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Abstract
Aberrant turnover of memory CD4+ T-cells is central to Acquired Immunodeficiency Syn-

drome (AIDS) progression. Understanding the relationship between the turnover of CD4+

subsets and immunological homeostasis during simian immunodeficiency virus (SIV) infec-

tion in natural hosts may provide insight into mechanisms of immune regulation that may

serve as models for therapeutic intervention in Human Immunodeficiency Virus (HIV)-

infected persons. Sooty mangabeys (SMs) have naturally evolved with SIV to avoid AIDS

progression while maintaining healthy peripheral CD4+ T-cell counts and thus represent a

model by which therapeutic interventions for AIDS progression might be elucidated. To

assess the relationship between the turnover of CD4+ subsets and immunological homeo-

stasis during SIV infection in non-progressive hosts, we treated 6 SIV-uninfected and 9 SIV-

infected SMs with 2’-bromo-5’-deoxyuridine (BrdU) for 14 days and longitudinally assessed

CD4+ T-cell subset turnover by polychromatic flow cytometry. We observed that, in SIV-

infected SMs, turnover of CD4+ T-cell naïve and central, transitional, and effector memory

subsets is comparable to that in uninfected animals. Comparable turnover of CD4+ T-cell

subsets irrespective of SIV-infection status likely contributes to the lack of aberrant immune

activation and disease progression observed after infection in non-progressive hosts.

Introduction
Pathogenic human immunodeficiency virus (HIV) infection of humans and SIV infection of
Asian macaques are associated with chronic immune activation and accelerated CD4+ T cell
turnover [1–5]. CD4+ T-cells are comprised of naive (TN) and memory (i.e., antigen experi-
enced) cells. Within the pool of memory CD4+ T-cells, central-memory T-cells (TCM) are a
population of long-lived cells which can reside in secondary lymphoid tissues and are able to
both self-regenerate and to differentiate into shorter-lived effector-memory T-cells (TEM) that
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home preferentially to tissues and mediate direct effector functions [6]. Cells expressing functional
and phenotypic properties that are intermediate between TCM and TEM are defined as transi-
tional-memory T cells or TTM. It was recently proposed that, during pathogenic HIV/SIV infec-
tions, high levels of direct virus infection of TCM contribute to the progressive depletion of total
CD4+ T-cells which is typically associated with progression to AIDS [7–10]. Non-pathogenic SIV
infection of sooty mangabeys (SM), an African "natural" host species, is typically characterized by
high virus replication, absence of chronic immune activation [11], and lower levels of CD4+ TCM

infection, with the latter finding having been attributed at least in part to lower expression of the
SIV co-receptor CCR5 on SM CD4+ TCM [9]. Consistent with the low immune activation of SIV-
infected SMs is the observation of similar rates of “bulk” CD4+ and CD8+ T cell proliferation and
death in SIV-uninfected and infected animals as measured by in vivo administration of the thymi-
dine analogue BrdU and longitudinal analysis of its levels of incorporation and decay [12].

In this study, we used in vivo BrdU labeling to directly measure the rates of proliferation
and death of CD4+ naive (TN), TCM, TTTM, and TEM, as well as CD4+CCR5+ memory T-cells
in SIV-uninfected and infected SM to determine whether SIV infection of SMs is associated
with a selectively increased turnover of specific CD4+ T cell subsets. In contrast to previously
reported findings in pathogenically infected rhesus macaques, we observed that SIV infection
in mangaeys was not associated with accelerated bulk or subset CD4+ T-cell proliferation or
turnover. These results further support the hypothesis that a preserved CD4+ T-cell compart-
ment contributes to natural host resistance to AIDS progression

