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Abstract

Nonhuman primate (NHP) biomedical models are critical to
our understanding of human health and disease, yet we are still
in the early stages of developing sufficient tools to support pri-
mate genomic research that allow us to better understand the
basis of phenotypic traits in NHP models of disease. A mere 7
years ago, the limited NHP transcriptome profiling that was be-
ing performed was done using complementary DNA arrays
based on human genome sequences, and the lack of NHP ge-
nomic information and immunologic reagents precluded the
use of NHPs in functional genomic studies. Since then, signifi-
cant strides have been made in developing genomics capabili-
ties for NHP research, from the rhesus macaque genome
sequencing project to the construction of the first macaque-
specific high-density oligonucleotide microarray, paving the
way for further resource development and additional primate
sequencing projects. Complete published draft genome se-
quences are now available for the chimpanzee (Chimpanzee
Sequencing Analysis Consortium 2005), bonobo (Prufer et al.
2012), gorilla (Scally et al. 2012), and baboon (Ensembl.org
2013), along with the recently completed draft genomes for
the cynomolgus macaque and Chinese rhesus macaque.
Against this backdrop of both expanding sequence data and
the early application of sequence-derived DNA microarrays
tools, we will contextualize the development of these commu-
nity resources and their application to infectious disease re-
search through a literature review of NHP models of acquired
immune deficiency syndrome and models of respiratory virus
infection. In particular, we will review the use of -omics

approaches in studies of simian immunodeficiency virus and
respiratory virus pathogenesis and vaccine development,
emphasizing the acute and innate responses and the relation-
ship of these to the course of disease and to the evolution of
adaptive immunity.

Key Words: genomics; human immunodeficiency virus
[HIV]; influenza; microarray; nonhuman primate; simian
immunodeficiency virus [SIV]; transcriptome

Development of Resources for Nonhuman
Primate Biomedical Models

Hosting of the First Nonhuman Primate
Genomics Workshop

T he development of genomic resources for nonhuman
primate (NHP) biomedical models was impelled after
the first Primate Genomics Workshop in Seattle, which

was organized by investigators from the Washington Nation-
al Primate Research Center at the University of Washington
and included attendees from all eight National Primate Re-
search Centers (NPRCs) (Figure 1). The participants agreed
on the clear need for the development of genomic resources
for NHPs to advance research on the genetic basis for pheno-
typic traits, with a priority focus on the Indian-origin rhesus
macaque. In the ensuing efforts to create these resources, a
white paper proposal requesting the genome sequencing of
the Indian-origin rhesus macaque and the generation of ex-
pressed sequence tag (EST) databases for macaque species
in use at the NPRCs was submitted to the National Human
Genome Research Institute. Since its commencement, the
Primate Genomics Workshop has grown in stature to become
the International Conference on Primate Genomics, with the
Washington National Primate Research Center being instru-
mental in the organization of the first four conferences. The
fourth conference, held in Seattle in 2010, highlighted sys-
tems biology approaches to NHP models of human health
and disease. An outgrowth of this conference was another
endeavor in generating a new resource: a compilation of
transcriptome data for a panel of NHP species important in
biomedical and evolutionary research—the NHP reference
transcriptome resource (http://nhprtr.org) (Pipes et al. 2013).
Moreover, since 2007, a Genetics and Genomics Working
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Group has been working on developing a framework for the
analysis and comparison of genetic and genomic data across
the eight NPRCs (Kanthaswamy et al. 2009).

Development of the First Rhesus Macaque
Oligonucleotide Microarray

DNAmicroarray technology is an indispensable tool in molec-
ular biology research; however, genome sequence and tran-
script sequence information is critical in the development of

such research tools. Among the earliest efforts in NHP geno-
mic resource development were EST sequencing projects for
the rhesus macaque (Macaca mulatta) and the pig-tail macaque
(M. nemestrina) to overcome the paucity of available sequence
information for macaque species (Magness et al. 2005). Initial
EST sequencing and comparative analysis of the rhesus ma-
caque transcriptome included sequences from 11 tissues, nine
animals, and three species (M. mulatta, M. fascicularis, and
M. nemestrina), resulting in the generation of 48,642 rhesus
EST sequence reads and, later, more than 34,000 ESTs for the
pig-tail macaque. The EST data were used to assist genome as-
sembly and annotation efforts and toward the production of the
first macaque-specific, spotted complementary DNA (cDNA)
microarray (V1 Rhesus Array) (Figure 1).

The first draft of the human genome was released in 2001,
followed 18 months later by the draft genomic assembly for
the mouse (Lander et al. 2001; Waterston et al. 2002). After
the submission of a white paper proposal to the National
Human Genome Research Institute, the sequencing effort for
the rhesus genome was initiated in 2003, conducted by the
Rhesus Macaque Genome Sequencing and Analysis Consor-
tium under the leadership of the Human Genome Sequencing
Center at the Baylor College of Medicine. After draft se-
quence data for the rhesus genome was made publically avail-
able in 2005, scientists quickly used it to design macaque
oligonucleotide microarrays. For example, the Katze laborato-
ry collaborated with Agilent Laboratories in the design of a
rhesus-specific high-density oligonucleotide microarray, with
annotation using the detailed sequence and exon structure of
the human genome (Wallace et al. 2007), resulting in a com-
mercially available Rhesus Macaque Gene Expression Micro-
array marketed by Agilent Technologies. This array format
included the corresponding human gene symbols for the de-
tected rhesus transcripts, allowing for functional analysis with
the much richer body of annotation available for human
genes. A separate macaque array was designed in association
with Affymetrix, Inc. (Spindel et al. 2005). Because of the im-
proved homology between the array probes and the target ma-
caque transcripts, both these platforms provided superior
performance versus arrays based on human transcript se-
quences (George et al. 2006; Wallace et al. 2007). With the re-
lease of the first draft of the rhesus genome sequence and the
production of the more fully featured oligonucleotide rhesus
microarray, the field was equipped to begin application of
functional genomics in NHP models of human health and dis-
ease. As indicated in Figure 1, these applications actually pre-
ceded the formal publication of the rhesus genome in 2007
(Gibbs et al. 2007).

