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Development and Homeostasis of T Cell Memory in Rhesus
Macaque’

Christine J. Pitcher,”* Shoko I. Hagen,* Joshua M. Walker,* Richard Lum,*
Bridget L. Mitchell,* Vernon C. Maino,” Michael K. Axthelm,* and Louis J. Picker**

The rhesus macaque (RM) is a critical animal model for studies of viral pathogenesis and immunity, yet fundamental aspects of
their cellular immune response remain poorly defined. One such deficiency is the lack of validated phenotypic signatures for their
naive and memory T cell subsets, and the resultant unavailability of accurate information on their memory T cell development,
homeostasis, and function. In this study, we report a phenotypic paradigm allowing definitive characterization of these subsets and
their comprehensive functional analysis. Naive T cells are optimally delineated by their homogeneous CD95'"CD28"s"3_ inte-
grin™ (CD4™) or CD95'""CD28™™CD11a"" (CD8*) phenotypes. This subset 1) was present in blood and secondary lymph tissues,
but not effector sites; 2) vastly predominated in the fetal/neonatal immune system, but rapidly diminished with postnatal age; 3)
lacked IFN-y production capability, and specific responses to RM CMYV; and 4) demonstrated low in vivo proliferative activity.
CD4* and CD8" memory subsets were CD95™=" but otherwise phenotypically heterogeneous and included all IFN-y production,
RM CMYV-specific responses, effector site T cells, and demonstrated high in vivo proliferative activity (~10 times the naive subset).
These analyses also revealed the RM “effector memory” subset within the overall memory population. This population, best
defined by lack of CD28 expression, contained the majority of RM CMYV-specific cells, was highly enriched in extralymphoid
effector sites, and comprised an increasing proportion of total memory cells with age. The effector memory subset demonstrated
similar in vivo proliferative activity and survival as CD28" “central memory” T cells, consistent with independent homeostatic

regulation. The Journal of Immunology, 2002, 168: 29-43.

he evolution of phenotypic criteria for the delineation of
human naive and memory/effector T cells over the past 12

years has revolutionized understanding of the cellular ba-
sis of immunologic memory and has greatly facilitated the inves-
tigation of T cell function and homeostasis in healthy and diseased
individuals (1-7). The now well-established memory/naive para-
digm holds that both CD4" and CD8™ peripheral T cells can be
readily divided into two major subsets: 1) an Ag inexperienced
(naive) subset with a broad thymic-selected TCR repertoire, low
immediate effector potential, high costimulatory requirements, low
turnover, and almost exclusive recirculation through secondary
lymphoid tissues; and 2) an Ag-experienced (memory/effector)
subset with an Ag-selected TCR repertoire; heterogeneous, but
highly differentiated, functional potential; heterogeneous, but on
average low, costimulatory requirements; relatively high turnover;
and the ability to broadly or selectively recirculate through the
various extralymphoid tissues of the body (effector sites or poten-
tial effector sites) (4, 5, 7-10). Although in unusual circumstances
memory differentiation might occur in the absence of Ag (e.g.,
severe lymphodepletion) (11), the vast majority of memory cells
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are thought to undergo the naive to memory differentiation process
immediately following their first contact with and activation by Ag
in secondary lymphoid tissues coincident with rapid clonal expan-
sion (5). The functional potential of the resultant memory/effector
cells is thought to be initially determined by microenvironmental
conditions during the naive to memory/effector transition, but then
potentially modified during subsequent encounters with Ag in di-
verse microenvironments (5, 12—14).

This memory/naive T cell paradigm in humans was developed
by painstaking, functional analysis of phenotypically defined T cell
subsets and, not surprisingly, many of the phenotypic criteria used
to discriminate naive and memory subsets ultimately involve cell
surface molecules whose functions reflect this paradigm. Naive T
cells homogeneously express moderate to high levels of cell sur-
face molecules involved in secondary lymphoid tissue migration
(CD62L, a,f, integrin, CCR7) and costimulation (CD27, CD28),
low levels of general adhesion molecules (CD11a, CD49d, CD58,
CD2) and apoptosis-associated molecules (CD95), lack expression
of molecules involved in migration to extralymphoid effector sites
(cutaneous lymphocyte-associated Ag, CCRS), and express high
and low levels of the RA and RO CD45 isoforms, respectively (2,
4, 15-19). In contrast, consistent with their marked functional di-
versity, memory cells lack a precise identifying phenotype; in-
stead, they express complex, but stereotyped, patterns of these
markers that allow clear-cut differentiation from the naive subset
only with strategic multiparameter analysis (2, 4). The CD4 and
CD8 lineages differ in detail, but both conform to these general
principles.

The increasingly sophisticated and validated phenotypic criteria
for delineating naive and memory T cell populations in humans
have been effectively applied to numerous investigations of im-
mune pathobiology, most notably in HIV disease (1, 3, 6, 20, 21).
However, much less rigor has been applied to the study of T cell
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memory in the major animal model for HIV infection, the rhesus
macaque (RM).* Cross-reacting, human-specific reagents have
been used to investigate peripheral T cell populations in these an-
imals, but without the optimization, validation, and functional cor-
relation that would be required for the development of accurate
analytic strategies. The availability of such strategies would
greatly enhance the quality of data obtained from numerous on-
going studies of SIV immuno- and pathobiology, as well as other
RM infectious disease models. Moreover, this human-like animal
model would appear to offer a unique, heretofore underexploited
opportunity to delineate aspects of in vivo T cell physiology that,
due to practical or ethical considerations, are not readily approach-
able in the human system. Thus, we have undertaken the task of 1)
determining optimal reagents and developing validated criteria for
the delineation of naive and memory T cells in RM, 2) developing
analytical approaches to ascertain the function and turnover of
these cells, and 3) using these criteria and tools to explore funda-
mental aspects of RM memory T cell development and homeosta-
sis in vivo. We were also interested in defining those components
of memory directly involved in host defense against chronic viral
infection—the so-called “effector memory” subset (8, 18, 22, 23). Our
results establish a strikingly rapid, coordinate development of CD4™
and CD8™ T cell memory in normal RMs and characterize a remark-
able steady-state dynamism in the turnover of these memory popula-
tions. Moreover, these animals quickly establish and maintain high
frequencies of differentiated, effector memory CD8™ T cells, consis-
tent with a requirement to maintain high levels of immune activity
directed at persistent pathogens. These features are much more pro-
nounced and time contracted than in the (western society) human,
suggesting the RM model as an invaluable resource in the delineation
of the fundamental mechanisms controlling T cell memory in
primates.

Materials and Methods

Animals

All animals used in this study were colony-bred RM (Macaca mulatta) of
Indian origin maintained and used in accordance with guidelines of the
Animal Care and Use Committee at the Oregon Regional Primate Research
Center and the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Healthy animals of either sex were selected to rep-
resent the life span of the RM for peripheral blood analyses. Tissues were
obtained from necropsied animals through the Oregon Regional Primate
Research Center’s Tissue Distribution Program. Unless otherwise indi-
cated, these animals were free of known infectious or immunologic dis-
ease. Animals were anesthetized with ketamine hydrochloride for blood
drawing and 5-bromo-2’-deoxyuridine (BrdU) injection. BrdU was given
i.v. or i.p. at schedules indicated in the figure legends.

Cell preparation and Ag stimulation

PBMC were isolated from heparinized or citrated venous blood by density
gradient sedimentation using Ficoll-Hypaque (Histopaque-1077; Sigma-
Aldrich, St. Louis, MO). Peripheral lymph node (PLN) and spleen cells
were obtained by gentle mincing of tissues in complete medium (RPMI
1640 medium; HyClone Laboratories, Logan, UT) supplemented with 10%
heat-inactivated FCS (HyClone Laboratories), 2 mM L-glutamine (Sigma-
Aldrich), 1 mM sodium pyruvate (Sigma-Aldrich), and 50 uM 2-ME
(Sigma-Aldrich) with splenocytes also subjected to Ficoll-Hypaque cen-
trifugation to remove RBCs. Small intestinal lamina propria cells were
obtained as previously described (24) from segments of small intestinal
mucosa with as few grossly recognizable Peyer’s patches as possible.
Bronchoalveolar lavage cells were obtained by instilling and aspirating
~150 ml of PBS into the main bronchus of each lung at necropsy. All cells
were washed twice in HBSS (Ca®>*/Mg**-free, Cellgro/Mediatech; Fisher
Scientific, Federal Way, WA) and resuspended in complete medium.

+ Abbreviations used in this paper: RM, rhesus macaque; BrdU, 5-bromo-2'-de-
oxyuridine; dPBS, Dulbecco’s PBS; IE-1, immediate early-1; PLN, peripheral lymph
node; MLN, mesenteric lymph node; SEB, staphylococcal enterotoxin Bj; int,
intermediate.

