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The first influenza pandemic of the 21st century was caused by novel H1N1 viruses that emerged in early
2009. An Asp-to-Gly change at position 222 of the receptor-binding protein hemagglutinin (HA) correlates with
more-severe infections in humans. The amino acid at position 222 of HA contributes to receptor-binding
specificity with Asp (typically found in human influenza viruses) and Gly (typically found in avian and classic
H1N1 swine influenza viruses), conferring binding to human- and avian-type receptors, respectively. Here, we
asked whether binding to avian-type receptors enhances influenza virus pathogenicity. We tested two 2009
pandemic H1N1 viruses possessing HA-222G (isolated from severe cases) and two viruses that possessed
HA-222D. In glycan arrays, viruses possessing HA-222D preferentially bound to human-type receptors, while
those encoding HA-222G bound to both avian- and human-type receptors. This difference in receptor binding
correlated with efficient infection of viruses possessing HA-222G, compared to those possessing HA-222D, in
human lung tissue, including alveolar type II pneumocytes, which express avian-type receptors. In a nonhuman
primate model, infection with one of the viruses possessing HA-222G caused lung damage more severe than did
infection with a virus encoding HA-222D, although these pathological differences were not observed for the
other virus pair with either HA-222G or HA-222D. These data demonstrate that the acquisition of avian-type
receptor-binding specificity may result in more-efficient infection of human alveolar type II pneumocytes and
thus more-severe lung damage. Collectively, these findings suggest a new mechanism by which influenza
viruses may become more pathogenic in mammals, including humans.

In the early spring of 2009, the human population was con-
fronted by a novel swine origin H1N1 influenza virus that
caused the first influenza pandemic of the 21st century. In most
cases, human infections with this virus appeared to be mild;

however, many severe and fatal cases were reported in indi-
viduals who had no other underlying health issues (3). Yet, the
virulence factors of the 2009 pandemic H1N1 virus, if any,
remain poorly understood.

Host range and pathogenicity of influenza viruses are deter-
mined by both viral and host factors. The receptor-binding
specificity of the hemagglutinin (HA) protein plays a role in
host range restriction (18). In general, human influenza viruses
preferentially bind to sialic acid linked to galactose by an �2,6
linkage (SA�2,6Gal), which is prevalent in human airway ep-
ithelium, whereas avian influenza viruses have higher affinity
for SA�2,3Gal, the major sialyloligosaccharide species in duck
intestine, where aquatic bird influenza viruses replicate (24).
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Receptor-binding specificities are determined by specific
amino acids in HA that characterize avian or human influenza
viruses (17, 24). Typically, the HAs of avian H1 influenza
viruses possess Glu and Gly at positions 187 and 222 (H1
numbering; positions 190 and 225 in H3 numbering), which
confer preferential binding to SA�2,3Gal receptors, whereas
the HAs of human H1 influenza viruses typically encode Asp at
both of these positions, which confers preferential binding to
SA�2,6Gal (17). Interestingly, for the 1918 pandemic influenza
strains, there are two variants of the HA protein, with either
Gly or Asp at position 222, that differ in their abilities to bind
to avian-type receptors (28). However, it is not known if these
differences in receptor specificity affected the pathogenicity of
the 1918 pandemic virus in humans.

The 2009 pandemic H1N1 influenza viruses encode Asp at
both positions, resembling seasonal human influenza viruses in
this regard. Notably, some 2009 pandemic H1N1 influenza
viruses possess Gly (i.e., the avian-type amino acid) at position
222 (http://www.who.int/wer/2010/wer8504.pdf), which corre-
lates with more-severe disease in humans (1, 6, 13, 16, 32).
However, these studies may overestimate the prevalence of
viruses with the HA-222G mutation, since analysis has focused
on severe cases. Moreover, viruses possessing Gly at this po-
sition have also been isolated from patients with mild symp-
toms. Nevertheless, these findings suggest that an amino acid
characteristic for avian influenza viruses may increase virus
pathogenicity in humans. Although the pathogenic potential of
the HA-222G mutation has been tested in mouse and ferret
models, the results were conflicting (8, 33). Here, therefore, we
used a nonhuman primate model to evaluate the effect of
HA-222G in two 2009 pandemic viruses isolated from patients
who had severe clinical outcomes.

