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Avian influenza A viruses of the H7 subtype have resulted in more than 100 cases of human infection since 2002.
Highly pathogenic avian influenza (HPAI) H7 viruses have the capacity to cause severe respiratory disease and
even death; however, the induction of the human innate immune response to H7 virus infection has not been
well characterized. To better understand H7 virus pathogenesis in the human respiratory tract, we employed
a polarized human bronchial epithelial cell model and primary human monocyte-derived macrophages. Here, we
show that infection with HPAI H7 viruses resulted in a delayed and weakened production of cytokines, including
the type I interferon response, compared with infections of other influenza A subtypes, including H7 viruses of
low pathogenicity. These studies revealed that H7 viruses vary greatly in their ability to activate host innate

responses and may contribute to the virulence of these viruses observed in humans.

Avian influenza A viruses of the H7 subtype are classi-
fied as highly pathogenic avian influenza (HPAI) and
low pathogenic avian influenza (LPAI) viruses primarily
based on mortality rates following chicken pathogenicity
testing. Both H7 virus pathogenic phenotypes can cause
outbreaks in poultry and have been transmitted directly
to humans in recent years. Since 2002, H7 subtype vi-
ruses have caused more than 100 cases of human in-
fection in Europe and North America, resulting in both
ocular and respiratory illness [1]. A single fatal case of
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H7N?7 infection in the Netherlands in 2003 due to acute
respiratory distress syndrome resembled the severe re-
spiratory infection that frequently follows HPAI H5N1
infection in humans [2, 3]. Respiratory disease symptoms
following H7 virus infection have further been docu-
mented in human cases from New York (H7N2, 2003),
Canada (H7N3, 2004), and the United Kingdom (H7N2,
2007) [4-6]. Recent studies demonstrating the trans-
missibility of selected H7 viruses in the ferret model
underscore the potential public health risk associated
with this subtype and the need to better understand the
behavior of this subtype in human respiratory cells [7, 8].

Our current knowledge of the host response to HPAI
viruses is based largely on studies of H5N1 virus in-
fection. High virus load and hypercytokinemia have
been associated with HPAI H5N1 virus—infected human
cases [9, 10], with this severe disease generally re-
capitulated in laboratory animal models [11-14]. Sim-
ilarly, HPAI H7N7 viruses have been shown to replicate
efficiently in the respiratory tract of mice and induce
high levels of proinflammatory cytokines in the lungs at
the height of infection (days 3—6 postinoculation) [15—
17]. However, induction of the host innate response
early after H7 virus infection in humans has not been
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well characterized. Studying the type I interferon (IFN) re-
sponse, activated following infection with human and avian
influenza A viruses, is of particular importance given its central
role in the establishment of an antiviral state that limits spread of
progeny viruses to uninfected cells [18, 19].

The airway epithelium is the primary site of influenza virus
replication in humans. Accordingly, the study of host responses
following virus infection has been facilitated by the use of hu-
man respiratory epithelial cell models. Grown on transwell in-
serts, the human bronchial epithelial cell line Calu-3 forms
polarized monolayers that resemble the in vivo airway epithe-
lium, and has been used previously as an in vitro model for
human and avian influenza viruses [20-22]. Human monocyte-
derived macrophages also have been used previously to study
influenza virus infection and represent a second major cell type
that elicits immunomodulatory products upon infection with
influenza [10, 23]. However, the permissiveness of these cell
types to H7 virus infection, and the induction of innate immune
responses in lung epithelial cells and macrophages after H7 virus
exposure, was not known. We found that infection with HPAI
H?7 viruses in two cell types present in the human lung resulted
in a weaker and delayed induction of innate immune responses,
including the type I IFN response, compared with H7N2 viruses
of low pathogenicity and other influenza A subtypes.

MATERIALS AND METHODS

Viruses

Influenza A virus stocks were grown in the allantoic cavity of
10-day-old embryonated hens’ eggs and clarified by centrifu-
gation as described previously [13, 16, 20]. All experiments with
HPALI viruses were conducted under biosafety level 3 contain-
ment, including enhancements required by the U.S. Department
of Agriculture and the Select Agent Program [24].

