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ABSTRACT

Seasonal influenza causes substantial morbidity and mortality because of efficient human-to-human spread. Rarely, zoonotic
strains of influenza virus spread to humans, where they have the potential to mediate new pandemics with high mortality. We
studied systemic viral spread after intranasal infection with highly pathogenic avian influenza virus (H5N1 [A/Viet Nam/1203/
2004]) in ferrets with or without prior pandemic HIN1pdmo09 (A/Mexico/4108/2009) or H3N2 (A/Victoria/361/2011) infection.
After intranasal challenge with H5N1 influenza virus, naive ferrets rapidly succumbed to systemic infection. Animals challenged
with H5N1 influenza virus greater than 3 months after recovering from an initial HIN1pdm09 infection survived H5N1 virus
challenge and cleared virus from the respiratory tract 4 days after infection. However, a prolonged low-level infection of hemato-
poietic elements in the small bowel lamina propria, liver, and spleen was present for greater than 2 weeks postinfection, raising
the potential for reassortment of influenza genes in a host infected with multiple strains of influenza. Animals previously in-
fected with an H3N2 influenza virus succumbed to systemic disease and encephalitis after H5N1 virus challenge. These results
indicate prior infection with different seasonal influenza strains leads to radically different protection from H5N1 challenge and
fatal encephalitis.

IMPORTANCE

Seasonal influenza is efficiently transmitted from human to human, causing substantial morbidity and mortality. Rarely, zoo-
notic strains of influenza virus spread to humans, where they have the potential to mediate new pandemics with high mortality.
Infection of naive ferrets with H5N1 avian influenza virus causes a rapid and lethal systemic disease. We studied systemic H5N1
viral spread after infection of ferrets with or without prior exposure to either of two seasonal influenza virus strains, HIN1 and
H3N2. Ferrets previously infected with HIN1 survive H5N1 challenge while those previously infected with H3N2 die of encepha-
litis. However ferrets protected from lethal H5N1 infection develop persistent low-level infection of the small intestine, liver, or
spleen, providing a nidus for future viral strain recombination. The mechanism by which prior infection with specific strains of
seasonal influenza virus protect from lethal H5N1 challenge needs to be elucidated in order to design effective immunization and
treatments.

S easonal influenza virus infection causes mild to moderate dis-
ease symptoms in humans, but periodically, pandemic influ-
enza viruses emerge after reassortment with zoonotic sources,
causing catastrophic disease. Over the past century, four influenza
pandemics have been recorded following direct adaptation of
avian viruses or after reassortment of various combinations of
influenza virus genes originating from human, swine, or fowl (1;
reviewed in references 2-7). In 1997, there was an outbreak in
humans of a novel influenza A virus subtype, H5N1 (A/HK/97), in
Southeast Asia (1, 8, 9). Although H5N1 influenza viruses have
infected only a few individuals with severely limited human-to-
human spread (10, 11), confirmed H5N1 influenza virus infec-
tions have been highly lethal, with a mortality rate of approxi-
mately 60% (12). Human H5N1 outbreaks have sporadically
arisen over the past 15 years, with approximately 600 documented
human infections to date (12). H5N1 influenza viruses that have
emerged since 2003 contain single-amino-acid substitutions in
the NS1 protein and are even more virulent than the original 1997
strain (10, 13).

In avian populations, H5N1 influenza virus infection causes a
broad spectrum of disease (reviewed in references 14 and 15). In
ground fowl (Galliformes), an initial pneumonic infection with
highly pathogenic strains is accompanied by widespread systemic
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infection (including lymph nodes, spleen, liver, myocardium, fat,
pancreas, and brain). In waterfowl (Anseriformes), infection with
highly pathogenic strains is more limited and is focused on the
respiratory tract and gastrointestinal system.

Infection with highly pathogenic H5N1 can be lethal for mam-
mals, but the outcome of infection depends upon many host and
viral factors. Aerosol, intranasal, intratracheal, and intragastric
routes are all effective means of virus inoculation (16-19). How-
ever, lung disease can vary dramatically depending upon the route
of delivery and host species (severe disease is observed in mice [20,
21], while nonhuman primates exhibit milder disease [22, 23]).
For many reasons, ferrets are the animal model of choice to study
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influenza virus infection in humans (24, 25). Ferrets are relatively
inexpensive to maintain, have a similar distribution of sialic acid
receptor linkages (26) conferring similar patterns of viral attach-
ment in the respiratory tract (27), are naturally infected with hu-
man influenza virus, and develop similar clinical and pathological
disease.

Since over the course of their lives humans are infected with
many different strains of influenza virus, it would be expected that
heterosubtypic immunity would modulate the response to infec-
tion with emergent strains. Bodewes et al. (28) recently studied the
role of heterosubtypic immunity in modulating H5N1 virus infec-
tions. Infection with the H3N2 influenza virus (A/Brisbane/10/
2007) 1 month prior to H5N1 influenza (A/Ind/5/2005) challenge
protected ferrets from lethal disease. This protection correlated
with T cell proliferation after exposure to whole inactivated influ-
enza A/Ind/5/2005 virus antigen. However, vaccination with an
H3N2 subunit vaccine was not sufficient to induce protective het-
erosubtypic immunity.

To model the human condition where H5N1 virus infection
most likely occurs months to years after seasonal influenza virus
infection, we infected ferrets with either a 2009 pandemic HIN1
(HIN1pdm09) or H3N2 influenza virus isolate and allowed the
ferrets to recover. Three to five months later, these same ferrets
were challenged with an H5N1 influenza virus. Prior infection
with HIN1pdmO09 influenza virus protected ferrets from H5N1
challenge; however, this protection was not in the form of steril-
izing immunity. H5N1 virus was detected in the spleen, small
bowel, and other organs for greater than 2 weeks. Prior infection
with H3N2 influenza virus did not confer the same heterosubtypic
immunity, and all animals died within 6 days of H5N1 virus chal-
lenge. Heterosubtypic immunity plays an important role in mod-
ulating susceptibility to acute H5N1 influenza virus-induced dis-
ease.

