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Normal aging in humans is associated with a decline in lym-
phocyte proliferation and cytokine production and in NK cell ac-
tivity.5,55 In the present study, we phenotypically and functionally 
characterized lymphocytes and circulating cytokine levels across 
a healthy population of owl monkeys (Aotus nancymaae) and the 
age- and sex-dependent variations among study subgroups. Ao-
tus spp. are susceptible to malarial infections due to both Plasmo-
dium falciparum and P. vivax, which produce symptoms similar to 
those observed in human infections.51 Consequently, the World 
Health Organization recommends Aotus monkeys as an excel-
lent experimental model for studies of malaria infection.1,3,16,17,51 
Despite the support for this disease model, very little has been 
published regarding age- and sex-related changes in lymphocyte 
populations and immune functions in Aotus spp., in contrast to 
the numerous studies conducted in humans, rhesus macaques, 
and mice.12,18,22,25,27

Although human immune reagents and functional assays are 
often used in research involving NHP, the cross-reactivity of im-
mune reagents, particularly monoclonal antibodies, and the ad-

aptation of immune assays to theses model are species-specific. 
Although age-associated impairment of the human immune sys-
tem, including decreased circulating mitogen-specific T cells,14,54 
reduced T cell proliferation, and increased suppressor T-cell ac-
tivity, have been reported,26,31,36 the exact cause of aging-related 
differences in immune dysfunction between male and female 
NHP has not been systematically studied in detail. Whether age-
related immune impairment is influenced by a particular subset 
of circulating lymphocytes or by the frequency of one or more 
lymphocyte populations or by the functional activity of these cells 
is currently unclear.22,31 Changes in overall immune functionality 
in elderly men and women reportedly were due to a phenotypic 
shift from naïve to memory circulating lymphocyte populations.30 
The objective of the current descriptive study was to determine 
and monitor various immune characteristics including the phe-
notypes and frequencies of lymphocyte subsets, lymphocyte pro-
liferation, and plasma cytokine levels in male and female owl 
monkeys of different age groups.

Materials and Methods
Care and housing. Healthy owl monkeys (Aotus nancymaae) 

were selected by using a simple random sampling without re-
placement technique from a population of 117 females and 113 
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identified by gating on a forward scatter by side scatter plot. The 
CD3+ T-cell population was further analyzed for CD4+, CD8+, 
CD4+CD8+, and CD16+CD3+ (NK T cells) subsets by using Cell-
quest-pro software (BD Biosciences) and FlowJo software (Tree 
Star, Ashland, OR).

In a separate assay, whole blood (100 µL) was stained with 
antiCD3 (FITC-labeled; clone SP34-2, BD Biosciences), antiCD4 
(PE-labeled; clone L200, BD Biosciences), antiCD28 (PerCP–
Cy5.5-labeled; clone CD28.2, BD Biosciences), and antiCD95 
(APC-labeled; clone DX2, BD Biosciences) to identify memory 
T-lymphocyte subsets, according to the same staining protocol 
described earlier. For acquiring cells and gating on subpopula-
tions during analysis, we used separate compensation (single 
color), fluorescence-minus-one controls, and isotype controls in 
each assay.

Enzyme-linked immunoassay for detecting antigen-specific 
IFNγ- and perforin-producing cells. The population for this im-
mune assay comprised 30 owl monkeys, including both males 
(n = 15) and females (n = 15) and ranging in age from 2 to 19 y 
and belonging to juvenile (n = 10), young adult (n = 10), and ge-
riatric (n = 10) groups. To quantify IFNγ- and perforin-producing 
cells, we followed the standard Enzyme-Linked ImmunoSpot 
(ELISPOT) protocol.38-40 Freshly isolated PBMC (viability, 90% 
or greater; 1 × 105 cells per well) were cultured in the presence 
of phytohemagglutinin (PHA), concanavalin A (Con A), LPS, or 
pokeweed mitogen (PWM; all reagents from Sigma [St Louis, 
MO]; final concentration, 1 µg/mL) to activate cells. Cells were 
directly stimulated by seeding in triplicate wells of 96-well plates 
(PVDF-MAIP S 45, Millipore, Bedford, MA) precoated with 
antiIFNγ or antiperforin primary antibody. After incubation for 
30 to 32 h at 37 °C, the cells were removed, the wells were thor-
oughly washed with 1× PBS, and spots were developed accord-
ing to the manufacturer’s instructions. The quantitative analysis 
involved counting of the purple-colored spots as cytokine-secret-
ing cells by using the KS-ELISPOT automatic system (Carl Zeiss) 
by an independent agency (ZellNet Consulting, Fort Lee, NJ). 
The response was represented as the number of IFNγ or perforin 
spot-forming cells per 1 × 105 PBMC and was considered positive 
when the number of spot-forming cells with the test antigen was 

