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The host proteome response and molecular mechanisms that drive disease ir vivo during infection by a
human isolate of the highly pathogenic avian influenza virus (HPAI) and 1918 pandemic influenza virus
remain poorly understood. This study presents a comprehensive characterization of the proteome response in
cynomolgus macaque (Macaca fascicularis) lung tissue over 7 days of infection with HPAI (the most virulent),
a reassortant virus containing 1918 hemagglutinin and neuraminidase surface proteins (intermediate viru-
lence), or a human seasonal strain (least virulent). A high-sensitivity two-dimensional liquid chromatography-
tandem mass spectroscopy strategy and functional network analysis were implemented to gain insight into
response pathways activated in macaques during influenza virus infection. A macaque protein database was
assembled and used in the identification of 35,239 unique peptide sequences corresponding to approximately
4,259 proteins. Quantitative analysis identified an increase in expression of 400 proteins during viral infection.
The abundance levels of a subset of these 400 proteins produced strong correlations with disease progression
observed in the macaques, distinguishing a “core” response to viral infection from a “high” response specific
to severe disease. Proteome expression profiles revealed distinct temporal response kinetics between viral
strains, with HPAI inducing the most rapid response. While proteins involved in the immune response,
metabolism, and transport were increased rapidly in the lung by HPAI, the other viruses produced a delayed
response, characterized by an increase in proteins involved in oxidative phosphorylation, RNA processing, and
translation. Proteomic results were integrated with previous genomic and pathological analysis to characterize

the dynamic nature of the influenza virus infection process.

The 1918 HIN1 Spanish flu was the most devastating influ-
enza pandemic in recent history, responsible for the deaths of
an estimated 50 to 100 million individuals (38). Three other
pandemics since then, the 1957 H2N2 Asian flu, 1968 H3N2
Hong Kong flu, and the 2009 HIN1 swine flu, in addition to the
highly pathogenic avian H5N1 strains currently circulating in
Asia with a reported case fatality rate of >60% (54), highlight
the fact that influenza virus remains a significant human patho-
gen and a potential cause of the next devastating pandemic.

Clearly, the host, the virus, and environmental factors de-
termine the outcome of viral infection (44). Influenza virus
virulence factors, such as HA and NA, typically function
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through interactions with host proteins, producing a response
within the host. These viral-host interactions are commonly
species specific and do provide a formidable barrier to inter-
species viral spread (36, 40). While rodent model systems have
been developed to study influenza virus infection (8), genetic
and physiological differences compared to humans argue for a
more physiologically relevant model (9). In light of this, several
macaque species, including Macaca mulatta, Macaca nemest-
rina, and Macaca fascicularis, currently serve as physiologically
relevant model systems for studying pathogenesis induced by
human viruses, encompassing agents such as HIV, Ebola, va-
riola major, and influenza A viruses (1, 12). Additionally, the
recent completion of the rhesus macaque sequencing project
(14) and continuing sequencing efforts for other macaque spe-
cies now make this primate a particularly amenable system for
in-depth global genetic and proteome-based studies.

To date, a limited number of proteomic analyses have been
brought to bear against influenza virus-host models. Previous
work studying the host proteome response to influenza virus
infection has primarily targeted in vitro systems, specifically,
human cell lines (30, 35, 52). Vester et al. and Liu et al. both
utilized global two-dimensional PAGE (2D-PAGE) separation
approaches and reported 16 and 22 differentially abundant
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proteins, respectively. A more targeted analysis was performed
by Mayer et al. (35), who used coimmunoprecipitation studies
to identify key cellular factors that copurified with either native
viral nucleoprotein or polymerase complexes. Additionally,
previous analysis in our laboratory evaluated the global pro-
teome response in macaque (M. nemestrina) lung tissue to a
low-pathogenicity influenza virus, A/Texas/36/91 (Tx91) (1).
Using a liquid chromatography-tandem mass spectroscopy
(LC-MS/MS)-based approach and searching the spectral data
against a human protein collection list, 3,548 proteins were
identified, the first such proteome investigation into the host-
virus response within the macaque model.

Although initially informative, the previous proteome study
(1) was limited in many aspects, predominately due to the lack
of a robust macaque protein sequence database and with anal-
ysis confined to only a single time point for a single viral
evaluation. Now with a complete macaque protein sequence
for LC-MS/MS data set searching, we have applied similar
sensitive proteome analyses toward a more comprehensive sur-
vey of the macaque lung tissue in the context of exposure to
and infection by human influenza virus. In the full exposure
study (3), 32 macaques were infected with the highly patho-
genic avian influenza virus HSN1 (HPAI), two Spanish flu 1918
HIN1 reconstruction variants of intermediate virulence, or a
relatively mild disease-inducing seasonal human HINI virus
(Tx91). Macaques were sacrificed 1, 2, 4, and 7 days postinfec-
tion (p.i.), and lung tissue was collected to evaluate viral titers,
histopathology, transcriptomics, and proteomics. Viral titers
and disease pathology were previously described (3), but
briefly, unlike the other three viral strains, infectious HPAI
viruses were recovered from macaque lung tissue through all
time points of the study. While HPAI was clearly the most
virulent, causing extensive pulmonary damage and death in
one animal between days 6 and 7 p.i., the 1918 reassortant had
only slightly greater virulence than the Tx91 virus. The aim of
the present study was to integrate and extend observations
reported by Baas et al. (1) and Baskin et al. (3) by providing a
more comprehensive proteome characterization of the pulmo-
nary response to influenza virus infection in the macaque an-
imal model, by focusing on a subset of viruses and time points
that would be most informative. A portion of the response
proteins produced distinct expression profiles that distin-
guished a healthy or basal level for a general core response to
influenza virus infection from that of a highly pathogenic in-
fection. Our analysis identified 96 proteins that both increased
during infection and showed a strong correlation (r = 0.80)
between protein abundance and disease progression.

