
JOURNAL OF VIROLOGY, Oct. 2004, p. 10420–10432 Vol. 78, No. 19
0022-538X/04/$08.00�0 DOI: 10.1128/JVI.78.19.10420–10432.2004
Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Integration of Clinical Data, Pathology, and cDNA Microarrays in
Influenza Virus-Infected Pigtailed Macaques

(Macaca nemestrina)†
Carole R. Baskin,1* Adolfo García-Sastre,2 Terrence M. Tumpey,3 Helle Bielefeldt-Ohmann,4

Victoria S. Carter,5 Estanislao Nistal-Villán,2 and Michael G. Katze4,5

Department of Comparative Medicine1 and Department of Microbiology,5 University of Washington School of Medicine,
and Washington National Primate Research Center,4 Seattle, Washington; Department of Microbiology,

Mount Sinai School of Medicine, New York, New York2; and Centers for
Disease Control and Prevention, Atlanta, Georgia3

Received 22 February 2004/Accepted 1 June 2004

For most severe viral pandemics such as influenza and AIDS, the exact contribution of individual viral genes
to pathogenicity is still largely unknown. A necessary step toward that understanding is a systematic compar-
ison of different influenza virus strains at the level of transcriptional regulation in the host as a whole and
interpretation of these complex genetic changes in the context of multifactorial clinical outcomes and pathol-
ogy. We conducted a study by infecting pigtailed macaques (Macaca nemestrina) with a genetically recon-
structed strain of human influenza H1N1 A/Texas/36/91 virus and hypothesized not only that these animals
would respond to the virus similarly to humans, but that gene expression patterns in the lungs and tracheo-
bronchial lymph nodes would fit into a coherent and complete picture of the host-virus interactions during
infection. The disease observed in infected macaques simulated uncomplicated influenza in humans. Clinical
signs and an antibody response appeared with induction of interferon and B-cell activation pathways, respec-
tively. Transcriptional activation of inflammatory cells and apoptotic pathways coincided with gross and
histopathological signs of inflammation, with tissue damage and concurrent signs of repair. Additionally,
cDNA microarrays offered new evidence of the importance of cytotoxic T cells and natural killer cells through-
out infection. With this experiment, we confirmed the suitability of the nonhuman primate model in the quest
for understanding the individual and joint contributions of viral genes to influenza virus pathogenesis by using
cDNA microarray technology and a reverse genetics approach.

Much progress has been made in the understanding of the
structure and molecular functions of influenza virus (19, 35, 46,
54) and in the sequencing of the virus genome, most notably
that of the 1918 pandemic strain (7, 57, 58, 72). New formu-
lations for vaccines are being developed (55, 79), and new
prophylactic and therapeutic drugs have provided the human
population with a degree of protection and shown promise in
mice, even against viruses recombined with the hemagglutinin
and neuraminidase genes from the 1918 pandemic flu (69, 73).
However, the genetic instability of influenza virus requires a new
vaccine every year, and resistance to some of the drugs that
prevent uncoating of the virus inside cells (M2 blockers) has
already developed (24). Two great enigmas of pandemic influ-
enza, particularly of the 1918 strain, are, apart from their much
greater virulence, the reversal in patterns of age-specific mortality
and the relatively larger proportion of deaths due to overwhelm-
ing primary viral pneumonia rather than secondary bacterial
pneumonias (51, 71). The key to these features distinguishing
pandemic from ordinary strains lies in the intricacies of host-virus
interactions in addition to differences in existing immunity (45).

The present study was aimed at establishing a model system
in nonhuman primates for the study of host-virus interactions
at the genetic level and through the use of cDNA microarrays.
A thorough understanding of a successful response to infection
with “ordinary” influenza virus, in this case A/Texas/36/91, a
strain used to infect humans in experimental settings (30, 33),
is essential to elucidate how responses to more virulent strains
differ and ultimately influence the outcome of infection. In the
analysis of the cDNA array data, attention was given to general
gene regulation patterns but with a particular focus on genes
related to the innate immune response, which is believed to be
a key factor in the clinical course and pathology of the disease,
particularly during infection with more virulent strains (77).
Other functions studied at the transcriptional level included
immune cell chemotaxis and tissue transmigration, antigen
presentation, T- and B-cell proliferation and activation, and
apoptotic pathways. With this approach we were able to show
that cDNA microarray data from relevant tissues yielded a
picture that was consistent with clinical presentation, immune
response, and pathology. These data will therefore be a suit-
able foundation for using transcriptional profiling to shed new
light on the mechanisms of virulence of different influenza
virus strains and subtypes.

MATERIALS AND METHODS

Animals. Four female pigtailed macaques (Macaca nemestrina), ranging in age
from 4 to 11.5 years and in weight from 5.8 to 9.8 kg, were provided by the
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Washington National Primate Research Center for the purpose of this study.
None of these animals had received any major treatments in the past. In addition,
a preliminary physical exam 2 weeks before scheduled inoculation, as well as a
complete blood count, serum chemistry (both processed at the University of
Washington Medical Center), and influenza virus A/B serum antibody titers (by
complement fixation at Focus Technologies, Cypress, Calif.), ruled out any major
health problems or prior exposure to influenza virus that would have rendered an
animal unsuitable for the present study. All animals were moved into the room
assigned to the study several days prior to the start of the experiment to ensure
acclimation. During the study, the room was maintained at biosafety level 2 plus,
and all procedures were performed according to guidelines approved by the
University of Washington Environmental Health and Safety Committee, Occu-
pational Health Administration, Primate Center Research Review Committee,
and Institutional Animal Use and Care Committee.

