungs of ferrets after infection with influenza A virus
(HIN1pdm). Ferrets were infected with 10° TCIDs,s of an HINIpdm virus
isolate (A/KY/180/2010), and lung tissues were taken upon euthanasia and
were processed for histology. Caudal lung lobes, taken from two infected fer-
rets per day (0.25, 1, and 3 dpi), were systematically divided and were prepared
for histology. Neutrophils in sections histochemically stained with NACE were
quantified by using image analysis software, and data are expressed as the
neutrophil density (the number of neutrophil-positive pixels per total tissue
pixels on each image). (A) Neutrophil density was quantified over time. Data
are divided by lobe. Large asterisks indicate significant differences from mock-
infected animals, and significant differences between lobes are indicated by
bars with small asterisks above them (P < 0.05 by nonparametric statistical
tests). (B) Influenza virus nucleoprotein (NP) was identified on histological
sections by ITHC. The neutrophil density was calculated from serial NACE-
stained sections; data were grouped according to distance from known NP-
positive cells; and sites of IAV-positive cells were matched to distant sites
within the same ferret (red, pink, and light-pink dots indicate NP-positive sites
and sites <1 cm and >1 cm from NP-positive sites, respectively) and to sites in
mock-infected animals (black dots). Data are plotted over time, and means at
a given time point are indicated by lines colored according to distance (red,
medium-gray, and light-gray lines for NP-positive sites and sites <1 cm and
>1 cm from NP-positive sites, respectively). The asterisk indicates a significant
difference between sites at a given time point. (C) Neutrophil density was
calculated from pictures taken at sites of known influenza virus infection (NP
positive), and data were grouped by anatomic region (alveoli, bronchioles, and
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number of NACE-positive pixels as a function of total tissue (ex-
cluding airways) per image using Image]J (Fig. 1). This established
a 3D grid of sampling locations within the caudal lung lobes,
wherein three images were taken from locations within each cau-
dal lung lobe (48 images per lung lobe).

Neutrophils infiltrate the right caudal lobe at early times af-
ter infection. Stepwise model testing of the generalized linear
model revealed that the best-fitting model included the time
postinfection, the lung lobe (left versus right), and the distance
from the lung hilum. Post hoc analyses confirmed that neutrophil
levels were significantly increased at 1 dpiand 3 dpi (Fig. 5A) (P <
0.001 in the left and right caudal lobes), as in the previous study
(Fig. 3B); however, greater neutrophil density in the lungs of in-
fected animals than in those of mock-infected animals was found
as early as 0.25 dpi (Fig. 5A) (P <0.05 in the left caudal lobe; the
difference in the right caudal lobe was nonsignificant). The distri-
bution of neutrophils was higher in the right caudal lobes than in
the left caudal lobes at 0.25 and 1 dpi (Fig. 5A) (P < 0.001) but not
at other time points. Additionally, it is noteworthy that a range of
neutrophil densities was observed, yet, in general, infected ani-
mals had higher baseline levels of neutrophils in either lobe at
0.25, 1, and 3 dpi. Thus, neutrophils appeared to be focally dis-
tributed throughout the lung, and these observations (e.g., higher
levels in the right caudal lobe) suggest that they are driven by IAV
infection.

Neutrophil levels are increased at sites of IAV infection. To
test the hypothesis that neutrophil levels were increased at foci of
TAV-infected epithelial cells, IHC staining for IAV NP was per-
formed in serial sections of NACE-stained tissues taken from the
right and left caudal lobes as described above (Fig. 4). Using NP-
stained serial sections as a reference, images were taken from three
areas of NACE-stained tissue slices defined by their distances from
NP-positive sites. First, three nonoverlapping images were taken
from each antigen-positive site. For each antigen-positive site, two
other sites were chosen, and three nonoverlapping images were
analyzed from each site: the antigen-positive site, a site <1 cm
from the antigen-positive site (within the same histology slice),
and a site >1 cm from the antigen-positive site (from another
histology slice within the same lobe). These three groups of images
were also compared to images taken of NACE-stained mock-in-
fected controls, and image analysis software was used to calculate
the estimated neutrophil density as described above. There was no
linear relationship between the distance from the focus of an in-
fected cell and the density of neutrophils, i.e., neutrophil levels at
all sites were higher than those for mock-infected control animals
(Fig. 5B) (P < 0.01). However, a pattern was revealed by resolving
the spatial distribution over time: neutrophil density was signifi-
cantly greater at NP-positive sites and at sites <1 cm from known
NP-positive sites at 1 dpi (Fig. 4 and 5B) (P < 0.01). There was no
difference in spatial distribution at 3 dpi, and neutrophil density
remained higher than that for mock-infected controls (Fig. 5B) (P
<0.01).