T CELL MEMORY IN RHESUS MACAQUE

Ag stimulations for intracellular cytokine staining were performed as
follows: PBMC or other cell preparations were placed in polypropylene
tissue culture tubes (BD Biosciences, Franklin Lakes, NJ) at 1 X 10°
cells/ml complete medium (1-10 ml/tube) with appropriately titered
“whole” RM CMYV viral preparations (~50 wl of preparation/ml), CMV
immediate early-1 (IE-1) 15-mer peptide mixes (Ref. 25 and see Ags and
Abs), the superantigen staphylococcal enterotoxin B (SEB, 200 ng/ml;
Toxin Technology, Sarasota, FL), or no Ag as a negative control (previ-
ously shown to be equivalent to mock virus preparations), with or without
one or both of the costimulatory mAbs CD28 and CD49d (0.5 ng/ml each;
these mAbs provide exogenous costimulation so as to allow the total cohort
of Ag-specific cells to respond in this assay; Refs 26, 27). The cultures
were routinely incubated at a 5° slant at 37°C in a humidified 5% CO,
atmosphere for 6 h, with the final 5 h including 10 ug/ml brefeldin A
(Sigma-Aldrich). After incubation, cells were harvested by washing in cold
(4°C) Dulbecco’s PBS (dPBS; Life Technologies, Rockville, MD) with
0.1% BSA (Roche Biochemicals, Indianapolis, IN) and were kept at 4°C
until processed for staining.

Immunofluorescent staining and flow cytometric analysis

For cell surface staining, 0.25-1.0 X 10° cells were incubated with appro-
priately titered directly conjugated mAbs for 25 min at room temperature,
followed by washing at 4°C, and resuspension in 1% paraformaldehyde in
dPBS. Stained cells were then kept protected from light at 4°C until anal-
ysis on the flow cytometer. For intracellular cytokine analysis, stimulated
cells were first stained on the cell surface with directly conjugated mAbs to
CD3, CD4, CD8p, and other phenotyping markers (25 min each at room
temperature), washed once with cold dPBS/BSA before resuspension in
fixation/permeabilization solution (BD Biosciences, San Jose, CA; used at
2X recommended concentration) at 2 X 10° cells/ml, and incubated for 10
min at room temperature in the dark. Fixed and permeabilized cells were
washed twice with cold dPBS/BSA, and then incubated on ice (protected
from light) with directly conjugated anti-cytokine and CD69 mAbs for 25
min. Intracellular staining of Ki-67 vs cell surface markers was similar to
cytokine analysis except that permeabilization was performed in 1X con-
centration fixation/permeabilization solution. For BrdU analysis (vs cell
surface markers, Ki-67, or intracellular cytokine), cells were stained for
surface markers first, fixed for 10 min at room temperature with FASCLyse
solution (BD Biosciences), and then permeabilized for 12-14 h in 2X
concentration fixation/permeabilization solution at 4°C. After washing
twice with cold dPBS/BSA, cells were incubated on ice (protected from
light) with directly conjugated mAbs specific for BrdU, Ki-67, anti-
cytokine, and/or CD69 mAbs in the presence of 0.28 mg of bovine pan-
creas-derived DNase 1 (Sigma-Aldrich catalogue no. D4513) for 30 min.
After staining, cells were resuspended in 1% paraformaldehyde in dPBS
and stored in the dark at 4°C.

Six-parameter flow cytometric analysis was performed on a two-laser
FACSCalibur instrument (BD Biosciences) using FITC, PE, peridinin
chlorophyll protein-Cy5.5 (True Red), and allophycocyanin as the four-
fluorescent parameters. List mode multiparameter data files (each file with
forward scatter, orthogonal scatter, and four-fluorescent parameters) were
analyzed by “cluster” analysis using the PAINT-A-GATE™" software pro-
gram (BD Biosciences) (28). Special mention should be made of clustering
CD8™" T cells in RM. Whereas CD4 " T cells can be accurately delineated
by CD4 expression and small lymphocyte light scatter signals, this is not
possible for CD8" T cells using conventional CD8«-specific reagents due
to high expression of CD8« homodimers by RM NK cells and to low to
moderate expression of these homodimers by CD4 *CD28 ™ (effector mem-
ory) T cells (data not shown). Accurate clustering of conventional CD8* T
cells (which express CD8«af3 heterodimers; data not shown) with a single
fluorescence parameter therefore requires use of a CD8f-specific reagent
(see below). The specificity of staining and criteria for determining positive
staining for Ki-67 and BrdU were determined using isotype-matched neg-
ative control mAbs, and, in the case of BrdU, analysis of control (non-
BrdU-pulsed) animals. The procedures and criteria for delineating and
quantitying responding (CD69 positive/cytokine positive) vs nonrespond-
ing T cells have been previously described in detail (26, 27).

Ags and Abs

RM CMV (Cercopithecine Herpesvirus 8) Ag preparations were made
from 68.1 strain (ATCC VR-677)-infected monolayers of primary RM fi-
broblasts after a 90—100% cytopathic effect was reached. Infected cells
were scraped off the flasks, and then cells and media were clarified by
centrifugation at 3840 X g for 10 min. Cell pellets were resuspended in
media, freeze-thawed three times, sonicated for 10 cycles (30 s/cycle), and
then clarified by centrifugation at 3840 X g for 10 min. Supernatants from
both original culture media and lysed cell pellets were combined and the
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virus was pelleted at 12,400 X g for 1 h. Viral pellets were resuspended in
medium (2% of original culture volume) and titered in the cytokine flow
cytometry response assay. RM CMV IE-1 peptides (consecutive 15-mers
overlapping by 11 aa) were custom synthesized by Dr. D. Stoll (Natural
and Medical Sciences Institute of the University of Tiibingen, Tiibingen,
Germany) based on the IE-1 sequence of RM CMYV strain 68.1 (GenBank
accession no. M93360). Peptide sequences were confirmed by electrospray
mass spectroscopy. To prepare total IE-1 mixes, the 137 overlapping pep-
tides were individually solubilized in DMSO (Sigma-Aldrich) at 100
mg/ml and mixed together so that the final concentration of each individual
peptide was 0.72 mg/ml. Two microliters of this mix was used per milliliter
of cell stimulation medium (1.45 ug/ml final concentration of each
peptide).

mAbs L200 (CD4; True Red, allophycocyanin conjugated), SP34 (CD3;
FITC, PE, True Red, allophycocyanin), SK1 (CD8«; FITC, allophycocya-
nin), L78 (CD69; PE, allophycocyanin), L293 (CD28; unconjugated PE),
CD28.2 (CD28; FITC), L25.3 (CD49d; unconjugated PE), L48 (Leu45RA;
FITC), M-T271 (CD27; PE), G25.2 (CDl11a; FITC), H111 (CDl11a; PE),
FIB504 (B, integrin; PE), SK11 (CD62L; PE), DX2 (CD95; allophyco-
cyanin), B56 (Ki-67; FITC, PE), B44 (anti-BrdU; FITC), B27 (anti-IFN-vy;
FITC, allophycocyanin), 11 (anti-TNF-«; FITC, allophycocyanin), and
IgG1 and IgG2 isotype-matched controls were obtained from BD Bio-
sciences. mAbs 2H4 (CD45RA; PE) and 2ST8.5h7 (CD8p; PE unconju-
gated) were obtained from Beckman Coulter (Fullerton, CA). Purified
2ST8.5h7 was custom conjugated to True Red by BD Biosciences.

Statistical analysis

Statistical analysis was conducted with the program Statview (Abacus
Concepts, Berkeley, CA). The significance of differences between paired
groups was analyzed with the Wilcoxon signed rank test. The relationships
between variables were analyzed with the Spearman rank correlation test.

Results

Development of phenotypic criteria for naive/memory cell
discrimination in RM

We adopted the following stepwise approach for the definition of
naive and memory T cell subsets in RM: 1) assessment of mAbs
known to delineate appropriate T cell populations in humans for
(high-level) cross-reactivity with RM T cells, 2) selection of re-
agents and optimization of staining combinations so as to defini-
tively separate the putative naive and memory populations and
memory subsets of interest (e.g., the putative effector memory sub-
set); and 3) validation of subset identity by functional analysis and
studies of population dynamics. Our initial screening identified one
or more mAbs against human CD11a, CD28, CD62L, CD45RA,
CD49d, CD95, and B, integrin that were usefully cross-reactive
with RM T cells and when assessed by multiparameter (four-color)
flow cytometry in various combinations appeared to be capable of
delineating putative naive and memory subsets (based on previous
described criteria for human T cells (2, 4, 5, 18, 19)). Optimal
separation of putative CD4" naive and memory T cells was
achieved by the combination of CD95, 3, integrin, and/or CD28 in
which putative naive cells were apparent as a uniform
CD95™CD28Me", 8. integrin™ population (Fig. 14). For CD8™"
T cells, CD95, CD28, and CD11a mAbs were the most discrimi-
natory with the putative naive subset again showing the expected
homogeneous phenotype—CD95'°¥CD28™CD11a'*" (Fig. 1B).
These primary markers were then examined in various combi-
nations with each other and with selected other markers (chosen
for their ability to reproducibly subset the memory population) so
as to confirm marker overlap and provide an extended phenotype
of the putative naive and memory subsets. As illustrated in Fig. 1,
putative naive T cells (both CD4" and CD8™) comprise a pheno-
typically homogenous cluster of uniformly small cells (by light
scatter criteria). The only exception to this phenotypic homogene-
ity was the frequent observation of variably sized subsets with
apparent loss of CD62L intensity (likely due to the well-charac-
terized propensity of this molecule to be down-regulated by pro-
teolytic cleavage; Ref. 29). In contrast, putative memory cells were
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more variable in size (on average larger than naive cells) and dem-
onstrated a strikingly phenotypic heterogeneity with variable ex-
pression of markers delineating multiple, clearly apparent subsets.
Several general points are noteworthy. First, the commonly used
“naive T cell” marker CD45RA appeared to be highly expressed
by significant subsets of both CD4" and CD8™" putative memory
cells in RM. Second, CD4™ and CD8™ subsets were phenotypi-
cally analogous, but by no means identical, making separate anal-
ysis a requirement for accuracy. These differences included the
relative intensity of various markers on particular subsets and the
phenotypic configuration of the various memory subsets. Finally,
some common patterns were discernible within the overall pheno-
typic heterogeneity of the memory population. The most notable
pattern was the association of diminished or absent CD28 expres-
sion with relatively high CD11a, CD49d, and CD45RA, and rel-
atively low CD62L and S, integrin expression among CD4 ™ mem-
ory T cells (Fig. 1A, arrows). An analogous, but more complex,
CD28" population was observed among CD8™ cells. In addition
to being substantially higher in frequency (see below), this subset
showed more variable CD45RA expression and included a
CD11a%™, B, integrin&" subset that was not present within the
CD4™ subset (Fig. 1B, arrows, and see next section below).

