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The pathways for differentiation of human CD4+ T cells into
functionally distinct subsets of memory cells in vivo are unknown.
The identification of these subsets and pathways has clear impli-
cations for the design of vaccines and immune-targeted therapies.
Here, we show that populations of apparently naive CD4* T cells
express the chemokine receptors CXCR3 or CCR4 and demonstrate
patterns of gene expression and functional responses characteris-
tic of memory cells. The proliferation history and T cell receptor
repertoire of these chemokine-receptor* cells suggest that they
are very early memory CD4* T cells that have “rested down’’ before
acquiring the phenotypes described for “central” or “effector”
memory T cells. In addition, the chemokine-receptort “naive”
populations contain Th1 and Th2 cells, respectively, demonstrating
that Th1/Th2 differentiation can occur very early in vivo in the
absence of markers conventionally associated with memory cells.
We localized ligands for CXCR3 and CCR4 to separate foci in T cell
zones of tonsil, suggesting that the chemokine-receptor* subsets
may be recruited and contribute to segregated, polarized micro-
environments within lymphoid organs. Importantly, our data sug-
gest that CD4* T cells do not differentiate according to a simple
schema from naive — CD45RO* noneffector/central memory —
effector/effector memory cells. Rather, developmental pathways
branch early on to yield effector/memory populations that are
highly heterogeneous and multifunctional and have the potential
to become stable resting cells.

chemokines | immunologic memory | Th1/Th2 cells

U nderstanding how immunological memory develops and is
sustained is a focus of ongoing research, in part because
successful vaccination requires the production of long-lived
memory (1, 2). Such an understanding depends on identifying
subsets of memory cells, characterizing their functions, and
mapping the pathways through which they are generated. As the
molecular determinants of lymphocyte trafficking have been
defined, the association between T cells’ migratory capacities
and their functions has been used to characterize T cell subsets.
It was reported, for example, that expression of the chemokine
receptor CCR?7 identifies a subset of memory cells, so-called
central memory (Tcwm) cells, that coexpress L-selectin (CD62L)
and, in addition to being able to enter lymphoid organs, are
functionally distinct from the CCR7~ subset, so-called effector
memory (Tem) cells (3). The key findings were that Ty but not
Tewm cells could produce effector cytokines and that Tewm cells
could serve, in vitro, as precursors for effector cells. Sallusto et
al. (4) have hypothesized a linear pathway of T cell differenti-
ation of naive — CD45RO"/CD45RA~ noneffector/Tcy —
effector and Tgwm cells, driven by the strength of the activating
signals. In this model, Tcm cells provide “reactive memory” and
serve as a long-lived pool of precursors for additional memory
and effector cells.
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Our studies of how patterns of chemokine-receptor expression
correlate with the function of T cell subsets have focused on
CD4" T cells, and, among the receptors we analyzed, were
CXCR3 and CCR4, which are expressed on effector/memory
cells. CXCR3 is the receptor for the IFN-vy-inducible chemo-
kines CXCL9-11 and is expressed preferentially on Th1 periph-
eral blood lymphocytes (5). CCR4 is the receptor for CCL17 and
CCL22 and is expressed preferentially on Th2 lymphocytes (5).
We were surprised, therefore, that we could detect CXCR3 and
CCR4 on subsets of CD4* T cells whose other surface markers
were indistinguishable from naive cells. Our data indicate that
these are very early memory cells, some of which are, nonethe-
less, polarized and can express immediate effector activity. An
important implication of our data is that human CD4"* memory
T cells are not produced along an obligatory, simple linear
pathway from naive — CD45RO™* noneffector — effector cells.
Our data suggest that acquiring effector/Tgy functions in vivo,
including the capacity to produce cytokines and respond to
inflammatory chemokines, is not necessarily a late event and is
not linked causally to prior, sequential changes in a cell’s
phenotype. These noncausal relationships among effector/
memory functions result in branched pathways of differentiation,
producing highly heterogeneous memory populations, among
which are the previously uncharacterized subsets described in
this report.