males from the Owl Monkey Breeding and Research Resource 
at Michale E Keeling Center for Comparative Medicine and Re-
search (MD Anderson Cancer Center, University of Texas, Bas-
trop, TX). Differences in lymphocytes between male and female 
monkeys were determined by using an independent group of 30 
owl monkeys (15 male and 15 female; age, 2 to 19 y). To investi-
gate the effects of age, animals were classified into juvenile (2 to 4 
y), young adult (5 to 8 y), and geriatric (9 to 16 y) subgroups con-
sisting of 10 monkeys per group. All study animals were housed 
in enclosures that were 4 ft deep × 4 ft wide × 6 ft tall and were 
kept in their normal social groups, consisting of one male and 
one female and their offspring (3 y and younger). The lights for 
this nocturnal species were turned on at 0000 and switched off at 
1200, and overhead louvers remained open from 1200 to 1500 to 
provide a dusky, twilight level of light.

Ethics statement. The animals were housed according to regu-
lations at the AAALAC-accredited facility at Michale E Keeling 
Center for Comparative Medicine and Research. All animal stud-
ies were conducted according to the provisions of the Animal 
Welfare Act and Animal Welfare Policy and the principles of the 
Guide for the Care and Use of Laboratory Animals.24 All procedures 
were approved by the IACUC at MD Anderson (protocol no. 329-
RN00).

Diet. Owl monkeys had unrestricted access to New World Pri-
mate Diet (no. 5049, Purina, St Louis, MO) and water. In addi-
tion, they were fed either a fresh fruit or vegetable daily. Specialty 
foods, such as seeds, peanuts, raisins, yogurt, cereals, frozen juice 
cups, and peanut butter, were distributed daily as enrichment. 
The animals were never food- or water-fasted. In addition, they 
were given destructible enrichment manipulanda and various 
travel or perching materials on a rotating basis to promote spe-
cies-typical behavior.

Blood collection and preparation of PBMC. Blood samples (3 
mL) were collected in EDTA-coated tubes from all study animals 
every 4 to 6 wk; at least 3 samples were collected from each mon-
key. Before plasma collection by centrifugation, an aliquot (300 to 
500 µL) of blood was removed for multicolor flow cytometric as-
says. Plasma was collected by centrifugation of whole blood and 
stored at –80 °C until further use to analyze circulating cytokines. 
PBMC were isolated by Ficoll–Hypaque density-gradient separa-
tion, as described previously.38-40 PBMC were washed twice with 
RPMI supplemented with 10% heat-inactivated fetal bovine se-
rum and checked for viability by using the trypan blue exclusion 
method. PBMC preparations showing cell viability of at least 90% 
were used in functional assays.