Validation of criteria for naive/memory cell discrimination in
RM by subset localization and development

Extensive data in both rodents and humans have established that
recirculation of naive T cells is largely, if not exclusively, re-
stricted to secondary lymphoid tissues (PLN, spleen, Peyer’s
patch, tonsil), whereas memory cells are normally localized in both
of these sites and extralymphoid “tertiary” sites (effector sites or
potential effector sites) (5, 7, 30). In keeping with this paradigm,
putative RM naive T cells, both CD4™ and CD8™, were essentially
absent from representative tertiary sites (lung bronchoalveolar and
small intestinal lamina propria T cells; Fig. 2), but formed a sig-
nificant component of the T cell populations within PLN and
spleen (Fig. 2 and Table I). As has been previously shown in other
systems, small intestinal lamina propria memory cells (particularly
the CD8™ subset) were almost exclusively 3, integrin positive,
likely due to the role of a,f3, integrin in mediating T cell homing
to this site and to in situ up-regulation of « 3, integrin (7). a,3;
integrin has not been implicated in lung T cell homing (31), and in
this site the subset of 3, integrin™ cells apparent in Fig. 2 is
predominantly due to in situ up-regulation of ., integrin (data
not shown).

We also examined the question of whether peripheral blood fre-
quencies of naive phenotype T cells reflect those of the various
secondary lymphoid tissues. As shown in Table I, naive T cell
frequencies in peripheral blood tended to underrepresent frequen-
cies in PLN and mesenteric lymph nodes (MLN), slightly in the
case of CD4™ T cells (<15% on average) and more significantly
in the case of CD8" T cells (22-26%). Strikingly, in the spleen,
just the opposite was true; peripheral blood naive T cell frequen-
cies were much higher than splenic frequencies, by a 2.5- to 3-fold
ratio. This relative dearth of putative naive T cells (and excess of
memory T cells) in the spleen might reflect the dual role of the
spleen as a secondary lymphoid tissue (white pulp) and a potential
effector site (red pulp) (5); the latter with an independent comple-
ment of memory T cells.

A second fundamental precept of the naive/memory paradigm is
the dominance of the naive subset in the newborn and the subse-
quent development of the memory subset with postnatal Ag ex-
posure (5). Again, the delineation of naive and memory subsets by
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A. CD4+ T Cells

Side Scatter

naive: 28.5%
memory: 71.5%

Forward Scatter

FIGURE 1. Coordinate expression of putative
memory/naive markers on RM CD4* and CD8" T E
cells. RM PBMC (6.8-year-old animal) were exam- § ]
ined for their correlated expression of cell surface 5]

CD4 or CD8p vs CD95 vs various paired combina- 3
tions of CD28, CD45RA, CDlla, 3, integrin, J
CD62L, and CD49d (a, integrin). Five thousand
events gated on CD4™ (A) or CD8B" (B) small lym-

;‘__:’

CD11a

p7-Integrin

phocytes are shown. The putative naive population
is colored blue based upon characteristic homoge-
neous expression of these markers (2, 4), with the
remaining cells (putative memory cells) colored red.
Optimal discrimination of the naive cluster was ob- :
served with CD95 vs B, integrin vs CD28 for CD4 " 4

N

p7-Integrin

T cells and with CD95 vs CD28 vs CDlla for
CD8™" T cells, and the frequencies provided in the
light scatter profiles reflect these combinations.
However, the equivalency of the colored popula-

CD45RA

tions in each profile was tested by extensive cross-
over analysis, and the coefficient of variation of the
percent naive was <3% in these different analyses.
The designations ++, +, and — reflect relative inten-
sity levels of the indicated marker (using naive cell
staining intensity as internal control) that define mem-

Side Scatter

B. CD8B+ T Cells

naive: 45.4%
memory: 54.6%

B7-Integrin

ory subsets referred to throughout this report. Arrow-
headsinAdesignateadistinctclusterof CD28 ~CD11a™&"

Forward Scatter

CD45RA"CD62L" cells, consistent with the CD4™ T

cell effector memory population (see text); arrowheads T
in B designate a unique subset of likely gut-associated Y
CD287CD8* T cell effector memory cells character- 3
ized by bright 3, integrin and dim CD11a.

p7-Integrin

p7-Integrin

L

the above criteria conforms well to this paradigm. As shown in
Fig. 3, CD4" and CD8" lineage cells with a putative naive phe-
notype dominate in neonatal blood, but cells bearing a putative
memory phenotype rapidly increase with postnatal age. Interest-
ingly, unlike our published experience in humans (32, 33), small
populations of memory T cells, particularly CD8" memory cells,
are present in neonatal blood. Importantly, however, the frequency
of these cells always increased with postnatal time, in keeping with
our interpretation of these phenotypically defined subsets. It is also
importahnt to note that while memory T cells display defined 3,

integrin et IO ¢ bsets at birth, few CD28™ T cells are present
in the neonatal memory population. This subset increases in rela-
tive frequency with postnatal time, consistent with a maturation
process after the initial naive to memory transition (see below).

p7-Integrin

The frequency of memory T cells is known to increase progressively
with age, as Ag encounters accumulate, and perhaps as thymic output of
naive T cells declines (33). Cross-sectional analysis of 87 animals repre-
senting the life span of rhesus macaques demonstrates the close associ-
ation of phenotypically defined peripheral blood memory T cell frequen-
cies and age (Fig. 4). From these data, it appears that RM memory T cell
development occurs very rapidly during childhood and adolescence and
slows in adulthood. However, by old age (>20 years for RM), nearly all
circulating T cells display a memory phenotype. Interestingly, CD4* and
CD8* memory T cell frequencies are closely linked, perhaps reflecting a
relationship between memory frequencies of both lineages and/or an in-
dependent association of these frequencies with an individual animal’s
cumulative exposure to T cell-stimulating Ag.
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A. CD4+ T Cells

Blood

Small

Peripheral ]
Intestine

Lymph Node

naive

B7-Integrin

FIGURE 2. RM T cells bearing the putative naive
phenotype are present in blood and secondary lym-
phoid tissue, but not extralymphoid effector sites. RM
PBMC, and cells from PLN, small intestinal lamina

CD28

propria, and bronchoalveolar lavage preparations
(10.9-year-old animal) were examined for their cor-
related expression of cell surface CD4 or CD8f3 vs
CD95 vs CD28 or 3, integrin. Two thousand events
gated on CD4* (A) or CD8B™ (B) small lymphocytes
are shown, with arrows designating the putative naive
population in blood and PLN. Note the absence of a
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Functional assessment of naive and memory T cell subsets

Perhaps the most fundamental differences between naive and
memory T cells concern functional capabilities and TCR reper-
toire. With respect to the former, naive T cells are largely incapa-
ble of (immediate) synthesis of certain effector cytokines such as
IFN-v, even with optimal TCR stimulation and costimulation,
whereas this capability is developed by memory T cells upon re-

Table 1. Frequency of naive T cells in peripheral blood vs lymphoid tissues

ceiving appropriate differentiation signals during the naive to
memory transition (34). With respect to repertoire, the naive subset
manifests the broad thymic selected repertoire with clonal frequen-
cies to any given (potential) Ag too low to be recognized by cur-
rent functional assays without prior proliferative expansion (e.g.,
~1:10°); in contrast, the memory subset manifests an Ag-selected
repertoire and may include Ag-specific frequencies well above 1%,

