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Abstract

 

It has been proposed that two different antigen-experienced T cell subsets may be distinguish-
able by their preferential ability to home to lymphoid organs (central memory cells) or non-
lymphoid tissues (effector memory/effector cells). We have shown recently that murine anti-
gen-primed CD8

 

�

 

 T cells cultured in interleukin (IL)-15 (CD8

 

IL-15

 

) resemble central memory
cells in phenotype and function. In contrast, primed CD8

 

�

 

 T cells cultured in IL-2 (CD8

 

IL-2

 

)
become cytotoxic effector cells. Here, the migratory behavior of these two subsets was investi-
gated. Naive, CD8

 

IL-15

 

 cells and, to a lesser degree, CD8

 

IL-2

 

 cells localized to T cell areas in the
spleen, but only naive and CD8

 

IL-15

 

 cells homed to lymph nodes (LNs) and Peyer’s patches. In-
travital microscopy of peripheral LNs revealed that CD8

 

IL-15

 

 cells, but not CD8

 

IL-2

 

 cells, rolled
and arrested in high endothelial venules (HEVs). Migration of CD8

 

IL-15

 

 cells to LNs depended
on L-selectin and required chemokines that bind CC chemokine receptor (CCR)7. Both anti-
gen-experienced populations, but not naive T cells, responded to inflammatory chemokines
and accumulated at sites of inflammation. However, CD8

 

IL-2

 

 cells were 12 times more efficient
in migrating to inflamed peritoneum than CD8

 

IL-15

 

 cells. Furthermore, CD8

 

IL-15

 

 cells prolifer-
ated rapidly upon reencounter with antigen at sites of inflammation. Thus, central memory-
like CD8

 

IL-15

 

 cells home avidly to lymphoid organs and moderately to sites of inflammation,
where they mediate rapid recall responses, whereas CD8

 

IL-2

 

 effector T cells accumulate in in-
flamed tissues, but are excluded from most lymphoid organs.

Key words: lymphocyte homing • lymph node • chemokines • adhesion molecules • 
inflammation

 

Introduction

 

Immune responses against pathogens and tumors depend
on the ability of lymphocytes to migrate to appropriate
places within the body to find their cognate antigen. Naive
T cells constantly recirculate between the blood and sec-
ondary lymphoid organs such as LNs, Peyer’s patches

 

(PPs),

 

*

 

 and the spleen (for reviews, see references 1 and 2).
When naive T cells are activated by antigen presented on
mature dendritic cells (DCs) in these organs, they become

lymphoblasts, which proliferate rapidly, and after a few
days, acquire effector functions.

The major function of CD8

 

�

 

 effector T cells is thought
to be killing of other cells, such as infected or malignant
cells expressing viral or tumor antigens (3). Cytotoxicity
requires direct contact with the target cell, which can be
located anywhere in the body (4). Thus, CTLs must diver-
sify their ability to migrate to different tissues, particularly
to sites of inflammation. Irrespective of phenotype, the ca-
pacity of a lymphocyte to enter tissues from blood depends
upon its ability to adhere to endothelial cells while with-
standing hydrodynamic shear stresses exerted by flowing
blood. Leukocyte adhesion to endothelial cells is governed
by cascades of molecular interactions (1, 2, 5). Tethering
and rolling are initiated by members of the selectin family
or by 

 

�

 

4 integrins. Chemokines displayed on endothelial
cells can then activate integrins on rolling leukocytes,
bringing cells to firm arrest (sticking [1, 2, 5]).

Although rolling, chemoattractant-induced activation,
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and sticking may be mediated by several different molecu-
lar pathways, in many settings only a single combination
will permit efficient recruitment of a leukocyte population
to a distinct target tissue. For example, naive T cells express
L-selectin (CD62L), the chemokine receptor CCR7, and
the 

 

�

 

2 integrin LFA-1, which interact respectively with
peripheral node addressin (PNAd), the lymphoid chemo-
kine CCL21 (TCA-4, secondary lymphoid tissue chemoat-
tractant [SLC], 6C-kine, exodus 2) and intercellular adhe-
sion molecule (ICAM)-1/-2. This combination of traffic
molecules is uniquely found on high endothelial venules
(HEVs) of LNs and each specific interaction is essential for
efficient homing (6–14).

The factors that govern CTL differentiation and their
migratory properties are largely unknown. Until recently,
specific markers of effector CTLs, which distinguish them
from other CD8

 

�

 

 T cells, have been unavailable (15, 16).
We have described a transgenic mouse strain, T-GFP,
which permits identification of CD8

 

�

 

 effector cells. In un-
challenged T-GFP mice, all naive CD4

 

�

 

 and CD8

 

�

 

 T
cells express green fluorescent protein (GFP) at high levels,
whereas effector CTLs downregulate GFP expression (15).
We have since expanded this model by crossing T-GFP
mice to TCR transgenic P14 mice (T-GFPxP14), whose
CD8

 

�

 

 T cells recognize the LCMV-derived gp33–41 pep-
tide presented by H2-D

 

b

 

 MHC class I (17). T-GFPxP14 T
cells stimulated in vitro with peptide antigen followed by
5 d incubation in a high dose (

 

�

 

5 ng/ml) of IL-2 (hence-
forth called CD8

 

IL-2

 

 cells), express effector cell markers,
become GFP

 

�

 

, and display potent antigen specific CTL
activity (18). Here, we have made use of this system to ex-
amine the migratory behavior of this relatively uniform ef-
fector cell population.

A second aim was to compare trafficking of circulating
CD8

 

IL-2

 

 cells to long-lived memory cells. After antigen has
been eliminated nearly all effector cells perish, leaving be-
hind only few antigen-experienced cells, which continue
to divide slowly. These memory cells stand guard in blood,
epithelial tissues, and lymphoid organs, including LNs, to
mediate recall responses if the antigen returns (19–23).
How memory cells gain access to LNs is unclear. In sheep
models, virtually all T cells in afferent lymphatics have a
memory phenotype, whereas most T cells in efferent
lymph bear naive T cell markers (24, 25). This proposes the
concept that naive T cells home to LNs via HEVs, whereas
memory T cells preferentially migrate to nonlymphoid tis-
sues and, subsequently, travel to LNs via afferent lymph
vessels. However, in rodents substantial homing of memory
T cells to LNs occurs via HEVs (26).

The inherent heterogeneity of antigen-experienced T
cells may account for these apparent discrepancies. Indeed,
in humans, blood-borne CD45RA

 

�

 

 memory cells can be
divided into two functionally distinct subsets based on their
differential expression of CCR7 (27). Most CCR7

 

�

 

 “cen-
tral” memory T cells express L-selectin and give rise to ef-
fector cells, but lack immediate effector functions when
stimulated by antigen. In contrast, CCR7

 

�

 

 “effector”
memory cells are mostly L-selectin

 

�

 

 and display immediate

 

effector activity. Two functionally distinct populations of
CD8

 

�

 

 memory cells have been demonstrated also in mice
after infection; one residing in secondary lymphoid tissues
and a second in tertiary tissues (23). Both populations were
capable of producing IFN-

 

�

 

, but only the latter showed
immediate antigen-specific cytotoxicity ex vivo. While
these studies have broadened our understanding of the im-
mune response in general, they beg the question of how
memory subsets target different organs. Characterization of
the molecular mechanisms of tissue specific trafficking has
broad implications for therapy of human disease, including
vaccine development.

