JOURNAL OF VIROLOGY, May 2000, p. 3996-4003
0022-538X/00/$04.00+0

Vol. 74, No. 9

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

The Role of Alpha/Beta and Gamma Interferons in
Development of Immunity to Influenza A Virus in Mice

GRAEME E. PRICE, ANNA GASZEWSKA-MASTARLARZ, anxo DEMETRIUS MOSKOPHIDIS*
Institute of Molecular Medicine and Genetics, Medical College of Georgia, Augusta, Georgia 30912-3175

Received 10 December 1999/Accepted 29 January 2000

During influenza virus infection innate and adaptive immune defenses are activated to eliminate the virus
and thereby bring about recovery from illness. Both arms of the adaptive immune system, antibody neutral-
ization of free virus and termination of intracellular virus replication by antiviral cytotoxic T cells (CTLs), play
pivotal roles in virus elimination and protection from disease. Innate cytokine responses, such as alpha/beta
interferon (IFN-o/f) or IFN-y, can have roles in determining the rate of virus replication in the initial stages
of infection and in shaping the initial inflammatory and downstream adaptive immune responses. The effect
of these cytokines on the replication of pneumotropic influenza A virus in the respiratory tract and in the
regulation of adaptive antiviral immunity was examined after intranasal infection of mice with null mutations
in receptors for IFN-a/3, IFN-vy, and both IFNs. Virus titers in the lungs of mice unable to respond to IFNs
were not significantly different from congenic controls for both primary and secondary infection. Likewise the
mice were comparably susceptible to X31 (H3N2) influenza virus infection. No significant disruption to the
development of normal antiviral CTL or antibody responses was observed. In contrast, mice bearing the
disrupted IFN-a/f3 receptor exhibited accelerated kinetics and significantly higher levels of neutralizing
antibody activity during primary or secondary heterosubtypic influenza virus infection. Thus, these observa-
tions reveal no significant contribution for IFN-controlled pathways in shaping acute or memory T-cell
responses to pneumotropic influenza virus infection but do indicate some role for IFN-o/f in the regulation of
antibody responses. Recognizing the pivotal role of CTLs and antibody in virus clearance, it is reasonable to
assume a redundancy in IFN-mediated antiviral effects in pulmonary influenza. However, IFN-o/3 seems to be
a valid factor in determining tissue tropism and replicative rates of highly virulent influenza virus strains as

reported previously by others, and this aspect is discussed here.

Influenza virus is a major cause of morbidity and mortality
worldwide, making the understanding of disease mechanisms
and immunity to this pathogen of great interest (47). While
events occurring comparatively late in the course of infection,
such as development of cytotoxic T lymphocytes (CTLs) and
specific antibodies, are known to contribute to viral clearance
and recovery (8, 34), comparatively little is known about the
initial stages of the immune response to influenza virus infec-
tion prior to the engagement of specific antiviral effector mech-
anisms. During the initial phase of infection, influenza virus
interacts with cells on the luminal side of the airways to induce
the release of immunoactive mediators, which attract infiltrat-
ing cells to the site of infection and/or exert antiviral activities,
providing an early defense against viral infection. Induction of
pulmonary inflammation appears to be particularly important
in the translocation of antigen from the lung to lymphatic
tissue and has an intricate role in the recruitment, immigration,
and activation of virus-specific lymphocytes. A variety of cyto-
kines and chemotactic factors are likely involved in the initia-
tion of the inflammatory response in addition to the later
recruitment and activation of specific lymphocytes (14).

It has been long recognized that interferons (IFNs) are an
essential part of the innate cytokine response to viral infection,
indeed, IFN-o/B and IFN-y were originally identified as anti-
viral (31) but also have many other important functions in the
immune system. In other RNA virus models, such as lympho-
cytic choriomeningitis virus (LCMV), Venezuelan equine en-
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cephalitis virus (VEE), or vesicular stomatitis virus (VSV)
infections, the IFN system is prominently associated with an-
tiviral immunity (23, 44). It is well known that IFNs are in-
duced by many stimuli and that several viruses, notably vac-
cinia virus and adenovirus, have specific mechanisms for
counteracting IFN-dependent host defenses (33). Such de-
fenses include de novo transcription of a number of host genes,
including cytokine genes, and induction of cellular antiviral
mechanisms such as the Mx proteins, 2'-5" oligoadenylate syn-
thetase and the IFN-induced double-stranded RNA activated
protein kinase (16, 32, 50, 55). These systems act to promote a
cellular antiviral state, resulting in the inhibition of viral gene
transcription and expression and, in certain cases, apoptosis of
infected cells (10). In addition to inducing an antiviral state in
susceptible cells, IFNs are also noted for their immunomodu-
latory effects (2, 4, 48). Thus, both types of IFNs upregulate the
expression of major histocompatibility complex (MHC) class I
and II molecules and are major activators of natural killer cells
(62). In addition, IFN-o/B has recently been reported to be of
importance in the augmentation of dendritic cell responses (6)
and in promoting the survival of activated lymphocytes (39,
60), whereas IFN-y exerts stimulatory effects on macrophage
function and regulates the balance of cytokine production dur-
ing immune responses (43). Cellular sources of IFNs vary, with
IFN-a being produced by cells of the lymphoid lineage, IFN-
being produced by epithelial and fibroblast cells (28), and
IFN-y being produced by T cells and large granular lympho-
cytes but also by macrophages and B cells (64).