Protocol. The protocol was adapted from that of Rimmelzwaan et al. (44, 61,
62). The four animals were designated as either control (sham-inoculated) ani-
mals or experimental animals and matched for age and weight. One control and
one experimental animal were assigned an endpoint of 4 days postinoculation,
and the remaining control and experimental animals were assigned an endpoint
of 7 days postinoculation. The control phase of the study was performed first, to
avoid cross-infection by infected animals, and the timeline for both phases is
illustrated in Fig. 1. Food consumption (Fiber Plus Monkey Diet 5049; LabDiet,
PMI Nutrition International, St Louis, Mo.) was monitored for several days prior
to the day of inoculation, and average daily biscuit consumption was calculated
for each animal. Animals had ample amounts of body fat prior to the start of the
study and continued to consume measured amounts of fruits and produce pro-
vided as part of the enrichment program.

All examinations and procedures were performed on the animals under chem-
ical restraint (tiletamine-zolazepam at 2 to 10 mg/kg intramuscularly). Experi-
mental animals were inoculated with 107 50% tissue culture infectious doses of
reconstructed influenza A/Texas/36/91 virus. This infectious dose was admittedly
more than that used on human subjects for this virus, which is on the order of 106

50% tissue culture infectious doses administered intranasally (30, 33), but this
particular protocol, used by Rimmelzwaan et al., had proven to result in the
desired level of infection in nonhuman primates.

The virus that we used was made by plasmid-based reverse genetics techniques
with cDNAs corresponding to the eight RNA segments of the wild-type virus
(26). The plasmid-derived recombinant virus had a replicative phenotype com-
parable to that of the wild-type virus in vitro and in mice. The viral suspension
was diluted into 5 ml of standard bronchoalveolar lavage fluid (10) and distrib-
uted as 4 ml directly into the trachea by way of a gavage tube fitted inside an

endotracheal tube; 0.5 ml was deposited onto the tonsils, and 0.25 ml was
deposited onto each conjunctiva. Control animals were inoculated in the same
manner but with bronchoalveolar lavage fluid alone. After the initial blood work,
complete blood count and complete chemistry measurements were repeated at
days 1, 3, and 4, and, for the two remaining animals, day 7 after inoculation.
Influenza virus antibody titer determinations were repeated at days 3, 4, and 7
after inoculation. Additionally, bronchoalveolar lavage fluid samples were ob-
tained by injecting and aspirating 2 ml of lavage fluid into the trachea as de-
scribed above on days 3, 4, and 7 for cytology, immunohistochemistry, and virus
isolation. At the same times, nasal and pharyngeal swabs were taken for virus
isolation. Experimental euthanasia was achieved with an overdose of pentobar-
bital administered intravenously into a femoral vein. Tissue harvest at days 4 and
7 included lungs, trachea, tracheobronchial lymph nodes, heart, liver, spleen,
kidneys, cerebrum, and cerebellum. Tissue samples were either saved in RNA-
later (Ambion, Austin, Tex.), snap-frozen for cDNA arrays and viral isolation, or
fixed in 10% formalin for histology and immunohistochemistry.

Viral isolation. Samples set aside for viral isolation were weighed and homog-
enized in brain heart infusion medium (BHI) (Sigma, St. Louis, Mo.). Clarified
homogenates and mucosal samples were titrated for virus infectivity from initial
dilutions of 1:2 in tissues. Fifty percent egg infectious dose titers were deter-
mined by serial titration of viruses in eggs calculated by the method of Reed and
Muench (56). Additionally, all samples were tested for infectious virus in a
standard 48-h plaque assay performed on Madin-Darby canine kidney (MDCK)
cells as described (32). The limit of virus detection was 100.8 50% egg infectious
dose/g or PFU/g.

Histopathology and immunohistochemistry. Tissues fixed in 10% neutral buff-
ered formaldehyde were routinely processed for histopathological study. For
immunohistochemical detection of virus-infected cells, deparaffinized and rehy-
drated sections were treated with 0.02% H2O2 in methanol for 10 min, followed
by a rinse in Tris-buffered saline (TBS) and incubation in 0.1 M glycine in TBS
for 15 min. Following a TBS rinse, the sections were blocked with 1% normal
horse serum in TBS with Tween 20 and 0.5% bovine serum albumin. This was
followed by incubation with mouse monoclonal antibody to the nucleoprotein of
influenza A virus (A/Texas strain; Fitzgerald Industries Intern, Inc. Concord,
Mass.) diluted 1:100 in blocking buffer and biotinylated horse anti-mouse im-
munoglobulin G (Vector Laboratories, Burlingame, Calif.). Bound antibody was
visualized by the streptavidin-biotin-peroxidase complex procedure with diami-
nobenzidine or 3-amino-9-ethylcarbazole as the chromogen (70). Sections were
counterstained with Harry’s hematoxylin and examined in a Nikon Eclipse E600
microscope. Microphotographs were taken with a Nikon FDX-35 camera and

FIG. 1. Timeline of study. Two animals (one experimental and one control) had a 4-day endpoint, and two others had a 7-day endpoint.
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Velvia RVP 135 film (Fujichrome). The photos were scanned with Adobe Pho-
toshop 7.0.