Infection of Calu-3 Cells

Calu-3 cells (American Type Culture Collection) were cultured
and infected on membrane inserts as previously described [20].
Virus was added to the apical surface of cells at a multiplicity of
infection (MOI) of .01 (replication kinetics), 1 (real-time PCR),
or 2 (cytokine quantification) for 1 h. Apical culture super-
natants were harvested at various times postinfection (p.i.). At
11 h pi. (MOI = 1), detection of influenza A virus nucleo-
protein (NP) antigen in infected cells was performed as de-
scribed [20]. Significance from these and all experiments
presented in this study was assessed by Student  test.

Isolation and Infection of Human Macrophages

Primary human monocyte-derived macrophages were isolated
from whole blood collected in ACD Vacutainer tubes (BD
Biosciences) from healthy adult donors (18-30 years of age) in
the Transfusion Medicine Program of Emory University

Hospital who had not received a seasonal influenza vaccination
within the year prior to blood collection (2008—-2009). Periph-
eral blood mononuclear cells (PBMCs) were separated from
buffy coats by centrifugation on a Histopaque-1077 density
gradient (Sigma-Aldrich), and monocytes were isolated from
PBMCs by negative selection using a Monocyte Isolate Kit II
(Miltenyi Biotech). Monocytes were seeded at 3 X 10> cells per
well in 24-well plates, and cultured with RPMI 1640 media
(Gibco) supplemented with 5% heat-inactivated autologous
plasma as described previously [23]. Monocytes were further
purified by plastic adherence, and allowed to differentiate in
vitro for 14 days. Cells were infected at an MOI of
.01 (replication kinetics) or 2 (cytokine quantification) for
45 minutes, then washed and incubated in macrophage serum-
free medium (Gibco), supplemented with 100 U/mL Pen/Strep
and 1 mg/L N-p-tosyl-L-phenylalanine chloromethyl ketone
(TPCK)—treated trypsin (Sigma-Aldrich).

Cytokine, Chemokine, and Cell Death Quantification

Culture supernatants were analyzed by enzyme-linked immu-
nosorbent assay (ELISA) for the presence of human Interferon
gamma-induced protein 10KDa (IP-10), Tumor Necrosis
Factor-alpha (TNFa), Interleukin (IL)-6, IL-8 (BD Biosciences),
Regulated upon Activation Normal T-cell Expressed (RANTES)
(R&D Systems), Interferona (specific for IFN-A, o2, aA/D,
oD, oK, and o4b) or IFNP (PBL Bimedical Laboratories).
Quantification of nucleosomes 24 h following virus infection
(MOI = 1) of Calu-3 cells was performed with the Cell
Death Detection ELISA”™YS assay (Roche Applied Science).
A minimum of 2 independent samples were collected and tested
in duplicate or triplicate for each condition.

Real-Time Quantitative Reverse Transcription PCR (RT-PCR)
Total RNA was extracted from normal, mock-infected, or virus-
infected Calu-3 cells, reverse transcribed, and used for real-time
PCR with SYBR green (Applied Biosciences) as described [20]
with all reaction performed in duplicate or triplicate. All quan-
tifications (threshold cycle [Cr] values) were normalized to that
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
analyzed to determine the relative level of gene expression [20].
Primer sequences were designed with PrimerExpress (Applied
Biosystems) and have been published previously [20]. The RT?
Profiler PCR Array (SABiosciences) for Human Interferons and
Receptors was performed with total RNA extracted 20 h p.i. and
analyzed per manufacturer’s instructions.