In humans and mice infected with influenza virus, a close
correlation is observed between IFN levels and virus titers in
secretions and lung fluids (21, 27, 40, 63). Thus, both IFN-«/B
and IFN-y are induced early in the airways of mice infected
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with different strains of influenza virus (27, 40, 58). More
detailed information on the role of IFNs in influenza has been
obtained from studies on infected mice depleted of IFN-«/B or
IFN-vy either by treatment with antibodies to selectively inhibit
extracellular interferon and/or by using mice unable to respond
to IFN-a/B or IFN-y due to gene disruption. These studies
show that IFN-y is nonessential for CD8" T-cell-mediated
recovery from primary influenza virus infection but exerts a
protective effect during the response to heterotypic challenge
independent from the generation and local recruitment of ef-
fector CTL (5). Studies on the role of IFN-a/B in protection
from acute influenza have led to various conclusions. Admin-
istration of neutralizing antibodies led to enhanced mortality
of infected mice expressing the Mx protein (24), while in con-
trast no significant effects on virus replication were found in
another study in which mice infected with influenza virus were
treated with anti-IFN globulin (22). Finally, a more recent
report suggests that IFN-a/B plays an important role in deter-
mining the replicative rate of the A/WSN/33 strain in extrapul-
monary tissues (17). However, in the same experimental set-
ting, no significant antiviral effects were observed in the lungs
after intranasal (i.n.) infection. Thus, further studies are re-
quired to better define the role of IFN-a/ in antiviral protec-
tion and in particular in the shaping and regulation of down-
stream adaptive immunity to influenza virus infection.

The mouse provides an excellent model of influenza pneu-
monia, and murine gene targeting technologies provide a
means to study individual components of the immune system,
including cytokines. Due to the large number of IFN-o/B
genes, strategies to render mice genetically deficient in IFN-
o/B genes are currently not feasible. However, in both humans
and mice the same receptor complex is used for both IFN-a
and IFN-B (9). The IFN-o/B receptor is composed of two
distinct chains, IFNAR1 and IFNAR2, which are encoded by
separate genes (36, 45), with both IFNAR1 and IFNAR2
chains required for the induction of an antiviral response in
cells treated with IFN-o/B (38, 45). Similarly, the IFN-y recep-
tor, which is distinct from the IFN-a/B receptor, also contains
two chains: IFNyR1, which is responsible for ligand binding,
and IFNyR2, which is required for signal transduction (46, 52).
Genetically modified mice bearing disruptions in IFNAR1 (44,
61) and IFNyR1 knockout mice (30) have been available for
some time. Such knockout mice show dramatically increased
susceptibilities to a range of viruses. Clearly, there is consid-
erable interest to further understand the roles played by cyto-
kines and IFNs in the response to influenza virus infection. It
is of particular importance to determine the impact of such
cytokines on virus dissemination within the respiratory tract
during the onset of infection and to understand their role in
the initiation and regulation of the inflammatory response and,
therefore, the outcome of viral infection. Although some stud-
ies on IFN-v have been conducted, little information regarding
the role of IFN-«/B in the development and regulation of the
adaptive immune response to acute and secondary heterosub-
typic infection with influenza A virus is available. This, along
with gaining a better understanding of the functional differ-
ences between IFN-o/f and IFN-v, calls for a systematic reas-
sessment of the roles of the various IFNs during influenza virus
infection. In this report the kinetics of virus replication, the
antibody response, and the development of specific cellular
immune responses in both primary and challenge infections of
mice deficient in functional receptors for IFN-a/B, IFN-y, or
both IFN receptors have been analyzed in the context of pneu-
motropic influenza virus infection.
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MATERIALS AND METHODS

Mice. Mice deficient in IFN-o/f receptor (IFNa/BR™/7), IFN-y receptor
(IFNyR™/7), or both IFN-o/f and IFN-y receptors (IFNa/B-yR™/7) on the
129/SvEv background (30, 44, 61), originally obtained from B&K Universal
Limited (Hull, United Kingdom), were bred and maintained under specific-
pathogen-free conditions. Age-matched 129/SvEv control mice were purchased
from the Jackson Laboratories (Bar Harbor, Maine). All mice used in this study
had the H-2° MHC, and animals were kept and experiments were performed in
accordance with institutional animal welfare guidelines.