Genomic Analyses of NHPModels of
Human Immunodeficiency Virus (HIV)/
Acquired Immunodeficiency Syndrome
(AIDS) and Respiratory Virus Infection

Given their genetic and physiologic similarities to humans,
NHPs closely model the human response to HIV/AIDS and

Figure 1: Advancements in the development of genomic resources
that enable systems biology investigations in nonhuman primate
(NHP) models of human disease. Efforts in NHP genomics have
continued to grow from the simple origins in the 1st Primate Geno-
mics Workshop. There was considerable acceleration in the applica-
tion of genomics tools after the release of the genome sequence
for the Indian-origin rhesus macaque. With the advent of next-
generation sequencing technology, a rapid expansion occurred in
the specific tools available for various macaque species that serve in
models of infectious disease and other studies related to human
health and disease. EST, expressed sequence tag.
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respiratory virus infections, among other clinically signifi-
cant infectious diseases. For NHP models of viral respiratory
disease, functional genomics measurements were undertaken
to elucidate the molecular programs that underlie the severe
pathogenesis (and morbidity) associated with particular
strains of influenza, contrasting these with the host response
initiated against milder seasonal variants.

Initial Genomic Characterization of Influenza
in an NHPModel

The first use of genomics to profile NHP transcriptional
responses to influenza virus infection was examined using
human cDNA microarrays that contained approximately
13,000 unique cDNA clones (97% of which were annotated)
and were integrated with clinical and pathology data (Baskin
et al. 2004). Pig-tail macaques were infected with a low-
pathogenicity human H1N1 influenza A/Texas/36/91 virus
(Tx/91), and gene expression patterns were examined in the
lung and tracheobronchial lymph nodes at days 4 and 7 after
inoculation. Innate immune genes related to interferon (IFN)
signaling and genes relevant to monocyte and macrophage
function in the lung showed, in general, consistency with an-
cillary pathology, cytology, and cytotoxicity findings from
immunohistochemistry of these tissues. Shortly thereafter,
NHP lung and peripheral blood mononuclear cell (PBMC)
gene expression changes were profiled using the
macaque-specific oligonucleotide array that included an ear-
lier time point at day 2 after inoculation (Baas et al. 2006).
(This was one of the first applications of a species-specific
microarray in an NHP model of human viral disease.) We hy-
pothesized that host responses occurring at early time points
after inoculation critically determined influenza-associated
disease outcome. Indeed, at day 2 after inoculation, animals
showed marked upregulation of IFN-stimulated genes, such
as IRF7, IFIT2, and IFI44, in the lung, many of which were
also induced in blood and showed sustained transcriptional
activation in the periphery through day 7 after inoculation.
Global protein abundance changes in lung samples after in-
fection included IFN-stimulated antiviral proteins, such as
STAT1, MX1, and GBP1, which complemented the tran-
scriptomic data while creating an additional layer of com-
plexity and further demonstrating the value of NHPs in
functional genomics in NHP studies of influenza infection
(Baas et al. 2006).

Assessment of NHP Immune Responses to 1918
Pandemic Influenza Virus

The reconstructed 1918 pandemic influenza virus is repeated-
ly cited as the archetype of highly pathogenic influenza, and
NHP resources were instrumental in the study that character-
ized the aberrant immune response that attends this highly
lethal infection in cynomolgus macaques (M. fascicularis)
(Kobasa et al. 2007). The gene expression profiles for

contemporary human H1N1 influenza A/Kawasaki/173/2001
virus (K173) show a dynamic course, with an early upregula-
tion of the immune and inflammatory response that declines
in later days after infection. Closer examination within the cat-
egory of the immune response reveals that infection with
1918 virus exhibits distinct kinetics for the type I IFN re-
sponse in macaque bronchial tissue, showing both a delay in
onset and a reduction in magnitude of gene expression chang-
es. For the less-pathogenic K173 virus, this latter stage is ac-
companied by increased expression of metabolic genes that
may be associated with homeostasis or repair of the respirato-
ry tissues. In contrast, the transcriptional profiles for the 1918
virus are sustained throughout the time course, and the in-
ferred cellular processes for tissue remediation are not upregu-
lated. The results of this study, published in Nature, indicate
that atypical expression of innate immune response genes may
be a critical determinant of the severity and outcome of infec-
tion by the 1918 virus, and continued investigations seek to
determine specific 1918 virus genes eliciting these aberrant
host responses (Cilloniz et al. 2009; Kobasa et al. 2007). Pro-
filing lung gene expression changes to genetic reassortant vi-
ruses between the 1918 and the Tx/91 strains have revealed a
role for 1918 virus envelope glycoproteins HA and NA to-
ward 1918 pathogenesis. When expressed in the genetic back-
ground of the Tx/91 virus, the presence of 1918 HA and NA
results in enhanced viral replication in macaque lung, more
severe clinical disease and pathology, and stronger IFN, in-
flammatory, and innate immune transcriptional induction as
early as 1 day after inoculation as compared with Tx/91 virus
(Baskin et al. 2009).
Compelling genomic evidence from Baskin and col-

leagues showed highly pathogenic avian influenza (HPAI)
H5N1 virus ignites an even more intense and incessant im-
mune response than 1918 reassortant viruses in macaque
lung (Baskin et al. 2009). Direct comparison of 1918- and
H5N1-infected macaque bronchi early in infection revealed
notable differences in apoptotic and inflammatory responses,
including differences in the timing and extent of genes en-
coding NLRP3 and interleukin 1β, key components of the
inflammasome, which were increased in expression in re-
sponse to 1918 virus and decreased in expression in response
to H5N1 virus (Cilloniz et al. 2009). These NHP genomic
findings supported the notion that a rapid and intense host in-
flammatory response is the cause of severe lung damage
caused by H5N1 virus in humans (de Jong et al. 2006; Peiris
et al. 2004). Biphasic fever and lymphopenia patterns in pe-
diatric patients infected with H5N1 virus are closely replicat-
ed in an NHP model of nonlethal viral pneumonia (Shinya
et al. 2012). Shinya and colleagues reported a comprehen-
sive analysis of pneumonia-induced pathogenesis in rhesus
macaques infected with HPAI H5N1 influenza A/Anhui/2/
2005 virus, integrating lung transcriptomic data collected at
six time points, spanning the initial infection phase through
recovery, with clinical, virologic, and histopathologic data.
Transcriptomic profiling indicated different molecular
mechanisms driving each phase of the biphasic fever, with
proinflammatory mediators tumor necrosis factor and
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interleukin 1β responsible for the first wave and IFN-γ pre-
dominantly mediating the second wave.