In mice, the size of the CD8

 

�

 

 memory pool is deter-
mined by IL-2 and IL-15: the latter is necessary for mem-
ory cell growth and/or survival, whereas the former
promotes death of antigen-experienced T cells (28). Fur-
thermore, exposure of peptide-primed T-GFPxP14 T cells
to IL-15 in vitro (henceforth called CD8

 

IL-15

 

 cells) pro-
motes the generation of central memory-like T cells,
which confer long-lived antigen-specific memory upon
adoptive transfer into naive hosts (18). Here we made use
of CD8

 

IL-15

 

 cells to compare their trafficking behavior with
naive T cells and effector CD8

 

IL-2

 

 cells.
Our studies show that CD8

 

IL-15

 

 cells home as well as na-
ive T cells to secondary lymphoid organs, but unlike naive
cells, they respond also to inflammatory chemokines and
enter peripheral sites of inflammation, where they can rap-
idly proliferate when they encounter antigen. In contrast,
CD8

 

IL-2

 

 cells do not migrate to lymphoid tissues other than
the spleen, but home more efficiently to sites of inflamma-
tion than CD8

 

IL-15

 

 cells.

 

Materials and Methods

 

Mice.

 

C57BL/6 mice of both sexes were purchased from The
Jackson Laboratory or Taconic Farms. P14 transgenic mice,
which express a TCR specific for LCMV glycoprotein 33–41
(gp33; reference 17), were obtained from The Jackson Labora-
tory. L-selectin

 

�

 

/

 

�

 

 mice were provided by Dr. Mark Siegelman
(University of Texas, Southwestern Medical Center, Dallas, TX;
reference 29). T-GFP transgenic mice were generated in our lab-
oratory (15). P14 and L-selectin

 

�

 

/

 

�

 

 mice were crossed to T-GFP
mice to derive T-GFPxP14 (18) and T-GFPxL

 

�

 

/

 

�

 

 mice, respec-
tively. Plt/plt mice on a DDD/1 background and DDD/1-mtv/
mtv wild-type control mice were provided by Dr. Akio Mat-
suzawa, University of Tokyo, Tokyo, Japan. All mice were
housed and bred in a specific pathogen free/viral antibody free
animal facility. Mice were used between 8 and 16 wk of age, un-
less stated otherwise. All experiments were in accordance with
National Institutes of Health guidelines and approved by the
Committees on Animals of both Harvard Medical School and
The Center for Blood Research.

 

Reagents.

 

Human recombinant IL-15 and murine recombi-
nant IL-2 were purchased from R&D Systems. The following rat
anti–mouse mAbs were purchased from BD PharMingen: anti-
CD3

 

�

 

; CyChrome (Cy)-labeled anti-CD4 and anti-CD8; FITC-
labeled anti-B220; biotinylated anti-Thy1.2; PE-labeled anti-
CD44, anti-CD25, anti-

 

�

 

4 integrin, and anti–L-selectin, and
allophycocyanin (APC)-conjugated anti-CD8. P-selectin-Ig chi-
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mera was obtained from BD PharMingen and the CCL19 (mac-
rophage inflammatory protein [MIP]-3

 

�

 

/ELC)-Ig chimera was a
gift from Dr. Timothy Springer (The Center for Blood Re-
search, Boston, MA). The LCMV gp33 peptide (KAVYN-
FATC) was synthesized at BioSource International. Murine re-
combinant SLC (CCL21), monocyte chemoattractant protein
(MCP)-1 (CCL2), and regulated upon activation, normal T cell
expressed and secreted (RANTES; CCL5) were obtained from
R&D Systems.

 

In Vitro Differentiation of T Cells.

 

Splenocytes from P14 or
T-GFPxP14 mice were incubated with gp33 peptide (10 

 

	

 

g/ml)
for 1 h at 37

 




 

C, washed, and cultured in complete media (CM),
which consisted of RPMI 1640 (BioWhittaker) supplemented
with 10% FBS (GIBCO BRL), 2 mM L-glutamine (GIBCO
BRL), 10 mM pyruvate (GIBCO BRL), penicillin/streptomycin,
10 mM HEPES (GIBCO BRL), and 50 

 

	

 

M 

 

�

 

-mercaptoethanol
(Sigma-Aldrich). After 48 h, cells were washed and incubated in
CM containing either IL-2 (20 ng/ml) or IL-15 (20 ng/ml). Me-
dia with fresh cytokines was changed every other day.

Splenocytes from T-GFP mice or T-GFPxL

 

�

 

/

 

�

 

 mice were
stimulated with anti-CD3

 

�

 

 (1 

 

	

 

g/ml) for 48 h in CM. Thereaf-
ter, the same protocol was followed as described for P14 cells.
Cytokine-treated cells were used between days 8 and 10 of cul-
ture. Before each experiment, the phenotype of the cells was
confirmed using cell size and expression of activation markers,
L-selectin as well as GFP by flow cytometry (FACScan™; Bec-
ton Dickinson).

 

Phenotyping of Endogenous Memory T Cells.

 

Peripheral blood
was obtained from anesthetized aged (18 mo old) T-GFP mice by
cardiac puncture. After lysis of red blood cells, single cell suspen-
sions were analyzed by four-color flow cytometry (FACSCali-
bur™; Becton Dickinson) for their expression of CD8, CD44,
CD122, GFP, L-selectin, CD25, and CCL19-Ig binding. Mem-
ory CD8

 

�

 

 T cells were defined by high expression of CD44.

 

Homing Assays.

 

CD8

 

IL-15

 

 and CD8

 

IL-2

 

 cells were labeled for
20 min with tetramethylrhodamine-5-isothiocyanate (TRITC,
30 

 

	

 

g/ml; Molecular Probes) at 37

 




 

C. Thereafter, cells were cen-
trifuged over FBS to remove dead cells and excess TRITC. 5 

 

�

 

10

 

7

 

 CD8

 

IL-15

 

 or CD8

 

IL-2

 

 cells were mixed with 5 

 

�

 

 10

 

7

 

 freshly
isolated splenocytes from T-GFP mice and injected intravenously
into recipient mice. An aliquot of the input population was saved
for later FACS

 

®

 

 analysis to control for variability in the relative
frequency of transferred TRITC

 

�

 

 ([TRITC]

 

input

 

) and GFP

 

�

 

([GFP]

 

input

 

) populations. After 1 or 24 h, recipient mice were
anesthetized by intraperitoneal injection of 5 mg/ml ketamine
HCL (Fort Dodge Animal Health) and 1 mg/ml xylazine (Phoe-
nix Pharmaceutical), and blood was obtained by cardiac puncture.
Subsequently, the animals were killed by cervical dislocation.
Spleens, peripheral LNs (PLNs), mesenteric LNs (MLNs), and
PPs were harvested and passed through wire mesh. Livers and
lungs were digested with collagenase type 2 (0.5%; Worthington
Biochemical) before passing through wire mesh. Single cell sus-
pensions were analyzed by flow cytometry, and data expressed as
percentage of TRITC

 

�

 

 ([TRITC]

 

organ

 

) or GFP

 

�

 

 ([GFP]

 

organ

 

) cells
in the total population of gated live lymphocytes. To correct for
differences in the number and composition of injected cells be-
tween individual experiments, the homing index (HI) was cal-
culated, where HI 

 

�

 

 [TRITC]

 

organ

 

/[GFP]

 

organ

 

:[TRITC]

 

input

 

/
[GFP]

 

input

 

.

 

Immunofluorescence Staining.

 

Spleens and PLNs were snap-fro-
zen in OCT compound (Triangle Biomedical Science) and stored
at –70

 




 

C until further use. Acetone-fixed 6-

 

	

 

m cryostat sections
were blocked with 0.5% bovine serum albumin (Sigma-Aldrich)

 

in PBS, then incubated with anti-B220 FITC (1 

 

	

 

g/ml) and bio-
tinylated anti-Thy1.2 (1 

 

	

 

g/ml) for 1 h at room temperature.
Subsequently, sections were incubated with streptavidin-Cy5
(Jackson ImmunoResearch Laboratories). Slides were analyzed on
a confocal laser scanning microscope (Radiance 2000; Bio-Rad
Laboratories).

 

Chemotaxis Assays.