MATERIALS AND METHODS

Macaque viral infections. Macaque lung tissue samples were utilized from a
previously described study (3). Briefly, 34 macaques matched for age, weight, and
sex were inoculated by intratracheal, intranasal, tonsillar, and conjunctival routes
with a total of 107 PFU of either A/Vietnam/1203/2004 (HPALI) virus, Tx91 virus
or reassortants of Tx91 containing either two genes (HA and NA; here desig-
nated 1918/Tx) or three genes [HA, NA, and NS; here designated 1918/Tx (3:5)]
from influenza A/South Carolina/1/1918 virus in the Tx91 backbone. Two ani-
mals per group were scheduled for sacrifice on days 1, 2, 4, and 7 p.i. Two
additional animals were used as uninfected control animals and euthanized on
day 7. At necropsy, the lungs were examined and sampled by snap-freezing for
either viral titer or proteome analysis. As previously published, a score of pa-
thology was assigned to the lung lobe based on a scale from 0, reflecting no
apparent change, to 6, the most severe alteration (3). One macaque infected with
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HPALI succumbed to infection on day 6 p.i. due to extensive pulmonary damage,
and the tissues from this animal were not used in the analysis. Day 7 data in this
instance were from two lung specimens from the surviving animal.

Sample preparation. In the current study, samples from only HPAI, 1918/Tx,
or Tx91 virus infections on days 2 and 7 p.i. were processed for proteome
analysis. For processing, lung tissue was thawed on ice, and tissues were cut into
small pieces and homogenized in 5 ml of 25 mM ammonium bicarbonate buffer
with several short (15-s) bursts for approximately 1 min using a rotor stator tissue
homogenizer (Omni International, Kennesaw, GA) with soft tissue homogenizer
tips. The homogenate was then centrifuged at 5,000 X g for 10 min at 4°C. The
supernatant was transferred to a clean tube, and 125 pl of 200 mM tributyl
phosphine was added. Solid urea was added to give a final concentration of 8 M
(3.74 g/5.125 ml of liquid). The samples were rocked at room temperature for 1 h
and then snap-frozen in a dry ice-ethanol bath and stored at —80°C.

A bicinchoninic acid assay (Pierce Biotechnology, Inc., Rockford, IL) was
performed to determine protein concentrations. Samples were further reduced
with 10 mM dithiothreitol (DTT) for 1 h at 37°C and then diluted 10-fold with
50 mM NH,HCO;, pH 7.8. Trypsin digestion was performed with sequencing-
grade modified porcine trypsin prepared according to the manufacturer’s instruc-
tions (Promega, Madison, WI). Trypsin was added to all protein samples at a 1:50
(wt/wt) trypsin-to-protein ratio for 3 h at 37°C and desalted by solid-phase
extraction (SPE; Discovery DSC-18; Supelco, Bellefonte, PA). Peptides were
eluted from the SPE column using 80% acetonitrile with 0.1% trifluoroacetic
acid and dried in a SpeedVac SC 250 Express (Thermo Savant, Holbrook, NY).
Peptides were equally pooled between two animals for each condition to 300 ng
and separated by strong cation-exchange chromatography (SCX) at a flow rate of
0.2 ml/min using a 200-mm by 2.1-mm, 5 pm, 300-A polysulfoethyl A column
with a 10-mm by 2.1-mm guard column (PolyLC, Inc., Columbia, MD). The
details of this SCX fractionation step have previously been described in detail
(21, 22). The peptides were resuspended in 900 pl of mobile phase A and
separated on an Agilent 1100 system (Palo Alto, CA) equipped with a quaternary
pump, degasser, diode array detector, Peltier cooled autosampler, and fraction
collector (set at 4°C for all samples). A total of 20 fractions were collected from
the 30-to-80 min gradient for each sample, resulting in seven sets of SCX
fractions.

RPLC separation and MS/MS acquisition. The method used in this study, with
the coupling of a constant pressure (5,000-1b/in?) reversed-phase capillary liquid
chromatography (RPLC) system (75-wm inside diameter, 360-um outside diam-
eter, 65-cm capillary; Polymicro Technologies Inc., Phoenix, AZ) and a Finnigan
LTQ ion trap mass spectrometer (Thermo Scientific, Waltham, MA) using an
electrospray ionization source manufactured in-house, has been previously re-
ported (26, 32, 43). Each SCX fraction (from both influenza virus-infected and
control lung tissue samples) was analyzed via capillary RPLC-MS/MS, for a total
of 7 samples X 20 SCX fractions, or 140 analyses.