Age-Related Transcriptomic Analysis of NHP
Host Responses to 2009 Pandemic H1N1

The novel swine-origin influenza A virus ( pH1N1) that
emerged in Mexico in early 2009 resulted in a wide-spread
pandemic, and the scientific community quickly mobilized
to assess its pathogenicity in NHPs. One of the first US iso-
lates, pH1N1 influenza A/California/04/2009 virus (CA04),
was found to be more pathogenic than a contemporary hu-
man H1N1 virus in cynomolgus macaques (Itoh et al. 2009).
Rapid assessment of macaque lung responses to two clinical
pH1N1 isolates from Mexico during the early stage of the
pandemic demonstrated more-pronounced transcriptional
changes of genes associated with proinflammatory nuclear
factor kappa B (NFκB) signaling and antigen presentation
pathways in response to pH1N1 virus compared with K173
virus (Safronetz et al. 2011). In an investigation of
age-related disease severity caused by pH1N1 virus, aged
rhesus macaques, which have greater inflammatory cytokine
production and T cell proliferation in the bronchial alveolar
lavage (BAL) compared with young adults after CA04 virus
infection, showed upregulated expression of genes encoding
T cell markers (e.g., CD3D and CD3G) and B cell markers
(e.g., CD20 and CD19) in BAL cells compared with young
adult animals (Josset et al. 2012).

A longitudinal gene expression analysis of BAL cells
from CA04-infected young adult and aged animals associat-
ed gene expression changes with immune and virologic mea-
surements, such as intracellular cytokine staining, inhibition
HA titer, and viral antigen stimulation (HA-NA and PA-NP)
(Figure 2). The frequency of CA04-specific T cells in BAL
cells correlated with genes directly involved in T lymphocyte
function (iCOS–iCOSL signaling in T cells), whereas neu-
tralizing antibody production was associated with genes di-
rectly involved in B lymphocyte accumulation and nuclear
receptor signaling. Proliferation of memory B cells and viral
titers were associated with genes directly involved in anti-
influenza host responses. This study represents the first
age-related genomic analysis after pH1N1 infection in a
rhesus macaque model. Severe clinical disease caused by
influenza virus is more frequent in elderly and immune-
compromised individuals, and studies examining age-related
effects have been made possible through current NHP geno-
mic resources. Future applications will likely examine influ-
enza vaccine efficacy in young adult and aged animals
challenged with pH1N1 virus.

Cross-species transcriptomic analyses have further
enhanced our understanding of host responses to pH1N1 vi-
rus in NHPs by extending transcriptomic comparisons across
different animal models of influenza infection. These include
the well-established mouse model and the underused swine
model, which is particularly relevant when considering the
generation of novel influenza strains that often emerge in this
intermediate host (Go et al. 2012). Notably, lung transcrip-
tional changes in response to a single 2009 pandemic H1N1
influenza virus across macaque, swine, and mouse models
showed significant differences in the expression of inflam-
matory and lipid metabolism genes, indicating that the nature
of the host response, characterized by the timing of the acute
phase and the kinetics of the gene expression changes,
underlying overt clinical disease is distinct across different
animal models. To fully appreciate the NHP host response in
the context of respiratory infection, it will be important to
profile transcriptional changes across different primate spe-
cies and tissue compartments such as nasopharynx, trachea,
bronchi, and lung.

Application of NHP Proteomics and Influenza
Infection

Another ambition in the development of NHP resources for
functional genomics studies was to demonstrate the feasibility
and utility of employing proteomics techniques on NHP bio-
medical models. In the initial efforts, data from the rhesus
genome were unavailable; nonetheless, using human protein
sequences, differential protein abundance changes were
identified in the lung tissues of macaques infected with a
seasonal strain of H1N1 (Baas et al. 2006). A recent study
with HPAI and 1918 reassortant viruses produced a reference
database of macaque proteins based on the currently annotat-
ed transcripts of the rhesus genome that provided an

Figure 2: Cytoscape (Cline et al. 2007) rendering of Maximal In-
formation Coefficient (MIC) (Reshef et al. 2011) results between
gene expression data and the indicated immunologic and virologic
measurements. All associations had MIC ≥ 0.8. Red/green edges
indicate positive/negative correlations, respectively. Grey edges in-
dicate nonlinear relationship. Measurements were performed on
bronchial alveolar lavage samples from rhesus macaques infected
with 2009 pandemic H1N1 influenza strain CA04 (exception of se-
rum anitbody titers). HA-NA, viral hemagglutinin + neuraminidase;
ICCS, intracellular cytokine staining; IHA, inhibition HA titer;
PA-NP, viral polymerase component + nuclear protein.
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increased number of identified peptides per protein and thus
improved confidence in the protein identifications (Brown
et al. 2010). Quantitative analysis identified 400 proteins that
increased in abundance during viral infection, with differing
viral strains exhibiting distinct temporal profiles for proteins
involved in the innate response to viruses and inflammatory
response and with patterns distinct from those observed by
microarray measurements. This study is the most compre-
hensive NHP proteomics characterization to date.

