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Aged individuals are more susceptible to infections due to a general decline in immune function broadly
referred to as immune senescence. While age-related changes in the adaptive immune system are well
documented, aging of the innate immune system remains less well understood, particularly in nonhuman
primates. A more robust understanding of age-related changes in innate immune function would provide
mechanistic insight into the increased susceptibility of the elderly to infection. Rhesus macaques have proved
a critical translational model for aging research, and present a unique opportunity to dissect age-dependent
modulation of the innate immune system. We examined age-related changes in: (i) innate immune cell
frequencies; (ii) expression of pattern recognition receptors (PRRs) and innate signaling molecules;
(iii) cytokine responses of monocytes and dendritic cells (DC) following stimulation with PRR agonists;
and (iv) plasma cytokine levels in this model. We found marked changes in both the phenotype and function
of innate immune cells. This included an age-associated increased frequency of myeloid DC (mDC).
Moreover, we found toll-like receptor (TLR) agonists lipopolysaccharide (TLR4), fibroblast stimulating
ligand-1 (TLR2/6), and ODN2006 (TLR7/9) induced reduced cytokine responses in aged mDC. Interestingly,
with the exception of the monocyte-derived TNFa response to LPS, which increased with age, TNFao, IL-6,
and IFNa responses declined with age. We also found that TLR4, TLRS, and innate negative regulator, sterile
alpha and TIR motif containing protein (SARM), were all expressed at lower levels in young animals. By
contrast, absent in melanoma 2 and retinoic acid-inducible gene I expression was lowest in aged animals.
Together, these observations indicate that several parameters of innate immunity are significantly modulated
by age and contribute to differential immune function in aged macaques.
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COACTION

he immune system is comprised of two major

I arms: innate and adaptive immunity. The ances-
tral innate immune system is characterized by its

ability to rapidly respond to pathogen insult, its use of
germline-encoded receptors, and its key role in modulat-
ing the quality, magnitude, and timing of adaptive
immunity (1). On the other hand, adaptive immunity is
characterized by its diversity in antigen recognition by T
and B lymphocytes, and generation of lifelong memory.

Both infants and the elderly are exquisitely susceptible to
infection and mount weaker immune responses to
vaccination, with shorter magnitude and delayed kinetics
[reviewed by Siegrist and Aspinall (2) and Siegrist (3)].
However, our understanding of mechanisms underlying
this immune deficiency at the extremes of age has been
varyingly successful. It is increasingly clear that the
adaptive immune system undergoes profound age-
dependent changes. For example, infants have a
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preponderance of naive lymphocytes and mount limited
IgG responses and exhibit Th2 biased cellular immunity
to several vaccines [reviewed by Adkins et al. (4)].
In contrast, the elderly exhibit an accumulation of
terminally differentiated effector memory (EM) T cells,
with dysregulated cytokine production and effector
function (2,5,6).

Quantitative or qualitative changes in innate immune
responses with age can significantly impact the immune
response to infection by interfering with the development
of a protective adaptive immune response — through
defects in antigen presentation and/or cytokine produc-
tion. In parallel, the autonomous role of innate immunity
in effective microbial recognition, inflammatory signal-
ing, and pathogen removal may also decline with age. For
instance, monocytes/macrophages and dendritic cell (DC)
subsets such as myeloid and plasmacytoid DC have the
ability to present antigens and are susceptible to activa-
tion by microbe-associated molecular patterns (MAMPs)
through their ubiquitous expression of pattern recogni-
tion receptors (PRRs) (7). Despite growing knowledge of
the cell types, cellular receptors, downstream signaling
pathways, and effector cytokines integral to efficient
innate immunity, their modulation with age is less well
defined — particularly in nonhuman primates. In the
elderly, antigen-presenting cells (APC) may exhibit a
more inflammatory  phenotype, with increased
spontaneous cytokine production (8). Coupled with the
accumulation of differentiated memory T cells, these
inflammatory changes may contribute to increased
inflammation in the elderly, a phenotype described as
‘inflammaging’ (8,9). By contrast, existing studies vary-
ingly report that infant APC may express altered levels of
toll-like receptors (TLR), exhibit diminished inflamma-
tory signaling to microbial stimuli and have a diminished
capacity to produce cytokines (10-12).