RESULTS

H7 Viruses Replicate Productively in Both Human Monocyte-
Derived Macrophages and Bronchial Epithelial Cells (Calu-3)
To determine if the kinetics of replication differed between
viruses within the H7 subtype, we utilized 2 human cell types:
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Calu-3 and primary monocyte-derived macrophages, previously
shown to support both avian and human influenza virus repli-
cation [20, 25]. 02-3 and o2-6 linked sialic acids, the preferred
receptors for avian and human influenza viruses, respectively,
were present on both cell types in relatively equal proportions
([20] and data not shown). We infected these cells with selected
H?7 influenza viruses associated with disease in humans as well as
an HPAI H5N1 virus and a seasonal H3N2 virus (Table 1). The
percentage of infected cells was monitored by immunofluores-
cence staining of viral NP and was found to be similar following
infection (MOI = 1, measured at 8 h p.i.) with all human and
avian influenza viruses, with an average of 20%—-30% and >90%
of Calu-3 cells and macrophages expressing NP, respectively
(data not shown), demonstrating similar infectivity as shown in
previous studies [20, 25]. The HPAI H7N7 viruses NL/219 and
NL/230 and the HPAI H7N3 virus Can/504, in addition to the
HS5N1 HK/486 and H3N2 Panama viruses, replicated in Calu-3
cells to significantly higher titers (P < .005) compared with the
LPAI H7N2 viruses NY/107 and Tky/VA through 36 h p.i.
(Figure 1A). In contrast, only NL/219 and HK/486 viruses rep-
licated to titers over 100-fold above baseline by 36 h p.i. in
monocyte-derived macrophages (Figure 1B), whereas LPAI
H7N2 and H3N2 viruses did not rise above baseline titer through
72 h p.i. The NL/219 virus, which replicated to highest titer in
Calu-3 cells, also replicated to highest titer in macrophages.

HPAI H7 Viruses Exhibit Decreased Cytokine Production
Compared With HPAI H5N1 and LPAI H7N2 Viruses

Cytokine dysregulation has been proposed to contribute to the
high pathogenicity observed following HPAI virus infection in
humans, with differential host immune responses identified
between avian H5N1 and seasonal human influenza viruses [9,
20]. We next assessed the production of cytokines in Calu-3 cells
or monocyte-derived macrophages infected with HPAI and
LPAI H7 viruses in comparison to infection with an HPAI
H5N1 or human H3N?2 virus. Calu-3 cells infected with NY/107
or Panama viruses secreted the highest levels of the proin-
flammatory cytokine IL-6 (Figure 2A). In contrast, HPAI H7

virus infection produced significantly lower levels of IL-6
compared with levels induced by the HPAI H5N1 virus, the
LPAI H7N2 virus, or H3N2 virus infection at 12 and 24 h p..
(P < .005). Similar to trends observed with IL-6 production,
infection with the HPAI H7 viruses NL/219 and Can/504 pro-
duced significantly less TNFa, (P < .05) compared with all other
viruses tested at 12 h p.i. in Calu-3 cells, a trend also observed
in primary human macrophages (Figure 2B-C). Additionally,
infection of Calu-3 cells with the HPAI H7 viruses NL/219,
NL/230, and Can/504 resulted in significantly less production
(P < .05) of the chemokines IP-10 (CXCL10), RANTES, and
IL-8 by 24 h p.i. as compared with the H5N1, H7N2, or H3N2
viruses (Figure 2D-F).

Next, we examined the kinetics of IFNf production as this
cytokine has been shown to mediate protective responses during
influenza virus infection [27]. Infection of Calu-3 cells with NY/
107 and Panama viruses elicited the most rapid production of
IFNB, with significant levels over mock-infected cells detected at
12 h p.i. (P < .05) (Figure 2H). In contrast, levels of IFNf induced
by infection with the HPAI H7 viruses NL/219, NL/230, and Can/
504 were significantly lower compared with H7N2, H5N1, and
H3N2 viruses (P < .001) at 24 h p.i. As Calu-3 cells do not
produce substantial levels of IFNo following influenza virus in-
fection (data not shown), we utilized human monocyte-derived
macrophages to measure the production of IFNo [20]. Similar to
the reduced levels of IFNf detected in Calu-3 cells, HPAT H7
virus—infected cells produced significantly lower levels of IFNa at
12 and 24 h p.i. (P < .001) compared with all other viruses tested
(Figure 2G). These findings suggest that infection with HPAI
H7N7 and H7N3 viruses results in reduced early induction of type
I interferons, cytokines, and chemokines in human cells.

