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Recent outbreaks of avian influenza in humans have stressed the need for an improved nonhuman primate
model of influenza pathogenesis. In order to further develop a macaque model, we expanded our previous in
vivo genomics experiments with influenza virus-infected macaques by focusing on the innate immune response
at day 2 postinoculation and on gene expression in affected lung tissue with viral genetic material present.
Finally, we sought to identify signature genes for early infection in whole blood. For these purposes, we infected
six pigtailed macaques (Macaca nemestrina) with reconstructed influenza A/Texas/36/91 virus and three control
animals with a sham inoculate. We sacrificed one control and two experimental animals at days 2, 4, and 7
postinfection. Lung tissue was harvested for pathology, gene expression profiling, and proteomics. Blood was
collected for genomics every other day from each animal until the experimental endpoint. Gross and micro-
scopic pathology, immunohistochemistry, viral gene expression by arrays, and/or quantitative real-time reverse
transcription-PCR confirmed successful yet mild infections in all experimental animals. Genomic experiments
were performed using macaque-specific oligonucleotide arrays, and high-throughput proteomics revealed the
host response to infection at the mRNA and protein levels. Our data showed dramatic differences in gene
expression within regions in influenza virus-induced lesions based on the presence or absence of viral mRNA.
We also identified genes tightly coregulated in peripheral white blood cells and in lung tissue at day 2
postinoculation. This latter finding opens the possibility of using gene expression arrays on whole blood to

detect infection after exposure but prior to onset of symptoms or shedding.

Although influenza virus was one of the first human viruses
isolated, it continues to pose a challenge by resurfacing each
year with newly acquired genetic variation (83). This adaptive
nature of the virus leads to new species specificity, tissue tro-
pism, and replicative abilities through both genetic drift and
shift that directly affect virulence and can potentially result in
the emergence of pandemic strains (34, 55, 63, 81, 83). Al-
though subtypes circulating in humans since 1918 have been
limited to combinations of H1/H2/H3 and N1/N2 surface pro-
teins, there are increasing concerns that (H5/H7) avian influ-
enza viruses are adapting to other species, including humans,
and causing morbidity in normally unaffected hosts (34, 82).
International surveillance of influenza virus has increased, and
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research efforts have been adopted in an attempt to diagnose
cases early, produce effective vaccines faster, and devise new
antiviral drugs.

Using reverse genetics techniques (19, 32, 33, 53, 54), scien-
tists can now make replicas of emerging influenza viruses and
can generate novel recombinant viruses to study pathogenicity
or to be used as vaccines. These techniques have already been
used to investigate the virulence of reconstructed 1918 pan-
demic (4, 39, 41, 78, 79) and avian (30, 46) influenza viruses in
mouse models. While the availability of murine reagents and
genetically modified mouse models offers powerful tools for
studying disease pathogenesis and for evaluating therapeutic
and prophylactic strategies, influenza virus infection of mice
does not precisely replicate the natural infection in the human
host (75). Mice are not natural hosts of influenza virus, making
their utility as transmission or immunoprotection models lim-
ited. Ferrets have been considered appropriate host models
because they are outbred mammals that are naturally suscep-
tible to infection with influenza viruses, resulting in disease
that resembles that of human influenza (26, 85). Limitations
include a shortage of influenza-virus-seronegative ferrets, a
confounding higher body temperature, and the lack of avail-
able immunological reagents (48).

Although other animal models of influenza virus infection
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exist and are routinely used, none are as close to humans in
physiology and DNA sequence as nonhuman primates. The
close phylogenetic relationship between humans and nonhu-
man primates has driven their widespread use as models for
human disease, and influenza is no exception. Macaques, in
particular, have been used extensively to study viral respiratory
diseases, including influenza (8, 42, 68, 69, 71, 72), severe acute
respiratory syndrome (20, 44, 45, 50, 59, 70), and metapneu-
movirus (43), and to evaluate therapeutic and prophylactic
strategies (18, 25, 28, 45, 60, 67). With the rapid advancement
in sequencing of several nonhuman primate transcriptomes,
primate resources have expanded and the ability to perform
global gene expression and protein profiling is at hand (49).
Recently, Baskin et al. examined the suitability of pigtailed
macaques as models of influenza infection virus and disease in
the context of transcriptional studies, by integrating clinical
data and pathology with examination of global and immune-
response-specific gene expression in affected tissues (3). In the
present study, our goal was to more fully define the impact of
host-virus interaction in lungs, with an emphasis on the early
response. We address the question “What does influenza virus
infection look like in a primate?” by using both classical infec-
tion study protocols augmented with the powerful technologies
of functional genomics performed with macaque-specific oli-
gonucleotide arrays and high-throughput proteomics. By pro-
cessing multiple pulmonary samples from the same animal and
from the same lesion, areas of localized infection (with viral
mRNA present) as well as areas without direct evidence of
infection (with viral mRNA absent) were detected. We ob-
served that pulmonary transcriptional profiles, predominantly
that of the innate immune response, were strongly affected by
the amount of viral mRNA present. Very importantly, we have
identified transcriptional markers of early infection in periph-
eral white blood cells.

MATERIALS AND METHODS

Animals. Nine male pigtailed macaques, ranging in age from 6 to 9.5 years and
in weight from 11.2 to 23.4 kg, were obtained from the Washington National
Primate Research Center for the purpose of this study. None of these animals
had received any major treatments in the past, and they were seronegative for
type D simian retrovirus, simian T-cell leukemia virus, and simian foamy virus. A
physical exam 2 weeks before scheduled inoculation, as well as a complete blood
count and determination of serum chemistry (both processed at the Department
of Laboratory Medicine, University of Washington Medical Center) and influ-
enza A virus serum antibody titers (by measurement of hemagglutination inhi-
bition titers against HIN1 A/New Cal/20/99, H3N2 A/Panama/2007/99, and
H3N2 A/New Mexico/17/2003), ruled out any major health problems and prior
exposure to influenza virus. All animals were moved from another part of the
facility into the room assigned to the study 4 days prior to start of the experiment.
All animals displayed behavior and appetite within normal limits, indicative of
successful acclimation, by the start of the study. During the study, the room was
under a biosafety level of 2%, and all procedures were performed according to
guidelines approved by the University of Washington Environmental Health and
Safety Committee, the Occupational Health Administration, the Primate Center
Research Review Committee, and the Institutional Animal Care and Use Com-
mittee.

Protocol. The protocol was adapted from that described by Rimmelzwaan et
al. (67, 68, 69) and based on our previous work (3). Briefly, the nine animals were
designated either control (sham-inoculated) animals (n = 3) or experimental
animals (n = 6) and were matched for age and weight. Three sets of one control
and two experimental animals were assigned endpoints of 2, 4, or 7 days posti-
noculation (p.i.). The control phase of the study was performed first, to avoid
cross-infection by infected animals. Experimental animals were inoculated with
107 50% tissue culture infectious doses of reconstructed influenza A/Texas/36/91

J. VIROL.

virus. The sequence of the rescued Tx/91 virus was confirmed by reverse tran-
scription (RT)-PCR and sequence analysis. Future studies will use this recon-
structed Texas virus as a background to genetically engineer chimeras that will
investigate host response to viral gene constellations in a systematic manner.
Inoculation was done intratracheally and on tonsils and conjunctivae, which
approximate the natural routes of infection and had resulted in the successful
infection and reproduction of the human disease in past experiments (3). Ani-
mals were monitored for clinical signs by daily clinical observation and conven-
tional blood work ancillary diagnostics. At necropsy, tissue samples were either
immediately homogenized in solution D (4 M guanidinium thiocyanate, 25 mM
sodium citrate, 0.5% sarcosyl, 0.1 M B-mercaptoethanol) as previously described
(14, 39) for macaque oligonucleotide arrays, snap frozen for proteomics work
and viral isolation (see below), or fixed in 10% formalin for histology and
immunohistochemistry. Methods for viral isolation, serology, histopathology, and
immunohistochemistry were provided in a previous article (3).