submucosal [SM] glands). These images were site-matched within the same
ferret (<1 cm from known IAV-positive sites) to anatomic regions that had no
TAV-positive cells (NP negative). Note that NP-positive cells at alveolar sites
were leukocytes and that data for mock-infected animals are not shown on this
panel but are shown in panels A and B. Asterisks indicate significant differ-
ences between NP-positive and NP-negative sites.
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Neutrophil levels are increased at specific locations of IAV
infection. To test the hypothesis that anatomical location ex-
plained the distribution of neutrophils after infection, sites of
TAV-positive bronchi (as seen, for example, in Fig. 4A), seromu-
cinous glands (Fig. 4B), and bronchioles (Fig. 4C and D) were
identified (no antigen-positive alveolar epithelial cells were de-
tected). These sites and antigen-negative sites within the same
ferret (in similar anatomic regions) were located on NACE-
stained serial sections, imaged (Fig. 4E to G), and analyzed using
image analysis software to calculate the estimated neutrophil den-
sity as described above. Neutrophil density was significantly
higher in IAV-positive bronchioles than in controls (Fig. 4C, D, G,
and Hand 5C) (P < 0.01). Neutrophil levels in infected bronchi or
seromucinous glands were not higher than those in antigen-neg-
ative regions (Fig. 4E and F and 5C). Furthermore, neutrophil
levels were increased in bronchioles and alveoli where no IAV-
positive antigen was detected by IHC (Fig. 5C). Interestingly, cer-
tain areas containing neutrophils in the lumens of bronchioles
near IAV-positive epithelial cells had extracellular histone H3
staining (data not shown), an indicator of neutrophil extracellular
trap formation (NETosis). However, there were insufficient sites
of NETosis, and a lack of available reagents for the ferret model, to
allow us to investigate this phenomenon further at this time.

Analysis of PET-FDG images to achieve direct spatial corre-
spondence with histology. We have reported previously that mo-
lecular imaging of ferrets using FDG-PET showed a progressive
increase in inflammation following infection with the HIN1pdm
virus (correlated with bronchiolitis and bronchitis pathology
scores) that was greatest in the right caudal lobe but also focally
distributed throughout the other lung lobes (29). We hypothe-
sized that this might be due to increased inflammatory cell infil-
tration at sites after infection (29, 38—40). Therefore, we injected
infected ferrets with FDG and imaged them by PET-CT prior to
euthanasia at 0.25, 1, and 3 dpi (Fig. 6). Using the same ferrets in
the second study, we analyzed PET-CT data similarly to histolog-
ical data (i.e., with a 3D grid) in order to achieve direct spatial
correspondence between the histology and the imaging. Auto-
mated airway segmentation of CT images was first performed to
extract the lungs and airways from the images (Fig. 6). Then
stacked 3D image constructions were used to locate the exact po-
sitions of tissues taken for IHC by using anatomical features as
references (such as the branching of bronchi, the location of the
heart, and bone structure), and gross anatomical photographs
taken during necropsy were also used to ensure accurate corre-
spondence between CT and IHC. Next, automated registration of
PET-CT images was performed to ensure that the images were
aligned, which then allowed us to measure the uptake of FDG at
sites taken for histology (Fig. 6).