% Naive (blood:tissue ratio)“

CD4 CD8

Animal Age (years) Blood PLN? MLN Spleen Blood PLN MLN Spleen

16693 10.8 66.2 66.7 (0.99) 60.1 (1.10) 445 (1.49) 64.0 82.7 (0.77) 70.8 (0.90) 41.5(1.54)
17892 7.1 56.7 49.0 (1.16) 71.8 (0.79) 16.9 (3.36) 53.8 62.7 (0.86) 72.3 (0.74) 12.0 (4.48)
20140 13.9 35.0 32.1(1.09) 38.5(0.91) 18.8 (1.86) 51.5 53.7 (0.96) 56.1(0.92) 20.2 (2.55)
15007 13.9 40.3 35.2(1.15) 55.9 (0.72) 13.0 (3.10) 47.4 46.1 (1.03) 61.9 (0.77) 16.1 (2.94)
18197 7.0 55.0 66.1 (0.83) 69.8 (0.79) 20.7 (2.66) 25.6 60.8 (0.42) 67.2 (0.38) 54 4.74)
16297 10.9 50.6 53.4(0.95) 55.6 (0.91) 29.9 (1.69) 42.4 72.4 (0.59) 66.3 (0.64) 22.1(1.92)
15843 9.3 31.2 42.5(0.73) 44.5 (0.70) 12.7 (2.46) 59.4 69.6 (0.85) 77.3(0.77) 13.3 (4.47)
18468°¢ 6.1 75.6 78.4 (0.96) 80.7 (0.94) 23.7 (3.19) 56.6 73.6 (0.77) 72.5 (0.78) 27.3 (2.07)

Mean ratio 0.98 0.86 2.48 0.78 0.74 3.09

“ Naive subset defined by CD95, CD28, and either 3, integrin (CD4 " T cells) or CD11a (CD8™ T cells) expression as described in Fig. 1 legend.

® Inguinal and axillary.
< Attenuated SIV infected.

720z ‘8 1sn3ny uo 1son3 £q /310 Tounwwiif mmm//:dny woly papeojumoq


http://www.jimmunol.org/

A. CD4+ T cells

naive: 96.9%
mamory: 3.1%

B7-Integrin

Neonatal Blood

CcD28

CD45RA

p7-Integrin

Bk | T

CDgs5

B. CD8B+ T cells

CD95

T T

CD45RA

naive: 95.9%
memaory: 4.1%)

B7-Integrin

-

CD95

C.CD4+ Tcells

30

&

[X]
L

% Memory Cells
s @

o

0 1

2 3 a4
age (months)

D. CD8pB+ T cells

50
45
40

% Memory Cells
w3 n B8 88

(=]

0 1

2 3
age (months)

4 5

T CELL MEMORY IN RHESUS MACAQUE

>

100
> 1 o¢ o o
5 80 4 o. 022 %0 & o
EEO: C\CPSOO@ @
E | %O@Ogoo )
= 40 1 o
a |
o 20.§1§0
& o 1g__rho = 0.93; p<.0001

o0 5 10 15 20 25 30
age
o) OQchg ’Iﬂ)o B
[¢] " o
o ”

%D@
o
[a]

1001

-]
(=]
o @

o
o ©
Pon ©

% CD8 memory
L -]
o o

L]
o

rho = 0.91; p<.0001

u L) L L] Ll L] T T
1] 5 10 15 20 25 30
(o age
o DO 0 8 o%;oo@
5 80 1 o § %
5 co ] o8 °
60 1 [s]
E o @GOO OQ,O@ %0
w 40 4 OQ o) o
[=] f O ©
Q 20 o %ra% rho = 0.92;
18 p<.0001
0 T T T T T T

0 20 40 60 80 100
%CD4 memory

FIGURE 4. RM memory phenotype CD4"* and CD8" T cells coordi-
nately accumulate with age. This figure demonstrates a cross-sectional
analysis of the frequencies of memory phenotype T cells throughout the
RM life span. Memory T cell frequencies were determined using patterns
of 3, integrin, CD28, and CD95 expression, as shown in Figs. 1 and 3.
Spearman rank correlation coefficients (p) and p values are shown for per-
cent CD4" and percent CD8" memory T cell frequencies vs age and vs
each other.

especially responses directed against persistent viruses like CMV
(5). To test the functional and repertoire characteristics of our phe-
notypically defined subsets, we used cytokine flow cytometry, a
technique that allows precise quantification and phenotypic char-
acterization of TCR-triggered T cells (25-27). In this assay PBMC
are incubated with Ag or other stimuli (and costimulatory Abs to
lower response thresholds) for 6 h with the secretion inhibitor
brefeldin A present the last 5 h. It is important to note that brefel-
din A not only retains secreted products such as cytokines within
the cell cytoplasm (in a modified Golgi), but also any induced cell

FIGURE 3. Peripheral blood T cells with a putative memory phenotype
are rare at birth in RM, but rapidly accumulate in the first few months of
postnatal life. PBMC from blood obtained in the first 24 h of life and at
postnatal day 72 from the same RM were examined for their correlated
expression of CD4 or CD8pB vs CD95 vs CD45RA vs either CD28 or 3,
integrin and analyzed as described in Fig. 1 legend. Five thousand events
gated on CD4™" (A) or CD8B™ (B) small lymphocytes are shown, with the
overall percent naive (blue)/memory (red) provided in the top left profiles
in each figure, and the percentage of the memory population with the des-
ignated phenotypes (CD28~ or CD45RA™ ™) shown in association with
defining lines and arrows. Similar analyses on sequential neonatal and 2- to
5-mo postnatal specimens were performed on seven additional RM, and the
frequencies of CD4™ (C) or CD8B™" (D) T cells with the putative memory
phenotype for all eight animals studied are shown.
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surface molecules (27). Thus, even with potent polyclonal T cell
stimulation, no change in surface phenotype (i.e., stained before
fixation and permeabilization) is observed for most Ags during the
course of this assay, including all those used as primary pheno-
typing markers in this study (data not shown).

To assess IFN-vy synthesis capabilities of putative naive vs
memory subsets, we utilized stimulation with the superantigen
SEB, which stimulates on the basis of TCR V[ chain recognition
(26), and thus stimulates both naive and memory subsets. To en-
sure suprathreshold stimulation of naive cells, we also included
costimulatory mAbs (either CD28 and CD49d or CD49d alone).
As illustrated in Fig. 5 (representative of five independent exper-
iments with different animals), this stimulation protocol elicited
substantial frequencies of IFN-y-producing cells in both the CD4*
and CD8™ subsets—responses that were restricted almost entirely
to the phenotypically defined memory population. This restriction
was similar regardless of the level of exogenous costimulation pro-
vided (none, CD49d alone, or CD28 plus CD49d; data not shown).
Importantly, IFN-vy producers were well represented in all 3, in-
tegrin-, CD28-, and CD45RA-defined memory subsets, although
the frequency of such responders in these subsets varied among
different animals (likely due to different distributions of T cells
with appropriate TCR-V f3).

To determine the phenotype of memory T cells defined by the
capacity to manifest an immediate effector response to recall Ag,
we examined the CD4 ™ T cell response to whole RM CMV prep-
arations, and the CD8™ T cell response to a set of consecutive
15-mer peptides (overlapping by 11 aa) representing the sequence
of RM CMYV [E-1 gene (which contains at least 6 dominant class
I-restricted T cell epitopes recognized by RM in our colony; J.
Walker and L. Picker, manuscript in preparation). As illustrated in
Fig. 6 (representative of four animals), both RM CMV-specific
CD4™ T cells and RM CMV IE-1-specific CD8™ T cells were highly
restricted to the putative memory subset (again, this restriction was
observed regardless of the level of exogenous costimulation; data

A. CD4+ T cells; SEB stimulated

oL

p7-Integrin
cD28
CD45RA

6.82%
T

T

FIFN . <—CD95—~
B. CD8(3+ T cells; SEB stimulated

CD4|5 RA

CD11a

+IFN -—(CD95—

FIGURE 5. Memory, but not naive, phenotype T cells produce IFN-y
after superantigen stimulation. RM PBMC (8.4-year-old animal) were
stimulated with the superantigen SEB plus CD49d for 6 h in the presence
of the secretion inhibitor brefeldin A for the final 5 h, and then examined
for their correlated expression of cell surface CD4 or CD8B vs CD95 vs
either 3, integrin, CD28, CD45RA, or CD11a (stained before fixation and
permeabilization) vs intracellular IFN-vy (stained after fixation and perme-
abilization), or cell surface CD4 or CD83 vs intracellular IFN-y and CD69.
Ten thousand events gated on CD4™ (A) or CD8B™ (B) small lymphocytes
are shown, with the events within the IFN-y" (SEB-responding) popula-
tion enlarged and colored black (percent responding provided in the lower
right corner of the CD69 vs IFN-vy profile). Parallel cultures treated with
CD49 mAbs alone and analyzed in similar fashion revealed no IFN-vy re-
sponse (data not shown).
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not shown). Interestingly, in the case of these responses to a per-
sistent virus, the responding cells were not equivalently distributed
among all memory subsets (Table II). RM CMV-specific CD4™"
memory cells were predominantly CD28~ *° 4™ B integrin~ ' 4™,
and CD45RA™ ™", Among the animals tested, an average of 81%
of the CD4™ T cell response to CMV was composed of CD28~ ' 4im
memory cells, whereas the overall frequency of CD28 ™~ * 4™ cells in
the same samples was 11.5% (7-fold enrichment). IE-1-specific
CD8™ T cells were similarly polarized with respect to 3, integrin and
CD45RA, but were much more polarized with respect to CD28:
>95% of these cells lacked or showed dim expression of CD28 (al-
though due to the high overall frequency of CD28~ ** '™ memory
cells in the CD8™" T cell subset of these animals (52%), the overall
enrichment was only ~2-fold).