Tissue processing for macaque oligonucleotide arrays. Total RNA was iso-
lated from areas of the lungs that had gross lesions, i.e., discoloration due to the
infection and in most cases consolidation as well. One animal (designated “Day
2 A”), sacrificed at day 2 p.i., had a more discrete and hyperemic lesion in the
accessory lobe, suggesting acute inflammation. Tissues were collected at nec-
ropsy and immersed immediately in solution D. Tissue was homogenized imme-
diately for 30 seconds with a Kinematica Polytron PT1200 instrument and a
model PT-DA1212/2 generator (Kinematica, Lucerne, Switzerland) in 10-ml
round-bottom polypropylene test tubes with 5 ml of solution D. In order to
reduce the generation of aerosols during this process, the Polytron generator was
passed through a hole in the test tube lid, which had been drilled in a manner that
ensured a tight fit with the instrument. To further minimize possible contact with
aerosols, a barrier shield was used in addition to positive-air-pressure respirators
and full-protective personal protection equipment. The homogenized samples
were then snap frozen on dry ice and stored at —70°C. Total RNA was subse-
quently extracted according to the current lab protocol (39). Whole blood was
collected for arrays and processed with the PAXgene blood RNA system (Pre-
Analytix; QIAGEN, Valencia, CA) according to the manufacturer’s instructions.

Oligonucleotide microarray analysis. The experimental design for microarray
analyses involved infected macaque samples being cohybridized with a reference
mock sample to a macaque oligonucleotide array containing 131 viral probes,
corresponding to 26 viruses, and 22,559 rhesus probes, corresponding to ~18,000
rhesus genes. A complete description of this novel array is available upon re-
quest. The reference mock sample for pulmonary tissues was created by pooling
equal mass quantities of total RNA extracted from lung samples of three mock
animals. The common-reference mock sample for blood samples was created by
pooling equal mass quantities of total RNA extracted from whole-blood samples
of all nine animals at day O (prior to infection or mock infection). An Agilent
2100 bioanalyzer was used to check the purity of the total RNA prior to cRNA
probe production with an Agilent low-RNA-input fluorescent linear amplifica-
tion kit (Agilent Technologies Inc., Palo Alto, CA). Slides were scanned with an
Agilent DNA microarray scanner, and image analysis was performed using Agi-
lent feature extractor software (Agilent Technologies). Each microarray exper-
iment was done with two technical replicates by reversing the dye hybridization
for the experimental and reference samples (40). All data were entered into a
custom-designed database, Expression Array Manager, and then uploaded into
Resolver 4.0 (Rosetta Biosoftware), DecisionSite for Functional Genomics
(Spotfire, Inc.), and Ingenuity Pathway Analysis (Ingenuity Systems) for analysis
and mining. Initially, genes were selected to be included for transcriptional
profile based on two criteria: a >99% probability of being differentially expressed
(P = 0.01) and an expression level change of twofold or greater. For study of
gene expression in peripheral white blood cells, each experimental animal (at day
0, day 2, day 4, and day 7) was compared to a pool of six animals at day 0. Using
the “re-ratio” feature of Resolver, we then compared each sample against that of
the same animal at day 0 virtually and in this manner obtained a 7-day-p.i. time
course experiment where each animal was its own control. Finally, biological
gene sets (referred to as biosets) were compiled for key cellular processes by
selecting genes of interest that both were represented on the microarray and had
gene ontology annotation (29). In accordance with proposed standards (7), all
data described in this report, including sample information, intensity measure-
ments, gene lists, error analysis, microarray content, and slide hybridization
conditions, are available in the public domain through Expression Array Man-
ager at http://expression.microslu.washington.edu/expression/index.html.

qRT-PCR. Quantitative real-time RT-PCR (qRT-PCR) was used to validate
the presence of influenza virus mRNA found by microarrays in lung tissue. Total
RNA samples were treated with DNase by using a DNA-free DNase kit (Am-
bion, Inc., Austin, TX). cDNA was generated using reverse transcription re-
agents and random hexamers (Applied Biosystems, Foster City, CA). Primer and
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probe sets for each of the target influenza virus HA and M sequences are
available at http://expression.microslu.washington.edu/expression/index.html.
qRT-PCR was performed with the ABI 7500 real-time PCR system, using Taq-
Man chemistry (Applied Biosystems, Foster City, CA). Each target was run in
quadruplicate, in 20-pl reaction volumes with TagMan 2X PCR Universal Mas-
ter Mix (Applied Biosystems, Foster City, CA). GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) and 18S were chosen as endogenous controls to
normalize quantification of the target. Quantification of each gene, relative to
the calibrator, was calculated by the instrument, using the 27221 equation
within the Applied Biosystems Sequence Detections version 1.3 software.

Sample preparation for proteomics. During necropsy, lung tissue samples set
aside for proteomic analysis were thoroughly rinsed in saline and then snap
frozen on dry ice. Subsequently, frozen samples were rinsed in cold (4°C) phos-
phate-buffered saline and homogenized in high-salt buffer (500 mM KCI, 20 mM
MgCl,, 50 mM Tris, pH 8.0) by using repeating rounds in a Kinematica Polytron
PT1200 instrument with a model PT-DA1212/2 generator (Kinematica, Lucerne,
Switzerland) and Dounce homogenization. The resulting suspensions were cen-
trifuged, and the supernatant was retained and dialyzed extensively in 25 mM
NH,HCO;, with five changes of fresh buffer every 3 h. A bicinchoninic acid assay
(Pierce Biotechnology, Inc., Rockford, IL) was performed to determine protein
concentration. Equal amounts of total protein from multiple animals were inde-
pendently pooled to create a sample representing an infected macaque and a
sample representing an uninfected macaque to maximize protein coverage when
creating a database for macaque pulmonary tissue. Each sample was reduced in
volume with a SpeedVac to ~0.5 ml, reduced (5 mM 2-methyl-2-tert-butylper-
oxy-propane [TBP]), denatured (50% 2,2,2-trifluoroethanol [TFE]), and incu-
bated for 1 h at 60°C (~1 ml total volume per sample). Samples were then
diluted with 50 mM NH,HCOj; to a final TFE concentration of 10% for trypsin
digestion.

Trypsin digestion. Sequencing grade-modified porcine trypsin was prepared as
instructed by the manufacturer (Promega, Madison, WI) and added to all protein
samples at a 1:50 (wt/wt) trypsin-to-protein ratio for overnight digestion at 37°C.
Samples were reduced by ~50% in volume with a SpeedVac to remove any
remaining TFE, snap frozen in liquid nitrogen to interrupt trypsin activity, and
stored at —80°C until time for analysis.