Materials and Methods

Cells and Tissue. Whole blood and elutriated lymphocytes were
obtained from donors by the Department of Transfusion Med-
icine at the National Institutes of Health. Cord blood was
collected from term placentas at Shady Grove Adventist Hos-
pital (Gaithersburg, MD). Tonsils were obtained as discarded
tissue from the National Naval Medical Center (Bethesda). The
acquisition of blood and tonsils was approved according to the
policies of these institutions.

Flow Cytometry and Cell Sorting. For staining without cell sorting,
cells were isolated from blood by using Ficoll/Hypaque (Am-
ersham Pharmacia). For cell sorting, CD4* T cells were purified
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from elutriated lymphocytes by using RosetteSep (StemCell
Technologies, Vancouver). The following antibodies were pur-
chased as fluorescent conjugates: anti-CXCR3-FITC (R & D
Systems), anti-CD62L-FITC (Caltag, South San Francisco, CA),
anti-CD45RO-phycoerythrin (PE)-Texas red (Coulter), anti-
CD4-Cy5-PE, anti-CCR4-PE, anti-CXCR3-PE, anti-IL-4-
allophycocyanin(APC), and anti-IFN-y-APC (BD Pharmin-
gen). The remaining antibodies as listed in the figure legends
were obtained from BD Pharmingen and conjugated in our
laboratory by using standard protocols (http://drmr.com/
abcon).

Staining with anti-CXCR3 and/or anti-CCR4 was done for 15
min at room temperature before adding other antibodies for 15
min at 4°C. Cell sorting was done on a FACSVantage DiVa flow
cytometer, and other analyses, except as noted, were done on an
LSR II cytometer (BD Biosciences). For setting gates for
defining positive and negative cells in multicolor staining, sam-
ples were stained with a mixture of all antibodies save one. Flow
cytometry data were analyzed by using FLOWJO software (Tree
Star, Ashland, OR).

T Cell Receptor (TCR) Rearrangement Excision Circles (TREC) Analysis.
Cells were analyzed for TREC, as described in ref. 6, by using
real-time quantitative PCR, with normalization based on copies
of the albumin gene.

TCR Repertoire Analysis. Lengths of the TCR CDR3 in T cells
purified by FACS were analyzed by using a modification of the
protocol described by Yassai et al. (7). Numbers of cells in the
purified populations ranged from 0.4 X 10° to 36 X 10°. cDNA
was synthesized from ~200 ng of total RNA from each popu-
lation and used in 21 PCR reactions, each containing one
Vg-specific 5’ primer plus a FAM-labeled Cg 3" primer, and the
products were analyzed by using a 3100 Genetic Analyzer and
GENESCAN software (Applied Biosystems). Primers used were as
described in ref. 8, with sequences available upon request. Each
electrophoretogram was scored as Gaussian-like or non-
Gaussian-like. A pattern was called non-Gaussian-like if there
were one or more peak(s) that reversed the expected trend of
diminishing heights in moving away from the central peak(s).
Patterns where this reversal did not occur were scored as
Gaussian-like. Only peaks of appropriate mobilities, differing by
approximately three base pairs from neighboring peaks, were
used to call patterns non-Gaussian-like. Twenty-five of the 315
electrophoretograms were of poor quality and were excluded
from analysis.

Measuring CD3-Mediated Calcium Signals. Peripheral blood mono-
nuclear cells (PBMCs) were loaded in 5 uM indo-1 AM ester
(Molecular Probes) at 32°C, stained at room temperature with
antibodies as noted in the legend to Fig. 34, and incubated with
20 wg/ml biotin-conjugated anti-CD3 (SK7, BD Biosciences).
For each stimulation, cells were warmed to 37°C and analyzed for
45 s before the addition of avidin (Sigma) to 10 wg/ml. The
percentage of cells responding was calculated with FLOWJO
software, and thresholds for determining responding cells were
set as described in ref. 9.

Staining for Intracellular Cytokines. Cells were stained with anti-
CXCR3-PE or anti-CCR4-PE for 30 min at room temperature,
stimulated with 20 ng/ml phorbol myristate acetate (PMA) and
1 uM ionomycin in the presence of 2 uM monensin for 5 h at
37°C before being stained for cytokines by using the Cytofix/
CytoPerm Plus kit (BD Pharmingen), and analyzed on a FACS-
Calibur cytometer.