 

5 

 

�

 

 10

 

5

 

 CD8

 

IL-15

 

 or CD8

 

IL-2

 

 T-GFPxP14
cells, or naive T-GFP splenocytes in 100 

 

	

 

l RPMI 1640 plus
10% FBS were loaded in Transwell filters (Costar, Corning, Inc.;
5 

 

	

 

M pores), which were placed in 24-well plates containing 600

 

	

 

l medium without additives or with chemokines at different
concentrations. After incubation for 1 h at 37

 




 

C, cells in the bot-
tom well were collected and counted by flow cytometry. Che-
motactic indices were calculated as the number of migrated cells
in wells containing chemokines divided by the number of mi-
grated cells in wells containing medium alone.

 

Peritonitis.

 

Peritonitis was induced in C57BL/6 mice by in-
traperitoneal injection of 0.5 ml (1:1, vol/vol) emulsified IFA
(Sigma-Aldrich) in PBS. After 72 h, mice received intravenous
injection of either a mixture of 2.5 

 

�

 

 10

 

7

 

 TRITC-labeled
CD8

 

IL-2

 

 cells plus 2.5 

 

�

 

 10

 

7

 

 carboxyfluorescein diacetate succin-
imidyl ester (CFSE; Molecular Probes)-labeled CD8

 

IL-15

 

 cells, or
a mixture of 2.5 � 107 TRITC-labeled CD8IL-15 cells plus 4 �
107 naive T-GFP splenocytes containing �1.5 � 107 GFP� na-
ive cells. After 24 h, mice were killed and peritoneal exudate leu-
kocytes (PELs) harvested by PBS lavage. At the same time, blood
and PLNs were also harvested and the distribution of each subset
was assessed as described above. To determine responses to gp33
peptide, mice received 2.5 � 107 CFSE-labeled CD8IL-15 cells
from P14 mice. 24 h later, peritonitis was induced by injection of
IFA in the absence or presence of gp33 peptide (50 	g). PELs
were harvested 72 h later and analyzed by flow cytometry.

Intravital Microscopy. Intravital microscopy of the subiliac (su-
perficial inguinal) LN microcirculation was performed as de-
scribed (8, 30). Briefly, young adult C57BL/6 mice (8–10 wk)
were anesthetized and the right femoral artery catheterized with
PE-10 polyethylene tubing. After dissection of the left subiliac
LN, animals were transferred to an intravital microscope (IV-500;
Micron Instruments) equipped with infinity corrected water-
immersion objectives (ZEISS). Small boluses of TRITC-labeled
CD8IL-2 cells or calcein-labeled CD8IL-15 cells were retrogradely
injected into the femoral artery catheter. Cells that entered the
LN microvasculature were visualized through appropriate filters
using fluorescent epi-illumination from a video-triggered xenon
arc stroboscope (Chadwick-Helmuth). Video images were recorded
using a low-lag silicon-intensified target camera (VE1000SIT;
Dage, MTI), a time base generator (For-A Corp. Ltd.) and a Hi8
VCR (Sony).

Image Analysis. Cell behavior was determined by off-line
analysis of video tapes (31). The rolling fraction for each individ-
ual venule was measured as the percentage of T cells that inter-
acted detectably with the vascular wall in the total number of flu-
orescent (rolling plus noninteracting) cells that passed a vessel
during the observation period. The sticking fraction was defined
as the percentage of total cells that became firmly adherent for
30 s while passing a venule within the observation period.

Statistical Analysis. All data are presented as mean � SEM,
unless otherwise indicated. Homing indices of IL-2 versus IL-
15–treated cells to individual organs was compared using the
unpaired Student’s t test. Rolling and sticking fractions of IL-2
versus IL-15–treated cells in the same PLNs were compared
using the paired Student’s t test. Significance was reached at
P � 0.05.
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Results
Exposure of Antigen-primed CD8� T Cells to IL-2 or IL-15

Generates Effector or Central Memory-like Cells, Respectively.
We have recently described an in vitro system to generate
antigen-experienced T cells that possess phenotypic and
functional features of in vivo generated effector CTL and
central memory CD8� T cells (18). T-GFP mice were
crossed with P14 TCR transgenic mice (T-GFPxP14).
When splenocytes from these mice are primed with antigen
and cultured in IL-2 (20 ng/ml � 1,000 U/ml; CD8IL-2) for
1 wk they acquire an effector phenotype; they have a blas-
toid morphology, are GFP�L-selectinlo/–CD44hiCD25hi

CCR7�, and display potent antigen-specific cytotoxicity.
In contrast, when primed cells are cultured instead in 20
ng/ml IL-15 (CD8IL-15), they phenotypically resemble a
subset of memory cells that has been described in human
peripheral blood (27); they are of intermediate size, are
CD44hiL-selectin�CD25intCCR7�, and most cells (�70%)
remain GFP� (Table I). Most importantly, CD8IL-15 cells
possess little immediate CTL activity in vitro, but when
transferred into naive syngeneic hosts, they survive for long
periods of time and mount a rapid antigen-specific recall
response to viral and bacterial infections. Thus, CD8IL-15

cells phenotypically and functionally meet the criteria at-
tributed to memory cells, while CD8IL-2 cells represent
fully differentiated effector CTL (18).

The findings in the T-GFPxP14 TCR transgenic system
(18) were confirmed in the present study (Table I). In addi-
tion, to test the effects of our protocol in a normal T cell
repertoire, splenocytes from T-GFP mice were stimulated
with anti-CD3� (1 	g/ml) for 48 h followed by IL-2 or IL-
15 treatment as described above. The resulting polyclonal
populations of effector and memory T cells consisted
mostly of CD8� cells (82 and 93% after culture in IL-2 and
IL-15, respectively) whose phenotype and migratory be-
havior were indistinguishable from peptide-primed P14
TCR transgenic cells (data not shown). Thus, data from ex-
periments using differentiated T-GFP or P14xT-GFP cells
were pooled in some of the experiments described below.

CD8IL-15 Cells Resemble a Subset of Circulating Memory
Cells In Vivo. We next compared the phenotype of
CD8IL-15 cells to endogenous CD8� memory cells isolated
from blood of aged (�18 mo old) T-GFP mice (n � 3).
Memory CD8� T cells in mice are defined by their high
expression of CD44 and CD122 (28). A distinct population
of CD8�CD44hiCD122hi cells was readily detectable in the
blood of T-GFP mice (data not shown). As the CD44hi

cells were those that also expressed high levels of CD122,
and vice versa, we used high expression of CD44 to define
memory cells for four-color phenotyping. Among these
circulating CD8� memory cells 72.5 � 6.9% were GFP�.
Nearly all of the GFP� memory cells expressed L-selectin
and bound CCL19-Ig, whereas less than half of the GFP�

memory cells expressed L-selectin or bound CCL19-Ig
(Table II). The activation marker CD25 was expressed on a
minority of CD8� memory cells (not shown). These data
suggest that, similar to what has been described in humans,
there exist (at least) two populations of circulating memory
cells in mice; the largest subset displays a central memory
phenotype, i.e., cells in this subset are CD44hiL-selectin�

CCR7� and, in T-GFP mice, also express GFP. In vitro
generated CD8IL-15 cells strikingly resemble these cells (Ta-
bles I and II). As current technology does not allow us to
isolate sufficiently large and homogeneous effector and
central memory cell populations directly from blood or
other organs of immunized mice to analyze their migratory
properties, we generated CD8IL-2 and CD8IL-15 cells for
such studies.