MATERIALS AND METHODS

Animals and infections. Female influenza virus-naive Fitch ferrets (Mus-
tela putorius furo, 6 to 12 months of age) were purchased from Marshall
Farms and determined to be negative for antibody to circulating influenza
A (HINI and H3N2) and B viruses. Ferrets were healthy but exhibited
low-grade chronic periportal hepatitis. Lymphocytic hepatitis is common
in ferrets but is underdiagnosed because it is usually subclinical (29).
While some investigators believe that mild periportal lymphocytic infil-
trates are normal in ferrets (30), it can be associated with coronavirus
infection (29). Ferrets were pair housed and provided with Teklad Global
ferret diet (Harlan Teklad, Madison, WI) and fresh water ad libitum. Fer-
rets were first infected intranasally with either HIN1pdmO09 virus A/Mexico/
4108/2009 (Mex/09) or A/California/07/2009 (CA/09) or with H3N2 virus
A/Victoria/361/2011 (Vic/11) or A/Perth/16/2009 (1 X 10° PFU) and
allowed to recover and seroconvert. Animals were monitored daily for
adverse events, including weight loss, elevated temperature, low activity
level, and nasal discharge. Serum was collected at 14 days postinfection
(DPI). At 90 or more days, ferrets were challenged intranasally with 500 pl
of phosphate-buffered saline (PBS) containing 5 X 10° PFU H5NI1 virus
A/Viet Nam/1203/2004 (VN/04). Animals were monitored daily for
weight loss and clinical illness (i.e., inactivity, lethargy, sneezing, nasal
discharge, and hunched back). Animals were randomly assigned to be
sacrificed at 2, 3,4, 6, 8, 14, 16, 18, or 23 DPI or euthanized if their clinical
condition (e.g., loss of >20% body weight) required humane sacrifice. A
summary of infection groups and time points of humane sacrifice is listed
in Table 1. After inoculation, nasal washes were collected after instilling 3
ml of PBS into the nares of anesthetized ferrets. All highly pathogenic
wild-type H5N1 influenza virus studies were performed under high-con-
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TABLE 1 Summary of groups”

Length of
time between  Second DPI after
Primary infections influenza  last strain

Group influenza strain ~ (mo) strain inoculation
Naive NA NA NA NA
HIN1 CA/09 NA NA 2,3,5,7, 14
H5N1 VN/04 NA NA 2,4,5,6,7
HIN1/H5N1 Mex/09 >2 VN/04 2,4,6,18
H3N2/H5N1  Perth/09, Vic/11 >3 VN/04 2,4,6
H3N2/H5N1  Vic/11 1 VN/04 7,16, 23

“ Ferrets were divided into 6 groups and sacrificed at the time points listed in the last
column. See Table S1 in the supplemental material for further information.
Abbreviations: CA/09, A/California/07/2009; VN/04, A/Viet Nam/1203/2004; Mex/09,
A/Mexico/4108/2009; Perth/09, A/Perth/16/2009; Vic/11, A/Victoria/361/2011; NA, not
applicable.

tainment biosafety level 3 enhanced conditions (BSL3+). The University
of Pittsburgh Institutional Animal Care and Use Committee approved all
experiments, which were in accordance with the National Research Coun-
cil’s Guide for the Care and Use of Laboratory Animals (31), the Animal
Welfare Act, and the CDC/NIH’s Biosafety in Microbiological and Biomed-
ical Laboratories guide (32). Individual ferret infection information is de-
tailed in Tables S1 and S2 in the supplemental material.

Tissue. After serum was collected, necropsies were performed follow-
ing transcardial perfusion. Trachea, lung, liver, kidney, spleen, small
bowel, and brain were harvested. Tissues were either snap frozen or im-
mersion fixed in 10% buffered formalin for histological analysis. After 14
days of fixation, tissue was paraffin embedded and 6-pm-thick sections
were prepared for histopathological analysis.

Plaque assay. Nasal wash virus titers were used to assess viral burden
using a plaque assay (33, 34). Briefly, Madin-Darby canine kidney
(MDCK) cells (ATCC, Manassas, VA) were plated at 5 X 10° cells per well
of a 6-well plate. Nasal washes were diluted (1 X 10" to 1 X 10°), overlaid
on MDCK cells in 100 p.l Iscove’s modified Dulbecco minimum essential
medium (iDMEM), and incubated 1 h. Virus-containing medium was
removed and 2 ml Leibovitz’s L-15 medium (Lonza, Walkersville, MD)
plus 0.8% agarose was added to each well for 96 h. Agarose was removed
and cells were fixed with 10% buffered formalin. Plates were stained with
1% crystal violet for 15 min, washed with distilled water, and dried.
Plaques were counted to calculate PFU/ml.

Serology. Sera were tested for total antibody titer to the corresponding
hemagglutinin (HA) used to infect ferrets by enzyme-linked immunosor-
bent assay (ELISA) (35). Briefly, high-binding, 96-well polystyrene plates
(Costar, Lowell, MA) were coated with 50 ng/well of recombinant HA
derived from the viral strain used for infection. After blocking, serum
samples were serially diluted 2-fold and added to plates for 1 h at room
temperature. Wells were washed and then incubated with horseradish
peroxidase (HRP)-linked species-specific antibody against IgG for 1 h at
room temperature. The HRP was developed with 3,3',5,5'-tetramethyl-
benzidine substrate (Sigma-Aldrich, St. Louis, MO) in the dark for
20 min.