FDG uptake did not match the pattern of neutrophil infiltra-
tion. We tested whether FDG uptake was associated with sites of
increased neutrophil infiltration. The stacked CT images were
used to locate the regions on which NACE image analysis had been
performed, and FDG uptake (expressed as SUVmax) was deter-
mined on PET images from the same regions. Globally, there was
an early increase in FDG SUVmax at 0.25 dpi, which immediately
decreased below the levels for mock-infected animals (Fig. 6 and
7A). For both the left and right caudal lobes, uptake in mock-
infected animals was significantly greater than uptake in infected
animals at 1 dpi (P < 0.05) (Fig. 7A). Temporally, this did not
align with the pattern of neutrophil infiltration (Fig. 5A). Due to
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differences in resolution between the two modalities (PET-CT
and THC), we averaged the neutrophil density from three non-
overlapping images from each region measured by IHC and com-
pared this to a single SUVmax from that region. Over all time
points, there was no association between FDG uptake and neutro-
phil density (data not shown). However, there was a significant
linear association between SUVmax and neutrophil density at 1
dpi, although the association was comparatively weak (R* = 0.26)
and was likely due to outliers (nonzero slope; P < 0.001) (data not
shown). This finding was very surprising; therefore, we attempted
to determine what was responsible for the FDG uptake, using this
data set, for which we had confidence in our correspondence be-
tween PET-CT and histology.

FDG uptake did not match sites of IAV infection. We tested
the hypothesis that FDG uptake occurs in sites of HIN1pdm virus
infection in ferret lungs. Using an approach similar to that de-
scribed above for NACE-stained sections, we measured FDG-PET
uptake (expressed as SUVmax) at sites of IAV-positive cells deter-
mined by IHC. We also measured SUVmax at two other sites
based on distance from IAV-positive cells: <1 cm and >1 cm
from any known IAV-positive area; both were measured in re-
gions within the same ferret lobe. There was significantly less FDG
uptake at sites of [AV-positive cells than in mock-infected animals
(P < 0.01 for all regions compared to mock-infected animals)
(Fig. 7B). Because this approach was also potentially confounded
by the disparity in resolution between PET-CT and microscopic
imaging modalities, we infected immortalized cell lines with sev-
eral AV isolates in order to test whether IAV infection may in-
crease the uptake of glucose in vitro. We experimentally infected
several human cells and cell lines (e.g., A549 cells and the well-
differentiated human bronchial epithelial cell line 16HBEo—),
and we observed slightly increased uptake of FDG with some but
not all treatments (data not shown). Thus, we may infer that in-
creased FDG uptake in infected ferrets was not directly associated
with IAV infection.

FDG uptake measured proliferation in the lungs following
IAV infection. We then tested the hypothesis that proliferating
cells were responsible for the increased FDG uptake in lung tissues
by detecting Ki-67 protein with IHC. Ki-67 is a nuclear protein
that is present in large amounts during cellular proliferation. In
order to estimate the level of proliferating cells, we used a Ki-67
proliferation index (Fig. 8; images show examples for scores 0 to
3), which is an established method for grading tumors clinically
(62). To sample the lungs, 3 images were taken for each anatom-
ical region (e.g., bronchus, bronchiole, alveolus) from 4 stained
tissue slices per ferret from both the right and left caudal lobes (2
ferrets per time point[0.25, 1, and 3 dpi]), and at least 1 slice each
from the left caudal, right cranial, left cranial, and right middle
lobes from each ferret (2 animals per time point [1, 2, 3, and 6
dpi]). This sampling resulted in 18 to 50 images per anatomic
region per time point. Two independent observers blindly scored
the images, and the scores were averaged. No significant regions of
proliferating epithelium were detected in ferrets imaged at 0.25
dpi, 1 dpi, or 3 dpi; therefore, we included histological samples
from the previous study described above (i.e., samples from two
infected ferrets and one mock ferret were taken at each of 1, 2, 3,
and 7 dpi; the right caudal lobe is excluded from these sections)
(29). Both the alveolar and bronchiolar regions had baseline levels
of proliferating cells, and there was no difference between lung
tissues taken from mock-infected and infected animals in these
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FIG 6 Rendering of PET-CT images of ferret lungs at different time points after infection with the HIN1pdm virus. Stacked whole-lung images give 3-dimen-
sional views at three time points following infection with 10° TCID5,s of the HIN1pdm virus (A/KY/180/2010). Lungs from only one ferret per time point
(including a mock-infected ferret at 3 dpi) are shown. Ferrets were injected with an intraperitoneal dose of radiolabeled FDG, and lungs were imaged using
PET-CT 1 h later. For each image, the light pink surface corresponds to the border of the lung that was segmented from CT images by an automated CT analysis.
PET-CT fusion images were used to define the uptake of FDG within the segmented lung space, and the intensity of FDG uptake is represented by small colored
volumes within the lung borders. Regions of FDG uptake are colored according to voxel intensity within the FDG-PET image, as shown on the color scale on the

right (from <0.05 [blue] to >0.5 [dark red]).

anatomical regions (not shown). However, there was an increase
over time in the level of proliferating cells in the bronchi, and the
Ki-67 proliferation index value at 7 dpi was significantly higher
than that for mock-infected animals (P < 0.01) (Fig. 8).