LC-MS/MS proteome analysis. A macaque protein list was generated by
compiling Macaca spp. protein sequences from NCBI, SwissProt, and Trembl
into a single, nonredundant FASTA protein data list containing 46,344 se-
quences (http://omics.pnl.gov). An influenza virus protein list was assembled by
compiling protein sequences from A/Vietnam/1203/2004, A/Texas/36/91,
A/South Carolina/1/18, and A/Brevig_Mission/1/18 into a single, nonredundant
FASTA file containing 23 sequences. The criteria selected for filtering followed
methods based upon a reverse-database false-positive model (47) that when
applied to the macaque data set produced =98% confidence for the entire
protein data set. Briefly, protein identifications were retained if their identified
peptides met the following criteria: (i) SEQUEST DelCN value of =0.10 and (ii)
a SEQUEST correlation score (X,,,,) of =1.6 for charge state +1 and full tryptic
peptides, an X, of =2.4 for charge state 2+ and full tryptic peptide, an X,
of =4.3 for charge state 2+ and partial tryptic peptide, an X, of =3.2 for
charge state 3+ and full tryptic peptide, and an X, of =4.7 for charge state 3+
and partial tryptic peptide. Spectral counting was used to measure the relative
abundance of individual peptides within a peptide mixture eluting from an LC
gradient at any particular moment. The number of times a peptide is selected for
fragmentation directly correlates with the relative abundance of that protein (29,
39). Proteins had to pass minimum criteria, which were based on analyses
performed for previous reports by our laboratory (21, 46) 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 at a sufficient frequency to warrant quantitation,
and at least a 6.0-fold increase/decrease in the relative abundance measurements
between any influenza virus-infected sample and control in order to be consid-
ered differentially expressed or by exclusive detection in either control or at least
one of the viral infections. Spectral counts were normalized between experiments
by Z-score. The Z-score is a common method of standardizing values within a
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FIG. 1. Overview of cellular and viral peptide observations. Fourteen animals were inoculated with HPAI, 1918/Tx, or Tx91, or mock infected,
in groups of two animals per sacrifice day, and the pulmonary proteome response was evaluated on days 2 and 7 p.i. (A) Total peptides and proteins
observed and how those peptides and proteins were attributed to either the host or different viruses. A single common peptide was detected in
HPALI and 1918/Tx infections. (B) Viral proteins were detected exclusively during HPAI and 1918/Tx infections. Gray indicates the absence of
detection. Ctrl, control. (C) Venn diagram comparing macaque peptides identified in the current study (Brown et al.; red) and those from the
previous Baas et al. study (yellow), reanalyzed with the macaque protein collection list. While the current study identified 35,202 unique cellular

peptides, Baas et al. (1) identified 15,390.

vector by mean centering relative to the standard deviation (mean [p] of 0 and
standard deviation [o] of 1). Proteins were clustered using OmniViz (BioWisdom
Ltd., Cambridge, United Kingdom) using a K-means algorithm with squared
Pearson correlation to measure distances between abundance profiles. Individual
clusters were further clustered using a hierarchical algorithm with complete
linkage method and squared Pearson correlation as the metric of similarity.
Correlations between relative protein abundance and pathology score were per-
formed using the Pearson product-moment correlation coefficient (r).

Pathway analysis. Human homologs were identified for 393 of the 400 differ-
entially expressed macaque proteins by using INPARANOID (4, 41) and Scala-
Blast (42), comparing identified macaque proteins against the human IPI 2009
protein collection list. For pathway analysis, human IPI protein accession num-
bers were converted to NCBI Entrez gene identifiers by using BRM (48). Human
NCBI Entrez gene identifiers corresponding to 374 of the differentially expressed
macaque proteins were imported into the Ingenuity Pathways Analysis (Red-
wood City, CA) and DAVID (5, 20) programs. Differentially expressed proteins
within significantly altered pathways were consolidated into an interconnected
network.

RESULTS

The macaque protein database improves sensitivity of spec-
tral analysis. To compare and contrast early and late events
during disease, samples from day 2 p.i. were selected as an

early time point and day 7 as a late time point (Fig. 1). The
HPAI and Tx91 strains were designated for the study since
they were the most virulent and least virulent strains, respec-
tively. Because the 1918/Tx (3:5) and 1918/Tx strains produced
comparable, intermediate pathology, only the 1918/Tx virus
was chosen for the proteomic analysis. Peptides from biologi-
cal replicates were pooled and characterized using sensitive
two-dimensional LC-MS/MS (Fig. 1A). Subsequent data anal-
ysis and searching against a combined macaque/virus protein
database resulted in the identification of 35,239 unique peptide
sequences corresponding to approximately 4,259 proteins.
From this total, 37 unique viral peptides from six specific pro-
teins were detected exclusively during HPAI or 1918/Tx infec-
tion (Fig. 1B), but not in the parental Tx91 infection or in the
control macaques, correlating with the low levels of Tx91 virus
replication in these animals (3). The influenza virus protein
database used in the SEQUEST analysis represents a compi-
lation of all three viruses used in the study. Conserved genomic
regions between viruses resulted in 10 of the 37 observed viral
peptides mapping to the same protein sequence in more than
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one virus. Subsets of the remaining 27 peptides provided com-
plementary information regarding the viral origin of the pro-
tein.

From the limited number of previous proteomic investiga-
tions of influenza virus-host protein expression (1, 30, 52), the
most relevant comparison of results for the current study in-
volves the previous in-depth LC-MS/MS analysis of Baas et al.
(1). To update the Baas et al. (1) data set analysis for this
comparison, we reanalyzed the original spectra from the study
against the macaque protein database, as the original data
comparison was performed using a human protein list, which
resulted in an increase in the number of peptide identifications
from 14,100 to 15,322. While peptide identifications increased,
a decrease in the number of proteins from 3,548 to 3,098 was
observed. Approximately 66% (10,156) of the peptides identi-
fied in the Baas et al. study using the macaque protein database
were also identified in the current study (Fig. 1C), correspond-
ing to 2,287 proteins observed in both studies. The average
peptide-to-protein ratio was 4.95 in the current data set, com-
pared to 3.98 in the prior study which employed the human
database, indicating the macaque protein database is a more
specific protein list for analyzing macaque proteomes. These
results demonstrate the advantage of obtaining more exact
protein identifications by searching against a macaque, rather
than a human, database.

