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CCR2 Identifies a Stable Population of Human Effector
Memory CD4" T Cells Equipped for Rapid Recall Response

Hongwei H. Zhang,""1 Kaimei Song,""l’2 Ronald L. Rabin,* Brenna J. Hill,ﬂIE
Stephen P. Perfetto,§ Mario Roederer,§ Daniel C. Douek,;t Richard M. Siegel,'”
and Joshua M. Farber*

Because T cells act primarily through short-distance interactions, homing receptors can identify colocalizing cells that serve com-
mon functions. Expression patterns for multiple chemokine receptors on CD4* T cells from human blood suggested a hierarchy of
receptors that are induced and accumulate during effector/memory cell differentiation. We characterized CD4*CD45RO" T cells
based on expression of two of these receptors, CCR5 and CCR2, the principal subsets being CCR5-CCR2™ (~70%), CCR5*
CCR2™ (~25%), and CCR5"CCR2" (~5%). Relationships among expression of CCR5 and CCR2 and CD62L, and the subsets’
proliferation histories, suggested a pathway of progressive effector/memory differentiation from the CCRSCCR2~ to CCR5*
CCR2™ to CCR5*CCR2* cells. Sensitivity and rapidity of TCR-mediated activation, TCR signaling, and effector cytokine pro-
duction by the subsets were consistent with such a pathway. The subsets also showed increasing responsiveness to IL-7, and the
CCR5*CCR2* cells were CD127°"#" and invariably showed the greatest response to tetanus toxoid. CCR5*CCR2* cells also
expressed the largest repertoire of chemokine receptors and migrated to the greatest number of chemokines. By contrast, the
CCR5*CCR2™ cells had the greatest percentages of regulatory T cells, activated/cycling cells, and CMV-reactive cells, and were
most susceptible to apoptosis. Our results indicate that increasing memory cell differentiation can be uncoupled from suscepti-
bility to death, and is associated with an increase in chemokine responsiveness, suggesting that vaccination (or infection) can
produce a stable population of effector-capable memory cells that are highly enriched in the CCR5"CCR2" subset and ideally

equipped for rapid recall responses in tissue. The Journal of Immunology, 2010, 185: 6646—6663.

cations for the development of novel vaccines (1) and for
immune reconstitution in individuals made immunodefi-
cient by disease or as a result of therapeutic interventions (2). Un-
derstanding how immunological memory functions requires charac-
terizing the development and organization of functional subsets of
effector/memory cells. Both CD8 and CD4 cells differentiate through
a multistep process to produce heterogeneous populations of effector
and memory cells (3-5).
CD4" effector/memory T cells can be divided into subsets based
on their patterns of cytokine production (4, 6, 7) and/or regulatory

T he study of immunological memory has potential impli-
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activities (6, 8) and/or surface markers related to T cell activation
and survival (9, 10). In addition to the changes in these parameters,
differentiation from naive to effector/memory T cells is accompa-
nied by significant changes in T cell trafficking within lymphoid
compartments (11) and in the cells’ acquisition of access to sites in
nonlymphoid tissues (12). These changes are the result of the se-
lective loss and/or induction of adhesion molecules and chemo-
attractant receptors (13). The associations among these surface
molecules, trafficking behavior, and other aspects of the cells’ phe-
notypes have been used to define novel T cell subsets that in turn
have enhanced our understanding of the pathways for generating
effector/memory cells.

CD4™ T cells function at organ and tissue sites through cell—cell
or short-distance interactions. Chemokine receptors, by identifying
cells that are co-recruited, should therefore define subsets of cells
that act together in an immune response, and whose analysis as
a subset is biologically relevant. For example, the study of CCR7,
which, together with CD62L, is required for mouse T cells to enter
noninflamed lymph nodes from the blood (14, 15), has revealed
important connections between migratory properties and broader
functional features. CCR7 and CD62L have been used extensively
to separate memory cells into “central,” CCR7*/CD62L" (Tcy) and
“effector,” CCR7 /CD62L " (Tgm) subsets. According to the Tcp/
Tgm model as proposed by Sallusto and colleagues (16—18), Tcem
cells circulate among lymphoid organs and do not show efficient
effector functions. Tgy; cells are excluded from lymphoid organs,
are capable of entering peripheral tissues, and can demonstrate
immediate effector functions such as, for CD4* T cells, the pro-
duction of effector cytokines. One component of the model is the
ordering of T cells within the memory population along a linear
pathway of differentiation, with Ty serving as a pool of precursors
for the production of Tgy.
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Studies of CD4" T cells in mice have supported a number of
aspects of the Tcy/Tenm model, and have shown, for example, that
memory cells with effector function migrate to and survive in
peripheral tissues (19-21), and that cells in peripheral tissue have
enhanced effector function and are CD62L~ (22). More complex
and controversial are the pathways for generating and maintaining
Tem and Tgy, and the specific contributions of these subsets to
long-term protection (23-31). Tgy have been described as having
higher rates of cell division (32) and cell death (33-35), leading to
the proposition that the Tgy; are a short-lived population.

By comparing expression of a number of chemokine receptors
with CD62L on CD4* T cells from blood, we found that CCR5 and
CCR2 were opposed to CCR7 in being most skewed toward
CD62L " cells. CCRS is a receptor for CCL3-5 as well as CCL’s 8,
13, and 14. CCRS5 shows some preferential expression on Thl
versus Th2 cells, and serves as the primary coreceptor, together with
CD4, for HIV-1 (reviewed in Ref. 36). CCR2 is closely related to
CCRS (76% sequence identity), and the genes for CCR2 and CCRS
are adjacent on human chromosome 3p21. CCR2 is a receptor for
CCL2, 7, 8, and 13, and is a major receptor for monocyte re-
cruitment (reviewed in Ref. 37). Like CCRS5, CCR2 has been
reported to show some preferential expression on Thl cells (38)
and can function, although for a very limited number of viral strains,
as a coreceptor for HIV-1 (39).

To understand the functions of the CD4™ T cells expressing CCR5
and CCR2 within the effector/memory population, and the possi-
ble roles of CCRS and CCR2 on these cells, we analyzed effector/
memory cells divided into the following principal subsets defined
by CCR5 and CCR2: CCR5™CCR2™, CCR5"CCR2", and CCR5*
CCR2*. Our data suggest a pathway of progressive differentiation
from CCR5 CCR2™ to CCR5*CCR2™ to CCR5"CCR2* cells and
have implications for understanding the origins, maintenance, and
functions of memory subsets. One conclusion suggested by our
findings is that memory cells within the CCR5*CCR2" subset have
characteristics of a stable population that can migrate to any of
multiple inflammatory chemokines and that can respond rapidly to
submaximal stimulation to secrete effector cytokines. Together,
these features suggest that the CCR5*CCR2" subset contains long-
term memory cells that are well equipped for mounting rapid
responses to secondary challenges.

Materials and Methods
Cells

Whole blood and elutriated lymphocytes were obtained from healthy do-
nors by the Department of Transfusion Medicine, Clinical Center, National
Institutes of Health, Bethesda, MD, under a protocol approved by the In-
stitutional Review Board.

Abs and flow cytometry

All Abs were against human Ags. Anti-CCR2-biotin, anti-CCR2-allophyco-
cyanin, anti-CCR4-allophycocyanin, anti-CCR7-FITC, anti-CXCR3-FITC, and
anti-CXCRS-FITC were purchased from R&D Systems (Minneapolis, MN).
Anti-CD4-cascade blue, anti-CD4-allophycocyanin-Cy7, anti-CD4-FITC, anti—
CD62L-FITC, anti-CCRS5-PE-Cy5, anti-CCRS-FITC, anti-CD45RO-PE-Cys5,
anti-CD45RA-PE-Cy5, anti-CD45RO-PE-Cy7, anti-CCR6-PE, anti-CD3-
biotin, anti-CD25-allophycocyanin, anti-CD25-allophycocyanin-Cy7, anti—
CDI122-PE, anti-CD26-FITC, anti-CD127-PE, anti-CD127-allophycocya-
nin, anti-CD132-PE, anti-HLA-DR-allophycocyanin, anti-HLA-DR-FITC,
anti-IL-2-FITC, anti-IFN-y-FITC, anti-IFN-y-PE-Cy7, anti-TNF-a-allo-
phycocyanin, anti-TNF-a-Alexa 700, anti-Ki67-PE, anti-Ki67-FITC, and
anti-BCL-2-FITC were purchased from BD Biosciences (San Jose, CA).
Qdot655-conjugated streptavidin was from Invitrogen (Carlsbad, CA). Anti-
CD3 was obtained from BD Pharmingen (San Diego, CA) and conjugated to
Qdot605 according to the manufacturer’s protocol (Invitrogen, Carlsbad, CA).
Anti-FOXP3-Alexa Fluor 700 was from eBioscience (San Diego, CA). For
phenotypic analysis of leukocyte subsets, cells were stained in whole blood,
in preparations of PBMC:s isolated from blood using Ficoll/Hypaque (Amer-
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sham Biosciences, Piscataway, NJ), or in preparations of CD4* T cells
purified from elutriated lymphocytes using RosetteSep (StemCell Tech-
nologies, Vancouver, British Columbia, Canada). For staining cells in
whole blood, we used 100 I blood, and for staining other samples, 100 w1
1 X 107 cells/ml in HBSS (Mediatech, Manassas, VA) plus 2% FBS
(HBSS/FBS, with FBS obtained from Gemini Bio-Products, Woodland,
CA). Cells were incubated with 1 pg fluorescent-conjugated primary Abs
for 15 min at room temperature (RT), and washed with HBSS/FBS. For
whole blood samples, red cells were then removed using Pharm Lyse (BD
Biosciences) according to the manufacturer’s protocol. For cells stained
with anti-CCR2-biotin, the cells were incubated with PE- or Qdot655-
conjugated streptavidin for an additional 15 min at RT. Cells were fixed
in 1% paraformaldehyde. Staining data were collected on a FACSCalibur
or LSR II cytometer (BD Biosciences). To set gates for defining positive
and negative cells in multicolor staining, samples were stained with a
mixture of all Abs save one. Flow cytometry data were analyzed using
FlowJo (Tree Star, Ashland, OR).