DISCUSSION

The pathology of human infection with IAV is often known only
from lethal endpoints, taken at autopsy (18, 22, 45, 46). In hu-
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mans, severe IAV infection affects the lower respiratory tract and
results in massive infiltration of neutrophils (22, 23). Similarly,
severe IAV disease in ferrets is characterized by early infiltration of
neutrophils (17, 68). With respect to neutrophils in the lungs dur-
ing IAV infection, pathology reports from lethal human influenza
pneumonia typically note the presence of suppurative necrosis,
mixed cellular infiltrates, or neutrophilic infiltration (20, 22, 24,
30, 45, 46). However, few studies have directly addressed simple
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FIG 7 Distribution of cellular uptake of radiolabeled FDG during influenza
virus infection in ferrets. Female ferrets were infected with 10° TCIDss of the
HIN1pdm virus (A/KY/180/2010). A radiolabeled glucose analog (FDG) was
injected at 0.25, 1, and 3 days postinfection, and ferrets (2 per time point) were
imaged 1 h later. Ferrets were euthanized immediately after imaging, and lung
tissues were prepared for histology. (A) The temporal distribution of FDG
uptake (maximum standard uptake value [SUVmax] within a defined volume)
was measured in images taken by positron emission tomography after locating
histology slices by using anatomical references in registered computed tomog-
raphy images. These areas matched areas analyzed for neutrophil infiltration
and approximate a 3D grid of each ferret caudal lung lobe. (B) Spatial distri-
bution of FDG uptake at sites in the ferret lung grouped by distance from IAV
nucleoprotein (NP)-positive cells within the lungs. The presence of the
H1Nlpdm virus was measured by immunohistochemical staining for viral
nucleoprotein. Asterisks indicate statistically significant differences from
mock-infected animals.

questions about the relationship between neutrophils and IAV
infection. For example, when do neutrophils arrive in the lungs
following IAV infection? What is the pattern of neutrophil infil-
tration, i.e., is it specific to particular anatomical locations? Is it
specific to sites of IAV? Or is it specific to sites of damage and
necrosis? How important are the various inflammatory signals
released in viral microenvironments to the activation and che-
moattraction of neutrophils during IAV infection? Answers to
these questions will provide a basis for answering more-important
questions, such as how the severity of disease affects neutrophil
infiltration (or vice versa). Severe IAV infection often results in a
form of acute lung injury and may lead to the formation of acute
respiratory distress syndrome (ARDS). Neutrophils are impli-
cated both in the development of ARDS and in recovery from
ARDS (41-43). Based on mouse studies, neutrophils play an im-
portant role in protection from lethal disease during IAV infec-
tion; however, much remains unknown about the relationship
between neutrophils and IAV infection in the ferret model (49-51,
53, 54).

Although the ferret model is important for the study of IAV
pathogenesis and has been used for this purpose for nearly 80
years, this model is challenging. For example, no ferret-specific
reagents are commercially available, and the cross-reactive anti-
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FIG 8 Proliferation of lung epithelial cells measured by the Ki-67 labeling
index. (Top) Images representative of the scoring system (labeling index scores
0 to 3) used to grade the extent of lung cellular proliferation (Ki-67 antigen
positivity) in immunohistochemical sections taken from ferrets infected with
10° TCID5,s of the HIN1pdm virus (A/KY/180/2010). Bar, 50 wm. (Bottom)
The left and right cranial, left caudal, and middle lobes were taken at necropsy
(at0.25, 1, 2, 3, and 7 dpi) and were prepared for histology. Bronchi, bronchi-
oles, and alveolar spaces were analyzed in the lobes of each ferret per time point
(18 to 50 images [not shown] per anatomic region per time point). The images
were scored by two independent observers for the levels of Ki-67 positive cells.
Shown is the mean proliferation index per anatomic region over time (error
bars represent the standard errors of the means). Asterisks indicate a signifi-
cant difference (***, P < 0.01) from the score for mock-infected animals by a
nonparametric statistical test.