Cytology. Cells retrieved from bronchoalveolar lavage fluid were pelleted at
1,200 rpm, resuspended in phosphate-buffered saline, and either applied to glass
slides with a cytospin centrifuge (Thermo Electron Corp., Waltham, Mass.) or
spotted onto Teflon-coated spot slides (11, 23). Following thorough drying, the
cells were fixed in 10% neutral buffered formaldehyde, rinsed in water, and
stored dried until stained for virus antigen as described above.

cDNA microarrays. Total RNA was isolated from areas of the lungs where
lesions could be identified either grossly or microscopically in experimental
animals and from tracheobronchial lymph nodes, the only two tissues showing
pathology relevant to influenza virus infection in this experiment. After purifi-
cation, reverse transcription, and amplification, the resulting cDNAs from each
experimental tissue were labeled with two different dyes (indocarbocyanine and
indodicarbocyanine), and the cDNAs from the corresponding controls were
labeled in this manner as well. Complementary dye combinations of labeled
experimental and control cDNA were then cohybridized to two replicate slides,
each of which contained PCR products spotted in duplicate. On one slide, one
sample was labeled with indodicarbocyanine and the other with indocarbocya-
nine; on the other slide, the labeling scheme was reversed. This hybridization
scheme resulted in four separate measurements for each gene on the array, two
in one labeling scheme and two in the other. This allowed calculation of a mean
ratio and a standard deviation of the ratio, which was used as an error estimate.
In addition, if one of the four measurements was an extreme outlier or was
judged to have inferior spot quality by the image analysis software, it could be
rejected and a standard deviation could still be calculated. The human cDNA
arrays that were used in these studies were purchased from Agilent Technologies
(Palo Alto, Calif.). These arrays contain duplicate spots of 13,026 unique cDNA
clones (97% of which have been mapped to named human genes) and have been
used extensively in our laboratory (27, 67, 75).

In addition to cohybridizing each experimental tissue with the corresponding

time-matched control, cDNA of the pulmonary sample from the control animal
at day 4 was cohybridized with that of the control animal at day 7 in an attempt
to assess individual variability in these two healthy animals. Total gene lists of
signature genes (P � 0.05) in all arrays were generated in Resolver (Rosetta
Inpharmatics, Kirkland, Wash.) and exported to a spreadsheet. Two main biosets
were made through mining of Biocarta pathways (http://www.biocarta.com) and
through addition of genes relevant to the innate immune response, immune cell
migration, T- and B-cell activation and proliferation and genes relevant to apo-
ptosis, either virus or immune cell induced. Theses sets were refined by gathering
more specific information in Genecards (http://bioinformatics.weizmann.ac.il/
cards/) and several immunology texts. The cDNA array comparing the two
control lungs was used to eliminate the most variable genes from consideration
[genes with a �1.5-fold change in the control versus the control array (P � 0.05)],
and a hierarchical cluster of each resulting bioset was generated (with mention
of all genes in the biosets, for which a change of �1.5-fold and a P of �0.05 were
obtained in at least two experiments). The final cluster figures were created in
Spotfire Decision Site 7.1.1 by exporting the clustered data from Resolver. All
primary data as well as a complete description of relevant laboratory protocols
and of the Resolver System Error model are available at http://expression.mi-
croslu.washington.edu.

RESULTS

Clinical signs and ancillary findings. The clinical signs ob-
served in experimental animals are summarized in Fig. 2 and
were overall consistent with those of human influenza. All
animals maintained adequate hydration, as verified during
physical exams and at necropsy, and the observed weight loss
was thus due to loss of fat and possibly muscle tissue. Blood

FIG. 2. cDNA microarray of selected genes pertaining to interferon pathways and upregulated concurrently with appearance of clinical signs
in experimental animals. Lane L4, experimental versus control lungs at day 4; lane L7, experimental versus control lungs at day 7. Genes in this
bioset were extracted from the cluster in appendix A, i.e., they were differentially regulated by 1.5-fold or more in at least two experiments (P �
0.05) and were clustered according to a hierarchical algorithm. Red bars represent genes that were induced by the experiment; green bars represent
genes that were repressed by the experiment; and darker colors represent lesser differential expression.
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work (complete blood count and total chemistry) in experi-
mental animals was typically nonspecific (14, 16) and compli-
cated by the presence of a stress leukogram (also seen in
control animals), but there was nevertheless lymphopenia and
monocytosis in the infected macaques which was not noted in
control animals.

Live influenza A/Texas/36/91 virus was isolated from the
lungs of the experimentally infected animal sacrificed at day 4
[2.37 log10 (50% egg infectious dose)/g of tissue] but not from
the lungs of the experimentally infected animal sacrificed at
day 7 or from any other tissues or samples at either time point.
This confirmed the relatively low virulence of the Texas strain
in the macaque model and suggested, at least in that animal,
considerable clearance of the virus by day 7, also the time of
detection of influenza virus-specific antibody in serum (titer �
1:8), performed by complement fixation with an antibody
against influenza virus A soluble antigen. These results indi-
cated that both animals had been successfully infected.