Measuring TCR-rearrangement excision circles

Approximately 1.5 X 10° CD4* T cells were isolated from elutriated lym-
phocytes to > 95% purity using RosetteSep (StemCell Technologies) and
incubated with anti-CCR2-biotin and anti-CCRS5-PE-Cy5 in HBSS plus 4%
FBS for 15 min at RT. Following washing, the cells were stained with
streptavidin-PE, anti-CD4-FITC, and anti-CD45RO-allophycocyanin for an
additional 15 min at RT. The cells were washed and resuspended in HBSS
plus 4% FBS, and cell subsets were isolated to nearly 100% purity using an
Aria cytometer (BD Biosciences). The sorted cells were analyzed for TCR-
rearrangement excision circles (TREC), using real-time quantitative PCR
with normalization based on copies of the albumin gene, as described (40).

Measuring CD3-mediated calcium signals

CD4" T cells were purified from elutriated lymphocytes using RosetteSep
(StemCell Technologies), and the CD45RA™ effector/memory cells were
purified using magnetic beads according to the manufacturer’s protocol
(Miltenyi Biotec, Auburn, CA). Aliquots of total CD4"* or CD45RA ™ cells
were loaded in 5 uM indo-1 AM ester (Molecular Probes, Eugene, OR) for
45 min at 32°C. To analyze naive cells, the total CD4* T cells were then
incubated with anti-CD4-allophycocyanin-Cy7, anti-CD45RO-PE-Cy5,
and 20 pg/ml biotin-conjugated anti-CD3 for 20 min at RT. To analyze
effector/memory cells, the CD45RA ™ cells were then incubated with anti—
CD4-allophycocyanin-Cy7, anti-CD45RO-PE-Cy5 or anti-CD45RA-PE-
CyS5, anti-CCR2-allophycocyanin, anti-CCRS-FITC, and 20 pg/ml biotin-
conjugated anti-CD3. Cells were warmed to 37°C, and the ratio of 405/20
nm: 525/20 nm emissions was measured on an LSR II cytometer before
and after CD3 cross-linking, using 10 wg/ml avidin (Sigma-Aldrich, St.
Louis, MO). The data were analyzed using FlowJo (Tree Star).

Detecting CD154

CD4* T cells were purified from elutriated lymphocytes using RosetteSep
(StemCell Technologies) and incubated first with anti-CCR2-biotin and
anti-CCRS-PE-CyS5 in HBSS plus 4% FBS for 15 min at RT. After washing,
cells were incubated with streptavidin-PE, anti-CD45RO-allophycocyanin,
and a mixture of anti-CD8-FITC, anti-CD14-FITC, anti-CD16-FITC, anti—
CDI19-FITC, and anti-CD56-FITC for another 15 min at RT. Cells were
washed again and resuspended in HBSS plus 4% FBS to sort for subsets to
nearly 100% purity on an Aria cytometer (BD Biosciences), using FITC as
a “dump” channel. For detecting CD154, for CFSE proliferation assays,
and for analysis of cytokine production by intracellular staining (see be-
low), cells were sorted using either a “dump” channel or anti-CD4, and no
differences were found in the subsets’ responses (data not shown). For
analyzing CD154 induction in CCR7*/CCR7" cells, staining was done
with anti-CD4-allophycocyanin-Cy7, anti-CD45RO-FITC, anti-CCRS-
PE-Cy5, anti-CCR2-biotin with streptavidin-PE, and anti-CCR7-PE-Cy7
before sorting. Purified subsets of CD4" T cells were resuspended at 2 X 10°
cells/200 wl in RPMI 1640 media supplemented with 10% FBS, 2 mM L-
glutamine, 100 U/ml penicillin, and 100 pg/ml streptomycin (all from
Invitrogen except FBS) and cultured in a 96-well flat-bottom plate (Corning,
Corning, NY). Some cells were activated using 10 pg/ml plate-bound anti-
CD3 (Clone OKTS3, obtained from Ortho Biotech, Bridgewater, NJ) plus
1 pg/ml soluble anti-CD28 (clone CK248, kindly provided by Calman
Prussin, Laboratory of Allergic Diseases, National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Bethesda, MD). For
superantigen stimulation, the purified subsets of CD4" T cells were cultured
together with 1 X 10° CFSE-labeled PBMCs/well in the presence of 1 g/ml
toxic shock syndrome toxin 1 (TSST-1; Sigma Aldrich). Anti-CD154-
allophycocyanin and 2 wM monensin (BD Biosciences) were included in
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both cultures during the stimulation. Cells were harvested after 6 h and
washed with HBSS plus 2% FBS before analysis on an LSR II cytometer.

Measuring proliferation and cytokine production

For assays using CFSE dilution, subsets of CD4" T cells were purified by
cell sorting as for measuring TREC (see above), and cells were loaded with
8 uM CFSE (Invitrogen) for 10 min at RT and then resuspended in RPMI
1640 media supplemented with 10% FBS, 2 mM L-glutamine, 1 mM so-
dium pyruvate, 0.1 mM nonessential amino acids, 55 uM 2-ME, 100 U/ml
penicillin, and 100 pg/ml streptomycin (complete medium). Some cells
were diluted to 2 X 10> cells/200 .l and activated using 10 pg/ml plate-
bound anti-CD3 plus 1 pg/ml soluble anti-CD28. For activation using
beads, cells were first incubated with magnetic beads conjugated with anti-
CD3 and anti-CD28 (gift from Daniel Fowler, Experimental Trans-
plantation and Immunology Branch, Center for Cancer Research, Na-
tional Cancer Institute, National Institutes of Health, Bethesda, MD), at
a ratio of 3 beads/1 cell, in 30 pl for 30 min at 37°C with rotation and then
resuspended at 2 X 10° cells/200 wl for culturing in a 96-well plate. For
analyzing responses to IL-7 and/or IL-15, cells were cultured with 25 ng/
ml each cytokine (both from R&D Systems). Cells were harvested after 3
or 7 d. CFSE profiles of viable cells were analyzed on an LSR II cytometer.
Dead cells were excluded from the analysis, using propidium iodide (PI;
Caltag Laboratories, Burlingame, CA). For assays using incorporation of
[3H]thymidine, subsets of CD4" T cells were purified by cell sorting, as for
measuring TREC (see above), or after staining with anti-CD4-FITC, anti—
CD45RO-PE-Cy7, anti—-CCR2-biotin with streptavidin-PE, anti-CCRS5-PE-
Cy5, anti-CD25-allophycocyanin-Cy7, and anti-CD127-allophycocyanin.
Purified cells were diluted in complete medium to 2 X 10° cells/200 pl
into a 96-well plate and activated by various concentrations of plate-bound
anti-CD3 plus 1 wg/ml soluble anti-CD28 for 2 d, followed by pulsing with
1 nCi [3H]thymidine (PerkinElmer, Wellesley, MA) for another 16 h at
37°C. The cells were harvested and washed using a Harvester 96 (Tomtec,
Hamden, CT). Radioactivity was measured in a 1450 LSC & Lumines-
cence Counter (PerkinElmer). For measuring cytokine production, sorted
cells were incubated in complete medium for 16 h at 37°C before super-
natants were harvested and analyzed using ELISA by SearchLight Tech-
nology, Pierce Biotechnology (Thermo Fisher Scientific, Rockford, IL).

RNA isolation and real-time fluorogenic RT-PCR

Subsets of CD4" T cells were purified by cell sorting as for measuring
TREC (see above), and 1 X 10° cells were stimulated with 20 ng/ml PMA
plus 1 uM ionomycin in a total volume of 1 ml in 24-well plates for 3 h at
37°C. Total cellular RNA was isolated using the TRIzol reagent (Invi-
trogen). Real-time RT-PCR was performed with 50 ng RNA as a template,
using the SuperScript One-Step RT-PCR Kit (Invitrogen). Primer and
probe sets (FAM/MGB-labeled) were purchased from Applied Biosystems
(Foster City, CA). Results were normalized based on the values for
GAPDH, detected using TagMan GAPDH control reagents (Applied Bio-
systems). Real-time PCR analysis was performed on samples in duplicate
using an ABI 7700 Sequence Detection System (Applied Biosystems). For
cells from each donor, relative levels of expression, based on values for
27ACT are shown as percentages of the subset with the highest value.

Intracellular staining for cytokines

Subsets of CD4" T cells were purified by cell sorting, as for measuring
TREC; as for measuring proliferation to exclude CD25* and CD127 " cells;
or as for detecting CD154 to divide subsets further based on expression of
CCR7 (see above). A total of 1 X 10° cells were stimulated with 20 ng/ml
PMA plus 1 uM ionomycin in the presence of 2 WM monensin or Leukocyte
Activation Cocktail with GolgiPlus (BD Biosciences) in a total volume of
1 ml in 24-well plates for 4 h at 37°C. Cells were then fixed and per-
meabilized using a Cytofix/CytoPerm Plus Kit (BD Biosciences) before
staining with anti—IL-2-FITC, anti—-IFN-y-PE-Cy7, and anti-TNF-a-allo-
phycocyanin or with anti—-IFN-y-FITC and anti-TNF-a-Alexa700. Staining
data were collected on an LSR II cytometer (BD Biosciences) and analyzed
using FlowJo software (Tree Star).

Ag-specific responses

Subsets of CD4" T cells were purified by cell sorting as for measuring
TREC, or as for measuring proliferation to exclude only CD25" or CD25*
plus CD127 cells (see above). Purified cells were loaded with 8 pM
CFSE (Invitrogen) for 10 min at RT, and then resuspended at 1 X 10° cells/
ml in complete medium. PBMCs from the same donor were labeled with
2 uM CellTrace Far Red DDAO-SE (Molecular Probes) for 10 min at RT,
irradiated with 2000 rad, and then resuspended at 5 X 10° cells/ml in
complete medium. Equal volumes of sorted cells and PBMCs were mixed

and cultured in a 24-well plate for 7 d at 37°C in the presence or absence of
10 pg/ml tetanus toxoid (University of Massachusetts or Statens Serum
Institute, Copenhagen, Denmark) or extracts from control or virus-infected
cells (EastCoast Bio, North Berwick, ME). HSV-1 was grown in VERO
cells, and extracts were used at a dilution of 1:600; EBV was grown in
human B cells, and extracts were used at a dilution of 1:500; and CMV was
grown in normal human dermal fibroblasts, and extracts were used at
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FIGURE 1. Patterns suggest late and sequential induction of CCRS5 and
CCR2 on effector/memory CD4" T cells. A, Cells were stained in whole
blood or from PBMCs, and the percentages of cells staining for each che-
mokine receptor were analyzed in naive (CD4*CD45RO™CD62L"), CD4*
CD45RO'CD62L*, and CD4*CD45RO*CD62L.~ subsets. The relative num-
bers of receptor” cells within the three subsets are represented graphically for
each receptor, based on the results from more than 20 donors. The horizontal
arrow indicates the direction of increasing proliferation and differentiation. B,
Purified CD4" T cells were stained with anti-CD4-FITC, anti-CCR5-PE-
Cys5, and anti-CCR2-biotin plus streptavidin-PE. In these and all other flow
cytometry data, analysis included an initial gating based on forward and side
scatter. Only CD4" cells are shown. Quadrant boundaries were set based on
samples stained with all Abs except one. Results are representative of data
from more than 30 donors. C, Purified CD4" T cells from each of eight donors
were sorted into naive (CD45RO ™) and the three CD45RO™ subsets based on
CCRS and CCR?2 for measuring TREC. TREC values are expressed per 1000
cells based on albumin gene copy number. Each donor is represented by
a unique symbol. Open bars show medians. p values were determined using
the Wilcoxon matched-pairs signed-rank test. In addition to the comparisons
marked by the horizontal lines, values for all the CD45RO" subsets were
significantly lower than values for the naive (CD45RO ") cells.
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a dilution of 1:300. Dilutions were based on titrations that established
optimal proliferation responses while minimizing toxicity (data not shown).
Cells were then harvested and stained with anti-CD3-allophycocyanin-Cy7,
and anti-CD4-PE. PI was added, CFSE profiles of CD3"CD4* PI_ DDAO ™
cells were assessed, and cells were counted using AccuCount Fluorescent
Particles (Spherotech, Libertyville, IL) on an LSR II cytometer.