CD8IL-15 Cells, but Not CD8IL-2 Cells Home to LNs and
PPs. To analyze the migratory behavior of in vitro gener-
ated effector and central memory cells, CD8IL-2 and CD8IL-15

cells were labeled with the red fluorescent dye TRITC,
which does not interfere with in vivo migration of labeled
cells (reference 32, and our unpublished results). As a refer-
ence population, we used freshly isolated splenocytes from
young adult T-GFP mice, which contain �35% GFP� na-
ive T cells, with a CD4�:CD8� ratio of �2:1. This ratio

Table I. Expression of GFP, Activation Markers, Adhesion Molecules, and CCR7 on CD8IL-2 and CD8IL-15 Cells

GRP
%

CD44hi

% (MFI)
CD25

% (MFI)
L-selectin
% (MFI)

P-selectin-Ig
%

CCL19-Ig
% (MFI)

Naive 99 � 1 N/A 0.5 � 0.7
(51 � 5)

99 � 1
(1,100 � 16)

0.5 � 0.3 96 � 2
(264 � 11)

CD8IL-2 6 � 1 97 � 1
(1,479 � 651)

98 � 1
(2,081 � 1,054)

25 � 12
(398 � 234)

71 � 18 20 � 11
(73 � 19)

CD8IL-15 71 � 5 82 � 12
(661 � 221)

94 � 3
(178 � 123)

93 � 8
(1,953 � 629)

4 � 5 87 � 8
(251 � 28)

CD8IL-2 and CD8IL-15 cells were generated from P14xT-GFP or P14 mice as described in Materials and Methods. Naive splenocytes (defined as
CD44lo/� were freshly prepared from P14xT-GFP mice. The phenotype of the cells was assessed using FACS® (FACScan™). Shown are the
percentages (mean � SEM) and mean fluorescence intensity (MFI) � SEM of marker positive cells in the total population of three to seven experiments. 
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was not significantly altered in the population of GFP�

cells that were recovered from recipient tissues after adop-
tive transfer (n � 10 animals, P � 0.05 for all organs
tested). Therefore, GFP� T-GFP cells were considered a
uniform population of naive T cells that served as an inter-

nal standard to which the trafficking of cytokine treated
cells was compared.

5 � 107 TRITC-labeled CD8IL-15 or CD8IL-2 cells were
mixed with naive T-GFP cells (5 � 107 splenocytes) and
injected intravenously into naive C57BL/6 mice. Recipi-
ent organs were harvested 24 h later and single cell suspen-
sions were analyzed by flow cytometry (Fig. 1). As shown
in Fig. 1 A, all of the injected T cell populations were
present in the host circulation. However, the average fre-
quency of the two stimulated subsets in blood was only
�40% of that of naive T-GFP cells. This skewed subset ra-
tio in blood, despite the fact that smaller numbers of GFP�

cells were injected, was apparent immediately after intrave-
nous injection and throughout the 24-h homing period
(data not shown) indicating that many cytokine treated
cells were selectively retained in host tissues. Indeed, the
ratio of cytokine-treated to naive T cells was much higher
in the recipients’ liver and lungs (Fig. 1 B). Despite the ten-
dency for larger numbers of CD8IL-2 cells than CD8IL-15

cells to accumulate in these two organs, this difference was
not statistically significant. The lower blood levels of the
larger, stimulated cells may have been due to mechanical
sequestration in pulmonary and portal microvessels, which
have low perfusion pressure. However, a contribution by
specific molecular interactions cannot be excluded.

No significant difference was found in the concentration
of CD8IL-2 and CD8IL-15 cells in peripheral blood of recipi-
ent mice (Fig. 1 C). In contrast, CD8IL-15 cells were more
frequent than CD8IL-2 cells in the spleen where the two
populations constituted 8.1 � 1.8% and 2.5 � 1.1% of res-

Table II. Phenotype of Endogenous CD8� Peripheral Blood 
Memory T Cells

CD44
MFI

L-selectin
% (MFI)

CCL-19-Ig
% (MFI)

GFP�CD44�/lo 35 � 10 90 � 5
(527 � 111)

96 � 2
(154 � 72)

GFP�CD44hi 891 � 39 92 � 2
(854 � 168)

93 � 4
(138 � 45)

GFP�CD44hi 1,087 � 69 42 � 12
(486 � 36)

43 � 13
(118 � 17)

Leukocytes were isolated from peripheral blood of aged T-GFP mice
(�1.5 yr, n � 3). The cells were stained as described in Materials and
Methods and phenotyped using 4-color FACS® (FACSCalibur™).
Gates were set on either CD8�CD44�/lo (naive) or CD8�CD44hi

(memory) cells. The latter constituted 27.6 � 1.9% of the total pool of
circulating CD8� T cells. GFP+ cells represented 72.5 � 6.9% of total
CD8� memory cells. Shown are the percentages (mean � SEM) and/
or mean fluorescence intensity (MFI) � SEM of marker positive cells.
Note that different flow cytometers were used in Tables I and II. Thus,
the absolute magnitude of MFI values in the two tables cannot be
compared directly.

Figure 1. Primed CD8� T cells differentiated with
IL-15, but not with IL-2, home to LNs. Splenocytes
from T-GFPxP14 mice (n � 4) or from T-GFP mice
(n � 2) were stimulated with gp33 peptide or anti-CD3�,
respectively, and cultured for 6–8 d in the presence of IL-2
(black bars) or IL-15 (white bars). 5 � 107 TRITC-labeled
cells from either cytokine-treated population were mixed
with 5 � 107 fresh T-GFP splenocytes (as an internal stan-
dard) and injected intravenously into naive C57BL/6 re-
cipients. The ratio of homed TRITC� cells to GFP�

TRITC� cells in different tissues was analyzed by flow cy-
tometry 24 h later (gates were set on live lymphocytes). As
cytokine-treated primed T-GFPxP14 and T-GFP cells be-
haved identically, the results were pooled. (A) Representa-
tive two-color dot plots of adoptively transferred T cell
subset frequencies in peripheral blood leukocytes (left) and
PLNs (right) of two recipient mice. Adoptively transferred
CD8IL-15 cells (top panels) or CD8IL-2 cells (bottom panels)
are both readily detectable in blood, but only CD8IL-15

cells are found in significant numbers in PLNs. The hom-
ing index (i.e., the ratio of TRITC�:GFP� events in re-
spective gates divided by the ratio of TRITC�:GFP� cells
in the mixture before adoptive transfer) is shown in the
upper right corner of each panel. (B) Homing indices of
CD8IL-15 cells and CD8IL-2 cells versus naive T-GFP cells
in the lungs and liver. (C) Frequency of homed cells in
blood and secondary lymphoid organs. Bars represent the
percentage of homed TRITC� cells in gated lymphocyte
populations. (D) Homing indices of CD8IL-15 cells and
CD8IL-2 cells versus naive T-GFP cells in lymphoid organs.
*P � 0.05; **P � 0.01; n.s., not significant. Bars represent
mean � SEM of results from six mice.
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ident lymphocytes, respectively (P � 0.022; n � 6 ani-
mals). This difference in tissue-specific homing was even
more dramatic in other secondary lymphoid organs. The
frequency of CD8IL-15 cells in PLNs was 23.1-fold higher
than that of CD8IL-2 cells (5.0 � 1.33% vs. 0.22 � 0.09%;
P � 0.005), and a 25.8-fold difference was found in MLNs
(3.66 � 0.93% vs. 0.14 � 0.06%; P � 0.003). Although
smaller numbers of both populations homed to PPs, there
were significantly more CD8IL-15 cells than CD8IL-2 cells in
those organs as well (0.16 � 0.04% vs. 0.02 � 0.007%,
P � 0.009). It was theoretically possible that some effector
cells homed rapidly to LNs either directly or via peripheral
tissues and afferent lymphatics, but escaped detection at 24 h
after transfer due to either subsequent exit from the LNs or
a limited lifespan. However, in short term (1 h) homing
experiments, the percentage of recovered CD8IL-2 cells in
PLNs was 0.03 � 0.01% of total lymphocytes, indicating
that there are no alternative routes by which circulating ef-
fector cells could rapidly migrate into normal PLNs.

