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Abstract

Nonhuman primates have been used for biomedical research for several decades. The high level of genetic
homology to humans coupled with their outbred nature has made nonhuman primates invaluable preclinical
models. In this review, we summarize recent advances in our understanding of the nonhuman primate immune
system, with special emphasis on studies carried out in rhesus macaque (Macaca mulatta). We highlight the utility
of nonhuman primates in the characterization of immune senescence and the evaluation of new interventions to
slow down the aging of the immune system. Antioxid. Redox Signal. 14, 261–273.

Introduction

The immune system must overcome daily challenges

from pathogens to protect the body from infection. The
success of the immune response to infection relies on its ability
to sense and evaluate microbial threats, coordinate the elim-
ination of the threat, and limit damage to host tissues. This
delicate balance is achieved through coordinated action of
innate and adaptive arms of the immune system (Fig. 1). The
main distinguishing characteristic of these two branches of
the immune response is the way they recognize antigens.
Whereas innate immunity relies on germline-encoded recep-
tors to sense the presence of pathogens, adaptive immunity
utilizes a highly diverse set of receptors generated through
somatic mutation and recombination that are tailored to
specific pathogens. The second major defining characteristic
of the adaptive immune system is the development of im-
munological memory that manifests itself as increased func-
tionality and frequency of responding cells upon re-exposure
to the same antigen.

Most of our understanding of how the immune system
functions comes from studies utilizing specific pathogen free
(SPF) laboratory rodents. SPF mice have been invaluable in
the characterization of the cellular and molecular events that
shape the development of the immune system and its re-
sponse to challenges. Careful and methodical analysis using
rodent model systems has led to key discoveries of cellular
components of the immune system and have improved our
understanding of how these components interact during
steady state and when challenged during infection. Rodents
offer several experimental advantages, including ease of ge-
netic manipulation and a vast array of tools and resources.
However, the inbred nature of laboratory rodents, their short

life span, and the scarcity of murine homologues of human
pathogens restrict the successful transfer of immunological
discoveries made in murine models to the clinical setting (41).

Nonhuman primates (NHP), on the other hand, share sig-
nificant genetic homology as well as physiological and be-
havioral characteristics with humans. As such, NHP models
offer a unique opportunity to carry out mechanistic studies in
a species that closely mimics human biology but yet can be
maintained under tight laboratory conditions. NHP have
been an invaluable resource in the dissection of mechanisms
of pathogenesis and in testing vaccine efficacy to several
pathogens. These studies have been greatly facilitated in re-
cent years by significant advances in our understanding of the
NHP immune system, especially in old world monkeys such
as the rhesus macaque. In this review, we will summarize our
current understanding of both the innate as well as the
adaptive immune system of the rhesus macaque, while em-
phasizing parallels with the human immune system. Our
knowledge of the innate arm of the NHP immune system is
rather limited, thus, we will only present the salient features of
studies pertaining to this area. On the other hand, our un-
derstanding of adaptive immunity in primates is much more
thorough and will therefore be discussed in more depth.
Lastly, we will review age-related changes in immune func-
tion (immune senescence) and interventions currently exam-
ined in the NHP model.

Innate Immunity

The innate immune system is the first line of defense
against pathogens and it utilizes several mechanisms of
pathogen recognition which can be generally grouped into
three areas: a) recognition of microbial nonself; b) recognition
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of missing self; and c) recognition of altered self (61). Several
immune cell subsets play a critical role in mediating innate
immune responses. These include neutrophils, natural killer
(NK) cells, dendritic cells (DC), and macrophages. Recogni-
tion of microbial entities relies on the detection of conserved
molecular patterns referred to as pathogen-associated mo-
lecular patterns (PAMPs) by pattern recognition receptors
(PRRs) of the innate immune system as molecular signatures
of infection. The two best-characterized families of PRRs are
the toll-like receptors (TLR) and the retinoic acid-inducible
gene (RIG-I)-like RNA helicases (RLHs). Following ligand
recognition, these receptors initiate an intracellular signaling
cascade leading to the production of several antimicrobial
molecules that interfere with pathogen replication and
spread. Furthermore, innate immune cells activate the adap-
tive arm of the immune system through the action of soluble
mediators and antigen processing and presentation (60). In
this section, we will focus our discussion on DC and NK cell
function in rhesus macaques, as these subsets have been rel-
atively well characterized.