Inducing and measuring cell death

Subsets of CD4" T cells were purified by cell sorting as for measuring
TREC, or as for measuring proliferation to exclude only CD25* or CD25*
plus CD127~ cells (see above). Purified cells were resuspended at 2 X 10°
cells/200 pl in complete medium and stimulated with either 10 pg/ml
plate-bound anti-CD3 plus 1 pg/ml soluble anti-CD28 or 2 pg/ml solu-
ble anti-Fas (Clone APO-1-3; Axxora, San Diego, CA) plus 1 pg/ml
soluble anti-mouse IgG; (BD Biosciences) for 16 h at 37°C. Live and
dead cells were distinguished according to their scatter profiles, and in
some cases after staining with annexin V and PI, and counted using
AccuCount Fluorescent Particles on an LSR II cytometer. Specific cell
death was calculated from the following formula:

[1 = (% live cells treated/% live cells untreated)] X 100%.

Western blotting

Subsets of CD4* T cells were purified by cell sorting as for measuring TREC
(see above) and lysed on ice for 1 h in chilled lysis buffer (50 mM Tris HCI,
pH 8.0; 150 mM NaCl; 1 mM EDTA; and 2% Triton X-100) containing
1:200 protease inhibitor mixture (Sigma-Aldrich). Cellular lysates were
centrifuged at 12,000 X g for 10 min at 4°C, and supernatants were collected
after centrifugation. Protein content was quantified using the Micro BCA
Protein assay (Pierce) according to the manufacturer’s guidelines with BSA
as a standard. Samples were prepared for SDS-PAGE by boiling at 100°C
with 2X Laemmli sample buffer (Bio-Rad, Hercules, CA) plus 8 M urea. A
total of 10 pg cellular proteins were separated by SDS-PAGE in 4-15%
acrylamide gradient gels (Bio-Rad) at 150 V. After electrophoresis, protein
was transferred to an Immun-Blot polyvinylidene difluoride membrane
(Bio-Rad Laboratories) over 1 h, using a Mini Trans-Blot Cell (Bio-Rad).
Following transfer, the membrane was washed in Tris-buffered saline with
Tween 20 (TBST) and blocked for 1 h in 5% nonfat dried skimmed milk
powder in TBST. The membrane was then incubated for 2 h at RT with 1:500
dilution of mouse anti-human BCL-2 or mouse anti-human cFLIP (both
from Axxora) in 5% skimmed milk TBST. Following incubation with pri-
mary Ab, the membrane was washed with TBST and incubated at RT with
1:1000 dilution of HRP-conjugated horse anti-mouse Ab (Cell Signaling
Technology, Beverly, MA) in 5% skimmed milk TBST for 1 h, and then
washed with TBST. Protein bands were visualized using SuperSignal West
Pico Chemiluminescent Substrate (Pierce). Quantification of bands was
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done using Adobe Photoshop (San Jose, CA) and the ImageJ program
(National Institutes of Health) as described on the following Web site: www.
lukemiller.org/journal/2007/08/quantifying-Western-blots-without.html

Chemotaxis

Subsets of CD4" T cells were purified by cell sorting as for measuring TREC
(see above) and resuspended at 1 X 107 cells/ml in RPMI 1640 supple-
mented with 0.5% BSA and 25 mM HEPES (chemotaxis medium). A total
of 100 p.l cells were added to each insert of the Transwell apparatus with 6.5-
mm-diameter membranes containing 3.0-wm pores (Corning). The cells
were preincubated for 30 min at 37°C, and the inserts were then transferred
into wells with chemotaxis medium containing either chemokines (all from
PeproTech, Rocky Hill, NJ) or macrophage-conditioned medium (diluted
with the chemotaxis medium). Cells in the lower wells were harvested after
3 h at 37°C, and the migrated cells were counted using AccuCount Fluo-
rescent Particles (Spherotech) on an LSR II cytometer.

Culturing macrophages

Monocytes were purified from elutriated mononuclear cells, using magnetic
beads (Monocyte Isolation Kit II; Miltenyi Biotec), and cultured for 4 d in
IMDM containing 10% human serum type AB (Sigma-Aldrich), 50 ng/ml
recombinant human GM-CSF (R&D Systems), 100 pg/ml gentamicin
sulfate, and 1 mM sodium pyruvate. The cells were then stimulated with
100 ng/ml LPS (Salmonella abortus; Sigma-Aldrich) for 2 d before the
medium was harvested.

Statistics

Statistical comparisons used the Wilcoxon matched-pairs signed-rank test,
ANOVA, or a two-tailed Student ¢ test, as noted in the figure legends.

Results

CCRS5 and CCR2 show a pattern suggesting late and sequential
induction on CD4"* T cells during naive — Tcpy — Tey
differentiation

We stained subsets of CD4" T cells, as defined by CD45RO and
CD62L, from the blood of healthy adults for the expression of 13
chemokine receptors, and found that 9 receptors were expressed
on sufficient numbers of cells for analysis (data not shown). The
CD45RO CD62L" phenotype has been used to identify naive
cells (41, 42), and among the CD45RO™ (effector/memory) cells, as
noted above, CD62L expression, along with CCR7, has been used
to identify cells in the Ty, versus the Tgy memory subsets (16, 17,
29). In analyzing CD4" T cells from more than 20 donors, general

Table I.  Protein staining for naive and effector/memory CD4* T cells

Effector/Memory (CD45RO™)

Naive
(CD45RO ") CCRS5™CCR2™ CCR5"CCR2™ CCR5"CCR2*

CD62L 98.3 = 0.4 82.3 £ 2.1 %*x* 65.6 &= 3.5%** 49.2 £ 3.5%*
CCR7 98.9 = 0.3 87.7 £ 1.8%%* 45.8 * 2.9%%* 439 = 3.5
CD26 522 *+ 4.5¢ 43.1 = 2.1 497 = 3.1° 73.0 = 3.6%**
CD27 98.1 = 0.6 93.7 £ 0.7%** 742 £ 3.4%%* 773 £ 1.8
CD28 96.6 = 0.6 98.0 = 0.6 93.8 = 2.6 99.0 = 0.2
CD122¢ 48.0 = 2.3¢ 62.9 = 2.4%%x 735 = 3.0 789 + 2.5
CD127 59.4 + 2.3 729 £ 1.9%** 524 £ 2. 7%%* 68.8 = 3.0%**
CD132¢ 72.6 + 3.1¢ 81.2 = 2.8 86.2 = 2.1 90.2 = 1.7
CD25 32 %09 51 %05 19.9 = 1.9%=* 8.8 £ 1.2%%*
FOXP3 02 *0 1.7 = 0.2%%* 9.7 £ 1.0%%* 3.6 £ (0.4%%*
HLA-DR 0.9 £ 0.2 8.2 + 0.9%*:* 36.8 = 1.9%** 16.3 = 1.8%%**
Ki67 05=*0 2.9 £ (.3%:%* 8.8 £ (.5%%:* 3.7 £ 0.3%%*
CXCR4 953 1.2 T7.2 £ 2.1%** 50.7 £ 1.6%** 59.4 £ 1.7%%*
CXCRS 3.8 £0.6 39.4 £ 2.7%** 9.7 £ 1.6%** 48 + 14"

Mean percentage positive-staining cells = SE from =10 donors.

“Naive cells were a homogenous population that straddled the channel separating positive from negative staining.

*Number of CD26" cells was significantly greater in the CCR5CCR2™ subset than in the CCR5~CCR2™ subset by the
Wilcoxon matched-pairs signed-rank test applied to data from multiple donors.

“Wilcoxon matched-pairs signed-rank test showed differences in expression among subsets (see Fig. 4 and text).

#p < 0.05; **p < 0.01; *** p < 0.001, using a two-tailed Student # test, compared with the percent positive cells for the

subset to the immediate left.
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patterns of chemokine receptor expression emerged, as diagrammed
in Fig. 1A. As opposed to CCR7, which was enriched in the naive
and CD45RO"CD62L* cells and expressed at lower levels in the
CD45ROCD62L." cells, CCR5 and CCR2 were relatively enriched
in cells that had lost CD62L. We sought to characterize the CD4"
T cell subsets expressing CCRS and CCR2 to help us understand the
organization and properties of what we presumed were highly dif-
ferentiated Tgp-like cells.

The similarities in patterns of expression for CCRS and CCR2
shown in Fig. 1A led us to analyze cells for coincident receptor
expression. As shown in Fig. 1B, CCR2 is expressed principally
on cells that also express CCR5. In data from 16 donors, the
CCR5 CCR2™, CCR5*CCR2", and CCR5*CCR2" subsets con-
stituted 67.6 £ 2.9, 25.2 * 2.4, and 5.8 £ 0.9%, respectively, of
CD4*"CD45RO" T cells. Their low frequency (1.4 + 0.1% of CD4*
CD45RO™ T cells) and relatively dull staining for CCR2 made it
difficult to purify significant numbers of the CCR5~ CCR2* cells
reliably, and this subset was not analyzed further.