HPAI H7 Viruses Elicit Reduced Levels of Cytokine, IFN, and IFN-
Stimulatory Genes

To ascertain if the reduction in cytokine production following
HPAI H7 virus infection was found at the transcriptional level, we
examined the kinetics of mRNA production of selected cytokines
following virus infection in Calu-3 cells. In agreement with IFNf

Table 1. Influenza A Viruses Used in This Study

Virus Name in Study  Subtype IVPI? Patient Symptoms” HA Phylogenetic Lineage  SA Binding Preference®
A/Panama/2007/99 Panama H3N2 NAY Respiratory H3 North American 02-6

A/New York/107/03 NY/107 H7N2 LPAI Respiratory H7 North American 02-3, a2-6
A/Tky/Virginia/4529/02 Tky/NVA H7N2  LPAI NA H7 North American a2-3, 02-6
A/Hong Kong/486/97 HK/486 H5N1 HPAI Respiratory H5 Eurasian 02-3
A/Netherlands/219/03 NL/219 H7N7 HPAI Respiratory, fatal H7 Eurasian 02-3
A/Netherlands/230/03 NL/230 H7N7 HPAI Conjunctivitis H7 Eurasian 02-3
A/Canada/504/04 Can/504 H7N3 HPAI  Conjunctivitis, respiratory H7 North American 02-3, a2-6

NOTE. ? Intravenous Pathogenicity Index.

® As described in [3-5, 26].

¢ Sialic acid binding preference, as described in [7].
9 NA, not applicable.
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Figure 1. Replication kinetics of H7 influenza viruses in human

bronchial epithelial cells and macrophages. Calu-3 cells (4) or primary
monocyte-derived macrophages (B) were cultured as described previously
[20, 23] and infected with human or avian influenza viruses of multiple
subtypes at a multiplicity of infection (MOI) of .01. Supernatants were
collected at indicated times postinfection (p.i.) and titered by standard
plague assay for the presence of infectious virus.

protein production, NY/107 and Panama viruses induced IFNf
transcription at levels 100-fold above mock-infected cells as
early as 4 h p.i. (Figure 3A). In contrast, infection with the
HPAI viruses NL/219, Can/504, and HK/486 resulted in approx-
imately 10-fold lower levels of IFNf mRNA compared with
LPAI H7N2 and H3N2 viruses tested through 8 h p.i. Similarly,
NY/107 and Panama viruses possessed the highest levels of IL-6
mRNA through 16 h p.i. compared with all other viruses tested
(Figure 3B). At the mRNA level, infection with the HPAI viruses
NL/219, Can/504, and HK/486 consistently resulted in reduced
levels (<24-fold) of IL-6 mRNA at 8 and 12 h p.i. compared with
LPAI viruses and the human H3N2 virus.

The reduction in IFNa/f production observed following in-
fection with HPAI H7 viruses prompted us to examine the con-
current expression of the IFN-stimulated genes (ISGs) myxovirus
resistance 1 (Mx1), interferon response factor 7 (IRF7), and ret-
inoic acid inducible gene I (RIG-I) in Calu-3 cells. NL/219 and
Can/504 virus-infected cells produced 2.5-9-fold reduced mRNA
levels of these ISGs compared with all other viruses tested at 8 h

p-. (Figure 3C-E), consistent with the diminished type I IFN
responses observed with these HPAI H7 viruses. Transcription
levels for all genes were generally similar for all influenza viruses
tested by 16 h p.. Taken together, these results indicate that
infection with HPAI H7 viruses elicits a significantly delayed and
weakened type I IFN response compared with an HPAI H5N1
virus, LPAI H7N2 viruses, or the H3N2 virus.