Peptide enrichment and separation. Additional solid-phase extraction Cg
(Discovery DSC-18; SUPELCO, Bellefonte, PA) cleanup was performed to
ensure the purity of the peptide samples for the cysteinyl-peptide enrichment
step. Peptides were eluted from the C,g3 column by using 80% acetonitrile with
0.1% trifluoroacetic acid. Peptide samples were concentrated in a SpeedVac, and
a bicinchoninic acid protein assay was performed to determine the final peptide
concentration. Cysteinyl-peptide enrichment was performed on two pooled sam-
ples, 800 pg each from influenza virus-infected and mock-treated animals, where
both the captured cysteinyl-peptide fraction and the flowthrough non-cysteinyl-
peptide fraction were retained for further analysis. Cysteinyl-peptide enrichment
has been previously described in detail (36, 37), but briefly, the tryptic digests
were reduced with 5 mM dithiothreitol for 30 min at 37°C, after which the
samples were diluted 1:5 in coupling buffer (50 mM Tris buffer, pH 7.5, 1 mM
EDTA) and incubated for 1 h at room temperature with thiopropyl Sepharose
6B thiol-affinity resin (Amersham Biosciences, Uppsala, Sweden) prepared per
the manufacturer’s instructions. The unbound non-cysteinyl-peptide fraction was
collected from the resin by spinning the column at low speed, removing the
supernatant, and then washing the resin in wash buffer (50 mM Tris buffer, pH
8.0, 1 mM EDTA), all of which was retained as the non-cysteinyl-peptide frac-
tion. For cysteinyl-peptide release, a 20 mM dithiothreitol solution in washing
buffer was added to the resin and incubated for 30 min at room temperature. The
resin was further washed with 100 wl of 80% acetonitrile. The eluted sample was
pH adjusted to 8.0, alkylated with 80 mM iodoacetamide for 30 min at room
temperature, desalted with a solid-phase extraction C;g column as described
above, and lyophilized to reduce volume.

The non-cysteinyl-peptide fractions were subjected to strong cation-exchange
chromatography (SCX) by using a 200-mm by 2.1-mm, 5 pM, 300-A PolySulfo-
ethyl A column with a 10-mm by 2.1-mm guard column (PolyLC, Inc., Columbia,
MD), and the details of this SCX peptide fractionation step have been previously
described in detail (36, 37). The peptides were resuspended in 900 pl of mobile
phase A and separated on an Agilent 1100 system (Agilent, Palo Alto, CA)
equipped with a quaternary pump, degasser, diode array detector, peltier-cooled
autosampler, and fraction collector (set at 4°C for both samples). A total of 25
fractions was collected for each sample, resulting in two sets of SCX fractions for
the non-cysteinyl-peptide enrichments of both the influenza virus-infected and
mock-infected lung tissue samples. No SCX fractionation was performed with
the cysteinyl-peptide-enriched fractions due to the available amount of total
recovered sample.
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RPLC separation and MS-MS analysis. The method used in this study, with
the coupling of a constant-pressure (5,000-1b/in?) reversed-phase capillary liquid
chromatography (RPLC) system (150-wm inside diameter, 360-pm outside di-
ameter, 65-cm capillary; Polymicro Technologies Inc., Phoenix, AZ) and a Finni-
gan LTQ ion trap mass spectrometer (MS; ThermoFinnigan, San Jose, CA)
using an electrospray ionization source manufactured in-house, has been previ-
ously reported (74). Each SCX fraction (from the influenza virus-infected and
mock-infected lung tissue samples) was analyzed via capillary RPLC-tandem
mass spectrometry (MS-MS), for a total of 56 analyses, i.e., 25 SCX-based
analyses for each non-cysteinyl-peptide preparation combined with 3 analyses
each for the cysteinyl-enriched peptide fractions.

LC-MS-MS data analysis. SEQUEST analysis software was used to match the
MS-MS fragmentation spectra with sequences from the April 2005 IPI human
database, containing 49,161 entries. The criteria selected for filtering followed
methods based upon a human reverse-database false-positive model which has
been shown to give ~95% confidence for the entire protein data set (58). Briefly,
protein identifications were retained if their identified peptide met the following
criteria: (i) SEQUEST DelCN value of =0.10 and (ii) a SEQUEST correlation
score (X,,) of =1.5 for charge state 1+ and full tryptic peptides, an X, of
=3.1 for charge state 1+ and partial tryptic peptides, an X, of =1.9 for charge
state 2+ and full tryptic peptides, an X, of =3.8 for charge state 2+ and partial
tryptic peptides, an X, of =2.9 for charge state 3+ and full tryptic peptides,
and an X, of =4.5 for charge state 3+ and partial tryptic peptides. To remove
redundantly identified proteins, the program ProteinProphet was utilized (52).
All peptides which passed our filter criteria were given identical scores of 1 and
entered into ProteinProphet for redundancy analysis only. This condensed the
number of proteins detected from an initial 3,938 to a combined total of 3,548
proteins reported as identified, with >99% of these proteins identified by a full
tryptic peptide. Proteins had to pass minimum criteria, which are based on the
analysis performed in previous reports by our laboratory (36, 57), to be used in
a quantitative nature. Briefly, a protein needed to have a minimum of five total
peptide identifications in one of the samples, so as to eliminate the inclusion of
proteins which are not detected with enough frequency to warrant quantitation,
as well as at least a 3.0-fold increase/decrease in the relative abundance mea-
surements between the two samples.

RESULTS

Progression and patterns of global gene expression from
days 2 to 7 p.i. in influenza virus-infected macaques. Six ani-
mals were inoculated with reconstructed A/Texas/36/91 influenza
virus, a mildly pathogenic HINI strain in humans, at day 0. Clin-
ical samples were collected during the study, and tissues were
harvested at the assigned endpoints. The same was done for three
mock-infected animals in a control phase of the study performed
temporally apart to avoid cross-infection by infected animals. All
animals in the experimental group showed signs of infection
based on three criteria: clinical signs, gross and/or microscopic
lung pathology, and tracheobronchial lymph node pathology. Foci
of pneumonia, hyperemia, or consolidation were used for antigen
staining and extraction of total RNA. We were successful in
detecting influenza virus mRNA, by array and qRT-PCR (HA
and M), from two infected animals (Day 2 A and Day 7 B) (data
not shown) and intranuclear viral antigen in five (Day 2 A, Day 2
B, Day 4 A, Day 4 B, and Day 7 B, as shown in Fig. 1). Figure 1
illustrates representative histopathology and immunohisto-
chemistry (using an antibody against the viral nucleoprotein
[NP]) for all experimental animals. Clinical signs, pathology,
antigen detection, and influenza virus mRNA positivity results
are summarized in Table 1 and were reported in detail (http:
/[expression.microslu.washington.edu/expression/index.html).