Whole-blood staining. Commercially available human mono-
clonal antibodies (Figure 1) were tested for cross-reactivity with 
owl monkey mononuclear cells by using flow cytometric analysis. 
Phenotyping of peripheral blood lymphocytes from owl mon-
keys was performed as described previously.38,39,50 Briefly, 100-μL 
aliquots of EDTA-treated whole blood from each sample were 
added to individual 12 × 75-mm polystyrene test tubes contain-
ing test antibodies (or matched isotype control) and incubated 
at room temperature in the dark. After 15 min, 1× lysis solution 
(BD Biosciences, San Jose, CA) was used to remove RBC, and the 
mononuclear cells were washed twice with PBS and fixed in 400 
µL of 2% formaldehyde. Cell signals were acquired on a 4-color 
flow cytometer (FACSCalibur, BD Biosciences), and for normal-
ization, we acquired 100,000 events for all samples. T cells (CD3+), 
NK cells (CD16+), and B cells (CD20+) among lymphocytes were 

Figure 1. Human antibodies with cross-reactivity to New World NHP 
species. All of these antibodies (except clone RPA-T8) are cross-reactive 
to rhesus macaques (Macaca mulatta), squirrel monkeys (Saimiri bolivien-
sis), and owl monkey (Aotus nancymae); cross-reactivity of RPA-T8 to 
rhesus macaques has not yet been determined.
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at least 5 greater than that of the control wells, where cells were 
cultured in the absence of test antigen, with medium only.

In vitro mitogen stimulation for analysis of lymphocyte prolifera-
tion. For this immune assay, we included 30 owl monkeys, both 
males (n = 15) and females (n = 15) ranging in age from 2 to 19 
y and belonging to juvenile (n = 10), young adult (n = 10), and 
geriatric (n = 10) groups. The proliferation of PBMC was deter-
mined by the standard 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT) dye reduction assay.35,48,57 Briefly, 
PBMC (105/well) were seeded in triplicate wells of 96-well flat-
bottomed plates and stimulated for 72 h individually with the 
mitogens PHA, Con A, PWM, and LPS (final mitogen concentra-
tion, 1 µg/mL); culture medium without mitogens served as the 
negative control. After culture for 72 h at 37 °C in 5% CO2, each 
well was loaded with 10 µL of freshly prepared and filtered MTT 
dye (5 mg/mL in PBS) and incubated for an additional 4 h. The 
medium was then replaced with 100 µL of acidified 0.04 M HCl–
β-isopropanol (Sigma) and left for 30 min at room temperature 
for color development before being read by using an ELISA plate 
reader with a 490-nm filter (Victor, PerkinElmer, Shelton, CT). 
Results were expressed as the optical density after subtraction of 
the optical density of the medium-only control. Data are reported 
as the mean of 3 to 6 replicates. The concentration of mitogen, 
number of PBMC, and incubation time were standardized in our 
laboratory as optimal for the stimulation of PBMC isolated from 
healthy owl monkeys.

Multiplex cytokine assays. The concentration of cytokines (IL2, 
IL4, IL6, IL10, IL12/23[p40], IFNγ, TNFα, and MCP1) in plasma 
were measured by using an NHP Multiplex Cytokine Kit (Mil-
lipore).39 Briefly, EDTA-preserved plasma samples were centri-
fuged (900 × g for 10 min), and aliquots were frozen at −80 °C 
until use. On the day of assay, plasma samples were thawed and 
precleared by centrifuging at 900 × g for 5 min. The 96-well plates 
provided in the kit were blocked with assay buffer for 10 min at 
room temperature and washed, after which 25 µL of standard 
or control samples were added in appropriate wells. After 25 
µL of cytokine-labeled beads was added to each well, the plate 
was incubated on a shaker overnight at 4 °C. The next day, the 
plate was washed 2 times with wash buffer, incubated with de-
tection antibody for 1 h, and then incubated with 25 µL of strep-
tavidin–phycoerythrin for 30 min. All incubation and washing 
steps were performed on a shaker at room temperature. After 
the plate was washed 2 times with wash buffer, 150 µL of sheath 
fluid was added to each well, and cytokine concentrations were 
measured by acquiring bead-associated signals (BioPlex 200 Sys-
tem, BioRad Laboratories, Hercules, CA). Fluorescence data were 
analyzed with use of Bio-Plex manager 5.0 software (Bio-Rad, 
Hercules, CA). The minimum detectable concentrations for the 
various cytokines were calculated by using the Multiplex Analyst 
immunoassay analysis software (Millipore): IL2, 0.7 pg/mL; IL4, 
2.7 pg/mL; IL6, 0.3 pg/mL; IL10, 6.2 pg/mL; IL12(p40), 1.2 pg/
mL; IFNγ, 2.2 pg/mL; TNFα, 2.1 pg/mL; and MCP1, 3.1 pg/mL.

