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Baboons are a valuable model for the study of human dis-
eases. Compared with other NHP, baboons are large in size, 
thus allowing researchers to study organ transplantation, medi-
cal devices, and collect ample fluid and tissue samples. In addi-
tion, baboons share approximately 96% genetic homology with 
humans, making baboons a more relevant animal model than 
typical laboratory rodents.14 Research with baboons has focused 
on cardiac disease (coronary heart disease, hypertension, and 
atherosclerosis), respiratory diseases (Bordetella pertussis and 
respiratory syncytial virus), xenotransplantation, reproductive 
and neonatal physiology, diabetes, genetics, infectious disease, 
human Ebola virus infection, immunology, and vaccine devel-
opment.5,6,15,23,25,26,30,38,42 Baboons also have contributed to the de-
velopment of adjuvant research to enhance the immunogenicity 
of vaccines against Haemophilus influenza type B and Neisseria 
meningitidis group C polysaccharides.8,36 Baboons are an excel-
lent model for vaccine development, because their immune sys-
tem shares similarities with the human immune system given 

that baboons have the same IgG subclasses (that is, 1 through 
4) as humans.34

Most baboons are maintained under conventional conditions 
(that is, nonSPF). Under conventional conditions, baboons har-
bor a number of adventitious virus infections that typically do 
not cause disease in immunocompetent animals and are often 
considered part of the animal’s normal flora including a com-
plete complement of herpesviruses and retroviruses. Baboons in 
SPF colonies have been bred to eliminate many of these agents. 
The bioexclusion list for SPF animals can vary by institution. 
The SPF baboons examined in the current study are negative 
for 21 agents, including multiple viruses (all known herpes-
viruses, retroviruses, polyomaviruses, paramyxoviruses, and 
orthopoxviruses), internal parasites (Trichuris spp., Stronglyoides 
spp., and Giardia spp.), and 2 bacterial species (Mycobacterium 
tuberculosis complex bacteria and Bordetella spp.). Retroviruses 
and herpesviruses are of particular concern in regard to bio-
medical research due to their ability to influence the immune 
system and to persist in the host after the initial infection event. 
Because NHP herpesviruses are closely related to their human 
virus orthologs, testing of human herpesvirus vaccines in con-
ventional NHP is problematic due to antigenic crossreactivity 
between human and enzootic simian herpesviruses. In addition, 
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the ability of most baboon herpesviruses to infect human cells in 
vitro raises the risk of zoonotic infection.4

These risks highlight the need for SPF baboons in immuno-
logic studies and vaccine development. Studies thus far have 
primarily used conventional baboons, raising the question of 
whether cellular immune responses differ between SPF and 
conventional baboons. In this study, we compared normal im-
mune cell parameters between age-matched conventional (non-
SPF) and SPF olive baboons.

Materials and Methods
Ethics statement. This research was conducted at the 

AAALAC-accredited Michale E Keeling Center for Compara-
tive Medicine and Research (Keeling Center) at the University 
of Texas MD Anderson Cancer Center (Bastrop, TX). All blood 
samples were collected as part of routine veterinary medical 
examination and according to the provisions of the Animal Wel-
fare Act, PHS Animal Welfare Policy, and the principles of the 
NIH Guide for the Care and Use of Laboratory Animals.10 All proce-
dures were approved by the IACUC at the University of Texas 
MD Anderson Cancer Center.

Animals, diet, and blood collection. In the present study, we 
compared the immune responses of conventional and SPF ol-
ive baboons (Papio anubis), each cohort consisting of 25 females 
in the 7- to 13-y-old age range that were socially housed in in-
door–outdoor runs or Primadomes32 at our facility. Animals had 
unlimited access to high-protein NHP chow (no. 5045, LabDiet, 
St Louis, MO) and water. In addition, they were fed fresh fruits 
and vegetables daily, as well as regular enrichment items such 
as forage, seeds, peanuts, raisins, peanut butter, and frozen juice 
cups. Subjects also were provided with destructible enrichment 
manipulanda and different travel or perching materials on a ro-
tating basis to promote the occurrence of species-typical behav-
ior. Colony management practices included a comprehensive 
veterinary program to assess baboon health and psychologic 
wellbeing along with the daily environmental enrichment 
opportunities. We used well-established criteria in choosing 
healthy animals for our study; all were free of illness.41

Given that the present study compared the immune responses 
of SPF and conventional baboons, it was important to define the 
natural flora of the conventional colony. The conventional ba-
boons had a complete flora of common baboon herpesviruses 
and of baboon foamy virus, and approximately 50% to 60% of 
the animals were infected with STLV also. The conventional 
baboon colony is free of common NHP parasites. The SPF and 
conventional baboon colonies are geographically separated on 
our campus and use completely different staff for husbandry 
and veterinary support. In addition, the SPF baboon colony is 
surrounded by an 18-foot perimeter fence with badge-only ac-
cess. Personnel cannot enter the SPF baboon colony on the same 
day as entering a colony of lower health status and must shower 
in and wear extensive PPE. Both serologic and PCR testing for 
an extensive list of common adventitious agents of baboons are 
performed semiannually to ensure that the animals maintain 
their SPF status.

SPF baboons are defined40 as being absent of the following of 
pathogens: herpesviruses (Herpesvirus papio types 1 and 2, sim-
ian varicella zoster virus, baboon cytomegalovirus, Human her-
pesvirus type 6, baboon rhinovirus), retroviruses (simian foamy 
virus, simian retrovirus D, SIV, simian T lymphotropic virus), 
polyomaviruses (simian virus 40 and SA12 virus), paramyxovi-
rus (morbillivirus, measles), orthopoxvirus (monkeypox virus), 
arterivirus (Southwest baboon virus 1), internal parasites (Trich-
uris trichuria, whipworms; Strongyloides spp., threadworms; 

Giardia spp.), blood parasites (Babesia spp.), and bacteria (Myco-
bacterium tuberculosis spp. and Bordetella spp.).