NL/219 Virus Infection Consistently Resulted in the Lowest
Upregulation of IFN and Related Genes Compared With Other
Influenza Viruses Tested

To better establish the breadth of host cell responses affected by H7
virus infection, the expression of a panel of genes controlled by or
involved in cell signaling mediated by human IFNs and receptors
was determined by real-time PCR array. Genes significantly up-
regulated following infection of Calu-3 cells with representative
human and avian viruses are presented as fold change over mock-
infected controls (Table 2). As predicted by ELISA and RT-PCR
results shown in Figures 2 and 3, the H7N2 virus NY/107 con-
sistently induced the highest levels of IFN and related genes
compared with all other viruses tested (Table 2). IL-28A and IL-29,
type III interferons with antiviral activity and previously shown to
be secreted by alveolar epithelial cells following influenza virus
infection, were most dramatically upregulated by the LPAI H7N2
virus [28, 29]. Concurrently, NL/219 virus infection consistently
resulted in the lowest upregulation of these IFN and related genes
compared with all other influenza viruses tested.

In addition to production of IFNs, engagement of the type I
IEN system induces the expression of a wide variety of gene
products, including IFN-class cytokine receptors and IFN-
inducible proteins, which contribute toward the overall IFN-
mediated response to influenza viruses [27]. NY/107 virus
infection resulted in the highest detected levels of type I cytokine
receptors, with the exception of IL-5RA and IL9R, which were
detected at highest magnitude following NL/219 virus infection
(Table 2). The H3N2 human virus Panama consistently resulted
in the lowest induction of type I cytokine receptors. The H5N1
virus HK/486 induced high levels of several IFN-induced pro-
teins, including MxI1, 2’-5'-oligoadenylate synthetasel, and
ISG15. NL/219 virus infection consistently elicited the lowest
levels of IFN-inducible proteins compared with all other viruses,
including the induction of IP-10, which was significantly re-
duced compared with all other viruses tested (P < .001). In
summary, we observed a pronounced upregulation of IFN and
IFN-related genes following NY/107 virus infection, and a con-
current diminished presence of these genes following NL/219
virus infection.

Apoptosis and Necrosis Following H7 Virus Infection

Previous studies have shown that the production of IEN fol-
lowing virus infection can lead to an antiviral state in the host
that includes an increased sensitivity of infected cells to
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Figure 2. Cytokine production following influenza virus infection in Calu-3 cells and human monocyte-derived macrophages. Calu-3 cells (4, C—F, H) or
human primary monocyte-derived macrophages (M®) (B, G) were infected at a multiplicity of infection (MOI) of 2. Supernatants were taken at indicated
times postinfection (p.i.) and levels of each analyte were quantified by ELISA.

apoptosis [30, 31]. Expression of Mx protein in infected cells has
further been linked with promotion of apoptotic pathways [32,
33]. To determine if there was an association between height-
ened expression of these factors and increased cell death, we
quantified levels of cytoplasmic histone-associated DNA frag-
ments (nucleosomes) in cell lysates (indicative of apoptosis) and

culture supernatants (indicative of necrosis) after influenza virus

infection. Levels of nucleosomes in cell lysates of Calu-3 cells
infected with representative viruses at 24 h p.i. remained un-
changed (Figure 4A). However, NY/107 and HK/486 virus in-
fection resulted in the highest enrichment of nucleosomes in
supernatants compared with all other viruses tested (>13- and
11-fold higher than mock-infected cells, respectively) (Figure 4B).
Elevated nucleosome levels compared with mock were also
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Figure 3. HPAIH7 viruses induce a delayed and weaker cytokine and IFN-stimulated gene (ISG) response compared with LPAI H7 viruses or HPAI H5N1
virus. Calu-3 cells were infected at a multiplicity of infection (MOI) of 1. Total RNA was isolated from cells at indicated times postinfection (p.i.) and
examined by real-time RT-PCR. The data are presented as the relative fold gene induction above mock-infected cells and represent the mean of duplicate

experiments.

detected following Panama, Tky/VA, and NL/219 virus in-
fection; these levels were significantly higher compared with
NL/230 and Can/504 viruses, which possessed <2-fold levels of
nucleosomes compared with mock infection at this time p.i.
(P < .05). In summary, we observed elevated levels of nucleo-
somes in the cytoplasm of Calu-3 cells following infection with
viruses shown to elicit high levels of IFN and Mx protein,
suggesting heightened necrosis of cells infected with viruses
producing factors connected to the establishment of an antiviral
state.