Viruses produce distinct protein expression profiles. Mea-
sures of relative protein abundance were evaluated by spectral
counts, a commonly used approach in LC-MS/MS analyses for
determining relative protein abundance differences between
conditions (1, 29, 37, 39). To identify and characterize clear
differences in protein abundance at early and late phases of
influenza virus infection, substantially altered proteins were
conservatively defined by a 6-fold or greater difference in ex-
pression in either direction relative to control or by exclusive
detection in either control or at least one of the viral infections.
These criteria identified 400 increased and 258 decreased pro-
teins (see Tables S1 and S2, respectively, in the supplemental
material), from the total of 4,259. Further analysis focused on
the 400 proteins that increased in expression relative to con-
trols to investigate the macaque response to influenza virus.
Spectral counts were normalized across all conditions by cal-
culating Z-score values for each protein (see Table S3 in the
supplemental material), i.e., the mean was standardized to 0
while measures that were 1 standard deviation above or below
the mean were standardized to +1 or —1, respectively (Fig.
2A). The median and interquartile ranges designate the central
distribution of 50% of the Z-score values for the 400 proteins
in each group at day 2 or day 7. All viral strains caused greater
relative abundance of these 400 proteins compared to control,
but to various degrees. Tx91 infection caused only a slight
increase in abundance values (median Z-scores of —0.59 and
—0.17 for days 2 and 7, respectively). In contrast, the greatest
response was observed in HPAI infection (median Z-scores of
+0.76 and +0.41 for days 2 and 7). The greatest temporal
difference was detected for 1918/Tx (median Z-scores of —0.38
and +0.33 for days 2 and 7).

Although a shift toward greater abundance was observed for
all viruses compared to control, the structure of these distri-
butions varied across viral strains and times. Tx91 and 1918/Tx
produced single peaks on day 2, with slight shifts to the right

MACAQUE RESPONSE TO INFLUENZA VIRUS 12061

relative to control (Fig. 2B to D). In contrast, HPAI produced
the greatest shift to the right (Fig. 2E). The lower portion of
the distribution overlapped with those for Tx91 and 1918/Tx;
however, another portion of the distribution was present at
higher Z-scores, indicating the greatest level of protein abun-
dances. The frequency histogram elucidated three possible re-
sponse profiles to influenza virus infection: normal, core, and
high responses. The “normal” profile of the control sample
represents a basal level of expression for the 400 proteins with
Z-scores less than 0. For the “core” response, Z-scores be-
tween 0 and 1.5 represent a general, but mild, response to viral
infection. In contrast, the “high” response, with Z-scores
greater than 1.5, is particularly interesting at the early time
point because it is exclusive to HPAI virus. A temporal shift
was most prevalent with 1918/Tx as a subset of the core re-
sponse proteins transitioned to high responders by the late
time point (Fig. 2F to H; see also Table S4 in the supplemental
material). While the expression levels of the 400 proteins were
not increased equally by all viruses, the relative magnitude of
the increase appears to correspond to the pathogenicity of the
virus.

Clustering response proteins by viral strain and temporal
expression. To characterize individual protein expression pat-
terns, the 400 differentially expressed proteins were grouped
into eight distinct bins by using K-means clustering, with ex-
periments ordered by viral strain and time postinfection (Fig.
3; see also Table S5 in the supplemental material). As dictated
by the selection method, the control displayed low Z-scores in
all clusters. Clusters were color coded to facilitate multidimen-
sional representations of temporal protein expression profiles
across viral strains for subsequent analyses (Table 1). The first
five bins, maroon through green, represent proteins with pre-
dominantly greater abundance during HPAI virus infection,
while cyan through purple represent proteins with higher ex-
pression during 1918/Tx or Tx91 virus infection. Transiently
“high” responders in HPAI produced temporal shifts from
“high” on day 2 to “core” responder on day 7 in clusters that
are maroon or yellow (see Fig. S1 in the supplemental mate-
rial); proteins in the green cluster exhibited the opposite be-
havior, increasing at day 7 in the HPAI infection. In contrast,
proteins in the red and orange clusters were persistently “high”
responders at both time points. Cyan and blue clusters consti-
tute proteins that were “high” responders in the late time
points of 1918/Tx and Tx91, respectively. The purple cluster
showed the greatest response at the early time point during
Tx91 virus infection.

Clusters were functionally characterized using a ingenuity
pathways analysis (Table 1). With the exception of the yellow
cluster, the primary biological processes of HPAI “high” re-
sponder clusters (maroon through green) were immune re-
sponse and inflammation. The yellow cluster displayed high
expression levels across all viruses but with temporal differ-
ences. Proteins in the yellow cluster are involved in cell growth
and fundamental processes for proliferation. While these pro-
teins were increased by all viruses, the increase was delayed in
1918/Tx and Tx91 compared to HPAI virus.