Clinical and laboratory assessment of study animals. Animals 
were observed twice daily by the veterinary staff as part of the 
comprehensive veterinary care program. Animals were sedated 
for biannual physical examinations and as needed to treat ill-
ness or injury. Blood samples were collected from a peripheral 
vein and analyzed for CBC (Advia 120, Siemens, Tarrytown, 
NY) and serum chemistry (model AU680, Beckman Coulter, 
Brea, CA) profiles. The absolute number of lymphocytes, ob-
tained from hematologic analysis, was used in converting the 
frequency of the lymphocyte population obtained from FACS 
analysis, to get the absolute number in each lymphocyte subset 
population.

Study groups, collection of samples, and PBMC preparation. 
Blood samples (10 mL) were collected on multiple days between 
0900 and 1100 from 50 baboons (25 each conventional and SPF) 
through venipuncture of the femoral vein into EDTA antico-
agulant tubes after the animals had been anesthetized with ket-
amine (10 mg/kg IM; Vedco, Saint Joseph, MO). Blood sampling 
volumes were approved by the IACUC and clinical veterinar-
ian, and the baboons appeared healthy throughout the study. 
Blood samples were processed at the Keeling Center within 2 
to 4 h of collection. Plasma was separated by centrifugation and 
stored at –80 °C until further use. PBMC were isolated by Fi-
coll–Hypaque density-gradient separation as described previ-
ously.20,22 Erythrocytes were removed by osmotic lysis in ACK 
lysing buffer (Life Technologies, Grand Island, NY), and the 
remaining nucleated cells were washed twice in RPMI supple-
mented with 10% FBS (Atlanta Biologic, Flowery Branch, GA) 
and used for immune assays.

Flow cytometry. A series of commercially available human 
monoclonal antibodies that crossreact with NHP mononuclear 
cells were used in flow cytometric analyses, as described previ-
ously.19,20 Briefly, for each sample, 100 µL of whole blood was 
added to 12×75-mm polystyrene test tubes (Falcon, Lincoln 
Park, NJ) each containing one panel of monoclonal antibod-
ies: CD3 PerCP (clone SP-34), CD8 PE (clone SK1), CD16 FITC 
(clone 3G8), and CD20 APC (clone L27; all from BD Biosciences, 
San Diego, CA). Tubes were then incubated for 15 min at room 
temperature in the dark. Red blood cells were lysed with 1× 
FACS lysing solution (Becton Dickinson, San Diego, CA), di-
luted according to the manufacturer’s instructions. The samples 
were washed thoroughly in 1× PBS by centrifugation; cell sedi-
ments were then suspended in 1% paraformaldehyde buffer 
(300 µL), and cell were acquired on a 4-color flow cytometer 
(FACSCalibur; BD Biosciences, San Jose, CA). All samples ac-
quired in this study were compensated by using the single-color 
stained cells. Lymphocytes that were gated on forward scatter 
compared with side scatter dot plots were used to analyze CD3+, 
CD4+(CD3+CD8–), and CD8+ (CD3+CD8+) T-cell and CD20+ B-cell 
lymphocyte subsets (FlowJo, Tree Star, Ashland, OR).

For NK and NKT cell analysis, a separate tube containing 100 
µL of blood was used for staining with the combination of an-
tibodies to CD3 (PerCP, clone SP-34), CD8 (PE, clone SK1), and 
CD16 (FITC, clone 3G8; BD Pharmingen, San Jose, CA), as de-
scribed earlier. The stained cells were acquired through flow cy-
tometry (FACSCalibur, BD Biosciences) and analyzed (FlowJo, 
Tree Star). Baboon NK cells are identified as CD3–CD16+ cells 
and subdivided according to CD8 expression.

For the analyses of T-cell memory subsets, 100 µL of EDTA-
preserved whole blood was stained with antiCD3 (FITC, clone 
SP34-2, BD Biosciences), antiCD4 (PE, clone L200, BD Biosci-
ences), antiCD28 (PerCpCy5.5, BD Biosciences), and antiCD95 
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(APC, clone DX2, BD Biosciences) and processed as mentioned 
earlier. Both compensation controls and fluorescence-minus-one 
controls were used. Results were acquired on a FACSCaliber 
flow cytometer (BD Biosciences) and analyzed (FlowJo, Tree 
Star). Naive T cells were identified by intermediate to high ex-
pression of CD28 and a lack of CD95; memory T cells acquire 
surface expression of CD95 and can further be divided into 
CD95+CD28+ central memory T cells and CD95+CD28– effector 
memory T cells, hypothesized to be terminally differentiated.