DISCUSSION

HPAI H7N7 and H5N1 viruses are both capable of causing
severe disease and death following human infection, and similar

molecular determinants of pathogenicity between these viruses
suggest a shared mechanism of action following virus infection
[3, 34-36]. However, while previous studies have shown that
numerous cell types present in the human respiratory tract
support H5N1 virus replication and contribute toward a detri-
mental “cytokine storm” in some infected hosts [20, 23, 25, 36],
it was unknown if H7 viruses share this ability. Here, we provide
extensive side-by-side data using two cell types found in the
respiratory tract to more accurately compare the activation of
human host responses following infection with avian influenza
viruses of multiple subtypes and lineages. We found that HPAI
H7 viruses from both North American and Eurasian lineages
exhibited a delayed and diminished induction of innate immune
responses in human cells compared with LPAI H7N2, HPAI
H5N1, or human H3N2 viruses.
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Table 2.

Fold Regulation of Human IFNs and Receptors Following

Avian and Human Influenza Virus Infection in Calu-3 Cells.

Virus
Name Panama NY/107 HK/486 NL/219
IFN and other genes related to IFNs
IFNA2 95.5 753.1 195.2 81.1
IFNA5 56.4 667.8 175.5 159.6
IFNAG 427.8 1454.9 408.8 318.5
IFNA8 17.5 236.1 5.8 20.9
IFNB1 7167.9 71151 2975.0 1049.4
IFNG 1.8 77.2 3.9 13.5
IL6 982.7 4661.8 1051.8 175.1
IL28A 21429.8 36023.9 17064.0 5963.7
IL29 3575.7 11216.5 6898.2 1111.8
IFN-class cytokine receptors
IL2RB 2.0 14.3 2.9 4.8
IL3RA &b 13.1 39 5.2
IL5RA 8.7 39.9 12.2 81.5
IL9R 3.7 65 7.5 40.0
ILTORA 27.9 57.5 17.3 8.6
IL12B 21.9 204.6 56.3 40.2
IL21R 9.5 78.2 22.9 46.1
IFN-inducible proteins
IP-10 2185.9 2195.0 2187.9 283.1
IFI6 56.0 36.0 38.8 11.9
IFI27 22.7 25.9 27.0 13.9
IFIT1L 1441 190.5 47.4 254.6
IFITM1 91.8 74.2 114.7 51.6
IRGM 14.9 244.4 18.5 12.5
ISG15 79.6 64.6 94.7 23.6
MX1 113.3 8.3 99.4 31.7
OAS1 27.6 21.8 29.5 11.1

NOTE. Values in bold and underlined represent the highest and lowest fold

induction over mock-infected cells for each analyte, respectively.

Differential cytokine production in human respiratory cells

following infection with avian and human viruses that exhibit
similar infectivity and replication kinetics has been shown pre-
viously [20, 23, 25, 37]. HPAI H5N1 viruses from 1997 have
been shown to elicit hypercytokinemia following virus infection
compared with human viruses [20, 23, 25], whereas an attenu-
ated IFN response was observed following infection of human
respiratory cells with H5N1 viruses isolated from 2004 [20, 23,
25]. In a separate study, infection of human monocyte-derived
macrophages and dendritic cells with the reconstructed 1918
HINI virus or a 2009 HIN1 pandemic virus revealed di-
minished cytokine production and reduced induction of anti-
viral genes, demonstrating the ability of pandemic influenza
viruses to efficiently attenuate host innate immune responses
[37, 38]. As we found that HPAI H7 viruses from multiple
lineages similarly escaped induction of host interferons and re-
ceptors following infection, the pandemic potential of this virus
subtype should not be overlooked.
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Figure 4. Detection of nucleosomes in the cytoplasm of cells infected
with human and avian influenza viruses. Calu-3 cells were infected at
a multiplicity of infection (MOI) of 1. Cell lysates (4) or supernatants (B)
were collected at 24 h postinfection (p.i.) and the presence of
nucleosomes was detected by ELISA. The data are presented as the
relative fold above mock-infected cells and represent the mean of
duplicate experiments.