In this study, we sought to determine age-related
changes in innate immune function in rhesus macaques,
a long-lived species of nonhuman primates with a high
degree of genetic, physiological, and genetic relatedness
to humans. We were particularly interested to establish
whether there were numerical and/or functional differ-
ences in innate APC populations. Moreover, age-related
changes in T cell homeostasis in rhesus macaques exhibit
significant homology with those reported in humans (13).
Similarly, the phenotype of APC subsets and TLR
expression are similar in rhesus macaques and humans
(14,15). Therefore, rhesus macaques provide a robust
model to dissect age-related changes in the phenotype
and function of the innate immune compartment.

We report several age-related changes in cytokine
responses by monocytes, myeloid DC (mDC), and
plasmacytoid DC (pDC) to TLR agonism. We also find
an age-dependent increase in the frequency of mDC (as a
percentage of total DCs). Moreover, we find TLR4 and

TLRS5 expression is lower in young NHPs, juxtaposed by
a decreased expression of innate negative regulator sterile
alpha and TIR motif containing protein (SARM]1), in
this age group. In older animals, we also found decreased
expression of PRRs absent in melanoma 2 (AIM2) and
retinoic acid-inducible gene I (RIG-I). With respect to
circulating plasma cytokine concentrations, IL-6 levels
were highest in older animals, consistent with the concept
of ‘inflammaging’, as was IL-1Ra. In contrast, IL-15 and
IL-12 levels were highest in young animals, whereas
plasma concentrations of TNFo, MCP-1, and sCD40L
were age-independent.

To our knowledge, this is the first study to examine
age-related changes in innate immune function at both
extremes of age in this highly translational animal model
of human aging. The findings presented in this study
indicate that several phenotypic and functional features
of innate immunity change significantly throughout life.
Understanding underlying mechanisms that perturb in-
nate immune function in infants and the elderly may offer
new therapeutic avenues aimed at improving immune
‘fitness’ in these vulnerable populations.

Methods

Animals and sample collection

This study was carried out under strict accordance with
the recommendations outlined in the Guide for the Care
and Use of Laboratory Animals of the National Institute
of Health, the Office of Animal Welfare and the United
States Department of Agriculture. All animal studies
were approved by the Oregon National Primate Research
Center (ONPRC) Institutional Animal Care and Use
Committee (IACUC). The ONPRC has been accredited
by the American Association for Accreditation of
Laboratory Animal Care since 1974 (PHS/OLAW Animal
Welfare Assurance # A3304-01). All procedures were
performed in the presence of qualified veterinary staff
and all efforts made to minimize animal suffering.
Animals used in this study were housed in indoor small
group housing, and were free of overt signs of disease
(neoplasms, acute infections, severe arthritis or wasting
disease). Blood samples were collected from male and
female young (14 yrs old, n =69), adult (5-18 yrs old,
n=163), and aged ( >19 yrs old, n =85) rhesus macaque
of Indian origin bred and maintained at the ONPRC.
Peripheral blood mononuclear cells (PBMC) and plasma
were isolated by centrifugation over histopaque (Sigma,
St Louis, MO) as per manufacturer’s protocol.

Flow cytometric analysis of immune cell subset
frequencies

Peripheral blood mononuclear cell from our entire age
cohort (age 1-30, n=317) were surface stained with
antibodies against CD8f (Beckman Coulter, Brea, CA),
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CD4 (eBioscience, San Diego, CA), CD28, and CD95
(BioLegend, San Diego, CA) to delineate naive, central
memory (CM), and EM CD4 and CDS T cell subsets. For
analysis of innate immune cells PBMC isolated from a
subcohort of young (1-4 yrs, n=47), adult (5-18 yrs,
n=119) and aged (=19 yrs, n=43) animals were
separately stained for CD3 (BD Pharmingen, San Diego,
CA) CD20 (Beckman Coulter) CD14, HLA (Human
Leukocyte Antigen)-DR, CD11c, and CD123 (Biolegend,
San Diego, CA).

RNA isolation and cDNA synthesis

Total RNA was isolated from 1-2 x 10® PBMC (collected
from >12 animals per age group) with Trizol reagent
(Invitrogen, Grand Island, NY) as per manufacturer’s
instructions and stored at —80°C. Subsequently cDNA
was synthesized using 0.5 uM T7 oligo(dT)-T7 primer
and 250 U SuperScript III reverse transcriptase (Invitro-
gen). All cDNA samples were diluted in DNA buffer and
stored at —80°C.

