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AGE-RELATED immune dysfunction leads to increased 
disease morbidity and mortality in the elderly individual, 

with both an inadequate immune response (immunosenes-
cence) and an excessive inflammatory response (inflam-
maging) occurring with age (1–4). Therefore, enhancement 
of immune function is an attractive potential target for 
improving health and quality of life in the elderly individual. If 
rational therapeutic approaches are to be developed, a better 
understanding of the underlying defects that impair the im-
mune system of the aged is needed. For this, appropriate 
animal models are required. Most of aging research has 
been performed in relatively simple organisms, such as 
yeast, worms, flies, and rodents. However, the genetic and 
physiological differences between humans and these evolu-
tionarily divergent animals limit their usefulness. Due to 
their similarities to people, baboons are an attractive animal 
model for assessing complex processes such as aging.

The baboon is considered an excellent model for human 
disease and its associated immune response (5–9). Baboons 
are unique among non-human primates in that similar to 
people they have four classes of IgG and have comparable 
susceptibility to pathogens (10,11). However, to the authors’ 
knowledge, only three studies have reported the effect of 
age on the immune function in the baboon, all of which 
focused on the effect of age on the adaptive immune response. 
Stacy and colleagues (12) reported that aged baboons (19–
24 years) retain an intact ability to generate a protective 

immunoglobulin response to a primary and secondary anti-
genic challenge compared with young (2.5 years old) animals. 
This is in contrast to what is observed in people and rodent. 
Attanasio and colleagues (13) reported an age-associated 
increase in autoantibody concentration over life span,  
although it was not clear how many of animals in the study 
were old (≥19 years). Lymphocyte subtype populations were 
also found to change over life span, with a decrease in total 
lymphocyte count, a decrease in the percentage of B cells, 
and an increase in the percentage of both CD4 and CD8 T 
cells (14). Serum IL2r-alpha concentration was negatively 
correlated with age. However, lymphocyte function, defined 
as IgG concentration for B cells or lymphocyte proliferative 
activity for T cells, did not change with age. A limitation of 
this study was there were an insufficient number of aged 
animals (≥19 years) to specifically assess the role of old 
age. Therefore, due to the lack of available data assessing 
immune function in aged baboons, the objective of the 
current study was to determine if captive baboons show 
characteristic aging changes to innate immunity similar 
to that described in humans, including increased serum 
proinflammatory cytokine (interleukin [IL]-6) and acute 
phase protein (C-reactive protein [CRP]) concentrations, 
decreased anti-inflammatory cytokine (IL-10) concentra-
tions, and decreased cytokine (IL-6 and tumor necrosis 
factor [TNF-a]) response following lipopolysaccharide 
(LPS) stimulation.
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Materials and Methods

Population Study
Serum was collected during routine health monitoring 

from 120 captive baboons (Papio hamadryas anubis) from 
the Baboon Research Resources, Department of Compara-
tive Medicine, University of Oklahoma Health Science 
Center (BBR-OUHSC). Animals ranged from 2 to 26 years 
of age with a mean of 12.03 ± 6.8 years and included 96 
females and 23 males.

Longitudinal Study
To determine age-related changes within individual 

animals, paired serum was collected from 30 baboons (26 
females and 4 males) at two time points, with an average of 
10.6 years (range 6–15 years) between sample collection 
dates and a mean age at initial sampling of 8.9 ± 3.3 years 
compared with 19.6 ± 3.7 years at second sampling. 
Archived samples were stored at −80°C until assayed. To 
ensure that degradation of cytokines had not occurred dur-
ing long-term storage, the mean concentration of IL-6 in the 
archived samples (IL-6: 16.2 ± 7.1 pg/mL, n = 29; mean age = 
8 years) was compared with the mean IL-6 concentration 
of age-matched samples from the population study (IL-6: 
15.6 ± 2.0 pg/mL, n = 83; mean age = 9 years) and found to 
be similar (p = .9).