Human dendritic cells are identified as CD3negCD20negHLA-
DRposCD14neg and can be divided into two distinct popula-
tions: a) myeloid, or conventional, DCs (mDC), which are
identified as CD11cposCD123dim (72); and b) plasmacytoid
DCs (pDCs), which are characterized as CD11cnegCD123bright

(72). Myeloid DCs mainly function to process and present
antigens to naı̈ve T cells and produce IL-12 upon activation;
however, these cells generate very little of the antiviral cyto-
kine interferon a (IFNa) in response to viral infection (89). In
contrast, plasmacytoid DCs, produce vast amounts of IFNa in
response to viral infection (15). These two major DC subsets
have been identified in rhesus macaques using the same

surface markers (22, 25, 96) (Fig. 2). More importantly, these
DC subsets share functional similarities and general cytokine
response upon activation and viral infection (22, 96). Since
DCs represent <1% of total PBMCs in humans and NHP (22,
48), several methods have been developed to expand them
both in vitro and in vivo. Human and NHP DCs can also be
generated ex vivo from CD34pos progenitor cells or CD14pos

monocytes cultured under specific cytokine conditions (38,
76), which facilitates functional studies. The administration of
the hematopoietic growth factor Flt3 ligand (Flt3L) in vivo
increases the frequency of circulating immature DCs by ap-
proximately 10–12-fold (25, 96). This has important implica-
tions for improved DC-targeting vaccine strategies to prevent
viral infections (49).

Expression of TLRs within different subsets of macaque
DCs exactly mimics expression in human DCs but differs
significantly from murine DCs (48). Specifically, plasmacytoid
pDCs isolated from rhesus macaques express TLR-7 and TLR-
9 and respond to viral infection by producing large amounts
of IFNa (22, 48), and by upregulating surface expression of
CD86 (48). Furthermore, macaque pDCs constitutively ex-
press high levels of interferon regulatory factor-7 (IRF-7) (22),
which is necessary for driving transcription of IFN-a. Similar
to their human counter part, rhesus macaque myeloid DCs,
express TLR-3, �4, �7, and �8, and respond to agonists for
each of the 4 TLRs by upregulating surface expression of
CD40 and CD86 (48). These studies provide important justi-
fication for the use of NHP to evaluate TLR ligands as adju-
vants in vivo.

Human NK cells are identified as CD3negCD56pos cells and
can be subdivided based on the expression of CD16 (52). The
majority of blood and spleen resident NK cells are CD16pos

(85%–90%); they are highly cytotoxic and secrete moderate
amounts of inflammatory cytokines. The remaining NK cells
are CD16neg; these cells cannot kill target cells but they secrete
large amounts of inflammatory cytokines (52). Similarly, NK
cells in rhesus macaques are CD3neg, and can be divided into a
major cytolytic population that expresses high levels of CD16
and a minor cytokine-producing population expressing low
levels of CD16 (Fig. 3). One major difference is that macaque
NK cells, but not human NK cells, express high levels of
CD8a (81).

NK cells mediate the recognition of missing and altered self
through the expression of inhibitory and activation receptors
(21). Recognition of MHC molecules is mediated by the killer
inhibitory receptors (KIR), CD94=NKG2 complex (9). Homo-
logues of the human CD94=NKG2 family members have been
identified in rhesus macaques using molecular biology as well
as flow cytometry tools (56). Specifically, rhesus NKp80,
NKG2A, and NKG2D are expressed to similar levels as on
human NK cells (59). More importantly, cytolytic assays
demonstrated that NKp80 and NKG2A displayed similar
cytolytic and inhibitory functions, respectively, as their hu-
man NK counterparts (59). Recent studies indicated that the
gene expression of these markers could be modulated by SIV
infection (65).

Some clinical studies have suggested that NK cells can
impact the progression and severity of HIV disease (1).
However, this hypothesis could not be directly addressed in
clinical studies. The development of a humanized monoclonal
antibody against CD16 had facilitated in vivo depletion
studies in rhesus macaques (20). The administration of this

FIG. 1. The immune system can be broadly divided into
innate and adaptive branches. This figure highlights the key
cellular components of each branch. Innate immunity is
mostly mediated by dendritic cells (DC), natural killer
(NK) cells, macrophages, and neutrophils. These cells use
germline-encoded receptors to recognize pathogens. Adap-
tive immune response is mediated by T and B cells that ex-
press antigen receptors that recognize specific pathogens.
The functions of these cells are discussed in more detail
throughout the review.
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antibody in vivo depleted over 88% of the NK cells (identified
as CD3neg, CD16pos, CD159apos) from circulation. Compared
to control monkeys infected with SIV, NK depletion resulted
in higher peak SIV viral loads especially at times when NK
depletion was most notable (20). In macaques previously in-
fected with SIV, administering the human anti-CD16 mono-

clonal antibody was also successful in depleting 90% of NK
cells and NK cell lytic function from PBMCs, but the depletion
was shorter than in uninfected macaques, and it brought
about little change with respect to viral loads (20). These data
suggest that NK cells do not modulate AIDS severity in rhesus
macaques.