Real-time PCR

Quantitative real-time reverse transcriptase PCR
(qRT-PCR) was used to quantify gene expression using
primer and probe sets specific for each gene designed with
Primer Express software (Applied Biosystems, Foster
City, CA), using the published Macaca mulatta genomic
reference sequence submitted by the Macaca mulatta
Genome Sequencing Consortium to NCBI. A list of the
primer and probe sequences used for this study are
presented in Supplementary Table 1. Specific TagMan
custom probes (Applied Biosystems), custom primers
(Invitrogen), and Maxima Probe/ROX qPCR Master Mix
(2 x; Fermentas, Glen Burnie, MD) were used for
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RT-qPCR reactions. Following an initial 10 min 95°C
step, 40 cycles of 15 s at 95°C, and 1 min at 60°C
were completed using a StepOnePlus RT-qPCR machine
(Applied Biosystems).

Plasmids containing each target amplicon (created
using the pJETI1.2 cloning system, Fermentas) or
synthesized amplicons (Invitrogen) were used as quanti-
fication standards. The normalized expression level was
calculated for each gene relative to the housekeeping gene
M. mulatta glutathione synthetase (GSS).

PBMC stimulations

For PBMC stimulations cells were collected from a
subcohort (n=12-15 animals/group) of young (<4
yrs), adult (8-14 yrs), and aged (=19 yrs) animals.
PBMC (2 x10° cells resuspended in 200ul of RPMI-
10% FBS, supplemented with streptomycin/penicillin and
L-Glu) were plated on a 96 well round bottom plate and
incubated for 6 h at 37°C with media alone (unstimu-
lated) or with the addition of one following TLR agonists
(Invivogen, San Diego, CA): FSL-1 (synthetic lipoprotein
of Mycoplasma salivarium; 1 pg/ml); LPS (Escherichia.
coli KI2 Lipopolysaccharide; 2 ng/ml), ODN2006
(synthetic  oligonucleotide containing unmethylated
CpG; 1.25 uM) and Imiquimod (imidazoquinoline amine
analogue to guanosine, 10 pg/ml). Agonist concentrations
were selected based on preliminary studies of maximal
responses in PBMC collected from 10-12 year old rhesus
macaques and the manufacturer’s suggested ranges.

For the analysis of innate immune cell cytokine
production, PBMC were stained with the innate surface
panel described above, with the addition of Aqua LIVE/
DEAD stain (Invitrogen) to exclude dead cells. Following
surface staining, cells were fixed and permeabilized

Table 1. Summary of TLR responses in Macaca mulatta PBMC myeloid subsets

TNFao IL-6
Young (<4) Adult (8-15) Aged (>19) Young (<4) Adult (8-15) Aged (>19)
Monocytes FSL-1 + + + ++ §) + +$)
LPS ++ ($) ++ +++ () ++ ($) + + $)
mDC FSL-1 ++ #9) + (#) +© ++ ++ +
LPS ++ #9) + (#) + $) +++ 9 ++ ++ @)
ODN 2006 ++ (#.9) + (#) + @ + + +
Other DC FSL-1 + + + +++ 9 ++ + %
LPS + + + ++ ++ +
ODN 2006 + + + + + +
pDC Imiquimod +++ +++ +++ ++ + +
ODN 2006 +++© ++ + (9 ++ + +

Note: This table is a summary of findings from (Fig. 6 and 7). ‘4, + + or + + 4 is a qualitative representation of the frequency of TNFo. -+
or IL-6+ cells in response to FSL-1, LPS, ODN 2006 or Imiquimod stimulation. Monocyte, mDC, other DC, and pDC responses are
summarized. # =young vs. adult, p <0.05; $ =young vs. aged, p <0.05. No comparisons between adult and aged animals achieved

statistical significance.
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according to the manufacturer’s instructions (Biolegend)
and stained for TNFq, IL-6 (eBioscience) and IFNa
(PBL InterferonSource, Piscataway, NJ). IFNa was
conjugated beforehand with Fluorescein using Zenon
Mouse IgG Labeling Kit (Invitrogen) as per the manu-
facturer’s instructions. All samples were analyzed using
the LSRII instrument (Beckton, Dickinson and
Company, San Jose, CA) and FlowJo software (TreeStar,
Ashland, OR). In the case of stimulations, cytokine
frequencies represent the stimulated sample value minus
that of its unstimulated control.