ELISAs for neuraminidase and hemagglutinin stalk region. ELISAs
were used to assess total antibody titer and IgG isotype titer to neuramin-
idase (NA) and the stalk regions of HA. High-binding, 96-well polystyrene
plates (Costar, Lowell, MA) were coated overnight with 50 ng/well recom-
binant NA or chimeric HA proteins. NA coating antigens were derived
from viral isolate A/Thailand/1(KAN-1)/2004. Chimeric HA molecules
with an HA globular head region from an H6 strain and an H1 HA stalk
region were provided by Peter Palese and Florian Krammer (36). Plates
were blocked with 5% milk diluted in PBS with 0.05% Tween 20. Serum
samples were diluted in blocking buffer and added to plates. Serum was
2-fold serially diluted and allowed to incubate for 1 h at room tempera-
ture. After washing, an HRP-linked antibody against IgG (Southern Bio-
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TABLE 2 Distribution of viral infection in various organs as assessed by ISH”

No. of ferrets that exhibited influenza virus RNA in®:

Small bowel Spleen Brain
Deep gray Meninges
No. of Submucosal Lamina Red White Olfactory Cerebral and white and

Group® DPI ferrets” Trachea Bronchi Alveoli glands Epithelia propria Ganglia Liver pulp pulp  bulb cortex  matter Brainstem Cerebellum ependyma Kidney
Naive NA 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 NA
HIN1 2 4 3 3 2 2 0 0 0 NA NA NA 0 0 0 0 0 0 NA

3 4 2 3 1 3 0 2 0 NA NA NA 0 0 0 0 0 0 NA

5 4 4 4 2 4 0 0 0 NA NA NA 0 0 0 0 0 0 NA

7 4 0 0 0 1 0 2 0 NA NA NA 0 0 0 0 0 0 NA

14 4 0 0 0 0 0 4 0 NA NA NA 0 0 0 0 0 0 NA
H5N1 2 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 NA

4 2 0 1 1 0 0 1 0 2 0 1 0 1 0 0 0 0 NA

5 2 0 0 0 0 0 1 0 2 0 0 0 2 0 0 0 1 NA

6 4 1 0 3 0 0 1 0 4 0 2 2/3 2/3 2/3 3/3 3/3 1/3 NA

7 4 2 1 4 0 0 2 0 4 0 2 2/3 3/3 3/3 3/3 3/3 1/3 NA
HINI/H5N1 2 3 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 NA

4 3 0 0 1 0 0 0 0 2 0/2  0/2 0 0 0 0 0 0 NA

6 3 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 NA

18 14 0 0 0 0 0 14 0 5 12 3 0 0 0 0 0 0 NA
H3N2/H5N1 2 4 1 1 3 0 0 2 1 3 2 3 0 0 0 0 0 0 0

4 5 1 1 3 0 0 1 0 5 1 5 3 3 1 3 2 1 1

6 3 0 0 0 0 0 0 0 3 1 1 2 1 2 2 0 2 0

7 1 0 0 1 0 0 1 0 0 1 1 1 1 1 1 1 0 NA

@ Abbreviations: ISH, in situ hybridization; NA, not available.

¥ Viral infection groups.

¢ Number of days postinfection that the animals were sacrificed.

4 Number of animals studied in each group at each time point.

¢ See Table S2 in the supplemental material for data on individual animals.
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FIG 1 Histograms delineate the average ISH score for different regions of organs 2 to 3 (A), 5 (B), 7 (C), and 14 (D) days after primary HIN1pdmO09 infection.
In the first 5 days of infection, the majority of the viral infection was limited to lung with predominant infection of bronchial epithelium and submucosal glands.
By 7 DPI most of the lung infection had cleared except for occasional submucosal glands. A mild focal infection in the small bowel was limited to the lamina
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tech, Birmingham, AL) diluted in blocking buffer was added to the wells.
Plates were incubated for 1 h at room temperature followed by washing.
The HRP was developed in the dark with TMB substrate (Sigma-Aldrich)
for 15 min and then the reaction was stopped with 2N H2SO4. Optical
densities at a wavelength of 450 nm (OD,5,,) were read by a spectropho-
tometer (BioTek, Winooski, VT) and endpoint dilution titers were deter-
mined. Endpoint titers were determined as the reciprocal dilution of the
last well that had an OD,5, above the mean OD,;, plus two standard
deviations of naive animal sera.

Immunohistochemistry and lectin histochemistry. Immunostain-
ing was performed as described before (37). Formalin-fixed paraffin-em-
bedded (FFPE) sections containing systemic organs or brain were stained
using rabbit antiserum against influenza A virus or antibodies against
specific markers of cell lineage, including glial fibrillary acidic protein
(Dako, Carpinteria, CA), cytokeratin (AE1/AE3; Dako), and microtu-
bule-associated protein-2 (SMI52; Covance, Princeton, NJ). For lectin
histochemistry to detect ferret macrophages (38), sections were incubated
with biotin-conjugated Griffonia (Bandeiraea) simplicifolia isolectin B,
(Vector Laboratories, Burlingame, CA) instead of antibodies.

In situ hybridization. Sense and antisense templates were generated
from a 259-bp segment of influenza A virus matrix protein. >*S-Labeled
riboprobes were synthesized using a Riboprobe in vitro transcription sys-
tem (Promega, Madison, WI). Hybridization was performed on deparaf-
finized FFPE tissue sections of brain and systemic organs as described
previously (39, 40). The influenza riboprobe did not hybridize to nonin-
fected tissue. Control riboprobes for West Nile virus (WNV) RNA hybrid-
ized to WNV-infected tissues but not to influenza virus-infected tissues.
Influenza virus in situ hybridization (ISH) foci were scored as follows: 0,
no definitive signal; 1, occasional focus; 2, focus in most fields; 3, more
than one focus per field. Abundances of ISH hybridization varied for each
organ, with brain>lung>liver>spleen>small intestine.

PCR. RNA was extracted from scrolls of FFPE using a QuickExtract
FFPE RNA extraction kit (Epicentre Biotechnologies, Madison, WI) ac-
cording to the manufacturer’s recommendations. Aliquots of RNA were
diluted to generate cDNA using a RETROscript kit (Life Technologies,
Carlsbad, CA). Previously reported primers and TagMan probes for the
avian H5N1 influenza A virus matrix gene (41) and ferret GAPDH (glyc-
eraldehyde-3-phosphate dehydrogenase) (42) were used to amplify nu-
cleic acids with a 2X TagMan Gene Expression Master mix (Life Tech-
nologies) and detected using the Applied Biosystems StepOne real-time
PCR system.