FIG. 3. Identification of circulating natural killer cells in rhesus macaques. Peripheral blood resident NK cells can be
identified as CD3negCD20negDRneg cells. The NK cells can then be subdivided into two subsets based on the expression of
CD16: cytolytic NK cells (CD16pos); and inflammatory-cytokine producing NK cells (CD16neg).

FIG. 2. Identification of den-
dritic cell subsets in rhesus ma-
caques. Dendritic cells (DCs) can
be identified as nonlymphocytes
(CD3negCD20neg) that express
MHC-II molecules (HLA-DRpos)
and lack the expression of CD14.
DCs can be subdivided into mye-
loid DC and plasmacytoid DC
based on the expression of CD11c
and CD123. A minor subset does
not express either of these markers.
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Adaptive Immunity

The adaptive immune branch is composed of B and T
lymphocytes, which unlike cells of the innate immune system,
can generate a response tailored to specific pathogens. This
specificity is acquired through the expression of diverse,
clonally distributed antigen receptors on T and B lympho-
cytes. The initial diversity is produced in primary lymphoid
organs (the thymus in the case of T cells and the bone marrow
in the case of B cells) through a series of gene recombination
events; further diversification occurs by somatic hypermuta-
tion of the B-cell receptor (BCR, antibody) and by functional
diversification of effector T cells.

B cell compartment

Naı̈ve B cells are produced in the bone marrow where B cell
precursors undergo rearrangement and expression of the
heavy and light chains that constitute the BCR. Upon antigen
encounter, activated naı̈ve B cells undergo vigorous prolifer-
ation, isotype class switching (from IgM to IgG, IgA, or IgE)
and somatic hypermutation, thereby differentiating into
antigen-experienced memory B cells producing high affinity
antibodies (95). Human peripheral naı̈ve and memory B cells
can be distinguished based on the expression of CD27, a
member of the tumor necrosis factor receptor family as well as
the expression of IgD (95). Using these two markers, naı̈ve B
cells are identified as CD27posIgDpos, whereas memory B cells
are CD27pos IgDneg. In addition, a third subset of B cells found
in circulation expresses both CD27 and IgD (7). This subset
has been shown to carry somatically mutated variable regions
indicative of the fact that it is a transitional memory subset
(106).

Similarly, B cells are identified in NHP based on the ex-
pression of CD20 and MHC class II molecules (such as HLA-
DR). Rhesus macaque B cells can be subdivided into three
subsets as described for humans based on the expression of
CD27 and IgD (Fig 4). Furthermore, activation of rhesus ma-
caque B cells results in the upregulation of CD80, CD86, and
CD40, as described for humans (97). A high degree of con-
servation of BCR heavy and light chain variable regions be-
tween humans and macaques has facilitated molecular
analysis of the B cell maturation in rhesus macaques (10, 36,

55). These tools facilitated studies of B cell repertoire matu-
ration during simian immunodeficiency virus infection, and
demonstrated that, as described for humans, germinal centers
support antigen-driven somatic hypermutation of antibodies
that follows a pattern and a rate of nucleotide substitution and
selection that closely mimics that described for humans (57).

T cell repertoire

T cells identified based on the expression of the signaling
complex CD3 are broadly divided into ab CD4 and CD8 T
cells (90%), as well as gd T cells (10%). T cells recognize anti-
gens in the form of small peptides bound to major histo-
compatibility (MHC) class I or class II molecules. CD8 T cells,
commonly known as cytotoxic T cells, recognize foreign
peptide bound to MHC-I molecules and have evolved to
monitor for and eliminate tumor cells and cells harboring
intracellular pathogens. CD4 T cells, also known as helper T
cells, recognize foreign peptides bound to MHC-II and secrete
a broad range of cytokines, which play a crucial role in the
maturation of the B cell response as well as the development
and establishment of the CD8 T cell response.