LPS Stimulation
Whole blood was collected from baboons for peripheral 

blood mononuclear cell (PBMC; n = 62) and whole-blood 
stimulation assays (n = 59). PBMC were isolated by Ficoll 
density gradient centrifugation (Histopaque-1077; Sigma, 
St. Louis, MO) as recommended by the supplier. Cells were 
washed twice in phosphate-buffered saline (PBS) and plated 
at a density of 5 × 106 cells/mL in RPMI complete media. 
Cells were incubated at 37°C, 5% CO2 in the presence of 
either 1 mg/mL of LPS (O111:B4, Sigma,, St. Louis MO) or 
an equal volume of PBS for 4 hours at which time media 
was collected for cytokine analysis and cells collected for 
RNA extraction.

Whole-blood stimulation assays were performed with 
100 mL of heparinized blood in a final volume of 1 mL of 
RPMI media supplemented with 10% fetal bovine serum, 
2 mM glutamine, 100 mg/mL streptomycin, and 100 U/mL 
penicillin (RPMI complete media) with 1 mg/mL of LPS or 
an equal volume of PBS. Samples were incubated at 37°C, 
5% CO2 for 4 hours at which time media was collected for 
cytokine analysis.

LPS Dose Determination
PBMC isolated from four baboons were stimulated with 

LPS at 10 ng/mL, 100 ng/mL, or 1 mg/mL or an equal volume 
of PBS for 4 hours at 37°C, 5% CO2. The concentrations of 

TNF-a and IL-6 in the supernatant were measured by 
enzyme-linked immunosorbent assay (see below). In all 
four baboons, the cytokine response increased in a dose-
dependent manner (mean % increase cytokine concentra-
tion ± SEM: TNF-a: 100 ng/mL of LPS = 27.43 ± 13.03, 
1 mg/mL of LPS = 38.35 ± 20.13; IL-6: 100 ng/mL of LPS = 
59.13 ± 24.57, 1 mg/mL of LPS = 79.12 ± 33.06). Therefore, 
to ensure a robust response of all animals in both the PBMC 
and whole-blood assay, an LPS dose of 1 mg/mL was 
selected. This dose was consistent with reported dose ranges 
used in stimulation of human PBMC (15–18).

Assays
TNF-a, IL-6, IL-10, and IL-4 were measured using a 

non-human primate–specific enzyme-linked immunosor-
bent assay (U-Cytech, Utrecht) each with a lower limit of 
detection of 1 pg/mL. Sample with a concentration below 
detection were assigned a value of 0.5 pg/mL for statistical 
analysis. CRP was determined using a human-specific 
enzyme-linked immunosorbent assay (MP Biomedicals, 
Orangeburg, NY), with a lower limit of detection of 0.1 
mg/L. Serum dehydroepiandrosterone sulfate (DHEA-S) 
and cortisol were measured in serum from the whole blood 
by radioimmunoassay (MP Biomedicals, Irvine, CA; Coat-a-
Count; Siemens Diagnostics, Deerfield, IL). Serum trans-
forming growth factor (TGF)-beta 1 was measured by 
enzyme-linked immunosorbent assay (R&D Systems, Min-
neapolis, MN). Human-specific assays were validated for 
use in baboons by demonstrating linearity of diluted baboon 
serum samples and linearity of diluted pooled serum sam-
ples spiked with known concentrations of substrate.

Quantitative Polymerase Chain Reaction
Quantitative polymerase chain reaction was performed 

on stimulated PBMC from 24 adult female animals, 7–25 
years of age. RNA was extracted using Trizol (Invitrogen, 
Carlsbad, CA), treated with DNase (Ambion, Foster City, 
CA), and then reverse transcribed into complementary DNA 
using poly-A primers (Thermoscript RT-PCR Kit; Invitro-
gen). Real-time polymerase chain reaction was performed 
in AB7500 thermocycler (Applied Biosystems, Foster City, 
CA) using SYBR green methodology (Power SYBR Green 
Master Mix; Applied Biosystems) with primers designed 
for TNF-a, IL-6, and b-actin using a primer sequence 
design program (19). Dissociation curves were performed 
with each assay to confirm a single amplification product. 
Cytokine expression relative to b-actin expression was 
reported.