Statistical analysis. To determine age-related differences in pe-
ripheral lymphocyte populations from owl monkeys, data were 
compared by using one-way ANOVA followed by Bonferroni 
correction. The Brown–Forsythe test was used to ensure that the 
data met the equal variance assumptions of ANOVA. Unpaired 
2-tailed t tests were performed for comparisons between male 
and female owl monkeys after the results of an F test to confirm 
that the groups had equal variances. A P value of less than 0.05 

was considered to be statistically significant. All statistical analy-
ses were performed by using Prism 5.00 software (GraphPad Soft-
ware, San Diego, CA).

Results
Phenotypic characterization of lymphocytes. Peripheral blood 

samples from male and female owl monkeys belonging to the 3 
target age groups (juvenile, young adult, and geriatric) were ana-
lyzed by flow cytometry to identify and enumerate various lym-
phocyte subsets. Human monoclonal antibodies (Figure 1) were 
shown to cross-react with rhesus macaques and other NHP; these 
antibodies were used in the current study after they were being 
shown to exhibit positive cross-reactivity to owl monkeys. A gat-
ing strategy reported earlier39 was followed for phenotypic analy-
sis of T and B lymphocytes (Figure 2 A). We used a CD16 marker 
antigen to positively identify NK T lymphocytes and CD16+ NK 
cells, distinguishing them from lymphocytes in the gated popu-
lation. Sex- and age-related differences were not observed for 
lymphocytes that were CD3+, CD4+, CD8+, CD20+, CD16+ NK, or 
NK T cells (Figure 2 B and C).

To investigate naïve and memory T-cell subsets in the various 
age and sex groups, we used CD95 and CD28 surface markers, 
widely used in both humans and rhesus monkeys;11 we used these 
surface markers in our study to identify naïve (CD28+CD95–), cen-
tral memory (CD28+CD95+), and effector memory (CD28–CD95+) 
subsets of CD4+ and CD8+ T cells by using a gating strategy re-
ported previously39 (Figure 3 A). The percentages of central mem-
ory and effector memory T cells did not differ between male and 
female owl monkeys (Figure 3 B). However, in all age groups, the 
CD8+ subpopulations of naïve and central memory T cells were 
smaller (P < 0.05) than those of CD4+ T cells (Figure 3 C).

We also analyzed the percentages of CD28 and CD95 single-
positive cells within CD4+ and CD8+ T cells and observed no sex-
related changes (Figure 4 A). Among the age groups, however, 
the geriatric group had a lower (P < 0.05) percentage of CD28+ T 
cells among both CD4+ and CD8+ T cells (Figure 4 B) and a higher 
(P < 0.05) percentage of CD95+ T cells within both CD4+ and CD8+ 
T-cell populations (Figure 4 C).

ELISPOT assay for detecting mitogen-specific IFNγ- and per-
forin-producing cells. Owl monkey PBMC were analyzed for 
IFNγ or perforin production in response to stimulation with 
PHA, PWM, and LPS by using ELISPOT assays. Compared with 
males, female owl monkeys had more IFNγ-producing cells in 
response to stimulation with either PHA or LPS (P < 0.05; Figure 
5 A) but not PWM. Analysis of IFNγ-producing cells in response 
to stimulation with PHA, PWM, and LPS among the 3 different 
age groups revealed significantly (P < 0.05) higher numbers of 
IFNγ-producing cells in adult than in juvenile or geriatric owl 
monkeys (Figure 5 B).