Since the host cannot predict the precise pathogen derived
peptides that it will encounter, it relies on the generation and
maintenance of a diverse T cell repertoire. During T cell de-
velopment, TCR chains are generated through the stochastic
recombination of noncontiguous TCR variable (V), diversity
(D), joining ( J), and constant (C) genes in the case of the b
chain or V–J–C recombination in the case of the a chain. The
human TCR b chain locus encodes 46 functional b chain
variable segments, 2 diversity segments, 13 J segments and 2
constant regions. The TCR a chain locus encodes 41 functional
V genes and * 57 J genes. T cell repertoire diversity is further
enhanced by random nucleotide deletions and additions at
the junctions between these segments, as well as the pairing of
different a and b chains. Theoretical estimates place the
number of potential TCR combinations at 1015 (28), but ad-
ditional selection mechanisms in the thymus limit this number
such that the actual T cell repertoire diversity of naı̈ve human
T cells is estimated at 2.5�107 (4). The TCR contacts the pep-
tide:MHC complexes using six hypervariable regions called
the complementarity-determining regions (CDRs). CDR 1 and
2 contact mostly the MHC molecule, thus playing a critical

FIG. 4. Delineation of B cell
subsets in rhesus macaques. As
described for humans, circulat-
ing B cells can be subdivided
into three subsets based on the
expression of CD27 and IgD.
Naive B cells are identified as
IgDposCD27neg and memory B
cells are IgDnegCD27pos. In ad-
dition to these two main subsets,
a third transitional subset re-
ferred as marginal zone-like B
cells can be identified as IgDpos

CD27pos. Both memory and
marginal-zone like B cells con-
tain somatic mutations in their B
cell receptors, indicative of the
fact that they have responded to
antigens.
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role in orienting the TCR over the peptide:MHC complex. The
segment of the T cell receptor chain that spans VDJ junctional
region is called the CDR3. Structural studies have demon-
strated that this region directly contacts the peptide bound by
MHC molecules and thus plays a critical role in dictating the
specificity of the TCR.

Our understanding of NHP T cell repertoire dynamics has
been limited by the paucity of reagents. Only a handful of
antibodies directed against human variable regions of the T
cell receptor chains are available, and only 50% of these an-
tibodies cross-react against rhesus TCR variable genes, which
limits our ability to quantitatively assess changes in T cell
populations. However, advances in molecular analysis tech-
nology allowed us to qualitatively assess T cell repertoire di-
versity in NHP. Thus far, 25 Vb and 30 Va genes have been
sequenced and identified in rhesus macaques (17, 19, 43).
Furthermore, as described for humans, two constant b and a
genes were identified. All identified genes share significant
homology (* 90% on average) with their human counterparts
(54, 98)

T cell repertoire diversity in humans and rodents is quali-
tatively measured by spectratyping (4). This technology pro-
vides a global assessment of T cell repertoire diversity by
displaying the distribution of CDR3 lengths of either the TCR
a or b chain. In healthy young individuals, almost all TCR Vb
or Va families display a Gaussian distribution of CDR3
lengths (74). However, antigenic exposure and disease result
in the selective expansion of specific T cell populations, which
in turn skews the Gaussian distribution of CDR3 lengths (11,
100). In some extreme cases, the CDR3 profile is dominated by
a single sequence, a phenomenon referred as oligoclonal ex-
pansion. Similarly, healthy NHPs have a diverse T cell rep-
ertoire characterized by a Gaussian distribution of bCDR3
lengths (26). This pattern is disturbed during chronic viral
infections such as SIV (18), where T cell repertoire analysis
clearly revealed dominance of T cells expressing specific Vb
segments. In some instances, specific CDR3 sequences domi-
nated the SIV-specific T cell repertoire and these monoclonal
populations were stable for several months (108). More re-
cently, a more powerful technique for assessing T cell reper-
toire has emerged wherein antigen-specific T cells are isolated
and all potential CDR3 sequences determined in an unbiased
manner (30). This approach was recently applied to analyze
the CD4 T cell repertoire in response to rhesus cytomegalo-
virus (RhCMV) infection (79). The authors found that during
acute infection, the RhCMV-specific CD4 T cell response was
highly polyclonal. Over time, and with repeated exposure to
RhCMV, which establishes a chronic infection, RhCMV-
specific CD4þ T cells exhibited skewed hierarchies domi-
nated by two or three clonotypes that were stable for several
months. Recently, studies have shown that T cell repertoire
also undergoes a significant shrinkage in aged rhesus ma-
caques punctuated by the appearance of T cell clonal expan-
sions (63) as described for elderly humans (78, 86).