To compare the homing potential of stimulated cells rel-
ative to naive T cells and also to account for potential dif-
ferences in cell input, we calculated the homing index,
which was defined as the ratio of TRITC�:GFP� cells in a
tissue divided by the ratio of TRITC�:GFP� cells in the
input population (Fig. 1 D). Homing indices of CD8IL-15

cells versus naive T-GFP cells were comparable in blood,
PLNs, and MLNs. If one takes into account the difference
in circulating T cell counts, this suggests that CD8IL-15 cells
homed equally well to LNs as naive T cells. In contrast, the
ratio of CD8IL-2 to T-GFP cells was very low in all of these
lymphoid organs. Interestingly, the homing index of
CD8IL-15 versus naive cells in the spleen was 1.43 � 0.48,
whereas that of CD8IL-2 versus naive cells was 0.35 � 0.1,
which is comparable to ratio of CD8IL-2 versus naive cells
in blood (0.38 � 0.14). Thus, compared with naive T cells,
CD8IL-2 cell recruitment to the spleen is similar, while

CD8IL-15 cell migration to the spleen is enhanced. The
homing indices for both cytokine-treated subsets in PPs
were much lower than in the blood and other organs ex-
amined (CD8IL-15: 0.1 � 0.01; CD8IL-2: 0.01 � 0.004) in-
dicating that PPs are preferentially a target for naive T cells.
Taken together, these data demonstrate that CD8IL-15 cells
migrate avidly to lymphoid organs, whereas CD8IL-2 cells are
excluded from all lymphoid tissues except the spleen.

CD8IL-15 and CD8IL-2 Cells Localize to T Cell Areas in the
Spleen and LNs. While no single trafficking molecule ap-
pears to be essential for T cell homing from blood to the
spleen, cell entry into T cell zones requires active migration
within splenic compartments, which involves the con-
certed action of adhesion molecules and chemokine recep-
tors (33, 34). Having established that substantial numbers of
antigen-experienced T cells accumulate in the spleen, we
sought to determine whether this process was a specific mi-
gratory event or represented passive trapping of the cells in
splenic red pulp. Spleens and PLNs from three mice were
harvested 24 h after adoptive transfer of TRITC-labeled
CD8IL-15 or CD8IL-2 cells and cryostat sections were stained
for B220 and Thy-1 to visualize host B and T cells, respec-
tively. As depicted in Fig. 2, the vast majority (�90%) of
homed CD8IL-15 cells localized specifically to T cell areas in
both lymphoid organs. CD8IL-2 cells were also preferen-
tially found in splenic T cell areas (61 � 2% of TRITC�

cells). However, this population appeared more scattered
and sizable fractions localized to the red pulp (21 � 2%)
and the B cell area (18 � 1%). Very few CD8IL-2 cells were
found in PLNs, mostly localized to the T cell area.

Homing of CD8IL-15 Cells to LNs Requires L-Selectin and
CCR7 Agonists. While there is an abundance of data on
the pivotal role of L-selectin and CCR7 for naive T cell
homing to PLNs (6–8, 14, 35), the mechanisms by which
memory cells gain access to these organs are poorly under-
stood. As CD8IL-15 cells expressed high levels of L-selectin

Figure 2. Localization of homed CD8IL-15 and
CD8IL-2 cells in PLNs and spleen. Cryostat sections
of PLNs (top two rows) and spleen (bottom two
rows) 24 h after adoptive transfer of TRITC-
labeled CD8IL-15 cells or CD8IL-2 cells were stained
with anti–B220-FITC (green) and Thy-1.2-biotin
followed by Cy5-conjugated streptavidin (blue) to
localize B cell follicles and T cell areas, respectively.
TRITC-labeled homed donor cells are identified
by red fluorescence. Micrographs are representative
of organs from three different recipient mice.
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and avidly bound the CCR7 ligand CCL19 (Table I), it
seemed plausible that the pronounced LN tropism of this
subset also relied on L-selectin and CCR7. To test this hy-
pothesis, we crossed T-GFP mice to L-selectin�/� mice
(T-GFPxL�/�) and stimulated splenocytes from these ani-
mals or from T-GFP mice (as a control) with anti-CD3�
followed by culture in IL-15 for 8 d. TRITC-labeled
CD8IL-15 cells were then mixed with T-GFP splenocytes
and used for homing assays in C57BL/6 recipients.
T-GFPxL�/� CD8IL-15 cells failed to home to PLNs (hom-
ing index: 0.013 � 0.003) and MLNs (homing index:
0.01 � 0; Fig. 3). In contrast, the homing indices of
T-GFP CD8IL-15 and T-GFPxL�/� CD8IL-15 cells in pe-
ripheral blood and spleen were comparable.

The chemokine CCL21 is highly expressed in HEVs and
has been shown to trigger rapid integrin-mediated arrest of

naive T cells that roll in these vessels (13, 14, 35). CCL21
as well as the related lymphoid chemokine CCL19 signal T
cells via CCR7 (36). The LN-expressed genes for both of
these chemokines are absent in plt/plt mice, which have a
severe defect in naive T cell homing to nonsplenic second-
ary lymphoid organs (10, 14, 37–40). To determine
whether these CCR7 agonists are also required for migra-
tion of CD8IL-15 cells to LNs, homing assays with CD8IL-15

cells from T-GFPxP14 mice were performed using either
plt/plt mice or wild-type DDD1-mtv/mtv mice as recipi-
ents. As PLNs in plt/plt mice contain �80% fewer resident
lymphocytes than wild-type mice (40), a given number of
homed cells would be more diluted in wild-type than in
plt/plt PLNs (14). Therefore, the absolute numbers of
homed cells per 106 injected cells in each organ was assessed
(Fig. 4). As shown previously, significantly larger numbers
of naive T-GFP cells homed to plt/plt spleens compared
with DDD1-mtv/mtv mice (P � 0.05). CD8IL-15 cells also
tended to home more to plt/plt spleens, but this difference
did not reach statistical significance (P � 0.25). Compared
with wild-type mice, PLNs in plt/plt mice contained 95
and 80% fewer homed naive T-GFP cells and CD8IL-15

cells, respectively (P � 0.01 for both). Similarly, an 88 and
89% reduction in homing to MLNs was seen for naive
T-GFP cells and CD8IL-15 cells, respectively (P � 0.01).
The inability of T-GFP cells and CD8IL-15 cells to home
from the blood to LNs in plt/plt mice was mirrored by a
marked elevation in the frequency of these cells among cir-
culating leukocytes (naive T-GFP in blood of wild-type
versus plt/plt mice: 1.1 � 0.2 vs. 3.2 � 0.2%; P � 0.0001;
CD8IL-15: 1.4 � 0.1 vs. 5.8 � 0.6%, P � 0.0001).

CD8IL-15 Cells Roll and Stick in HEVs of PLNs. The re-
sults above show that CD8IL-15 cells rely on similar adhe-
sion pathways as naive T cells, namely L-selectin and
CCR7, to home to LNs. As naive T cells enter PLNs ex-
clusively via HEVs, it seemed likely that HEVs are also the
port of entry for CD8IL-15 cells. To test this hypothesis, we
employed an intravital microscopy model that allows us to
analyze lymphocyte behavior in HEVs of subiliac LNs in
anesthetized mice (31). Based on our previous observa-
tions, which have shown that naive T cells interact mainly
with small paracortical venules (branching orders III to V)

Figure 3. L-selectin is essential for CD8IL-15 cells to home to LNs.
Splenocytes from T-GFPxL�/� mice (white bars) or T-GFP mice (black
bars) were stimulated with anti-CD3� for 2 d and then cultured in the
presence of IL-15 (20 ng/ml). After 7 d, 5 � 107 TRITC-labeled CD8IL-15

cells from each strain were mixed with 5 � 107 freshly isolated T-GFP
splenocytes and injected intravenously into C57BL/6 recipients. The fre-
quency of TRITC� cells in blood and secondary lymphoid organs was
analyzed 24 h later. The homing index was determined as described in
Fig. 1. Bars reflect mean � SEM from three independent experiments.
Homing was compared using the unpaired Student’s t test. **P � 0.01;
n.s., not significant.