CCR2 ON CD4* MEMORY T CELLS EQUIPPED FOR RAPID RECALL

As compared with CD62L" cells, CD62L" cells have shorter
telomeres (43) and fewer TREC (44). The patterns of expression of
CCRS, CCR2, and CD62L (Fig. 1A, 1B, and Table I) suggested
sequential induction of CCRS followed by CCR2 during effector/
memory cell differentiation. This hypothesis was supported by the
decreasing numbers of TREC in going from naive (CD45RO "), to
CCR57CCR2™, CCR5"CCR2", and CCR5"CCR2"effector/memory
(CD45R0O") cells that had been purified from multiple donors (Fig.
1C). These data demonstrate that expression patterns for CCRS and
CCR2 reveal real differences in the subsets’ histories, not simply
heterogeneity in surface markers of cells that are otherwise identical,
and suggest a generally unidirectional pathway of activation and in-
creasing proliferation ending with the CCR5"CCR2" subset.

Increasing memory character from CCR5 CCR2™ —
CCR5*CCR2™ — CCR5*CCR2" subsets

Given the data above, we analyzed the subsets defined by CCRS
and CCR2 for both phenotypic and functional correlates of differ-
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FIGURE 2. TCR responses become progressively more memory cell-like from the CCR5 CCR2™ to CCR5*CCR2™ to CCR5*CCR2" subsets. A, For
analyzing TCR-induced rises in intracellular calcium in naive cells, purified CD4" T cells were loaded with indo-1 AM ester and incubated with anti—-CD4-
allophycocyanin-Cy7, anti-CD45RO-PE-Cy35, and biotin-conjugated anti-CD3. For analyzing responses in effector/memory cells from the same donor and at
the same time, CD45RA™ CD4* T cells were purified, loaded with indo-1 AM ester, and incubated with anti—-CD4-allophycocyanin-Cy7, anti-CD45RO-PE-
Cys5, anti-CCR2-allophycocyanin, anti-CCR5-FITC, and biotin-conjugated anti-CD3. Ratios of 405/20 nm:525/20 nm emissions were measured before and
after CD3 cross-linking by the addition of avidin. Data were analyzed using FlowJo. The response curve for naive (CD45RO ") cells becomes flat where it
exceeds the scale shown. Results are from one donor, representative of three. B, Purified CD4" T cells were sorted into naive (CD45RO ™) and the three
CD45RO" subsets based on CCR5 and CCR2, and the subsets were activated by plate-bound anti-CD3 plus soluble anti-CD28 (top row) or TSST-1 (bottom
row) for 6 h in the presence of anti—-CD154-allophycocyanin. Quadrant boundaries for CD154 were set using nonactivated cells and cultures of activated cells
from which anti-CD154 had been omitted. Results are from one donor, representative of five. C, Cells purified as in B were loaded with CFSE and activated by
plate-bound anti-CD?3 plus soluble anti-CD28 (top and middle rows) or by beads displaying anti-CD3 and anti-CD28 (bottom row) for either 3 or 7 d. Horizontal
bars indicate cells that have proliferated and diluted CFSE, quantified as percent of total cells. After culturing for 7 d with beads, virtually all cells had diluted
CFSE. Results are from one donor, representative of five. D, Cells purified as in B were cultured with various concentrations of plate-bound anti-CD3 plus
soluble anti-CD28 for 2 d, after which cells were pulsed with 1 wCi [*H]thymidine for 16 h. Cells were then harvested, and radioactivity was measured. Results
are shown for absolute counts (CPM) and are from one donor, representative of three.
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FIGURE 3. CCR5*CCR2™ and CCR5*CCR2" subsets are enriched in cells that are able to produce effector cytokines. A, Purified CD4" T cells were
sorted into naive (CD45RO ™) and the three CD45RO" subsets based on CCR5 and CCR2, the subsets were activated with PMA and ionomycin for 3 h, and
relative levels of mRNAs were determined in duplicate using real-time RT-PCR and normalized to values for GAPDH. For each donor, represented by
a unique symbol, the value for the cell subset containing the highest level of mRNA for a given cytokine was set at 100. The open bars show the means of
the normalized values for each subset for each cytokine. Cells were purified from seven donors for measuring mRNA for /L17A and from a separate group
of seven donors for measuring mRNAs for the other cytokines. B, Subsets were purified as in A, activated with PMA and ionomycin in the presence of
monensin for 4 h and stained for intracellular cytokines using anti—IL-2-FITC, anti—IFN-y-allophycocyanin, and anti-TNF-a-Alexa 700. For dot plots from
a single donor (left), quadrant boundaries were set based on samples stained with all Abs except one, and numbers show percentages of cells in each
quadrant. Bar graphs (right) show combined results from three donors for percentages of cells staining for individual and selected combinations of
cytokines. Error bars show SEM. **p < 0.01, compared with all other bars for that cytokine or cytokine combination, using a two-tailed Student 7 test. C,
Subsets were purified as in A and activated by plate-bound anti-CD3 plus soluble anti-CD28 (left panel) or by beads displaying anti-CD3 and anti-CD28
(right panel). Cells were cultured at 1 X 10° cells/ml for 16 h before supernatants were collected for measuring cytokine concentrations by ELISA. Values
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entiation. In addition to loss of expression of CD62L and CCR7,
loss of CD27 and CD28 (34, 45, 46) has also been associated
with progressive T cell differentiation. Although decreased in the
CCR5*CCR2"™ and CCR5*CCR2" versus the naive and CCR5™
CCR2 " cells, CCR7 and CD27 were not significantly different
between the CCR5*CCR2™ and CCR5*CCR2* subsets (Table I).
Most of the CCR5*CCR2™ and CCR5"CCR2" cells were CD27%,
and very few cells in any of the subsets lacked CD28. The data
demonstrate that the subsets defined by CCRS5 and CCR2 do not
correspond in a simple way to those studied previously, using other
markers of CD4* T cell differentiation. Previous data have shown
that CCL2 recruits CD26™" CD4* T cells in assays of trans-
endothelial migration (47) and that, correspondingly, CCR2" CD4"*
T cells are CD26”" (48). Consistent with these findings, we ob-
served increasing levels of CD26 from CCR5™CCR2™ to CCR5*
CCR2™ to CCR5*CCR2* cells (Table I).

A number of biochemical and functional features distinguish
effector/memory versus naive cells (49, 50). Paradoxically, given
their generally enhanced biological responses, memory cells show
diminished downstream signaling, including a smaller rise in in-
tracellular calcium after TCR activation, compared with naive cells
(44, 50-52). As shown in Fig. 24, there was a progressive fall in the
TCR-mediated calcium signal from the naive to CCRS CCR2™ to
CCR5"CCR2™ to CCR5*CCR2" cells. We next analyzed thresholds
and rapidity of activation by exposing the T cell subsets to plate-
bound OKT3 (anti-CD3) and soluble anti-CD28, or the more potent
stimuli of bead-bound OKT?3 (anti-CD3) and anti-CD28 or TSST-1
superantigen. As shown in Fig. 2B, within 6 h of culturing with
plate-bound anti-CD3 and soluble anti-CD28 or with TSST-1, some
cells can be seen to have upregulated CD154 (CD40L), and there
was a progressive increase in percentage of CD154" cells from the
naive to CCR5”CCR2™ to CCR5*CCR2™ to CCR5*CCR2" sub-
sets. With regard to responses to TSST-1, we found no significant
differences in percentages of VB2* cells among the subsets (data not
shown). Analyzing CFSE-loaded cells at day 3 of activation with
plate-bound anti-CD3 and soluble anti-CD28, we also found suc-
cessively higher percentages of proliferated cells from the naive to
CCR5 CCR2™ to CCR5"CCR2™ to CCR5"CCR2" subsets (Fig.
2C). By day 7, few differences were observed among the effector/
memory subsets in the percentages of cells that had proliferated, and
after 7 d of activation using bead-bound anti-CD3 and anti-CD28,
we found that, if anything, the naive and CCR5 CCR2 " subsets had
proliferated best.

In another way of assaying for proliferation threshold, we per-
formed a dose response to plate-bound anti-CD3 and measured
incorporation of [*H]thymidine after 2 d. As shown in Fig. 2D, there
was increasing sensitivity to TCR cross-linking from the naive to
CCR57CCR2™ to CCR5*CCR2™ to CCR5"CCR2" subsets, and the
CCR5*CCR2" subset reached a plateau at the lowest concentration
of anti-CD3. Together, these data demonstrate a positive gradient
with regard to rapidity of and sensitivity to TCR-mediated activa-
tion and proliferation in going from the naive to CCR5 CCR2™ to
CCR5*CCR2™ to CCR5*CCR2" cells.

Increasing, rapid effector capability from CCR5 CCR2™ —
CCR5*CCR2™ — CCR5*CCR2™ subsets

Because the ability to produce certain cytokines rapidly after ac-
tivation is a hallmark of CD4* memory cells, we analyzed levels of

mRNAs for a number of cytokines in the naive and three effector/
memory subsets from multiple donors following activation ex
vivo with PMA and ionomycin. As shown in Fig. 34, the CCR5"
CCR2™ and CCR5"CCR2* subsets showed relatively high levels
of mRNAs for Thl-, Th2-, and Th17-type cytokines. For IFNG,
IL10, IL13, and IL17A, these subsets showed levels higher than in
the CCR5 CCR2" effector/memory subset. Levels for the other
cytokine mRNAs were comparable among the three effector/mem-
ory subsets, with the exception of mRNA for TNF, which was in
general lower in the CCR5*CCR2" cells. In analyzing IL-2, IFN-y,
and TNF-a by intracellular staining, we found an increase in IL-2
production in the effector/memory versus naive populations but
no differences among the memory subsets, whereas there was a
gradient of increasing frequencies of IFN-y" and TNF-a* cells
in going from the naive to CCR5”CCR2™ to CCR5"CCR2™ to
CCR5*CCR2" cells (Fig. 3B). The pattern of increasing staining
for TNF-a was at odds with the mRNA data, suggesting a post-
transcriptional contribution to the production of TNF-« that dif-
fers among the subsets. Posttranscriptional control of TNF-« pro-
duction has been well described (53).

We also assayed cells for cytokine secretion after stimulation for
1 d with plate-bound OKT3 plus soluble anti-CD28 or bead-
bound OKT3 and anti-CD28. Consistent with the patterns of acti-
vation shown in Fig. 2B—D, the CCR5*CCR2" subset secreted much
greater amounts of cytokines after 1 d of stimulation with plate-
bound OKT?3 plus soluble anti-CD28 (Fig. 3C, left panel). With use
of the stronger stimulus of bead-bound OKT3 and anti-CD28 (Fig.
3C, right panel), the pattern of cytokine secretion corresponded
more closely to the results of intracellular staining after stimula-
tion with PMA and ionomycin, as shown in Fig. 3B. To evaluate
better the rapidity of cytokine production, we performed a time
course of percentages of cytokine-producing cells after activation
with plate-bound anti-CD3. As shown in Fig. 3D, by 6 h the CCR5™"
CCR2* subset already contained higher percentages of cytokine-
producing cells than did the other subsets. Together, the data in
Figs. 2 and 3 suggest that the CCR5"CCR2" cells would be pre-
pared for early and rapid effector responses after re-encountering
Ags.