Viruses. Stocks of influenza virus strains A/PR/8/34 (HIN1) and X31 (H3N2)
were grown in the allantoic cavity of 10-day-embryonated hen’s eggs and were
free of bacterial, mycoplasma, and endotoxin contamination. X31 was originally
obtained from John Skehel (National Institute of Medical Research, London,
United Kingdom), while A/PR/8/34 virus was a kind gift of Peter Doherty (St.
Jude Children’s Research Hospital, Memphis, Tenn.). Viruses were titrated on
MDCK cells by plaque assay as described previously (1). Mice were anesthetized
with methoxyflurane (Metofane; Pitman-Moore, Mundelein, Il1.), and infected
in. with 50 pl of the indicated virus doses diluted in phosphate-buffered saline
(PBS) containing 0.1% bovine serum albumin (BSA).

Virus titers in lung tissue. Tissues from infected mice were homogenized in 1
ml of cold PBS and 50 pl of log dilutions of clarified homogenates were adsorbed
for 1 h at 37°C onto confluent monolayers of MDCK cells in 96-well plates.
Infected monolayers were then overlaid with a solution of minimal essential
medium supplemented with 0.5% BSA and 25 pg/ml of TPCK (tosylamido-
phenylethyl chloromethyl ketone)-trypsin (Sigma, St. Louis, Mo.) and incubated
for 72 h at 37°C and 5% CO,. Virus growth was assessed by hemagglutination
with 1% chicken erythrocytes. The 50% tissue culture infective dose (TCIDs)
was determined by the method of moving averages (59), and virus titers are
expressed as the TCIDs/gram of tissue. The threshold of virus detection in the
MDCK assay is ~10> TCIDs/g of lung tissue.

Influenza virus antigen. X31 virus was harvested from MDCK cell supernatant
fluid at 48 h postinfection, clarified by centrifugation (1,000 X g, 30 min) and
concentrated by use of polyethylene glycol (PEG 8000, 5% [wt/vol]) precipita-
tion. Virus was sedimented at 3,750 X g for 3 h and resuspended in a small
volume of PBS. This was layered onto a discontinuous sucrose gradient (60 to
30% [wt/vol] sucrose in PBS) and spun at 100,000 X g for 90 min. Viral bands
were collected by side puncture, diluted in PBS, and sedimented at 100,000 X g
for 2 h. Virus was further purified by centrifugation on a 40 to 15% continuous
sucrose gradient for 90 min at 100,000 X g; virus bands were then again collected
by side puncture and pelleted for 2 h at 100,000 X g. Finally, virus was resus-
pended in PBS and disrupted by ultrasonication. Protein concentration was
determined with a Coomassie assay kit (Pierce, Rockford, Ill.).

HI assay. Specific antibody titers in sera from infected mice were determined
by hemagglutination inhibition (HI) assay as follows. Sera were diluted 1:10 in
receptor-destroying enzyme (cholera filtrate; Sigma) and incubated at 37°C over-
night to destroy nonspecific serum inhibitor activity. Receptor-destroying en-
zyme activity was eliminated by incubation at 56°C for 2 h. Doubling dilutions of
treated sera were made in PBS in a U-bottom 96-well plate, and an equal volume
(50 pl) of the appropriate virus suspension (8 hemagglutinating units) was added.
Virus and antibody were incubated for 60 min at room temperature, and then
100 pl of 1% chicken erythrocytes was added. HI titers were assessed after 45
min and expressed as the reciprocal of the final dilution of serum inhibiting
hemagglutination.

Detection of X31 specific antibody levels in sera of infected mice. Virus-
specific antibodies in serum were assayed by enzyme-linked immunosorbent
assay (ELISA) as described previously (42). Briefly, 96-well plates (Microtest IIT;
Falcon, Oxnard, Calif.) were coated with 0.5 wg of purified X31 antigen over-
night at 4°C and blocked with 1% BSA in PBS for 2 h at room temperature.
Serial dilutions of serum samples in PBS were added to the wells and allowed to
incubate for 2 h at 37°C. Specific antibody isotypes were detected with horse-
radish peroxidase-conjugated polyclonal antibody specific to mouse immuno-
globulin isotypes (immunoglobulin G [IgG], IgM, or IgA [Sigma]; IgG1, 1gG2a,
1gG2b, or IgG3 [Zymed, San Francisco, Calif.]). The reaction was developed with
o-phenylenediamine dihydrocholoride substrate (Sigma), and the absorbance
was read at 492 nm.