The efficacy of the T cell response also relies on the presence
of multiple MHC alleles that can present a large pool of
peptides for potential T cell recognition. MHC molecules also
play a crucial role in the selection of the T cell repertoire.
Humans have three MHC class I loci: HLA-A, B, and C; and
three MHC class II loci: HLA-DP, DQ, and DR. Each locus can
encode multiple alleles. This polymorphism is especially
concentrated in the peptide-binding portion of the molecule

(42). Diversity within the human MHC loci is based on amino
acid differences as well as the inheritance of specific set of
HLA molecules from each parent with little crossover. Rhesus
macaques have two MHC class I loci: A and B; and three MHC
class II loci: DP, DQ, and DR (32, 73). Unlike humans, rhesus
can have several MHC class I alleles on each chromosome and
significant crossover can occur resulting in increased haplo-
type diversity.

There have also been significant advances in our ability to
characterize functional diversity of the T cell response in
rhesus macaques. Specifically, our ability to measure T cell
production of several cytokines simultaneously has signifi-
cantly improved over the last few years in rhesus macaques.
One of the most commonly used methods is intracellular cy-
tokine staining (ICS) where cells are stimulated with either
intact virus, viral lysate, or peptide libraries in the presence of
a chemical that blocks cytokine secretion (103). This approach
enumerates cells that have produced a specific cytokine in
response to stimulation. More importantly, due to improve-
ments in flow cytometry that facilitate the analysis of several
parameters simultaneously, this method allows the detection
of T cells that can simultaneously produce multiple cytokines,
which has been shown to be a critical determinant for disease
outcome during chronic viral infections in human and non-
human primates (47, 66). Significant advances in identifying T
cells that can specifically recognize SIV-derived peptides
bound to specific MHC class I molecule have also been made
(35, 85). The ability to analyze the phenotype, structural and
functional diversity of a specific T cell population has signif-
icantly improved our understanding of the T cell response to
viral infection in rhesus macaques.

T cell homeostasis

The maintenance of a structurally and functionally diverse
T cell repertoire is a dynamic process governed by thymic
output and the exposure to antigen and cytokines, which
modulate T cell survival, proliferation and death. A rigorous
analysis developed over several years has demonstrated that
human CD4 and CD8 T cells can be subdivided into naı̈ve,
central memory (CM) and effector memory (EM). A similar
effort has led to the delineation of naı̈ve, CM and EM CD4 and
CD8 T cells in rhesus macaques using CD28 and CD95 as the
primary cell surface markers (77) (Fig. 5).Using these markers,
naı̈ve cells were defined as CD95negCD28pos, CM cells were
defined as CD95posCD28pos, and EM cells were defined as
CD95posCD28neg. Since the original description, this differ-
entiation has been refined based on the expression of the
chemokine receptor CCR7 as described for humans with
CD95posCD28negCCR7neg being terminally differentiated EM
T cells and CD95posCD28posCCR7pos representing CM T cells.
This leaves CD95posCD28posCCR7neg and CD95posCD28-
negCCR7pos as transitional populations (75) (Fig 5). In accor-
dance with this definition, CCR7pos CM T cells circulate in
blood and lymphoid organs but are excluded from non-
lymphoid tissues such as the lung where only
CCR7negCD28posCD95pos cells are detected (75) (Fig 6).

Studies in rodents have identified IL-7 and IL-15 as key
players in T cell homeostasis (93). IL-7 and MHC contact are
critical for the survival of naı̈ve T cells. These signals do not
induce differentiation but rather a low level of homeostatic
proliferation and promote the survival of these cells. Memory
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T cells on the other hand, do not require MHC contact for
survival (12), but do require both IL-7 and IL-15 (80). T cell
homeostasis in rhesus macaques is governed by similar re-
quirements as those described for rodents. The genes encod-
ing rhesus IL-7 and IL-15 sequences have been identified and
cloned. The gene shares significant genetic (96%), amino acid
and significant functional homology with the human=rodent
homologues (3). Administration of IL-15 in rhesus macaques
increased the generation of antiviral memory T cells and their
IFNg production (101). The administration of recombinant
rhesus IL-7 induces proliferation of naı̈ve and central memory
T cells (75), whereas the administration of IL-15 enhanced
proliferation of effector memory T cells (75). These studies
have provided crucial pre-clinical data for trials to improve
anti-viral and anti-tumor immunity.