Increasing responsiveness to survival cytokines from
CCR5 CCR2™ — CCR5*CCR2™ — CCR5*CCR2" subsets

Responses to IL-7 and IL-15, cytokines important for memory cell
survival, have been reported to increase with increasing differenti-
ation among CD4" T cells (33). As shown in Fig. 44, culturing with
IL-7 and/or IL-15 resulted in increasing percentages of proliferated
cells in going from the naive to CCR5~ CCR2™ to CCR5"CCR2™ to
CCR5*CCR2" subsets. In analyzing receptors for IL-15 and IL-7
(Fig. 4B), we found progressive increases in expression of CD122
(IL-2RB) and CD132 (IL-2Ry) from the naive to CCRS CCR2" to
CCR5"CCR2™ to CCR5"CCR2" subsets.

The pattern of expression for CD127 (IL-7Ra) was more
complex (Fig. 4B). Intermediate levels with a normal distribution
were found on naive cells, with the memory subsets becoming
increasingly bimodal. The highest percentage of CD127  cells
was found in the CCR5"CCR2" subset. Analyzing intensities of
staining specifically on the CD127" cells also showed increasing
levels of CD127 from the naive to CCR5 CCR2™ to CCR5*
CCR2™ to CCR5*CCR2* subsets. Uniformly, across multiple donors,

are means of duplicate measurements of single samples. Error bars show SEM. Results are from one donor, representative of four. D, Subsets were purified as
in A, activated by plate-bound anti-CD3 plus soluble anti-CD28 in the presence of monensin, harvested at various times, and stained for intracellular
cytokines using anti—-IFN-y-allophycocyanin and anti-TNF-a-Alexa 700. Results were analyzed as in B and are shown as percentages of cytokine-positive

cells. Results are from one donor, representative of three.
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FIGURE 4. Increasing response to, and expression of receptors for, IL-7
and IL-15 from the naive to CCR5”CCR2™ to CCR5"CCR2™ to CCR5*
CCR2* subsets. A, Purified CD4" T cells were sorted into naive
(CD45RO ™) and the three CD45RO™ subsets based on CCR5 and CCR2,
loaded with CFSE, and cultured for 7 d in the presence of 25 ng/ml each of
IL-7 and/or IL-15. Horizontal bars indicate cells that have proliferated
and diluted CFSE, quantified as percent of total cells. Results are from one
donor, representative of three. B, Purified CD4" T cells were stained with
anti-CD4-FITC, anti-CD45RO-PE-Cy7, anti-CCR5-PE-Cy5, anti-CCR2-
allophycocyanin, and one of the three Abs: anti-CD127-PE, anti-CD122-
PE, or anti-CD132-PE. For the contour plots (fop panels), quadrant bound-
aries for the cytokine receptors were set based on samples stained with all
Abs except either anti-CD127, anti-CD122, or anti-CD132. Results are from
one donor, representative of seven. In the bottom panels are shown median
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FIGURE 5. The CCR5*CCR2™ subset is enriched in FOXP3™, activated,
and proliferating cells. CD4" T cells were purified and some were stained with
anti—-CD4-allophycocyanin-Cy7, anti-CD45RO-PE-Cy7, anti-CCRS5-PE-CyS5,
anti-CCR2-biotin plus streptavidin-PE, and anti-CD127-allophycocyanin and
either anti-HLA-DR-FITC or, after being fixed and permeabilized, anti-Ki67-
FITC. Other cells were stained with anti-CD4-FITC, anti-CD45RO-PE-Cy7,
anti-CCRS5-PE-CyS5, anti-CCR2-biotin plus streptavidin-PE, and anti-CD127-
allophycocyanin, and either anti-CD25-allophycocyanin-Cy7 or, after being
fixed and permeabilized, anti-FOXP3-Alexa Fluor 700. For the CCRS™
CCR2™, CCR5"CCR2™, and CCR5*CCR2" plots, only CD45RO™ cells are
shown. Quadrant boundaries were set based on samples stained with all Abs
except one. Results are from 1 donor, representative of >10 donors using these
same Abs for staining, although with various combinations of fluorescent
conjugates.

the cells with the highest levels of CD127 were found in the CCR5"
CCR2" subset. Because CD127 is downregulated after exposure to
IL-7 and related cytokines, and levels of CD127 on freshly isolated T
cells have been reported to reflect, in part, exposure to IL-7 in vivo
(54), we analyzed CD127 on purified T cell subsets following
overnight culture. Despite some increase in staining on the naive cells
after culturing, the relative levels of CD127 were unchanged (data not
shown).

CD127 is absent from human FOXP3* T cells and profoundly
downregulated after TCR activation (30, 55-58). Therefore, we
analyzed the naive and three effector/memory subsets for ex-
pression of the transcription factor FOXP3, activation markers

fluorescent intensities of staining for CD122, CD132, and CD127 within the
naive (CD45RO ™) and the three CD45RO" subsets. For CD127, the median
fluorescent intensities are also shown only for cells falling within the
CD127" gate. For each donor, represented by a unique symbol, the value
for the cell subset showing the highest MFI for a given receptor was set
at 100. Open bars show means of the normalized values. For comparisons
shown by the horizontal bars above the symbols, p values were de-
termined using the Wilcoxon matched-pairs signed-rank test.
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FIGURE 6. Differing patterns of response to long absent versus persistent Ags among effector/memory subsets. A, Purified CD4" T cells were sorted into
naive (CD45RO") and the three CD45RO" subsets based on CCR5 and CCR2, and cells were loaded with CFSE and cultured with autologous, dode-
cyldimethylamine oxide (DDAO)-loaded, irradiated PBMCs, in either the absence or presence of tetanus toxoid. On day 7, cells were stained with anti—
CD3-allophycocyanin-Cy7, anti-CD4-PE, and PI. CD3"CD4"DDAO PI" cells are displayed. Numbers show percentages of cells in each quadrant. Dot
plots are from 1 donor, representative of >10. B, Purified CD4" T cells were sorted into naive (CD45RO ™) and the three CD45RO" subsets based on CCR5
and CCR2, without or with additionally limiting the collection of the CD45RO" cells to those that were CD25~ or CD25~ CD127". Cells were cultured and
analyzed as in A, except that absolute cell numbers were determined by adding fluorescent beads to each sample. Numbers of CFSE'®"/~ cells in the tetanus
toxoid cultures were corrected for numbers of input cells in each sample (day 0). For each donor, represented by a unique symbol, the value for the cell
subset showing the highest ratio of CESE'®"~/input cells was set at 100. Some donors overlap among the three panels, as indicated by the symbols, but
most do not. As in A, no significant responses were seen in the cells cultured without tetanus toxoid (data not shown). The open bars show the mean values
for each subset. For comparisons shown by the horizontal bars above the symbols, p values were determined using the Wilcoxon matched-pairs signed-rank
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CD25 and HLA-DR, and the proliferation-associated nuclear Ag,
Ki67 (Fig. 5, Table I). FOXP3 is expressed generally, but tran-
siently, after activation of human T cells (59), as well as in human
regulatory T cells (Tregs) (60, 61). The cells expressing DR and/or
CD25 and/or Ki67 and/or FOXP3 were all enriched within the
CCR5*CCR2"™ subset. Together, these data indicate that the
CCR5"CCR2™ subset contains disproportionate numbers of Tregs
and activated/cycling cells.

These findings raised the issue of how activated cells and Tregs
might have affected the differences among the effector/memory
subsets in functional assays for TCR-induced proliferation and
cytokine production. We therefore repeated the dose response to
plate-bound anti-CD3 and the intracellular staining for cytokine
production after removing cells that were CD25" and/or CD127 .
Eliminating the CD25" and/or CD127" cells removed all the cells
that were FOXP3™ cells and the vast majority of additional cells
that were DR* and Ki67" (Fig. 5 and data not shown), i.e., Tregs
plus recently activated cells. As shown in Supplemental Fig. 1,
removing these cells did not change the relationships among the
subsets. The gradients in sensitivity to TCR-mediated activation
and in percentages of cells capable of making TNF-a and/or IFN-y
were maintained in going from naive to CCR5 CCR2™ to CCR5"
CCR2™ to CCR5*CCR2" cells.

Responses to vaccine and viral Ags differ among
CCR5 CCR2™, CCR5*CCR2™, and CCR5*CCR2" subsets

To analyze Ag-specific responses among the effector/memory
subsets, we measured numbers of proliferated cells after culturing
with tetanus toxoid (Fig. 6A, 6B). In every case, across multiple
donors, the rank order of the subsets for numbers of proliferated
cells was CCR57CCR2* > CCR5 CCR2™ > CCR5*CCR2™. We
considered, based on the staining profiles for FOXP3 and activation
markers shown in Fig. 5 and Table I, whether differences in tetanus
toxoid responses could be due principally to differences in numbers
of Tregs and recently activated cells among the subsets. These
cells could affect frequencies of Ag-responsive cells through sup-
pressor activity as well as through simple dilution in case the re-
cently activated cells lacked cells responding to tetanus toxoid.
We tested this possibility by performing the tetanus toxoid cultures
with subsets depleted of either CD25" cells only, or depleted of
both CD25" and CD127" cells. CD25 depletion was relatively
specific for FOXP3* cells—>75% of CD25" cells were also
FOXP3* (and ~70% of the FOXP3" cells were CD25")—whereas
the additional depletion of CD127~ removed the remaining FOXP3*
and activated cells, including, presumably, any of the small numbers
of recently described Tr1-like cells (see above and Ref. 58). As shown
in Fig. 6B, depleting CD25" cells had a modest effect in increasing
the relative response within the CCR5*CCR2™ subset. Nonetheless,
the increased responses after removing CD25" cells could not be
accounted for solely by a small enrichment in reactive cells, dem-
onstrating the presence of suppressor activity within the CD25"
population (data not shown). Further depletion of the CD127 " cells
had an additional effect in diminishing relative differences among
the subsets (Fig. 6B), and brought the responses in the CCR5*CCR2™
cells equal to those in the CCRS CCR2 ™ cells.