Intracellular staining for IFN-y or TNF-« following peptide stimulation. Cell
populations recovered by bronchioalveolar lavage (BAL) or from spleen were
cultured in 96-well U-bottom plates at 4 X 10° cells/well in 200 ul of RPMI 1640
(Gibco) supplemented with 10% fetal calf serum, plus 10 U of murine interleu-
kin-2 (IL-2) and 1 pg of brefeldin A (Pharmingen, San Diego, Calif.) per well in
the presence or absence of CTL epitope peptide at a concentration of 1 pg/ml.
Viral peptides were the NP6 374 (ASNENMETM) which binds H-2D" or
NS2;14 12 (RTFSFQLI) which binds H-2K". After 6 h of culture, cells were
harvested, washed once in fluorescence-activated cell sorter buffer (PBS with 1%
BSA and 0.2% sodium azide), and surface stained with phycoerythrin-conjugated
monoclonal rat antibody specific to mouse CD8« (clone 53-6-72). After being
washed, cells were stained for intracellular cytokines using the Cytofix/Cytoperm
kit (Pharmingen) according to the manufacturer’s instructions. Fluorescein iso-
thiocyanate-conjugated monoclonal rat antibodies specific to murine IFN-y or
tumor necrosis factor alpha (TNF-« [Caltag, Burlingame, Calif.]; clones XMG1.2
and MP6-XT22, respectively) and its isotype control antibody (rat IgG1l and
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FIG. 1. Susceptibility to influenza virus infection of mice lacking receptors for IFN-a/B, IFN-y, or both IFNs. 129/SvEv, IFN«/BR™/~, IFNyR /", and IFNa/B-
YR ™/~ mice were infected with X31, and the survival of infected mice was observed over a period of 25 days. The percent survival is shown for groups of 10 to 15 mice.
Virus was administered i.n. at doses of 107 PFU (@), 10° PFU (A), 10° PFU (V), 10* PFU (®) or 10°> PFU (m).

IgG2a, respectively) were used to identify cytokine-positive cells. Stained cells
were washed a further time and fixed in PBS containing 0.1% paraformaldehyde.
Samples were acquired on a FACSCalibur flow cytometer (Becton-Dickinson,
San Jose, Calif.), and data were analyzed using CellQuest software.

Histology. Histology was performed on lung tissues fixed in 10% buffered
formalin, paraffin embedded, and sectioned. Each lung specimen was stained
with hematoxylin and eosin and then subjected to gross and microscopic patho-
logic analysis.

RESULTS

Susceptibility of mice lacking receptors for IFN-o/3, IFN-vy,
or both IFN-a/3 and IFN-y to influenza virus infection. To
assess the impact of IFN-y or IFN-a/f on susceptibility to
infection with influenza virus, groups of age-matched IFNo/
BR/~, IFNyR ', or IFNa/B-yR /= IFNyR /" mice or 129/
SvEv mice as a control were infected with various doses of X31
virus (107, 10%, 10°, 10%, or 10 PFU), and the rate of survival
of the animals was observed over a period of 25 days (Fig. 1).
At the highest dose (107 PFU), the mean survival time for
control mice was 6 days, with similar survival kinetics in
IFNYR /", IFNa/BR /", or IFNa/B-yR ™/~ mice. A progres-
sive delay in the time of death and increased survival rate was
observed when the viral inoculum was decreased, with com-
plete protection observed at a dose of =10° PFU. Comparable
patterns of survival were observed when mice were infected
with the less-virulent A/Memphis/102/72 (H3N2) virus (data
not shown). Overall, these data indicate that mice unable to
respond to IFN-o/B, IFN-y, or both IFNs did not significantly
differ from congenic controls with regard to the outcome of
influenza virus infection.

IFN-o/3 or IFN-v is not essential for clearance of infectious
virus from the lungs during acute or secondary pulmonary
influenza. The lack of responsiveness to IFN-vy, IFN-o/B, or
both IFN-y and IFN-«/B did not result in a reduced ability of
mice to recover from primary infection with X31 influenza
virus. The i.n. administration of a sublethal dose (500 PFU) of
X31 to IFN receptor-deficient mice or their congenic controls

resulted in a pulmonary infection with viral replication peaking
between days 2 and 5 (Fig. 2, left panels), followed by a rapid
decline in virus lung titers by day 10. There was no significant
difference in the peak lung virus titers between the controls
and the mice with disrupted IFN receptor genes, and the virus
was cleared by day 14 after infection in all groups of mice.
Further studies examined dissemination to tissues outside the
respiratory tract in mice lacking IFN responsiveness. No virus
was detectable in extrapulmonary tissues (heart, liver, kidney,
spleen, and brain) taken at the preterminal stages of a lethal
infection with 107 PFU of X31 (data not shown).