Immune Senescence in Rhesus

Aging of the immune system results in a diminished im-
mune response to infection and vaccination. Consequently,
aged individuals suffer greater morbidity and mortality from
infectious diseases than adult individuals. This state of di-
minished immune function is commonly referred to as im-
mune senescence. Clinical studies have defined several
hallmarks of immune senescence that have been collectively
referred as the ‘‘immune risk phenotype’’ (IRP), which has
been found to correlated with longevity (53). Although im-
mune senescence impacts both innate and adaptive branches

of the immune system, most studies to date strongly suggest
that changes in adaptive immunity and more specifically the
T cell compartment are largely responsible for this diminished
immunity in the elderly (71).

The most striking age-related difference is the loss of naı̈ve
T cells (37) largely due to diminished thymic output, which
significantly decreases after the sixth decade of life (70). This is
further compounded by a life-long exposure to pathogens that
results in significant conversion of naı̈ve T cells to memory T
cells (27). The loss of naı̈ve T cells is accompanied by the
accumulation of terminally differentiated memory T cells,
especially CD8 T cells that have lost CD28 expression (99).
This shift towards memory T cells results in a reduced di-
versity of the T cell repertoire, which is further compounded
by the appearance of T cell clonal expansions (TCE) (78, 86).
Another hallmark of immune senescence is the loss of T cell
proliferative capacity (67). Aging of the immune system is
accompanied by an increase in the production of inflamma-
tory cytokines especially IL-6 and TNF-a (29). This phenom-
enon, often referred as ‘‘inflammaging’’, is believed to
contribute to the development of several chronic diseases
such as Alzheimer’s and osteoporosis (29).

The vast majority of our understanding of mechanisms un-
derlying immune senescence comes from studies utilizing lab-
oratory strains of SPF rodents. However, there are fundamental
differences between the rodent and human immune system that
complicate the transfer of findings between the two species. For
instance, loss of CD28 expression on T cells, especially CD8 T

FIG. 5. Delineation of rhesus
macaque T cell subsets. T cells
can be broadly subdivided into
three subsets based on the ex-
pression of CD28 and CD95.
Naive T cells are identified as
CD28posCD95neg, central mem-
ory T cells are CD28posCD95neg,
and effector memory T cell are
CD28negCD95neg (A and B). The
definition of memory T cells can
be further refined based on the
expression of CCR7 as described
for human T cells. (C) and (D)
show CD95pos CD4 and CD8
memory T cells. The expression
of CCR7 together with CD28 al-
lows the identification of central
memory, effector memory, and
transitional central memory T
cells that are differentiating to
effector memory.
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cells, is one of the hallmarks of immune senescence in humans.
Murine T cells, however, do not lose CD28 expression with age
(24), thus rendering the identification of comparable T cell
subsets difficult. The NHP model offers the highly desirable
combination of increased life span and higher genetic homology
to humans. Aging studies using NHP have been traditionally
limited to the investigation of age-related changes in behavior,
cognitive function, and reproduction. Although this model was
severely underutilized for immune senescence studies, this
picture is rapidly changing with the development of new im-
munological tools and protocols for longitudinal systemic
analysis of immunity in this animal model. Furthermore, this
model is amenable to longitudinal extensive experimentation
and simultaneous sampling of several organs.

Recent studies have shown that rhesus macaques undergo
immune senescence similar to what has been described for
humans (44). There is a progressive loss of naı̈ve T cells and a
concomitant accumulation of memory phenotype T cells with
increasing age (Fig. 7), especially CD28negCD8pos EM T cells
(44, 63). The accumulation of terminally differentiated T cells
results in narrowing of the T cell repertoire, which is com-
pounded by the appearance of T cell clonal expansions iden-
tified based on the TCR b chain CDR3 polymorphism (63). In
fact, the frequency of naı̈ve T cells was inversely correlated to
the frequency of TCE in aged monkeys (23). As described for
humans, several factors contribute to the loss of naı̈ve T cells
in the aged rhesus macaque. In addition to thymic involution
and decreased lymphopoeisis in the bone marrow, recent

studies suggest that increased T cell turnover in the aged host
significantly contributes to the depletion of naı̈ve T cell re-
serves by increasing their conversion to memory cells (23).
The study compared homeostatic proliferation rate within the
three major subsets of T cells of adult and aged rhesus ma-
caques using in vivo BrdU pulse=chase studies. BrdU incor-
poration as well as the expression of the cell cycle marker
Ki-67 were elevated in peripheral naı̈ve T cells, especially
within the CD8 subset indicative on increased homeostatic
proliferation. These data are consistent with clinical studies that
reported an increase in CD4 T cell proliferation with age that
dramatically amplified after 70 years of age (70). Furthermore,
as described for humans, we detected an increase in frequency
of T cells that secrete the inflammatory cytokines IFNg and
TNFa following polyclonal stimulation in rhesus macaques.