Plasma cytokine analysis

Plasma samples (stored at —80°C) were thawed and
diluted 1:2 in serum matrix for analysis with Milliplex
Non-Human Primate Magnetic Bead Panel as per the
manufacturer’s instructions (Millipore Corporation,
Billerica, MA). Concentrations for TNFo, 1L-6, IL-12/
23p40, 1L-8, MCP-1, ILIRa, soluble CD40L, IL-15,
IFNy, IL-4, and IL-17 were determined for all samples.
Values below the limit of detection of the assay were
assigned a value half that of the lowest value recorded in
that assay.

Statistical analysis

Statistical analysis and graphing was conducted with
GraphPad Prism software (GraphPad Software, Inc,
La Jolla, CA). Correlation analyses for Fig. 1 were
performed with the Spearman rank correlation test.
Analyses that compared two age cohorts were done using
a nonparametric Mann-Whitney U test or Kruskal-
Wallis and Dunn’s Multiple Comparison test appropriate
for sample size.

Results

Age-dependent changes in rhesus macaque T cell
homeostasis mirror those of humans

Loss of naive T cells and accumulation of memory T cells,
especially terminally differentiated CD28— T cells is a
hallmark of immune senescence (16). To confirm that our
rhesus macaque cohort displayed known age-related
changes in T cell subset distribution, we measured
the frequency of naive (CD28+CD95-), CM (CD28+
CD95+), and EM (CD28-CD95 +) circulating CD4 and
CDS8 T cells using flow cytometry (Fig. 1). We observed a
highly significant loss of both CD4 and CD8 naive T cells
with age (Fig. 1A-F), with a concomitant accumulation
of CD4 and CD8 effector memory cells (Fig. 1E,F). This
gross acquisition of effector memory phenotype was
accompanied by a CD4 T cell-specific accumulation of
cells with a CM phenotype with age (Fig. 1C), a
correlation that was not observed within the CDS T cell
pool (Fig. 1D). Another significant alteration amidst the
T cell pool was the significant increase in total CD8 T cell

frequency with age (Fig. 1G) whereas total CD4
frequency remained stable (Fig. 1H). This gradual
increase in total CD8 frequency also correlated with a
significant age-dependent decrease in the circulating
CD4/CDS8 ratio (Fig. 1F).

Age-dependent changes in the cellular composition
of the innate immune compartment

We then investigated age-related changes in the cellular
composition of the innate immune compartment. To this
end, we determined the relative frequency of monocytes
(CD3-CD20-DR +CD14+), mDC (CD3-CD20-CD14-
DR+CDllc+), pDC  (CD3-CD20-CD14-DR+
CDI123+), and ‘other DC’ (CD3-CD20-CD14-DR +
CD11c-CD123; gating strategy Fig. 2A). The frequency
of CD3-CD20- nonlymphocytes amongst PBMC was
moderately reduced in aged animals (>19 years) relative
to adults (5-18 yrs) or juveniles (<4 yrs; Fig. 2B).
Despite broad decreases in the total numbers of circulat-
ing monocytes and DC with advancing age (Supplemen-
tary Fig. 1A-F), the frequency of these cells did not
universally exhibit this trend (Fig. 2B-G). For example,
we found a small, albeit significant, reduction in the
frequency of monocytes in juveniles relative to older
animals (Fig. 2C). By contrast, the total frequency of DC
was independent of age group (Fig. 2D). Nonetheless,
striking age-dependent differences where observed within
the DC compartment. Notably, the frequency of mDC
was significantly increased with each age group (Fig. 2E),
with a reciprocal and significant decline in the ‘other DC’
population (Fig. 2G), while the frequency of pDC
remained stable with age (Fig. 2F).