Materials and Methods

Ethics Statement
The Institutional Animal Care and Use Committee of Emory University approved all of the
experimental procedures (protocol numbers #254-2007Y and #YER-2000526-031014GA). The
Committee complies with all applicable provisions of the Animal Welfare Act and other federal
statutes and regulations relating to animals. Animals were housed at the Yerkes National Pri-
mate Research Center and maintained in accordance with guidelines set forth by the National
Institutes of Health (NIH), under the supervision of the Association for the Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-accredited Division of Animal Resources
and as recommended by the NIH Office of Animal Care and Use Nonhuman Primate Manage-
ment Plan. Husbandry and care met the standards set forth by the Animal Welfare Act, Animal
Welfare Regulations, as well as The Guide for the Care and Use of Laboratory Animals (8th Edi-
tion). To minimize suffering during blood collection, animals were anesthetized with Ketamine
(10 mg/kg IM) or Telazol (5 mg/kg IM). Successful anesthetization was monitored by response
to stimuli. The physical conditions of the animals were monitored daily. No animal exhibited
physical or behavioral evidence of BrdU toxicity or illness throughout the study period and
thus, did not approach humane endpoint criteria as established by the Emory IACUC. End-
point criteria included presentation of any of the following: (a) loss of 25% body weight from
baseline weight when assigned to the protocol, (b) major organ failure or medical conditions
unresponsive to treatment, (c) complete anorexia for 4 days or an inability to feed or drink suf-
ficient nutrients to maintain body weight without assistance for 7 days, (d) distress vocalization
unresponsive to treatment or intervention for 7 days, or (e) tumors arising from other than
experimental means that grow in excess of 10% of body weight, impair movement, or ulcerate.
To minimize undue stress, animals were provided enrichment such as foraging for grains,
Kong™ toys and other enrichment deemed necessary after observations made by the Yerkes
Behavioral Management Unit. Additionally, where possible, animals were housed with panels
to allow some social contact for grooming and other social activities.
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Animals and BrdU Treatment
Six healthy, SIV-uninfected and nine naturally SIVsmm-infected SMs were used in this study
and included animals uniquely identified as: FBn, FBs, FCs, FEa1, FGn, FIa1, FJa1, FKa1, FKu,
FLj, FSo, FSs, FWk, FWo, and FYs. All animals were negative for simian T-cell lymphotropic
vIrus and either homozygous or heterozygous for the wt-ccr5 allele [13]. Infected animals
exhibited viral loads greater than 10,000 copies/ml and CD4+ T-cell counts greater than 500/μl
and were naturally or experimentally infected for greater than four years. All animals exhibited
comparable distributions of T-lymphocyte counts (data not shown). Animals were treated with
60 mg/kg i.v. of BrdU (Sigma-Aldrich) diluted in Hank’s buffered saline solution (Invitrogen)
per weekday and 120 mg/kg orally of BrdU per weekend-day over 14 consecutive days. No evi-
dence of BrdU toxicity was noted.

Sample Processing and Immunophenotyping
Peripheral blood mononuclear cells (PBMCs) were stained for surface markers in whole blood
and red blood cells were subsequently lysed with 1X BD FACS Lysing Solution (BD Biosciences
Pharmingen). Cells were permeabilized with 1X Fixation/Permeabilization solution and
washed with 1X BD Perm/Wash Buffer (BD Biosciences Pharmingen) prior to intracellular
staining. Intracellular staining for Ki67 and BrdU included simultaneous treatment with 90 ug
DNase I (Sigma-Aldrich) for 30min at 37°C. Polychromatic flow cytometry analysis was per-
formed on an LSR II equipped with the FACs DiVA software (v6.1.3, BD) within 24 hours of
sample collection. Mouse-derived monoclonal antibodies directed against the following anti-
gens were used at titration-assessed volumes as follows: BrdU (clone 3D4, 20uL), CCR5 (3A9,
10uL), CD3 (SP34-2, 5uL), CD8 (SK1, 5uL), CD62L (SK11, 10uL), Ki67 (B56, 20uL) from BD
Biosciences Pharmingen, CD4 (OKT4, 5uL) from BioLegend, CD28 (CD28.2, 10uL) from
Beckman-Coulter, and CD95 (DX2, 10uL) from eBioscience. Rat-derived monoclonal antibody
3D12 (10uL) from BD was used to detect CCR7. Cell viability was determined using an amine-
reactive fluorescent dye (Invitrogen). The data acquired was analyzed using FlowJo software
(v9.4.4; TreeStar).