Figure 4. Homing of CD8IL-15

cells to LNs is impaired in
plt/plt mice. Splenocytes from
T-GFPxP14 mice were stimu-
lated with gp33 peptide and cul-
tured in IL-15 for 6–8 d.
TRITC-labeled CD8IL-15 cells
(5 � 107) were mixed with 5 �
107 freshly isolated T-GFP sple-
nocytes and adoptively transferred
into either wild-type DDD1-
mtv/mtv (white bars) or plt/plt
recipients (black bars). The abso-
lute number of homed cells in
spleens, PLNs, and MLNs was

calculated by multiplying the frequency of fluorescent cells (assessed by flow cytometry) with the total number of resident lymphocytes in each organ.
Data are shown as number of homed cells per 106 cells injected. Bars reflect mean � SEM (n � 5 recipients of each strain). Homing was compared using
the unpaired Student’s t test. *P � 0.05; **P � 0.01, n.s., not significant.
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of the venular tree rather than with collecting venules (or-
der I and II) in the medulla (8), we focused our analysis on
paracortical venules. TRITC-labeled CD8IL-2 and calcein-
labeled CD8IL-15 cells were injected retrogradely into the
right femoral artery of C57BL/6 mice and the cells were
consecutively recorded while passing through the left subil-
iac LN. A total of 11 HEVs (8 order III and 3 order IV
venules) in 4 animals were analyzed. The mean rolling frac-
tion for CD8IL-15 cells in these vessels was 37.8 � 7.1%,
whereas only 7.8 � 4.0% of CD8IL-2 cells rolled in the
same HEVs (P � 0.001; Fig. 5 A). The mean sticking frac-
tion for CD8IL-15 and CD8IL-2 cells was 10.9 � 2.8% and
2.9 � 1.5%, respectively (P � 0.005; Fig. 5 B). This dem-
onstrates that CD8IL-15 cells, but not CD8IL-2 cells interact
avidly with PLN HEVs and provides a likely mechanism
for the differential migratory behavior of these two subsets
in homing assays.

Both CD8IL-15 and CD8IL-2 Cells Respond to Inflammatory
Chemokines and Are Recruited to Sites of Inflammation. Hav-
ing shown that CD8IL-15 cells, but not CD8IL-2 cells bind
the CCR7 agonist CCL19 by flow cytometry and home to
PLNs of wild-type, but not plt/plt mice, chemotaxis assays
were performed to compare directly the cells’ ability to re-
spond to the second CCR7 agonist, CCL21, which is crit-
ical for naive T cell homing to PLNs (14). As expected,

CD8IL-15 cells showed a prominent migratory response to
CCL21, whereas CD8IL-2 cells responded poorly (Fig. 6).
Thus, CD8IL-15 cells express functional CCR7 (although
their chemotactic index was lower than that of naive T
cells; data not shown), and the CCR7� CD8IL-2 cells do
not possess alternative means to respond to CCL21.

Different subsets of antigen experienced T cells are
known to express distinct repertoires of receptors for che-
mokines expressed at sites of inflammation (for reviews, see
references 2, 36, and 41). We therefore tested the response
of cytokine-treated cells to the inflammatory chemokines
CCL5 (RANTES) and CCL2 (MCP-1, JE). Both CD8IL-15

and CD8IL-2 cells responded similarly to CCL5, whereas
CCL2 was more potent, but equally efficient in attracting
CD8IL-2 cells compared with CD8IL-15 cells. This suggested
that both subsets might be able to travel to inflamed tissues.

To assess the ability of CD8IL-15 cells and CD8IL-2 cells to
migrate to sites of inflammation, we induced acute perito-
nitis in mice by injecting IFA, a model shown previously to
induce the migration of polarized CD4� effector T cells to
the peritoneal cavity (42). IFA was injected intraperito-
neally into C57BL/6 mice and fluorescently labeled T cells
were injected intravenously 72 h later. As the degree of in-
flammation was somewhat variable between animals, we
compared the migratory potential of two differentially la-

Figure 5. Differential rolling and sticking of CD8IL-15

and CD8IL-2 cells in PLN HEVs. CD8IL-15 cells and
CD8IL-2 cells were labeled with calcein and TRITC, re-
spectively, and successively injected into the right fem-
oral artery of an anesthetized mouse. Interactions of
injected cells with HEV in surgically prepared left sub-
iliac LNs were studied by epi-fluorescence intravital
microscopy as described (reference 31). (A) Rolling
fractions (the percentage of rolling cells in the total flux
of cells passing a venule) and (B) sticking fractions (the
percentage of cells that arrested for 30 s in the total
flux) of both T cell populations were analyzed in the
same 11 HEVs of 4 animals. Bars represent means �
SEM. Data were compared using the paired Student’s t
test. *P � 0.005; **P � 0.001.

Figure 6. Both CD8IL-15 and
CD8IL-2 cells respond to inflamma-
tory chemokines. CD8IL-2 (�),
CD8IL-15 (�), or naive splenocytes
(�) were loaded into Transwell filter
inserts (5 � 105 cells/well), which
were placed in 24-well plates con-
taining 600 	l of medium with dif-
ferent concentrations of CCL21,
CCL5 (RANTES), or CCL2
(MCP-1). Chemotactic indices were
calculated as the ratio of the number
of cells that migrated toward a
chemokine divided by the number
of spontaneously migrating cells re-
covered from wells that contained
medium without chemokine. Data
reflect mean � SEM of at least two
duplicate experiments.
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beled cell populations that were coinjected into the same
animal. One group of mice received TRITC-labeled
CD8IL-15 cells together with naive T-GFP splenocytes and
a second group CFSE-labeled CD8IL-15 cells and TRITC-
labeled CD8IL-2 cells. 24 h after transfer, peripheral blood
leukocytes, PLNs, and PEL were harvested, and analyzed
by flow cytometry (Fig. 7, A and B). In agreement with
previous reports (42), naive T cell migration was poor; on
average, only 349 � 84 naive T-GFP cells per mouse mi-
grated into the peritoneal cavity (Fig. 7 C). In contrast,
substantial numbers of CD8IL-15 cells were found (9,708 �
2,591/mouse; P � 0.01 versus naive cells). Significantly
larger numbers of CD8IL-2 cells were recovered from PEL,
when coinjected with CD8IL-15 cells (40,181 � 10,574
CD8IL-2 cells/mouse vs. 14,851 � 4,541 CD8IL-15 cells/
mouse; P � 0.05). As determined, the three T cell popula-
tions are retained to different degrees in the liver and lungs
(Fig. 1 B) and their concentration in peripheral blood is
quite variable (Fig. 1 C). To correct for potential skewing
of our results due to dissimilar delivery of blood-borne cells

to the peritoneum, we divided the ratio of each pair of cell
populations in PEL by their ratio in blood. After thus nor-
malizing for differences in blood cell counts, CD8IL-15 cells
were found to home 15.3 � 4.8-fold more frequently to
inflamed peritoneum than naive T cells, whereas homing
of CD8IL-2 cells was 11.7 � 2.8-fold greater than that of
CD8IL-15 cells.

These data suggested that not only CD8IL-2 effector cells,
but also CD8IL-15 central memory-like cells can migrate to
inflamed tissues. However, CD8IL-15 cells frequently con-
tain a minor fraction (� 10%) of cells that are L-selectin�

and/or CCR7� and phenotypically more similar to CD8IL-2

cells (18). Thus, it was important to determine whether the
homed CD8IL-15 cells in the peritoneal cavity were repre-
sentative of the bulk of the input population. Flow cyto-
metric analysis of CD8IL-15 cells recovered from PEL
showed that nearly all cells were L-selectin� and responded
to CCL21 in chemotaxis assays (data not shown). Thus,
CD8IL-15 cells possess not only the capacity to home to sec-
ondary lymphoid organs, but also to sites of inflammation.
In contrast, CD8IL-2 cells home even more avidly to in-
flamed tissues, but they are excluded from entry into sec-
ondary lymphoid organs except the spleen.