RESULTS

HIN1pdmO09 virus infection in naive ferrets is predominantly a
submucosal gland and bronchial infection. Ferrets were infected
intranasally with 1 X 10° PFU CA/09, monitored daily for clinical
illness, and sacrificed at 2, 3, 5, 7, and 14 DPI. To visualize viral
replication, ISH for the influenza A virus matrix protein gene (Flu
ISH) was performed on fixed lung, small bowel, and brain tissues
at each time point (Table 2). Shortly after infection (2 to 3 DPI),
ferrets showed robust tracheal epithelium and bronchial submu-
cosal gland infections by ISH (Fig. 1A and Table 2). Influenza
virus-infected cells peaked at 5 DPI with predominant bronchial
and tracheal epithelium and submucosal gland infections (Fig. 1B,
E, and F). Respiratory tract infection was limited to occasional
submucosal glands on 7 DPI (Fig. 1C) and was absent by 14 DPI

Prolonged H5N1 Virus Infection

(Fig. 1D). At 2 to 7 DPI, lamina propria of the small bowel exhib-
ited occasional foci of infected cells in 4 of 12 animals (Table 2). By
14 DPI, influenza virus-infected lamina propria cells were ob-
served in all animals examined despite clearance of lung infection
(Fig. 1D, G, and H and Table 2).

H5N1 (VN/04) virus infection is lethal and spreads to small
bowel, liver, spleen, and brain. Ferrets were infected intranasally
with 10% to 10* PFU VN/04. Animals displayed lethargy, nasal
discharge, increased temperature, and sneezing, by 4 DPI. All fer-
rets showed progressive rapid weight loss (see Fig. 3), necessitating
humane sacrifice by 7 DPI. Virus replication was detected in the
lungs as early as 1 DPI (6.7 X 10* PFU/g tissue) and peaked at 3
DPI (5.5 X10® PFU/g tissue), remaining high until 7 DPI. Viral
replication was visualized using Flu ISH on lung, small bowel,
liver, spleen, and brain sections (Table 2). Influenza virus RNA
was first detected in the liver at 2 DPI, but surprisingly, no infected
cells were detected in the lung (Fig. 2A). By 4 to 5 DPI, mild to
moderate influenza virus infection was observed in all organs ex-
amined (Fig. 2B). Mild focal infection was detected in the lungs
(Fig. 2D). Liver showed moderate infection, predominantly in
regions of periportal inflammation (Fig. 2F). The spleen exhibited
influenza virus RNA associated with cells in the white pulp (Fig.
2G). One ferret demonstrated infection of ependymal cells lining
the ventricles (Fig. 2K) and cells within the leptomeninges (Fig.
2]), suggesting viral dissemination through the cerebrospinal
fluid. Ferrets surviving to 6 to 7 DPI showed abundant influenza
virus RNA, especially in lung alveoli (7/8), liver (8/8), and brain
(8/8) (Fig. 2C and Table 2). Some ferrets showed abundant infec-
tion of the olfactory cortex compatible with dissemination
through the olfactory epithelium; however, foci of infection
throughout the cerebral cortex and deep gray matter were com-
patible with hematogenous spread (Fig. 2H). Some ferrets also
exhibited infected cells in the Purkinje layer of the cerebellum
(Fig. 2I). Occasional infected cells in the lamina propria of the
small bowel were also observed in 3 of 8 ferrets at this acute time
point (Fig. 2E).

Prior infection with HIN1pdmO09 virus confers protection
against lethal H5N1 virus infection but is associated with pro-
longed infection of small bowel, liver, and spleen. Ferrets were
firstinfected intranasally with 1 X 10° PFU Mex/09 and then given
a2-to 3-month recovery period. Animals infected for 3 months or
longer showed an HA titer to Mex/09 HA of 1:160 to 1:1280 (see
Table S1 in the supplemental material). After the recovery period,
ferrets were challenged intranasally with 1 X 10° PFU VN/04.
Ferrets did not exhibit weight loss during the first 6 DPI but lost
~5% of body weight between 6 and 8 DPI without significant
recovery during the remainder of the study (Fig. 3A). Viral repli-
cation was assessed at 2, 4, 6, and 18 DPI using Flu ISH (Table 2).
Early after VN/04 infection, rare infected cells were detected in the
small bowel lamina propria and liver (Fig. 4A and F). At time
points when naive animals necessitated humane sacrifice, influ-
enza virus RNA in VN/04-challenged animals was limited to rare