We next analyzed responses among the subsets to extracts of
cells infected with herpesviruses, which produce life-long, latent
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FIGURE 7. Agent-dependent differences in levels of response in
CD127~ versus CD127" effector/memory CD4* T cells. Purified CD4*
CD45RO*CD25 CDI127~ and CD4*CD45RO*CD25 CD127* cells were
cultured and analyzed as in Fig. 6. Numbers are CFSE'™~/input cells X
100, and for each of the four agents, each donor is represented by a unique
symbol; results are shown for all responding donors, i.e., all donors that
had responses within the CD127°CD25" cells. No donors had responses
limited to CD25 CDI127 cells. Lines connect values from the two cell
subsets for a given donor. The open bars show the median values among
the donors within the cell subsets for each agent.

infections. For HSV-1 and EBV, ~70% of donors had CD45RO™
cells that responded, whereas for CMV, responses were found in
~50% of donors (data not shown). Results for each virus for all
responding donors are shown in Fig. 6C. For HSV-1, as for tetanus
toxoid, the CCR5"CCR2" subset showed the greatest responses.
By contrast, for EBV, maximal responses were seen in the CCR5 ™
CCR2™ and CCR5*CCR2™ subsets, whereas for CMV the CCR5*
CCR2" cells typically showed the greatest responses. In some ex-
periments, we cultured only the CD25~CDI127" cells in each subset
—again, to remove suppressor and recently activated cells. The result
was to increase responses among the CCR5'CCR2™ cells dispro-
portionately, although the effect of removing the CD25" and CD127~
cells was smallest in responses to CMV.

Although these data showed that levels of response to tetanus
toxoid and herpesviruses could be enhanced by removing suppres-
sor and recently activated cells, the data also suggested significant
differences in the magnitudes of such effects, depending on the Ag/
agent. To analyze cells in the resting state versus recently activated
cells more directly, we measured responses to tetanus toxoid and
the three herpesviruses in the CD45RO* population within total
CD25 CD127 and CD25~ CD127" cells, without separating cells
based on CCRS5 and CCR2. As shown in Fig. 7, there were no or
only low-level responses to tetanus toxoid in the CD127 " cells,
even though these cells had been partially depleted of Tregs by
removing the CD25" population. Responses in the CD25 CD127 "~
cells showed the rank order CMV > EBV > HSV-1 > tetanus
toxoid, and, similarly, relationships between levels of response in
CD25 CDI127" versus CD25 CD127* cells differed among the
agents. It is also of note that, for a given agent, we did not see
a consistent correlation from donor to donor in the magnitude of the
responses among CD25 CD127~ versus CD25 CD127* cells;
Fig. 7 shows crossed lines in responses to individual agents.

Increased susceptibility to death in the CCR5*CCR2™ subset

As defined by CCR7 and other markers, human CD4" Tgy; cells,
compared with Tcyy and naive cells, have been shown to be more

test. C, Cells were purified, cultured, and analyzed as in B, except that culturing was done with extracts from virus-infected cells instead of tetanus toxoid.
In the lower panels, the collection of CD45RO" cells was limited to those that were CD25~ CD127". Some, but not all, donors overlap between fop and
bottom panels, as indicated by the symbols. Control extracts from noninfected cells gave no responses (data not shown). We applied the Wilcoxon matched-
pairs signed-rank test to normalized values from multiple donors, but p < 0.05 cannot be reached using this test on fewer than six pairs of numbers.

20T ‘6 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

6656 CCR2 ON CD4* MEMORY T CELLS EQUIPPED FOR RAPID RECALL

A B NS NS
g P | s |
Medium IL-2 P<0.05
B P<0.05
NS NS i £ % P<0.05 NE !
| P<0.05 P<0.05 - !
£ . . s dh Piding ¢
© 40 40 PRy ]
@ P<0.05 30 P<0.05 = 5 "
LK |—“|O —A 2 P<0.05 : oA o Anti-Fas
3 NS ] NS . g % B % ” 0o 2 @
o, A A & = o] Ao
©20 a 20 & 7] g o a
3| ¢ 8 o § g 1, |T| £ . %
£ < 9 °© ° i 2 o @ o - 0 2
E" agp) o o
pLA LR CIELA B
(7] 1] —
S A A & & &
* éoc’ q;oc’ ‘;oo & éo(’ 6;Ca(‘ éoc' 60
Q 'S QX Q u X @
< ) (¥
S Ry & fe! & ey : 5 o Anti-CD3
8
C " L
Anti-Fas = 2 0o
. : n
&0 | P<0.05 P<0.05, w 0 m
5 50 4 |£| ‘\'Z’\‘\ GCJQ}
= 501
% HEL08y > P<0.05 ! =
= 407 N < — &
O o x A
330‘ ° - A
= [co] o] — |°
3 201 ° o A * -
"9"10- 2 g |° =S
- |
o . i , o 3 " u
= 9 U X 3 U
& Qx Sl > Sl -
- 6;:oc’ c,;oc' il 6;00 Rex
PP & DAl S
& & ¢ & & ¢
—
CD25CD127*
s R — e BCL-2
— - — - cFLP
= = i) 1 = HSP 90c/p
& Q‘jn & 3
& ‘Joc' 6_‘,‘c.»‘-‘ -
& X ®
Oo 00 00
BCL-2 cFLIP
P<0.01 P<0.05
NS P<0.01 P<0.01
E P<0.01 ﬂ'
210 ouneos o o400 100 ob COOASOT
2 o o - 80 o4 o 5
& a o o o °
w 60 = 0] o v
o o0 A o o
@ 40 40 o2
E 20 o
g 0 0
- & 3 3 & 9 & 0
& & F - 4 éoo""‘ (;oc'e. &
» 5 & °
00?* C-C'Q OQ- & & 00‘2‘

FIGURE 8. CCR5"CCR2" cells are most susceptible to apoptosis. A, Purified CD4" T cells were sorted into naive (CD45RO ™) and the three CD45RO*
subsets based on CCRS and CCR2. Before and after culturing for 16 h, viable cells were identified by flow cytometry, and cell numbers were determined by
adding fluorescent beads to each sample. Percentages of cells dying in medium alone or with medium containing IL-2 were calculated as [(1 — (live cells at
16 h/live cells at 0 h) X 100]. Each donor is represented by a unique symbol, and the same donors were used for the left and right panels. Open bars show
the mean values for each cell subset. For comparisons shown by the horizontal bars above the symbols, p values were determined using the Wilcoxon
matched-pairs signed-rank test. B, Purified CD4" T cells were sorted as in A, either including or excluding cells that were CD25". In the top panels, cells
were incubated without or with anti-Fas plus anti-mouse IgGs. In the lower panels, cells were incubated without or with plate-bound anti-CD3 plus soluble
anti-CD28. Percentage-specific cell death was calculated as [1— (live cells treated/live cells untreated) X 100]. For the data shown, live cells were identified
based on scatter profiles. In some experiments not shown, live cells were also identified after staining with PI and annexin V, resulting in somewhat lower
numbers of live cells, but similar rank orders in specific death among the subsets. The x-axis labels on the lower panels apply also to the upper panels. Each
donor is represented by a unique symbol, and most but not all donors overlap between the left and right panels for anti-Fas and anti-CD3 experiments, as
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susceptible to apoptosis (33-35), suggesting that progressive dif-
ferentiation is associated with greater instability among T cell
subsets. We investigated cell death within the naive and three
memory subsets ex vivo, either “spontaneous” death or death fol-
lowing cross-linking Fas or CD3/CD28. Under all conditions, death
was greatest in the CCR5*CCR2™ subset (Fig. 8). In the case of
spontaneous death, adding IL-2 to the overnight culture preferen-
tially diminished death in the CCR5"CCR2™ cells, although not
fully to the levels in the other subsets (Fig. 84). Because CD25*
(Treg) cells are highly susceptible to Fas-mediated apoptosis (62)
and the CCR5*CCR2 " subset is particularly enriched in these cells,
we also analyzed Fas- and CD3-mediated death in the subsets after
depleting CD25™ cells. As shown in Fig. 8B, removing the CD25"
cells decreased death preferentially in the CCR5*CCR2™ subset,
but did not completely eliminate differences between the CCR5*
CCR2™ and other subsets. In a smaller number of donors, we also
tested Fas cross-linking after removing both CD25" and CD127~
cells, and, again, differences between the CCR5"CCR2 ™ and other
subsets were diminished (Fig. 8C).

cFLIP and BCL-2 are inhibitors of apoptosis, acting principally
within the extrinsic and intrinsic pathways, respectively (63), and
maintaining levels of BCL-2 is an important mechanism un-
derlying the trophic effects of IL-7 on T cells (64). As shown in
Fig. 8D, we found that the CCR5"CCR2" subset had higher levels
of cFLIP and BCL-2, compared with the CCR5*CCR2"™ subset,
and that, in general, the CCR5*CCR2"™ subset also contained
lower levels of cFLIP and BCL-2, compared with the CCRS ™
CCR2 " cells. Quantification of results from multiple donors by
densitometry showed that these differences were significant (Fig.
8D, lower panel). Together, these data provide molecular cor-
relates of, and potential explanations for, differences among the
subsets in their propensities to die, and demonstrate that CCR5"
CCR2" cells are less susceptible to apoptosis than are CCR5"
CCR2 " cells and not significantly more susceptible than are the
less differentiated CCRS™ CCR2™ cells.

CCRY expression is not an important determinant of the
Sfunctional differences among the CCR5 CCR2 ",
CCR5"CCR2™, and CCR5TCCR2* subsets

Tcewm and Tgy were initially defined based on the expression of
CCR7 (16), and CCR7  cells were identified as the effector-
capable population. It was of interest, therefore, to investigate
the role of CCR7* versus CCR7™ cells in the behaviors of the
CCR5 CCR2™, CCR5*CCR2", and CCR5*CCR2" subsets. Fig.
9A shows staining within the CCR5~CCR2~, CCR5"CCR2", and
CCR5*CCR2" subsets for CCR7 as well as for CD62L, which, as
described above, has also been used to distinguish Tcy from Tgy.
Consistent with data on the individual markers from multiple
donors in Table I, CCRS*CCR2~ and CCR5"CCR2* cells have
similar percentages of CCR7" cells, although significantly lower
than in the CCR5 CCR2™ (and naive) subsets, and the percentage
of CD62L* cells declines progressively from the naive to the
CCR5*CCR2" subsets.