Statistics
Data found to be non-normally distributed using the 

Kolmogorov–Smirnov test were log10 (inflammatory mark-
ers) or rank (age) transformed for analysis. Backward 



 AGE-ASSOCIATED ALTERATION IN INNATE IMMUNE RESPONSE 1311

stepwise regression was performed to assess the effect of 
age and gender on serum CRP, IL-6, and IL-10 concentra-
tions. Simple linear (CRP) or multiple linear regression 
(IL-6 and IL-10) with the significant factors was used to 
describe the effect of age and gender on serum CRP, IL-6, 
and IL-10 concentrations. Longitudinal data were com-
pared by paired t test. A Pearson coefficient was used to 
compare rank age with log cytokine response in PBMC and 
whole blood stimulation assays. In addition, mean cytokine 
concentrations following stimulation of young (<5 years), 
adult (5–19 years), and aged baboons (≤20 years) were 
compared by one-way analysis of variance with Bonferroni’s 
post hoc correction. Univariate analysis (Pearson coeffi-
cient) was used to determine the serum factors significantly 
associated with cytokine response to LPS stimulation for 
inclusion in the final multiple linear regression model. Data 
were considered significant at p < .05.

Results
Serum CRP concentration increased with age, indepen-

dent of gender (r = .3, p < .01; Figure 1A). Serum IL-6 also 
increased with age (r = .3, p < .05), with a greater concen-
tration observed in female baboons according to the equa-
tion log IL6 = 1.3 + (0.003 × rank age) − (0.448 × gender), 
with female = 0 and male = 1 (Figure 1B). Serum IL-10, 
although unaffected by age, was also greater in female 
baboons (p < .001; Figure 1C). There was an increase of 
IL-6/IL-10 ratio with age (r = .3, p < .05). CRP increased in 
proportion to IL-6 (r = .4, p < .0001); however, there was no 
correlation between the anti-inflammatory cytokine, IL-10, 
and either proinflammatory marker, IL-6 or CRP. In the lon-
gitudinal study, serum CRP (p < .01; Figure 2A) and IL-6 
(p < .01; Figure 2C) concentrations were greater in samples 
collected from individual animals when aged compared with 
samples collected from the same animal when young. There 
was no correlation between serum CRP or IL-6 concentration 
in samples collected when animals were young and samples 
from the same animal when aged (Figure 2B and D).

In vitro cytokine mRNA expression increased with age in 
baboons in unstimulated (TNF-a: n = 24, r = .45, p < .05; 
IL-6: n = 24, r = .58, p < .01; Figure 3) but not in LPS-
stimulated PBMC (TNF-a: n = 24, r = .15, p = .5; IL-6: n = 
24, r = .4, p = .06). Cytokine release from PBMC also 
increased with age in baboons when treated with PBS 
(TNF-a: n = 61, r = .6, p < .001 and IL-6: n = 61, r = .5, 
p < .0001; Figure 4A and C) and more weakly with LPS 
(TNF-a: n = 61, r = .4, p < .01 and IL-6: n = 61, r = .3, p < 
.05; Figure 4). However, gender distribution was age biased 
in this population, with the majority of the young baboons 
(<5 years) being males. To further evaluate the effect of age 
on cytokine stimulation, baboons were grouped by age  
(young < 5 years, n = 13; adult 5–19 years, n = 37; aged ≥ 
20 years, n = 11) and compared using one-way analysis of 
variance (Figure 4E–H). Aged animals did not differ from 
adult animals for either cytokine.