Global Transcriptional Profiling in the Study
of Simian Immunodeficiency Virus (SIV)
Pathogenesis

As noted earlier, the importance of Indian-origin rhesus ma-
caque for biomedical models of HIV pathogenesis and im-
munity was a prominent criterion for the genome sequencing
of this species of NHP. However, the demands of the AIDS
research community outpaced the availability of the
species-specific genomic resources for characterizing the
transcriptional changes that attend SIV infection in macaque
species, and initial studies used expression arrays based on
human sequence data, either in the form of spotted cDNA ar-
rays or the Affymetrix human GeneChips. In hindsight,
many of these studies appear quite technically limited, either
from the smaller number of transcripts that were interrogated
on the arrays or the small numbers of array measurements
that constituted the experiment. Even in the early part of the
last decade, human microarray technology was still on a
steep slope of development despite the release of the high-
quality human genome sequence in 2004 (International
Human Genome Sequencing Consortium 2004). Small ex-
perimental designs were a consequence of the high cost of
array measurements, the limited capacity of newly emerging
microarray laboratories, and the high cost of investigations
using NHPs.

In vitro experiments using rhesus PBMCs was one route
to diminish the animal requirements, and an early report
from our group took such an approach in assessing the
changes attendant to synchronous infection with SIVmac239

(Thomas et al. 2006). As is typical with such infections in
primary cells, the percentage of infected cells was quite low;
nonetheless, the sensitivity of transcriptional profiling re-
turned hundreds of differentially regulated genes at 3 and 6
days after infection. The heterogeneity that attends the use of
outbred animals was also evident because PBMCs from one
of the donor animals were relatively refractory to infection
and consequently showed fewer changes in gene expression.
Patterns from the other two donors showed early upregula-
tion of immune response pathways, such as class I antigen
presentation, apoptosis signaling, and cellular adhesion, as
well as broad functional categories, such as protein metabo-
lism and transcriptional regulation. It is interesting to con-
trast these results with a similar experiment we later reported
examining transcriptional responses in PBMCs from pig-tail
macaques after infection with either SIVmac239 or HIV-lLAI

(Li Y. et al. 2007). Although the course of the SIV infection
was comparable with our observation with rhesus PBMCs,
the HIV-1 infection was quite constrained based on the per-
centage of infected cells and the extent of viral replication.
Despite the lower percentage infection and replication with
HIV-1 versus SIV, the early time point 4 days after infection
with HIV-1 showed a much greater number of upregulated
genes involved in antigen presentation, T cell signaling, and
natural killer cell killing. This constraint on HIV replication
is hardly surprising in light of our current understanding of
lentiviral species restriction by host factors such as Trim5α
(Nakayama and Shioda 2012). However, the results suggest
the propagation of an immune stimulus attendant to the viral
sensing/restriction by Trim5α or some other factor.
Other earlier studies that employed human gene expres-

sion arrays used longitudinal blood samples from SIV- or
simian human immunodeficiency virus (SHIV)-infected
macaques as a means to characterize the host response to
pathogenic lentivirus infection (Bosinger et al. 2004; Chung
et al. 2008; Vahey et al. 2003). In general, results from such
in vivo models revealed the differential regulation of many
more genes than observed with the simple ex vivo models.
The expression data also revealed clear increases of type I
IFN-stimulated genes (ISGs) and inflammatory response
genes, commencing early after infection (1–3 weeks). And
although these responses may decline as viral loads decline
to set point levels, the expression hallmarks of activation are
always present. These studies also showed that abatement of
these activation signatures was often seen in spontaneous
controllers, whereas they were exacerbated in animals
that underwent rapid progression to elevated viremia and
AIDS-like symptoms.
Early adopters of genomics studies for NHP models of

AIDS also made focused efforts on specific organ systems.
The Fox group used human GeneChip arrays to characterize
expression changes in the brains of rhesus macaques, exam-
ining animals at 2 weeks after challenge, as well as during
chronic stages, including subsets of animals with SIV en-
cephalitis (i.e., neuroAIDS) (Roberts et al. 2003; Roberts
et al. 2004). Perhaps the most surprising observation is the
clear upregulation in the brain of ISGs and interleukin 6 as
early as 2 weeks after challenge, at a stage far earlier than
typically associated with neurological consequences of
SIV/HIV infection. Guidance from immunohistochemistry
then demonstrated that these antiviral responses largely orig-
inate from the microglia and monocytes, with the persistent
inflammation progressively impacting astrocytes, endothelial
cells, and the neuronal parenchyma.
The program by the Dandekar laboratory emphasized the

pathogenic consequences in gut tissues that attend SIV infec-
tion. These studies paralleled the then-emerging appreciation
that HIVand SIV severely deplete the CD4+ T cells from the
gut-associated lymphoid tissue (Li Q. et al. 2005; Mehandru
et al. 2004; Veazey et al. 1998). The expression analyses
made clear that the immune activation in the gut onsets very
early after infection (George et al. 2003; George et al. 2005).
Moreover, there are changes in cell-cycle mediators and
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downregulation of genes associated with gut homeostasis
and nutrient absorption. Although very early antiretroviral
therapy can ameliorate the immune activation in the gut
mucosa and lead to restoration of both the CD4+ T cell popu-
lation and the gut homeostasis, these latter capacities are not
restored when the therapy is administered later during the
chronic stage of infection. This arc of work, coupled with
related studies with human clinical samples, demonstrated
the exactitude of the NHP model in recapitulating the course
of the disease in the human gut, even to the extent of compa-
rable gene expression characteristics of jejunal samples from
either human or rhesus long-term nonprogressors (George
et al. 2006; Guadalupe et al. 2003; Sankaran et al. 2005).