bodies are unverified (69, 70). To overcome the limitations in the
availability of immunological reagents, we have explored the use
of molecular imaging as a tool for studying the pathogenesis of
IAV in the ferret lung (29). Molecular imaging modalities, such as
PET, rely on in vivo accumulation of injectable non-species-spe-
cific radioisotope-labeled probes that can be imaged in 3 dimen-
sions, and images can be fused with CT images to provide anatom-
ical references (65, 71). The use of such modalities in infectious
disease imaging is quickly developing (39, 65), and preliminary
data provide the foundation for the use of FDG-PET imaging in
the diagnosis or prognosis of clinical cases of IAV (23, 27, 29). To
further develop this tool, and to expand the tools available for the
use of the ferret model, we established a model of FDG-PET dur-
ing the infection of ferrets with the HIN1pdm virus (29, 64). To
complement the comprehensive 3D nature of the images provided
by PET-CT fusion, we chose a systematic sampling of the lung to
measure infiltrating neutrophils in ferrets. Our sampling ap-
proach differed from methods used previously to determine the
spatial and temporal dynamics of IAV infection in the ferret (21,
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68, 72), which typically focused measurements to the site of infec-
tion and/or lung lesions. Additionally, we relied on gene expres-
sion in discrete sections of tissue to test changes in the viral mi-
croenvironment, because antibody-based staining of tissues (e.g.,
IHC) or cells (e.g., flow cytometry) is currently unavailable for
nearly all desirable ferret antigens. In doing so, we were able to test
many hypotheses about neutrophil infiltration following
H1N1pdm virus infection.

Neutrophils migrate into the lungs early and accumulate in
sites of infected bronchioles. The increase in neutrophil density in
the lungs until 1 dpi may be due to an increase in chemokine
transcription within specific lung microenvironments (73, 74).
Leukocyte chemoattractant chemokines, such as CXCL8, CCL2,
and TNF-q, are known to be present at sites of infection follow-
ing experimental human IAV infection (47), and levels are higher
in patients with the HIN1pdm virus than in those with seasonal
TAV (48, 75). Previously, we and others have shown increased
secretion of leukocyte chemoattractant chemokines (TNEF-q,
CCL2, CCL3, and CXCL8) following in vitro infection of a well-
differentiated normal human bronchial epithelial cell culture with
the HIN1pdm virus relative to that with seasonal IAV infection
(58, 76). In TAV-infected ferrets, we and others have shown in-
creased expression of other leukocyte chemoattractant genes
(CCL2, CCL3, and CXCL10), as well as leukocyte-specific genes
(G-CSFR, M-CSFR, CD11b, and cathepsin B [CTSB]), in the
blood (77-79). Therefore, it is likely that neutrophils infiltrate
the lungs after HIN1pdm virus infection by following chemokine
gradients to the site of infection. Moreover, we observed that the
distribution of neutrophils was higher in the right caudal lobes at
1 dpi (Fig. 5A), which matched our observations and those of
others that i.n. and aerosol challenges of ferrets with IAV show a
preference for infection of the right caudal lobe (29, 30, 33).