MATERIALS AND METHODS

Cells and viruses. Madin-Darby canine kidney (MDCK) cells were maintained
in Eagle’s minimal essential medium (MEM) containing 5% newborn calf serum.
Human lung tissue samples were prepared and maintained as described previ-
ously (27).

A/Utah/42/09 and A/Wisconsin/WSLH26327/09 (2009 pandemic H1N1 influ-
enza viruses), A/duck/Mongolia/301/01 (an avian H3N2 virus), and A/Tottori/
45989/97 (a seasonal H3N2 virus) were used in this study. A/Utah/42/09 possess-
ing HA-222G [Utah(HA222G)], a variant encoding HA-222D [Utah(HA222D)],
A/Wisconsin/WSLH26327/09 possessing HA-222D [WSLH(HA222D)], and
A/Wisconsin/WSLH26327/09 possessing HA-222G [WSLH(HA222G)] were
generated by using reverse genetics (21) and completely sequenced to rule out
unwanted mutations.

Plasmid construction. Reverse genetics systems were established by the
method described by Neumann et al. (21). Briefly, viral cDNAs were synthesized
by reverse transcription of viral RNAs (vRNAs) with oligonucleotide Uni-12
(5�-AGCAAAAGCAGG-3�) complementary to the conserved 3� end of the
vRNA, as previously described (12). The cDNAs were amplified by using PCR
with gene-specific oligonucleotides and then inserted into the pHH21 vector.

The A/Utah/42/09 virus possesses glycine at position 222 in its HA protein. A
pHH21 plasmid, encoding a variant HA with aspartic acid at this position, was
generated by use of the QuikChange site-directed mutagenesis kit (Stratagene),
according to the manufacturer’s instructions.

Glycan array analyses. Viruses were grown in MDCK cells, clarified by low-
speed centrifugation, laid over a cushion of 30% sucrose in phosphate-buffered
saline (PBS), and ultracentrifuged at 25,000 rpm for 2 h at 4°C. Virus stocks were
aliquoted and stored at �80°C. Virus concentrations were determined by use of
a hemagglutination (HA) assay with 0.5% (vol/vol) turkey red blood cells. Cus-
tom microarray slides were printed for the CDC by using the CFG glycan library
(CDC version 1 slides; see Table S1 in the supplemental material for the glycans)
as described previously (4). Virus preparations were thawed and suspended in
PBS supplemented with 3% (wt/vol) bovine serum albumin (BSA) to an HA titer

of 128, established to be optimal for glycan array analyses. Virus suspensions
were supplemented with 300 nM zanamivir, overlaid on the printed region of the
slides, and then incubated with gentle agitation in a closed container for 1 h at
room temperature. Unbound virus was then eluted with brief rinses in PBS.
Slides were immediately incubated with hyperimmune sheep or ferret serum to
A/California/07/09 (H1N1) HA (30 min), a biotinylated anti-sheep or ferret-IgG
antibody (30 min), and a streptavidin-Alexa Fluor 635 conjugate (30 min) (In-
vitrogen, Carlsbad, CA) with brief PBS washes between incubations. After the
final PBS wash, slides were briefly rinsed in deionized water, dried under a gentle
stream of air, and immediately subjected to imaging. Fluorescence intensities
were captured by using a ProScanArray HT (PerkinElmer, Waltham, MA).
Image analyses were carried out with ImaGene 8 software (BioDiscovery, El
Segundo, CA). Data were processed in MS Excel to group similar sialoglycans
and generate a simplified chart.