SIV Infections in Natural Hosts

In striking contrast with HIV infection in humans and SIV
infection in Asian macaques, species of African NHPs that
are naturally infected with SIV do not progress to AIDS
(Chahroudi et al. 2012). SIV infection in these natural hosts
produces high viral loads but is nonpathogenic, and animals
maintain healthy CD4+ T cell counts (Apetrei et al. 2011;
Silvestri et al. 2003). This is in contrast with progressive
HIV/SIV infection, where high viral load leads to loss
of CD4+ T cells, immune dysfunction, and progression to
an AIDS-like state. Infection in natural hosts is also quite
different from HIV/SIV infection in rare elite controllers,
where the latter do not progress to AIDS by maintaining
durable control of viral replication at very low levels
(Deeks and Walker 2007). Contrasting the mechanisms con-
tributing to protection from AIDS in natural hosts with
mechanisms driving progression to AIDS in pathogenic SIV
models could lead to new insights for HIV therapy or pre-
vention. Natural hosts currently under study include sooty
mangabeys and African green monkeys (AGMs) (Chahroudi
et al. 2012).
Our own investigations into the host response in natural

SIV infections compared the AGMs (Chlorocebus sabeus)
versus the Asian macaque species pig-tail macaques after
intravenous infection with the same inoculum of SIVagm.

sab92018 (Favre et al. 2009; Lederer et al. 2009). Experimental
infections with this strain conducted in AGMs derived from
these Caribbean populations have been well characterized,
with no evident pathogenesis despite high viral loads at both
the acute peak and chronic stages of the infection (Diop et al.
2000; Pandrea et al. 2006). Infections with this same strain
in pig-tail macaques result in viral replication kinetics and
viral load levels similar to the natural hosts; however, this
species experiences a rapid decline of CD4+ T cells in all
compartments, and many animals experience severe immune
compromise (Goldstein et al. 2005). For a detailed immuno-
logic and functional genomics study, we performed a longi-
tudinal analysis with four animals of each species, with
blood, lymph node, and colon samples obtained at 14 days
before inoculation and 10 and 45 days after inoculation. The
array experiments employed the previously described

rhesus-specific oligonucleotide DNA array that we devel-
oped in collaboration with Agilent Technologies. Note that
despite the advances in NHP genomics that lead to the
rhesus-specific arrays, no specific tools were available for
the species in this study. At the time, in considering the exist-
ing knowledge of sequence similarities, the use of the ma-
caque platform appeared to be less of a compromise than to
make the expression measurements with human expression
arrays (Magness et al. 2005; Wallace et al. 2007). Ratiomet-
ric array measurements were obtained for the postinfection
samples, where the expression levels in an animal’s tissue
were compared with the individually matched baseline sam-
ple from 14 days before inoculation. Both species exhibited
robust gene expression signatures after infection; this was es-
pecially pronounced in the lymph nodes where approximate-
ly 2500 genes showed a twofold or higher change relative
to baseline regardless of species or time after challenge.
Despite this nominal equivalence in the number of regulated
transcripts, statistical comparisons at each time point showed
the greatest number of differences between species for the
day 10 lymph nodes (610 genes). The most prominent func-
tional categories identified by gene ontology analysis were
immune responses and cell death, and pig-tail macaques
clearly exhibit greater upregulation of genes involved in cas-
pase activation, DNA damage, and oxidative stress. Changes
in the immune response genes for the pig-tail macaques
implicate a Th1 response, cytotoxic T cell activity, and Ifn-γ
signaling. In contrast, AGMs showed upregulation of the
anti-inflammatory cytokine interleukin 10 and the inflamma-
tory regulator NLRP3, with overall expression changes im-
plicating a more active control of the inflammatory response
and a shift to homeostasis of the lymphoid compartment.
Perhaps the starkest contract between the pathogenic versus
natural infection is the evident difference in the temporal
expression of type I interferon α genes, with substantially
increased expression of these transcripts in the lymph nodes
of AGMs on day 10 after challenge versus significantly low-
er levels in this same compartment on day 45 after inocula-
tion (Palermo and Fuller 2013). The lymph nodes from the
infected pig-tail macaques do not show this consistent upre-
gulation at the earlier time point, although as noted earlier,
the pig-tail macaques exhibit great expression of type II
INF-γ than do the AGMs at 10 days after inoculation. More-
over, this pattern does not recur in the type I IFN expression
patterns for blood or colon of either species, highlighting the
unique kinetics and localization in the AGMs. However, as
we recently described, when looking at downstream ISGs,
for AGMs we do observe similar kinetics, with generally
elevated expression levels on day 10 and a decline by 45
days after inoculation; the pattern appears in lymph nodes
and blood and is particularly conspicuous in the colon. On
day 10, the expression ratios of these genes in the natural
hosts are comparable with (for blood) or greater than (for
colon and lymph node) the observations for the pathogenic
context. The pig-tail macaques do show increased expression
in some of these ISGs relative to their prechallenge state, but
this elevated expression level persists even after the viral
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load has declined to set point at day 45 after inoculation.
It also bears noting that the early upregulation of the ISGs in
the pig-tail macaques happens in concert with the upregula-
tion of many acute phase and inflammatory response genes.
Network analysis of these genes finds many of them associ-
ated with NFκB signaling, and the presence of TLR2 and
CD14 suggests a role for myeloid cells in this response.

Two other systems-level, functional genomics investiga-
tions of natural infection models have yielded very similar
outcomes. The study of Jacquelin and colleagues (2009)
contrasted the responses of AGMs intravenously infected
with SIVagm.sab92018 with the course for rhesus macaques
challenged with SIVmac251. These investigators were able to
obtain expression results on CD4+ T cells isolated from pe-
ripheral blood and lymph node samples taken as early as
1 day after challenge, when the infected AGMs already
showed strong upregulation of a large number of ISGs typi-
cally associated with type I IFN response. However, in the
rhesus macaques, increased expression of this category of
genes was delayed until the ensuing time point at 6 days after
inocultion. Using a highly sensitive functional assay for
type I IFN, the authors were able to show AGMs exhibited
an initial small peak in plasma levels at 2 days after inocula-
tion, followed by a second much higher peak at day 9 after
inoculation, before returning to baseline within days. Rapid
control of the innate response in the natural infection of
sooty mangabeys inoculated with SIVsmm was also the con-
clusion reached using a model contrasting the natural infec-
tion versus pathogenic challenges of rhesus macaques with
either the same inoculum of SIVsmm or with highly virulent
SIVmac239 (Bosinger et al. 2009), examining expression pro-
files in whole blood or lymph nodes using Affymetrix
rhesus-specific expression arrays. Nonetheless, in these
experiments, as in the aforementioned studies with pig-tail
macaques, infected rhesus macaques continued to show
persistent upregulation of ISGs and acute inflammatory re-
sponse genes likely driven by NFκB transcriptional control.
An interesting extension to the results reported by Bosinger
and colleagues (2009) is the comparison of these gene
expression features with those observed with samples from
human HIV-1 infections that represent discordant pheno-
types (i.e., rapid progressors vs. viremic nonprogressors).
Whereas rapid progressors were characterized by a transcrip-
tome profile of CD4+ and CD8+ T cells similar to that
observed in pathogenic SIV-infected rhesus macaques, re-
sults for viremic nonprogressors exhibited gene expression
features similar to those observed with nonpathogenic
SIV-infected sooty mangabeys (Rotger et al. 2011).