Rejuvenation of the Aged Immune System in NHP

Recent estimates predict that by 2020, 30% of the American
population will be at least 55 years of age. Thus, greater re-
search efforts are needed to gain a deeper understanding of
immune senescence and to design interventions to reduce its
impact and improve quality of life. Our increased under-
standing of the aging rhesus macaque immune system has led
to the acquisition of a new animal model where interventions
to delay or reverse the aging of the immune system can be
investigated in a highly relevant preclinical setting. In this
section, we review several interventions.

FIG. 6. Nonlymphoid T cells
do not express CCR7. T cells
isolated from bronchial alveolar
lavage are all memory pheno-
type based on CD95 expression.
Furthermore, BAL-resident T
cells lack the expression of
CCR7.
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Caloric restriction

One such intervention that showed promise in revitaliz-
ing the immune system, and as such has been the focus of
recent efforts, is caloric restriction (CR) (58). CR delays the
aging process in several short-lived species such as rodents,
worms, and yeast. Furthermore, CR delayed the onset=
reduced the severity of immune senescence in rodents.
Specifically, CR preserved frequency of naı̈ve T cells (16),
maintained T cell proliferative capacity (39) most likely by
enhancing apoptosis of senescent cells (91), and improved
the T cell response to influenza (34). CR reduced the levels of
circulating IL-6 and TNFa (33, 90), which in turn decreased
the incidence of autoimmune diseases (45, 46) and cancer
(102, 105). Several epidemiological studies strongly sug-
gested that CR would have similar benefits in humans (83,
107). To rigorously address this question, studies in non-
human primates were initiated at the National institute on
Aging (50) as well as the Wisconsin National Primate Re-
search Center (82). Reports from both studies showed that
CR exerted many of the beneficial physiological effects ob-
served in rodents such as improved cardiovascular and
glucoregulatory function (14, 51).

We have recently investigated the impact of caloric re-
striction on T cell senescence in the rhesus macaque cohort
established at the National Institute on Aging (62, 64). Our
studies examined the severity of T cell senescence in male and
female rhesus macaques that have been calorically restricted
since early age (1–2 years), early adulthood (5–7 years), or
advanced age (>17 years) (62, 63). We showed that adult-
onset CR preserved naı̈ve T cells, a diverse T cell repertoire,
T cell proliferative capacity, and reduced the frequency of
memory T cells that secreted pro-inflammatory factors IFNg
and TNFa in response to CD3 stimulation (63). These findings
strongly suggest that immune response to infection=vaccination
would be more robust in CR animals. However, these findings
differed from earlier reports that suggested a decrease in im-
mune function in CR rhesus macaques (40, 84, 104). The dura-
tion of CR as well as the age at onset differed significantly
between the earlier studies and our reported data. We examined

animals that have started caloric restriction during early
adulthood and were maintained continuously on this diet for
14 years, whereas earlier studies examined animals after a short
period of CR (*2 years) and whose age at onset was some-
where between 8–14 years.

To determine whether age at CR onset modulates its impact
on immune senescence, we measured several immune se-
nescence parameters in animals who were calorically re-
stricted either early (1–2 years) or late (>17 years) in life (62).
Our analysis revealed that juvenile-onset CR ( JO-CR) in male
rhesus macaques resulted in a significant increase in the fre-
quency of terminally differentiated effector memory CD4 and
CD8 T cells and the reduction of T cell repertoire diversity.
Furthermore JO-CR increased the frequency of CD4 and CD8
T cells that secreted IFNg and TNFa in response to CD3
stimulation, and reduced T cell proliferative capacity. Old
onset CR resulted in reduced T cell proliferative response to
stimulation in the absence of any detectable changes in T cell
subset distribution. Taken together, these data strongly sug-
gest that there is an optimal window for the initiation of CR.
The delay of immune senescence by adult onset CR would
theoretically lead to improvement, whereas juvenile onset CR
would be expected to result in a diminished immune response
to infection or vaccination. Studies are currently underway to
address this critical question.