In order to test the hypothesis that the presence or absence
of influenza viral mRNA within a sample had a significant
effect on global gene expression, we performed array analysis
on samples from areas that were close to the main lesion yet
looked distinct from one another by visual examination. Be-



FIG. 1. For each day postinfection (day 2, day 4, and day 7), progressive microscopic histopathological changes (top panels) and influenza virus
antigen staining (bottom panels) are shown. Red arrows point to discrete intranuclear staining in respiratory epithelium and denote the presence
of viral NP antigen, indicative of recent active infection. Samples from a mock-infected animal are included for each day to show lack of pathology
(top panels) and nonspecific cytoplasmic staining of neutrophils (bottom panels). All photographs were taken at 40X optical magnification.
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TABLE 1. Clinical signs, pathologies, antigen detection, and influenza mRNA positivity results for this study”

Animal group and

Result for indicated viral

Presence of ITHC mRNA analysis

Clinical feature(s)

Lung pathology”

TB node pathology

designation (NP) antigen
Array qRT-PCR
Mock infected
Day 2 3.9% Weight loss Negative Negative Negative Negative Negative
Day 4 1.5% Weight loss Negative Negative Negative Negative Negative
Day 7 1.35% Weight loss Negative Negative Negative Negative Negative
Influenza infected
Day 2 A Rhinorrhea, reduced  Acute-subacute Reactive Positive +++  Positive +++  Positive +++
feces production, bronchopneumonia
1.14% weight loss (accessory lobe)
Day 2 B Reduced feces Acute-subacute diffuse  Reactive Positive + Negative Negative
production bronchopneumonia
Day 4 A Increased respiratory ~ Acute-subacute Reactive Positive + Negative Negative
sounds, bronchopneumonia
rhinorrhea, 8% (L caudal lobe)
weight loss
Day 4 B 3.3% Weight loss Bronchopneumonia Reactive Positive + Negative Positive
(L caudal lung lobe)
Day 7 A Increased respiratory ~ Subacute Reactive Negative Negative Negative
sounds, bronchopneumonia
rhinorrhea, (accessory lobe)
conjunctivitis,
rising WBC count,
6.6% weight loss
Day 7B Rhinorrhea, Subacute Grossly normal but  Positive ++ Positive + Positive +
conjunctivitis, bronchopneumonia reactive on

rising WBC count,
3.22% weight loss

(R caudal and
accessory lobes)

histology

¢ THC, immunohistochemistry; WBC, white blood cell; TB, tracheobronchial; +, weakly detected; ++, detected; +++, strongly detected. The table summarizes
clinical features of control and experimental animals, pathology, and positivity of lung samples for influenza virus mRNA. Live influenza virus was found on a pharyngeal
swab from animal Day 7 B at day 2 p.i., and a complete blood count showed a rise in absolute and relative lymphocyte numbers at day 4 p.i. in that animal and the
same in animal Day 7 A. All infected animals showed increased bronchial lavage fluid cellularity, particularly at day 2 and day 4 p.i. We were unable to isolate replicating
influenza virus above plaque assay detection levels from the lung lesions, but this was not surprising since the disease was considered mild and the tissue sampled for
viral isolation was on the periphery of the lesions which were first and foremost set aside for assays, proteomics, and histology. Detection of viral antigen staining was
performed using one tissue sample, while detection of viral mRNA was performed using another tissue sample. One sample could not be used for both, due to unique
sample preparation protocols and this explains why detection of viral antigen is not always concordant with detection of viral mRNA. Of note, one of the mock-infected
animals had a transient nasal discharge (slight and clear), and all control animals had mild diffuse pulmonary inflammation, most likely due to the bronchial lavages.

Finally, mock-infected animals experienced a mild weight loss attributed to the stress of experimental manipulation.

b L, left; R, right.

cause animal Day 2 A had a very discrete and hyperemic lesion
in the accessory lobe, multiple samples were taken from within
this acute lesion and the immediate surrounding area. Three
samples from this animal were selected for inclusion in tran-
scriptional profiling, including two which were positive for viral
mRNA. These profiles were obtained by comparing total RNA
isolated from affected lung areas to that isolated from the lungs
of mock-infected animals. With a =2-fold change and a P value
of =0.01 selected as cutoff parameters, samples from animals
with detectable viral mRNA showed greater gene expression
changes (~1,300 genes) than samples from animals with non-
detectable viral mRNA (~200 genes), indicating a definite
response of lung tissue to the virus.

Unsupervised hierarchical clustering methods were used to
arrange rows (genes) and columns (samples) for identifying
groups of genes or samples with similar expression patterns
(13, 73). Sample Day 2 A (I+P+) was positive for viral mRNA
(I+) and within the main acute lesion (P+), Day 2 A (I+) was
positive for viral mRNA and adjacent to the lesion, and Day 2
A was negative for viral mRNA and adjacent to the lesion as
well. Sample Day 7 B (I+) was also positive for viral mRNA
and was harvested from an area of consolidation in that ani-

mal. These data were plotted as a heat map where each matrix
entry represents a gene expression value. Red corresponds to
a higher gene expression than that of the controls; green cor-
responds to a lower gene expression (Fig. 2A). Since it was
anticipated that factors such as the presence or absence of viral
mRNA, timing after inoculation, and genetic similarity be-
tween samples from the same animal could all impact cluster-
ing, cutoff parameters were further restricted so that they held
true for any one gene in at least two of the eight samples. This
analysis yielded 1,373 genes, with the two samples (I+ and
I+P+) from animal Day 2 A clustered next to one another and
with the third sample from animal Day 2 A in close proximity,
corroborating the assumed influence of genetic similarities
among samples from the same animal. The expression profile
for sample Day 7 B (I+) was within close proximity of those for
the three samples mentioned above, indicating that the pres-
ence of influenza virus mRNA was indeed a key factor in
determining the transcription of cellular genes, independently
of timing after infection.

Impact of influenza viral mRNA on the expression of genes
relevant to the innate and adaptive immune responses. Not
surprisingly, the presence of influenza viral mRNA in lung
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FIG. 2. (A) Unsupervised clustering of gene expression profiles. The profiles for animal Day 2 A show similarities based on the fact that they
were sampled from the same animal, while viral-mRNA-positive samples showed similarities as well. Day 2 A (I+P+) was positive for viral mRNA
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tissue, suggesting recent viral replication, had a strong influ-
ence on the induction of the innate immune response and
subsequent T-cell and B-cell activations. For an extension of
global profiling, we focused on the effect of the virus by iden-
tifying differentially expressed genes common to both the Day
2 A (I+P+) and the Day 2 A (I+) positive samples and
expanded the analysis by looking for commonalities between
these two samples and the positive sample Day 7 B (I+).
Genes of interest preferentially induced by the virus, with a
=2-fold change and a P value of =0.01 selected as cutoff
parameters, are shown [only for Day 2 A (I+P+) and Day 2 A
(I+)] on the left panel of Fig. 2B, whereas the ones induced in
Day 2 A (I+P+), Day 2 A (I+), and Day 7 B (I+) are shown
on the right panel. The intersection of Day 2 A (I+P+) and
Day 2 A (I+) holds a total of 572 differentially expressed
genes, including 195 genes coregulated in Day 2 A (I+P+),
Day 2 A (I+), and Day 7 B (I+). Both heat map panels should
represent what took place during a localized host response to
infection (where viral mRNA is present). The left panel fo-
cuses on transcriptional events present only early in infection
in one animal. The right panel, with virus-positive samples
from animal Day 2 A and animal Day 7 B, represents those
changes occurring at both early and later stages of infection
and suggests what consistent strategies the host uses to combat
viral replication for the duration of the infection and in differ-
ent animals.