Gross pathology, histopathology, cytology, and immunohis-
tochemistry. The lungs and airways of the experimental ma-
caque sacrificed at day 4 showed little gross pathology, but the
animal had a mild suppurative tracheitis and mild tracheobron-
chial lymphadenopathy. Gross necropsy showed multifocal (on
frontal and accessory lobes) to coalescing (on caudal lobes)
vascular congestion, edema, and mild to moderate consolida-
tion of the lung parenchyma of the virus-challenged macaque
terminated on day 7 postinoculation. This animal also had
moderate swelling of the tonsils, moderate amounts of foamy
mucus in trachea and airways, and moderate tracheobronchial
lymphadenopathy.

Histopathology of lung tissue is shown in Fig. 3 (day 4
postinoculation) and Fig. 4 (day 7 postinoculation), and that of
tracheobronchial lymph nodes in Fig. 5. Immunohistochemis-
try of these tissues is shown in Fig. 6. All were consistent with
progressive primary viral pneumonia as seen in humans (9, 39).
There were no indications of secondary bacterial infection.
The bronchoalveolar lavage fluid samples (not illustrated) on
day 3 postinoculation showed disproportionate numbers of
neutrophils relative to other cells, such as macrophages and
epithelial cells, which normally predominate in samples from
healthy animals, as they did in the controls. Influenza virus-
specific labeling of cells in bronchoalveolar lavage fluid did not
occur until day 4, when 80 to 90% of cells were neutrophils and
the rest were a mixture of macrophages-monocytes and
sloughed epithelial cells (not illustrated). That labeling was
present mostly in immune cells and was both nuclear and
cytoplasmic, suggestive of active phagocytosis of epithelial cells
infected with the virus (15, 21). At day 7, however, cytology of
the bronchoalveolar lavage fluid from the remaining animal
consisted mainly of desquamated epithelial cells with only rare
neutrophils and macrophages, and immunohistochemistry was
negative for viral antigen, suggesting that the virus had largely
been cleared (not illustrated).

In both experimentally infected animals, necropsy showed
livers with fatty changes and varying distention of the gall
bladder, findings typical of protracted anorexia, especially in
overweight animals. No pathology consistent with a viral respi-
ratory infection or anorexia was found in either of the control
animals, which were sacrificed at the same endpoints as the
experimental animals (day 4 and day 7). In conclusion, histo-

pathology and immunohistochemistry findings in virus-chal-
lenged animals indicated successful infection and progressive
pathology consistent with ongoing immune-mediated clear-
ance of the virus and with lesions seen in human patients
previously naïve for the disease (16).

Regulation of immune response in lungs and tracheobron-
chial lymph nodes of infected animals. Genes relevant to the
immune response were clustered in Resolver (Appendix A in
the supplemental material), and that cluster was organized into
functional categories to illustrate associations between func-
tion and regulation (Appendix B in the supplemental mate-
rial). The percentages of upregulated genes in each functional
category are shown in Fig. 7.

General innate immune response and interferon pathways.
Respiratory epithelial cells and leukocytes infected with influ-
enza virus A (37) respond to the insult in part by secreting
interferons, whose production starts about 2 h after infection
and peaks 3 to 4 days later (48, 64), thereby activating antiviral
defenses in neighboring cells (alpha/beta interferon response),
limiting viral spread and eliminating a large proportion of the
original viral load (3). The antiviral state in the lungs was
evident in particular through regulation of the majority of
genes enhancing or indicating the presence of an alpha/beta
interferon or gamma interferon response (Fig. 2, Appendices
A and B). Examples of activated genes included the human
MX [homologue of murine MX1 or myxovirus (influenza vi-
rus) resistance 1], a cellular protein induced by alpha/beta
interferon that inhibits influenza virus replication at the level
of primary transcription (43) and gamma interferon itself. In-
terleukin-13, produced by activated T cells and known to in-
hibit gamma interferon production in monocytes (47), was
consistently downregulated at day 4 in lung tissue (Appendices
A and B). Likewise IRF2, a transcriptional repressor of alpha/
beta interferon and of major histocompatibility complex
(MHC) class I genes (31), was downregulated in lung tissue
and at day 4 in tracheobronchial lymph nodes (Appendices A
and B).

Induction of the interferon pathways at day 4 in the lungs
also coincided with the onset of systemic signs, typically occur-
ring 2 to 4 days after infection, and with successful isolation of
live virus from lung tissue (Fig. 2). Alpha/beta interferon and
gamma responses still showed signs of activation at day 7 (Fig.
2 and 7), although induction of other noncellular mediators of
the innate immune response (interleukin-1RAP and certain
elements of the complement pathways) tended to decrease in
the two experimental animals from day 4 to 7 (Appendices A
and B). Finally, both interferon responses seemed induced,
albeit through different genes, in tracheobronchial lymph
nodes, where gamma interferon-producing NK cells and T
cells abound (Fig. 7, Appendices A and B) (65).