Studies in NHP models for AIDS Vaccine
Strategies

Our first application of microarrays to characterize an NHP
trial of an AIDS vaccine strategy examined animals that had
been immunized with replicating adenovirus constructs that
expressed gag, nef, and env immunogens derived from

SHIV89.6P, including one group of immunized animals re-
ceiving protein boosts with HIV89.6P gp140 to enhance the
env-specific antibody response (Palermo et al. 2011; Patter-
son et al. 2008). It bears commenting that such NHP vaccine
trails are a considerable expenditure of both resources and
time, and it is not uncommon for the immunization phase of
such studies to run 6 to 12 months before the protective effi-
cacy is assessed by viral challenge. After such an investment
in immunizing the animals, sampling procedures are general-
ly limited to noninvasive, survival protocols. In such a con-
text, we anticipated that peripheral blood was the only
sample type that could be easily incorporated for the longitu-
dinal evaluation of many animals. We also employed RNA
from whole blood that had been drawn by methods that im-
mediately stabilize the RNA, thereby avoiding any additional
variability due to cellular stress that attends storage or ex
vivo manipulation of the blood. In comparing the expression
profiles of controls (n = 6 animals receiving only empty vec-
tors) versus the vaccine groups (n = 6 per group; ± the gp140
boosts), the study demonstrated our hypothesis that genomic
profiling of whole blood was sufficiently sensitive to distin-
guish the groups even 8 weeks after the last immunization
and before viral challenge. Moreover, unsupervised 2D hier-
archical clustering highlighted features unique to the best-
protected vaccinees (i.e., those that received the protein
boosts) that were consistent with a stronger induction of
T cell and B cell memory.
Counter to expectation, at the peak of viremia on day 14

after intravenous SHIV89.6P challenge, the immunized ani-
mals did not show statistically significant differences in ex-
pression of genes associated with cell-mediated immunity,
despite the presence of vaccine-induced antigen-specific
CD4+ and CD8+ T cells. Transcripts for such genes were in-
creased in all the groups, including the protein-boosted
group, which had showed a significant reduction in peak
viral load. Instead, the immunized animals exhibited signifi-
cantly upregulated transcripts for many other acute-phase re-
sponse genes relative to the levels observed in the controls.
Finally, at week 12 after inoculation (early viral set point),
the statistical comparison showed the greatest number of dif-
ferences between the two immunized groups, despite both
groups having comparable reductions in viral load relative to
the control. This implied that these two vaccine groups were
employing different mechanisms of immunological control
at this stage in the study, despite their general phenotypic
similarity. Moreover, the features at week 12 for the protein-
boosted animals indicated mechanisms that would have been
strongly linked to the higher env-binding antibodies in this
group, such as antibody-dependent cellular cytotoxicity and
cellular viral inhibition (ADCC, ADCVI) (Xiao et al. 2010).
An alternative approach to assess the immune response in-

duced by particular vaccine regimens is to examine the tran-
scriptional changes that attend specific antigenic stimulation
of ex vivo cells from vaccinated animals. This approach was
applied in the characterization of an SIV DNA vaccine,
where animals were immunized with DNA plasmids that ex-
pressed SIV gag, pol, and env proteins, and additionally one
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group of animals also received a plasmid that expressed
RANTES to serve as an adjuvant. Control animals receive
empty DNA plasmids (Belisle et al. 2011). In vitro stimula-
tion was performed with pol-peptides or mock-treatment us-
ing PBMCs isolated at 8 months after the last vaccination
treatment and with PBMCs from 2 weeks after challenge
with SIVmac251 (peak viremia). Using rhesus-specific gene
expression arrays, the gene expression changes of each ani-
mal in response to SIV pol stimulation was calculated as the
ratio to its own mock-stimulated gene expression at the con-
current time point. At both pre- and postchallenge time
points, antigen stimulation of cells from vaccinated animals
resulted in upregulation of genes with functions in cellular
and innate immunity and an enhanced Th1 response. Cell ly-
sis pathways were represented in those genes with increased
expression in the prechallenge sample; however, at peak
viremia such distinctions were lost because the expression of
these genes was upregulated in all groups. Because the group
that received the DNA + RANTES exhibited the greatest
suppression of SIV viral load during the chronic phase of in-
fection, we also examined genes that uniquely distinguished
this group from the other vaccinated animals and the con-
trols. Both pre- and postchallenge, approximately 160 genes
showed unique expression patterns in this group, with func-
tional associations to cell growth, cell death, inflammation,
and cellular motility. Of particular interest was the distinct
upregulation of CD69, a surface glycoprotein that can pro-
mote lymphocyte retention in lymphoid organs and may be
related to the greater proportion of activated central memory
CD8+ T cells observed in this group.
Given the sensitivity and discrimination of expression pro-

filing, as well as the examples of how this sensitivity can
lead to novel observations regarding protective immunity
against HIV/SIV, it is surprising that these genomic methods
are not more broadly applied in NHP trials of AIDS vac-
cines. This is especially true in light of the emphasis on such
NHP evaluations after the unexpected outcomes from the
STEP and Thai trails (Morgan et al. 2008). This begs the
question of whether the inhibition arises from investigators
who lack familiarity with the techniques or from financial
limitations to what are already costly NHP protocols.