The specific signal that drives neutrophil chemoattraction in
ferrets during IAV infection remains unknown. Here we demon-
strate that CCL3 was upregulated in discrete locations within the
lung that were correlated with the presence of IAV HA mRNA,
neutrophils, and a neutrophil-specific gene (G-CSFR) (Fig. 2 and
3). The significant increase in gene expression for CCL3 occurred
at 3 dpi, which indicates that another chemoattractant may be
more important for early recruitment at 1 dpi (Fig. 2). Similarly,
depletion of neutrophils from a mouse model of influenza virus
infection decreased the amount of CCL3, suggesting that neutro-
phils may also be a source of this chemokine (50). In this study, we
found that ferrets did not upregulate CXCLS8 following infection
with the HIN1pdm virus. CXCLS8 is the major chemoattractant
chemokine for neutrophils during many human infections (80). It
is known that neutrophil chemoattraction is somewhat species
specific and that some mammals do not possess CXCL8. For ex-
ample, in mice, the chief neutrophil chemoattractant chemokines
are CXCL1 and CXCL2 (81). In humans, neutrophils display the
chemokine receptors CCR1 and CCR5, which are important for
their chemotaxis and oxidative burst in response to CCL3. The
ferret genome contains orthologs for these gene sequences (NCBI
Gene IDs, 101693329 and 101692743, respectively) (73, 82); how-
ever, it is not known if these are similarly expressed on ferret
neutrophils. Additionally, neutrophil chemoattractants not com-
monly associated with viral infection, such as eicosanoid mole-
cules (leukotriene) and complement, were not measured (44). In
general, sectioning of the lung lobe revealed the highly focal na-
ture of inflammatory gene expression in the lungs, which matched
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the focal nature of viral distribution in this ferret model. Although
not shown, the increased expression of IL-6 and TNF in certain
sections but not others indicates a complex relationship between
infection and immune response.

We measured the focal nature of infection in two ways: (i)
sampling of discrete sections of a single lung lobe for gene expres-
sion and virus titration and (ii) an unbiased, semicomprehensive
histological analysis of two lung lobes. By use of NACE-stained
tissues, the latter approach showed a range of neutrophil densities
that was greater in infected animals than in mock-infected ani-
mals. By resolving the distance from NP-positive cells over time,
we showed that neutrophils become greatly enhanced at specific
viral foci by 1 dpi (Fig. 5B). We observed occasional NETosis at
sites of IAV-infected cells, but we were unable to make any further
statistical correlation to spatial or temporal aspects of disease
without further sampling. Together, these observations indicate
that neutrophils migrate to sites of IAV infection and perform
their functions there. Thus, we conclude that inflammation
caused by IAV was focal and was driven by the presence of IAV-
infected cells, yet the entire lung experienced increased infiltration
as a result of infection. This may be due to the specific migratory
patterns of neutrophils through the lung to sites of inflammation
(83). The increased “background” neutrophil infiltration in in-
fected animals (i.e., before and after 1 dpi, and away from fociat 1
dpi) was not obvious by standard hematoxylin-and-eosin IHC:
neutrophils were uniformly distributed throughout the lung at a
density that was quantifiably greater than that in mock-infected
controls.

By using the histochemical stain NACE, we detected two waves
of neutrophils following HIN1pdm virus infection. As discussed
above, the peak of the first wave occurred at 1 dpi and was con-
centrated at sites of influenza virus infection. A second wave of
neutrophils was detected at 3 dpi, by both NACE staining and gene
expression signatures. This biphasic pattern of neutrophils fol-
lowing HIN1pdm virus infection has been reported elsewhere
(68). Neutrophil-specific transcriptional markers were detected in
lung microenvironments only at 3 dpi (e.g., Csf3r [encoding the
G-CSF receptor], and Itgam, encoding the alpha M subunit of the
Mac-1 integrin leukocyte activation marker CD11b) (Fig. 3).
Thus, there appear to be two different pools of neutrophils invad-
ing the lung following infection, which differ in their gene expres-
sion status, and the second may be responding to or producing
CCL3. Currently, it is thought that steady-state neutrophils are
mature, terminally differentiated cells with limited cell-specific
gene regulation; e.g., mature neutrophils have preformed gran-
ules, but neutrophils themselves are capable of gene transcription
in response to certain stimuli (84, 85). This may explain why gene
expression of neutrophil granule contents was not detected
(MPO, ELANE, CTSB). We hypothesize that the first wave, at 1
dpi, consists of mature neutrophils and that the second, at 3 dpi,
represents a more immature population, perhaps as a result of
emergency granulopoiesis, that has been recruited to the lung
from the bone marrow as a direct result of IAV infection and
systemic inflammation and thus contains mRNA for the neutro-
phil growth factor receptor, G-CSFR (44, 86). Additionally, these
gene signatures provide support for the biphasic infiltration of
neutrophils observed in other lung lobes, showing a relationship
between systemic activation and recruitment of neutrophils and
their subsequent concentration at specific viral microenviron-
ments. These observations should be studied further, since these

jviasm.org 8743


http://jvi.asm.org

Camp et al.

findings may indicate distinct functions of these two pools of neu-
trophils.