In the perforin ELISPOT assay, female owl monkeys had more 
perforin-producing lymphocytes in response to PHA stimulation 
than did male monkeys, whereas the opposite effect was seen 
with LPS stimulation (Figure 6 A). Responses to Con A or PWM 
stimulation did not differ between female and male owl monkeys. 
In addition, compared with juvenile and geriatric animals, adult 
owl monkeys demonstrated more (P < 0.05) perforin-producing 
cells in response to stimulation with PHA only; responses to Con 
A, PWM, or LPS did not differ among the age groups (Figure 6 B).

Proliferation. In colorimetric assays using MTT dye, the prolif-
erative responses to Con A and LPS were significantly greater in 
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Figure 2. (A) Gating scheme for phenotypic analyses of the various T-cell subsets in the peripheral blood from a representative owl monkey. The lym-
phocytes were gated based on forward scatter (FSC) compared with side scatter (SSC), and CD3+ T cells, CD20+ B cells, CD16+ NK cells (CD3+CD16+) 
were identified by using specific markers. Further analyses of CD3+ cells yielded CD4+, CD8+, and CD4+CD8+ T-cell subpopulations. The specificity of 
staining for the various markers was ascertained according to the isotype control used for each pair of combination markers, as shown. (B) Sex- and (C) 
age-dependent differences in owl monkey lymphocyte populations. EDTA-treated whole blood was stained with fluorescently labeled antibodies to 
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female than in male owl monkeys (Figure 7 A), but no such differ-
ences in proliferation were observed for with PHA and PWM. In 
addition, proliferation in response to PHA, Con A, PWM, or LPS 
did not differ among the age groups (Figure 7 B).

Circulating peripheral blood levels of Th1, Th2, and proinflam-
matory cytokines. We analyzed the concentrations of various Th1 
(IL2, IL12, IFNγ, TNFα) and Th2 (IL4, IL6, IL10, IL13) cytokines 
and of the chemokine MCP1 in plasma samples (frozen from 
freshly collected blood samples) from female and male owl mon-
keys and from the 3 different age groups. Levels of IL12p40 and 
IL4 were significantly (P < 0.05) higher in male monkeys than in 
female monkeys; the remaining cytokines showed no such dif-
ferences (Figure 8 A). In comparing the 3 different age groups, 
we observed significantly (P < 0.05) higher concentrations of Th1 
(IL2, IL12, IFNγ, TNFα) and Th2 (IL4, IL6, IL10, IL13) cytokines 
and MCP1 in the geriatric group than in the juvenile and adult 
groups (Figure 8 B).

Discussion
One of the most recognized consequences of aging is a decline 

in immune function. Although aging research has focused on 
humans and rhesus macaques (Macaca mulatta), the findings can 
be extended to owl monkeys. Research generated by using rhesus 
monkeys has helped to elucidate and further our understanding 
of human diseases.8,9,12,18,22,25,27,52 Age-related diseases such as hy-
pertension, atherosclerosis, infections, cancer, and autoimmune 
and immune complex pathologies are examples of conditions 
with comparable pathology between owl monkeys and humans. 
Some of these diseases are associated with disorders affecting the 
immune system; we therefore targeted the current study to age-
related changes in frequency, phenotype, and function of immune 
cells. The oldest recorded ages in our colony of owl monkeys are 
19 y for a female and 25 y for a male, compared with the 12 to 20 
y reported previously.19 The implication is that the rate of aging in 
owl monkeys is 3.4 times that of humans and that owl monkeys 
can be used in research on aging.

Even though owl monkeys represent an important experimen-
tal model of human diseases, the normal phenotype and function 
of their immune system is poorly understood. To our knowledge, 
the only report describing immune status in owl monkeys con-
centrates on dendritic cells as a basis for a vaccine against Plasmo-
dium falciparum malaria.13 The goal of our study was to describe 
the phenotype of immune cells (using cross-reactive human 
monoclonal antibodies for known immune cell surface markers), 
in vitro mitogen-activated lymphocyte-secreted cytokines, and 
circulating cytokines in plasma that might serve as readily acces-
sible markers of aging and early disease severity.