Semiquantitative Real-Time RT-PCR. Cells were stimulated with
PMA and ionomycin at the doses described above for 2-3 h at
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37°C. Aliquots of cDNA from ~3-30 X 10° cells were analyzed
in duplicate by using an ABI 7700 sequencer system (Applied
Biosystems). cDNAs made from Thl and Th2 cell lines were
used to produce standard curves for assigning values for the
experimental samples. For each standard curve, the signal
obtained from cDNA synthesized from 200 ng of total RNA
from the cell lines was assigned a value of 5,000. For each sample,
values for the cDNAs of interest were normalized based on
values for GAPDH. Probes contained the FAM reporter and the
QSY7 quencher. Primer and probe sequences previously pub-
lished include those for IFN-y, TNF-a, IL-13 (10), and IL-4 (11).
Primer and probe sequences for T-bet and GATA-3 are available
upon request.

In Situ Hybridization. Probes for CXCL9 were synthesized as
described in ref. 12. Probes for CCL22 were synthesized similarly
from fragments made by RT-PCR by using primers whose
sequences are available upon request. Hybridizations were done
for CXCL9 and CCL22 mRNAs on serial sections of tonsil tissue
by using 33S-labeled antisense and sense riboprobes by Molecular
Histology (Gaithersburg, MD), as described in ref. 12.

Results

CCR4 and CXCR3 Are Expressed on Subsets of Naive CD4+ T Cells. We
analyzed the expression of the chemokine receptors CXCR3 and
CCR4 on naive and memory CD4" T cells, as defined by
CD45RO and CD62L, from the blood of healthy adults. The
CD45RO~CD62L* phenotype has been used to identify naive
cells (13, 14), and we designated the CD45RO*CD62L" and
CD45RO*CD62L" populations memory (M) 2 and M1, respec-
tively, according to previous convention (15). As shown in Fig.
1A4, the analysis of surface expression of CCR4 and CXCR3
revealed, as expected, significant percentages of CCR4* and
CXCR3* cells in the M2 and M1 subsets. However, in analyzing
>30 donors, we also uniformly found receptor* cells in the naive
subset, principally as CXCR3*CCR4~ and CXCR3 CCR4"
cells. Quantifying these cells from 10 donors by using gating,
as in Fig. 1A4, yielded means of 11.5% (SEM 1.3) and 12%
(SEM 0.9) for the CXCR3"CCR4~ and CXCR3 CCR4" cells,
respectively, as proportions of the naive population. To de-
termine whether the receptor® cells could be identified as
nonnaive by using additional markers (14), we analyzed
CD47CD45RO~CD62L*CD11a9mCD27" T cells for expres-
sion of CXCR3 and CCR4 vs. CD45RA. Both CXCR3 and
CCR4 were found on naive cells, as defined by these markers,
with CXCR3 (but not CCR4) expression, showing a negative
correlation with levels of CD45RA (although remaining
CD45RA™). These CXCR3* and CCR4" subsets had the scatter
profile of resting cells and did not show significant expression of
the proliferation antigen Ki67 or the activation markers CD25,
CD69, or HLA-DR (data not shown). We will refer to the CD4*
T cell subsets based on their expression of the conventional
naive/memory markers, using the abbreviation NR " (naive re-
ceptor™) for the cells expressing CCR4 or CXCR3 but having an
otherwise naive surface phenotype.