propria. NA, tissue not available. (E) ISH on paraffin section from trachea at 5 DPL. ISH demonstrates influenza virus RNA (dark grains) in tracheal epithelium
and submucosal glands (arrow). The asterisk is in the tracheal lumen. (Differential interference contrast [ DIC] without counterstain.) (F) ISH on paraffin section
from lung at 5 DPI demonstrates influenza virus RNA in bronchial epithelium, necrotic debris (arrowheads), and submucosal glands (arrows). The asterisk is in
the bronchial lumen. (DIC without counterstain.) (G and H) ISH on paraffin sections from small bowel at 14 DPI demonstrates influenza virus RNA (dark
grains) in lamina propria. The asterisk is in the bowel lumen between villi. For panels G and H, tissues were counterstained with hematoxylin. Scoring: 0 = no
definitive signal, 1 = occasional focus, 2 = focus in most fields, 3 = more than one focus per field.
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FIG 2 Histograms delineate the average ISH score for different regions of organs 2 (A), 4 to 5 (B), and 6 to 8 (C) days after primary H5N1 infection. In the first
2 days after infection, influenza virus RNA was not widely observed by ISH. At 2 DPI, no infected cells were detected in the lung and a mild infection was detected
in the liver. By 4 to 5 DPI, influenza RNA was readily detected in a broad range of organs, including brain, spleen, liver, small bowel lamina propria, and
occasionally in the lung. During terminal stages, 6 to 7 DPI, virus was more abundant in many organs, especially the brain. (D to G) ISH for viral RNA in paraffin
sections from different systemic organs. (D) Lung at 4 DPI demonstrates influenza virus RNA mostly in lung alveoli. (E) Small bowel at 7 DPI demonstrates
influenza virus RNA in lamina propria cells between glandular epithelium. (F) Liver at 5 DPI shows infected cells in regions of hematopoiesis and periportal
inflammation. (G) Spleen at 4 DPI shows infected cells (circles) mostly in follicles of white pulp. (H to K) ISH for viral RNA in paraffin sections of the brain at
5 to 6 DPL (H) Whole mount preparation shows abundant infection of olfactory cortex (arrowhead) and, in multiple sites throughout the cerebral cortex, deep
gray matter and brainstem (arrow). (I) Cerebellum shows multiple infected cells in the Purkinje layer. (J and K) Ependymal cells lining the ventricles and cells
within the leptomeninges demonstrate viral RNA hybridization while choroid plexus (arrowheads) shows no hybridization. All ISH slides were counterstained
with hematoxylin. Scoring: 0 = no definitive signal, 1 = occasional focus, 2 = focus in most fields, 3 = more than one focus per field.
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FIG 3 Weight loss in ferrets challenged with H5N1 after exposure to seasonal
influenza virus strains. Ferrets were first infected with HIN1pdm09 (Mex/09)
(A) or H3N2 (Vic/11) (B) virus, allowed to recover for 1 (black squares) or 3
(gray circles) months, and then challenged with H5N1 (VN/04) virus along
with a group of naive ferrets (open circles). Weight loss was assessed daily
following H5N1 viral challenge. Ferrets that lost substantial amounts of body
weight and were in extremis were euthanized. Ferrets challenged after 1 month
of recovery from HIN1pdmo09 infection did not experience weight loss, while
those challenged 3 months after HINT1 infection showed weight loss after 6
DPI. For H3N2 virus preexposure, ferrets challenged 3 months later showed
severe weight loss, while those infected with H5N1 virus 1 month later showed
minimal weight loss followed by weight recovery.

cells in the lung alveoli, small bowel lamina propria, and liver (Fig.
4B and D). At 18 DP], virus was absent in the lung but persisted in
hematopoietic elements in the small bowel lamina propria (14/
14), liver (5/14), and splenic white (3/14) and red (12/14) pulp
(Fig. 4C, E, G, H, and I and Table 2). Viral RNA was not detected
in the brain at any time point. These results indicate that infection
with HIN1pdmo09 influenza virus conferred protection against
lethal H5N1 virus infection and H5N1 virus-induced encephalitis,
but the protection was not complete, with persistent infection in
the small bowel, spleen, and liver at least to 18 DPI.

To determine whether the cross-protection elicited by
HIN1pdm09 viral infection was conferred by antibodies against
NA or the conserved head and stalk/stem regions of HA, we per-
formed ELISA on sera of the protected ferrets. No detectable an-
tibodies against NA were observed. However, antibodies recog-
nizing NA were detected in serum samples from mice vaccinated
with purified NA protein and not detected in serum samples from
mice vaccinated with purified HA only. Likewise, no detectable
antibodies against the stalk regions of HA were detected using
chimeric HA molecules consisting of mismatched globular head
and stalk regions from different subtypes. HA molecules with a
globular head region from an H6 virus were used with a stalk
region from the HIN1 virus, which allowed for detection of spe-
cific antibodies to the HIN1 portion of the HA molecule. As a
control, HA proteins containing all HIN1 regions were used. Fol-
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lowing infection with HIN1pdm09 virus, all sera elicited antibod-
ies that bound the full HIN1 HA protein (data not shown). How-
ever, no detectable antibodies bound to the H6/H1 head/stalk HA
molecule, indicating that all the polyclonal sera recognized the
globular head region of the H1 HA protein. Using chimeras spe-
cific for H3 stalk and H5 stalk, we observed similar results with
H3N2- and H5N1-specific antisera from ferrets following infec-
tion with these viruses.

Prior infection with H3N2 virus does not protect against le-
thal H5N1 virus infection. Ferrets were first infected intranasally
with 1 X 10° PFU Vic/11 and then given a >3-month recovery
period, at which time animals had a 1:20 to 1:160 hemagglutina-
tion inhibition (HAI) titer to Vic/11 (see Table S1 in the supple-
mental material). After the recovery period, ferrets were chal-
lenged intranasally with 1 X 10° PFU VN/04. All challenged ferrets
experienced weight loss similar to that of naive animals infected
with H5NI1 virus and required humane sacrifice by 7 DPI
(Fig. 3B). Mild infection in the lung, small bowel, liver, and spleen
was readily observed at 2 DPI (Fig. 5A, F, and G). By 4 DPI, mild to
moderate infection was seen throughout the body (Fig. 5B, H, and
I), with widespread, multifocal infection of the brain (Fig. 5L).
One ferret with an HA titer to Vic/11 HA below the threshold of
detection (1:20) required humane sacrifice at 4 DPI and exhibited
viral RNA in kidney glomeruli (Fig. 5K). Lung and small bowel
infections were cleared by 6 DPI (Fig. 5C), but abundant liver and
brain influenza viral RNA was detected in all animals (Fig. 5], M,
and N). These results show that previous infection with a seasonal
H3N2 virus strain did not provide long-term protection from le-
thal H5N1 virus-induced encephalitis.

If the window of recovery after Vic/11 infection was shortened
to 1 month, approximately 80% of ferrets subsequently chal-
lenged with H5N1 were protected from lethal H5N1 encephalitis
(Fig. 3B, 5D and E, and Table 2). However, one ferret in this group
succumbed to H5N1 virus infection at 7 DPI with abundant lung,
liver, and meningeal infections (Fig. 5D). The majority of ferrets
lost about 5% of their body weight after H5SN1 virus challenge but
began to gain weight at approximately 10 DPI (Fig. 3B). Influenza
virus RNA associated with cells in the liver and to a lesser extent in
the splenic white pulp was detected in these ferrets at 16 to 23 DPI
(Fig. 5E). Thus, prior H3N2 virus exposure provided short-term
protection from lethal H5N1 infection in the majority of animals.