Immune cell migration and neutrophil and monocyte-mac-
rophage response. Many pneumocytes in infected lungs at day
4 were hypertrophic and had dark basophilic nuclei and cyto-
plasm (Fig. 3), typical of high synthetic activity of cells infected
with influenza A virus and resulting in secretion of cytokines
that attract and activate leukocytes (65). Light microscopy of
lymph nodes showed that the endothelial cells of most blood
vessels at day 7 were hypertrophic and had large vesiculated
nuclei, both evidence of high synthetic activity (Fig. 5). Genes
for mediators of chemotaxis, adhesion, and transmigration of
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immune cells through tissues, such as the chemokines CXCR3
and CXCR6, interleukin-8, CXCL11 and CXCL12, adhesion
proteins AOC3 and PECAM-1, and integrins 2b, �1, and �L,
were alternatively induced in lungs and tracheobronchial
lymph nodes and suggested heavy traffic of immune cells into
both of these tissues. Chemoattractants and other functional
genes for neutrophils (interleukin-8, CCL3, AOAH, C3AR1,
CSF2RB, EBI2, MNDA, etc.) tended to be most activated in
the lungs at day 4 (Fig. 3 and 4 and Appendix B). Interestingly,
an almost entirely different set of genes equally relevant to

neutrophils and monocytes-macrophages was upregulated at
day 7, particularly in tracheobronchial lymph nodes (Appendix
B). Consequently, histopathology and cDNA microarrays con-
curred on the degree of abundance and activation of neutro-
phils and monocytes-macrophages in the lungs and lymph
nodes (Fig. 7).

Antigen presentation (induction of MHC complexes), and
T-cell, NK cell, and B-cell response. There was overall preva-
lence of gene expression relevant to processing of antigens on
MHC class I complexes, particularly in lung tissue (Appendix

FIG. 3. Histopathology of lung tissue at day 4 postinoculation and cDNA microarrays of selected genes relevant to neutrophil and monocyte-
macrophage function. The left slide shows uninfected lungs from the control animal; the right slide shows the lungs of the infected animal at day
4 postinoculation, showing pneumonia with mild alveolar septal and luminal infiltration of lymphocytes, neutrophils (black arrows), eosinophils,
and macrophages (blue arrows), hypertrophy (red arrow), and hyperplasia (mitotic figures) in many pneumocytes with dark basophilic nuclei and
cytoplasm but little or no apparent transudation to the alveoli. Magnification, �70. The genes in these biosets were extracted from the cluster in
appendix A, i.e., they were differentially regulated by 1.5-fold or more in at least two experiments (P � 0.05) and were clustered according to a
hierarchical algorithm. Red bars represent genes that were induced by the experiment; green bars represent genes that were repressed by the
experiment; and darker colors represent lesser differential expression. The genes in the heat maps whose border color corresponds to a label on
the histology slides are highly relevant to but not necessarily exclusive to the function of the labeled cells.
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B). Even in lymph nodes, where most MHC class II-positive
cells are found (12), a number of heat shock proteins were
upregulated, which may be attributed to processing of antigen
on MHC class I complexes, particularly calreticulin and hsp70,
known to be actively involved in processing of these complexes
through the endoplasmic reticulum (8). General upregulation
of heat shock proteins in lymph nodes could also be caused by
high mitotic activity in dividing immune cells. Tc cells and NK
cells are classically affected by interaction with MHC class I
complexes on the surface of infected cells. Tc cells are invari-
ably activated by such interactions, and consistently, many

genes coding for proteins relevant to T-cell function were in-
duced at one time or another (GZMA and GZMB, TNFSF7,
CD7, CCL28, FASTK, LAK, etc.) (Fig. 7 and Appendix B).

In the lungs at day 4, however, genes related to cytotoxicity
were also likely to be expressed by NK cells, usually considered
more active than Tc cells early on (65). Other genes almost
exclusively expressed by NK cells were upregulated in lung
tissue at day 4, including several inhibitory lectin-like receptors
(KLRC1, KLRC3, KLRC4, and KLRD1) and several killer
immunoglobulin-like receptors (KIR3DL2 and KIR2DL3)
(Appendix B). These receptors interact with different compo-

FIG. 4. Histopathology of lung tissue at day 7 postinoculation and cDNA microarrays of selected genes relevant to neutrophil and monocyte-
macrophage function. The left slide shows uninfected lungs from the control animal; the right slide (both sections) shows the lungs of the infected
animal at day 7 postinoculation, showing pneumonia with alveolar flooding, hypertrophy, and hyperplasia of pneumocytes (red arrow), interstitial
and alveolar infiltration by macrophages (blue arrows), lymphocytes, and a few neutrophils (black arrows), alveolar-septal necrosis (N), and areas
of alveolar occlusion due to severe fibrin transudation and intra-alveolar cell migration. Hematoxylin and eosin stain. Magnification, �70. The
genes in these biosets were extracted from the cluster in appendix A, i.e., they were differentially regulated by 1.5-fold or more in at least two
experiments (P � 0.05) and were clustered according to a hierarchical algorithm. Red bars represent genes that were induced by the experiment;
green bars represent genes that were repressed by the experiment; and darker colors represent lesser differential expression. The genes in the heat
maps whose border color corresponds to a label on the histology slides are highly relevant to but not necessarily exclusive to the function of the
labeled cells.
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nents of MHC class I complexes that are normally expressed in
larger numbers on the surface of uninfected cells (2, 49), and
most of them were also induced at day 7 in lung tissue and day
4 in lymph nodes. Other genes of interest to NK cells were
most active at day 7 in lymph nodes, such as NKG2D, which
belongs to the C-type lectin family and also transmits an in-
hibitory signal through interactions with MHC class I com-
plexes (5, 68).