CD8IL-15 Cells Proliferate Rapidly in Response to Recall An-
tigen at Sites of Inflammation. We next assessed whether
CD8IL-15 cells would respond to antigen encounter at sites
of inflammation. To this end, 2.5 � 107 CFSE-labeled
CD8IL-15 cells from P14 mice were adoptively transferred
into C57BL/6 mice. 24 h later, two groups of three ani-
mals each received an intraperitoneal injection of emulsi-
fied IFA without or with gp33 peptide (50 	g). After 72 h,
cells were harvested from the peritoneal cavity, PLNs, and
MLNs. As the degree of inflammation and, consequently,
the number of homed cells in PEL was quite variable, we
determined the percentage of CFSE� cells in the total
CD8� T cell population in each animal. The frequency of
CD8�CFSE� cells in PLNs tended to be somewhat lower
in mice challenged with antigen, compared with mice that
received no peptide (PLNs: 9.0 � 2.7% vs. 4.6 � 1.2%;
P � 0.22; MLNs: 10.4 � 4.3% vs. 7.4 � 1.6%; P � 0.23;
Fig. 8 A). In contrast, the presence of cognate antigen
markedly increased the number of CD8IL-15 cells at the site
of challenge; there were seven times more CFSE� cells in
the PEL of gp33 challenged as compared with control ani-
mals (18.2 � 3.6% vs. 2.6 � 1.0%; P � 0.01). Importantly,
there was a considerable loss of CFSE staining among
homed CD8IL-15 cells recovered from the PEL, but not
from PLNs of the same animal (Fig. 8 B). This indicates
that many CD8IL-15 cells that were exposed to antigen in
the peritoneal cavity proliferated at this site.

Discussion
We have recently observed that exposure of activated

murine CD8� T cells to IL-2 or IL-15 modulates their dif-
ferentiation into distinct populations that are essentially in-
distinguishable from effector CTL and a subset of memory

Figure 7. CD8IL-2 and CD8IL-15, but not naive T cells are recruited to
sites of inflammation. Peritonitis was induced by injection of IFA into the
peritoneal cavity of C57BL/6 mice. 72 h later, one group (n � 6 animals)
received 2.5 � 107 TRITC-labeled CD8IL-15 mixed with 4 � 107 freshly
isolated T-GFP splenocytes (A). A second group (n � 8 mice) received an
equivalent number (2.5 � 107 cells of each) of TRITC-labeled CD8IL-2

cells and CFSE-labeled CD8IL-15 cells (B). Representative two-color dot
plots show the frequency of fluorescent CD8IL-15 versus T-GFP cells (A)
and of CD8IL-2 versus CD8IL-15 cells (B) in blood, PLNs, and peritoneal
exudate leukocytes (PEL). Numbers in the upper right corner of each histo-
gram represent the ratio of CD8IL-15:naive T-GFP cells (A) or of CD8IL-2:
CD8IL-15 cells (B). (C) Bars represent the mean � SEM of the absolute
numbers of homed cells recovered from inflamed peritoneal cavities. Statis-
tical differences were assessed using the unpaired Student’s t test. *P �
0.05; **P � 0.01.
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cells, respectively (18). Here, we have examined the effects
of these two cytokines on T cell trafficking. Naive T cells
homed efficiently to lymphoid organs and were attracted by
CCL21, but they did not migrate to inflamed peritoneum
or respond to inflammatory chemokines. In contrast,
CD8IL-2 cells accumulated at a high frequency in the in-
flamed peritoneal cavity and entered the spleen, but homed
poorly to LNs and PPs. CD8IL-15 cells migrated moderately
to inflamed peritoneum, where they were capable of prolif-
eration in response to antigen. Furthermore, they homed to
LNs and PPs similar to naive cells and migrated more avidly
to the spleen than naive or CD8IL-2 cells. These findings are
consistent with established concepts of naive T cell homing
(1, 2) and a previous report on CD8� effector cell migra-
tion (42). To our knowledge, this is the first study on the
migratory behavior of long-lived memory cells that share
key features with so-called central memory cells (18, 27).

A major obstacle to definitive investigations of memory
cell migration has been the lack of distinct markers for ef-
fector versus memory cells. Moreover, long-lived memory
cells are fairly rare and heterogeneous in vivo, which makes
it hard to isolate and study them. Aside from functional dif-
ferences between CD4� and CD8� cells, there are proba-
bly numerous effector memory subsets with distinct migra-
tory preferences. Thus, to examine the homing behavior of
more homogenous populations, several recent studies used
adoptive transfer of in vitro differentiated cells, particularly
short-term stimulated CD4� cells (43) and polarized Th1
and Th2 cells, which follow discrete, subset-specific traffic
signals (44–48). Similar experiments suggest that CD8� ef-
fector cells can also acquire diverse migratory properties
(42, 49). While significant knowledge of effector cell mi-
gration has been gathered in these studies, the migratory
behavior of long-lived memory CD8� T cells has not been
investigated in a similar fashion, because it has been difficult
to generate such cells in vitro. Thus, our current concept of
memory cell migration is largely based on histological stud-
ies that provide a snapshot of cellular localization within
the body (23), but provide limited information about the
migratory mechanisms and kinetics or cellular turnover
within tissues.

Antigen-experienced CD8� T cells in mice that under-
went viral infections were found to be either L-selectin� or
L-selectin� suggesting that two distinct memory cell popu-
lations may exist (50). More recently, it was shown that
CD45RA� T cells in peripheral blood of healthy human
donors as well as in individuals with persistent EBV-infec-
tion also consist of two major populations that are separable
by their differential expression of CCR7 and L-selectin
(27, 51). Based on the known role for these two molecules
in lymphocyte homing to LNs, it was proposed that the
CCR7� L-selectin� “central memory cells” home to lym-
phoid organs, whereas the CCR7� L-selectin� “effector
memory cells” may possess diverse migratory specificities
for nonlymphoid tissues. CD8IL-15 cells from T-GFPxP14
mice show a strikingly similar phenotype and function as
human “central memory” cells (18). The migratory behav-
ior of CD8IL-15 cells presented in this paper provides strong
support to another key feature of “central memory cells”
that had been postulated (27), but has not been shown ex-
perimentally; within hours after adoptive transfer CD8IL-15

cells homed avidly to all lymphoid tissues in recipient mice.
Most CD8IL-15 cells remained in lymphoid organs for at
least several weeks, but a small number of cells was also
found in the circulation (data not shown). This pattern is
consistent with the notion that central memory cells may
stand guard in LNs to orchestrate antigen specific recall re-
sponses, but a fraction may constantly recirculate between
blood and lymphoid organs analogous to the well-described
immune surveillance by naive T cells (1).