Identification of RM effector memory T cells

Although the concept of specific functional specialization among
memory T cells goes back many years, there has been recent ap-
preciation for a broad dichotomy in memory T cell differentiation
based on the ability of a memory cell to manifest immediate (i.e.,
without further maturation), direct anti-pathogen effector activities
in tertiary (extralymphoid) sites (8, 18, 22, 23, 30, 35-44). So-
called effector memory T cells are thought to be fully, perhaps
terminally, differentiated cells with high potential for immediate
cytotoxic function, polarized cytokine synthesis function (e.g., Th1l
vs Th2), predominant homing to and localization within extralym-
phoid tissues, and reduced costimulatory requirements. This pop-
ulation also includes the majority of memory T cells specific for
chronic pathogens, and accumulates with age. Effector memory T
cells are thought to derive from so-called “central” memory cells
which have little immediate cytotoxic potential, nonpolarized cy-
tokine synthesis function, predominant homing to and localization
within secondary lymphoid tissues, and higher costimulatory re-
quirements. Although the phenotypic correlates used to delineate
these populations vary among investigators, CD27, CD28,
CD45RA, CCR7, and CD62L have been the most widely used in
humans, with the most differentiated effector memory population
characterized as CD27, CD28 , CD45RA™, CCR7, and
CD62L", and the “archetype” central memory population having
the reciprocal phenotype.

As indicated above, analogous CD28~ and CD45RA"=" mem-
ory subsets were recognizable, indeed quite prominent, in the RM,
and included most of the RM CMV-specific memory T cells in
both the CD4* and CD8™ lineages. To further evaluate the sig-
nificance of these phenotypes, we quantified the frequencies of the
CD28~ and CD45RAM=" subsets within the overall population of
peripheral blood memory cells in our cross-sectional cohort of 87
animals and correlated these frequencies with age and with each
other. As shown in Fig. 7, there was a striking correlation between
the size of the CD28~ subset and age for both the CD4™ and
CD8™ populations, although the pattern of this relationship was
different for the two lineages. The fraction of memory CD8" T
cells with a CD28 " phenotype rapidly increased in the first 3 years
of life and then leveled off; whereas for CD4 " memory cells, the
accumulation of CD28" cells was more gradual and continued
through adulthood. For the CD4™ lineage, the CD45RA"" subset
showed a similar correlation with age and, in fact, demonstrated a
strong, direct correlation with the CD28 subset (in keeping with
our general impression on multiparameter flow cytometric analysis
that in peripheral blood, these two subsets were largely, although
not completely, overlapping; Fig. 1A and data not shown). In con-
trast, the CD8*/CD45RAME" memory subset showed no correla-
tion with age or with the CD8"CD28~ subset. Indeed, multipa-
rameter analysis of these two markers on CD8" memory cells
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FIGURE 6. T cells responding to the chronic virus RM CMYV display a memory phenotype. RM PBMC (9.5- and 8.4-year-old animals for A and B,
respectively) were stimulated with the whole CMV Ag preparations (CD4™ T cells; A) or IE-1 peptide mixes (consecutive 15-mers overlapping by 11 aa;
CD8™ T cells, B) plus CD49d for 6 h in the presence of the secretion inhibitor brefeldin A for the final 5 h, and then examined for their correlated expression
of cell surface CD4 or CD8B vs CD95 vs either B, integrin, CD28, CD45RA, or CD11a (stained before fixation and permeabilization) vs intracellular
TNF-a (stained after fixation and permeabilization), or cell surface CD4 or CD8 vs intracellular IFN-y and CD69. Fifteen thousand events gated on CD4*
(A) or CD8B™ (B) small lymphocytes are shown, with the events within the TNF-a plus (Ag-responding) population enlarged and colored black (percent
responding provided in the lower right corner of the CD69 vs IFN-y profile; see also Table II). Parallel cultures treated with CD49 mAbs alone and analyzed

in similar fashion revealed no IFN-vy response (data not shown).

revealed multiple nonoverlapping patterns of expression (Fig. 8A).
Furthermore, whereas CD8 "CD28 ™~ memory cells were highly en-
riched in effector sites (lung and gut lamina propria) as compared
with lymph node, CD8 "CD45RA"&" memory cells were highest
in peripheral blood, next highest in lymph node, and almost absent
in the effector sites examined (Fig. 8B). This same relative tissue
distribution was observed for CD4"CD28~ and CD4 " CD45RAM¢"
T cells as well (data not shown), suggesting that the correlation of the
CD28~ and CD45RAM#" phenotypes observed in the CD4 ™ memory
T cell subset in peripheral blood did not extend to CD4 " memory T
cells in tissues. Taken together, these data support the conclusion that
the CD28™ phenotype consistently delineates RM effector memory
differentiation for both CD4" and CD8" T cells, whereas the
CD45RAM2" phenotype does not.

In vivo homeostasis of naive and memory subsets

Data in both rodent models and humans have indicated that ho-
meostasis of naive and memory cells is achieved by fundamentally
different mechanisms: naive T cells are thought to be long-lived,
with only low-level homeostatic turnover, whereas memory T cell
homeostasis is associated with high turnover (9, 20, 45). To in-

vestigate the in vivo turnover of the phenotypically defined subsets
described above, we used two complementary approaches: 1) in
vivo pulsing with the thymidine analog BrdU followed by quan-
tification of BrdU™ T cells, and 2) quantification of T cells ex-
pressing the cell cycle-associated nuclear Ag Ki-67. BrdU incor-
poration allows precise determination of cells in S phase during the
pulse, and labeled cells can be followed over time. Staining is very
discrete, and thus it is precisely quantitative. The main liability of
this approach is the potential toxicity of BrdU (Ref. 46; although
doses used here had no discernible toxic effects) and the imprac-
ticality of its use in large RM cohorts.

In contrast, Ki-67 reactivity, which implies a cell is cycling (i.e.,
non-G, phase; Ref. 47), requires no pretreatment of the animals,
and thus can readily be applied to large cohorts. However, Ki-67
expression is less discrete than that of BrdU, and its expression
may miss cells proliferating in tissues that return to G, phase be-
fore returning to peripheral blood. Moreover, the temporal signif-
icance of Ki-67 expression in vivo is poorly characterized; i.e., it
is unclear whether Ki-67 reactivity suggests that a cell that has
undergone DNA synthesis in the last few hours, the last few days,
or even more remotely. To better interpret the in vivo significance

Table II.  Distribution of CMV-specific T cells within the memory subsets defined by CD28, CD45RA, and [, integrin

% of Response within Memory Subsets

CD28 CD45RA B, integrin
Responder
Animal Age (years) Stimulus® Frequency (%) - + ++ - + ++ - + ++
CD4™" T cells
16604 9.3 CMV alone 0.30 54.7 26.7 11.9 21.0 35.5 39.5 69.4 23.8 2.9
16242 10.6 CMV alone 0.60 51.9 22.5 21.5 27.0 18.0 50.8 75.3 14.6 6.1
16476 9.5 CMV + CD49d 0.66 84.6 3.6 10.2 13.2 51.5 33.8 12.1 56.3 30.0
15817 11.8 CMV + CD49d 0.47 77.1 1.5 18.8 24.5 342 38.4 294 51.9 14.5
CD8" T cells
16604 9.3 IE-1 + CD49d 5.12 99.0 0.6 0.1 7.0 61.5 30.9 24.7 71.6 34
16476 9.5 IE-1 + CD49d 1.14 85.3 10.1 3.0 48.8 39.2 10.4 34 81.2 13.8
20096 8.4 IE-1 + CD49d 4.73 95.1 1.3 2.7 24.6 57.6 16.9 314 66.4 1.3
17180 8.9 IE-1 + CD49d 5.32 93.2 34 1.0 19.1 67.2 11.2 17.2 69.6 10.7

“CMV, Whole rhesus CMV preparations; IE-1, total mix of rhesus CMV IE-1 15 mer peptides (11 aa overlap).
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of Ki-67 reactivity in RM, we focused our initial experiments on
the coordinate study of Ki-67 and BrdU expression by T cells
harvested immediately after varying periods of in vivo BrdU ex-
posure in different animals. As shown in Fig. 94 for CD4" T cells,
1 h after a single i.v. dose of BrdU, few Ki-67" cells are also
BrdU™. After three i.v. doses of BrdU over 24 h, only ~31% of
Ki-67" cells are BrdU™". However, after two i.v. doses a day of
BrdU for 3 consecutive days, 75% of total Ki-67 " and essentially
all Ki-67°e" cells are BrdU™; in addition, there are few BrdU™
cells that lack Ki-67. After administering single high i.p. doses of
BrdU for 4 consecutive days (given i.p. to prolong drug availabil-
ity), essentially all Ki-67" are BrdU™, but in this situation many
of the BrdU™" cells (~30%) are clearly beginning to lose Ki-67
reactivity. These observations suggest that Ki-67 expression de-
lineates cells that have undergone S phase in the prior 3—4 days,
and that few, if any, T cells in these normal animals remain ar-
rested in the G, phase of the cell cycle (e.g., remain Ki-67 " with-
out going through S phase and becoming BrdU™) for longer than
this time period.