In whole blood, both LPS-stimulated and unstimulated 
samples showed an age-related increase in IL-6 response, 
although the correlation was weaker compared with that 
observed in PBMC (LPS treated: n = 59, r = .33, p = .01; 
PBS treated: n = 59, r = .24, p = .07; Figure 5). TNF-a re-
sponse in whole blood was not related to age (LPS treated: 
n = 59, r = .16, p = .2; PBS treated: n = 59, r = .07, p = .6; 
Figure 5). When baboons were grouped by age (young < 5 
years, n = 13; adult 5–19 years, n = 37; aged ≥ 20 years, n = 
11) and compared using one-way analysis of variance 
(Figure 5E–H), aged animals did not differ from adult ani-
mals for either cytokine. The percent increase in cytokine 
concentration in PBMC following LPS stimulation was not 
correlated with the increase in whole blood for either cyto-
kine (TNF-a: r = .23, p = .1; IL-6: r = −.1, p = .5).

To assess whether anti-inflammatory cytokines or immu-
noregulatory hormone concentrations may have influenced 
proinflammatory cytokine response to LPS in whole blood, 
serum DHEA-S, cortisol, IL-10, TGF-b, and IL-4 concen-
trations were measured in the samples used for the stimu-
lation assays. Serum IL-4 concentration was only detectable 
in six samples, so no further analysis was performed. Serum 

Figure 1. Effect of age and gender on serum C-reactive protein (CRP), interleukin (IL)-6, and IL-10 concentrations in baboons. Serum CRP concentration (A) 
increased with age (p < .01) independent of gender. Serum IL-6 concentration (B) increased with age (p < .05) with a greater concentration in female baboons (closed 
circles). Serum IL-10 concentration (C), although not correlated with age, was higher in female baboons (p  < .001).
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DHEA-S (r = −.4, p < .01), TGF-b (r = .6, p < .0001), and 
IL-10 (r = .3, Pp< .05) varied with age, whereas cortisol (r 
= −.27, p = .07) failed to reach significance (Figure 6). 
Serum DHEA-S and cortisol concentrations were nega-
tively correlated with the concentration of IL-6 following 
LPS stimulation (DHEA-S: r = −.5, p < .001; cortisol: r = 
−.35, p < .05; Figure 6), whereas TGF-b was positively cor-
related (r = .4, p < .01). DHEA-S concentration was also 
negatively correlated with TNF-a concentration follow-
ing LPS stimulation (r = −.3, p < .05; Figure 6). IL-10 con-
centration was not associated with cytokine response in 
the whole-blood assay. IL-6 concentration following LPS 
stimulation was predicted by the equation: log IL-6 = 
2.998 − (0.642 × log DHEA-S) + (0.521 × TGF-b). TNF-a 
concentration was predicted by simple regression equation: 
log TNF-a = 3.448 − (0.556 × DHEA-S). Age was not re-
tained in either equation.

Discussion
The objective of the current study was to determine 

whether similar inflammatory changes occur in baboons 
with age as have been reported to occur in humans. Serum 
biomarkers of inflammation (CRP, IL-6, IL-6/IL-10)  

increased with age in a population of adult baboons, with 
CRP showing the greatest change irrespective of gender. 
These data suggest that the acute phase protein CRP may be 
a more robust early biomarker of aging compared with 
inflammatory cytokines, which is consistent with previous 
reports by others (20–22). Evaluation of the balance between 
proinflammatory and anti-inflammatory cytokine concen-
trations has been suggested to provide a better assessment 
of the systemic inflammatory state than measurement of a 
single proinflammatory cytokine (23–26), and characteriza-
tion of proinflammatory and anti-inflammatory responses 
together predicted survival in an aged population better than 
either response alone (26). In the present study, although 
IL-6/IL-10 ratio increased with age, the strength of the 
correlation was not greater than that of IL-6 concentration 
alone, and both measures were only weakly (r ≤ .3) corre-
lated with age. The weak relationship of IL-6 and IL-6/IL-
10 with age may reflect the relatively small sample size (n = 
120) compared with the more robust sample sizes used  
in human aging population studies. IL-6 was reported to 
increase with age and predict mortality in the Iowa Rural 
Health Study with 1,293 individuals (27), the MacArthur 
Research Network on Successful Aging Community Study 