Macrophages, epithelial cells, and neurons are infected with
H5N1 virus. To define the lineage of influenza virus-infected
hematopoietic cells in the small bowel lamina propria, liver, and
spleen, we performed double-labeling experiments. Using a com-
bination of Flu ISH and staining with Griffonia simplicifolia iso-
lectin B,, a lectin that binds to ferret macrophages, demonstrated
colocalization of ISH grains and macrophages in the lamina pro-
pria (Fig. 6A and B), liver (Fig. 6C), and spleen (data not shown).
CD3 immunohistochemistry in conjunction with Flu ISH did not
show colocalization (data not shown). In addition to macrophage
infection in the liver, cytokeratin immunohistochemistry, a
marker of bile duct epithelium, showed colocalization with influ-
enza RNA (Fig. 6D) and influenza protein (Fig. 6E). However, in
the brain, the predominant infected cell type was neurons (Fig.
6F), with some animals showing ependymal cell infection. Some
macrophages in the vicinity of dying and necrotic neurons showed
colabeling with influenza virus RNA.

Liver infection shows three distinct, not mutually exclusive,
patterns. The ferrets in this study, irrespective of influenza inoc-

jviasm.org 3083


http://jvi.asm.org

Bissel et al.

meninges/ependyma-]
cerebellum-]

deep gray and white matter-
cerebral cortex-]
olfactory bulb<

kidney+ NA

spleen white pulp-
spleen red pulp+
live

gut ganglia:
gut lamina propria:
gut epithelium+

submucosal glands+
alveolar
bronchiq
trachea-}

H1N1/H5N1 2 DPI

meninges/ependyma-]
cerebellum-]

brainstem-]

deep gray and white matter-
cerebral cortex-]

olfactory bulb+

kidney+ NA

spleen white pulp+

spleen red pulp
liver

gut ganglia:
gut lamina propria
gut epithelium+

submucosal glands

alveolargH
bronchiq
trachea-}

1 2
FluISH score

H1N1/H5N1 4 -6 DPI

w

Cc

meninges/ependyma-]
cerebellum-
brainstem-]

deep gray and white matter
cerebral cortex-
olfactory bulb+

kidney+ NA

spleen white pulp
spleen red pulp:
livel

gut ganglia
gut lamina propria:
gut epithelium+

submucosal glands+
alveolar
bronchiq
trachea-]

V22222

1 2
FluISH score

H1N1/H5N1 18 DPI

w

.
g

s
e
¢

1 2
FluISH score

w

FIG 4 Ferrets were initially infected with HINIpdm09 (Mex/09) and then 2 to 3 months later challenged with H5N1 as described in the text. Histograms
delineate the average ISH score for different regions of organs at 2 (A), 4 to 6 (B), and 18 (C) days after H5N1 challenge. In the first 2 days after challenge, influenza
virus RNA is limited to small bowel lamina propria and regions of periportal hepatitis. At 4 to 6 DPI, ISH demonstrates little viral infection, which is limited to
liver, lamina propria, and occasional alveolar cells. At 18 DPI, ISH demonstrates limited viral RNA in hematopoietic elements of the spleen, liver, and lamina
propria. At 6 (D) and 18 (E) DPI, infected cells (circled) can be detected focally in the small bowel lamina propria. At 2 (F) and 18 (G) DPI, infected cells (circled)
can be seen in liver in regions of periportal hepatitis. At 18 DPI, infected cells (circled) can be detected in splenic white (H) and red (I) pulp. All ISH slides were
counterstained with hematoxylin. Scoring: 0 = no definitive signal, 1 = occasional focus, 2 = focus in most fields, 3 = more than one focus per field.

ulation, showed low-grade periportal hepatitis with mild to mod-
erate immune cell infiltrate. As stated above, the liver showed both
macrophage (Fig. 6C) and bile duct epithelium infections (Fig. 6D
and E). Interestingly, the acute and persistent influenza virus RNA
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detected in the liver localized to these collections of hematopoietic
cells with three patterns of infection. The first pattern demon-
strated infection of macrophages and epithelia in inflamed peri-
portal ducts (Fig. 7A and B). The second pattern exhibited infec-

Journal of Virology


http://jvi.asm.org

tion of cells in the center and perimeter of inflammatory nodules
(Fig. 7C and D). These two patterns were not mutually exclusive
and could be found within the same liver. The last pattern showed
multifocal areas of infected cells surrounding regions of hepatic
necrosis (Fig. 7D and E). This pattern was observed only in acute
H5NI1 infection in ferrets previously infected with H3N2. In ad-
dition, some ferrets demonstrated scattered infected macrophages
throughout the parenchyma.

Influenza immunohistochemistry verified infection of small
bowel, liver, and spleen. To support the ISH observations using
additional methods, we visualized influenza virus protein using
H5 HA immunohistochemistry and detected influenza virus RNA
by RT-PCR using RNA extracted from FFPE tissue. In ferrets pre-
viously infected with HIN1pdmO9 virus, cells expressing H5 HA
protein 18 days after H5SN1 challenge were detected in the small
bowel lamina propria (Fig. 8A and B), liver (data not shown), and
spleen (Fig. 8C). Although the sensitivity of immunohistochem-
istry for influenza virus is lower than that of Flu ISH, it is clear that
the two methods demonstrated the same tissue distribution of
infection. Using RT-PCR of RNA extracted from FFPE tissues,
influenza virus matrix gene RNA was detected in lung, brain, and
liver samples of ferrets during primary infection with H5N1 virus
with the same relative tissue distribution as the ISH results. As
with immunohistochemistry, RT-PCR was less sensitive than ISH
and two samples with low levels of infection by ISH (one liver and
one lung) were below the limit of detection by RT-PCR. The low
levels of small bowel and liver expression observed in H5N1-in-
fected ferrets that were previously infected with HIN1pdmO09 vi-
rus were also below the limits of detection by RT-PCR.