The cyan, blue, and purple clusters represent proteins that
were most highly expressed during infections where the virus
was cleared within 4 days (1918/Tx and Tx91). These clusters
consist of proteins that perform protein biosynthesis, numer-
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FIG. 2. Distinct patterns of increased protein abundance in different viral infections. (A) Box plots indicate the interquartile ranges of Z-scores
of spectral counts and whiskers designate the minimum and maximum values for the 400 proteins that increased during viral infection. (B to H)
Relative levels of abundance for the 400 proteins were binned, based on Z-score of the spectral count, and are depicted in frequency histograms.
Protein abundance was quantified for day 2 p.i. (B to E) and day 7 p.i. (F to H) in the control, Tx91, 1918/Tx, and HPAI groups, respectively.

ous metabolic processes (notably oxidative phosphorylation),
and those impacting cellular organization. Although HPAI did
not express the proteins in the cyan, blue, and purple clusters
to the relative magnitude of the other two viruses, these pro-
teins were increased by HPALI relative to the control.
Response proteins correlate with disease progression. To
identify a subset(s) within the response proteins that correlate
with disease progression and may potentially contribute to the
“high” response, a linear regression was performed on the
median Z-scores within individual clusters against the pathol-
ogy score assigned to the macaques (Fig. 4). At the time of the
necropsy, macaque lung lobes were examined and judged on
several features, including inflammation and pneumocyte re-
action. A pathology score between 0 and 6 was assigned, with
0 representing healthy lung tissue and 6 the most significantly
altered (see Fig. S2 in the supplemental material). Comparing
days 2 and 7, the pathology score was highest on day 7 for all
infections. While Tx91 produced the least pulmonary damage,
with both day 2 and 7 scores ranging between 1 and 2, HPAI

induced the most severe pathology, resulting in pathology
scores of >5 on days 2 and 7.

The highest correlation between protein abundance and dis-
ease was observed for proteins in the red (Fig. 4B) and orange
(Fig. 4C) clusters (r = 0.9468 and 0.9401, respectively). A
positive, yet modest, correlation was observed for proteins of
the clusters in maroon (Fig. 4A), yellow (Fig. 4D), and green
(Fig. 4E). In contrast, cyan (Fig. 4F), blue (Fig. 4G), and
purple (Fig. 4H) clusters displayed relatively little if any cor-
relation with disease pathology observed in macaque lung tis-
sue, suggesting proteins in these clusters are independent of
disease progression. While there are challenges in distinguish-
ing between cause and effect in these types of studies, the
direct correlation between increased abundance and disease
severity could indicate that the expression of proteins in the
red and orange clusters may drive the pathology observed
during influenza virus infection. On an individual protein level,
96 proteins produced a correlation with disease greater than
0.80 (see Table S6 in the supplemental material). While the
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TABLE 1. Representative biological processes and protein
members, identified using the Ingenuity Pathways program,
within the eight clusters shown in Fig. 3
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FIG. 3. Heat map of Z-scores of spectral counts for the 400 in-
creased proteins, organized into eight clusters by using the K-means
algorithm. The eight clusters are color coded relative to the condi-
tion(s) in which proteins were most highly expressed. The number of
proteins within a cluster is located to the left of the cluster bar.

most highly correlated proteins included classic responders to
viral infection, such as PKR (EIF2AK2; 0.98), MX1 (0.95), and
RIG-I (DDXS58; 0.93), proteins involved in other processes,
such as cell cycle and metabolism also displayed strong corre-
lations with disease, for example, cell cycle-involved proteins
GSPT1 (0.94), PSMC2 (0.94), and RPA1 (0.90) and metabo-
lism-involved proteins OAS2 (0.90), HK3 (0.92), and SYK
(0.93). Many of these proteins were observed in our previous
proteome analysis (1), including PKR, MX1, RIG-I, PSMC2,

Cluster Function Protein Entrez gene
symbol no.
Inflammatory response RHOA 387
SERPINA3 12
PRKAA1 5562
IGHG1 3500
Complement system C1R 715
C1S 716
c7 717
Role of pattern receptors in MDAS 64135
recognition of CASP1 834
bacteria and viruses OAS1 4938
Replication of virus RIG-I 23586
HCK 3055
PLCG2 5336
MX1 4599
MX2 4600
1ISG20 3669
Immune response CRP 1401
IDO 3620
DEFA5 1670
Activation of IRF by cytosolic ~ STAT1 6772
pattern recognition receptors GBP1 2633
Role of pattern receptors in
recognition of P OAS3 4940
bacteéria and viruses PKR 5610
Growth of cells ACIN1 22985
NAGA 4668
TRAP1 10131
KRAS 3845
PRKCB 5579
Processing of RNA WBP11 51729
SAP18 10284
SF3A3 10946
Proliferation of cells MCM2 4171
MCM7 4176
FTHA1 2495
NUDC 10726
NRD1 4898
Infection by virus PSMD6 9861
NMT1 4836
SNRPA 6626
Oxidative phosphorylation NDUFA12 55967
NDUFA7 4701
UQCRB 7381
Biosynthesis of protein RPL9 6133
EEF1A1 1915
RPL30 6156
RPL34 6164
RPL5 6125
Metabolic processes ACSS1 84532
ERH 2079
ECHS1 1892
GATM 2628
HIBCH 26275
MAT2B 27430
PLCG1 5335
Cellular assembly and COPE 11316
organization KRT18 3875
NAE1 8883
PLCG1 5335
Metabolic processes BCKDHA 593
BLVRB 645
SFTPA2 729238
SLC2A1 6513
SUCLA2 8803
DLAT 1737
IVD 3712
ALDH5A1 7915
Cellular assembly and ARPC1A 10552
organization CAPNS1 826
MACF1 23499
TPM1 7168
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FIG. 4. Linear regression of median Z-scores of spectral counts for
proteins within individual clusters relative to pathology score following
viral infection. Regression lines are color coded to indicate the repre-
sentative cluster from Fig. 3 and as shown at the top left corner of each
graph. Box plots represent interquartile ranges, and whiskers designate
minimum and maximum values. The Pearson product-moment corre-
lation coefficent values (r) are indicated on the upper right corner of
each plot. The day 7 groups received the greatest pathology score
during all infections. Tx91 scores were between 1 and 2, the 1918/Tx
group received scores between 3 and 4, and HPAI caused the greatest
damage, with scores between 5 and 6.