The two samples from animal Day 2 A showed remarkable
states of interferon (IFN) induction, with several genes up-
regulated >5-fold (the IFITL1, MX1, MX2, IFI44, IFIT1, and
OASI genes) and even >10-fold (the IFIT2, IFIT3, and G1P2
genes), as shown in Fig. 2B. Of note, similar but much atten-
uated expression patterns could be observed in the other day 2
animal (Day 2 B) and day 4 animals (Day 4 A and Day 4 B),
indicating consistent but progressively decreased induction of
this response. On the left panel, of all the other samples, Day
2 A is the most similar to Day 2 A (I+) and Day 2 A (I+P+),
suggesting that the IFN signature is also present adjacent to
lesions but in areas where viral infection has not been detected,
consistent with the paracrine effects of IFN. When focusing on
localized host response for the duration of the infection by
looking at genes differentially expressed exclusively in the two
positive samples from animal Day 2 A and at the same time in
the positive sample from animal Day 7B, fewer genes were
found (195 versus 377 exclusive to the positive Day 2 A sam-
ples), but more of these were annotated as having functions in
the immune response to infectious disease or in generic pul-
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monary stress. Many of these genes, upregulated at least 5- or
10-fold (the LGALSSY, IRF7, ISG20, GBP1, CXCL10, KRT15,
CXCL13, CXCL11, and PLA2G4C genes), showed similar ex-
pression levels in other animals and at other time points, per-
haps representing common markers of infection. Interestingly,
the SCGB3A2 gene (encoding secretoglobin, family 3A,
member 2) was downregulated >10-fold in all influenza virus
mRNA-positive samples. This gene has been implicated in
controlling the transcription of lung surfactant proteins and is
found to be expressed by Clara-like cells in the bronchial ep-
ithelium (6). In conclusion, an interferon signature response
was induced early in infection while other immune and cyto-
kine responses were sustained throughout the course of the
infection.

Because viral mRNA was shown to be a key factor in deter-
mining the transcription of cellular genes, two critical immune
pathways were investigated by recombining expression data for
samples Day 2 A (I+P+), Day 2 A (I+), and Day 7 (I+) in
silico to generate a “+viral mRNA” average and by recombin-
ing expression data for samples Day 2 A, Day 2 B, Day 4 A,
Day 4 B, and Day 7 A in silico to generate a “no viral mRNA”
average. We performed a pathway-based analysis by looking at
genes specifically regulated as part of the innate immune re-
sponse and involved in the regulation of T- and B-cell activa-
tion and proliferation. Figures 3A and B illustrate the differ-
ences between samples positive for influenza mRNA and
samples negative for influenza mRNA. Many genes classically
associated with interferon signaling were shown to be activated
in animals with pulmonary viral mRNA, e.g., the genes encod-
ing IFN-y, IFN-B, STATI1, ISGF3G, IRF7, and NFKBI,
among other genes induced either as part of the JAK-STAT
pathway or through the interferon-stimulated response ele-
ment. Among genes that were most affected were those coding
for chemotactic factors, regulating cell adhesion (CCL-, CCR-,
and CXCL-), and those associated with dendritic cell (CD83)
or natural killer cell (CD48) function (Fig. 3A). Interestingly,
MX1, OAS1, and OAS3 were shown to be upregulated in all
animals, regardless of viral mRNA presence, again suggesting
that the IFN signature is also present adjacent to lesions but in
areas where viral infection has not been detected, consistent
with the paracrine effects of IFN.

An important effect of autocrine and paracrine exposure to
the virus, as defined by the response of infected cells versus the
response of neighboring cells to type I interferon, was the
strong induction of T-cell proliferation and activation, as
shown in Fig. 3B. This activation encompassed both cytotoxic

and within the main lesion, Day 2 A (I+) was positive for viral mRNA and adjacent to the lesion, and Day 2 A was negative for viral mRNA and
adjacent to the lesion as well. All gene expression profiles are the results of comparing gene expression in the lungs of individual experimental
animals versus gene expression in the lungs of mock-infected animals (pooled), and genes were included if they met the criterion of a twofold or
greater change (P = 0.01). A two-of-eight strategy allowed samples to cluster together if profile similarities existed based on timing of inoculation
(n = 2 samples for each day). A three-of-eight strategy allowed samples to cluster together if profile similarities existed based on the presence or
absence of viral mRNA (n = 3 samples with viral mRNA) or based on the samples being from the same animal (n = 3 samples from animal Day
2 A). Very similar clusters were obtained in both cases, so only one is represented here. (B) Venn diagrams showing genes with changes of =2-fold
(P = 0.01) in samples Day 2 A (I+P+), Day 2 A (I+), and Day 7 B (I+) (upper Venn diagram) and in samples Day 2 A (I+P+) and Day 2 A
(I+) but not in sample Day 7 B (I+) (lower Venn diagram). Although there were fewer genes within the intersection of the three samples (195
genes), a greater proportion of these genes was annotated and had functions relevant to the immune response, infectious disease, or pulmonary
stress. Heat maps show the same genes regulated in day 2, 4, and 7 lung samples. All gene expression profiles are the results of comparing gene
expression in the lungs of individual experimental animals versus gene expression in the lungs of mock-infected animals (pooled).
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T cells (Tapl, GZMB, and IFN-y) and T helper cells, as evi-
denced by the concurrent stimulation of B cells. This robust
T-cell response in infected lung tissue would be expected to be
moderated by the strong expression of tumor necrosis factor
alpha (TNF-a), known to decrease chemotaxis and increase
apoptosis of T cells (1, 21), and INDO (indoleamine 2,3-di-
oxygenase), which decreases T-cell proliferation (35). In fact, it
would appear from the induction of genes coding for B-cell
products, including interleukin-6 (IL-6), and from the down-
regulation of IGLL1, produced by B-cell precursors, that the
B-cell response was well under way even at day 2 p.i.

Coregulation of genes in peripheral blood and infected lung
tissue. Currently, there are adequate methods for diagnosing
influenza soon after the onset of viral shedding, yet these
diagnostic tests demonstrate limited specificities or sensitivities
(56, 66, 76) and do not hold prognostic value. While gene
expression profiling for lung tissue may provide valuable in-
sights into influenza pathogenesis and successful host re-
sponse, gene profiling for blood could complement or even
replace in some instances lung tissue collection, help in the
identification of the pathogen, and perhaps predict pathology
to come. So far, there have been only a few studies investigat-
ing the effects of pulmonary infections on gene expression in
peripheral white blood cells in vivo (62, 84). Most often, tran-
scriptional studies are performed on white blood cells after in
vitro culture and a number of other manipulations. We were
interested in using blood as a snapshot of the ongoing lung
infection and potentially as an indicator of disease progression
in the animal as a whole. Our study included the use of blood
collection tubes (PAXgene blood RNA system) that stabilize
RNA in whole blood, so the effects of handling and storage on
active transcripts were minimized (11, 16, 61). In this manner,
we were able to study gene expression in all white blood cells
as opposed to only peripheral mononuclear cells.