The next experiment (Fig. 2, right panels) explored the role
of interferons in control of heterosubtypic challenge of primed
mice. The kinetics of virus replication and elimination in the
lung following A/PR/8/34 (500 PFU/mouse) challenge of mice
primed 30 days previously by i.n. inoculation of 500 PFU of
X31 was compared between mice with disrupted IFN receptor
genes and their congenic controls. X31 is a reassortant virus
which expresses the surface hemagglutinin (HA) and neur-
aminidase (NA) proteins of A/Aichi/2/68 (H3N2) and the in-
ternal components of A/PR/8/34 (HIN1) (35). Thus, the neu-
tralizing antibody response to HA and NA of these two viruses
is not cross-reactive. Both IFN receptor-deficient mice and
controls cleared the heterologous A/PR/8/34 virus from their
lungs with comparable kinetics (Fig. 2, right panels), with virus
titers falling from their peak (ca. 107 TCIDsy/g) at days 3
through 7 and diminishing to below the limit of detection by 10
days postinfection. This is compatible with the hypothesis of
accelerated virus clearance due to an anamnestic CTL re-
sponse against epitopes conserved between X31 and A/PR/8/
34. No overall difference in the pulmonary virus elimination
kinetics was seen between the different cohorts of mice. Note
that the entire population of primed mice were protected
against challenge with A/PR/8/34 (500 PFU), while naive
C57BL/6 mice infected with the same virus inoculum suc-
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FIG. 2. Kinetics of lung virus replication after primary (X31) or challenge
infection with A/PR/8/34 influenza A virus in mice lacking receptors for IFN-a/B,
IFN-v, or both IFNs compared to their 129/SvEv congenic controls. Lung virus
titers were measured following infection of naive (primary) IFNa/BR™/",
IFNyR ™/, IFNo/B-yR ™™, or 129/SvEv control mice with 500 PFU of X31 (left
panels) or following challenge of mice which had been primed with 500 PFU of
X31 30 days previously with the heterologous A/PR/8/34 influenza (500 PFU i.n.)
(right panels). Lung virus titers are expressed as the mean = the standard error
of the mean (SEM) log,, TCIDsy/gram of lung tissue of three to five mice.

cumbed to influenza pneumonia, between days 9 and 14 after
infection (unpublished results).

Role of IFN-a/3 or IFN-vy in generation of CTLs in primary
and secondary influenza pneumonia. Besides a direct effect on
virus replication, IFNs are generally believed to play a pivotal
role in the maturation of virus-specific immune responses in
viral infection (3). Previous studies have demonstrated no effect
or redundancy for IFN-y in the development of an efficient CTL
response during influenza virus infection (5, 20, 51). However, the
role of IFN-o/B in the proliferation and recruitment of virus-
specific CTLs to the site of pathology in the lung is unknown.

This was evaluated by studying the kinetics and magnitude of
leukocyte and CD8* CTL responses recovered by BAL from
mice during primary and heterosubtypic challenge (Fig. 3).
The inflammatory responses did not differ greatly between
controls and receptor-deficient mice, and comparable kinetic
profiles for virus-specific CD8" T-cell localization to the BAL,
as analyzed by staining CD8" T cells for intracellular IFN-y
(Fig. 3, left panels) or TNF-a (Fig. 3, right panels) following
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NP46_374 Or NS2,,, 5, peptide stimulation, were obtained. A
similar pattern of virus-specific CD8" T-cell responses were
obtained in the spleen (data not shown). It is noteworthy that
the numbers of IFN-y or TNF-a secreting cells detectable by
intracellular staining were in close agreement, even in mice
bearing disrupted IFN-y receptors. Thus, the absence of IFN-y
receptor does not appear to affect IFN-y production by indi-
vidual CD8" CTLs in response to an antigenic stimulus. In a
further set of experiments, lung tissues from virus-infected
mice were analyzed histologically because it is likely that cells
obtained by BAL do not fully reflect the overall pulmonary
inflammatory process. Gross and microscopic pathologic anal-
ysis of hematoxylin-and-eosin-stained paraffin sections of lung
tissue from IFN receptor-deficient or control mice obtained 3,
5, or 9 days after infection with 500 PFU of X31 did not reveal
major differences in the spectrum or magnitude of the inflam-
matory process between the experimental groups of mice (data
not shown). However, slightly increased inflammation was ob-
served on day 9 after infection in IFNa/B-yR ™/~ mice in com-
parison to control animals. The inflammatory pathology in the
respiratory tract, consisting of a few foci of perivascular and
peribronchial inflammation of mononuclear cells (macro-
phages/monocytes) and numerous lymphoblasts at later stages
of the infection, resolved rapidly subsequent to viral clearance.