The relationships between IFN signaling, cytokine pro-
duction, virus replication, and overall pathogenesis in a host
following influenza virus infection are complex and not fully
understood [27]. The dramatic upregulation of both type I and
type III IFNs following NY/107 virus infection is striking in that
these classes of IFN employ different receptors (IFN-afR for
type I, IEN-AR for type III) [39]. Both type I and type III IFNs
use the JAK/STAT signaling pathway, suggesting a common
virus-induced event during initial signaling events [39]. Further
study is needed to ascertain if the heightened expression of IFN
related genes following NY/107 virus infection contributed to
the elevated levels of nucleosomes detected in culture superna-
tant from infected cells, or if the attenuated IFN response dis-
played by HPAI H7 viruses prevented induction of necrosis in
this system [30, 40]. Despite this marked difference in IFN
production, all viruses tested were equally sensitive to the anti-
viral effects of IFNP as demonstrated by a delay in viral repli-
cation following pretreatment (data not shown).

Delayed transcription in HPAI H7—infected cells of IRF7 and
RIG-I, genes that contribute to the induction and augmentation
of the IFN response [41, 42], has been demonstrated following
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infection with select H5N1 viruses and may contribute to the
poor initiation of the IFN response observed with these H7
viruses [20]. The reduction of host antiviral responses early after
infection with HPAI H7 influenza viruses could additionally
allow for the growth advantage of these viruses observed in 2 cell
types [43]. Interestingly, the HPAI H7N7 and H7N3 viruses
tested here, all of which poorly elicited cytokine and chemokine
responses early following infection, markedly differed in their
virulence in both humans and mammalian models [16, 17]. The
efficient replication of the HPAI H7N7 virus NL/219 may in part
be attributed to the E627K substitution in PB2, the only virus in
this study to contain this substitution; recent work has dem-
onstrated the necessity of 627K for the optimal replication of this
virus in a human lung cell line [35, 36, 44]. Infection with LPAI
H7N2 viruses, which possess an HA receptor binding specificity
resembling that of human viruses (Table 1), resulted in pro-
duction of cytokines and chemokines similar to the H3N2 virus
[7]. Despite this similarity, titers of NY/107 virus were 2-3 logs
lower than the H3N2 virus 12-24 h p.i. in Calu-3 cells, suggesting
differing mechanisms between these viruses to overcome host
responses. Further study characterizing the role of the NS1 pro-
tein of H7 viruses, in addition to examining differences between
these viruses in the early activation of signaling pathways asso-
ciated with cytokine production, will help elucidate those mo-
lecular determinants that contribute to differential induction of
the early innate immune response following H7 virus infection.
The severity of HPAI H5N1 infection in humans is in part
attributed to a high viral load and heightened production of
proinflammatory cytokines [9]. In accord with other studies,
this work suggests that the severe disease observed following
infection with some HPAI viruses may in part be caused not by
cytokine dysregulation but rather a suppression of the early
innate immune response [45]. Future investigation of innate
and adaptive immune responses to H7 viruses throughout the
course of infection, especially in in vivo models, is warranted.
Furthermore, given the ocular tropism displayed associated with
H7 viruses, study of host responses within ocular cell types
would further improve our understanding of this virus subtype.
These studies allow for a better understanding of not only hu-
man infection with viruses within the H7 subtype but of the
complex host response following infection with HPAI viruses.
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