In order to begin investigating the effects of influenza virus
infection in pulmonary tissue on peripheral blood, expression
profiles were obtained by comparing total RNA isolated from
whole-blood samples of animals Day 7 A and Day 7 B at day
2, day 4, and day 7 postinfection to a pool of total RNA
isolated from whole-blood samples of all nine animals at day 0.
Using a “re-ratio” feature in silico, we then compared each
sample against the day 0 sample from that same animal, and in
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this manner, we obtained a 7-day-p.i. time course experiment
where each animal was its own control. Figure 4 illustrates the
close regulation between genes in blood samples taken at day
2 p.i. (Fig. 4, left panel, first two columns) and genes regulated
in viral-mRNA-positive lung samples, also harvested at day
2 p.i. (Fig. 4, right panel, first two columns) but from a different
animal. This gene expression similarity in the blood samples
(left panel) was sustained throughout the course of infection,
albeit to a lesser extent. This expression profile included a
considerable proportion of interferon-induced genes (encod-
ing IFI-, G1P-, GBP-, IRF7, INDO, and cig5) and antiviral
genes encoding MX1, MX2, OASL, OASI, and OAS3 (also
induced by interferon). A number of these genes were similarly
expressed in blood at days 4 and 7 (Fig. 4, red font), which, if
these findings were confirmed, could expand the useful window
for a prognostic test based on transcriptional profiling of pe-
ripheral white blood cells. Several of the genes shown to be
regulated in blood were also regulated at multiple time points
in the lungs (Fig. 4, red arrows), as shown in the right panel.
APOL2 and PLA2G4C are known to be involved in the acute-
phase response (23), with PLA2G4C being regulated by both
collagen and interferon. IRF7, INDO, and GBP1 play roles in
the immune response, especially inflammatory stress. Both
GBP1 and IRF7 are well-known components of induction of
host response to viruses (2, 51). While FBXOG6 is not as closely
related to the host immune response, there is some precedence
for the assumption that F-box proteins play a critical role in the
controlled degradation of cellular regulatory proteins (10).
Proteome analysis of infected and control lung samples
yields results consistent with influenza virus infection. Several
observations point to the importance of monitoring the pro-
teins expressed in a cell or tissue and relating these to mRNA
expression measurements in order to maximize the chance of
identifying biomarkers of the conditions being studied and
uncovering cellular mechanistic pathways that contribute to
disease processes. Perhaps most notable is the often poor to
moderate correlation (e.g., <40% concordance) between the
relative expression abundances of a gene and its biologically
active protein product (12, 15, 27, 77), which can arise, for
example, from differences in their rates of synthesis and turn-
over. Moreover, the limited presence of mRNA in body fluids
restricts the identification of clinically relevant disease biomar-

FIG. 3. (A) Innate immune response in lung tissue with or without viral mRNA. The top bar of the individual gene heat maps was created by
combining expression data for samples Day 2 A (I+P+), Day 2A (I+), and Day 7 B (I+), where viral mRNA was detected by array. The bottom
bar was created by combining expression data for samples Day 2 A, Day 2 B, Day 4 A, Day 4 B, and Day 7 A, where no viral mRNA was detected.
As in classical heat maps, brighter colors indicate stronger gene induction in combined samples, with red signifying upregulation and green
downregulation. This illustrates the significant impact of the presence (top bar) or absence (bottom bar) of influenza viral mRNA on gene
expression, even among essentially similarly affected portions of the same lung or among animals that were all infected. We selected probes with
the strongest signals for any one gene for the purpose of these diagrams. All shown data are the results of comparing the combined gene expression
in the lungs of experimental animals, as described above, versus gene expression in the lungs of mock-infected animals (pooled). This figure was
produced using Resolver 4.0 (Rosetta Biosoftware) and Pathway Builder Tool (Protein Lounge, San Diego, CA). (B) T- and B-cell regulation in
lung tissue with or without viral mRNA. All red arrows indicate activation and/or secretion. All black arrows indicate inhibitory interactions. The
top bar of each heat map anchor was created by combining data from ratio experiments for Day 2 A (I+P+), Day 2 (I+), and Day 7 B (I+), in
which viral mRNA was detected by array. The bottom bar of each heat map anchor was created by combining data from ratio experiments for Day
2 A, Day 2 B, Day 4 A, Day 4 B, and Day 7 A. This illustrates the significant impact of the presence or absence of influenza viral mRNA on gene
expression, even among essentially similarly affected portions of the same lung or among animals that were all infected. We selected probes with
the strongest signals for any one gene for the purpose of these diagrams. All heat map anchors are the results of comparing the combined gene
expression in the lungs of individual experimental animals, as described above, versus gene expression in the lungs of mock-infected animals
(pooled). This figure was produced using Resolver 4.0 (Rosetta Biosoftware) and Pathway Builder Tool (Protein Lounge, San Diego, CA).
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FIG. 4. Coregulated genes in blood and infected tissue. The heat map on the left indicates differential expression of blood samples taken from
two animals (Day 7 A and Day 7 B) at day 2, day 4, and day 7. To indicate that these are blood samples, a and b are lowercase. The heat map
on the right indicates differential expression of genes in pulmonary tissue collected from six animals. To indicate that these are pulmonary samples,
A and B are uppercase. This figure shows strong and early coregulation of a set of genes in peripheral white blood cells and in lung tissue where
influenza viral mRNA was detected by arrays, even in different animals. This set was obtained by unsupervised clustering of genes in blood and
in lung tissue positive for viral mRNA and selecting genes that were regulated by a factor of twofold or more (P =< 0.01) in all four experiments.
Some of these genes were still similarly regulated at day 4 and day 7 in blood, as shown in the left heat map (red font). Several of these genes shown
to be regulated in blood were also regulated at multiple time points in the lungs (red arrows) as shown in the right heat map. Braces indicate genes
whose profiles for blood must be interpreted with caution because the expression levels at day 0 in these individual blood samples differed by a
factor of fourfold or more from those in all samples combined at day 0. All gene expression profiles for lung tissue are the results of comparing
gene expression samples from individual experimental animals versus gene expression samples from mock-infected animals (pooled). All gene
expression profiles for blood are the results of comparing gene expression samples from individual experimental animals at the indicated time

points versus day 0 samples from the same animal.

kers to the measurement of secreted proteins in these samples.
Additionally, phenotypic protein variations (e.g., modification,
interaction with other proteins, subcellular distribution, and
activity) that confer or modify protein function cannot be pre-
dicted from mRNA measurements. For these reasons, we have
begun to expand upon our functional genomics efforts by con-
structing a macaque lung protein database and subsequently
analyzing the protein abundance changes that occur in ma-
caques infected with influenza virus. A total of 14,100 peptides
and 3,548 proteins were identified for the entire study (Table
2). Among the proteins identified were many candidates of
particular interest based on gene expression in the lung and
peripheral blood (Fig. 2B and 4) as well as previous clinical,
pathological, and gene expression data initially demonstrating
the suitability of the nonhuman primate model for studying

influenza virus pathogenesis (3). The proteins identified in-
cluded several well-known interferon-induced proteins (e.g.,
MX1, IFI-, GBP-, and STAT1) and other noncellular media-
tors of the innate immune response (elements of the comple-
ment pathways, C7 and C5) (Fig. 5). Additional examples
include proteins relevant to neutrophil and monocyte/macro-
phage function (e.g., MIF, MMP9, and MNDA).

The ability to globally profile changes in protein abundance
is essential for elucidating the events that occur during cellular
processes. The macaque lung protein database described here
lays the foundation for subsequent comparative quantitative
proteomic studies of nonhuman primate models of influenza
virus infection by using stable isotope labeling strategies. While
such a detailed proteomic characterization is beyond the scope
of this study, we have taken advantage of the “semiquantita-
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TABLE 2. Numbers of peptides and proteins
identified in this study”

No. of:
Animal group
Peptides® Cys peptides (%)” Proteins®

Mock infected

Non-Cys 9,268 57 (0.6) 2,885

Cys 1,943 1,849 (95) 1,033
Influenza infected

Non-Cys 6,980 46 (0.6) 2,322

Cys 1,670 1,596 (96) 905
Total? 14,100 2,356 3,548

“ Total number of peptides detected in each sample.