In summary, although no genes coding for activating recep-
tors of NK cells were included on the arrays, it is likely that
both NK cells and Tc cells were present and active as early as
day 4 in lung tissue, likewise in tracheobronchial lymph nodes,
particularly at day 7, when cytotoxicity had to be enhanced by
production of antibodies detected in serum. Gene regulation in
the two experimental animals also suggested dominance of a T
helper 1 response in lung tissue (IFNAR2 and gamma inter-
feron), particularly early on. In the lymph nodes of these ani-
mals, a T helper 1 response prevailed at day 4 but appeared to
give way to a T helper 2 response at day 7 (CMKBR3, inter-
leukin-13). General T-cell attraction and activation were both
suggested by the array and corroborated by lymphocyte infil-
tration seen on lung and lymph node histology.

Certain genes playing a role in B-cell function and prolifer-
ation (TCF3, TNFRSF17, PTPN7, NFKB1, etc), were only
active or most active in lymph nodes at day 7, where and when
B cells proliferate and may become activated into producing
antibody as part of a T helper 2 response.

In conclusion, cDNA microarrays showed evidence of an
innate immune response, characterized by infiltration, involve-
ment, and proliferation of neutrophils, monocytes-macro-
phages, and NK and cytotoxic T cells as well as activation of
interferon pathways and dominance of a T helper 1 over a T
helper 2 response. These events were completed by develop-
ment of an adaptive immune response in the form of increasing
induction of a T helper 2 response, resulting in B-cell activa-
tion and production of antibodies.

Regulation of oxidative stress and apoptosis in lungs and
tracheobronchial lymph nodes of infected animals. Since oxi-
dative and apoptotic pathways during infection can at the same
time worsen and limit the inflammatory process and resultant
tissue damage, regulation of related genes was assayed for in a
separate bioset (Fig. 8). A number of genes relevant to apo-
ptosis were preferentially upregulated in the lungs at day 4

(GZMA and GZMB, TNFRSF6, TNFSF6, etc.) and to a lesser
extent in the lungs at day 7 and lymph nodes at day 4. For
instance, several genes specific for cytotoxicity, including that
for aldehyde oxidase (AOX1), an indirect catalyst for super-
oxide production, were induced. Although oxidative pathways
play a role in antimicrobial defense, they are also a source of
collateral damage to tissues. Moreover, these pathways are
apparently used by viruses, particularly influenza A virus, to
depress mitochondrial functions (66), although in our study the
mitochondrial ribosomal protein S30 was upregulated through-
out.

Regarding more general apoptosis, caspases 1, 3, and 8 are
known to be activated during infection with influenza A virus,
possibly through alpha/beta interferon (6). Consistently, both
caspase 1, also involved in enhancing the T helper 1 response
through processing of interleukin-1� and interleukin-18 (37;
http://www.biocarta.com/pathfiles/h_il18Pathway.asp), and
caspase 5 were upregulated, particularly at day 4 in lung tissue.
In contrast, a number of genes coding for protective enzymes
against oxidative damage were activated (OSR1, superoxide
dismutase, and metallothioneins), as were a number of tumor
necrosis factor-associated genes actually inhibiting apoptosis
and promoting growth, particularly in naïve T and B cells
(TNFSF5 and TNFSF14), either in lungs and lymph nodes.
Several apoptosis inducers (CFLAR, DAP-3, TFRSF10C,
IFRD2, FASTK, BAD, and RAC1) were downregulated in
lungs but not in lymph nodes. Overall, growth and proliferation
signals, in agreement with reactivity of lymph nodes and pres-
ence of mitotic figures in pneumocytes, coexisted with and
even slightly dominated induction of proapoptotic and cyto-
toxic pathways, materialized through extensive necrosis of al-
veolar walls observed in consolidated areas of lung tissues at
day 7 (Fig. 4, N).

DISCUSSION

With this study, we have taken steps to show that pigtailed
macaques could be successfully infected with human influenza
A/Texas/36/91 virus and that the resulting clinical, pathologi-
cal, and gene expression pictures were likely consistent with a
mild case of human influenza virus. We therefore propose that
nonhuman primates will be an excellent model to assess the
contributions of specific genes or motifs from different strains

FIG. 5. Histopathology of tracheobronchial lymph nodes. The left slide shows a quiescent node from the control animal; the middle panel shows
the node from the infected animal at day 4 postinoculation, showing high cell density, dominance of small dense lymphocytes, macrophages with
abundant cytoplasm (blue arrows), and golden to brown-black pigment granules and prominent high endothelial venules (green arrows); the right
panel shows the node from the infected animal at day 7 postinoculation, showing diffuse edema, many activated macrophages (blue arrows)
characterized by basophilic cytoplasm and nuclei with finely dispersed chromatin and a large central, magenta nucleolus (not visible at this
magnification), dendritic cells (purple arrows), and hypertrophy of endothelial cells with large vesiculated nuclei (not visible at this magnification)
in blood vessels (green arrows). Hematoxylin and eosin stain. Magnification, �70.
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of influenza virus to the infectious and pathological process. In
vitro studies have yielded useful information about the re-
sponse of lung cells to influenza virus infection (28), but the
artificial environment of cell cultures and the lack of critical

interaction with components of the immune system limit their
utility. Mouse models have allowed us to work with larger
numbers of animals and have shown that individual genes from
the 1918 influenza pandemic virus strain do in fact influence