The fate of Ki-67 expression on the BrdU-labeled CD4 " T cells
is shown for the 3-day BrdU-pulsed animal (animal 15463) in Fig.
9B. Note that the vast majority of BrdU™ cells lose Ki-67 reac-
tivity by 1 wk following the end of the BrdU pulse. At 2 or more
weeks after the BrdU pulse, the frequency of BrdU-labeled cells
that also express Ki-67 remains steady at 2—6%, similar to the
Ki-67 reactivity of the unlabeled population (data not shown).
These results suggest that 1) few cells arrest in the G,-M phase of
the cell cycle (e.g., remain BrdU™ without eventually leaving the
cell cycle and losing Ki-67 reactivity), and 2) the vast majority of
recirculating peripheral T cells undergo short bursts of expansion

%CD28" (of overall memory)

and then return to a noncycling state. The small fraction of BrdU™
cells that express Ki-67 after week 2 likely represent stochastic
re-entry of cells into the cell cycle, rather than continuous cell
cycling, as continuous proliferation in the absence of exogenous
BrdU would result in the loss of detectable BrdU reactivity after
approximately four or five divisions. The results shown in Fig. 9
are for CD4" T cells, but essentially identical staining patterns
were observed for the CD8™ lineage of this animal and for both
CD4™" and CD8™ T cells of a 6-day BrdU-pulsed animal (animal
15449, data not shown).

We next determined the recent proliferative history of putative
naive and memory RM T cells by assessment of the correlated
expression of either CD4 or CD8f3, Ki-67, CD95, and in separate
analyses (3, integrin or CD28 by multiparameter flow cytometry.
As illustrated in Fig. 10, A—C, and shown for 25 animals in Fig.
10D, frequencies of Ki-67% cells were ~10-fold higher in the
memory than in the naive subset. Interestingly, for both the mem-
ory and naive subsets, Ki-67 " frequencies within the CD4" and
CD8" were highly correlated (Fig. 10D), indicating that within
individual animals, homeostatic mechanisms, or in the case of
memory cells, Ag encounters tend to coordinately impact both of
these subsets. It was also of particular interest to assess the relative
proliferative activity of memory subsets defined by CD28. As
shown in Fig. 11, no significant difference in Ki-67 frequencies
between the CD28"" and CD28'™ memory subsets were ob-
served for either the CD4™ or CD8™" populations. Thus, recent
proliferative activity does not appear to distinguish effector and
central memory populations.

Although studied in fewer animals, assessment of BrdU incor-
poration immediately after 1 day (n = 2), 3 days (n = 1), 4 days
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FIGURE 8. The CD8'CD28  and CD8"
CD45RA™ " memory subsets are divergent with
only the CD28" subset showing enrichment in
effector sites. A, RM PBMC from four different
animals (0.4, 3.4, 5.0, and 9.8 years old from left to
right, respectively) were examined for their corre-
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(n = 1), and 6 days (n = 2) of BrdU administration confirmed the
subset distribution of proliferating T cells, particularly the prolif-
erative competence of the CD28™ effector memory population
(Fig. 12 and data not shown). To further assess the proliferative
capacity and survival of effector vs central memory cells, we fol-
lowed the fate of BrdU-labeled total memory, CD28~ and CD28"
memory, and CMV-specific memory T cells over time in two of
these animals. As shown in Fig. 124, the rate of loss of BrdU™
total memory T cells was highest in the first 1-2 wk after the pulse
and then leveled off. Most significantly, loss of BrdU-labeled cells
from the CD28 CD4" and CD28 CD8* memory subsets was
similar to the loss of BrdU™ cells in the corresponding CD28*
subsets. In addition, the spectrum of BrdU intensities among the
BrdU™ cells was similar for both the CD28" and CD28~ memory
subsets, with neither population demonstrating a discernible shift
to lower intensities at later time points (Fig. 12B). Loss of BrdU™

A.

Brdu Uptake (CD4+ T cells)

cells in a given subset could result from 1) death of the labeled
cells, 2) phenotypic differentiation of the labeled cells (e.g.,
CD28" memory cells converting to the CD28 ™~ subset), or 3) con-
tinued proliferation of the labeled cells, the latter being first rec-
ognized by loss of BrdU intensity, before such loss results in the
inability to distinguish label. Thus, these observations would sug-
gest that either the CD28 ™ effector memory subset is equivalently
stable as the CD28 " central memory subset (i.e., with similar frac-
tions of cells surviving without significant proliferation), or that a
more rapid loss of labeled cells in the CD28™ effector memory
subset is largely compensated by the continued differentiation of
(BrdU™) CD28™ precursors. Since the relative BrdU staining in-
tensity of CD28~ memory cells is stable, even at later time points,
any such differentiation would have to occur in the absence of
significant proliferation of these precursors and would imply a
large reservoir of such cells in lymphoid tissues. Although this

FIGURE 9. Ki-67" reactivity delineates T cells
that have undergone S phase in the preceding 3—4
days, and when analyzed in conjunction with BrdU

pulsing allow estimation of T cell turnover. A, Differ-
ent RM were i.v. pulsed with BrdU for 1 h (100-mg
single i.v. dose, PBMC collected 1 h later), 1 day

(three 100-mg i.v. doses, given 8 h apart with PBMC
collection 2 h after the last dose), 3 days (two 150-mg

BrdU pulse: 1 hour 1 day 3 days
4.34%| 0.07%] 1.94% 0.87% 0.92% 2.61%
- N A NI S
@ ] ] b gk ] = v ]
0.01%| 0.02%; ?.25%
T I U T T T 1 il
--—BrdU—

washout:

3 day BrdU pulse, washout phase (CD4+ T cells)

7 days 14 days 21 days

i.v. doses/day for 3 days with PBMC collection 14 h
after last dose), or 4 days (single 700-mg i.p. dose/day
for 4 days with PBMC collection 21 h after last dose).
PBMC were examined for their correlated expression
of cell surface CD4 vs CD8f vs intracellular BrdU
and Ki-67. Ten thousand events gated on CD4™ small

35 days lymphocytes are shown. B, The 3-day pulsed animal

5.45% 0.52% 4.99% 0.04% 3.60% 0.02%4

shown in A was followed at the designated intervals
with the same analysis. Again, 10,000 events, gated
on CD4"% small lymphocytes, are shown. Identical

3.34% 0.02%

patterns were seen for CD8™ T cells in this animal and
for both CD4* and CD8" T cells in an additional
animal pulsed with BrdU at 150 mg i.v. for 6 days and

studied at the same time intervals.

720z ‘8 1sn3ny uo 1son3 £q /310 Tounwwiif mmm//:dny woly papeojumoq


http://www.jimmunol.org/

The Journal of Immunology

A. Total T Cells (CD3+ gated)

0.12%

T T T

control Ki-67

B. CD4+ T Cells

naive:  memory: memaory:|
0.19% W - L

(7-Integrin

C. CD8B+ T Cells

memaory: naive: memory:

[7-Integrin
Jd

Kl

D.
*100
b s -
i CD4=8.28%
=) * —- .
¥ 10 coessTen "Q
= Hos
a ®m
8 1 u%ﬁt
- Nalve medians:)
@ 50~ CD4=0.62%
é ; CD8=0.64%

a 1 10 100
CDB8 Subset: %Ki67+

FIGURE 10. RM memory phenotype CD4* and CD8" T cells display
markedly higher recent proliferative activity than their naive phenotype
counterparts. RM PBMC (3.8-year-old animal) were examined for their
correlated expression of cell surface CD3 vs CD4 vs CD83 vs intracellular
Ki-67 (A), cell surface CD4 vs CD95 vs either 8, integrin or CD28 vs
intracellular Ki-67 (B), and cell surface CD8@ vs CD95 vs either 3, inte-
grin or CD28 vs intracellular Ki-67 (C). Five thousand events gated on
CD3" (A), CD4" (B), or CD8B™" (C) small lymphocytes are shown, with
the events within the control ™ (A, left panel) or Ki-67" population (A, right
panel; B and C) enlarged and colored black (percent positive provided in
each profile for the designated subsets). In A, it should be noted that the
CD3"CD4 " subset shown is equivalent to the CD3*CD8B" population.
D, Cross-sectional analysis of the frequencies of Ki-67" cells (shown on a
log scale) within the naive () and memory (4 ) subsets of the CD4™ vs
CD8B™ T cell populations in the peripheral blood of 25 RM (age range,
1.4-12.6 years). Ki-67" cell frequencies within these subsets were deter-
mined on the CD95 vs B, integrin profiles for the CD4™" subset and the
CD95 vs CD28 profiles for the CD8B™" subset. Spearman rank correlation
coefficients (p) and p values for CD4™ vs CD8 ™" naive and CD4™ vs CD8"
memory Ki-67" frequencies are p = 0.82; p < 0.0001 and p = 0.92, p <
0.0001, respectively.

might be plausible for the overall memory subset, our analyses
have indicated that the CMV IE-1-specific CD8" memory co-
hort is predominantly CD28~ '*'°¥ throughout the body (ex-
trapolated over blood, spleen, secondary lymphoid tissues—
PLN and spleen, and effector sites—Ilung; Fig. 5, Table II, and
data not shown). Thus, the demonstration that the IE-1-specific
population has, if anything, a slightly slower rate of BrdU™ cell
loss than the overall CD28™ subset (Fig. 12) argues against the
possibility that BrdU™ cell frequencies are maintained in the
effector memory subset by continual replacement from a central
memory reservoir.
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FIGURE 11. CD28" effector memory and CD28" " central memory T
cell subsets cannot be distinguished on the basis of recent proliferative
activity. This figure demonstrates a cross-sectional analysis of the frequen-
cies of Ki-67" cells within the CD28-defined memory subsets (see Fig. 1)
of the CD4" vs CD8B" T cell populations in the peripheral blood of the
same cohort used in Fig. 10D. Statistical analysis (Wilcoxon signed rank
test) demonstrated no significant difference between Ki-67" cell frequen-
cies of the CD28" " and CD28~ memory subsets for either the CD4™" or
CD8" T cell populations (p = 0.67 and 0.39, respectively).