Future Genomic Resources and NHP
Systems Biology

New Genome Resources

Next-generation sequencing (NGS) represents another
paradigm-shift with transformative impacts throughout bio-
medical research (Mardis 2008). This was quite evident at
the 4th International Conference on Primate Genomics,
where preliminary results for three new macaque genomes
were communicated before their public release: the
Chinese-origin rhesus macaque, the Indonesian cynomolgus
macaque, and the Mauritian cynomolgus macaque (Ebeling
et al. 2011; Yan et al. 2011). Given the speed and lower cost

of NGS, doubtless other NHP genomes will follow in short
order. For example, the sooty mangabeys genome is an on-
going project at the Human Genome Sequencing Center–
BCM (BCM Human Genome Sequencing Center 2013).
Other efforts from that center include improvements in draft
genomes for other species such as the baboon and marmoset.
The current publically available genomes for these species
were based on shotgun Sanger sequencing and represent typ-
ical draft sequencing depths of 5- to 6-fold genome coverage
(Ensembl.org 2013; Ensembl.org 2011). The current Indian
rhesus macaque draft genome is at this same coverage depth,
and it has been noted that at this level there are assembly er-
rors that have considerable impacts in the annotation of rhe-
sus genes (Zhang et al. 2012). Sequencing genomes by
short-read technologies will change the availability of ge-
nomes for many NHP species, including rarer endangered
species such as the aye-aye (Perry, Melsted et al. 2012); how-
ever, assemblies based solely on short-read data rarely attain
the contiguity and chromosomal anchoring achieved in earli-
er genome projects (Yandell and Ence 2012). Using refer-
ence genomes from other species can help circumvent such
issues, as was done with the new macaque genomes cited
above which employed the current rhesus genome as a refer-
ence. There is, of course, the danger of using a misassembled
draft genome as a reference. Even in regions where the refer-
ence assembly is correct, this runs the risk of imposing false
constraints that do not reflect the true underlying structure of
the new genome, potentially failing to properly determine
breakpoints or copy number variations between two species.
Even if new technologies offer much longer read lengths,
ultimately yielding longer genomic scaffolds, there is still the
hurdle of chromosome anchoring for species that lack genetic
markers or other hallmarks to assign genes to chromosomes.
Nonetheless, with the advent of new genomes and new tran-
scriptional databases, there is the near-term prospect of more
species-specific tools, including expression arrays, reverse-
transcription polymerase chain reaction assays, and proteins
for generating antibody reagents. We can also expect the
genotyping of research animals to become a major component
of important NHP research models (Fang et al. 2011).

RNA-seq

NGS technology also supports sequence read acquisition for
comparative messenger RNA (mRNA) profiling, global tran-
scriptome profiling, and microRNA abundance measure-
ments (Wang et al. 2009). These transcriptional profiling
applications (RNA-seq) will revolutionize the measurement
of functional genomic data to be obtained from NHP models.
As described in the introduction, our group, in collaboration
with Illumina, Inc., has created the Nonhuman Primate
Reference Transcriptome Resource (NHPRTR) to generate
deep compilations of RNA-seq data for 15 species of NHPs
with importance in biomedical models and evolutionary
research (Pipes et al. 2013). Another criterion for inclusion
was either the existence of a current draft genome or the
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potential production of a genome in the near future. To gen-
erate transcriptomic results that would be very comprehen-
sive for a species, the data were generated from pooled RNA
representing approximately 20 tissues per species. The data
and the transcript models produced by the NHPRTR will fa-
cilitate the genome assembly as well as serve as functional
evidence when annotating the genomes for the species.

One advantage of NGS technology over microarrays is the
greater dynamic range that can be achieved with RNA-seq,
thereby allowing the accurate quantitation of low-abundance
transcripts. However, unlike a microarray, data collection is not
premised on prior knowledge of the transcripts to be measured.
The result is a much-expanded concept of the host transcrip-
tome; even from well-annotated genomes such as the human or
mouse genome, RNA-seq data have revealed many novel tran-
scripts, representing either novel splice forms or new genetic
loci (Trapnell et al. 2010). Therefore such functional genomic
measurements in NHPs also harbor the capacity for transcript
discovery; within the datasets is the information for detecting
mRNA transcripts for unannotated or misannotated genes, al-
ternate splice forms, and untranslated regions of mRNAs. In
addition, RNA-seq data have revealed that mammalian
genomes express vast numbers and varieties of non-protein-
coding RNAs (Cabili et al. 2011; Djebali et al. 2012). We have
shown that HIVand respiratory virus infections result in the dif-
ferential expression of a wide variety of short and long noncod-
ing RNAs (Chang et al. 2011; Peng et al. 2010; Peng et al.
2011). A detailed knowledge of noncoding RNA regulation
and function will therefore likely be at the forefront of NHP ge-
nomic resource development for a full understanding of gene
regulation and viral pathogenesis in NHPs.

Comparative Primate Genomics

For the understanding and improvement of human health,
the most paramount cross-species comparison is between
Homo sapiens and NHPs used in biomedical models of
human disease. Our own research in infectious disease has
resulted in our focus on numerous genes that are annotated
as orthologs to human genes in innate and adaptive immuni-
ty. Although this orthologous relationship is a reasonable
premise for the assumption that the genes fulfill the same
function in the NHP species as they do in humans, this is by
no means assured. And it is the rare instance where detailed
experiments establish the complete equivalence in both spe-
cies. One example of such imperfect orthology is the helper
T cell marker CD4. This human gene has unambiguous
orthologs in the genomes of numerous Old World primates
(chimpanzee, rhesus macaque, orangutan, gibbon) and even
prosimians such as the mouse lemur (Ensembl.org 2010a;
Ensembl.org 2010b; Ensembl.org 2012a; Ensembl.org
2012b; Ensembl.org 2012c), and cross-reactive antibodies
are used to identify CD4+ lymphocytes for humans, ma-
caques, and AGMs (Beaumier et al. 2009). However, a
protracted deficit of CD4+ T cells has no impact on the health
of AGMs, whereas such a condition would result in fatal