Virus infection of human lung tissue. Fresh, surgically removed normal human
lung specimens that contained alveoli were cut into �5-mm3 cubes, washed with
culture medium (F-12K nutrient mixture with 15% fetal calf serum [FCS], L-glu-
tamine, and antibiotics), and incubated with virus (200 �l of a virus preparation
containing 107 PFU/ml) at 37°C. Twelve hours postinfection, tissue blocks were
fixed with 10% neutral buffered formalin and processed for routine paraffin
embedding and immunofluorescence double staining or immunohistochemical
analysis with a rabbit anti-influenza A virus antibody (R309, anti-H1N1; pre-
pared in our laboratory) and mouse anti-surfactant protein A (PE10; Dako
Japan Inc., Tokyo, Japan). Cells were incubated with Alexa-488-conjugated goat
anti-rabbit IgG, Alexa-594-conjugated goat anti-mouse IgG, and DAPI (4�,6-
diamidino-2-phenylindole). Samples were observed under a fluorescence micro-
scope (BZ-8000; Keyence Co., Osaka, Japan). The infected tissue samples were
also used for immunohistochemical analysis with a rabbit anti-influenza A virus
antibody (R309), and the reactions were visualized by using a two-step dextran
polymer system (Dako) and 3,3�-diamino benzidine (DAB). Human research
ethics approval for use of all human specimens was obtained from the Kobe
University Office of Research Ethics.

To assess the replication efficiency of viruses possessing HA-222G or HA-
222D in human lung tissue, 5-mm3 cubes of tissue were infected with 108 PFU/0.1
ml of concentrated virus and incubated for 1 h at 37°C in 5% CO2. Tissues were
washed with medium three times, and 600 �l of growth medium was then added.
RNA samples were extracted from the culture supernatants collected from the
infected tissues at 0, 24, 48, and 72 h postinfection and then subjected to
real-time PCR to quantify the viral RNA encoding M1 protein.

Experimental infection of nonhuman primates. Two- to 4-year-old cynomol-
gus macaques, which were obtained from Harlan Laboratories (Madison, WI),
Charles River Laboratories BRL (Houston, TX), and Shiga University of Med-
ical Science (Shiga, Japan), who originally obtained the animals from Vietnam,
were used according to approved protocols for the care and use of animals. As
described elsewhere (10), animals were anesthetized with ketamine via intramus-
cular injection and inoculated with a suspension containing a total of 6.7 � 107

PFU of the respective virus through a combination of intratracheal (4.5 ml),
intranasal (0.5 ml per nostril), ocular (0.1 ml per eye), and oral (1 ml) routes.
Through implanted chips, macaques were monitored every day for changes in
body temperature. On days 1, 3, 5, and 7 postinfection, nasal washes and bron-
choalveolar lavage (BAL) samples were collected from animals. The BAL pro-
cedures were performed by first introducing a red rubber feeding tube into the
tracheal lumen with the aid of a laryngoscope. Up to 3 ml of 1% lidocaine was
instilled to control bronchospasm, as needed. The tip of the feeding tube was
then gently wedged into a subsidiary bronchus, and lavage was performed by
infusion of four 10-ml aliquots of sterile, pyrogen-free saline into the bronchus
followed by aspiration using a 10-ml syringe. Typically, 25 to 35 ml of lavage fluid
was recovered.

At the indicated time points postinfection, two or three macaques per group
were euthanized for virologic and pathological examinations. The virus titers in
various organs, nasal washes, and BAL fluid were determined by using plaque
assays in MDCK cells.

Pathological examination. Tissues of animals were preserved in 10% phos-
phate-buffered formalin for pathological examination. They were then processed
for routine paraffin embedding and cut into 5-�m-thick sections. One section
from each tissue sample was subjected to standard hematoxylin-and-eosin stain-
ing, while another was processed for immunohistological staining with an anti-
influenza virus rabbit antibody (R309) that reacts comparably with all of the test
viruses. Specific antigen-antibody reactions were visualized by use of 3,3�-di-
aminobenzidine tetrahydrochloride staining and a Dako EnVision system (Dako
Co. Ltd., Tokyo, Japan).

Cytokine and chemokine measurement. Cytokines and chemokines in the
BAL fluid of macaques were measured by using the Milliplex MAP nonhuman
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primate cytokine/chemokine panel (Millipore, Bedford, MA) with the Bio-Plex
200 system (Bio-Rad Laboratories, Hercules, CA).