Pattern recognition receptor expression in juvenile,
adult, and aged Peripheral blood mononuclear cell
Pattern recognition receptor-mediated pathogen recogni-
tion is a central mechanism with which innate immune
cells sense an infectious insult and modulate the quality
and magnitude of adaptive immune responses [reviewed
by Schenten and Medzhitov (17)]. We therefore evalu-
ated global changes in the expression level of PRRs
with age. We first examined expression of TLR family
members TLRI1-TLR9 in total PBMCs, using qRT-PCR
with rhesus-specific primer and probe sets (Table 1).
Membrane-bound TLRs recognize a diverse array of
MAMPs, including those of bacteria, viruses, and para-
sites as well as endogenous ligands associated with
cell stress or tissue damage (so called danger-associated
molecular patterns) (17). Interestingly, the vast major-
ity of TLRs exhibited comparable expression levels
in juvenile, adult, and aged animals’ PBMC (Fig. 3).
However, we did observe significantly reduced expres-
sion of both TLR4 and TLRS in juvenile relative to
adult PBMC (Fig. 3).
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Fig. 1. T cell frequencies in young, adult, and aged macaque. Young ( <4 yrs, n =69), adult (5-18 yrs, n =163), and aged (>19 yrs,
n=85) PBMC were stained to determine the frequency of naive (A,B), central memory (C,D), and effector memory (E,F) CD4 or CD8
T cells. The total frequency of CD4 (G) and CD8 (H) T cells is also shown, as well as CD/CDS ratios (I). Correlations between age
and cell frequencies/ratios were determined by Spearman’s rank correlation.

We extended our analysis of PBMC PRR expression to also examined expression of the intracellular DNA
nucleic acid sensors. More specifically we examined sensors: (i) DNA-dependent activator of IFN-regulatory
expression of the intracellular RNA sensors: (i) RIG-I; factors (DAD); (ii) IFNy-inducible protein 16 (IF116); and
and (i) melanoma differentiation-associated gene 5 (ii1) AIM2 (18). These analyses revealed that RIG-I and

[MDAS; reviewed by Barbalat et al. (2011) (18)]. We AIM2 expression were both significantly reduced in aged
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Fig. 2. Innate immune cell frequencies in young, adult, and aged macaque. (A) Flow cytometric gating strategy to identify monocytes
and dendritic cell (DC) populations. (B-D) The frequency of nonlymph (CD3°CD207), monocytes and DCs (as frequencies of
nonlymph cells) was determined in young ( <4 yrs, n =47), adult (5-18 yrs, n =119), and aged ( >19 yrs, n =43) animals. The frequency
of myeloid DC (E), plasmacytoid DC (F), and ‘other DC’ (G) amongst total DC (CD14 HLA-DR ™ cells) is also shown. *p <0.05

(as compared to adults).

animals as compared to adult controls (Fig. 4). In
addition to these nucleic acid sensors, we also determined
the age-related changes in expression of PRRs associated
with the formation of the inflammasome innate signaling
platform, notably NOD-like receptor (NLR) family
member NLRP3 (19). Finally, we characterized changes
in three major PRR signaling adaptors: (i) TLR-signaling
adaptor myeloid differentiation primary response gene
(MyD88); (ii)) RIG-I-Like Receptor (RLR)-signalling
molecule mitochondrial antiviral-signaling  protein
(MAVS); and (iii) stimulator of interferon genes protein
(STING) — activated by DAI and IFI16. In contrast to
RIG-I and AIM2, NLRP3-, MyD88-, STING-, and
MAVS-expression was not altered with age (Fig. 4).
Thus, although PRR expression is largely conserved
with age, both juvenile animals (TLR4, TLRS) and aged
animals (AIM2, RIG-I) exhibit specific defects in PRR
expression.

Expression of innate regulatory proteins with age

Since we did not detect major changes in PRR expres-
sion, we hypothesized that perturbed innate immune
function in the young or aged might instead manifest as
age-related changes in the expression of innate immune
regulatory proteins. We selected target genes based on
their known function in suppressing innate immune
responses: Toll interacting protein (Tollip) and IL-1
receptor associated kinase M (IRAK-M) negatively
regulate TLR responses (20,21); NLR family member
XI (NLRX1) inhibits both TLR and RLR signaling
(22,23); activating transcription factor 3 (ATF3) is
induced by TLR agonists and inhibits IL-6/IL-12 pro-
duction(24); SARM1 negatively regulates TLR-adaptors
TRIF and MyDS88 (25,26); and E3 ubiquitin ligase
RBCC protein interacting with PKC1 (RBCK1) mod-
ulates the activity of NFkB, IRF3, and TNFa (27-30).
Analysis of the innate negative regulators revealed that
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Fig. 3. Toll-Like Receptor expression in young, adult, and aged macaque PBMC. Expression levels of TLR1-9 relative to housekeeping
gene MGSS were determined by qRT-PCR using primers and probes designed for Macaca mulatta. Young (1-4 yrs), adult (8—14yrs),
and aged ( >19 yrs) cohorts are shown. Bars graphs represent group mean +SEM. n =17-28/age group. *p <0.05.