CCR4 and CXCR3 Behave Like Memory Markers. We next sought to
determine whether the NR™ cells were naive using additional
criteria. We found very few NR™* cells in cord blood, and for
adults, the numbers of NR™ cells showed a positive correlation
with donor age, consistent with being memory cells (data not
shown). If the NR™ cells are, in fact, not naive, they would be
expected to have undergone, on average, additional cell divisions
as compared with naive cells. The TREC data in Fig. 24 show
that NR™ cells have undergone approximately two to three more
divisions after T cell receptor gene rearrangement than have the
receptor~ naive cells. As expected, TREC in the memory subsets
were significantly lower. Consistent with published data on
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Fig.1. CCR4and CXCR3are expressed on naive CD4" T cell subsets from adult
blood. (A) PBMCs were stained with anti-CD4-Cy7APC, anti-CD45RA-Qdot 655
(data not shown), anti-CD45RO-cascade blue, anti-CD62L-Cy5.5APC, anti-
CXCR3-FITC, and anti-CCR4-PE. Only CD4" cells with the scatter profile of
lymphocytes are shown. Cells within the naive, M2, and M1 subsets (see text
for details) in the left-most dot plot are shown to the right with staining for
CXCR3 and CCR4. Quadrant boundaries for CXCR3 and CCR4 were set based on
samples stained with all antibodies except either anti-CXCR3 or anti-CCR4.
Similar results were obtained by using a variety of staining protocols and cells
from >30 donors. (B) PBMCs were stained with anti-CD4-Alexa Fluor 680,
anti-CD45R0O-Texas red-PE, anti-CD62L-cascade blue, anti-CD11a-Cy7APC, an-
ti-CD27-APC, anti-CD45RA-Qdot 655, anti-CXCR3-FITC, and anti-CCR4-PE. The
dot plots show sequential gating to eliminate nonnaive cells. As shown, all of
the CD47CD45RO~CD62L*CD11admCD27* T cells are CD45RA™, although lev-
els of CD45RA are variable. Similar results were obtained with cells from five
donors.

telomere lengths and the postulated precursor—product relation-
ship between Tem and Tewm (3, 16), the number of TREC was
higher in the M2 as compared with M1 cells, although the
difference was small. These data indicate that the NR* cells are
not derived from cells in the general memory pool that have
reacquired a naive surface phenotype. Simple marker “rever-
sion” is also made less likely by the multiplicity of antigens
showing a naive pattern on the NR* cells.

The above data suggested that the NR™* cells were, like other
memory populations, relatively stable subsets that had accumu-
lated during the lifetime of an individual as the result of
exposures to activating antigens. If so, the NR*™ TCR repertoire
would, on the one hand, be expected to be broad, similar to naive
cells and to the major memory subsets, while, on the other hand,
to show evidence of clonal selection. We investigated the rep-
ertoires of the NR* and other subsets by analyzing size distri-
butions across the CDR3 region of 21 Vg chain mRNAs in cells
from three individuals. Each of the 315 electrophoretograms was
scored as Gaussian-like or non-Gaussian-like, although some
were excluded for technical reasons (see Materials and Methods).
Examples of electrophoretograms are shown in Fig. 6, which is
published as supporting information on the PNAS web site. The
data from the three donors are displayed in Fig. 2B and show
significantly higher frequencies of non-Gaussian-like electro-
phoretograms for the NR*, M2, and M1 subsets vs. receptor™
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Fig. 2. NR* cells have intermediate numbers of TREC and a memory-
population-like TCR repertoire. (A) Purified CD4™ T cells were stained with
anti-CD4-cascade blue, anti-CD3-Cy7PE, anti-CD45RA-Ax594, anti-CD45RO-
APC, anti-CD62L-Cy7APC, anti-CXCR3-FITC, and anti-CCR4-PE and anti-CD8-
Cy5PE, anti-CD14-Cy5PE, anti-CD16-Cy5PE, anti-CD20-Cy5PE, and anti-CD56-
Cy5PE (for the “dump’’ channel) and sorted into five populations. Naive, M2,
and M1 cells are as defined for Fig. 1 A. TREC numbers were calculated per 10°
cells, and the values for receptor™ naive cells were normalized to 100 to allow
data from six donors to be combined. Error bars show SEM. Paired t tests done
on the normalized numbers showed P < 0.05 for comparisons between each
subset of NR™ cells vs. receptor™ naive and vs. M2, and for M2 vs. M1. (B)
Purified CD4™" T cells were stained with anti-CD4-Cy5PE, anti-CD45RO-APC,
anti-CD62L-Cy5.5APC, anti-CXCR3-FITC, and anti-CCR4-PE and sorted into five
populations. Electrophoretograms were scored as Gaussian-like or non-
Gaussian-like, as described in Materials and Methods. Frequencies of non-
Gaussian-like electrophoretograms in subsets from an individual donor are
identified with a unique symbol. x2 analysis of the frequencies obtained by
summing the data for each subset for all donors gave P < 0.01 for each subset
vs. receptor™ naive (significant by using the Bonferroni correction) but P >
0.05 for other pairwise comparisons. These frequencies correspond to 1 of 61,
11 of 55, 9 of 59, 4 of 47, and 6 of 57 informative electrophoretograms,
respectively, for the populations, from left to right.