Mathematical Modeling
The fraction of BrdU labeled cells over time was fitted to the previously described [3] three-
parameter αρδ as follows:

L�1ðtÞ ¼ að1� e�ðdþpÞðt�t0ÞÞ; t � 0;

L1ðtÞ ¼ L�1ð0Þe�ðd�pÞt; t � 0;

where L-1(t) is the fraction of labeled cells at time t during BrdU labeling, and L1(t) is the frac-
tion of labeled cells at time t after BrdU administration has ended. We assume that BrdU label-
ing starts on day -14 (t0) and ends at day zero. The model considers parameter α, which
represents the fraction of a cell population that would be labeled if BrdU were provided indefi-
nitely, and ρ and δ, which represent the proliferation and death rates of the labeled populations,

respectively. Average cell turnover (d̂) was measured as d̂ ¼ ad, per day of the defined cell pop-
ulation [3].

Statistical Analysis
Statistics were performed using Prism (v5.0c; GraphPad Software Inc.) or SAS 9.1. (SAS Insti-
tute Inc). The Mann-Whitney (one-way) test was performed to determine if BrdU
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incorporation or Ki67 expression in T-cell subsets were significantly different between infec-
tion groups. Averaged data are represented as arithmetic mean ± SEM. p-values less that 0.05
were considered significant.

Results
We first examined the overall levels of expression of the proliferation marker Ki67 in "bulk"
(i.e., total) peripheral blood CD4+ and CD8+ T-cells by flow cytometry as previously described
[14]. Frequencies of Ki67+ T-cells remained stable over the experimental period, and did not
show any significant difference between SIV-uninfected and infected animals (Fig 1A and 1B).
We next measured frequencies of BrdU+ cells among total CD4+ and CD8+ T-cells during the
infusion and thereafter and observed a rise and fall in frequencies of BrdU+ T-cells concurrent
with the labeling and washout phases of this experiment (Fig 1C and 1D). We did not observe
any significant difference in the kinetics of BrdU incorporation or loss of BrdU+ T-cells in
total CD4+ or CD8+ T-cells, consistent with previous findings [12], and in keeping with the
paradigm that non-pathogenic SIV infection of SMs is not associated with increased overall
levels of T cell activation.

To determine whether SIV infection of SMs is associated with a selectively increased turn-
over of certain T cell subsets, we next examined, in the same animals, the kinetics of BrdU
incorporation and decay in TN, TCM, TTM, and TEM subsets of CD4+ and CD8+ T-cells. Specif-
ically, we hypothesized that a selectively increased turnover of CD4+ TEM may be present dur-
ing chronic SIV infection of SMs as a consequence of the fact that SIV infects these cells at
higher frequency than other CD4+ T cell subsets [9]. In this study, TN were defined as CD28
+CD95-, TCM were defined as CD95+CD62L+CCR7+, TEM were defined as CD95+-
CD62L-CCR7-, and TTM were defined as either CD95+CD62L+CCR7- or CD95+-
CD62L-CCR7+. As shown in Fig 2A, we observed no significant differences between SIV-
uninfected (left) and infected (right) SMs with respect to the frequencies of BrdU+ CD4+ TN,
TCM, TTM, or TEM during the incorporation period though we did note a non-significant trend
towards increased turnover of CD4+ TEM in SIV-infected animals. Similarly, no significant dif-
ferences were observed in the BrdU labeling or delabeling kinetics for any of the CD8+ T-cell
subsets (TN, TCM, TTM, and TEM) between SIV-uninfected and infected SMs (Fig 2B).

Since primary SIVsmm isolates are predominantly CCR5-tropic and CD4+ memory T-cells
(TM) represent the main cellular targets for the virus, we next investigated whether SIV-
infected SMs show signs of increased turnover of circulating memory CD4+ T-cells expressing
the SIV coreceptor CCR5. Of note, although the majority of CD4+CCR5+ T-cells in SMs are
contained within the TEM population, we included all CD4+CCR5+ memory T-cells in our
analysis as CD4+CCR5+ TCM are also potentially susceptible to SIV infection and, therefore, to
the impact of the virus on the cell in vivo lifespan [9]. We observed that, similar to CD4+ TEM,
CD4+CCR5+ TM showed a non-significant trend towards higher frequencies of BrdU+ cells
during the incorporation period in SIV-infected SMs as compared to uninfected animals (Fig
2A). No differences between SIV-infected and uninfected SMs were observed with respect to
the level of BrdU incorporation and decay in CD8+CCR5+ memory T-cells (Fig 2B).