the expression of Tollip, IRAK-M, ATF3, and RBCK1 in
total PBMC remained stable with increasing age (Fig. 5).
On the other hand, NLRX1 and SARM expression was
significantly reduced in juveniles relative to adult and
aged animals (Fig. 5).

Age dependent PRR responses in rhesus macaque
PBMC

In light of the differential expression of select PRRs and
their regulators in juvenile, adult, and aged macaque
PBMC, we next examined the cytokine response of
peripheral myeloid cells to innate stimuli. To this end,
we stimulated PBMC with PRR agonists to mimic
exposure to either bacterial or viral MAMPs. PBMC
were stimulated for 6 h in the presence of FSL-1 (TLR2/
TLR6 agonist), LPS (TLR4 agonist), or ODN2006
(TLRY agonist) and intracellular cytokine production
assessed by flow cytometry. Strikingly, both monocytes
and mDC showed marked age-dependent differences in
MAMP-induced cytokine responses (Fig. 6A-E, repre-
sentative staining Fig. 6A). Specifically, in response to
TLR2/6 or TLR4 agonists, the frequency of TNFa+ or

IL-6+ mDC:s significantly declined as a function of age,
with the highest responses observed in juvenile animals
(Fig. 6D,E). This trend was also seen in response to
TLR9 agonist ODN2006 (Fig. 6D,E).

Similarly, IL-6 production by monocytes also declined
with age in response to either FSL-1 or LPS (Fig. 6C).
In contrast, LPS-stimulated monocytes from aged ani-
mals showed the highest frequency of TNFa production
(Fig. 6B). The frequency of monocytes producing TNFo
in response to the other TLR agonists, however, was
equivalent in all three age groups (Fig. 6B). Together
these findings indicate the increased cytokine response in
monocytes is TLR4-specific and restricted to increased
TNFa rather than IL-6 induction.

We next extended our analysis to nonconventional or
‘other DC’ and pDC (Fig. 7A-D). Whereas the TNFa
response of the ‘other DC’ population to FSL-1, LPS,
and ODN2006 was age-independent, IL-6 production by
‘other DC’ following FSL-1 and LPS stimulation was
reduced in aged animals relative to young animals
(Fig. 7A,B). Since pDCs have a highly restricted expres-
sion of TLRs (TLR7 and TLR9), we limited our analysis
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to PBMC stimulated with Imiquimod (TLR7) or
ODN2006 (TLR9; Fig. 7C,D). As expected, pDC from
all age groups produced a robust TNFa-response to both
agonists, with older animals hyporesponsive to TLR9
agonism (Fig. 7C,D). Relatively few pDCs made IL-6 in
response to Imiquimoid and ODN2006 stimulation,
albeit with a trend for decreased IL-6 production with
age (Fig. 7D). Finally, we also analyzed the IFNa
response by pDC. The mean frequency of IFNa+ cells
in response to imiquimod was highest in juvenile animals
and declined with increasing age, although this difference
was not statistically significant (Fig. 8A,B). We did not
observe a detectable IFNa response by pDC to
ODN2006 (data not shown). Together these observations
suggest that aging is associated with a reduced response
of pDC to TLR agonism.