6657

We divided the CCR5 CCR2~, CCR5*CCR2", and CCR5*
CCR2" subsets further, based on the expression of CCR7, and
tested the purified cells for sensitivity to activation by plate-bound
anti-CD3. As shown in Fig. 9B, there was a gradient in percent-
ages of cells upregulating CD154 from the CCR5 CCR2" to
CCR5"CCR2™ to CCR5*CCR2" subsets, similar to the data in
Fig. 2B, regardless of whether cells were CCR7* or CCR7 . We
also analyzed the relationship of CCR7 expression to the ability to
produce TNF-o and/or IFN-vy. As shown in Fig. 9C, although
within each subset, as compared with the CCR7* cells, the CCR7 "~
cells contained higher percentages of cytokine producers, a gra-
dient of cytokine production from the CCR5 CCR2™ to CCR5*
CCR2™ to CCR5*CCR2" subsets was found within both the CCR7*
and CCR7  subpopulations. Together, these data suggest that the
acquisition of CCRS5 and CCR2 expression is associated with pro-
gressive differentiation of effector/memory CD4" T cells indepen-
dently of the loss of CCR7.

CCR5*CCR2" cells are highly armed

We considered whether cells expressing CCR2 might coexpress
other inflammatory chemokine receptors in addition to CCRS. As
shown in Fig. 10A and Table I, the majority of the CCR2* cells
also expressed each of CXCR3, CCR6, and CCR4, whereas CCR2
showed a negative correlation with CCR7 and another compart-
ment-specific, homeostatic receptor, CXCRS. As revealed by
staining cells simultaneously for CCR2, CCRS5, CXCR3, CCR6,
and CCR4, some of the CCR2" cells coexpress all of the four ad-
ditional receptors. Of the cells expressing each individual receptor
that coexpress the additional four receptors, the CCR2" subset had
the highest percentage of cells expressing all the receptors, and the
CCR4" subset the lowest (Fig. 10B). Fig. 10B shows a general in-
verse correlation between total percentages of CD4*CD45RO"*
cells that express a given receptor and the percentages of cells with
that receptor that coexpress the four additional receptors. This
pattern is consistent with a stochastic process in which receptors
with the most restrictive requirements for induction during mem-
ory cell differentiation are found on cells that have undergone
longer periods and/or multiple rounds of activation, which would
presumably increase the chances that the cell encounters the con-
ditions needed for receptor expression. In that case, CCR2" cells
would likely have undergone more cell divisions and accumulated
the other receptors, whose requirements for induction are less
stringent, in line with our observations. We would also expect that
only a small percentage of the CCR2" cells would express CCR2
alone and that, although, the CCR2" cells would show a shift to-
ward multiple receptor expression, the CCR4* subset would be
dominated by cells coexpressing relatively few receptors. Patterns
for the subsets of cells expressing CCR6, CXCR3, and CCRS5 would
fall between those for CCR4 and CCR2. This was in fact the case,
as seen in Supplemental Fig. 2, where we show the combined results
for all the receptor combinations from 10 donors.

The data on receptor expression predicted that the CCR5*CCR2*
cells would respond to a broad array of chemokines. Fig. 10C, left

indicated by the symbols. Open bars show the mean values for each cell subset. For comparisons shown by the horizontal bars above the symbols, p values
were determined using the Wilcoxon matched-pairs signed-rank test. C, Purified CD4" T cells were sorted as in A, either including or excluding cells that
were CD25" and/or CD127". The cells were treated and the results were analyzed and presented as in B, except that p values were determined using one-
way ANOVA applied to matched sets with Bonferroni posttest correction. D, Purified CD4* T cells were sorted into naive (CD45RO™) and the three
CD45RO" subsets based on CCR5 and CCR2. Cells were lysed, and 10 g protein was loaded per lane for separation by SDS-PAGE and immunoblotting.
Separate blots were probed for cFLIP and BCL-2, and each blot was probed for HSP 90/, demonstrating equal loading per lane. The rop panel shows two
blots from one donor, with results for HSP 90a/B shown for only one of the blots. The bottom panel shows quantification of BCL-2 and cFLIP bands by
densitometry normalized to HSP 90a/B for each lane from each donor, represented by a unique symbol. For each donor the value for the BCL-2 or cFLIP
band with the highest density was set at 100. The open bars show the mean value for each subset. For comparisons shown by the horizontal bars above the
symbols, p values were determined using the Wilcoxon matched-pairs signed-rank test.
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FIGURE 9. Features of increasing differentiation from the CCR5™
CCR2™ to CCR5*CCR2™ to CCR5*CCR2" subsets are found for both
CCR7" and CCR7™ cells. A, Purified CD4" T cells were stained with anti—
CD4-allophycocyanin-Cy7, anti-CD45RO-PE-Cy7, anti-CCR5-PE-CyS5,
anti—-CCR2-biotin plus streptavidin-PE, anti-CD62L-allophycocyanin, and
anti-CCR7-FITC. Only CD4" cells are shown. For the CCR5 CCR2",
CCR5"CCR2™, and CCR5"CCR2" plots, only CD45RO" cells are shown.
Quadrant boundaries were set based on samples stained with all Abs except
one. Results are from one donor, representative of five. B, Purified CD4*
T cells were sorted into naive (CD45RO ™) and the six CD45RO" subsets
based on CCRS5, CCR2, and CCR?7, and the subsets were activated by plate-
bound anti-CD3 plus soluble anti-CD28 for 6 h in the presence of anti—
CD154-allophycocyanin, as in Fig. 2B. Quadrant boundaries for CD154
were set using nonactivated cells and cultures of activated cells from which
anti-CD154 had been omitted. Results are from one donor, representative of
three. C, Cells were purified as in B, activated with PMA and ionomycin in
the presence of monensin for 4 h, and stained for intracellular cytokines,
using anti—IFN-y-allophycocyanin and anti-TNF-a-Alexa 700, as in Fig.
3B. Quadrant boundaries were set based on samples stained with all Abs
except one. Results are from one donor, representative of four.

panel, shows results of chemotaxis experiments for the naive and
three effector/memory subsets in response to chemokines specific
for the relevant receptors. CXCL12 served as a positive control,

because CXCR4 is expressed on cells in all CD4* T cell subsets
(Table I). The three effector/memory subsets responded to CXCL9/
MIG, ligand for CXCR3; CCL20/MIP-3a, ligand for CCR6; and
CCL17/TARC, ligand for CCR4. In addition, the two CCR5" sub-
sets migrated to CCL4/MIP-1, and only the CCR5"CCR2* subset
migrated to CCL2/MCP-1. The expression of multiple functional
chemokine receptors on the CCR5*CCR2" cells suggested that they
might migrate best to complex mixtures of proinflammatory che-
mokines that are produced by TLR activation. As shown in Fig.
10C, right panel, the CCR5"CCR2" cells were, in fact, the best
responders to conditioned medium from LPS-treated human mono-
cyte-derived macrophages. The relationships among the cell subsets
in functional responses and other features are summarized diagram-
matically in Fig. 11.

Discussion

Given that T cells act primarily through short-distance interactions
in lymphoid organs and peripheral tissues, the expression of shared
homing receptors serves as an organizing principle for identifying
T cell subsets of common function. We analyzed human effector/
memory CD4" T cells based on their expression of CCR5 and
CCR2. Our data suggest a pathway of progressive differentiation
from CCR5™CCR2™ to CCR5"CCR2™ to CCR5*CCR2" cells.
The plausibility of this pathway is supported by the pattern of ex-
pression of surface markers, such as CD62L, CD122, and CD132,
by TREC numbers, reflecting a history of increasing numbers of
cell divisions, and by a series of functional assays demonstrating an
increasing gradient of memory character, as depicted in Fig. 11. Our
data on the CCR5"CCR2™, CCR5*CCR2", and CCR5"CCR2*
cells separated further based on expression of CCR7 suggest that
the association of CCRS5 and CCR2 with differentiation is inde-
pendent of CCR7, the signature marker whose presence or absence
has been used to define the Ty and Tgy populations, respectively.

The simultaneous analysis of multiple inflammatory chemokine
receptors on effector/memory cells suggested that patterns of re-
ceptor coexpression might reflect a hierarchy of probabilities of
induction during T cell activation. Based on our data, conditions for
induction of CCR4 would be relatively relaxed and encountered
frequently, whereas those for induction of CCR2 would be more
stringent and satisfied infrequently. Cells would tend to accumulate
additional receptors with increasing duration and/or numbers of
activations and/or cell divisions, and receptor expression would
be maintained when cells came to rest.

From analyzing cells ex vivo it is impossible, of course, to
establish the in vivo precursor—product relationships. We have
activated and cultured purified CCR5 CCR2~, CCR5"CCR2",
and CCR5"CCR2" cells under Thl, Th2, Th17, and nonpolarizing
in vitro, and have also “rested” cells for longer than a month in an
attempt to demonstrate that the more differentiated cells can be
derived from the less differentiated subsets. Whereas CCRS5 could
be readily upregulated on the CCRS CCR2™ cells, we were not
able to induce, or in fact maintain, the expression of CCR2 in vitro
(data not shown). Although these results are consistent with our
hypothesis that requirements for CCR2 expression are stringent, to
date these experiments have not been helpful in establishing the
precursors and pathways for generating the CCR5*CCR2" cells.
CCR2 expression may require a prolonged period of quiescence
that is difficult to achieve in vitro.