Longitudinal BrdU labeling is a surrogate measure of cellular turnover, a net reflection of
proliferation and death. Although we did not observe any significant differences by infection
status with regards to CD4+ T-cell subset BrdU labeling, we further investigated if differences
in subset proliferation were evident. As measured by Ki67 expression, we did not observe any
significant differences in CD4+ TN, TCM, TTM, TEM or CCR5+ TM proliferation between
uninfected and SIV-infected animals although a non-significant trend for increased prolifera-
tion of CD4+ CCR5+ TM from SIV-infected animals was observed (Fig 2C). To more
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rigorously assess cellular turnover in populations of interest, we utilized three-parameter αρδ
model [3]. We fit this model to BrdU expression values by bulk CD4+ T-cells, CD4+ TEM,
CD4+ TCM and CD4+ CCR5+ TM subsets in our animals (Table 1) and calculated average
turnover as previously described [3]. By this method, we did not observe any significant differ-
ences in the average turnover rate between similar subsets from SIV-infected and uninfected
animals. Collectively, these data confirm that SIV infection of SMs is not associated with an
increased turnover of "bulk" CD4+ or CD8+ T-cells, and expand upon these results by showing
that SIV-infected animals do not exhibit a significantly increased cellular turnover in any of the
studied T cell subpopulations (i.e., TN, TCM, TTM, TEM or CCR5+ TM).

Discussion
Natural hosts have co-evolved with SIV resulting in a non-pathogenic infection despite high
viremia. The key factors contributing to the benign nature of these infections are the absence of
chronic immune activation and a different pattern of SIV cellular targeting in vivo, which

Fig 1. Ki67 and BrdU Expression Among Bulk Peripheral Blood Lymphocytes. The mean (±SEM) percent Ki67+
(A+B) and percent BrdU+ (C+D) of peripheral blood CD4+ (A+C) and CD8+ (B+D) T-cells were assessed
longitudinally by flow cytometry in both uninfected (black squares) and infected (red circles) animals. p = NS between
infected and uninfected controls at all timepoints for all populations (Mann-Whitney U). Shaded area represents BrdU
administration period. Data points are shown only for animals above which 100 events were collected for the parent
population.

doi:10.1371/journal.pone.0156352.g001
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preferentially preserves CD4+ TCM and stem-cell memory cells or TSCM [7–9, 15]. Based on the
differential pattern of in vivo infected CD4+ T cell subsets in SIV-infected SMs vs. SIV-infected
rhesus macaques (in which the infection is pathogenic), we had hypothesized that CD4+ TEM

and/or CD4+CCR5+ TM of SMs may undergo faster turnover upon SIV infection. Our current
set of data did not support this hypothesis per se, as the kinetics of BrdU incorporation and
decay showed only a non-significant trend towards increased turnover for both cell subsets in

Fig 2. BrdU and Ki67 Expression By CD4+ and CD8+ T-cell Subsets. A-B. (±SEM) percent BrdU expression was
assessed longitudinally by flow cytometry among CD4+ (A) and CD8+ (B) TN, TCM, TTM, TEM, and CCR5+ TM in
uninfected (left) and SIV-infected (right) animals. C. Mean (±SEM) longitudinal Ki67 expression of CD4+ TN, TCM, TTM,
TEM, and CCR5+ TM in uninfected (left) and SIV-infected (right) animals. p = NS between infected and uninfected
controls at all timepoints for all populations (Mann-Whitney U). Shaded area represents BrdU administration period.
Data points are shown only for animals above which 100 events were collected for the parent population.

doi:10.1371/journal.pone.0156352.g002
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Table 1. a, p, and d values for CD4+ T-cell subsets.