DISCUSSION

Highly pathogenic avian influenza (HPAI) viruses cause lethal
disease in a large fraction of infected mammals, including hu-
mans. While frequently associated with severe respiratory disease,
HPAI infection is also notable for more widespread systemic dis-
ease, including gastroenteritis and encephalitis (8, 43, 44). H5N1
RNA has been detected in feces of human patients with diarrhea
and at autopsy, although it is unclear whether influenza virus dis-
seminates to the gastrointestinal tract or is a site of initial infection
(45-47). Rodent animal models of lethal H5N1 virus infection
illustrate systemic dissemination to a variety of organs, including
the brain. Although H5N1 virus infection of humans also shows
substantial mortality, history of seasonal influenza exposure is as-
sociated with heterosubtypic immunity that might be able to
moderate H5N1 virus infection. We used a ferret model to show
that a history of previous seasonal influenza virus infection influ-
ences the course of H5N1 virus influenza disease. Because of their
size, ease of manipulation, distribution of sialic acid receptor link-
ages, pattern of viral attachment to the respiratory mucosa, and
similarities with human clinical symptoms and lung physiology,
ferrets are ideally suited for influenza virus pathogenesis studies
(24-27).

Primary infection of ferrets with seasonal influenza viruses
has been studied extensively (24, 48-51). Our findings of
H1N1pdm09 influenza virus respiratory infection in ferrets sub-
stantially agree with previous reports where viral clearance was
documented by PFU assays (49, 52, 53). Previous reports have also
detected HIN1pdmO09 in the intestinal tract (53), as we have
shown using in situ hybridization; however, we discovered a more
persistent infection of hematopoietic cells in the small bowel.
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While the low level of virus detected by ISH did not appear to
mediate clinical symptoms, such a prolonged infection may have
broader implications for the environment. Multiple strains of in-
fluenza simultaneously circulate throughout the world. The longer
an individual host is infected with one strain, the greater the oppor-
tunity for a second primary infection by a different strain. Simultane-
ous infection of an individual host with multiple strains of influenza
viruses raises the potential for reassortment of influenza virus genes
and the generation of new pandemic strains (54-57). It will be inter-
esting to test whether multiple strains of influenza A virus can infect
these hematopoietic elements simultaneously.

The nature of the persistent hematopoietic infection appeared
to be different from the acute infection observed in bronchial
epithelium and neurons. With our ISH protocols, acutely infected
cells showed a strong ISH signal after 5 days of emulsion exposure.
However, the persistent infection of hematopoietic cells was just
detectable after 5 days and achieved a more pronounced signal
after 9 days of exposure. This difference in ISH signals implies
differential kinetics of viral expression and replication depending
upon the type of cell infected and the tissue microenvironment. By
cell morphology and double-label immunofluorescence, we show
that the hematopoietic cells in the intestinal tract, spleen, and liver
infected by H5N1 virus are consistent with a macrophage lineage.
Because the livers of all animals exhibit mild periportal hepatitis, a
feature considered by some investigators to be normal in the ferret
(30), the hepatitis may provide an additional site of infectible host
macrophages. Recent evidence demonstrated that the HA gene of
some, but not all, HPAI H5N1 influenza viruses conferred the
ability to productively infect alveolar macrophages and macro-
phage cell lines by allowing viral ribonucleoprotein entrance into
the macrophage nucleus (58). In our study, both negative and
positive viral RNA were detected by ISH in lamina propria, spleen,
and liver macrophages, indicating viral transcription.

Prior infection with seasonal influenza virus confers various
degrees of heterosubtypic immunity to subsequent challenges
with new strains. This immunity is specific to influenza and not
conferred by infection with unrelated respiratory viruses (e.g., re-
spiratory syncytial virus [RSV]) (59). Using a similar model to
what we described here, Bodewes et al. observed different results
in ferrets challenged with H5N1 virus after previous H3N2 virus
infection (28). In their studies, ferrets infected with an H3N2 in-
fluenza virus 1 month prior to H5N1 challenge were protected
from lethal disease. We saw similar protection with a I-month gap
between the two infections; however, when we waited 5 months
between initial infection and HPAI challenge, we discovered dra-
matically different survival. We chose this longer interval to more
closely model the human history of influenza virus exposure and
avoid issues associated with residual activation of the innate im-
mune system temporarily providing antigen-independent protec-
tion from subsequent infection (60-62). Heterosubtypic immu-
nity in our delayed model was conferred only by specific seasonal
influenza virus strains (HIN1pdm09) and not by H3N2 virus
strains.

Why does heterosubtypic immunity to HIN1 protect from
H5N1 virus challenge? While ferrets infected with H3N2 had
lower HAI titers (mean, 1:96.4; range, 1:20 to 1:160) than ferrets
infected with HINI1pdm09 (mean, 1:1040; range, 1:160 to
1:2,560), HAI titers of 1:40 are considered to be protective. This
suggests that differences in the character of the immune response
rather than the magnitude of the response mediate the different
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FIG 5 Ferrets were initially infected with H3N2 and then 3 months later challenged with H5N1 as described in the text. (A to C) Histograms delineate the average
ISH score for different regions of studied organs at 2 (A), 4 (B), and 6 (C) days after H5N1 challenge. (D and E) Histograms delineating ISH scores for a separate
group of H3N2-infected ferrets that were challenged 1 month later with H5N1. (D) Score of one ferret at 7 days after H5N1 virus challenge. (E) Average score at
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FIG 6 To better define the lineages of infected cells, we stained paraffin sections with cell-specific markers in conjunction with ISH for influenza viral RNA. (A
to C) Sections stained with Griffonia simplicifolia lectin that binds to ferret macrophages. (D) Section stained with anti-cytokeratin antibody that binds to
epithelial cells. (A and B) Small bowel sections show infected cells (circled) in the lamina propria that display both peroxidase reaction product (red) and ISH
grains (black), indicating infection of lamina propria macrophages. (C) Liver section demonstrates infected macrophage elements in regions of periportal
hepatitis. (D) Some bile duct epithelial cells labeled for cytokeratin (red) also hybridize with the influenza virus probe (black grains). (E and F) Double-label
immunofluorescent images illustrate inflamed liver bile duct epithelia stained for cytokeratin (red) that colocalize with H5 HA protein (green) (E) and infected
neurons that stain with microtubule-associated protein-2 (red) and influenza virus H5 HA protein (green) (F).