Figure 2. Longitudinal analysis of serum C-reactive protein (CRP) and interleukin (IL)-6 concentrations. In a longitudinal study of 30 baboons, serum CRP con-
centration (A) and IL-6 concentration (C) were increased in samples collected from animals when aged (mean age: 19.6 ± 3.7 years) compared with the concentration 
in samples collected from the same animal when young (mean age: 8.9 ± 3.3 years). CRP and IL-6 concentrations when young were not correlated with the concen-
tration from that animal when aged (B and D), indicating that early-life cytokine concentration did not predict late life concentration. **p < .01.
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with 870 individuals (28), and Framingham Heart Study 
that evaluated inflammatory markers in 525 subjects (29).

Although many previous reports cite an increase in CRP 
and inflammatory cytokine concentration with age, others 
have suggested that acute phase protein and cytokine  
expression increases not as a function of aging but in  
response to age-associated disease or frailty (20,30–34). In 
a study of octogenarians by Brinkley and colleagues (20), 
there was no difference in serum CRP or IL-6 between 80- 
and 20-year-old individuals, provided the individuals were 
living independently . However, both markers were increased 
in 80-year-old individuals that required continuous care. 
Hand strength, a proxy for overall muscle strength and 
physical functionality, has been shown to be negatively 
associated with IL-6 and CRP concentration, independent 
of disease (32). IL-6 concentration has recently been shown 
to predict gait speed and gait speed decline in an aged popu-
lation (33). Gait speed is an indicator of frailty and a known 
predictor of falls, dementia, and mortality (34). To differen-
tiate age-related immune changes from immune alterations 
due to age-related disease, strict inclusion criteria, known as 
the SENIEUR protocol, have been developed for use in 
human studies (35). This protocol eliminates participants 
with any clinical or biochemical evidence of disease,  
unhealthy lifestyle, or use of medication. When the protocol 

is applied, only ~10% of participants ≥ 65 years qualify for 
the study. In the current study, baboons were not evaluated 
for concurrent disease, so it is possible that age-associated 
diseases may have contributed to the increase in inflamma-
tion observed.

Many additional factors beyond disease and age can affect 
plasma cytokine concentration, including gender, body mass 
index, and lifestyle. The specific influence of gender on 
plasma cytokine concentration is unclear due to a lack of 
consistent findings among studies (27–29,32,36–38). This 
in part may reflect a difficulty isolating gender effects from 
other physiological effects and sociological influences.  
A limitation of the current study is the significant gender 
bias in the baboon population, with a greater proportion 
being female and the majority of males being young. In 
addition, data on body mass index, rank in social hierarchy, 
and phase in estrus cycle were not collected but may have 
contributed to inflammatory status.

Inflammatory markers have also been associated with a 
diet deficient in antioxidants. Inflammatory cytokine expres-
sion was reduced in rats fed a high antioxidant supplement 
(39,40), and serum CRP was reduced by 70% in baboons 
supplemented with vitamin E and coenzyme Q10 (41). The 
captive baboons of this study all received a commercial 
monkey diet (High Protein Monkey Diet 5045; Purina 

Figure 3. Tumor necrosis factor-a (TNF-a) and interleukin (IL)-6 mRNA expression following lipopolysaccharide (LPS) stimulation of peripheral blood mono-
nuclear cells (PBMC) from adult baboons. TNF-a and IL-6 mRNA relative expression of phosphate-buffered saline (PBS; A and B) but not LPS-treated (C and D) 
PBMC increases with age. (A) TNF-a after PBS: r = .45, p < .05; (B) IL-6 after PBS: r = .6, p < .01; (C) TNF-a after LPS: r = .15, p = .5; (D) IL-6 after LPS: r = .4, p = .06.
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LabDiet, St Louis, MO) supplemented daily with fresh fruits 
and vegetables. It is possible that the baboons in this study 
showed relatively mild inflammatory changes compared 
with what has been reported in humans because their diet 
was healthier than the typical Western diet of humans.