CD28++ CD28-

Discussion

In this study, we have adapted the latest technologies in phenotypic
and functional cellular analysis to the study of T cell memory in a
nonhuman primate model. Our primary goals were 2-fold. First,
we wanted to bring the study of RM T cell memory to current
levels of understanding in the human system, essentially creating
a data set in one study that recapitulates and refines an ~14-year
evolution of data and concepts from disparate human studies. The
main aim of this part of the study was to rigorously correlate cell
surface marker expression and function among RM T cells so as to
phenotypically and functionally define naive/memory status and
physiologically relevant memory subsets in this model. Such in-
formation is critically needed to support ongoing studies using the
RM as an infectious disease and vaccine model (SIV, among oth-
ers) and to allow the exploitation of this model for fundamental
investigations of primate memory T cell physiology. The second
goal involved the initiation of these later investigations, develop-
ing approaches to examine the homeostasis of RM memory T cell
populations, and then to test basic concepts of such homeostasis
in vivo.

With regard to validating phenotypic signatures of naive vs
memory status, we have developed an analysis paradigm that
clearly delineates, for both the CD4™ and CD8™ T cells, distinct
populations with the expected physiologic characteristics of these
subsets (4, 5, 7-10). As summarized in Table III, the homogenous
naive cell cluster, best delineated as CD95'", B, integrin™, and
CD28"=" among CD4™ T cells and by CD95"", CD28™, and
CD11a"" among CD8" T cells, was 1) present in blood and sec-
ondary lymph tissues (PLN, spleen), but not effector sites (lung,
intestinal lamina propria); 2) vastly predominated in the fetal/neo-
natal immune system, but rapidly diminished with postnatal age; 3)
lacked IFN-vy production capability and specific responses to RM
CMV; and 4) demonstrated low in vivo proliferative activity/turn-
over. Most previous studies analyzing naive T cells in RM have
relied upon CD45RA expression alone or the combination of
CD45RA expression and CD62L expression to delineate this sub-
set (48-51). When other markers (CD11a, CD28, CD49d, CD95)
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#15449: 6 day BrdU pulse

FIGURE 12. BrdU-labeled memory T cell 10 CD4* memory T cells 7 CD8* memory T cells
populations defined b.yﬂh.lgh or low expression g E ?6'5'3- 6 g ::06“2'8,

of CD28 and by specificity for CMV determi- o cD2s+ o CD28*

nants show a similar rate of decay after BrdU A CMV-specific 5 A_IE-1-specific
washout. A, RM 15449 (13.0 years old) and ; 6 4

RM 15463 (13.2 years old) were i.v. pulsed °

with BrdU for 6 days (single 150-mg dose of o 4 3

BrdU/day) and 3 days (150-mg of BrdU twice &

a day), respectively, and PBMC were harvested 21

at 14 h and 7, 14, 21, 35, 49, and 63 days after 2 1.

the last dose. Fresh PBMC were examined for

their correlated expression of cell surface CD4 0 T . - - . 0 - . - . -
or CD8B vs CD95 vs CD28 vs intracellular 0 10 20 30 40 50 60 0 10 20 30 40 50 60

BrdU. Separate aliquots were stimulated with
CMV Ag or IE-1 peptide mix as described in
Fig. 5 legend and were then stained for cell

time post BrdU pulse (days)

#15463: 3 day BrdU pulse
4

surface CD4 and CD3 and intracellular TNF-q, 5
and BrdU (RM 15449; the CD3"CD4 "~ pheno-
type was used to define the CD8* T cell 4

response to IE-1), or surface CD4 and intra-
cellular CD69, TNF-a, and BrdU (RM
15463). Frequencies of BrdU" were deter-
mined in the total, CD28"*CD28~, CMV/
IE-1-responsive (TNF-a™) CD4" and CD8"
memory subsets. B, Representative flow cy-
tometric profiles of the analysis in A (animal
15449). Ten thousand events gated on
CD4"CDY5"eh or CD8BCDI95Me" (memo-

% BrdU +

CD4* memory T cells |
u total

A CMV-specific

ry) small lymphocytes are shown. BrdU™ 0
events are enlarged and colored black, with

the percent BrdU™" for the CD28**, CD28™",

and CD28~ memory subsets indicated in B

each panel (except for the CD4"CD28™" sub- .

set, where cells were too few for accurate

analysis). Note that although the frequency

of BrdU™ T cells diminished over the 35-day washout:

10 20 30 40 50 60 0

CD4+ memory T cells

14 hours

0 . r r . -
10 20 30 40 50 60
time post BrdU pulse (days)

#15449; 6 day BrdU pulse

CD8p+ memory T cells

35 days 14 hours 35 days

period shown (most profoundly for the
CD28" ™ subset), there is no discernible dif- i
ference in the spectrum of BrdU staining =
intensities between the 14-h and 35-day sam- (=]
ples for any of the subsets shown. e ]

il e 12.13%]

have been used for phenotyping RM T cells (52, 53), they have not
been precisely interpreted in the context of the naive/memory par-
adigm. Although CD45RA expression (and/or lack of expression
of its largely reciprocal RO isoform) did indeed comprise the first
reported criteria for naive T cell delineation in the human (15, 17),
this phenotype has been subsequently shown to include a subset of
Ag-experienced T cells in this species, especially among CD8" T
cells (Refs. 22, 35, and 54-56 and see below), clearly invalidating
the usefulness of this marker as a single criterion of naive/memory
status in the human system. High expression of CD45RA on Ag-
experienced cells is even more common in RM (up to 60% of
memory cells with bright expression), including both CD8" and
CD4™ T cells, and in addition the CD45RA'®Y memory subset
overlaps the naive subset with respect to CD45RA intensity (see
Fig. 1). The tandem use of CD62L reactivity with CD45RA also
fails to reliably distinguish the naive subset: we have observed
significant contamination (>30% in older animals) of the
CD45RA*CD62L ™" population with CD95™&" memory cells (data
not shown). It is also important to note that surface CD62L is

highly sensitive to proteolytic cleavage (29), often resulting in loss
of expression on true naive cells (especially on stored or cryopre-
served specimens) and thus, their misclassification. In contrast, the
criteria developed here provide reliable separation of naive cells in
both blood and secondary lymphoid tissues and are equally appli-
cable to fresh, stored, and cryopreserved specimens.

The memory population, essentially all cells outside the naive
cluster, included all IFN-y production, RM CMV-specific re-
sponses, lung and intestinal lamina propria T cells (representative
effector sites), and demonstrated relatively high in vivo prolifera-
tive activity (overall, ~10 times the naive subset). This population
was quite low at birth, but in keeping with the expected result of
postnatal Ag exposure, rapidly increased in the first few months of
life. Cross-sectional analysis indicated that attainment of periph-
eral blood memory frequencies of 40-50%, the average frequency
in adult human blood (32, 33), occurs within the first 2-3 years of
life in RM. Thereafter, the rise in memory frequencies slows, but
still, by middle adulthood (10-20 years), memory frequencies av-
erage ~70% for CD4" T cells and 80-90% for CD8" T cells.
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Table III.  Summary: Phenotypic and functional characteristics of peripheral T cell subsets in RM

CD4™" T Cells CD8" T Cells
Naive Central memory  Effector memory Naive Central memory Effector memory

Phenotype

CD95 - + + - + +

CD28 + Bright + - + Bright + -

B, integrin + Variable —/dim + + Variable Variable

CDlla Dim + Dim + + Dim + + Variable

CD62L + Variable - + Variable Majority —

CD45RA + Variable Variable + Variable Variable
Function

IFN-vy production - + + = + +

CMV-specific response - Minority Majority - Few Vast majority
Localization

Lymph node + Vast majority Few + Vast majority Few

Effector sites (lung, gut lamina propria) - Depleted Enriched = Few Vast majority
Development

Frequency in neonatal blood Vast majority Few - Vast majority Few Very few
Turnover

Ki-67 expression or BrdU uptake Low High High Low High High

These results suggest that RM, especially juvenile animals, may be
exposed to more diverse pathogens more frequently than humans.
Indeed, the frequencies of phenotypic memory cells (particularly
of the CD8™ subset) in neonatal (Fig. 3) and even late gestation
fetal blood (data not shown), though low compared with later post-
natal life, were much higher than we have observed in human
umbilical cord blood (Refs. 19, 32, and 33, and L. J. Picker, per-
sonal observation), suggesting that these animals may experience
more prenatal Ag exposure than humans as well. Accelerated nat-
ural Ag exposure and the resultant time-contracted nature of mem-
ory differentiation in RM is useful from the perspective of a model
to study memory differentiation—the tempo of memory develop-
ment is rapid enough for prospective experimental study. On the
other hand, this rapid memory development (with its implication
for high levels of ongoing immune activity) raises important ca-
veats to interpretation of data generated in the extensive ongoing
use of RM in SIV pathogenesis and vaccine studies. Many of the
animals used for these studies are in the age range of rapid memory
development, bringing up the question of whether the relative lev-
els of immunologic activity and ongoing memory development in
these animals differentially affects their response to vaccines
and/or the course of SIV infection.