Human immune-cell (CD) markers and commercially avail-
able antibodies are currently being used for research involving 
rhesus macaques, which are being explored as a biologic model 
in AIDS research and vaccine efficacy studies.9,33,40,45,52 However, 
the cross-reactivity of human reagents and functional attributes of 
immune cells in owl monkeys have not been well characterized. 
Such information would be valuable in exploring New World owl 
monkeys as a model for immune-based infectious diseases, vac-
cine development, and age-related inflammatory diseases.

In the present study, with use of multicolor flow cytometry 
testing, we assessed a panel of monoclonal antibodies for cross-
reactivity against specific subsets of owl monkey lymphoid cells. 
Considering the many physiologic and genetic characteristics 
that are similar between owl monkeys and humans as well as owl 
monkeys’ susceptibility to a wide range of infections typically 
associated with humans (for example, malaria),1,3,16,17,51 the level 
of cross-reactivity of the human monoclonal antibodies with the 
A. nancymaae cell markers was not unexpected. Further studies 
with other species of owl monkeys (A. azarae and A. vociferans) 
will extend our knowledge of immune cross-reactivity in general.

The present investigation revealed no age- or sex-dependent dif-
ferences in peripheral blood lymphocytes representing the CD3+, 
CD4+, CD8+, CD4+CD8+, CD16+ (NK), or CD3+CD16+ (NKT) T-cell 
subsets in healthy owl monkeys. These findings are similar to those 
from studies of aging in humans and various NHP species.15,18,29,42,53

We investigated the effect of age on naive and memory T-cell 
pools by comparing groups of juvenile, young adult, and geriat-
ric owl monkeys containing both male and female animals. We 
noted no significant differences in the central or effector memory 
subsets of CD4+ or CD8+ T cells either between male and female 
animals or among the age groups. These results are different from 
previously published reports on normal aging, which showed 
that the slow turnover and long lifespans of naive T cells are pre-
served.56 However, other reports support our data and suggest 
that thymus output gradually declines and ultimately becomes 
unable to replace naive T cells lost from the periphery and to 
maintain the breadth of the T-cell repertoire.28,37

The findings from our analysis of the effects of the costimulato-
ry molecule CD28 and apoptotic marker CD95 on CD4+ and CD8+ 
T cells are similar to published reports showing a gradual decline 
in these markers as animals progress from juvenile to young adult 
and then to geriatric status.7,46 This observed change in the loss of 
CD28 expression and decrease in CD28+CD8+ T cells is not un-
common and has been reported in humans aging studies.4

In aging populations of humans and animals, decreased ex-
pression of the essential costimulatory molecule CD28 is a key 
biomarker, and the decreasing expression of this molecule with 
age might be an underlying cause for the compromised capacity 
of these cells to respond to activation signals. Overall, we found 
that the pattern of age-related T-cell changes differed remark-
ably between CD4+ and CD8+ naïve and central-memory sub-
sets but not the effector-memory subset. These results highlight 
fundamental differences in the biology of these 2 T-cell lineages 
as underlying causes for the changes observed during immune 
senescence and (possibly) immune exhaustion.25

Studies of the biologic activity of T lymphocytes in response 
to immune activation are often based on in vitro models using 
polyclonal activators such as antiCD3 antibodies, pharmacologic 
agents such as phorbol esters, and mitogens such as PHA, Con 
A, PWM, and LPS. The activation of T lymphocytes results in the 
expression of cytokine receptors, production and secretion of cy-
tokines, upregulation of cell surface activation markers, and cellu-
lar proliferation. In this study, we evaluated the most commonly 
used polyclonal activators by using target populations of PBMC 
isolated from normal age- and sex-specific groups of owl mon-

CD3, CD4, CD8, CD16, and CD20 and then analyzed for T-cell subpopulations in (B) female (n = 9) and male (n = 9) owl monkeys and in (C) the 3 age 
groups (juvenile, young adults, and geriatric; n = 9 per group) of these monkeys. Data are given as the percentage of the total lymphocyte population; 
error bars, 1 SD. P < 0.05 was considered statistically significant.
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Figure 3. (A) Gating scheme for the analyses of the memory T-cell subsets in the peripheral blood from a representative owl monkey. CD3+, CD4+, and 
CD8+ cells were identified as described in the legend to Figure 2; naive (CD28+CD95–), central memory (CD28+CD95+), and effector memory (CD28–