Age-dependent circulating cytokine levels

Since we found marked age-dependent differences in the
cytokine responses of innate immune cells, we next
determined if global circulating cytokine levels also

(page number not for citation purpose)

changed with age. We analyzed serum cytokine levels of
TNFo, 1L-6, IL-12/23(p40), IL-8, monocyte chemoat-
tractant protein 1 (MCP-1), IL-1Ra, and soluble CD40L,
all of which were selected for their close association with
innate immune effector function/acute systemic inflam-
matory responses (Fig. 9). We also included IL-15, IFNy,
IL-4, and 1L-17 (Fig. 9) in light of the strong modulation
of the CD4/CDS8 T cell compartment with age (Fig. 1).
Interestingly, the mean serum concentrations for several
cytokines were highly age-dependent. Both IL-6 and
IL-1Ra levels were highest in aged animals, whereas
juvenile animals exhibited high levels of IL-8 and IL-12/
23(p40). By contrast, the plasma concentrations of
TNFo, MCP-1, and sCD40L did not change with age
(Fig. 9). In addition we observed a trend toward
increasing IL-17, and a significant decrease in IL-15
concentration with advancing age (Fig. 9), whereas Thl1/
Th2 cytokines IFNy and IL-4 levels were not significantly
elevated. These findings support the hypothesis that
circulating basal cytokine levels in the rhesus macaque
exhibit changes throughout life.
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Discussion
Immunological changes associated with advancing age
have been largely studied within the context of adaptive
immunity. In contrast, age-associated changes in the
cellular composition and effector function of the innate
arm of the immune system remain poorly understood.
To address this knowledge gap, we characterized changes
in the frequency and function of innate immune cells in
the rhesus macaque, a highly relevant model of human
aging. As previously described [reviewed by Arnold et al.
(31) and Messaoudi and Ingram (32)], we report striking
changes in the phenotype of the T cell pool with
advancing age in this cohort, with an accumulation of
effector T cells, decreased CD4/CD8 ratio, and loss of
naive T cells. We also report that monocyte frequencies are
comparable in adult and aged animals, consistent with
previous reports in humans and NHPs (33,34). Interest-
ingly, Nguyen et al. recently found aged human PBMC
have a higher frequency of CD16-expressing monocyte
subsets within the CD14+ monocyte compartment (35).
This indicates population changes within the monocyte
compartment itself may still occur with age. Similarly,
although we did not find a difference in total DC
frequency (CD3-CD20-HLA-DR+CDI14+ cells), we
did find significant differences within the cellular compo-
sition of this compartment, with an age-dependent shift
toward mDC and decrease in CD123-CD11c-DR + DCs.
We also investigated the cytokine response of specific
innate immune cells following stimulation with PRR
agonists such as LPS. Previous studies in baboons and
rhesus macaques found comparable TNFo and IL-6
production in response to LPS between adult and aged
PBMC (36,37). However, studies of global cytokine
responses with age may mask functional differences
within distinct innate immune cell populations. Therefore
in our study, we examined IL-6 and TNFa production by
specific myeloid cell subsets using flow cytometry. These
responses are summarized in Table 1. Using a comparable
strategy of PBMC stimulation and flow cytometric

analysis to study TNFa and IL-6 production on a per
cell basis, van Duin et al. (38) found no decrease in
TLR2/6 (FSL-1), TLR4 (LPS), and TLR9 (ODN2006)
responsiveness in monocytes from aged (65+ yrs) versus
adult (21-30 yrs) donors. Thus our findings collectively
suggest that several monocyte TLR responses are com-
parable between adulthood and old age. Contrary to their
findings, we found that the TNFa response of monocytes
was highest in aged animals. This difference may reflect
differences in age cohorts used in our respective studies or
species-specific differences.

With respect to DCs, Panda et al. similarly stimulated
PBMC from young (21-30yrs) and aged (65+ yrs)
human donors to examine DC cytokine responses on a
per cell basis by flow cytometry (39). Partially mirroring
our findings, mDC and pDC TNF/IL-6 responses to
multiple TLR agonists were highest in the younger age
group. We propose that this age group may have behaved
more similarly to our young animals (aged 1-4) than our
adult cohort (aged 8-14), since TNF/IL-6 responses were
broadly maintained between adult and aged animals,
whereas young animals had significantly higher mDC/
pDC cytokine responses than both groups.

In our youngest age group, we find that TLR responses
are broadly conserved, if not higher, than adult or aged
animals. Previous studies of TLR responses in the young
have largely focused on those of neonatal cord blood cells
(10-12) (40). More recent longitudinal studies in infants
indicate that initially hyporesponsive TLR responses in
neonates rapidly increase in the first 1-2 years of life (41—
43). Interestingly, perhaps the most similar analysis to
our own (in which cell type-specific TLR responses were
also analyzed) found TLR1/2, TLR4, TLR7/8, and TLR9
agonists induced monocyte and mDC cytokine responses
(as measured by frequency of TNFao, 1L-6, and I1L-12p40
production) equivalent or higher in infants (aged 1-2)
than adults (aged 23-48) (41). This study and our own
also found that the frequency of IFNa+ pDC follow-
ing TLR7 agonism was not diminished in the young
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compared to adults (41). Together these findings indi-
cate that rather than being impaired, TLR responses in
infants are strikingly robust.