RESULTS

Receptor specificity of 2009 pandemic H1N1 viruses that
possess HA-222G. To evaluate the effect of HA-222G in 2009
pandemic viruses, we used two viruses, isolated from pa-
tients who had severe clinical outcomes, and their variants
that differed only at position 222 in HA. One pair was
derived from A/Utah/42/09 possessing HA-222G [Utah
(HA222G)] and an artificially generated variant encoding
HA-222D [Utah(HA222D)]. Another virus pair was derived
from A/Wisconsin/WSLH26327/09, which was grown in
MDCK cells or embryonated chicken eggs, resulting in the
generation of variants possessing HA-222D [WSLH
(HA222D)] or HA-222G [WSLH(HA222G)], respectively,
while otherwise being identical. The original isolate likely
contained both variants; however, propagation of H1N1 in-
fluenza viruses in MDCK cells or embryonated chicken eggs
is known to select HA-222D or HA-222G variants, respec-
tively (11, 25, 29). All test viruses were generated by using
reverse genetics (21) and their genomes completely se-
quenced to rule out unwanted mutations.

Recent reports show that pandemic H1N1 viruses possess-
ing a Gly residue at HA-222 bind to SA�2,3Gal as well as to
SA�2,6Gal glycans, whereas viruses possessing HA-222D
preferentially bind to only SA�2,6Gal glycans (8, 15, 34). In
agreement with these reports, among the virus pairs we
tested, viruses possessing HA-222G preferentially bound to
SA�2,3Gal glycans compared to viruses with HA-222D
(Fig. 1).

Infectivity of pandemic H1N1 viruses that possess HA-222G
in human lung cells. Recent reports showed virus replication
in the lung alveolar type II pneumocytes of a patient who died
from pandemic H1N1 virus infection (20, 26); sequencing of
virus directly derived from the lung of this patient revealed the
HA-222G mutation (GISAID accession number EPI226248).
Since human type II pneumocytes express SA�2,3Gal (27),
2009 pandemic H1N1 viruses that recognize avian-type recep-
tors may efficiently infect these cells. To test this possibility, we
incubated surgically excised human alveolar lung tissue with
2 � 106 PFU of virus and assessed viral antigen expression 12 h
later. This time point was chosen because virus-infected alve-
olar cells were lost at 18 h postinfection, likely due to cyto-
pathic effects. As shown in Fig. 2A, for viruses possessing
HA-222G [i.e., Utah(HA222G), WSLH(HA222G), and avian

FIG. 1. Receptor specificity of 2009 pandemic H1N1 influenza viruses. Sialylated glycan binding by viruses possessing HA-222D or HA-222G;
purified whole virions were analyzed by use of glycan microarrays. The microarrays displayed 86 sialylated and 9 asialo-glycans printed on coated
glass slides. Different types of glycans on the array (x axis) are highlighted in different colors; the identity of each numbered glycan is provided in
Table S1 in the supplemental material. The fluorescence signal for glycan #18 in the Utah virus pair includes nonspecific binding by the primary
sheep antibody and cannot be interpreted as viral (data not shown). Such nonspecific binding was not observed with the WSLH virus pair, since
we used a ferret primary antibody. Different types of terminal sialic-acid linkage to galactose of arrayed glycans are highlighted in different colors.
Black bars denote the mean fluorescent binding signal intensity (y axis) of 4 spots; the standard error is shown as a red extension.
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virus A/duck/Mongolia/301/01], viral antigens were detected in
type II pneumocytes, which express surfactant protein A (Fig.
2B), at 12 h postinfection. By contrast, virus antigen-positive
cells were not detected in lung tissues infected with viruses
encoding HA-222D [i.e., Utah(HA222D), WSLH(HA222D),
and seasonal H3N2 virus A/Tottori/45989/97] (Fig. 2A), as
previously demonstrated with a seasonal H1N1 virus (27).

Thus, efficient infection of type II pneumocytes in humans
correlates with the ability to recognize avian-type receptors.