In vitro stimulation with mitogen. PBMC freshly prepared 
from whole blood collected in an EDTA tube were more than 
90% viable, as determined by the trypan blue exclusion method; 
for each immunoassay, we used 105 cells per well. The prolifera-
tion of PBMC was determined through the standard MTT dye 
reduction assay, as previously described.16,33 Briefly, aliquots 
of PBMC (105/well) were seeded in triplicate into the wells of 
96-well, U-bottom plates and individually stimulated for 48 h 
with phytohemagglutinin (PHA), concanavalin A (Con A), LPS, 
and pokeweed mitogen (PWM; all from Sigma, St Louis, MO), 
each at a final concentration of 5 µg/mL. The culture medium 
without mitogen served as the negative control. After culture for 
48 h at 37 °C in 5% CO2, 175 µL of medium was replaced with 
15 µL of freshly prepared MTT dye (5 mg/mL in PBS). After 4 
h of incubation, medium was then replaced with 100 µL of 0.04 
N acidified isopropanol (Sigma). After 30 min of incubation at 
room temperature for color development, the plate was read at 
490 nm on an ELISA plate reader (Victor, PerkinElmer, Shelton, 
CT). Results are expressed as optical density after subtraction 
of the medium-only control. Reported values are the mean of 
3 replicates. The optimal concentration of mitogen, number of 
PBMC, and incubation time were standardized previously in 
our laboratory by using PBMC isolated from healthy animals.

ELISpot assay for detecting antigen-specific IFNγ-producing 
cells. Isolated PBMC were stimulated individually with Con A, 
PHA, and PWM (final concentration, 2 μg/mL) to determine 
the numbers of IFNγ-producing cells through ELISpot assays 
(Monkey IFNγ ELISpotPro ALP, Millipore, Bedford, MA) using 
the methodology reported earlier.17,18 Briefly, aliquots of PBMC 
(105/well) were seeded in duplicate into wells of 96-well plates 
(polyvinylidene difluoride–backed plates, MAIP S 45, Millipore) 
precoated with the primary antibody to IFNγ and incubated 
with PHA, Con A, and PWM. After incubation for 24 h at 37 °C, 
the cells were removed, and the wells were thoroughly washed 
with PBS and developed according to protocol provided by 
the manufacturer. Purple spots representing individual cells 
secreting IFNγ were counted by an independent agency (Zell-
net Consulting, Fort Lee, NJ) using the KS-ELISpot automatic 
system (Carl Zeiss, Thornwood, NY), and the data are shown 
as number of IFNγ spot-forming cells (SFC) for 105 input PBMC. 
Responses were considered positive when the number of SFC 
after exposure to the test antigen was at least 5 SFC and was 
at least 5 SFC above the background control values from cells 
cultured in medium only.

Multiplex cytokine assays. The concentrations of IFNγ, IL2, IL6, 
IL10, IL12 (p40), and TNFα in plasma were measured by using 
a NHP Multiplex Cytokine Kit (Millipore) as described previ-
ously.19 Briefly, EDTA-preserved plasma samples were centri-
fuged (1200 × g for 10 min), and aliquots were frozen at −80 °C 
until used. On the day of assay, plasma samples were thawed 
and precleared by centrifuging at 1200 × 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, and 25 µL of standard, 
control, or sample was added to appropriate wells. After 25 µL 
of beads was added to each well, the plate was incubated on a 

shaker overnight at 4 °C. The next day, the plate was washed 
twice with wash buffer, incubated with detection antibody for 1 
h, and then incubated with 25 µL of streptavidin–phycoerythrin 
for 30 min. All incubation and washing steps were performed 
on a shaker at room temperature. After the plate was washed 
twice with wash buffer, 150 µL of sheath fluid was added to each 
well, and cytokines were measured by acquiring beads on the 
BioPlex 200 system (BioRad, Hercules, CA). Fluorescence data 
were analyzed by using Bio-Plex Manager 5.0 software (BioRad). 
The minimal detectable concentration was calculated by using 
Multiplex Analyst software (Millipore). The minimal detectable 
concentrations (in pg/mL) for the various cytokines were: IFNγ, 
2.2; IL2, 0.7; IL6, 0.3; IL10, 6.2; IL12(p40), 1.2; and TNFα, 2.1.

Ex vivo induction of cytokines by TLR ligands. PBMC ob-
tained after centrifugation of blood by using a density gra-
dient were washed with PBS. Aliquots of 1 × 105 cells were 
incubated at 37 °C in a 5% CO2 atmosphere for 24 h with or 
without TLR ligand (1 μg/mL; TLR1 Pam3CSK4, TLR3 Poly 
I:C, TLR4 LPS, TLR5 Flagellin, TLR6 FSL1, RLR8 ssRNA40/
LyoVec; all from Invivogen [San Diego, CA]) in a 96-well plate 
for IFNγ ELISpot assay; the ELISpot plate was developed as 
described earlier.

Statistical analysis. For statistical analysis, samples were 
grouped according to conventional and SPF animals, and 
unpaired 2-tailed t test analyses were performed. Results are 
expressed as mean ± 1 SD and P value, when statistically signifi-
cant. An F test for equal variances was done to ensure that the 
groups had equal variances before the t tests were run. P values 
less than 0.05 were considered statistically significant. All statis-
tical analyses were conducted by using Prism 6.00 (GraphPad 
Software, San Diego, CA).

Results
Conventional baboons harbor a number of adventitious infec-

tious agents common to NHP species, including many of the 
pathogens on the SPF bioexclusion list provided in the Methods 
section. Given that these agents have been eliminated from our 
SPF baboon colony, we assessed whether their absence resulted 
in changes to the CBC count or blood chemistry. We examined 
the various CBC and blood chemistry values and found no sig-
nificant differences between conventional and SPF baboons, as 
has been reported previously.40

Expression of major lymphocyte subsets in the peripheral 
blood of conventional and SPF baboons. To enumerate various 
lymphocyte subsets in peripheral blood, samples collected from 
conventional and SPF baboons were analyzed by flow cytom-
etry. To determine the absolute numbers of various T and B cells 
subsets in blood, we used the gating strategy shown in Figure 
1. We observed no significant differences in the absolute num-
bers of CD3+ (T cells), CD4+ (helper T cells), CD8+ (suppressor 
T cells), CD4+CD8+ (double-positive T cells), or CD20+ (B cells) 
between conventional and SPF baboons (Figure 2).