? Total number of cysteinyl-peptides detected in each sample.

¢ Total number of proteins detected in each sample following ProteinProphet
analysis.

4 Total number of unique peptides and proteins.

tive” relationship between the total number of peptide identi-
fications and the relative abundance of the corresponding pro-
tein in a sample (24, 47, 57) as a first-pass means of detecting
changes in protein abundance when comparing uninfected and
influenza virus-infected lung tissue samples. This approach has
been verified in our laboratory, where we previously described
perturbations in the abundances of a variety of proteins by
using an in vitro model system for hepatitis C virus replication
(36). We observed apparent upregulation of MX1, an interfer-
on-induced protein involved in the innate immune response,
and C7, a noncellular mediator of the innate immune response,
which is consistent with the establishment of an antiviral state
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in the lungs of influenza virus-infected macaques. Additionally,
by mining proteins having functional annotations of interest,
we identified three proteins (MIF, C7, and GBP2) whose
changes in relative abundance would not have been predicted
from analysis at the mRNA level. These findings are consistent
with previous studies demonstrating that mRNA and protein
levels do not necessarily correlate, thus pointing to the comple-
mentarity of high-throughput proteomic studies for assisting in
the determination of proteins/pathways affected by influenza
virus infection.

DISCUSSION

Suitability of nonhuman primate model for influenza stud-
ies. This study represents the first complete investigation of a
macaque model of influenza A virus infection, using both clas-
sical infection study protocols and the powerful technologies of
functional genomics and proteomics. Our experimentally in-
fected macaques showed signs of successful infection based on
clinical features and pathology, as indicated in Table 1. Several
of these features, such as rhinorrhea and conjunctivitis, are
similar to symptoms in humans yet absent in mice infected with
the same mildly pathogenic human virus. Likewise, the limited
extents of pathology and viral replication in these nonhuman
primates resemble what occurs in the human disease to a much
greater extent. These findings emphasize that what occurs in
inbred mice may not be as relevant to human host-virus inter-
action as an outbred mammalian model that can become nat-
urally infected (38). For instance, ferrets have been success-
fully used to investigate the contribution of host-related factors
to influenza virus pathogenesis, particularly H5SN1 subtypes
(26, 85). Unfortunately, limited genomic resources for ferrets

E Mock
HFlu

0 10 20 30

40 50 60 70

peptide hits

FIG. 5. Bar graph showing the total number of peptide identifications for proteins having previously known associations with influenza (Flu)
virus infection or acute respiratory distress. Those proteins exhibiting an apparent regulation during influenza virus infection are indicated with
asterisks. Apparent regulation indicates that the protein was identified with at least five peptides and also showed at least a threefold increase/
decrease between samples from influenza-infected and mock-infected animals.
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render high-throughput analysis currently impossible with this
species. By contrast, a macaque model combines a ose phylo-
genetic relationship and great similarities in immune response
and physiology to humans. The size of macaques also makes
them more amenable for discriminating response and pathol-
ogy in different areas of the lungs, generating samples large
enough for multiple analyses, and allowing serial sampling.

Consistently, pulmonary samples showed heterogeneity in
gene expression, and the ability to compare signatures from
samples very close anatomically but with or without the pres-
ence of influenza virus mRNA yielded new and valuable infor-
mation about the effects of the virus on surrounding cells at the
transcriptional level. At the same time, expression profiling
suggested significant similarities in different lung samples from
the same animal and even similarities in different experimental
animals. Therefore, these findings contributed to alleviating
the concern that transcriptional profiling may be too heavily
influenced by individual variation to be of practical use in
studying host-virus interaction. Commitment to this approach
and systematic sampling are especially important when work-
ing with mildly pathogenic viruses because this graduated tis-
sue response to virus may discern subtle yet telling differences.
This understanding is important because it will help us char-
acterize the constituents of a successful response to the insult
at the tissue level or at the level of the entire host.

By analyzing individual samples rather than pooling them,
gene expression patterns were not artificially diluted and sam-
ples with evidence of recently replicating virus could be used to
study the direct effects of the infection while samples lacking
viral mRNA helped further define the host response. For in-
stance, the higher interferon pathway induction in tissues more
directly affected by influenza virus was not surprising since
secretion of interferon by infected cells induces interferon-
sensitive genes in other cells whose protein synthesis machin-
ery is not redirected toward making viral particles. On the
other hand, the early and significant induction of T- and B-cell
activation and proliferation pathways in tissues where influ-
enza mRNA could be found was more intriguing in part be-
cause of its timing early in infection and because of its depen-
dence on autocrine or paracrine effects of the virus. The bulk
of T- and B-cell activation takes place in peripheral lymph
nodes draining infected tissue, subsequent to antigen presen-
tation. However, B cells are currently thought to also present
exogenous antigens through still-incompletely characterized
major histocompatibility complex class I pathways to cytotoxic
T cells, a possibility that would increase the importance of their
role during early influenza virus infection (64, 65, 80). Induc-
tion of T- and B-cell pathways in lung tissue at day 2 p.i. could
indeed be compatible with activation of B cells through less-
specific B-cell antigen receptor and antigen interactions. These
interactions were shown to result in a lower activation thresh-
old for B-cell intracellular signaling and antigen processing for
presentation to T lymphocytes (5).

Transcriptional signature of pulmonary infection in whole
blood. Although blood work is typically unremarkable and
viremia is undetectable during infection with a mildly patho-
genic influenza virus (9), chemotaxis and activation of immune
cells responding to a localized viral infection are detectable at
the systemic level. It has been previously suggested that while
viral replication is intrinsically capable of producing extensive
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damage to respiratory epithelium directly, the host immune
cell response may significantly enhance pulmonary damage
well beyond the immediate vicinity of infected cells (17). In
line with this concept, we tried to detect early signatures in
peripheral blood reflecting the effects of localized pulmonary
influenza virus infection. There are currently only a few studies
investigating the effect of pulmonary infection on gene expres-
sion in peripheral leukocytes in vivo (62, 84). Most often,
transcriptional studies are performed on white blood cells after
in vitro culture and infection. Our studies showed a number of
genes consistently expressed within both peripheral white
blood cells and lung samples positive for viral mRNA, partic-
ularly interferon-induced genes. Blood cells did not have viral
mRNA detected by microarray, as the infection was local to
pulmonary tissues, without viremia, indicating that changes do
not reflect infection of blood cells but rather circulating cyto-
kines and chemokines. Even with limited infiltration of white
blood cells in lung tissue, highly activated immune cells in lung
tissue account for at least part of the coregulation observed.
The disproportionate involvement of interferon genes induced
in peripheral white blood cells also raises the question of
whether any acute respiratory viral infection would give similar
transcriptional profiles. Current but very limited comparisons
between severe acute respiratory syndrome and influenza in
patients seem to suggest otherwise (62), indicating the possi-
bility of unique signatures for respiratory infectious agents.
Finding these unique signatures is possible if there is a contin-
ued commitment to using functional genomics as opposed to
classical cytokines and antiviral protein assays.