Virus-specific antibody response. The role of IFNs in the
generation and maintenance of primary or memory virus-spe-
cific B-cell-mediated responses was studied by the determina-
tion of HI antibody titers. IFN receptor-deficient mice or their
controls produced significant levels of X31-specific HI antibod-
ies (Fig. 4A). The rise in serum antibody activity detectable
from day 7 after infection paralleled the kinetics of CD8"
T-cell localization at the site of pathology in the lung and was
associated with the resolution of the viral infection. Surpris-
ingly, mice bearing the disrupted IFN-o/B receptor (IFNo/
BR™/~ or IFNa/B-yR /") exhibited an accelerated develop-
ment of antibody activity, and significantly higher maximal
titers of HI antibodies were detectable compared to mice de-
ficient in IFN-y receptor or 129/SvEv controls. Likewise, mice
primed i.n. with X31 (H3N2) and challenged 30 days later with
the heterologous A/PR/8/34 (HIN1) virus (indicated as an
arrow in the figure) developed primary responses in terms of
HI antibodies specific to A/PR/8/34, with mice bearing the
disrupted IFN-a/ receptor (IFNa/BR ™/~ or IFNa/B-yR /")
exhibiting more rapid appearance of A/PR/8/34 specific anti-
bodies and higher levels of HI antibodies on days 7 and 10 after
virus challenge. It is of note that X31 primed mice challenged
with A/PR/8/34 also mounted the expected anamnestic anti-
body response against X31, with the magnitude of the recall
response heightened in IFNa/BR /™ and IFNa/B-yR ™/~ mice
compared to IFNyYR ~~ mice and 129/SvEv controls.

In the course of the early immune response to influenza
virus, interaction of CD4" T cells with B cells regulates the
activation of virus-specific IgG- and IgA-producing B cells
mandatory for effective antiviral responses (13). In addition to
its antiviral activity, IFN-y is known to modulate the produc-
tion of several cytokines and, in particular, to play a central
role in the regulation of Th1-Th2 CD4" T-cell subsets. Thus,
the isotype pattern of virus-specific antibodies produced in the
serum of IFN receptor deficient or congenic control mice in-
fected with 500 PFU X31 was studied by ELISA (Fig. 4B and
C). Generally, levels of each immunoglobulin isotype were
similar between IFN receptor-deficient and control mice at the
time points examined. No statistically significant differences
were observable between mice lacking IFN-«/B or IFN-y re-
sponsiveness and the control mice in terms of serum IgG, IgM,
or IgA or in the IgG isotype pattern of virus-specific serum
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FIG. 3. Virus-specific CD8" T cells in primary and challenge influenza infection of mice lacking receptors for IFN-a/B, IFN-y, or both IFNs compared to controls.
Naive IFNa/BR ™/~ (A), IFNyR ™/~ (B), IFNa/B-yR ™~ (C), or control (D) mice were infected with 500 PFU of X31, and the numbers of virus-specific CD8" T cells
in the BAL fluid were measured. BAL samples from each group of three to five mice were pooled, and the numbers of virus-specific CTLs were determined by staining
CD8" T cells for intracellular IFN-y (left panels) or TNF-a (right panels) secretion, following stimulation of cells with NP3¢q 3,4 (@) or NS2,,4 15, (A) viral peptide.
Alternatively, X31 primed mice (500 PFU i.n.) were challenged with A/PR/8/34 (500 PFU i.n.) 30 days later (as indicated by the arrow), and the numbers of virus-specific
CD8™ T cells were determined as described above. The BAL cell counts per mouse (<) were used, together with the flow cytometry data, to calculate the average
numbers for the total CD8™ T cells specific to NP4 574 or NS2,14 15, peptide epitope. BAL samples (total volume, 1 ml/lung) containing <10* cells/ml (the limit of
detection of our hemocytometer counting assay) were estimated as 10* cells per lung.

antibody at days 7 and 10, despite the documented role of
IFN-vy in IgG isotype switching. It should be noted that the HI
and ELISA titers are not directly comparable since HI distin-
guishes HA-specific antibody only, while ELISA detects all
virus-specific antibodies. Hence, it is possible that the differ-
ences in HI titers between the various mice reflect qualitative
rather than quantitative changes in the antibody response.