naive cells (P < 0.01 by x? analysis) whose electrophoretograms
were, as anticipated, virtually all Gaussian-like. These results
both reveal evidence of clonal selection in the NR™* subsets and
support the above data that these subsets are stable populations,
similar to the M2 and M1 subsets.

NR* Cells Show Functional Characteristics of Memory Cells. In addi-
tion to differences in surface proteins, memory and naive cells
can be distinguished by functional responses, including altered
signaling through CD3 and the ability to produce effector
cytokines. Previous work has demonstrated differences in the
magnitude of the increase in intracellular calcium among CD4*
T cell subsets after CD3 cross-linking naive > M2 > M1 (17). As
shown in Fig. 34, the NR* cells demonstrated an “intermediate”
phenotype. The percentages of the NR™* cells responding to CD3
cross-linking by raising their cytoplasmic calcium concentrations
were lower than for the receptor™ naive cells but higher than for
the M2 and M1 populations.

Given the association of CXCR3 and CCR4 with Th1 and Th2
differentiation, respectively, we tested whether the NR™* cells
might produce effector cytokines. As shown in Fig. 3B, the naive
CXCR3*CCR4~ population contained cells able to produce
IFN-v, and, moreover, virtually all of the IFN-y-producing cells
in the naive population were found within the CXCR3*CCR4~

Song et al.
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NR* cells show responses that are not naive. (A) PBMCs isolated from whole blood were loaded with indo-1 AM ester, stained with anti-CD4-Cy7APC,

anti-CD45R0O-APC, anti-CD45RA-cascade blue, anti-CD62L-Cy7PE, anti-CXCR3-FITC, and anti-CCR4-PE and anti-CD8-Cy5PE, anti-CD14-Cy5PE, and anti-CD20-
Cy5PE (for the dump channel), and incubated with biotin-conjugated anti-CD3. The intracellular calcium-concentration-sensitive ratio of 405/20-nm:525/20-nm
emissions was measured on the flow cytometer before and after avidin-induced CD3 cross-linking and analyzed on subsets of cells defined by gating. (Left) Within
each subset for a single collection, the running means of percentages of cells vs. time having a ratio of violet/blue above a threshold that was set at the 95th
percentile for the cells collected before the addition of avidin is shown. (Right) The averages of the running means obtained over the 25 s beginning with the
time of peak response for the subsets from four donorsin a single experiment are shown. Subsets from an individual collection/donor are identified with a unique
symbol. Ps were obtained from paired t tests between groups. Similar results were obtained in two additional experiments. (B) Purified CD4* T cells were stained
with anti-CD62L-FITC, anti-CD4-Cy5PE, and anti-CD45RO-Cy7APC, separated into CD4" naive, M2, and M1 subsets by FACS, stained with anti-CXCR3-PE or
anti-CCR4-PE, activated with PMA and ionomycin in the presence of monensin, and stained with anti-IL-4-APC or anti-IFN-y-APC. These data are representative
of two donors. Similar results were obtained in six additional experiments by using a variety of staining protocols but without purifying cells by FACS. (C) Cells
were stained as for Fig. 2 A. FACS-purified populations were activated with PMA and ionomycin, and relative levels of mRNAs were determined by using real-time
RT-PCR. The small subsets of naive CXCR3*CCR4* and M2/M1 CXCR3~CCR4~ cells were not analyzed. Values are means of duplicate measurements of single
samples. Values were assigned by reference to samples from cell lines and cannot be compared between different species of mRNA. Similar results were obtained

with cells from three donors.