IL-7 therapy

The loss of naı̈ve T cells is probably the most dramatic
change that occurs with increasing age. Since naı̈ve T cells are
the host’s reserve to respond to new pathogens, there is in-
creased focus on thymic regeneration in the elderly (5). One of
the leading candidates considered is IL-7 therapy. As dis-
cussed earlier, IL-7 promotes the survival of thymocytes,
naı̈ve and central memory T cells. Studies in rodents showed
that IL-7 administration enhanced reconstitution of periph-
eral T cell repertoire (13, 94), and improved thymic output in
aged mice (2). More recent studies tested whether IL-7 treat-
ment can overcome CD4 depletion in SIV-infected NHP (8).
These findings prompted studies in aged rhesus macaques to
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FIG. 7. Advanced age is accompanied by severe loss of naive T cells in rhesus macaques. Frequency of naive, central
memory (CM), and effector memory (EM) T cells was determined based on the expression of CD28 and CD95 in juvenile (*1
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that, as described for humans, increasing age is associated with the loss of circulating naive T cells. Thus, rhesus macaques are
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determine whether IL-7 treatment could improve thymic
output and the immune response to vaccination (6).

Data from these studies indicated the administration of
recombinant IL-7 to aged animals results in a transient in-
crease in the number of circulating CD4 and CD8 T cells that
returned to baseline 10 weeks after the last treatment dose. IL-
7 administration also increased thymic output as measured by
the frequency of T cell receptor excision circles (TRECs). These
episomal circular DNA fragments are the result of gene re-
combination events that take place at the TCR locus. Since
TRECs are not amplified during cell division, they are often
used as an indirect measure of thymic output (31). Interest-
ingly, despite a transient increase in TREC numbers, there was
no change in the frequency of naı̈ve T cells following IL-7
treatment (6). This phenomenon can be explained by rapid
conversion of recent thymic emigrants to central memory T
cells (69). Alternatively, the administration of IL-7 could
promote the trafficking of recent thymic emigrants and naı̈ve
T cells from lymphoid tissue into the blood. IL-7-treated ani-
mals also generated a more robust antibody response fol-
lowing vaccination with influenza (6). However, the antibody
titer eventually decreased to the same set point as that ob-
served in control animals. These preliminary studies suggest a
promising role for IL-7 treatment, but the optimal schedule of
administration and dosage remain to be determined. A recent
clinical study showed that IL-7 administration to refractory
cancer patients resulted in the same outcomes reported for the
aged primates including increased number of circulating CD4
and CD8 T cells, higher TREC numbers, and improved T cell
repertoire diversity (92).

Keratinocyte growth factor:

Another intervention aimed at rejuvenating the thymus is
the administration of human keratinocyte growth factor
(KGF). Initial studies in rodents showed that the KGF protein
has considerable potential to increase thymopoeisis and im-
prove T-cell-dependent antibody responses in aged mice (68).
This outcome prompted recent studies in primates to evaluate
the ability of KGF to promote thymic regeneration following
irradiation and stem cell transplantation. The results from the
study show that KGF-treated animals showed a well-
preserved thymic structure and output which translated into
a broader T cell repertoire and improved antibody responses
compared to control animals (87, 88)

Conclusion

The evaluation of medical therapies requires animal mod-
els that faithfully recapitulate the physiological changes that
occur during the initiation, progression, and resolution of
disease in humans. NHPs are invaluable models for the pur-
poses of understanding pathogenesis, immunity and vaccine
development due to their: a) high degree of genetic similarity
to humans; b) natural susceptibility to a wide range of path-
ogens that are closely related to those that infect humans; and
c) their susceptibility to human pathogens. The advances in
our understanding of the NHP immune system will certainly
accelerate our ability to define immune correlates of protec-
tion against infectious diseases and develop novel vaccine
strategies that are better suited for vulnerable populations
such as the elderly. Unfortunately, we do not yet have a

simple test that signals the onset of immune senescence other
than age. Therefore, the identification and validation of bio-
markers in an outbred model will be essential. Advances to
our understanding of the rhesus immune system coupled
with improved methodologies to manipulate different cellu-
lar components of this model will certainly accelerate our
ability to uncover mechanisms of immune dysregulation and
determine effective interventions.
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BCR¼B-cell receptor
CM¼ central memory
CR¼ caloric restriction
DC¼dendritic cells
EM¼ effector memory

IRF-7¼ interferon regulatory factor-7
KGF¼ keratinocyte growth factor
NHP¼nonhuman primates

NK¼natural killer
PAMPs¼pathogen-associated molecular patterns
PBMCs¼peripheral blood mononuclear cells

PRRs¼pattern recognition receptors
RhCMV¼ rhesus cytomegalovirus

RLHs¼ retinoic acid-inducible gene (RIG-I)-like
RNA helicases

SPF¼ specific pathogen free
TCR¼T cell receptor
TLR¼ toll-like receptors

TRECs¼T cell receptor excision circles
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