The lung is a known reservoir of steady-state neutrophils, per-
haps due to the large blood volume of the lung capillaries (44, 87,
88). An early increase in airway and circulating blood neutrophil
levels is a feature of IAV infection in humans (45, 46) and is com-
mon in experimental IAV infection in mice (17, 55, 57) and ferrets
(32, 68, 89). We show that this happens as early as 6 h postinfec-
tion (Fig. 5A and B). However, increased numbers of neutrophils
in the lower airways have been correlated with increased influenza
disease severity (17, 21, 53, 68, 77), and fewer neutrophils are
found in the lungs of ferrets infected with virus isolates causing
less-severe influenza disease (68, 89). Excessive neutrophil infil-
tration may contribute to acute lung injury by causing alveolar-
capillary damage (17, 50, 54). Conversely, neutrophils are essen-
tial to recovery from IAV infection as part of the innate immune
response as well as the adaptive immune response (49, 51, 52, 90).
For example, depleting mice of neutrophils prior to IAV infection
leads to increased viral replication and more severe clinical disease
(53). This suggests that the balance between damage from exces-
sive neutrophil infiltration and the generation of controlled im-
mune responses during IAV infection is a critical determinant of
disease outcome. This study shows a unique pattern of neutro-
phils and suggests that they are honing to specific sites of infection
and inflammation during HIN1pdm virus infection. It is not
known how these patterns of infiltration will change in response
to a more severe IAV infection or to infection with an HPAI virus
that causes immune dysregulation.

As it pertains to our findings, a majority of research on neutro-
phils has been centered on their relationship to acute injury (par-
ticularly acute lung injury) and bacterial infection (reviewed in
references 41 to 43). Indeed, pulmonary bacterial coinfections are
clinically common during and following IAV infection and are
thought to represent the major risk factor for mortality from an
IAV infection. Bacterial coinfection was not evident in any of the
ferrets examined by histopathology. No further effort was made to
detect bacteria (e.g., by PCR, IHC, or direct culture), since com-
mensal bacteria are known to exist throughout the respiratory
tract, and any pathogenic bacterial infection would be distinctive
on histopathology. Further, our methodology for ferret hus-
bandry and i.n. infection is in line with contemporary standards,
and we would not expect bacterial coinfection to occur in this
controlled laboratory model. Previous studies have shown that
neutrophils are capable of recognizing IAV and IAV-infected cells
(91-94), although discrepancies in data suggest that neutrophil
responses to IAV are dependent on the viral strain (92-95). Inter-
estin the role of neutrophils in viral disease is quickly growing (56,
96-98), and the topic deserves further research.

We have hypothesized that increases in FDG uptake following
infection are due to increases in inflammatory cell infiltration into
the lungs (29, 38—40). Large FDG lesions (SUVmax, >3) begin to
be detected in the lungs of IAV-infected ferrets at 3 dpi and in-
crease (SUVmax, =5) until 7 dpi (29). However, the density of
neutrophils in the lung did not match the temporal or spatial
pattern of FDG uptake in the lung. We previously reported greater
uptake of FDG in the right caudal lung compared to that in other
lobes, where we and others have found increased viral replication
and neutrophil infiltration (29, 30, 33). Another hypothesis to
explain increased FDG uptake is that IAV increases cellular glu-
cose metabolism (99). We found that infection with TAV isolates
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caused an increase in FDG uptake by immortalized human epi-
thelial cell lines (A549) in vitro but not by differentiated human
bronchial epithelial cells (16HBEo—) (29, 58; also data not
shown). Increased glucose levels promote the acidification of cel-
lular endosomal compartments, a step required for IAV infection
of cells (99, 100). In hospital clinics, FDG is used to detect meta-
bolically active tumors throughout the body, including the lungs,
as it is taken into cells through glucose transporters and accumu-
lates (71, 101, 102). In this study, we did not detect an increase in
the gene expression of GLUT1 (Slc2al) or GLUT4 (Slc2a4) in lung
tissues (data not shown). Thus, we could not detect IAV-depen-
dent increased glycolysis in vivo via uptake of FDG at the times
tested in this study (Fig. 7). We have reported gradually increasing
FDG uptake until 7 dpi (SUVmax, >5) (29), a time point after
TAV is cleared from the lungs. Therefore, we cannot support the
hypothesis that FDG uptake is directly related to neutrophil infil-
tration or inflammation within the IAV-infected microenviron-
ment.