FIG. 6. Immunohistochemistry of lung and tracheal tissue. The left top panel shows lungs from the control animal at day 4 postinoculation, showing
no influenza virus-positive cells; the left middle panel shows lungs from the infected animal at day 4 postinoculation, showing scattered influenza
virus-positive pneumocytes (red arrows) and macrophages (blue arrows); the left lower panel shows lungs from the infected animal at day 7 postinfection
showing scattered weak signals in macrophages (blue arrows) representing phagocytosed material from influenza virus-infected cells rather than
productive infection and pneumocytes (red arrows); the right upper panel shows the trachea of the control animal at day 7 post-sham inoculation, showing
no influenza virus-positive cells; the right middle panel shows the trachea from the infected animal at day 4 postinoculation, showing influenza
virus-positive cells (red arrows) in addition to nonspecific binding of antibody to the basement membrane, a common occurrence enhanced by plasma
transudation; note the collapse or disintegration of mucus goblet cells and atrophy of cilia due to inflammation; the right lower panel shows the trachea
from the infected animal at day 7 postinoculation, showing influenza virus-positive cells (red arrows) present in a patchy pattern; note the collapse or
disintegration of mucus goblet cells and the atrophy of cilia due to inflammation. Magnifications, �100.

VOL. 78, 2004 INFLUENZA VIRUS-INFECTED PIGTAILED MACAQUES 10427



gene expression patterns and pathology in lungs infected with
a mouse-adapted influenza virus (38a) and therefore are all the
more likely to do so within the backbone of a human strain in
a nonhuman primate model. Ferrets are also considered ex-
cellent models of human influenza (1, 60, 80), but there is a
lack of ferret-specific genomic data, cDNA microarray slides,
and immunological reagents which precludes their use in our
studies. cDNA microarrays spotted with human genes are
readily available, and nonhuman primate cDNA hybridizes
satisfactorily to human cDNAs spotted on these arrays (59, 63,
74, 78).

Clinical signs, pathology, and gene expression data agreed
with and completed each other. Interferon production at day 4

postinfection, inferred from the array, is known to correlate
with peak concentration of live viral particles isolated from
lung tissue at that time and with maximal desquamation of
infected cells (12). Desquamation of respiratory epithelial
cells, confirmed by bronchoalveolar lavage, is responsible for
the local symptoms of influenza virus infection that were ob-
served in our experimental animals (9). The alpha/beta inter-
feron and gamma pathways favor an initial T helper 1 re-
sponse. Early T helper 1 responses are associated with a better
prognosis for influenza virus infection than T helper 2 re-
sponses (20). Interleukin-13 is normally produced during a T
helper 2 response, so its downregulation early in lung tissue
and upregulation later, particularly in lymph nodes, was con-

FIG. 7. Percentages of upregulated genes in functional categories. The percentages of clustered genes [differentially regulated by 1.5-fold or
more in at least two experiments (P � 0.05)] involved in general innate immune response, interferon pathways, immune cell migration, antigen
presentation on MHC complexes, and presence and/or activation of neutrophils, monocytes-macrophages, dendritic cells, NK cells, T cells, and B
cells and upregulated at days 4 and 7 in either lungs (upper panel) or lymph nodes (lower panel).
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sistent with a protective T helper 1 response during the initial
phase of infection and with a predominant T helper 2 response
leading to the observed antibody production at day 7 (20).

The presumable clearance of the virus from the lungs ob-
served at day 7, the presence of an acute titer at day 7, and its
absence at day 4 also matched the course of human disease
when recovery is expected (12). Therefore, the overall patterns
of expression were remarkably consistent with the clinical
signs, ancillary diagnostics, and pathology observed. The arrays
also concurred with the body of literature supporting a critical
role of Tc cells, NK cells, and neutrophils during infection with
influenza viruses, in terms of cytotoxicity-induced viral clear-
ance and pathology. Interestingly, cytotoxicity-related oxida-
tive pathways were most intensely induced in mice infected
with an adapted influenza virus (WSN) recombined with the
hemagglutinin and neuraminidase genes of the highly virulent
1918 strain of influenza virus (38a).

Role of cytotoxic T cells. The arrays pointed to the likely
presence and functionality of Tc cells early on in lung tissue. Tc
cells are known to be important for clearance of influenza virus
(12, 25, 65), but they are believed to require activation in

lymph nodes against viral nucleoproteins, matrix proteins, and
polymerase proteins, usually conserved from one strain to the
next (13, 29, 76), before gaining the ability to migrate to in-
fected tissues and be effective against the virus (25). That
differentiation may have taken place later, as gene regulation
at day 7 suggested the presence and activation within lymph
nodes of both Tc cells and NK cells, known to concentrate in
T-cell areas of lymph nodes and to be required for the differ-
entiation of influenza virus-specific Tc cells (42). This is im-
portant because Tc cells also play a role in the pathology
associated with influenza virus infection that is dependent not
only on the direct cytopathic effect of the virus on respiratory
epithelial cells but also on the host’s inflammatory response
(20).