OAS2, and HK3. In considering other recent systems ap-
proaches to investigating the cellular course of influenza virus
infection, we observe functional overlap in the categories of
innate and adaptive immunity but quite limited overlap in the
specific protein/genes identified in these studies (see Table S7
in the supplemental material) (18, 24, 27, 49, 55). The corre-
lation with proteins involved in cell cycle and metabolism may
represent infiltrating, activated lymphocytes and neutrophils in
the alveolar spaces during viral infection (3, 51) and the pro-
liferation of local pneumocytes to repair damaged tissues.
Macaque inflammatory response to influenza virus infec-
tion. Several pathway analysis tools, including InGenuity,
DAVID, and KEGG, were used to identify functional signaling
pathways significantly impacted by the 400 differentially ex-
pressed proteins. Considering all clusters, the immune re-
sponse pathway was recognized as significantly impacted by
virus in all analyses, with variations within more specific path-
ways of the immune response. Increased levels of expression
across all viruses were found for proteins involved in RNA-
binding, host-virus interaction, and antiviral response path-
ways. In contrast to the RNA-binding proteins, proteins of the
acute-phase response were increased exclusively by HPAIL

J. VIROL.

Differentially expressed proteins were assembled onto a pre-
viously annotated functional pathway, generating a global view
of the host-pathogen immune response to influenza virus in-
fection (Fig. 5). Proteins in the pathway were color coded
according to the clusters shown in Fig. 4 to represent their
expression profiles across viral strains and time points. While
several members of the immune response were increased dur-
ing influenza virus infection, these proteins displayed distinct
kinetic profiles, such as CRP, which was specific to HPAI virus.
The domination of the inflammatory pathway map by maroon,
red, and green cluster proteins was specific for HPAI upregu-
lation in the early and/or late time point in response to influ-
enza virus infection. The expression levels of a large arsenal of
RNA-binding proteins that function in recognizing foreign
RNA were increased in macaque lung tissue. RIG-I and
MDAS (IFIH1) transmit signals through a hub protein on the
outer mitochondrial membrane, mitochondrial antiviral signal-
ing protein (also known as MAVS, IPS1, or VISA), resulting in
the expression of inflammatory cytokines and type I interferons
(IFN). Release of type I IFN produces secondary signaling,
both autocrine and paracrine, resulting in the phosphorylation
and dimerization of signal transducer and activator of tran-
scription (STAT) molecules that induce the transcription of
IFN-stimulated genes (ISG), including ISG15, indole 2,3-di-
oxygenase (IDO), IFN-induced factor 44 (IFF44), and IFN-
induced protein with tetratricopeptide repeats 1, 2, and 3
(IFIT1-3). Influenza virus infection increased the expression of
an important cellular inhibitor of host defense, P587%
(DNAJC3). P587% is activated during influenza viral infection
and regulates the host defense by inhibiting PKR (28). IFN
induces the expression of antiviral RNA receptors, including
interferon stimulated exonuclease gene 20 kDa (ISG20), the
2',5'-oligoadenylate synthetase (OAS) family, and the myxovi-
rus resistance (MX) family of proteins. Particularly interesting
is the prevalent antiviral response induced during infection,
which strongly correlated with disease progression (Fig. 5),
despite continued viral replication by HPAI. Integration of
multidimensional data sets onto the host-virus pathogen sig-
naling network provided extensive insight into the spatial-tem-
poral relationships between the host and different viral patho-
gens during infection.

DISCUSSION

This study currently represents the most expansive and in-
depth proteome analysis of any macaque disease model. Re-
sults from previous research (1) provided a foundation to sys-
tematically extend the overall scope and design of the study,
allowing for direct comparisons to be made between different
strains of influenza virus, with various degrees of virulence in
macaques over time. Development and implementation of a
macaque protein database in MS/MS search algorithms sub-
stantially enhanced proteome coverage and protein specificity.
Thorough testing in our laboratory has optimized sample prep-
aration procedures, effectively reducing sample loss and result-
ing in increased peptide identifications. All these develop-
ments have been integrated to facilitate the expanded coverage
and identification of unique peptides and proteins, thereby
furnishing a distinct, high-throughput data set for exploring the
host response in this macaque model of human respiratory
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pathogens. While a subset of the proteome observations over-
lapped with the parallel transcriptomics results (3), specifically,
with IFN-mediated and antivirus responsive factors, an initial
survey of the proteomics and genomics results showed limited
correlation with each other (see Fig. S3 in the supplemental
material), demonstrating the often divergent natures of the
two analysis streams and the importance of proteomic ap-
proaches for an orthogonal systems characterization. Specifi-
cally, the proteomics analysis provided a unique insight into
the molecular pulmonary response to influenza virus infection,
including the direct correlation between protein abundance
and disease progression and the distinct molecular effects that
different influenza viruses produce in the alveolar compart-
ment.