subset. As expected, this same relationship between CXCR3
expression and IFN-vy staining held true for the two memory
populations. Only low numbers of IL-4-staining cells were
detectable within the naive population, but these were found
preferentially among the CXCR3~CCR4™ cells, as was true for
the memory populations. We also determined relative levels of
mRNAs for cytokines and for T-bet and GATA-3, key tran-
scriptional regulators of Thl and Th2 differentiation, respec-
tively. For the naive subsets, as shown in Fig. 3C and analogous
to what was seen in the memory populations, the
CXCR3"CCR4~ cells had the highest levels of the type 1
mRNAs and levels of the type 2 mRNAs that were equal to or
lower than those in the naive receptor~ subset. The
CXCR3 CCR4* cells showed the inverse pattern. The
CXCR3"CCR4" memory cells showed a nonpolarized pattern,
with relatively little of the selected mRNAs. In other experi-
ments, we also measured the concentrations of cytokines in the
culture medium of subsets of cells activated for 24 h with PMA
and anti-CD3 (data not shown), and the results were consistent
with the RT-PCR data and intracellular staining.

Song et al.

CXCL9 and CCL22 Are Expressed in Separate Foci in the T Cell Areas of
Tonsil. If CXCR3 and CCR4 could be found on resting “naive”
peripheral blood lymphocytes that had undergone only a few
divisions after activation, it would be expected that these recep-
tors would be up-regulated early during the activation of naive
CD4* T cells within lymphoid organs. Such cells can be iden-
tified in human tonsils by their simultaneous expression of
CD45RA and CD45RO (13). We have already reported that
these cells can express CXCR3 (12), and we found that the
majority of the cells also express CCR4 (data not shown).
Expression of CXCR3 and CCR4 on memory CD4" T cells with
an early central phenotype and on cells that have been recently
activated within the tonsil raised the possibility that the NR™
cells might function within lymphoid organs. To investigate this
possibility, we analyzed the expression in tonsils of CCL22, one
of the ligands for CCR4, by in situ hybridization and compared
it with the expression of CXCLD9, a ligand for CXCR3, which we
had previously found within interfollicular T cell areas and
ringing some germinal centers (12). As shown in Fig. 4, we found
that CCL22 was also expressed in foci within the T cell zones. In
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Fig. 4. CCL22 and CXCL9 are expressed in adjacent foci in tonsil. 355-labeled
RNA probes for CCL22 and CXCL9 were hybridized to serial sections of paraf-
fin-embedded tonsil tissue. Three regions of the tissue sample, stained with
hematoxylin and eosin, are shown at x50 magnification. Bright-field illumi-
nation is shown in the first row and dark-field illumination in the second and
third rows. For each region, the images in the first and second rows show
results with the antisense CCL22 probe, and the image in the last row shows
results from an adjacent section with the antisense CXCL9 probe. Insets in the
corners of the dark-field views for regions 1 and 3 (Top Left) and region 2
(Bottom Left) show controls for each section with the CCL22 or CXCL9 sense
probes. Developed grains appear black on bright-field images and white on
dark-field images. The bright-field views show multiple germinal centers
separated by T cell zones. In the dark-field views for each region, the arrow-
heads indicate foci where signals for CCL22 and CXCL9 are adjacent, and the
arrows indicate foci of signal for one mRNA species without adjacent foci for
the other. Different tissue sections from this tonsil hybridized to CXCL9 probes
are published in ref. 12.

some cases, the CCL22 and CXCL9 mRNAs were detected in
separate areas. Often, they were found in the same areas in
adjacent but distinguishable foci.