Table 1a: Labeling (a)

Animal SIV Status Bulk CD4 CD4 TCM CD4 TEM CCR5+ CD4+ TM

FBn + 0.0389 0.0241 0.2047 0.1295

FBs + 0.0476 0.0459 0.086 0.3024

FEa1 - 0.1387 0.0846 0.1 0.1541

FGn + 0.0957 0.0559 0.133 0.1206

FKu - 0.0844 0.0473 0.1243 0.1374

FLj + 0.1581 0.0408 0.3648 0.2192

FSo - 0.1423 0.1044 0.1649 0.1109

FWk + 0.0506 0.0584 0.2099 0.2058

FYs + 0.0567 0.1196 0.2863 0.4884

FCs + 0.1565 0.1018 0.1599 0.03621

FSs + 0.1887 0.1471 0.4953 0.1198

Fwo + 0.1311 0.0328 0.2614 0.6519

FIa1 - 0.1817 0.06919 0.3389 0.09182

FJa1 - 0.08627 0.09482 0.1778 0.3008

FKa1 - 0.1535 0.1095 0.3241 0.03935

Table 1b: Proliferation (p)

Animal SIV Status Bulk CD4 CD4 TCM CD4 TEM CCR5+ CD4+ TM

FBn + 0.0973 0.0631 0.0039 0.1585

FBs + 0.1 0.1584 0.0916 0

FEa1 - 0.0038 0.0339 0.0667 0.0515

FGn + 0.113 0.1696 0.0705 0.2374

FKu - 0.1443 0.1999 0.1575 0.0784

FLj + 0 0.0518 0 0.4487

FSo - 0 0.0048 0 0.3382

FWk + 0.0571 0.0361 0.0222 4.356

FYs + 0.0718 0.0156 0.0148 3.6092

FCs + 7.556E-12 1.759E-12 0.02165 0.3202

FSs + 1.28E-16 8.753E-16 6.744E-14 0.09404

Fwo + 5.349E-13 0.03261 7.715E-13 0.4076

FIa1 - 0.03842 0.05173 0.06949 1.794E-13

FJa1 - 0.03094 0.06135 0.001382 0

FKa1 - 1.57E-16 2.689E-14 1.73E-16 0.08741

Table 1c: Death (d)

Animal SIV Status Bulk CD4 CD4 TCM CD4 TEM CCR5+ CD4+ TM

FBn + 0.1131 0.0695 0.0465 0.2608

FBs + 0.1164 0.1742 0.1187 0.1473

FEa1 - 0.0241 0.0544 0.0967 0.1025

FGn + 0.1379 0.184 0.0999 0.2775

FKu - 0.1662 0.2188 0.1882 0.116

FLj + 0.0383 0.0729 0.045 0.564

FSo - 0.0277 0.024 0.0489 0.3807

FWk + 0.098 0.0589 0.0835 4.453

FYs + 0.1013 0.0511 0.0757 3.7423

FCs + 0.03152 0.01852 0.05351 0.3581

FSs + 0.0352 0.03564 0.05011 0.1745

Fwo + 0.0316 0.04846 0.04372 0.5432

(Continued)
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SIV-infected SMs. We believe that two points should be made while discussing this experimen-
tal result. The first is that, due to the logistical and budgetary challenges of conducting this type
of experiments in non-human primates, the current study had a limited statistical power to
detect differences as significant between the two groups of animals. As such it is possible that
the observed, non-significant increase in the turnover of CD4+ TEM and CD4+CCR5+ TM in
SIV-infected SMs could have become significant in a study involving a larger number of ani-
mals. The second point is that, even within the subset of CD4+ TEM that are preferentially
infected in SMs, the fraction of SIV-DNA-positive cells is relatively low (i.e., consistently<1%,
[9]), and therefore it is likely that the impact on the turnover of this cell population by virus-
mediated cell death is simply too numerically small to be detected as a change in the kinetics of
BrdU labeling and that de-labeling does not distinguish between virus-infected and uninfected
cells. Importantly, the observation of similar rates of CD4+ TCM proliferation and death in
SIV-uninfected and infected SMs provides further support to the hypothesis that a preserved
CD4+ TCM compartment is central to the ability of SIV-infected SMs to avoid AIDS [8]. This
result is also in stark contrast with the observation that CD4+ TCM undergo accelerated turn-
over and ultimately lose their homeostasis in progressively SIV-infected rhesus macaques [10].
Understanding the molecular mechanisms responsible for the preservation of CD4+ TCM and
TSCM homeostasis in SIV-infected SMs may help in the design of interventions aimed at pre-
serving these important immune cell subsets and thus preventing disease progression in HIV-
infected individuals.

Supporting Information
S1 Table. Data Underlying Primary Figures as Derived from Polychromatic Flow Cytome-
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(XLSX)
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