The RM memory population was characterized, as expected, by
phenotypic diversity, but there were discernible patterns in this
diversity, patterns with important functional correlates. Both
CD4" and CD8™ T memory cells demonstrated a subset primarily
characterized by loss of CD28 expression with stereotyped phe-
notypic and functional features. CD4"CD28~ T cells were gen-
erally CD11a"¢" CD49d(a, integrin)"#", CD62L ", and B, inte-
grin” *© '°%. CD8*CD28~ T cells were generally similar, except
that this population also included a discrete [, integrin®&",
CD11a"" subset. These phenotypic features suggest a population
with enhanced ability to home to extralymphoid (effector) sites,
either generally or, in the case of the B, integrin®€"CD11a'"
subset, specifically directed to intestinal lamina propria and related
sites (5, 7). In keeping with this, the CD28™ subset was directly
shown to be significantly enriched in representative RM effector
sites, lung and intestinal lamina propria (Fig. 8), in a homing re-
ceptor appropriate manner (e.g., 3, integrin®™ cells predomi-
nately in gut lamina propria; Fig. 2). We also demonstrated that
CD28 /%™ T cells accounted for the majority of T cells specific for
epitopes encoded by the chronic pathogen RM CMV (Fig. 5 and
Table II), and that this population appears with a delay in early

memory development and progressively accumulates within the
memory subset thereafter (Figs. 3 and 7).

These features are characteristic of the effector memory subset
described in humans and rodents (8, 18, 22, 23, 30, 35-44), which
has been envisioned as a terminally differentiated memory subset
“trained” for direct anti-pathogen effector activity in extralymphoid
sites. In humans, effector memory cells have been characterized
by the largely overlapping CD28 and CD27 phenotypes and by
“reversed” CD45 isoform expression (e.g., CD45RAME"RO'™). In
RM, the CD27 and CD45RA criteria do not appear to apply. RM
CD27 can be visualized by cross-reacting human CD27-specific
Abs, but a definitive CD27~ memory subset is not observed, and
the variability of expression intensity that is observed does not cor-
relate with CD28 expression or any of the other phenotypic cor-
relates of the effector memory subset (data not shown). With re-
gard to CD45RA, correlation with the CD28" subset is only
observed for peripheral blood CD4™ T memory cells, not CD8™
memory cells or CD4™ cells in effector sites. Moreover, the
CD8"CD45RA™™ subset does not accumulate with age. Taken
together, these data are consistent with 1) the correlation of CD28
loss with a linear differentiation pathway among memory cells, and
2) the independent regulation of CD45RA (the expression of
which may switch both on and off memory T cells in response to
unknown signals).

The current paradigm for the homeostasis of the CD28™ effector
memory subset is that this subset, as a terminally differentiated
population, manifests limited replicative capacity and derives from
and is maintained by the differentiation of the secondary lymphoid
tissue-based, replication competent, CD28" central memory sub-
set (18, 22, 3638, 57, 58). The stability of the CD28~ subset has
been somewhat controversial, with some studies suggesting it is
relatively resistant to apoptosis, and others suggesting it is rela-
tively sensitive (37, 40, 57). These hypotheses have largely been
based on in vitro experimentation, and the in vivo physiology of
this subset must be considered unknown. In this study, we provide
some insight into this issue by the analysis of Ki-67 expression and
BrdU uptake among RM T cells in general and these memory
subsets in specific.

First, as indicated above, memory cells constitute the vast ma-
jority of cycling cells, with rates of Ki-67 expression or BrdU
uptake ~10 times higher than the naive subset. This finding is in
general agreement with several previous studies in RM (48, 50,
52), but the naive/memory delineation in these prior studies was

720z ‘8 1sn3ny uo 1son3 £q /310 Tounwwiif mmm//:dny woly papeojumoq


http://www.jimmunol.org/

42

based on CD45RA alone or CD45RA/CD62L and thus may not
have reliably separated these subsets (as discussed above). Second,
simultaneous analysis of Ki-67 and BrdU incorporation after vary-
ing BrdU pulse periods suggested complete labeling of Ki-67"
cells with 3- to 4-day pulses, and then loss of Ki-67 reactivity on
the vast majority of labeled cells within ~1 wk after the pulse.
These observations indicate that the vast majority of Ki-67% T
cells in peripheral blood have undergone S phase in the preceding
3—4 days and few, if any, of these Ki-67" cells appear to have
undergone cell cycle arrest. Moreover, they suggest that the pro-
liferative activity of the majority of T cells is episodic, with cells
entering cell cycle, undergoing a limited number of divisions, and
then returning to G, phase (i.e., most proliferating cells are not
continuously cycling). Third, frequencies of labeled cells decline
slowly over the washout period with little discernible change in
BrdU staining, indicating that a substantial fraction of postdivi-
sion, recirculating T cells revert to the nonproliferative state and
survive for many weeks. Re-entry of labeled cells into the cell
cycle appeared to be stochastic, occurring at a frequency similar to
that of unlabeled cells. Fourth, Ki-67 reactivity and BrdU incor-
poration following 1-, 3-, or 6-day BrdU pulses were not signifi-
cantly different between the CD28" effector memory and the
CD28" central memory subsets. Significant Ki-67 reactivity
within the CD28 T cell subset has also been reported by Kaur et
al. (52). In vitro maturation of CD28 T cells from CD28™" pre-
cursors in humans takes many days to weeks (57, 58), and the
delayed development of the CD28 ™ T cell subset relative to overall
memory population in RM suggests this differentiation process is
not immediate in vivo either. Thus, the Ki-67 reactivity and BrdU
uptake (after as little as 24 h of pulsing) exhibited by the CD28~
effector memory subset is likely due to proliferation within this
subset and not proliferation of CD28 " central memory T cells with
subsequent differentiation to a CD28™ phenotype. Finally, decay
rates of BrdU-labeled cells and BrdU staining intensities were sim-
ilar among the CD28~ and CD28" subsets, suggesting that either
survival of these subsets was equivalent or that loss of CD28™
memory cells is precisely compensated by differentiating (but non-
proliferating) CD28" cells. Against this later interpretation was
the observation that the decay of a steady-state IE-1-specific CD8 ™
memory subset, which is predominantly CD28" and therefore
lacks a significant CD28™ central memory reservoir, was similar to
the overall CD28" effector memory subset.

Overall, these observations strongly suggest that in vivo the
CD28" effector memory subset is as replication capable and as
intrinsically stable as the CD28" central memory subset, and
therefore most likely constitutes a population capable of inde-
pendent homeostasis. These data do not contradict the role of
the CD28 " central memory subset as a precursor of the effector
memory subset, but do suggest that after this differentiation,
maintenance of the effector memory population is not com-
pletely dependent on this differentiation. Given the vastly differ-
ent tissue-homing preferences of central and effector memory sub-
sets and the consequent differences in their microenvironmental
“niches” (59), it is highly likely the homeostasis of these subsets is
controlled by distinct regulatory influences. Thus, sequential linear
differentiation of memory T cells—central memory to eftector
memory—may be accompanied not only by changes in function,
but also by the development of independent mechanisms of pop-
ulation homeostasis, analogous to the independent homeostasis of
naive vs total memory populations (59).

In summary, this report has defined and validated a new analytic
paradigm for the definition of naive and memory T cells in RM and
has delineated optimized approaches for the study of the function
and homeostasis of these cells. Preliminary data indicate that all of

T CELL MEMORY IN RHESUS MACAQUE

the technical and analytic approaches defined here for RM work
equivalently in cynomologous monkeys (Macaca fascicularis) as
well (data not shown). These nonhuman primates provide a ma-
nipulable, time-contracted model of memory development that
much more closely resembles the human system than rodent mod-
els. Moreover, the application of these analytic tools to nonhuman
primate infectious disease and vaccine models will facilitate de-
termination of protective thresholds for T cell immunity and their
maintenance over time.
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