NK cells are an important component of the innate immune 
response, which has fundamental roles in the defense against 
various cytopathic viruses, primarily herpesviruses.3 We ob-
served no significant differences in NK and NKT populations 
overall between conventional and SPF baboons. However, CD8+ 
NKT cells were significantly more numerous in SPF than con-
ventional baboons (t = 2.09, df = 33, P < 0.05, η2 = 0.12; Figure 3).

Phenotypic analysis of memory markers in conventional and 
SPF baboons. To investigate naive and memory T-cell subsets 
in conventional and SPF baboons, we used surface expression 
of CD95 and CD28, most consistently used in both human and 
rhesus monkeys.7,21 We used the flow cytometric gating strategy 
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shown in Figure 4 to count the various memory and naïve sub-
sets of CD4+ and CD8+ T cells. In addition, naïve, effector, and 
memory subsets of CD4+ and CD8+ T cells were enumerated by 
using costimulatory (CD28) and proapoptotic (CD95) markers 
of expression by using a previously reported gating strategy.21 
Between the conventional and SPF baboons, within the CD4+ 
T cell subsets, conventional baboons had significantly higher 
numbers of CD4+ central and effector memory T cells than SPF 
groups (t = 2.09, df = 33, P < 0.05, η2 = 0.12). In CD8+ T-cell sub-
sets, conventional baboons had significantly higher numbers of 
CD8+ effector memory T cells than SPF baboons (t = 2.09, df = 
33, P < 0.05, η2 = 0.12; Figure 5). However, no significant differ-
ences between conventional and SPF baboons were observed 
for naïve CD4+ and CD8+ T cells or for central memory subsets 
of CD8+ T cells (Figure 5).

Proliferative responses. Because we did not find significant 
differences in the expression of T and B cells, we investigated 
a functional hallmark of proliferation of PBMC samples from 
the conventional and SPF baboons. We measured proliferation 
as the reduction of tetrazolium salts by using MTT dye, and 
optical density was expressed as percentage viability (Figure 6). 
Absorbance values that are lower than that of the control cells 
indicate a reduction in the rate of cell proliferation; conversely, 
a higher absorbance indicates an increase in cell proliferation. 
The proliferative responses to PHA (t = 3.55, df = 38, P < 0.0001, 
η2 = 0.24) and PWM (t = 2.91, df = 38, P < 0.001 η2 = 0.19) were 
significantly greater in conventional than SPF baboons (Figure 
6), but the response to Con A was greater (t = 9.11, df = 38, P 
< 0.05, η2 = 0.69) in SPF baboons compared with conventional 
baboons (Figure 6).

Figure 1. Gating scheme for phenotypic analyses of the various cell markers in peripheral blood from a representative baboon. The lymphocytes 
and monocytes were first gated according to forward scatter versus side scatter, and then CD3+, CD4+, CD8+, and CD4+CD8+ T cells; CD20+ B 
cells; and CD16+ NK and NKT cells were positively identified. The specificity of staining for the various markers was ascertained according to 
the isotype control antibody staining used for each pair of combination markers, as shown.
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ELISpot assay for detecting mitogen-specific IFNγ-producing 
cells in conventional and SPF baboons. In addition, we used 
ELISpot measured functional activity as IFNγ production 
by PBMC in response to stimulation with PHA, PWM, and 
LPS. Conventional baboons showed significantly more IFNγ-
producing cells in response to stimulation with Con A (t = 
3.88,df = 42, P < 0.05,η2 = 0.26), PWM (t = 4.23,df = 38, P < 0.05, 
η2 = 0.32), and LPS (t = 4.14,df = 42, P < 0.05, η2 = 0.29) than SPF 
baboons. The response to stimulation with PHA was greater in 
conventional baboons than SPF baboons (Figure 7).

Cytokine levels in plasma. Using a bead array kit, we analyzed 
plasma samples from conventional and SPF baboons for various 
Th1 (IFNγ, IL2, TNFα) and Th2 (IL6, IL10, IL12[p40]) cytokines 
and noted significantly higher levels of TNFα (t = 2.89, df = 45, 
P < 0.05, η2 = 0.16) in SPF compared with conventional baboons. 
However, the remaining cytokines evaluated showed no differ-
ences in concentration between SPF and conventional baboons 
(Figure 8).

Ex vivo stimulation of cytokines by TLR ligands. Because TLR 
are a class of proteins that play key roles in the innate immune 
system and recognize various microbial and viral molecules 
known as pathogen-associated molecular patterns,12 we also 
investigated the effect of TLR in conventional and SPF baboons. 
In IFNγ ELISpot plates, we incubated PBMC with ultrapurified 
TLR ligands (TLR 1, 3 through 5, 6, and 8). Compared with con-
ventional animals, SPF baboons showed significantly increased 
responses to stimulation by using TLR5 (t =1.034, df = 7, P < 
0.335, η2 = 0.13) and TLR6 (t =2.11, df = 7, P < 0.072, η2 =0.38) 
and significant decreases in response to TLR4 (t = 2.87, df = 7, P 
< 0.0002, η2 = 0.54), TLR3, and TLR8 (for both: t = 2.87, df = 7, P 
< 0.05, η2 = 0.54) in SPF baboons (Figure 9).