We further compared the growth properties of viruses pos-
sessing HA-222D or HA-222G in human lung tissue. We found
that Utah(HA222G) and WSLH(HA222G) grew to higher ti-
ters than Utah(HA222D) and WSLH(HA222D), respectively
(Fig. 3), suggesting that binding to SA�2,3Gal receptors may

FIG. 2. Infection of human lung tissue with 2009 pandemic H1N1 viruses possessing HA-222G or HA-222D. (A) For the control avian virus
(A/duck/Mongolia/301/01; dk/Mongolia), as well as Utah(HA222G) and WSLH(HA222G) viruses, viral antigen (brown stain) was detected in type
II pneumocytes, whereas viral antigen-positive cells were not detected with Utah(HA222D), WSLH(HA222D), or a seasonal H3N2 virus
A/Tottori/45989/97 (Tottori). (B) Human lung tissue was incubated with Utah(HA222G) virus (200 �l of a virus preparation containing 107

PFU/ml). Viral antigen (green) and type II pneumocytes (red), which express surfactant protein A, were detected in the tissue. The nucleus is
stained with DAPI (blue). Panels labeled as uninfected or infected indicate uninfected or infected pneumocytes, respectively. There were 596 and
1,203 virus antigen-positive cells detected in a total of 18 sections per lung tissue block (�0.5-cm3 cube) infected with Utah(HA222G) and
WSLH(HA222G), respectively, whereas no positive cells were detected from lung tissues infected with the HA-222D-encoding counterparts of
these viruses.
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result in more-efficient infection. In addition, the viral RNA
level in human lungs infected with WSLH(HA222G) was much
higher than that in lungs infected with Utah(HA222G), con-
sistent with the data in Fig. 2; that is, the number of viral
antigen-positive cells in lungs infected with WSLH(HA222G)
was higher than that in lungs infected with Utah(HA222G)
(i.e., 1,203 versus 596 antigen-positive cells, respectively).

Pathogenicity of viruses that possess HA-222G in nonhu-
man primates. As described above, although a potential role
for HA-222G in the pathogenicity of 2009 pandemic influenza
viruses has been evaluated in mouse and ferret models, the
results were conflicting (8, 33). Nonhuman primates are in-
creasingly used as a model to assess highly pathogenic influ-
enza virus infections because of their close genetic relationship
to humans (2, 14, 23). We infected cynomolgus macaques
(Macaca fascicularis) with 6.7 � 107 PFU of the Utah and
WSLH virus pairs. Viruses were recovered from the upper
respiratory tracts of animals infected with viruses possessing
HA-222D more frequently than from their counterparts en-
coding HA-222G (as demonstrated by the virus detection fre-
quency in nasal washes) (Table 1); this finding is consistent
with a recent report of a virus possessing HA-222D found
mainly in the upper respiratory tract of pigs (5). By contrast,
infection with viruses possessing HA-222G or HA-222D re-
sulted in similar titers in the lower respiratory tract on days 1,
3, and 5 postinfection. The Utah(HA222G) virus, but not

Utah(HA222D), was also recovered from the BAL fluid of one
animal on day 7 postinfection (Table 1). Further, two or three
animals per group were euthanized for virologic and patholog-
ical analyses at the indicated times after infection. There were
no appreciable differences in virus replication between
Utah(HA222D)- and Utah(HA222G)-infected animals (Table
2); however, macroscopic pathological changes, such as severe
hyperemia, congestion, and red hepatization were observed
in larger areas of the lungs of animals infected with
Utah(HA222G) (Fig. 4A2) than in those of Utah(HA222D)-
infected animals (Fig. 4A1). Histologically, pulmonary edema
was observed more widely in the lungs of animals infected with
Utah(HA222G) virus [two-thirds of the examined lung lobes of
the Utah(HA222G)-infected animals contained edematous le-
sions [Fig. 4A5 and A8]) compared to the lungs of animals
infected with Utah(HA222D) (less than one-quarter of the
examined lobes were edematous [Fig. 4A4 and A7]). In addi-
tion, the number of virus antigen-positive regenerative hyper-
plastic type II pneumocytes (Fig. 4A11 white arrowheads) was
substantially higher in the lungs of animals infected with
Utah(HA222G) than in those infected with Utah(HA222D)
(Fig. 4A10). These findings demonstrate that infection with
Utah(HA222G) causes alveolar damage more severe than that
with Utah(HA222D). These pathological differences were not
observed for the WSLH virus pair (Fig. 4B).