CD95+) subsets of CD4+ and CD8+ T cells were identified by using antibodies to CD28 and CD95. The specificity of staining for the various markers was 
ascertained on the basis of the fluorescence-minus-one (FMO) controls shown and as described in the Materials and Methods. (B and C) Differences 
in memory T-cell subset populations (B) between male and female owl monkeys and (C) among the 3 different age groups. The results shown are the 
average of 9 monkeys in each group; P < 0.05 was considered statistically significant.
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Figure 4. Expression of costimulatory (CD28) and apoptotic (CD95) markers on T-cell subsets in (A) male and female owl monkeys and (B and C) in 
the 3 different age groups. Percentages of (B) CD28+ and (C) CD95+ populations within peripheral CD4+ (upper panel) and CD8+ (lower panel) T cells 
were compared among the 3 different age groups. The results are shown as the average of 9 monkeys in each group; P < 0.05 was considered statisti-
cally significant.
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Figure 6. Perforin ELISPOT response to mitogens: Triplicate wells microtiter plates precoated with antiperforin antibody were seeded with PBMC from 
(A) female (n = 15) and male (n = 15) owl monkeys or (B) the 3 different age groups; the cells were stimulated with each of the indicated mitogens, 
washed, and then stained with biotinylated secondary antiperforin antibody. Data are presented as the number (mean ± 1 SD) of spot-forming cells 
(SFC) in each of the mitogen-stimulated wells (normalized to the background control); P < 0.05 was considered statistically significant.

Figure 5. IFNγ ELISPOT response to mitogens. Triplicate wells microtiter plates precoated with antiIFNγ antibody were seeded with PBMC from (A) 
female (n = 15) and male (n = 15) owl monkeys or (B) the 3 different age groups; the cells were stimulated with each of the indicated mitogens, washed, 
and then stained with biotinylated secondary antiIFNγ antibody. Data are presented as the number (mean ± 1 SD) of spot-forming cells (SFC) in each 
of the mitogen-stimulated wells (normalized to the background control); P < 0.05 was considered statistically significant.
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surement of multiple cytokines in a single biologic sample is criti-
cal for determining the appropriate application of these methods 
in deciphering the role of cytokines in pathology of disease and 
to evaluate candidate drugs.47 Squirrel monkey cytokine gene 
sequences share 91.4% to 98.1% homology with those of humans 
and other NHP species.20 We determined the associations be-
tween aging and circulating levels of cytokine in the plasma and 
observed increased levels of Th1 (IL2, IL12, IFNγ, TNFα) and Th2 
(IL4, IL6, IL10, IL13) markers in the geriatric population of owl 
monkeys. Similar results were observed for 71 elderly partici-
pants in the Framingham Heart Study (mean age, 79 y) and in 21 
young healthy volunteers (mean age, 39 y).49 Similarly, a study 
in healthy blood donors32 demonstrated that aging was associ-
ated with an increase in Th2 cells and MCP1. In another study,43 
age and sex were associated with significant alterations in bone 
metabolism and with estradiol or testosterone deficiency in the 
production of cytokines. We observed increased MCP1 levels in 
geriatric owl monkeys; a similar observation was reported from 
a study of an aging human population, which demonstrated an 
increased MCP1 concentration and the appearance of atheroscle-
rosis among patients with coronary artery disease or cerebrovas-
cular accidents.23