Discussion
The high level of genetic homology between baboons and 

humans, their outbred nature, and their large size has made 
baboons a valuable animal model. Although their research con-
tributions are vast, we have focused on their immune system, 
which shares many similarities to the human immune system. 
We specifically focused on potential differences in immune sys-
tems between conventional and SPF baboons. Differences in 
immunity are likely to exist between conventional baboons—
which carry an array of endogenous viruses, parasites, and 
bacteria—and SPF baboons, which are devoid of many of the 
pathogens found in conventional baboons. The preservation of 
a functional and diverse T-cell population is a dynamic process 
controlled by exposure to antigen and cytokines. An analysis of 
baboon T cells has demonstrated that CD4+ and CD8+ T cells can 
be subdivided into naïve, central memory, and effector memory 
T cells, as reported for rhesus macaques, by using CD28 and 
CD95 as the primary cell surface markers.11,19 We found that con-
ventional and SPF baboons have equivalent absolute numbers 
of helper and cytotoxic T cells. Our analysis of memory markers 
revealed that the expression of CD4+ effector memory, CD4+ cen-
tral memory, and CD8+ effector memory T cells is significantly 
greater in conventional compared with SPF baboons. This find-
ing parallels those in infant, adolescent, and adult macaques in 
conventional compared with SPF colonies.27,29 In these previous 
studies, the observed differences in specific lymphocyte subsets 
likely contributed to the distinct cytokine responses after mito-
genic T-cell stimulation. Researchers noted that the conventional 
adolescent macaques produced higher levels of inflammatory 
cytokines compared with their age-matched SPF adolescent ma-
caques.27,29

Figure 2. Absolute numbers of total lymphocytes, CD3+ T cells, subsets CD4+ T cells, CD8 + T cells, CD4+CD8+, and CD20+ B cells. Phenotypic 
analyses of lymphocytes in conventional and SPF baboons. Aliquots of EDTA-treated whole blood were stained with fluorescently labeled anti-
bodies to the CD3+, CD4+, CD8+, CD4+CD8+, and CD20+ lymphocytes and analyzed for T-cell subpopulations in conventional and SPF baboons.
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Figure 4. Gating scheme for naïve and memory T-cell markers in peripheral blood from a representative baboon. The lymphocytes were first 
gated according to forward scatter versus side scatter. T cells were then positively identified by CD3 expression followed by the detection of the 
CD4+CD8– (CD4+ T cells) and CD4–CD8+ (CD8+ T cells) populations within the CD3+ T cells. On the basis of CD28 and CD95 expression, CD4+ 
and CD8+ T cells were further differentiated into naive (CD28+CD95–), central memory (CD28+CD95+), and effector memory (CD28–CD95+) T-cell 
subsets. The specificity of staining for the different markers was ascertained according to fluorescence-minus-one controls as shown.

Figure 3. Analysis of CD16+ and its subsets are shown. NK (CD3-CD16+) cells, CD8+ NK cells, CD8-NK cells, NK T (CD3+CD16+) cells, CD8+ NKT 
cells and CD8-NKT cells subsets are shown. Values on the y-axis are absolute numbers of lymphocytes. Data are compared by using the Student 
t test and are shown as mean ± SEM (n = 20–25). Differences were considered significant at **, (P < 0.05).
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NK cells are critical to the innate immune system as the first 
line of defense against many virus-infected cells and tumor 
cells. In addition, NK cells are important mediators of trans-
plantation rejection reactions, as seen during baboon xenotrans-
plantation studies.1,2,9 The expression of NK markers is variable 
in both humans and NHP.28 The majority (greater than 85%) of 
circulating NK cells are CD16 single-positive; other NK subsets 
population, including CD56 single-positive and CD16–CD56 
double-positive or double-negative cells, represent only a small 

fraction of the overall cell population.28 In the current study, we 
identified baboon NK cells as CD3–CD16+ cells, as we reported 
previously regarding the blood of healthy rhesus macaques.19 
In NHP, NK cells have also been characterized as CD8α+NKG2
A+CD14–31 and CD4–CD8–35 cells. In humans, 85% to 90% of NK 
cells are CD3–CD56+ and can be subdivided according to the 
expression of CD16.13 One major difference between human and 
NHP NK cells are that baboon and macaque NK cells—but not 
human NK cells—express high levels of CD8α.13,39

Figure 5. Analyses of memory T-cell subpopulations. Blood samples from conventional and SPF baboons were stained and analyzed for T-cell 
subpopulations by flow cytometry. Absolute numbers of CD4 + effector memory (TEM; CD28–CD95+), central memory (TCM; CD28+CD95+), 
naïve (Tn; CD28+CD95–)and CD8 + effector memory (TEM; CD28–CD95+), central memory (TCM; CD28+CD95+), naïve (Tn; CD28+CD95–)were 
compared between conventional and SPF baboons. The results shown are an average of 10 baboons in each group. Data are compared by using 
the Student t test and are presented as mean ± SEM (n = 20). Differences of P < 0.05 were considered statistically significant.

Figure 6. Proliferative responses of PBMC to mitogens in conventional and SPF baboons. We used PBMC that were isolated from blood samples 
of baboons to determine the proliferative response to various mitogens PHA, ConA,  PWM, and LPS by using the standard MTT dye reduction 
assay. Proliferative responses were measured as optical density (OD) and expressed as percentage viability in excess of the medium-only control. 
Data are compared by using the Student t test and are presented as mean ±SEM (n = 38). Differences of *** P < 0.05 were considered statistically 
significant.
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Figure 8. Cytokine bead array analysis of plasma from conventional and SPF baboons. In duplicate wells of 96-well filter plates, 25 μL of plasma 
was incubated overnight with 25 μL of cytokine-coupled beads 4 °C followed by washing and staining with biotynylated detection antibody. 
Results for cytokines IFNγ; TNFα; IL2; IL6; IL10; and IL12(p40) are expressed in pg/mL; minimal detectable concentrations were: IFNγ, 2.2; 
TNFα, 2.1; IL2, 0.7; IL6, 0.3; IL10, 6.2; and IL12(p40), 1.2. Standard deviations did not exceed 15% of the mean value. Data are compared by using 
the Student t test and are presented as mean ±SEM (n = 25). Differences were considered significant at ***, P < 0.05.