We also investigated whether the differences in pathogenesis

FIG. 3. Viral growth kinetics in human lung tissue. Human lung tissue was infected with 108 PFU/0.1 ml of Utah and WSLH virus pairs
possessing HA-222G or HA-222D. RNA samples were extracted from the culture supernatants collected from the infected tissue at the indicated
time points and then subjected to real-time-PCR to quantify viral RNA.

TABLE 1. Virus titers in respiratory washes from infected cynomolgus macaquesa

Sample Day

Virus titer (log10 PFU/ml) of indicated animal infected withb:

Utah(HA222D) Utah(HA222G) WSLH(HA222D) WSLH(HA222G)

#392 #393 #394 #395 #396 #397 #401 #402 #403 #398 #399 #400

Nasal wash 1 2.6 — 2.6 — — — — 2.1 — — 2.0 —
3 — — — — — — 1.6 — 1.9 1.8 — —
5 2.0 — — 2.0 — — — — — — 1.6 —
7 2.5 — 1.5 — — — — 2.0 2.7 — — —

BAL fluid 1 5.8 5.7 6.0 4.9 6.0 5.4 3.4 4.4 5.0 3.9 5.3 5.3
3 5.3 4.7 5.0 4.4 3.8 4.8 3.0 4.7 4.0 3.4 2.9 4.2
5 4.0 5.4 4.3 4.1 4.2 4.6 3.8 5.2 3.3 5.5 5.2 3.4
7 — — — 3.0 — — — — — — — —

a Cynomolgus macaques were infected with 6.7 � 107 PFU of virus (6.7 ml) via multiple routes. Nasal washes and BAL samples were collected every other day for
virus titration.

b —, virus not detected (detection limit, 1.3 log10 PFU/ml). Numbers (#392 to #403) are animal IDs.
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of Utah(HA222D) and Utah(HA222G) were associated with
altered host responses to infection by measuring cytokine and
chemokine levels in the BAL fluid of infected monkeys. On day
1 postinfection, proinflammatory cytokines and chemokines
(i.e., macrophage inflammatory protein-1 [MCP-1], MIP-1�,
MIP-1�, interleukin-1� [IL-1�], IL-6, tumor necrosis factor
alpha [TNF-�], granulocyte-macrophage colony-stimulating
factor [GM-CSF], and G-CSF) were detected in the BAL fluid
of most of the infected animals (Fig. 5). The magnitudes of
cytokine/chemokine induction appeared comparable among all
animals, with one exception: a Utah(HA222G)-infected animal
(ID 396) with a high virus titer and high cytokine/chemokine
levels relative to those of the other animals (Table 1 and Fig.
5). On day 7 postinfection, the IL-1 receptor � (IL-1R�)
levels were high in two of three animals infected with
Utah(HA222D) virus (Fig. 5A), implying that tissue repair and
remodeling of the alveolar architecture followed viral clear-
ance but that this may be delayed in Utah(HA222G)-infected
animals (19, 22). Taken together, these results suggest that
there is no appreciable correlation between the level of proin-
flammatory cytokines/chemokines and the severity of lung pa-
thology.

DISCUSSION

Here, we demonstrated that the Asp-to-Gly change at posi-
tion 222 of HA increases binding to avian-type receptors and
that infection with a 2009 pandemic H1N1 virus possessing
HA-222G [i.e., Utah(HA222G) virus], which resulted in en-
hanced SA�2-3Gal binding, caused an increase in pathogenic-
ity in the lungs of infected animals. Although we did not find a
difference in virus titers in lung homogenates between viruses
possessing HA-222G and HA-222D, this method does not al-
low the identification of specific cell types infected by the
viruses. However, we showed that viruses with HA-222G in-
fected type II pneumocytes of infected animals efficiently, as
demonstrated in human lung tissue (Fig. 2A). We previously
showed that a seasonal H1N1 virus (A/Kawasaki/UTK-4/2009),
which infected a limited number of type I, but not type II,
pneumocytes, caused less damage in the lungs of the virus-