On the basis of their expression of multiple other chemokine
receptors, cells within the CCR5*CCR2* subset would be anticipated
to respond to as many as 15 different chemokines, many of which
would be induced simultaneously by inflammatory stimuli. We
demonstrated that cells within the CCR5"CCR2* subset could mi-
grate to ligands for each of five inflammation-associated receptors
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FIGURE 10. CCR2" cells express multiple species of functional chemokine receptors. A, PBMCs were stained with anti-CD3-Qdot605, anti-CD4-
Cascade blue and anti-CCR2-biotin plus streptavidin-Qdot655, anti-CCRS-PE-CyS5, anti-CXCR3-FITC, anti-CCR6-PE, and anti—-CCR4-allophycocyanin
or anti-CD3-Qdot605, anti-CD4-Cascade blue, anti-CCR2-biotin plus streptavidin-PE, anti-CCRS5-PE-Cy5, and anti-CCR7- or anti-CXCRS5-FITC. Only
CD3*CD4" cells are shown. The top row shows expression of CCR2 versus other chemokine receptors individually. In the bottom row, sequential gating
shows CCR2" cells that coexpress multiple chemokine receptors. Quadrant boundaries for each chemokine receptor were set based on samples stained with
all Abs except one. Results in the top row for CCRS5, CXCR3, CCR6, and CCR4 are from 1 donor, representative of 10, and for CCR7 and CXCRS5 from 1
donor, representative of 3. B, For CD3"CD4" cells, the open bars show percentages of cells expressing an individual chemokine receptor. For cells
expressing each of those chemokine receptors, the filled bars show the percentages of cells coexpressing the other four receptors. Bars show means and
SEM of results from 10 donors. *p < 0.05; **p < 0.01; and ***p < 0.001, in comparisons with all other bars of the same type (open or filled), using two-
tailed Student ¢ tests. C, Purified CD4" T cells were sorted into naive (CD45RO ™) and the three CD45RO" subsets based on CCRS5 and CCR2 and used in
Transwell chemotaxis assays. Values are percentages of input cells that migrated to the lower wells. Bars show averages = SEM from duplicate wells, and
patterns correspond to cell subsets as shown. In the left panel, the x-axis shows the chemokines placed in the lower wells, and in parentheses the receptor for
which that chemokine is a specific ligand. All chemokines were used at 1 pg/ml except for CXCL12, which was used at 100 ng/ml. The left-hand axis
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FIGURE 11. CCR5 CCR2™, CCR5'CCR2", and CCR5'CCR2" ef-
fector/memory subsets differ in their histories and functional responses.
Relative magnitudes of the indicated parameters within the cell subsets are
represented by the areas of the color-coded quadrilaterals as follows:
TREC, numbers of TREC; TCR Calcium, rise in intracellular calcium
following TCR ligation; Sensitivity, sensitivity to TCR-induced activation
and proliferation; Cytokines, frequencies of cells producing, and rapidity
of TCR-induced secretion of effector cytokines; Migration, range of che-
mokines to which cells respond in chemotaxis assays; IL-7, -15, pro-
liferation in response to IL-7 and/or IL-15 and expression of IL-7Rs and
IL-15Rs; Death, sensitivity to “spontaneous,” FAS-, and TCR-induced cell
death; Recent Activation, frequencies of cells displaying activation
markers; Treg, frequencies of CD25% and FOXP3* cells; Antigens, num-
bers of divided cells after culturing with tetanus toxoid (TetTx) or extracts
of herpesvirus-infected cells.

and responded well to products of activated macrophages. Consis-
tent with earlier reports, we also found that CCR2* CD4* T cells
express high levels of CD26 (47, 48). It is of interest not only that
CD26""#" cells could be recruited by CCL2/MCP-1 across endo-
thelium (47, 48) but also that CD4* T cells capable of “spontaneous”
transendothelial migration were found to be CD26""€" (65).
Among the progressive changes in phenotypes, the CCRS ™
CCR2™, CCR5"CCR2", and CCR5"CCR2" subsets showed in-
creasing sensitivity to and rapidity of TCR-mediated activation and
increasing capability to produce effector cytokines. The combined
effect resulted in large differences in cytokine secretion after sub-
maximal stimulation of the TCR. The cytokine profile of the CCR5*
CCR2" subset is diverse, including cells able to produce cytokines
of all the principal effector lineages. At the same time, the CCR5"
CCR2" subset is relatively poor in Tregs. Together, our data sug-
gest that the CCR5*CCR2" subset contains cells poised to produce

a rapid, broad, and potent effector response and able to migrate to
any of multiple inflammation-induced chemokines, integrating func-
tions that should equip cells to serve as the first responders to a sec-
ondary challenge.

To analyze the distribution of Ag-reactive cells within the CCRS5 ™
CCR27, CCR5*CCR2", and CCR5*CCR2" subsets, we evaluated
proliferation to tetanus toxoid and three herpesviruses. For tetanus
toxoid, the highest percentage of responding cells was in the CCR5™*
CCR2* subset. The relative levels of response of the CCR5 ™
CCR2™ and CCR5"CCR2"™ subsets were significantly increased by
removing the CD25* and/or CD127 " cells. CD127 " cells contain
both Tregs and recently activated cells, as well as a small percen-
tage of Tr-1-like cells (30, 55-58). Given the exposure history of
most healthy donors to tetanus toxoid, we presume that reactivity
among the subsets was representative of a “true” memory response
against a long absent Ag. The poor response to tetanus toxoid that
we found in the CD127 ", i.e., recently activated cells, even after
partial depletion of Tregs from the CD127 " cells by removing the
CD25" cells, was consistent with this presumption. We conclude
that the CCR5"CCR2* subset is highly enriched in Ag-specific
memory cells resulting from prior vaccination.

Herpesviruses establish life-long latency, with the potential for
reactivation, and differ among themselves in a variety of ways, in-
cluding their tissue tropisms. The pattern of response to HSV-1 was
the most similar to that for tetanus toxoid. By contrast, for reactions
to EBV, the pattern was the most “left shifted,” with prominent
responses in the CCR5 CCR2 subset, which is consistent with
published data for both CD8* and CD4* T cells, showing that anti-
EBV cells are less differentiated than anti-CMYV cells (9, 45, 66). For
CMYV, the response was uniformly highest in the CCR5*CCR2 "™ sub-
set. For each virus, removing the CD25* and CD127 " cells boosted
the response within the CCR5*CCR2™ subset. Not surprisingly, the
increases seen after removing the CD25" and CD127 " cells were
inversely related to the magnitudes of the responses found against
each of the agents within the CD25 CD127  cells themselves,
which showed the rank order CMV > EBV > HSV-1 > tetanus
toxoid.

Loss of CD127 and/or increased expression of CCRS in human
CD4" T cells have been shown in other studies immediately after
immunizations with tetanus toxoid (67) or vaccinia virus (68) or
during acute infection with EBV or HIV-1 (69-71). Our finding
that, among the agents tested, CMV elicited the greatest responses
in the CD127" cells, which are relatively abundant in the CCR5"
CCR2" subset, is consistent with previous data (58), and suggested
that CMV was the virus most often (re)stimulating a systemic im-
mune response. These results are also consistent with data that
a large percentage of memory T cells are CMV specific in infected
individuals (72-74), significantly higher than for other herpesvi-
ruses (73, 75). When taken together, the Ag-specific responses
suggest that the ratio of Ag-reactive cells in the CCR5*CCR2"
versus CCR5TCCR2™ subsets reflected the ratio of cells reacting
to a given agent that were resting memory versus recently (re)
activated—highest for tetanus toxoid and lowest for CMV.

The enrichment of the CCR5*CCR2™ subset with activated cells
raised the issue of the effects of activated cells on a number of
assays, particularly as they relate to our hypothetical pathway of
progressive differentiation. We addressed this with experiments in
which recently activated cells were removed on the basis of being
CD25* and/or CD127". Although we cannot be sure that all

applies to results with CXCL12, CXCL9, CCL20, and CCL2 and the right-hand axis to CCL17 and CCL4. Results are from one donor, representative of
four. In the right panel, lower wells contained medium alone, or dilutions of conditioned medium from LPS-treated macrophages. Results are from one

donor, representative of three.
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recently activated cells were removed in this way, the CD127"
cells included almost all the cells that were HLA-DR* and/or
Ki67", and downregulation of CD127 after TCR activation of
human T cells is profound (57, 58). These experiments showed
that the presence or absence of the activated cells did not affect
our findings of an increasing sensitivity to TCR cross-linking and
an increase in frequencies of effector cytokine-capable cells from
the CCR5 CCR2™ to CCR5'CCR2™ to CCR5"CCR2* subsets.
In addition, when limiting our analysis to the CD127" cells, we
found a gradient in CD127 expression that followed the same
pattern (see below). Together these data suggest that the findings
that underlie our ordering of the CCR5 CCR2~, CCR5*CCR2",
and CCR5*CCR2" subsets along a pathway of differentiation are,
in fact, features of the resting memory population. Nonetheless,
the activated and/or regulatory cells clearly affected other aspects
of our results, such as the Ag-specific responses and susceptibility
to apoptosis.

Regulatory and/or activated cells, which are hypersensitive to
death-inducing signals (58, 62, 63), contributed to the increased
susceptibility to Fas-mediated death in the CCR5*CCR2™ subset.
Enhanced death within the CCR5*CCR2™ subset may be related
to the need to limit T cell-mediated pathology from chronically
or repeatedly activated cells, such as those responding to CMV.
Given that increasing T cell differentiation has also been associ-
ated with increasing sensitivity to apoptosis (33-35), it was no-
table that the more differentiated CCR5"CCR2" cells were in fact
less susceptible to death than the CCR5*CCR2™ cells. The relative
resistance of the CCR5"CCR2" cells to death was associated with
high levels of BCL-2 and cFLIP, antiapoptotic proteins within the
intrinsic (cytokine withdrawal) and extrinsic (Fas- or TCR-mediated)
pathways, respectively. It is of interest that CCL2/MCP-1 has been
reported to protect activated mouse CD8" T cells from death due to
cytokine withdrawal (76) and to be important for survival of CD8"
Tgwm in mice (77). However, in our assays of spontaneous and FAS-
mediated death, we saw no protective effect of adding CCL2/MCP-1
(data not shown).

IL-7 is the most important factor for homeostatic proliferation
and survival of memory CD4* T cells, with IL-15 also playing
a role (78). We found a gradient from the CCR5 CCR2™ to
CCR5*CCR2™ to CCR5"CCR2" cells in responsiveness to IL-7
and/or IL-15, and consistent with this pattern of response, we
found a coincident increase among the subsets in surface staining
for CD122 and CD132. For CD127, the high levels in the CCR5"
CCR2" subset may be an important contributor to the BCL-2
levels in these cells, because IL-7 functions as a survival factor
in part through the induction of BCL-2 family members (64).

Our data suggest that highly differentiated effector/memory
populations are not necessarily unstable. Stability within the
Tem-like CD4™ populations that are derived from differentiated
effector cells is also supported by recent findings in mice (30, 31)
and provides a mechanism whereby the full repertoire of cells
generated during the initial, and presumably protective, response
can be maintained. Our findings suggest that earlier data that Tgy-
like cells are inherently short lived may have reflected the enrich-
ment of Tgy-phenotype cells with populations that were recently
and/or chronically activated. Moreover, our data showing Ag/agent-
dependent differences in the magnitudes of responses in CD25
CD127" versus CD25 CDI127* cells suggest that activated cells
may constitute a separate Ag-driven population that does not con-
sist principally of memory cells undergoing homeostatic turnover.

Experiments in infection models in mice have shown the im-
portance of effector function and migration into tissue in host
defense against an acute infection (79) and have demonstrated the
role of Tgy-like cells in mediating protection early during a recall
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response (28, 80). The CCR5"CCR2" cells would seem good
candidates to function in such a role in humans, and our data sug-
gest that these cells, once produced through vaccination or infec-
tion, could contribute to Ag-specific long-lived memory.
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