Of note, mice which failed to express OX40 (CD134) (41) or
were treated with an antibody against OX40 (36) had much
reduced morbidity and lung pathology but intact ability to clear
virus infection. OX40 is a membrane protein on T helper and
Tc cells that is normally upregulated after antigen presenta-
tion-driven activation and facilitates further stimulatory inter-
actions between T cells and antigen-presenting cells. The cy-

FIG. 8. Regulation of genes relevant to apoptosis and oxidative stress. Lane L4, experimental versus control lungs at day 4; lane L7,
experimental versus control lungs at day 7; lane TB4, experimental versus control tracheobronchial lymph nodes at day 4; lane TB7, experimental
versus control tracheobronchial lymph nodes at day 7. The genes in this bioset [differentially regulated by 1.5-fold or more in at least two
experiments (P � 0.05)] were clustered according to a hierarchical algorithm; green bars represent genes that were repressed by the experiment,
and darker colors represent lesser differential expression.
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totoxic action of NK cells and effective activation of Tc cells
early in infection were credited for viral clearance in these
mice, and later enhancement of the T-cell response appeared
to be superfluous and harmful. OX40L (TNFSF4), the ligand
for OX40 on antigen-presenting cells that becomes upregu-
lated after interaction with T cells, was induced in our study at
day 4 in lung tissue, and BAD, a protein which inhibits the
antiapoptotic action of Bcl-2 induced by OX40-OX40L bind-
ing, was downregulated in the lung tissue (Appendices A and
B).

We performed a Western blot confirming induction at days
4 and 7 postinfection of OX40 itself because it was not present
on the array, as well a series of reverse transcription-PCRs,
which confirmed the array data for tumor necrosis factor alpha,
gamma interferon, interleukin-5, and Bcl-2, all of which are
known to be positively regulated during induction of the OX40
pathway (34, 36, 52) (data not shown). A relative increase in
expression of OX40 or OX40L during infections with more
pathogenic influenza viruses will therefore be most significant.

Role of NK cells. The intricate functioning of NK cells in this
process will also need to be characterized further. Their role
early in infection, which takes place within local lymph nodes
as much as in tissues, is largely beneficial through cytotoxicity,
production of interferon, which prolongs the protective T
helper 1 response, and contribution to Tc-cell maturation (22).
MHC class I complexes, expressed more easily by healthy cells,
inhibit NK cells as a protective mechanism to avoid excessive
tissue damage. However, it was recently established that influ-
enza virus has evolved ways to use that mechanism to its ad-
vantage by causing infected cells to express MHC class I com-
plexes that bind and inhibit NK cells more easily (2). MHC
class I complexes appeared to be highly expressed in the tissues
of our infected macaques, but this did not necessarily signify a
dampening of NK cell cytotoxicity, since NK cells possess at
least one activating receptor that specifically binds the viral
hemagglutinin protein presented by infected cells (42). There-
fore, not all interactions with antigens presented by MHC class
I complexes result in inhibition of NK cells, and NK cells
participate in a more specific immune response than just an-
tibody-mediated cytotoxicity. NK cells are evidently under
tight regulatory control which, if deregulated, presents the
potential to significantly contribute to excessive tissue damage
during infections with highly pathogenic strains of influenza
virus.

Role of neutrophils. Neutrophils are another highly signifi-
cant source of tissue injury during the innate immune response
(40). Consistently, mice infected with WSN expressing pan-
demic strain HA and NA genes were affected with more severe
pneumonitis, characterized by more prominent neutrophilic
pulmonary infiltration than in their counterparts infected with
the wild-type WSN or with WSN expressing the HA and NA
genes from a mildly pathogenic virus (38a). On the other hand,
the absence of CCL3, a chemotactic factor for neutrophils and
monocytes-macrophages found in our studies to be upregu-
lated in lung tissue at day 4 postinoculation, was associated
with reduced pneumonitis and reduced viral clearance in mice
infected with influenza virus A (18).

While neutrophils become apoptotic after phagocytosing
and destroying infected cells, as a way to limit and control
tissue-damaging inflammation, certain pathogens have the

ability to hasten or delay neutrophil apoptosis to their advan-
tage (38, 65). When apoptosis is hastened, this may facilitate
spread of the virus or the occurrence of secondary bacterial
infections (21), and when apoptosis is delayed, excessive oxi-
dative tissue damage (4, 50) or even downregulation of the T
helper 1 response may result (4). Influenza A virus was shown
by Collamussi et al. (17) and Engelich et al. (21) to accelerate
the apoptosis of infected neutrophils in vitro. However, the
question remains whether highly pathogenic strains of influ-
enza virus would in fact also accelerate neutrophil apoptosis or
on the contrary delay it to the point of contributing to the
severe tissue damage and inflammation leading to the devel-
opment of pulmonary edema (a component of acute respira-
tory distress syndrome), the cause of death in the most acute
cases of the 1918 pandemic and other pandemics (53). Such a
delay may in addition exhaust antioxidative pathways induced
in the lungs of our infected animals and likely instrumental in
limiting tissue damage.

Collectively, our data showed that pigtailed macaques can be
used successfully to study influenza virus infection at the ge-
netic level and that influenza A/Texas/36/91 virus causes a
human-like influenza syndrome in this animal model, making
that strain a suitable control and backbone for reverse genetic
studies of more-pathogenic influenza viruses.
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