DISCUSSION

The natural history of influenza virus infection in humans
follows a defined pattern with well-characterized features.
However, the rates of development as well as the overall se-
verity of disease vary widely in different individuals. Since fac-
tors determining the pathogenesis of influenza in humans are
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FIG. 4. Generation and maintenance of primary or memory virus-specific antibody responses of mice lacking receptors for IFN-a/B, IFN-vy, or both IFNs compared
to controls. (A) The ability of IFNa/BR ~/~, IFNYR /", IFNe/B-yR ™/~ or 129/SvEv control mice to produce protective neutralizing antibodies was tested by measuring
HI antibody titers in the sera of mice infected i.n. with 500 PFU of X31 (H3N2) (primary infection), or following their challenge on day 30 after primary infection (as
indicated by the arrow), with 500 PFU of the heterologous A/PR/8/34 (HINT1) virus. The titers of X31 (@®)- and A/PR/8/34 (O)-specific HI antibodies were estimated
individually, and the results are expressed as the mean + the SEM log,, HI antibody titers of groups of three to five mice. The isotype pattern of antibodies in the sera
of IFNa/BR ™™, IFNyR™~, IFNa/B-yR™/~, or 129/SvEv control mice following i.n. infection with 500 PFU of X31 was measured on days 7 and 10 after virus
inoculation. (B and C) The results are shown as an ELISA titer of virus-specific antibody (mean = the SEM log,, of three to five mice) of the IgM, IgG, or IgA isotype

(B) or the IgG1, IgG2a, IgG2b, or IgG3 isotype (C).

complex, involving epidemiological considerations as well as
inherent viral properties (cytopathic phenotype, antigenic di-
versity, etc.), it is unlikely that a single virus gene dictates the
virulence of a given virus strain; rather, a combination of viral
genes and host susceptibility determines the outcome of infec-
tion (57). The fact that influenza is both an IFN-sensitive virus
and an IFN-inducing virus led to the hypothesis that a very
early line of antiviral defense by the IFN system prevents the
virus from spreading efficiently, allowing the adaptive immune
response enough time to develop and eliminate the virus.

In this report mice genetically deficient in receptor for IFN-
a/B, IFN-y, or both IFNs were utilized to study the role of
IFNs during influenza virus pneumonia. While numerous in
vitro studies demonstrate that influenza virus replication is
sensitive to the effects of IFN-o/B, no major effect on overall
lethality, virus replication, the kinetics of the cellular immune

response, or the ability to maintain an effective recall CTL
response to heterosubtypic challenge was detectable in IFN
receptor-deficient mice. These findings are in general agree-
ment with and extend other studies of mice deficient in IFN-y
or STAT-1 infected with pneumotropic influenza virus strains
(15, 20). However, one striking observation in this study is that
the disruption of IFN-a/B receptor responsiveness imparted an
accelerated specific antibody response of increased magnitude
compared to controls. This increase in antibody response oc-
curred despite the fact that the virus replicated to equal peak
titers in the lung over the same time course in control and
IFNa/BR ™/~ mice. The underlying mechanism for this effect is
unknown. However, it is possible that the lack of IFN-a/B
responsiveness results in an enhanced infection of MHC-II-
positive inflammatory cells (monocytes/macrophages and den-
dritic cells) not normally permissive for influenza virus. This
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may promote the induction of helper T cells, resulting in a
more efficient antibody response. Indeed, recent reports sug-
gest that autocrine production of IFN-o/B mediates the pro-
tection of human dendritic cells from influenza virus infection
(6). Alternatively, the lack of IFN-o/f responsiveness may
cause a shift toward a more Th2-like cytokine profile. This is
supported by the observation that IFN-o/B has been reported
to inhibit Th2-like responses by blocking IL-4 secretion by
human CD4" T lymphocytes (41). However, increased anti-
body responses as a result of skewing toward a Th2 phenotype
is perhaps less likely due to the lack of effect following the
disruption of IFN-y responsiveness, a factor known to be crit-
ical for development of Th1l responses.