To increase statistical strength, a population of aged 
baboons was identified for which archived serum samples 

collected 6–15 years earlier were available. Using paired 
samples from individual baboons, a marked increase in both 
serum IL-6 and CRP concentrations was observed when the 
animals were aged. The significant inter-animal variation in 
cytokine concentrations observed indicates that, whenever 
feasible, longitudinal rather than cross-sectional studies 
should be used to study inflammaging.

Figure 5. Cytokine release (tumor necrosis factor-a [TNF-a] and interleukin [IL-6]) following lipopolysaccharide (LPS) stimulation of whole blood from adult 
baboons. Whole blood IL-6 response to LPS (D) and phosphate-buffered saline (PBS) treatment (C) increased modestly with age. Whole blood TNF-a response fol-
lowing PBS or LPS treatment was not correlated with age (A and B). Compared with cytokine concentrations in young baboons (<5 years of age), there was a greater 
mean concentration of IL-6 following PBS treatment (G) or TNF-a following LPS treatment (F) in adult (5–19 years of age) but not in aged baboons (≥20 years of 
age). Both adult and aged baboons had a greater concentration of IL-6 compared with young baboons after LPS treatment (H). No affect of age was observed in 
TNF-a concentration following LPS treatment. (A) TNF-a after PBS: r = .07, p = .6; (B) TNF-a after LPS: r = .16, p = .2; (C) IL-6 after PBS: r = .24, p = .07; 
(D) IL-6 after LPS: r = .33, p = .01; (E–G) *denotes difference from young group; *p < .05, **p < .01, ***p < .001.

Figure 4. Cytokine release (tumor necrosis factor-a [TNF-a] and interleukin [IL-6]) following lipopolysaccharide (LPS) stimulation of peripheral blood mono-
nuclear cells (PBMC) from adult baboons. PBMC from baboons had an age-related increase in TNF-a and IL-6 release after phosphate-buffered saline (PBS; A and C) 
or LPS treatment (B and D). There was a greater mean cytokine release following PBS treatment (E and G) in adult (5–19 years of age) and aged baboons (≥20 years of 
age) compared with young baboons (<5 years of age). After LPS treatment, TNF-a release (F) was greater in adult and aged baboons but IL-6 release did not differ from 
that observed in young baboons (H). There was no difference between adult and aged baboons. (A) TNF-a after PBS: r = .6, p < .0001; (B) TNF-a after LPS: r = .4, 
p < .01; (C) IL-6 after PBS: r = .6, p < .0001; (D) IL-6 after LPS: r = .3, p < .05; (E–G) *denotes difference from young group; *p < .05, **p < .01, ***p < .001.
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To assess the ability of aged baboons to respond to an 
inflammatory stimulus, cytokine response from mononu-
clear cells and whole blood were measured following LPS 
stimulation. In PBMC, cytokine response increased with 
age both at the RNA and protein level with the exception of 
TNF-a expression following LPS stimulation for which an 
age-related increase was only observed at the protein level. 
This may be a function of sample timing, as TNF-a expres-
sion is an earlier response to LPS stimulation than IL-6, and 
in vitro mRNA stability is likely transient, whereas proteins 
secreted into the media will persist.

Whole-blood cytokine response to LPS stimulation is con-
sidered to better represent an in vivo response than stimula-
tion of isolated cells (42,43). In contrast, in vitro assays better 
detect changes in intracellular signaling pathways because 
cells are removed from the influence of the whole blood envi-
ronment (43). Therefore, we elected to perform both in this 
study. The correlation between age and cytokine release 
in whole blood was significantly reduced (IL-6) or absent 
(TNF-a) compared with that observed in PBMC. These data 
suggest that in the aged baboon, mononuclear cells are pro-
inflammatory and that factors present in the whole blood 
modify this exaggerated inflammatory response.