We tested the hypothesis that FDG uptake was related to lung
regeneration and repair after IAV-induced injury and inflamma-
tion. IHC staining for the nuclear antigen Ki-67 detects cells un-
dergoing proliferation (i.e., cells in the S, G,, and M phases of the
cell cycle) (103) and is used on biopsy tissue as a diagnostic tool to
confirm a tumor diagnosis or the presence of neoplastic tissue
(104). In lung cancer, Ki-67 staining is known to be correlated
with FDG uptake measured by PET imaging (105, 106). We found
a low background of cell proliferation in the lungs, especially in
bronchioles, but a higher level in alveolar spaces. There was a
marked increase in the proliferation of cells within the bronchial
epithelium up to 7 days after infection with IAV (Fig. 8). This
matches the timing of FDG uptake in ferrets seen previously (29)
and corresponds to the increase in bronchiolitis and the presence
of bronchiolar cytonecrosis, which was replaced by metaplastic
bronchiolar epithelium beginning as early as 3 dpi (detected fully
at 7 dpi). Itis still not known whether proliferating cells contribute
to the early FDG uptake (<3 dpi) in infected ferrets. Small foci of
FDG are often seen in locations within the thorax soon after in-
fection. This may indicate the initiation of an adaptive immune
response (e.g., the FDG uptake is due to activated migratory den-
dritic cells within mediastinal lymph nodes).

The often extensive cytonecrosis of the airway epithelium, fol-
lowed by metaplasia of pneumocytes and large airway epithelium
(depending on the severity of disease), is a common feature of
infection by many IAV subtypes, including the HIN1pdm virus
(22, 46). Normally, lung cells are quiescent and enter the cell cycle
only after infection and injury, as part of the regeneration process
(reviewed in reference 107). We have reported a significant en-
richment of genes associated with cellular proliferation in primary
human bronchial epithelial cell culture after IAV infection and
found lower virus replication in undifferentiated than in well-
differentiated bronchial epithelial cells (58). Others have shown
that ferrets infected with mild seasonal viruses, but not HPAI vi-
ruses, also show significant enrichment of genes involved in cel-
lular growth and proliferation (108). Recently, IAV has been used
to elucidate the method by which the distal airways rebuild from
basal stem cell-like cells, a process that may continue for as long as
1 month postinfection (109). Our studies suggest that FDG could
be used to probe the recovery of the lungs after infection. Such
data could be valuable for screening compounds that assist in the
repair and regeneration of the lungs during this sensitive time.
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Conclusions. The microenvironmental dynamics of IAV in-
fection are important for controlling virus replication, inflamma-
tion, and disease progression (13, 14, 25, 78, 91); however, pro-
cesses of inflammation extend beyond the site of infection (17, 18,
35, 53). Whereas in vitro experimental approaches are important
for defining cellular and subcellular effects of virus infection, well-
defined relevant animal models are essential for understanding
how these cellular interactions define organ and organismal re-
sponses to infection (14, 15, 31, 77). These data support the im-
portance of the whole-organ response to infection and of immu-
nological changes that occur at viral foci. Neutrophils migrate into
the lungs early and accumulate in sites of infected bronchioles,
potentially responding to chemokines released by IAV-infected
cells. A second wave of neutrophils, which have altered gene ex-
pression profiles suggesting differences in maturation/phenotype,
is detected at 3 dpi. Live imaging of infected ferrets suggested
increased FDG uptake at sites of cellular proliferation, and not
necessarily at sites of leukocytic infiltration. Future studies should
address several questions raised by the data presented here, such as
the site-specific actions of neutrophils, the mechanism behind the
biphasic temporal distribution, and the phenomenon of epithelial
regeneration in the context of the entire lung or the entire organ-
ism during infection.
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