infected monkeys (10). Since type II pneumocytes produce
pulmonary surfactant and differentiate to type I pneumocytes,
which are critical for gas exchange in the alveoli (31), the
preferential infection of this cell type by influenza virus may
result in more-severe lung damage. Moreover, we found
that much of the area surrounding the damaged alveoli in
Utah(HA222G)-infected animals contained extensive regener-
ative hyperplastic type II pneumocytes that express SA�2,3Gal
glycans (data not shown). Therefore, it is plausible that
SA�2,3Gal-recognizing viruses possessing HA222-G target
type II pneumocytes and newly regenerated type II pneumo-
cytes, reducing the availability of progenitor cells for essential
lung functions, thus causing severe pulmonary impairment,
diffuse alveolar damage, and respiratory distress. Similar
pathogenesis may apply to highly pathogenic avian influenza
virus infection in humans (9, 27, 30).

Our glycan microarray revealed efficient binding of viruses
with HA-222D to SA�2,6Gal glycans (Fig. 1), as expected for
human influenza viruses. These viruses bound to most of the
�2-6-sialylated glycans on the array, including branched, bian-
tennary, and linear structures (but not the shortest glycans).
Childs et al. (7) and Liu et al. (15) reported that 2009 pan-
demic H1N1 viruses also bind to some SA�2,3Gal glycans.
However, Utah(HA222D) and WSLH(HA222D) (represent-
ing the 2009 pandemic H1N1 viruses) did not show any appre-
ciable binding to SA�2,3Gal glycans (Fig. 1), which may be
explained by the differences in the glycan array platforms used
by us and them (7, 15). Briefly, our glycan microarray uses
amine-reactive N-hydroxysuccinimide (NHS)-activated glass
slides, which allow rapid covalent coupling of amine-function-
alized glycans or glycoconjugates. For our analysis, we used
purified virion suspended to an HA titer of 128, which was
established as optimal for glycan array analyses. By contrast, in
the previous two reports (7, 15), they used nitrocellulose-
coated glass slides printed with lipid-linked oligosaccharide
probes, and the viruses were analyzed at HA titers of 2,000,
which is almost 15-fold higher than in our analyses. Therefore,
we speculate that the differences in the conditions for the
glycan array analyses likely caused the discrepancy between
our results and those of the previous reports (7, 15).

TABLE 2. Virus titers in organs of infected cynomolgus macaquesa

Organ

Virus titer (log10 PFU/g) of indicated animal infected withb:

Utah(HA222D) Utah(HA222G)

Day 3 pi Day 6 pi Day 3 pi Day 6 pi

#1 #2 #3 #4 #5 #7 #8 #9 #10 #11

Tonsil 4.9 — — — — 5.1 2.8 — — —
Trachea 4.3 5.1 — — — 5.6 3.7 — — —
Bronchus (right) 3.7 5.3 — — — 3.0 4.4 — — —
Bronchus (left) — 4.3 — — — 4.0 3.6 — — —
Lung (upper right) 6.5 2.8 — — — — 5.3 — — —
Lung (middle right) 3.1 2.5 — — — 4.4 4.7 — — —
Lung (lower right) 6.5 — 4.1 4.4 — 3.9 5.5 — — —
Lung (upper left) 3.7 — — — — — 3.9 — — —
Lung (middle left) 3.8 NA — — — — 7.5 — — 4.0
Lung (lower left) 4.3 4.1 — — 3.7 5.3 7.2 — 4.7 —

a Cynomolgus macaques were inoculated with 6.7 � 107 PFU of virus through multiple routes. Two or three macaques per group were sacrificed on days 3 or 6
postinfection (pi) for virus titration, respectively.