Relationship to human infections. Classical cytokine studies
have previously examined protein levels by using enzyme-
linked immunosorbent assays with nasal lavage fluid, plasma,
and serum samples from volunteers experimentally infected
with influenza A/Texas/36/91 virus (22, 31). IL-6, TNF-a, IL-8,
IFN-a, IFN-y, IL-10, CCL3 (macrophage inflammatory pro-
tein la [MIP-1a]), CCL4 (MIP-18), and CCL2 (monocyte
chemoattractant protein 1) were elevated in nasal lavage fluid,
and IL-6 and IFN-y were elevated to a lesser extent in plasma.
Our macaque studies concurred with these findings at the
transcriptional level for TNF-a and IL-6 in pulmonary tissue.
Additional cytokines not detected in the human studies were
expressed as a result of the macaque infection in peripheral
leukocytes (IL-18 and transforming growth factor BI) and in
pulmonary tissue (transforming growth factor BI). Of note,
only IL-6 was induced in pulmonary tissue of mice infected
with influenza A/Texas/36/91 virus (unpublished data). CCL2
(monocyte chemoattractant protein 1) expression was also el-
evated in macaque pulmonary samples but differed from the
results of the human study in that the response was early as
opposed to sustained, perhaps a reflection of the fact that our
data measured transcription as opposed to protein levels.
What we have learned from our macaque model and func-
tional genomics approach of cytokine and chemokine re-
sponses during influenza virus infection could be implemented
in the context of human studies. Our examination of cytokines
and chemokines expressed in macaque pulmonary tissue re-
vealed CCL19 (MIP-3B), CCL11, CXCLI11 (IP-9), CXCL13,
CXCLI10 (IP-10), and ILAI1 as attractive candidates for future
investigation. For instance, CCL19, CXCL13, CXCL10, and
CCL11 were highly induced by infection and have known roles
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GENE EXPRESSION [PROTEOMICS]
Lung Blood ng
| _gene Sequence Description viral mRNA | without viralmRNA | 7A | 7B “infected"
GBP1 |guanylate binding protein 1, interferon-inducible, 67kDa ++ 3 ++ | ++ *
HMOX1 |heme oxygenase (decycling) 1 ++ + |+ +
IFl44  linterferon-induced protein 44 ++ + ++ | ++ +
IFIT1 Iinterferon-induced protein with tetratricopeptide repeats 1 > + |+ +
IFIT2 ]inteﬁeron-anmced protein with tetratricopeptide repeats 2 ad pad oy ++
IFIT3 Iinterferon-induced protein with tetratricopeptide repeats 3 + 4+ | ++ ++
LAMB1 |iaminin beta 1 ++ + -- A4
MNDA |myeloid cell nuclear differentiation antigen ++ v n o 0
MX1  |myxovirus (influenza virus) resistance 1, interferon-inducible protein p78 ** + * | T -+
SETPD |surfactant, pulmonary-associated protein D L5 ¥ | &
STAT1 |signal transducer and activator of transcription 1, 91kDa ++ + + | ++ +
C7__ |complement component 7 + ] 4 -+
GBP2 |guanylate binding protein 2, interferon-inducible + + > 1.9 ++
MIF  |macrophage migration inhibitory factor (glycosylation-inhibiting factor) + . + | 4 ++

FIG. 6. Diagram showing the overlap between proteins detected by mass spectrometry in pulmonary samples and mRNA detected by gene
expression in pulmonary and peripheral blood samples. Red indicates induction, and green repression. We have chosen to highlight genes/proteins
that showed concordance in the top panel. In addition, we show three proteins that were not previously identified using genomics alone. Gene
expression: “++” indicates genes meeting the criteria of a >2-fold change and a P value of <0.01; “+” indicates genes that showed a consistent
trend as far as induction or repression but did not make the array statistical cutoff. Gene expression results for determined trends were either
combined in silico (Lung) or averaged from the time course data (Blood). Proteomics: “++” indicates that the protein was identified with at least
five peptides and also showed a >3-fold change between samples from influenza-infected and mock-infected animals. “+” indicates that the

protein was identified.

in recruiting leukocytes to sites of inflammation. These could
potentially be detected to a lesser extent at sites of infection in
humans infected intranasally with influenza virus. Likewise,
CXCLI11 and ILA4I1, although previously lacking a known as-
sociation with influenza virus infection, had sufficiently signif-
icant responses to the presence of viral mRNA in pulmonary
samples of macaques to warrant inclusion in future cytokine/
chemokine lavage assays.

Proteomics as a complement to genomics. With the advent
of a 22,000-macaque-oligonucleotide array, we have achieved
superior genomic coverage and minimal standard error with
our probe signals. We have supplemented our genomic cover-
age with proteomics data in an effort to move our study into
the realm of a true functional global host response investiga-
tion. The utilization of refined, high-resolution multidimen-
sional chromatographic separations that reduce sample com-
plexity and the range of relative protein abundances enabled
the identification of >3,000 proteins in macaque lung tissue.
To our knowledge, this work represents the first comprehen-
sive proteomic characterization yet reported for a nonhuman
primate model system, providing a baseline for characteriza-
tion of influenza virus-induced perturbations in the cellular
environment, identification of potential targets for future an-
tiviral treatment, and future comparative studies involving an-
tiviral drug screening and evaluation for therapeutic interven-
tion. To this end, we have used a semiquantitative approach
(described above) to take a first look at lung protein abun-
dance changes associated with influenza virus infection.
Consistent with gene expression data demonstrating the es-
tablishment of an antiviral state in the lungs of influenza virus-

infected macaques, our proteomic analyses also revealed an
increase in the abundance of proteins in the lungs involved in
the innate immune response. Furthermore, the complemen-
tary nature of proteomic studies was evidenced by the identi-
fication of changes in relative protein abundance that would
not have been predicted from gene expression measurement,
thus demonstrating the potential of proteomics for assisting in
the determination of novel as well as previously described
pathways affected by virus infection. To get a truly integrative
view of the host molecular signature in response to influenza
virus infection, we compared genomics profiles for blood and
lung to proteomic profiles for lung in order to start identifying
potential biomarkers indicative of influenza virus infection.
Our method shows that the host response measured by pul-
monary protein profiling is consistent with trends observed
with genomic profiling, both in the lungs and in peripheral
blood (Fig. 6). Statistical significance will be gained as refine-
ments are made to the protocols for processing macaque pro-
tein samples and with the implementation of a macaque pro-
teomics database. Still, this work has shown that even when
screening macaque peptide hits to a human protein database,
proteomics data augment robust genomics data to give a more
complete picture of the host response to influenza virus infec-
tion.

Conclusions. By integrating macaque-based functional geno-
mics, using both microarrays and mass spectrometry, we have
refined an integrated, multifaceted macaque model of influ-
enza virus infection. The field of virus-host bioinformatics has
expanded greatly in the past few years, and efforts are being
undertaken to improve methodologies for compendium anal-
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yses, including software tools for visualizing genomic and pro-
teomic data simultaneously, beginning with established human
databases and progressing to establish macaque genomic and
proteomic databases. As more wild-type and mutant viruses
showing differences in pathogenicity are studied in the ma-
caque model, host-related factors leading to a successful out-
come and viral gene combinations leading to host demise will
be better understood. This strategy, combined with the con-
current profiling of markers in peripheral blood, and with the
investigation of a molecular basis for pathogenesis in cell cul-
ture, may ultimately lead to effective early prognostic tools for
influenza.
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