Factors in whole blood that might differentially influence 
the immune response in aged animals would include cellu-
lar or serum factors such as immunomodulatory hormones 
(eg, cortisol, DHEA-S) or cytokines (IL-10, IL-4 sIL-6R, 
sTNF-R, TGF-b). In rodents, basal concentrations of gluco-
corticoids increase with age (44–46). The effect of age on 
cortisol concentration in human and non-human primates is 
less well understood and has been reported to increase as 
well as decrease (47–49). Due to the episodic, pulsatile, and 
seasonal nature of cortisol secretion, interpretation of single 
point cortisol samples is difficult. Dehydroepiandrosterone 
and its precursor, dehydroepiandrosterone sulfate (DHEA-S), 
have clearly been shown to decrease with age in people, 
although data in baboons are limited (50). DHEA modulates 
immune function by enhancing IL-2 release and decreasing 
TNF-a and IL-6 release following immune stimulation 
(51–53). In the present study, cortisol and DHEA-S concen-
tration was measured in the sera of animals used for whole-
blood assays to determine if these might have influenced the 
response to LPS stimulation. Both DHEA-S and cortisol 
decreased with age, although cortisol failed to reach signifi-
cance. Similar to previous studies in people, in baboons, 
DHEA-S was negatively correlated with TNF-a and IL-6 

Figure 6. Effect of serum anti-inflammatory hormone and cytokine concentration on cytokine response to lipopolysaccharide (LPS) stimulation of whole blood.  
(A–D) Serum DHEA-S (A: r = −.4, p < .01) and cortisol (B: r = −.27, p = .07) decreased with age; transforming growth factor (TGF)-b; D: r = .6, p < .0001) increased 
with age; interleukin (IL)-10 was not correlated with age (C: r = .26, p = .08). (E–L) IL-6 release following LPS stimulation was negatively correlated with DHEA-S 
concentration (I: r = −.5, p < .01) and cortisol (J: r = −.35, p < .05) and positively correlated with TGF-b (H: r = .4, p < .01). TNF-a release following LPS stimula-
tion was negatively correlated only with DHEA-S concentration (E: r = −.3, p < .05).
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release following LPS stimulation (Figure 6), whereas 
cortisol was negatively correlated with IL-6 release only.  
TGF-b is another immune modulator that acts in a dose-, 
time-, and cell type–dependent manner to inhibit TNF-a 
and IL-1 b release (54). Alterations in TGF-b signaling 
have been identified in multiple age-related disease models 
(55–59). Although TNF-a release from PBMC is inhibited 
by treatment with TGF-b, TGF-b induces IL-6 release in a 
TNF-a–independent manner (55). We observed a similar 
response in the baboon whole-blood assay; TNF-a did not 
increase relative to TGF-b, whereas IL-6 did. Because both 
TNF-a and IL-6 increased in response to LPS treatment in 
the PBMC assay, this differential response is unlikely to be 
an effect of time or dose. Although the role of IL-10 in 
aging has not been extensively studied, several studies have 
suggested that aging is associated with an increase in IL-10 
production capacity following LPS stimulation in humans 
(60), monkeys (61), and mice (62–64). In the current study, 
serum IL-10 concentration was not correlated with either 
age or cytokine release from whole blood.

In addition to the presence of serum factors, the cell pop-
ulations differ in whole-blood and PBMC assays and may 
have contributed to the disparity in cytokine responses 
observed in the two assays. Similar to what occurs in people, 
baboons have been shown to have an age-related modula-
tion in lymphocyte populations (14). Further studies are 
needed to determine the role of age-associated alterations of 
cell populations in inflammaging in baboons.

In summary, the baboon may provide an appropriate 
animal model to study inflammaging as similar, albeit 
milder inflammatory changes were observed as have been 
described in people. Whole blood and PBMC cytokine 
response to LPS stimulation in aged baboons is similar to 
that observed in adult baboons. Changes in serum hormones 
and cytokines, including an age-related decrease in DHEA-S 
and increase in TGF-b, may modulate innate response in 
aged baboons. Further studies in baboons may help charac-
terize the pathological events that lead to inflammaging and 
identify potential targets for interventions.
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