A recent study utilizing the virulent Wilson-Smith neuro-
tropic (WSN [A/WSN/33]) (HIN1) influenza virus strain has
demonstrated enhanced virus replication outside the respira-
tory tract in IFNa/BR™~ and STAT-1"/~ mice, which are
deficient in the IFN-o/p signaling pathway, implying a role for
IFN-/B in restricting viral replication to the respiratory mu-
cosa (17). However, WSN has unusual virulence properties,
including an unique mechanism of HA cleavage involving se-
questration of host plasmin by the WSN NA (19). Due to the
lack of viral recovery from extrapulmonary organs in our study,
we feel that these earlier findings primarily reflect the ability of
WSN to undergo HA cleavage and replicate in a range of
tissues following disruption of the IFN-a/B response, as op-
posed to a broadly applicable role for IFN in limiting influenza
virus replication to the respiratory tract, although this may be
the case for viruses bearing highly cleavable HA molecules.
Indeed, previous studies using polyclonal antibodies to neu-
tralize the activity of IFN-«/B failed to show any effect on the
course of pneumotropic A/PR/8/34 infection in mice, even
when the sera were administered i.n. (22), which supports the
observations reported here. In contrast, antibody neutraliza-
tion of IFN-a/B in A2G mice infected with a virulent mouse-
passaged influenza virus strain led to a 100-fold increase in
lethality (24). It is noteworthy, however, that A2G mice have a
functional Mx locus which correlates with their increased re-
sistance to influenza virus infection. In mice the Mx1 gene
product is a long-recognized antiviral protein induced by IFN-
o/B, and the presence of Mx1 efficiently blocks early stages of
influenza virus replication (29). Most inbred laboratory mouse
strains, including those of the 129 genetic background as used
in this study, have a functionally inactive Mx gene (53, 54).
Thus, in the case of influenza virus infection, the antiviral
effects of IFN-«/B in the lungs may be mediated predominantly
via the Mx system, and thus disruption of IFN-«/B signaling in
Mx-deficient mice has little direct effect on antiviral defense.
By extension, it is possible that in extrapulmonary tissues, the
antiviral effects of IFN-«/f may be mediated by factors other
than Mx, which could explain the inability of IFN-deficient
mice to control systemic infection with unusually virulent in-
fluenza virus strains. Our findings, and those of others, there-
fore support the hypothesis that the IFN system is involved in
defense against systemic rather than localized viral infection. It
is worthy of note that all previously reported studies utilizing
IFN receptor-deficient mice have concentrated on such sys-
temic infections (such as vaccinia virus, LCMV, VSV, and
VEE), and many of the earlier studies of IFN in the context of
influenza utilized virus strains of unusually high virulence.

It is presently unclear how the data in this report relates to
observations that influenza virus has specific mechanisms, me-
diated via the NS1 gene product, to counteract IFN-induced
responses (18). Indeed, A/PR/8/34 mutants lacking NS1 show
reduced growth in MDCK cells but are less restricted in Vero
cells, which are defective in their response to IFN-o/B. These
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NS1 deletants grow in STAT-1"/" mice at reduced titers com-
pared to the parental strain but cannot grow in STAT-1*/*
mice (18). The apparent requirement for a viral gene product
capable of inhibiting IFN-mediated pathways is thus puzzling
in the light of the in vivo findings reported here. An alternative,
and attractive, hypothesis is that the lack of IFN-«/B signaling
is compensated for by overlapping pathways, such as IFN-y in
the absence of IFN-«/B or vice versa, or by other factors
unrelated to the IFNs, as would be the case in IFNa/B-yR ™/~
mice. Such alternate pathways could conceivably also require
STAT-1-mediated signaling, explaining the influenza virus-sus-
ceptible phenotype of STAT-1-deficient mice. STAT-1 is a rather
pleiotropic transcription factor utilized in several signaling path-
ways in addition to the IFN pathway (15, 49). Thus, it is possible
that NS1 is involved in disrupting other host cell responses in
addition to the IFN pathway. Indeed, it has recently been shown
that NS1 is capable of inhibiting double-stranded-RNA-mediated
activation of PKR which would otherwise result in a translational
block of viral protein synthesis (25).

Finally, it must be noted that it is possible, if not likely, that
IFNs have a significant role in the expression of symptoms
during influenza virus infection. In the case of human influ-
enza, numerous systemic symptoms, particularly fever, occur in
the early stages of infection, prior to the development of a
specific immune response. It has long been hypothesized that
IFNs are involved in these disease manifestations (11, 12, 26).
While it would be possible to analyze the severity of some of
the symptoms of influenza in IFN receptor-deficient mice, such
as suppression of appetite and weight loss, the mouse does not
represent the ideal model for the study of symptom expression
in influenza as, in contrast to humans, there is a regulated and
dramatic decline in body temperature following infection (7).
Hence, it is possible that the mouse influenza pneumonia
model is inherently unsuitable for extrapolating the effects of
IFN in humans due to physiological differences in IFN respon-
siveness between species and, indeed, between mouse strains
(37). If this were true, it would also imply that virus strategies,
such as the NS1 gene product, act to counteract the effects of
IFN in its natural hosts but are comparatively redundant in
mice. It would be of great interest to examine the role of IFN
in the development of symptoms in alternative animal models
of influenza, such as the ferret (56).

In conclusion, the data reported here indicate no major
contribution for IFN-a/f or IFN-y pathways in protection or
recovery from influenza virus infection in mice. However, in-
creased antibody responses noted following the disruption of
IFN-a/B receptor suggest a previously unappreciated role for
these factors in the regulation of humoral immunity during
viral respiratory infection. Further studies to dissect this mech-
anism may be relevant for vaccination strategies directed at
producing heightened mucosal antibody responses.
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