A previous report has shown that CD8+ NKT-like cells can 
function as suppressive cells to regulate the immune response.37 
We similarly observed increased numbers of CD8+ NKT cells 
and a decreased proliferative response to against PHA and 
PWM in SPF baboons (Figure 6).1

To determine whether the phenotypic changes we observed 
in this study were indicative of altered T-cell function, we 
measured mitogen-specific T-cell responses in the plasma of 

conventional and SPF baboons. We found a significant increase 
in circulating TNFα in SPF compared with conventional ba-
boons, whereas IL2, IL6, IL10, IL12(p40), and IFNγ did not dif-
fer between groups. The identification of noticeable differences 
between conventional and SPF baboons suggests that chronic 
infections modulate host immune development, as previously 
reported for SPF and conventional rhesus macaques.24 TLR 
function as central mediators of the innate immune response 

Figure 7. IFNγ-secreting cells among mitogen-stimulated PBMC from conventional and SPF baboons. PBMC were analyzed through ELISpot 
assays by staining for IFNγ cells that were stimulated with mitogens PHA, ConA, PWM and LPS. The total number of spot-forming cells (SFC) 
in each of the stimulated wells was counted and adjusted to that in control medium as background. Data are compared by using the Student t 
test and are presented as mean ± SEM (n = 24). Differences were considered significant at ****, P < 0.001, ***, P < 0.05.
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to diverse pathogens. In the present study, we expected that 
PBMC isolated from SPF baboons and exposed in vitro to vari-
ous TLR ligands would have a greater response to specific TLR 
ligands.

Although the lymphocyte subsets of conventional and SPF 
baboons share many phenotypic and functional similarities, 
the findings of this study suggest that specific differences in 
lymphocyte immune function exist and might alter innate 
and adaptive immune responses. As we plan immunologic 
studies going forward, these differences should be consid-
ered because they potentially could influence results and 
outcomes for studies examining various immunologic end-
points.

We experienced 2 limitations during this study: scarcity of 
crossreactive antibodies recognizing certain baboon antigens, 
such as NK receptors, and the inclusion of females only. We 
recognize the study would have had greater value if we had 
included male baboons.

In conclusion, baboons are invaluable models to advance our 
understanding of disease pathogenesis, immunity, and vaccine 
development, due to the animals’ genetic similarity to humans 
and natural susceptibility to a wide variety of human patho-
gens. Comparative studies of the immune system of conven-
tional and SPF olive baboons enhance our knowledge of the 
baboon model and accelerate research on the important mecha-
nisms associated with inflammation. This research will help to 
identify and validate biomarkers and develop novel vaccine 
strategies.

Acknowledgements
This work was supported by NIH grants Specific Pathogen Free 

Baboon Research Resource (SPFBRR) P40 OD024628 to Joe H Simmons 
and Cattleman for cancer research (CCR) award to Pramod N Nehete.

References
	 1.	 Adenugba A. 2017. NK cells in transplantation. Transplantation 

101:2262–2264. https://doi.org/10.1097/TP.0000000000001914.
	 2.	 Benichou G, Yamada Y, Aoyama A, Madsen JC. 2011. Natural 

killer cells in rejection and tolerance of solid organ allografts. 
Curr Opin Organ Transplant 16:47–53. https://doi.org/10.1097/
MOT.0b013e32834254cf.

	 3.	 Biron CB, Nguyen KB, Pien GC, Cousens LP, Salazar-Mather 
TP. 1999. Natural killer cells in antiviral defense: Function and 
regulation by innate cytokines. Annu Rev Immunol 17:189–220. 
https://doi.org/10.1146/annurev.immunol.17.1.189.

	 4.	 Black DH, Eberle R. 1997. Detection and differentiation of primate 
α-herpesviruses by PCR.J Vet Diagn Invest 9:225–231. https://doi.
org/10.1177/104063879700900301. 

	 5.	 Cai G, Cole SA, Tejero ME, Proffitt JM, Freeland-Graves JH, 
Blangero J, Comuzzie AG. 2004. Pleiotropic effects of genes for 
insulin resistance on adiposity in baboons. Obes Res 12:1766–1772. 
https://doi.org/10.1038/oby.2004.219.

	 6.	 Cox LA, Comuzzie AG, Havill LM, Karere GM, Spradling KD, 
Mahaney MC, Nathanielsz PW, Nicolella DP, Shade RE, Voru-
ganti S, VandeBerg JL. 2013. Baboons as a model to study genetics 
and epigenetics of human disease. ILAR J 54:106–121. https://doi.
org/10.1093/ilar/ilt038.

	 7.	 Fagnoni FF, Vescovini R, Mazzola M, Bologna G, Nigro E, La-
vagetto G, Franceschi C, Passeri M, Sansoni P. 1996. Expansion 

Figure 9. Ex vivo induction of IFNγ production after stimulation by TLR ligand. PBMC isolated from female conventional and SPF baboons 
were stimulated with TLR ligands TLR1, TLR5, TLR6, TLR4, TLR3 and TLR8 for 24 h, and cells were evaluated in IFNγ ELISpot assays. P values 
were obtained by using the Student t test; data are presented as mean ±SEM (n = 5). Differences were considered significant at ** P < 0.05, ***, P 
< 0.005, ****, P < 0.0002 .