Discussion

Our data demonstrate that, notwithstanding their surface phe-
notype, the NR* subsets contain memory cells, and therefore,
the surface markers commonly used to distinguish and purify
naive and memory human CD4* T cells, particularly in adults,
are inadequate. But how do the NR™ subsets arise from naive
cells? Our analysis of CDR3 lengths suggests that the compo-
sition of the NR* subsets has been shaped, at least in part, by
TCR-mediated selection, consistent with activation by exoge-
nous antigens. TCR-mediated selection might not, however,
exclude “nonstandard” forms of TCR-driven processes, possibly
including proliferation in a lymphopenic environment or ho-
meostatic proliferation of naive cells associated with aging.
Physiological lymphopenia occurs in the neonate, where in mice
it has been shown that the first thymic emigrants display
polyclonal expansion and acquire a memory phenotype (18). If
this were the primary source of the NR™* cells, we would not have
observed, as we did, that their abundance increased with donor
age. The homeostatic proliferation of naive cells associated with
diminished thymic output is another possibility. The loss of
CD31 expression has been proposed as an identifier of naive cells
that have undergone homeostatic divisions. Distinguishing be-
tween homeostatic and antigen-driven proliferation was based in
part on the findings that the CD31~ cells were unable to produce
effector cytokines (19). We found that NR* cells were CD31~
and that the NR* cells had approximately one-half the TREC as
compared with the receptor"CD45RO~CD31~ subset (data not
shown), suggesting that additional factors and increased prolif-
eration are involved in producing the populations of NR* cells.
In addition, our findings that NR* cells, unlike the larger
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Fig.5. CXCR3and CCR4in CD4" T cell differentiation. Populations of resting
CD4* T cells are depicted based on the expression of CD45R0O, CD62L, CXCR3,
and CCR4. Expression of CCR7 and CD31 are also noted, based on our work
(data not shown). All CD45RO ™ cells are CD31~ (not depicted). Disk sizes were
drawn to approximate the relative proportions of the populations in adult
blood. The gray and orange discs represent Th1 and Th2 subsets, which are
found principally in the CXCR3*CCR4~ and CXCR3~CCR4" populations, re-
spectively. We hypothesize that the CD4™" T cell subsets consist of cells that
have come to rest at different points along the pathway of effector cell
activation and progressive differentiation from CD45RO CD62L" to
CD45RO*CD62L" to CD45RO*CD62L™, as indicated by the arrows. The small
subsets of CDA5RO~CD62L"CXCR3*CCR4A* and CD45RO*CXCR3~CCR4 ™ cells,
which we did not analyze, are omitted. Additional arrows are not drawn
between subsets both for the sake of clarity and because the precise precur-
sor-product relationships among the subsets are not known.

population of receptor " CD45RO~CD31~ cells, have the capac-
ity to produce effector cytokines suggest that the NR™ cells are
not the product of homeostatic proliferation. In support of this
hypothesis, some naive CD4" T cells placed in Rag2~/~ mice
undergo only a limited number of IL-7-dependent homeo-
static divisions. Importantly for our purposes, these cells
are unable to produce IFN-y after stimulation (B. Min and
W. E. Paul, personal communication), akin to the
receptor "CD45RO~CD31~ human cells. In considering the
data altogether, although it is impossible to rule out roles for
“atypical” stimuli in producing the NR* populations, there are
no reasons to believe that such pathways have contributed to
these populations any more than to the memory populations
overall.

We believe that our data on the NR* cells have implications
for understanding the generation of CD4" effector and memory
T cells in vivo, providing evidence that a simple, nonbranched
pathway of activation/differentiation from naive — CD45RO™"
noneffector/Tcy — effector and Tem cells, as described by
others (3, 20), is not obligatory. On the contrary, our data suggest
that polarized subsets of effector and memory CD4* T cells can
be produced at many points along a pathway of activation,
resulting in a highly heterogeneous memory population. Our
data suggest that the pathway of CD4" memory T cell differ-
entiation in humans differs fundamentally from what has been
described for CD8" T cells in mice, where CD62L* Ty cells
were shown to have arisen by “reversion” of CD62L~ Tgym cells
(21). Based on our analyses of multiple surface markers, signal-
ing, and, particularly, TREC, our data strongly suggest that the
NR* populations arise from cells that have proceeded only a
short way along the pathway of CD4* effector/memory T cell
differentiation before coming to rest, so that, although the
pathway for CD4* T cell differentiation is branched, it is
nonetheless unidirectional. Moreover, the CDR3 analysis indi-
cates that the NR™ cells constitute diverse, relatively stable
memory populations that have accumulated with time. If the
NR* subsets consisted principally of recently activated cells that
were expressing their surface phenotype transiently, we would
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have expected the repertoire of these subsets to be highly
skewed. By contrast, the large majority of the Vg electrophore-
tograms for the NR™* cells were Gaussian-like, just as for the M2
and M1 major subsets.