The in vivo molecular response was characterized in the
lower lung of macaques during mild, intermediate, and highly
pathogenic influenza virus infections. The accessory lobe was
selected for proteome analysis because the greatest pathology
was observed in the lower lung for all viruses. Our proteomic
approach identified several viral proteins at time points where
matching plaque assays showed recoverable levels of virus

from lung tissue. Although macaques successfully cleared
1918/Tx and Tx91 viral infections, overall pathology continued
to progress, suggesting that the host response contributes to
disease. Protein abundance differences, when organized by vi-
rus and time point, led us to distinguish “core” molecular host
response profiles involved in clearing the viral pathogen from
profiles, such as the “high” response, that potentially contrib-
ute to severe disease in the host and possibly death. Cluster
analysis identified eight distinct groups of protein abundance
profiles that showed temporal patterns specific to the infecting
virus. Those clusters representing proteins with persistently
high abundance levels in HPAI infection displayed a strong
correlation with disease progression (Fig 4 and 5, red and
orange clusters). These proteins contrast with those of greatest
abundance on day 2 in HPAI samples, which displayed a pos-
itive correlation largely because of decreased protein abun-
dance during late HPAI infection (maroon cluster). This set
consists mainly of IFN-responsive, antiviral proteins, including
MDAS, ISG15, OAS1, and IFIT1. It is unclear whether the
decreased abundances observed during the late stages of HPAI
infection represent a suppressive effect initiated by the virus,
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possibly through NS1-mediated IFN-signaling interference (2,
7,11, 13), or negative feedback from an initial burst of antiviral
and inflammatory processes. A number of other viruses, be-
sides influenza virus, also target IFN signaling to evade or
attenuate the host response (10, 17, 33). Further studies will
compare influenza virus infection relative to other respiratory
viruses to identify common and distinguishing viral signatures
in the host response that may represent mechanisms that reg-
ulate pathogenicity.

For HPAI infection, it is interesting to contrast the behavior
of the proteins in the green cluster to those of the maroon set.
Green cluster proteins trended in an opposite manner and
increased from day 2 to day 7 in the HPAI infection. Within
the green cluster are several proteins that are markers of neu-
trophil action, specifically, defensins and reactive oxygen gen-
erators, including DEFA1, DEFA2, MPO, NCF1, and BP1.
The observation of these proteins at this later stage suggests a
change in the inflammatory processes: whereas the maroon
cluster shows innate signaling as the earliest inflammatory
driver, it appears supplanted by the neutrophil-associated pro-
cesses on day 7. It is also noteworthy that the preponderance of
the immunoglobulin proteins were detected in the maroon and
green clusters, with significantly higher levels of these proteins
for the HPAI day 2 or day 7 specimens compared to the other
samples (maroon and green clusters, respectively) (see Table
S8 in the supplemental material). Further, considering all the
immunoglobulin proteins contained in Fig. 3, there is a very
significant association for these to occur in high abundance in
the HPAI samples. Comparison of the maroon and green clus-
ters implies an evolution of this antibody response in the HPAI
lung samples; for example, the presence of the mu constant
region at day 2 shows the significant extent of the primary IgM
antibody response in this tissue sample, or it may represent the
receptor form on activated B cells (23). By day 7, this response
has steeply declined and may reflect the migration of the ini-
tially activated B cells to secondary lymphoid organs, acceler-
ated lymphocyte death, or a combination of trafficking and
death. Therefore, while the proteomics data have provided
novel insights into the dynamics of the antibody response in the
lungs of infected animals, we are left with the paradox that the
greatest response occurs in the context of highest viral repli-
cation and greatest pathology, suggesting that there is still an
insufficiency to the quality or quantity of the immune response
at early times in the HPAI infection.

Several RNA-binding proteins, including PKR (25), RIG-I
(31), and ISG20 (6), have been previously reported to provide
protective roles against viral infection. While many of these
RNA-binding proteins are constitutively expressed at low lev-
els in several cell types, these proteins can be substantially
induced by IFN stimulation (15, 19), so enhanced expression
appears to be an indirect or secondary effect of viral infection.
P58k is a negative regulator of PKR kinase activity, a cytosolic
serine/threonine kinase that is activated by recognition of dou-
ble-stranded RNA. Influenza virus induces expression of
P587*, and we note the significant levels of P587* at day 7 in
the HPAI infections (green cluster). P587* attenuates many
antiviral effects of PKR, including the translational arrest of
host and viral proteins and antiviral signaling through IRF3
and NF-«B. However, P587* also appears to help attenuate the
host inflammatory response inasmuch as knockout mouse
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models deficient in P587* show significantly greater pulmonary
damage during influenza virus infection (16). Highly patho-
genic viruses, such as HPAI, may be capable of inducing a
devastating host response that overwhelms checkpoints and
regulators, including P587%,

Several other antiviral, IFN-stimulated proteins, including
ISG15, IFIT1/2/3, IDO, and IF144, were also increased during
HPALI infection, likely as secondary responses to IFN. It is
confounding that despite the increased abundance of such a
large number of antiviral, RNA-binding, and interferon-stim-
ulated proteins, particularly during the HPAI infection, virus
continued to replicate in lung tissue through day 7 p.i. Infil-
trating CD8™ effector/memory cells play a prominent role in
producing a state commonly referred to as “heterologous an-
tiviral immunity” via IFN-y production during influenza virus
infection (34), which further emphasizes the aggressive host
defense that HPAI virus must overcome to successfully con-
tinue to replicate. Because influenza virus has evolved a num-
ber of mechanisms to evade the innate host response (17), the
reason why influenza virus can continue to replicate may be
due to evasive mechanisms that attenuate host response exclu-
sively within infected cells, while the continued, prominent
antiviral and inflammatory response originates from neighbor-
ing cells and leukocyte infiltrates. Assessment of antiviral pro-
tein abundances on a cell-by-cell basis may identify key inflam-
matory differences between infected and noninfected cells.
Alternatively, HPAI may have evolved much stronger resis-
tance, relative to other viruses used in this study, against many
host antiviral proteins that could provide a replication advan-
tage.