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-28



Cellular immune responses in conventional and SPF baboons

169

of cytotoxic CD8+ CD28- T cells in healthy ageing people, in-
cluding centenarians. Immunology 88:501–507. https://doi.
org/10.1046/j.1365-2567.1996.d01-689.x.

	 8.	 Granoff DM, McHugh YE, Raff HV, Mokatrin AS, Van Nest 
GA. 1997. MF59 adjuvant enhances antibody responses of infant 
baboons immunized with Haemophilus influenzae type b and Neisse-
ria meningitidis group C oligosaccharide-CRM197 conjugate vaccine. 
Infect Immun 65:1710–1715.

	 9.	 Hsieh CL, Obara H, Ogura Y, Martinez OM, Krams SM. 2002. 
NK cells and transplantation. Transpl Immunol 9:111–114. https://
doi.org/10.1016/S0966-3274(02)00033-3.

	10.	 Institute for Laboratory Animal Research. 2011. Guide for the care 
and use of laboratory animals, 8th ed. Washington (DC): National 
Academies Press.

	11.	 Janković V, Messaoudi I, Nikolich-Žugich J. 2003. Phenotypic 
and functional T-cell aging in rhesus macaques(Macaca mulatta): 
differential behavior of CD4 and CD8 subsets. Blood 102:3244–3251. 
https://doi.org/10.1182/blood-2003-03-0927.

	12.	 Jang JH, Shin HW, Lee JM, Lee HW, Kim EC, Park SH. 2015. 
An overview of pathogen recognition receptors for innate immu-
nity in dental pulp. Mediators Inflamm 2015:1–12. https://doi.
org/10.1155/2015/794143.

	13.	 Levinson G, Hughes AL, Letvin NL. 1992. Sequence and diversity 
of rhesus monkey T-cell receptor beta chain genes. Immunogenetics 
35:75–88. https://doi.org/10.1007/BF00189516.

	14.	 Magden ER, Mansfield KG, Simmons JH, Abee CR. 2015. Nonhu-
man primates, p 771–930. Chapter 17. In: Fox JG, Anderson LC, 
Otto GM, Pritchett-Corning KR, Whary MT, editors. Laboratory 
animal medicine, 3rd ed. Boston (MA): Academic Press.

	15.	 McGill HC Jr, McMahan CA, Kruski AW, Kelley JL, Mott GE. 
1981. Responses of serum lipoproteins to dietary cholesterol and 
type of fat in the baboon. Arteriosclerosis 1:337–344. https://doi.
org/10.1161/01.ATV.1.5.337.

	16.	 Mosmann T. 1983. Rapid colorimetric assay for cellular growth 
and survival: application to proliferation and cytotoxicity assays. 
J Immunol Methods 65:55–63. https://doi.org/10.1016/0022-
1759(83)90303-4.

	17.	 Nehete PN, Gambhira R, Nehete BP, Sastry KJ. 2003. Dendritic 
cells enhance detection of antigen-specific cellular immune re-
sponses by lymphocytes from rhesus macaques immunized with 
an HIV envelope peptide cocktail vaccine. J Med Primatol 32:67–73. 
https://doi.org/10.1034/j.1600-0684.2003.00011.x.

	18.	 Nehete P, Magden ER, Nehete B, Hanley PW, Abee CR. 2014. 
Obesity related alterations in plasma cytokines and metabolic 
hormones in chimpanzees. Int J Inflam 2014:1–11.

	19.	 Nehete PN, Hanley PW, Nehete BP, Yang G, Ruiz JC, Williams L, 
Abee CR, Sastry KJ. 2013. Phenotypic and functional characteriza-
tion of lymphocytes from different age groups of Bolivian squirrel 
monkeys (Saimiri boliviensis boliviensis). PLoS One 8:1–11. https://
doi.org/10.1371/journal.pone.0079836.

	20.	 Nehete PN, Magden ER, Nehete BP, Williams LE, Abee CR, 
Sastry KJ. 2017. Age- and sex-associated differences in phenotypic 
and functional characteristics of peripheral blood lymphocytes 
in CHIMPANZEES (Pan troglodytes). J Am Assoc Lab Anim Sci 
56:509–519.

	21.	 Nehete PN, Nehete BP, Chitta S, Williams LE, Abee CR. 2017. 
Phenotypic and functional characterization of peripheral blood 
lymphocytes from various age- and sex-specific groups of owl 
monkeys (Aotus nancymaae). Comp Med 67:67–78.

	22.	 Nehete PN, Shelton KA, Nehete BP, Chitta S, Williams LE, 
Schapiro SJ, Abee CR. 2017. Effects of transportation, relocation, 
and acclimation on phenotypes and functional characteristics of 
peripheral blood lymphocytes in rhesus monkeys (Macaca mulatta). 
PLoS One 12:1–15. https://doi.org/10.1371/journal.pone.0188694.

	23.	 Northcott CA, Glenn JP, Shade RE, Kammerer CM, Hinojosa-
Laborde C, Fink GD, Haywood JR, Cox LA. 2012. A custom rat and 
baboon hypertension gene array to compare experimental models. 
Exp Biol Med (Maywood) 237:99–110. https://doi.org/10.1258/
ebm.2011.011188.