outcomes and could be due to differences in induction of antibody ~ while H3N2 strains belong to Group 2 influenza viruses and are
or T cell immunity to viral proteins. more distant phylogenetically (63). Traditionally, heterosubtypic

Phylogenetically, HIN1 and H5N1 viruses are closely related =~ immunity to influenza virus has been hypothesized to be mediated
influenza virus subtypes belonging to Group 1 influenza viruses, by T cells targeting nuclear and matrix proteins. Why prior HIN1

16 to 23 days after H5N1 virus challenge. In the first 2 days after challenge (>3 months after H3N2 infection), influenza virus RNA was observed in hematopoietic
elements of spleen, lamina propria, and liver, in addition to lung, where it was mostly identified in alveoli. Occasional infected cells (circled) were detected in the
spleen red pulp at 2 DPI (F), small bowel lamina propria at 2 DPI (G), and lung at 4 DPI (H). More abundant infection was observed in spleen follicle centers of
white pulp at 4 DPI (I), periportal hepatitis regions of the liver at 6 DPI (J), and in one animal kidney glomeruli at 4 DPI (K). The brain showed prominent
infection in multiple foci of cerebral cortex at 4 DPI (L), ependyma at 6 DPI (M), and olfactory cortex at 6 DPI (N). All ISH slides were counterstained with
hematoxylin. Scoring: 0 = no definitive signal, 1 = occasional focus, 2 = focus in most fields, 3 = more than one focus per field.
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FIG 7 Ferrets supplied for these experiments had a low-grade chronic hepatitis independent of influenza virus infection. With H5N1 challenge, animals showed
3 patterns of influenza-related hepatitis: acute periportal duct inflammation (A and B), severe chronic inflammatory nodules (C and D), and multifocal hepatic
necrosis (E and F). In the first pattern, a hematoxylin and eosin (H&E)-stained section of the liver (A) shows acute bile duct inflammation, while ISH on a
sequential section (B) demonstrates severe H5N1 infection of inflamed periportal ducts. In the second pattern, an H&E-stained section (C) illustrates a large
nodule of chronic inflammatory cells that on ISH (D) shows numerous H5N1-infected cells both in the center and at the perimeter. An H&E-stained section (E)
of the third pattern shows central necrosis with ISH (F) demonstrating a perimeter of infected cells surrounding the central necrosis.

virus infection protects the host from lethal H5N1 virus infection
and H3N2 does not may be related to antigenic similarities be-
tween the HA1 and HAS5 stalk, eliciting cross-protective humoral
immunity. We tested this hypothesis but found no detectable an-
tibodies to the HA1 or HAS5 stalk region elicited by HIN1pdm09
infection. However, antibodies recognizing the globular head por-
tion of the HIN1pdmO09 HA protein were readily detected. An-
other hypothesis was tested to determine whether specific anti-
bodies elicited against NA after HIN1pdm09 infection might
cross-react with the NA of H5N1. Others have reported that im-
munization with NA from pre-HIN1pdm09 pandemic strains af-
forded partial protection to mice (64) and ferrets (65) challenged
with H5N1 virus approximately 1 month later. However, no NA
antibodies were detected following HIN1pdm09 infection in the fer-
rets presented in this manuscript. Studies are under way to dissect
whether the cross-protection is mediated by cellular or mucosal im-
munity, using our longer gap between initial HIN1pdmO09 infection
and H5N1 challenge.

The heterosubtypic immunity elicited with initial HIN1pdm09

3088 jviasm.org

virus infection was not sterilizing for subsequent H5N1 virus chal-
lenge. Secondary H5N1 disease was clinically mild or absent and
was limited to a mild alveolar infection in some animals and min-
imal systemic hematopoietic infection in the majority of animals.
As stated above, the prolonged persistence of the infection might
have significant implications for environmental mixing of differ-
ent viral strains.

H5N1 is endemic in avian populations across Asia and the
Middle East. Despite frequent contact with infected poultry,
transmission to humans is relatively rare (66). This is likely to be
mediated largely by H5N1 viral traits (e.g., genetic composition of
HA and basic polymerase 2 [26, 67]) and the limited binding of H5
HA to human-type sialic acid-linked receptor proteins (26, 67) in
the upper respiratory tract. However, close and prolonged expo-
sure to infected poultry (or infected humans) is a substantial risk
factor for H5N1 infection, but the disproportionate infection of
children and young adults suggests prior infections with influenza
A virus strains might confer protection to exposed individuals, as
suggested in our study of ferrets. Serological evidence shows
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FIG 8 Influenza virus H5 HA immunohistochemistry in ferrets initially in-
fected with HIN1pdmO09 (Mex/09) and then challenged with H5N1. At 18 days
after challenge with H5N1, the small bowel lamina propria from two separate
ferrets (A and B) and spleen white pulp (C) show occasional infected cells (red)
in a distribution and frequency similar to those of infected cells observed with
ISH. (Counterstained with hematoxylin.)

H5N1 infection can be subclinical with 4 to 10% of exposed poul-
try workers testing positive for H5 antibodies (66, 68). However,
severely limited human-to-human spread of H5N1 is likely to be
mediated by other factors, such as viral traits (26, 67), since ferret-
to-ferret transmission of wild-type H5N1 is not readily observable
in influenza virus-naive animals. It would be interesting to learn if
prior influenza virus exposure influences airborne transmission of
mutant H5N1 viruses such as those shown to achieve ferret-to-
ferret transmission (67).

Significant concern has been raised about the potential of vac-
cination programs to diminish heterosubtypic immunity and
leave segments of the population vulnerable to infection with
avian influenza viruses (69, 70). Revelation of the limits of con-
ventional immunization paradigms argues for better understand-
ing of the mechanism of protection and searching for new vacci-
nation paradigms that provide protection beyond the respiratory
system.
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