b —, virus not detected (detection limit: 1.3 log10 PFU/g). Numbers (#1 to #11) are animal IDs.
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FIG. 4. Virus pathogenicity in nonhuman primates. (A) Macroscopic pathological changes were observed in a larger proportion of the lungs
of animals infected with Utah(HA222G) (2) compared to those infected with Utah(HA222D) (1) on day 6 postinfection. Infection with
Utah(HA222D) mainly resulted in bronchopneumonia with thickening of the alveolar walls (4). Higher magnification of the alveolar area shows
severe thickening of the alveolar wall by infiltration of inflammatory cells (7); however, air-containing clear alveolar spaces and thin alveolar walls
were observed in large areas of the lobes. By contrast, infection with Utah(HA222G) mainly resulted in severe pneumonia with prominent
pulmonary edema and inflammatory infiltration (5). Higher magnification of the alveolar area revealed alveolar spaces filled with proteinaceous
fluid and severe alveolitis (8). Numerous viral antigen-positive cells were detected in animals infected with Utah(HA222G) (11) compared to those
infected with Utah(HA222D) (10). Lungs derived from an uninfected animal showed no gross or histological changes (3, 6, and 9). Black
arrowheads indicate gross lesions in the lungs of infected animals. The boxes indicated by dotted lines depict the areas shown in the microscopic
photos (1, 2). White arrowheads show large regenerative type II pneumocytes infected with Utah(HA222G) virus (11). Bars � 200 �m (4 to 6),
100 �m (7 to 9), 50 �m (10 and 11). (B) Lungs of macaques infected with WSLH(HA222D) (1 and 3) or WSLH(HA222G) (2 and 4) on day 7
postinfection. Arrowheads: gross lesions. The boxes depicted in dotted lines outline the areas shown in the microscopic photos. Bars � 50 �m.
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Recently, Chutinimitkul et al. (8) evaluated the role of HA-
222G in pathogenicity and found no correlation between HA-
222G and increased pathogenicity in mice and ferrets; by con-
trast, Xu et al. (33) reported enhanced pathogenicity in mice

for this mutant. The discrepancy between the findings of Chu-
tinimitkul et al. (8) and ours may originate from differences in
the virus stains used. Chutinimitkul et al. (8) tested A/Nether-
lands/602/2009, which was isolated from a mild case very early

FIG. 5. Proinflammatory cytokine and chemokine responses in the lungs of infected cynomolgus macaques. Cytokines and chemokines were
measured as described in Materials and Methods. The concentrations of various cytokines and chemokines in the BAL fluid of infected cynomolgus
macaques were measured on days 1, 3, 5, and 7 postinfection by use of protein array analysis with the Milliplex MAP nonhuman primate cytokine/
chemokine panel-premixed 23-Plex (Millipore, Bedford, MA). (A) G-CSF, GM-CSF, IFN-	, IL-1�, IL1R-�, IL-5; (B) IL-6, IL-8, IL-15, IL-12, MCP-1,
MIP-1�; and (C) MIP-1�, CD40L, transforming growth factor � (TGF-�), TNF-�, vascular endothelial growth factor (VEGF), and IL-18.
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in the 2009 pandemic (29 April 2009), whereas we tested
A/Utah/42/2009, which was isolated from a severe case later in
the pandemic (24 July 2009). When we tested A/Wisconsin/
WSLH26327/2009, which was isolated from a severe case early
in the pandemic (5 May 2009 or earlier), the HA-222G sub-
stitution had no effect on the lung pathology of the infected
animals (Fig. 4B). Since there are many amino acid differences
between A/Netherlands/602/2009, A/Wisconsin/WSLH26327/
2009, and A/Utah/42/2009 (see Table S2 in the supplemental
material), the combination of HA-222G with other amino acid
changes in other viral proteins may influence changes in patho-
genicity in mammals. In addition, the different animal models
used in these studies may have contributed to the different
outcomes. We should also consider the possible contribution
of host genetics to the consequences of influenza virus infec-
tion (i.e., mild or severe disease outcome). Taken together, the
HA-222G substitution appears to increase the pathogenicity of
influenza viruses in mammals under certain conditions and, as
such, could be considered a virulence maker.
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