	24.	 Oxford KL, dela Pena-Ponce MGA, Jensen K, Eberhardt MK, 
Spinner A, Van Rompay KK, Rigdon J, Mollan KR, Krishnan 
V, Hudgens MG, Barry PA, De Paris K. 2015. The interplay 

between immune maturation, age, chronic viral infection and 
environment. Immun Ageing 12:1–20. https://doi.org/10.1186/
s12979-015-0030-3.

	25.	 Papin JF, Wolf RF, Kosanke SD, Jenkins JD, Moore SN, Ander-
son MP, Robert C, Welliver RC Sr. 2013. Infant baboons infected 
with respiratory syncytial virus develop clinical and pathologi-
cal changes that parallel those of human infants. Am J Physiol 
Lung Cell Mol Physiol 304:L530–L539. https://doi.org/10.1152/
ajplung.00173.2012.

	26.	 Perry DL, Bollinger L, White GL. 2012. The Baboon (Papio spp.) 
as a model of human Ebola virus infection. Viruses 4:2400–2416. 
https://doi.org/10.3390/v4102400.

	27.	 Pitcher CJ, Hagen SI, Walker JM, Lum R, Mitchell BL, Maino VC, 
Axthelm MK, Picker LJ. 2002. Development and homeostasis of 
T cell memory in rhesus macaque. J Immunol 168:29–43. https://
doi.org/10.4049/jimmunol.168.1.29.

	28.	 Pomplun N, Weisgrau KL, Evans DT, Rakasz EG. 2015. OMIP-028: 
activation panel for Rhesus macaque NK cell subsets. Cytometry 
A 87:890–893. https://doi.org/10.1002/cyto.a.22727.

	29.	 Pourgheysari B, Khan N, Best D, Bruton R, Nayak L, Moss PA. 
2007. The cytomegalovirus-specific CD4+ T-cell response expands 
with age and markedly alters the CD4+ T-cell repertoire. J Virol 
81:7759–7765. https://doi.org/10.1128/JVI.01262-06.

	30.	 Rainwater DL, Kammerer CM, Carey KD, Dyke B, VandeBerg 
JF, Shelledy WR, Moore PH Jr, Mahaney MC, McGill HC Jr, 
VandeBerg JL. 2002. Genetic determination of HDL variation and 
response to diet in baboons. Atherosclerosis 161:335–343. https://
doi.org/10.1016/S0021-9150(01)00658-X.

	31.	 Reeves RK, Gillis J, Wong FE, Yu Y, Connole M, Johnson RP. 
2010. CD16-natural killer cells: enrichment in mucosal and sec-
ondary lymphoid tissues and altered function during chronic 
SIV infection. Blood 115:4439–4446. https://doi.org/10.1182/
blood-2010-01-265595.

	32.	 Riddle KE, Keeling ME, Alford PL, Beck TF. 1982. Chimpanzee 
holding, rehabilitation and breeding: Facilities design and colony 
management. Lab Anim Sci 32:525–533.

	33.	 Roehm NW, Rodgers GH, Hatfield SM, Glasebrook AL. 1991. 
An improved colorimetric assay for cell proliferation and viability 
utilizing the tetrazolium salt XTT. J Immunol Methods 142:257–265. 
https://doi.org/10.1016/0022-1759(91)90114-U.

	34.	 Shearer MH, Dark RD, Chodosh J, Kennedy RC. 1999. Compari-
son and characterization of immunoglobulin G subclasses among 
primate species. Clin Diagn Lab Immunol 6:953–958.

	35.	 Sundaravaradan V, Mir KD, Sodora DL. 2012. Double-negative T 
cells during HIV/SIV infections: potential pinch hitters in the T-cell 
lineup. Curr Opin HIV AIDS 7:164–171. https://doi.org/10.1097/
COH.0b013e3283504a66.

	36.	 Traquina P, Morandi M, Contorni M, Van Nest G. 1996. MF59 
adjuvant enhances the antibody response to recombinant hepatitis 
B surface antigen vaccine in primates. J Infect Dis 174:1168–1175. 
https://doi.org/10.1093/infdis/174.6.1168.

	37.	 Wang C, Liu X, Li Z, Chai Y, Jiang Y, Wang Q, Ji Y, Zhu Z, Wan Y, 
Yuan Z, Chang Z, Zhang M. 2015. CD8(+)NKT-like cells regulate 
the immune response by killing antigen-bearing DCs. Sci Rep 
5:1–13. https://doi.org/10.1038/srep14124.

	38.	 Warfel JM, Beren J, Kelly VK, Lee G, Merkel TJ. 2012. Nonhuman 
primate model of pertussis. Infect Immun 80:1530–1536. https://
doi.org/10.1128/IAI.06310-11.

	39.	 Webster RL, Johnson RP. 2005. Delineation of multiple subpopu-
lations of natural killer cells in rhesus macaques. Immunology 
115:206–214. https://doi.org/10.1111/j.1365-2567.2005.02147.x.

	40.	 Wolf RF, Eberle R, White GL. 2010. Generation of a specific-
pathogen–free baboon colony. J Am Assoc Lab Anim Sci 49:814–820.

	41.	 Yan J, Greer JM, Hull R, O’Sullivan JD, Henderson RD, Read SJ, 
McCombe PA. 2010. The effect of ageing on human lymphocyte 
subsets: comparison of males and females. Immun Ageing 7:1–10. 
https://doi.org/10.1186/1742-4933-7-4.

	42.	 Zhou H, Iwase H, Wolf RF, Ekser B, Ezzelarab M, Hara H, White 
G, Cooper DKC. 2014. Are there advantages in the use of specific 
pathogen-free baboons in pig organ xenotransplantation mod-
els? Xenotransplantation 21:287–290. https://doi.org/10.1111/
xen.12088.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-28