Using ELISPOT assays, we noted significantly more IFNγ- and 
perforin-producing cells in response to a variety of mitogens in 
female and young adult monkeys. We also observed increased 
concentrations of plasma Th1 and Th2 circulating cytokines in 
a geriatric group of owl monkeys by using multiplex cytokine 
analysis. In the geriatric monkeys, the data indicate decreased 
mitogen-mediated IFNγ by ELISPOT assay but increased levels 
of same cytokine in plasma. These higher levels of cytokines in 
plasma are likely produced by immune cells in either the lymph 

keys; our findings can be applied to in vitro functionality studies 
involving immunomodulation agents. The age-related decline 
in antigen-specific cell functions in humans and animals are be-
lieved to be associated with increased susceptibility to infections, 
failure to respond to vaccines, and chronic inflammation.2,6,36,58 
This age-related decline in T-cell function is due to involution 
of the thymus gland, a decrease in thymic hormone levels and 
thymic proliferative capacity, impaired expression of IL2, and an 
increase in incompetent memory lymphocytes.34

Our results demonstrated moderate mitogenic activity of Con 
A in female owl monkeys compared with males but no differ-
ences among age groups. These results are similar to those from 
previous studies in cynomolgus and owl monkeys, which demon-
strated moderate proliferative responses to PHA and Con A.44,54 In 
the present investigation, we also observed significantly reduced 
IFNγ- and perforin-producing cell responses to PHA, PWM, and 
LPS in the juvenile and geriatric owl monkeys, compared with the 
responses of the young adult animals.

We believe that our study is the first to assess IFNγ and perforin 
production in response to mitogens in owl monkeys. The homol-
ogy of the immune system between Aotus spp. and humans has 
led to the supposition that human reagents will cross-react with 
Aotus PBMC.10,21,41 It is important to consider that the immune 
response data we present here represent those of stimulated total 
PBMC; responses specific to T and B lymphocytes as well as CD4+ 
and CD8+ subsets of T cells will have to be assessed independent 
of each other to understand the activity of each lymphocyte sub-
type and which significant changes, if any, are specific to cell type.

The current study used a multiplexed, microsphere-based 
technology to simultaneously quantitate and compare multiple 
cytokines in the plasma of owl monkeys. The simultaneous mea-

Figure 7. Proliferative response of PBMC to mitogens. PBMC isolated from (A) female (n = 15) and male (n = 15) owl monkeys and (B) the 3 different 
age groups (n = 10 per group) were used for determining the lymphoproliferative response to the indicated mitogens by using the standard MTT dye 
reduction assay. The proliferation responses are expressed as optical density (OD; mean ± 1 SD) after subtraction of that for the medium-only control 
subtraction; P < 0.05 was considered statistically significant.
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Figure 8. Cytokine bead array analyses of plasma samples. Duplicate samples of plasma from (A) female (n = 15) and male (n = 15) owl monkeys and 
(B) the 3 different age groups were incubated with cytokine-coupled beads, washed, and then stained with biotinylated detection antibody. The data 
are reported as concentrations (pg/mL; mean ± 1 SD); P < 0.05 was considered statistically significant.
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nodes, spleen, or central organs and possibly by macrophages 
as well. However, the decreased IFNγ production in the geriatric 
group reflects decreases in CD4+ and CD8+ T-cell function. We 
believe our study is the first to compare cytokine and chemokine 
profiles among juvenile, young adult, and geriatric owl monkeys.

Overall, our results suggest that, in general, age-associated phe-
notypic and functional features of lymphocyte subsets are similar 
between humans and owl monkeys; furthermore, sex-specific 
differences exist in the immune function of lymphocytes between 
young and old animals that might potentially affect experimen-
tal outcomes. This concern is especially true for immunologic 
studies. It is important to recognize that the small size of these 
monkeys permits the use of decreased doses of potential vaccine 
candidates and of therapeutic agents during efficacy studies.

In conclusion, our current study provides basic information 
showing that the owl monkey immune system can be explored by 
using reagents and assays that have been standardized for human 
and rhesus immune cells. Such extended studies help to illustrate 
that owl monkeys are a useful animal model with which to study 
human diseases. Moreover, any differences specific to A. nancy-
maae relative to other NHP and humans may help researchers 
adjust the immune parameters during efficacy studies of potential 
therapeutic agents or vaccine candidates.
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