immunodeficiency in humans or macaques (Murayama et al.
1999), a difference of evident significance in the course of
natural infection of AGMs by SIV (Beaumier et al. 2009). A
different challenge attends understanding orthologous genes
where there has been an expansion of the gene family, for
example as noted in the rhesus macaque genome for the
MHC class I B genes and killer immunoglobulin-like receptor
genes (Gibbs et al. 2007), presenting the possibility that mem-
bers of the expanded gene family may be serving specialized
roles instead of a strict orthology of function. However, geno-
mic analysis of NHPs provides the information to cope with
these issues. In one instance, the sequence of the NHP gene
enables the production of the corresponding protein that can
be used for the generation of antibodies, and the latter can
then be used to characterize the function of the protein or,
with immunophenotyping assays, the cells that express it. For
expanded gene loci, the gene model provides the framework
for understanding the more-complex association of differing
haplotypes with disease outcome (Aarnink et al. 2011;
Sambrook et al. 2005; Sauermann et al. 2008). As annotation
improves, particularly for less-characterized species, we will
likely be able to probe and characterize host responses to viral
infection more deeply and at greater resolution.
Genetic diversity in NHPs parallels that in humans, which

has prompted researchers to identify and characterize func-
tionally significant intra- and intergenetic variation among in-
dividuals within a primate colony and across different species.
Genetic variation being realized with RNA-seq includes sin-
gle nucleotide polymorphisms (SNPs), segmental duplica-
tions, and mutation rates in a lineage, which benefits studies
of adaptive evolutionary histories (i.e., speciation events), risk
factors associated with disease outcomes, as well as conserva-
tion efforts of endangered species. Perry and colleagues used
RNA-seq combined with de novo gene assembly to character-
ize liver transcriptomes and assess natural genetic variation at
the gene regulatory level in a wide range of mammalian
species, including primate suborders: haplorhines (humans,
chimpanzees, Old and New World monkeys) and strepsir-
rhines (lemurs and lorises) (Perry, Reeves et al. 2012). They
reported the regulatory role of peroxisome genes in liver me-
tabolism between primate and other mammalian species that
possibly evolved under directional selection in the ancestral
primate lineage. In addition to RNA-seq, genetic polymor-
phism data in NHPs have also been generated using an SNP
array that has identified more than 3 million SNPs, and these
data are being analyzed for greater genome-wide knowledge
of genetic variation segregating within research colonies of
rhesus macaques (Fawcett et al. 2011). This will be particular-
ly valuable in gaining information of potentially significant
effects on gene function and physiologic processes relevant to
human disease.

Future Directions—NHP Systems Virology

Systems biology is a process of integration, both of high-
dimensional datasets such as global expression profiles and
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of other data types that represent phenotypic data from the
biological system (e.g., viral load, plasma cytokine levels,
antigen-specific cellular immune responses) (Tisoncik and
Katze 2010). The grail of such endeavors is not merely to
define correlations between a gene expression value and a
phenotypic observation but to mathematically model the mo-
lecular networks and establish relationships that are predic-
tive of how the system will behave when perturbed. Such
perturbations could represent this change in the level of a
specific transcript or protein, an altered level of a metabolite,
or pharmacologic intervention to alter the biochemical activ-
ity of a system component. One requirement for the most ef-
fective modeling is voluminous, high-quality data under
many different conditions (Cassman 2005).

NHP models have exceptional merit in replicating many
features of human immunology and the host response to viral
infection, but despite declining costs for expression profil-
ing, aspects of the NHP model still pose challenges to sys-
tems biology approaches. The veterinary expenses for such
models are a constraint on the size and flexibility of such
models. And because species such as rhesus macaques are
genetically diverse, outbred individuals, sufficient statistical
power, and data volume require the use of more animals
(“biological replicates”). The irony is that accessing a large
set of human clinical samples at times appears more ap-
proachable than accessing a set of NHP samples, although
this fails to consider the greater variability of demographic
and clinical aspects that would require a human study to be
much larger than the NHP experimental model. Likewise,
certain scientific questions require protocols that cannot be
replicated with human subjects.

The good news is that high-throughput molecular profil-
ing, especially transcriptional profiling by arrays or RNA-seq
(vide infra) continues to become more robust, faster, and
cheaper. We can expect the application of these methods in
NHP research, especially in priority areas such as AIDS vac-
cines, emerging pathogens, and biodefense. And although
individual studies may lack the scope of “really big data”
(barring the rare NHP study based on many animals), large
integrative modeling approaches may depend on combining
multiple studies from different investigators. In this respect,
the sharing of genomic data and model systems between the
NPRCs could be an important enabling infrastructure. An-
other alternative is the use of NHP models as one component
in a systems biology approach that spans multiple model
systems, where some models (cell lines, inbred mice) can be
iterated more cheaply and rapidly (Figure 3). A recent

Figure 3 Absent large datasets from nonhuman primate (NHP)
studies, smaller instances of such models are still important in sys-
tems biology endeavors. (A) NHP models can be considered on a
continuum of model systems, where in vitro experiments and rodent
models can be iterated more rapidly and at lower cost, resulting in
computational predictions that can be evaluated in the more transla-
tionally relevant NHP setting. An exemplar of this strategy is shown
in panels (B) and (C) (McDermott et al. 2011). (B) Computational

analyses on longitudinal transcription profiles of Calu-3 cells infect-
ed with influenza strains were used to infer regulatory influences on
the expression of the highlighted genes in the indicated signaling
pathway. (C) Expression pattern of highly predicted genes in
Calu-3 cells and macaque lungs after H5N1 infection. The inferred
regulatory network predicts the temporal course in both these set-
tings, despite their different timescales and different shapes. IFN,
interferon; IL, interleukin.
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publication from our systems virology effort illustrates such
an application, where inferred regulatory influences from nu-
merous influenza cell line infections were then used in pre-
dicting the temporal expression patterns in mouse and
macaque (McDermott et al. 2011). Either of these tactics for
NHP systems biology may be applicable in major cam-
paigns, such as vaccine development, particularly in the
AIDS vaccine field (Sekaly and Pulendran 2012).
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