Current models of helper T cell differentiation include in-
structing and selecting components (22). Although helper T cell
polarization is associated with the cells’ proliferation, the causal
relationship between proliferation and polarized patterns of
gene expression is controversial. Our findings for the NR* cells
suggest that, at most, only limited proliferation is necessary for
human CD4* T cells to be programmed in vivo for polarized
patterns of cytokine expression. Nonetheless, as shown in Fig.
3B, the percentage of cytokine-staining cells increases in the
CD45RO* compared with the NR* populations. Our data
suggest that polarization does not occur as part of a fixed
temporal program in a hierarchy of differentiation steps. Rather,
polarization may occur after a variable number of activation/
proliferation events (presumably depending on the cells’ envi-
ronments and histories), which would lead to the higher fre-
quencies of polarized cells observed in populations that have had
the opportunity to undergo more and/or prolonged stimuli. Our
data suggest a relationship among numbers of cell divisions,
memory-associated surface markers, and polarization in T cells
that is probabilistic and not causal.

The relationships among resting CD4" T cell subsets as
defined by the expression of CD45RO, CD62L, CXCR3, and
CCR4 are summarized in Fig. 5. In addition to the points made
above, these data, together with results of in vitro studies (12, 23),
suggest that the expression of CXCR3 and CCR4 on CD4* T
cells is driven by the two general and interrelated processes of
activation and polarization. The pattern suggests that, although
CXCR3 and CCR4 can be induced by T cell activation and in the
absence of effector function, the conditions required for expres-
sion of CXCR3 or CCR4 at rest are necessary steps along the
pathway to Thl or Th2 differentiation, respectively, and, con-
versely, by the end of the pathway to Th1 or Th2 differentiation,
expression of CCR4 or CXCR3, respectively, has been sup-
pressed. The pattern of early promiscuous induc-
tion followed by selective silencing is analogous to what has
been described for the principal Th1l- and Th2-specific genes
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(22, 24). Recent data demonstrate that nonpolarized
CXCR3"CCR4~ and CCR4"CXCR3~ Tcm can serve, respec-
tively, as precursors for Thl and Th2 Tgy, supporting a scheme
in which chemokine-receptor expression occurs early along the
pathway of polarization (25). For the NR* cells, the signaling
data in Fig. 34 suggest that they may have retained a “naive-like”
ability to proliferate upon TCR stimulation, a characteristic that
would make the NR™ cells particularly well suited to serve as
precursors for effector and additional memory cells.

The fact that the earliest central memory cells are distin-
guished by their chemokine receptors suggests that the receptor
expression itself may be important for the organization of
responses and the further differentiation of these T cells within
the lymphoid organs. CXCL9, like other CXCR3 ligands, is
induced by IFN-vy and is expressed by macrophages and dendritic
cells in human tonsils (12). CCL22 is induced by IL-4 (and
inhibited by IFN-vy) and is expressed by dendritic cells in T cell
regions of mouse lymph nodes (26). Here, we have shown that
CXCL9 and CCL22 are expressed by separated although often
adjacent clusters of cells within the T cell zones of the tonsil.
Early CXCL9/CXCR3-mediated recruitment of Thl cells or
CCL22/CCR4-mediated recruitment of Th2 cells to sites of
production of IFN-vy or IL-4, respectively, would be expected to
help in establishing polarized microenvironments that could be
used to enhance the formation of the appropriate effector (and
memory) cells. Many immune responses are mixed type 1 and
type 2, a finding that would seem problematic, given the mutual
negative crossregulation of Th1 and Th2 cell differentiation. The
use of chemokines that are selectively induced by the major
regulatory cytokines to create segregated type 1 and type 2
microdomains for the aggregation, activation, and differentia-
tion of CD4" T cells represents one possible solution.
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