In addition, our global analysis of PBMC PRR
expression with age revealed several age-dependent
differences. We found that TLR4 and TLRS5 expression
is lower in young macaques compared to adult and aged
animals. Strikingly, we also found that the expression of

12
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innate negative regulator SARM was lowest in the
juvenile animals. SARM 1is a negative regulator of
TRIF-driven TLR3 and TLR4 signaling (26,44). Thus
reduced innate negative regulation, despite lower TLR4
expression, may be mechanistically important for the
maintenance of robust LPS responses in infants. With
respect to TLR-independent pattern recognition, we
found RIG-I and AIM?2 expression significantly reduced
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in our aged cohort compared to our adult cohort. RIG-I
is reported to mediate anti-viral responses against a
number of clinically significant pathogens such as
influenza type A and West Nile Virus (45-47), which
cause increased morbidity and mortality in the elderly
(48,49). AIM2 is thought to respond to the dsDNA of
bacteria and viruses such as Listeria monocyto-
genes(50,51), the causative agent of Listeriosis that also
disproportionately affects the elderly population (52). It
will, therefore, be of interest to establish whether
diminished RIG-I or AIM2 expression in humans may
contribute to enhanced susceptibility to these pathogens
in the aged.

Differences in PRR expression level appear restricted
to specific PRR rather than broad changes in the innate
immune receptor repertoire. It is important to be mindful
however that age-dependent changes in total PBMC PRR
expression may not mirror those at the population level.
In future studies we plan to examine PRR expression at
the population level to better determine how age-
dependent PRR expression may modulate cell-specific
innate immune responses.

Our analysis of circulating cytokine levels also yielded
interesting findings. With respect to TNFo, MCP-1, IL-8,
and IL-12 we did not observe elevated plasma levels of
these cytokines in aged animals relative to adults. This
conflicts with the paradigm stemming from early studies
of immune senescence that suggested aging is associated
with higher levels of circulating proinflammatory cyto-
kines [reviewed in Ref. (8,53)]. Indeed, our data support
the growing consensus that once co-morbidities and
nutritional status are controlled for, enhanced circulating
proinflammatory cytokine levels are not intrinsic per se to
the aging process (54). Nonetheless, we did find that the
plasma levels of IL-12 and IL-15 decreased with age,
whereas IL-6, IL-17, and IL-1Ra increased. Circulating
levels of IL-12 were highest in younger animals. Since this
cytokine, alongside TNFa and IL-6, is induced by NFxB
activation (55), this may be consistent with the broadly
stronger TLR responses observed in juvenile animals.
While IL-6 plays several inflammatory roles, e.g. promot-
ing monocyte recruitment and up-regulating adhesion
molecule expression, it is also regarded as a regulatory
cytokine (56). Thus, the parallel rise in IL-1Ra with
advancing age may even represent a shift toward reg-
ulatory cytokines in elderly NHPs. On the other hand,
both IL-6 and IL-17 are associated with the induction
and effector function of Th17 cells respectively (57), and
increased levels of these cytokines could also indicate a
shift of the effector T cell pool toward a Th17 profile with
advancing age. IL-15 is another innate cytokine that
modulates effector T cell activity (58) and plays an
important role in maintaining central and effector
memory T cells (59). It is, therefore, striking that these
subsets accumulate with age, despite declining levels of

Age dependent changes in innate immunity

this cytokine. This may indicate that IL-15 independent
mechanisms or highly localized effects of this cytokine
contribute to the maintenance of the memory T cell pool
in aged macaques.

In summary, the use of a broad rhesus macaque age
cohort has enabled us to dissect several age-related
changes in innate immune phenotype and function. We
propose that modulating myeloid cell numbers, PRR
expression, and innate cytokine responses are promising
avenues for improving immune function in the vulnerable
young and elderly populations.
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