HPALI infection specifically increased the expression of sev-
eral secreted proteins, including CRP and complement pro-
teins C1S, C1R, and C7. Although these proteins can be syn-
thesized in the lungs (50), they are primarily produced in the
liver (45, 53). Transcriptome analysis from the lungs of these
macaques failed to detect significant differences in the RNA
levels of CRP or these complement factors, suggesting HPAI
induced systemic inflammation during viral infection, resulting
in the transport of these exogenous immune mediators from
the liver. Extrapulmonary viral replication and the inflamma-
tion-associated effects induced specifically by HPAI virus on
multiple organs throughout these macaques could contribute
to this systemic response (51).

Proteins in the cyan, blue, and purple clusters, while in-
creased in the HPAI-exposed group relative to control, were
expressed at higher levels in macaques that effectively cleared
virus. These proteins are involved in oxidation phosphoryla-
tion, RNA processing, and metabolism. We suggest that these
proteins are related to early onset of homeostasis and repair
and that the expression of these proteins facilitates control of
virus-induced cell death, resulting in less cell-mediated killing.
Gene expression analysis demonstrated that both 1918/Tx and
Tx91 viral infections induced transcripts, reflecting a strong
IFN response, but lack of recoverable viral titers indicated the
response was sufficient to blunt viral replication without signif-
icant immunopathology (3). Within the cyan, blue, and purple
clusters, there may be proteins responsible for maintaining the
balance between inhibiting viral spread and regulating host
response, including tissue repair. A better understanding of
how these proteins function during viral infection and why they
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are regulated during disease could lead to an alternative ap-
proach to ameliorating the detrimental host response to infec-
tion.

Proteins of the yellow cluster appear to follow opposite
kinetics, depending on the pathogenicity of the virus. The
yellow cluster includes a large number of proteins involved in
growth of cells and the processing and modification of RNA as
well as proteins involved in oxidative phosphorylation. Proteins
related to growth of cells include transcription regulators and
kinases, but also a large number of transporters associated with
metabolic pathways. For the HPAI infection, proteins in the
yellow cluster were upregulated on day 2 and declined by day
7. In this context it could represent a proliferative burst of
immune cells that have entered the tissues, or a very early
proliferation of pneumocytes following the loss of such cells by
either viral cytopathic effects or cell-mediated killing affected
by NK cells or macrophages. However, this proliferative re-
sponse cannot be sustained to day 7, perhaps reflecting the
extensive necrotic damage observed in the lung tissues at this
stage in the HPAI infection. The block in the expression of
these specific proteins shows an opposite temporal behavior
for less-pathological viral infections, where it increases in
abundance from day 2 to day 7. This increase in cell prolifer-
ation processes may be part of the same homeostatic processes
that are being supported by the upregulated metabolic path-
ways representing the aforementioned cyan, purple, and blue
clusters.

There are many interesting commonalities between the pre-
viously published gene expression analysis, pathology findings
(3), and the current proteomic study. The highest level of
antiviral protein expression was observed during HPAI viral
infection, which is consistent with viral replication measure-
ments. Transcript levels for several IFN-induced proteins, in-
cluding IFITs, IFIs, and ISG15, were also increased early in the
HPAI group. The coordinated induction of these defense path-
ways corresponds to pathogenic evidence of inflammation dur-
ing HPAI virus infection. Inflammation was caused, in part, by
preferential infection of type II pneumocytes, the most abun-
dant cell type in respiratory epithelium. Type II pneumocytes
are responsible for respiratory epithelium repair and surfac-
tant production. Coincidentally, the proteome analysis re-
vealed that production of several surfactant proteins, including
Al and A2, were increased by HPAI virus infection early,
followed by a sharp decrease at day 7. This decrease is consis-
tent with the reduction, by 3- to 10-fold, in gene expression
observed at day 2 p.i. in the same group. The proteomic anal-
ysis failed to detect increased levels of cytokines and chemo-
kines observed in the genomics analysis, which was likely due
to the low abundance levels of these proteins relative to other
proteins. Finally, in the current proteomic study we observed
an interesting depression at day 2 and recovery at day 7 of
production of several proteosomes and major histocompatibil-
ity complex proteins in the HPAI group which are important in
processing of viral antigens to mount an adaptive immune
response. The later recovery is consistent with the increased
gene expression of proteins in the same family at day 2 p.i. This
finding mirrors the inadequacy of the early cell-mediated im-
mune response in the form of depletion of dendritic cells and
increased margination of lymphocytes during HPAI virus in-
fection, as detected by immunohistochemistry and flow cytom-
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etry, respectively. Clearly, not all findings were consistent
between genomic, proteomic, and pathological analyses. Dis-
crepancies which cannot always be easily explained are likely to
yield critical answers regarding influenza virus pathogenesis,
and future efforts focused on integrating these approaches into
a molecular systems biology examination will refine our under-
standing of the dynamic nature of the influenza virus infection
process.
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