24 h homing assays revealed that, after accounting for
differences in the number of injected cells, naive T cells
were �2.5-fold more frequent in blood than CD8IL-2 or
CD8IL-15 cells. The same ratio was seen at 3 h after injec-
tion and even fewer cytokine-treated cells circulated at ear-

Figure 8. CD8IL-15 cells proliferate in the peritoneal cavity in the pres-
ence of peptide antigen. 2.5 � 107 CFSE labeled CD8IL-15 cells from P14
mice were injected into C57BL/6 mice. 24 h later, peritonitis was in-
duced by intraperitoneal injection of IFA without or with gp33 peptide
(50 	g). After 72 h, PEL and LN cells were harvested, stained, and ana-
lyzed by FACS®. (A) Shows the percentage of CFSE� cells in the total
CD8� population in each organ. Bars represent mean � SEM from three
animals. Values for each organ were compared using the Student’s t test
(n.s., not significant; *P � 0.01). (B) Representative FACS® dotplots of
PLNs and PEL from animals receiving intraperitoneal injection of IFA
without (top two plots) or with gp33 peptide (bottom two plots). The
number in the right corner represents the percentage of CFSE� cells in
the CD8� population.
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lier time points; at 5 min after injection, nearly 100 times
more T-GFP cells than cytokine-treated cells were found
in the blood (data not shown). This suggests that the latter
were delayed and/or retained during their passage through
pulmonary microvessels. In addition, a substantial number
of CD8IL-2 cells and, to a lesser extent, CD8IL-15 cells were
found in the liver. As these cells must have passed through
pulmonary capillaries, they were probably sufficiently small
and/or deformable to pass through hepatic sinuses and cap-
illaries as well. Thus, their retention in the liver probably
involved specific adhesion events. The molecular mecha-
nisms for such a putative liver-specific homing pathway
and the immunologic consequences of CD8IL-2 and CD8IL-15

cell migration to the liver will require further studies.
The sequestration of CD8IL-2 and CD8IL-15 cells, but not

naive T cells in lung and liver makes the interpretation of
homing indices in lymphoid tissues more difficult. For ex-
ample the homing index of CD8IL-15 cells in the spleen was
�1.5, indicating that 50% more CD8IL-15 cells than naive
cells reached that organ after intravenous injection. Previ-
ous studies have found a similar magnitude of naive and
memory cell homing to the spleen (46, 52). However, due
to differential sequestration, �2.5-fold more naive than
CD8IL-15 cells are blood-borne leading to a disproportion-
ate delivery of the two subsets to peripheral organs. If one
corrects for this difference in circulating cell numbers,
CD8IL-15 cells actually accumulated �3.2 times more effi-
ciently in the spleen than naive T cells, whereas CD8IL-2

cells homed to the spleen with comparable efficiency as na-
ive T cells. Interestingly, splenocytes of unchallenged
T-GFP mice contain a GFP– CD8� T cell population that
consists entirely of CD44hi T cells. Similar to our finding
with blood-borne memory cells (Table II), the splenic
GFP� population represents �35% of all CD44hiCD8�

splenocytes and is mostly L-selectin�/low, while �75% of
the GFP�CD44hiCD8� memory cells are L-selectin�. The
frequency of both endogenous CD8� memory populations
in the spleen and blood increases with the animals’ age, but
the ratio of GFP� to GFP� memory cells remains fairly
constant (i.e. �2:1). This splenic ratio is remarkably similar
to the relative spleen homing capacity of CD8IL-15 cells and
CD8IL-2 cells, which are also GFP�L-selectin� and GFP–L-
selectin�, respectively.

Immunofluorescence staining of spleen sections showed
that nearly all CD8IL-15 cells localized within the PALS,
whereas �40% of CD8IL-2 cells were found outside the T
cell areas. Similarly, a recent study found that in vitro acti-
vated LCMV-specific CTLs homed to both the red pulp
and PALS (53). It is believed that T cells enter the spleen in
the red pulp and must actively migrate to reach the PALS.
Therefore, it is unlikely that CD8IL-15 and CD8IL-2 cells
were only passively trapped within splenic compartments.
Interestingly, the distribution of homed CD8IL-15 cells in
the spleen coincides with that of lymphoid (CD8��) DCs,
which are concentrated in the PALS, whereas myeloid
DCs are preferentially found within and close to the red
pulp (54). As these two DC subsets are thought to orches-
trate immunologically distinct T cell responses (55, 56), it is

possible that central memory and effector T cells receive
different signals and perform distinct functions in the
spleen. For example, colocalization of myeloid DCs with
CTLs in the red pulp may allow the elimination of DCs
that contain live pathogens, whereas lymphoid DC that are
sheltered in the PALS may cross-prime naive and central
memory CD8�� cells to antigens transferred from other
cells (56).

While the traffic signals for CD8� subsets in the spleen
remain to be identified, the dramatic (�20-fold) difference
in homing of CD8IL-15 versus CD8IL-2 cells to PLNs and
MLNs can be explained at the molecular level. When tak-
ing in account the different frequencies of adoptively trans-
ferred cells in systemic blood (see above), CD8IL-15 cells
migrated to LNs with equal efficiency as naive T cells. The
adhesion cascades that mediate naive T cell homing to LNs
and PPs are well understood (for a review, see reference 2).
L-selectin is crucial for tethering and rolling in HEVs, the
first essential steps during homing to LNs. L-selectin�/�

mice have hypocellular LNs and their lymphocytes do not
home to LNs of wild-type mice (7). Accordingly, L-selec-
tin� wild-type CD8IL-15 cells rolled in PLN HEVs, whereas
CD8IL-15 cells from T-GFPxL�/� mice did not home to
LNs. Thus, L-selectin is necessary for both naive and
CD8IL-15 cell homing to LNs. As most CD8IL-2 cells are
L-selectinlow/� it is not surprising that they failed to accu-
mulate in LNs. The small fraction of CD8IL-2 cells that
rolled in HEVs probably belonged to a subset of L-selec-
tin� CD8IL-2 cells that were present in most cultures (Table
I; reference 18). However, we cannot exclude alternative
mechanisms such as bridging by activated platelets, whose
surface expressed P-selectin binds to PNAd on HEVs and
to appropriately glycosylated P-selectin glycoprotein ligand-1
(PSGL-1) on circulating lymphocytes (57). This possibility
is supported by the finding that P-selectin ligands are up-
regulated on CD8IL-2 cells (Table I).

Irrespective of the mechanism(s) by which a T cell rolls in
HEVs, it can only home to PLNs after engaging LFA-1 to
arrest firmly (8, 58). Several studies have shown that CCL21
(and possibly CCL19) signaling through CCR7 provides a
crucial integrin activating stimulus to naive T cells (9, 10,
14). As CCR7 is expressed on CD8IL-15 cells, but not on
CD8IL-2 cells (18), and only the former migrated to CCL21
in chemotaxis assays, it seemed plausible that their differen-
tial homing to secondary lymphoid tissues was due, in part,
to their distinct responsiveness to CCR7 agonists. Indeed,
the number of homed CD8IL-15 cells in PLNs of plt/plt
mice was �80% lower than in wild-type recipients.

Despite their differential ability to respond to CCL21,
we found that the two subsets of antigen-experienced cells
responded to inflammatory chemokines in chemotaxis as-
says. Earlier studies have found that in vitro polarized Tc1
cells express high levels of CCR2 and CCR5, whereas Tc2
cells expressed more CCR1 (49). CCR2 and CCR5 are
also highly expressed on CD8� effector cells that accumu-
late at sites of LCMV infection (59). In good agreement
with these studies, we found that CD8IL-2 cells responded
strongly to CCL2, a CCR2 agonist, and CCL5, a CCR5
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agonist, whereas naive T cells were insensitive to these
chemokines. Interestingly, CD8IL-15 cells had an intermedi-
ate phenotype; they responded not only to CCL21, but
also to CCL5, and CCL2 (although somewhat more
weakly than CD8IL-2 cells). Of note, coexpression of
CCR7 and inflammatory chemokine receptors has also
been observed on central memory cells in humans (27),
suggesting yet another shared feature of central memory
cells and CD8IL-15 cells.

The induction of inflammatory chemokine receptors on
CD8IL-2 cells as well as their de novo expression of P-selec-
tin ligands (Table I) suggested that CD8IL-2 cells had ac-
quired the ability to migrate to sites of inflammation. To
test this hypothesis, we employed a model of IFA induced
peritonitis, which has been used previously to study the
migration of naive T cells and polarized Th1, Th2, and
Tc1 cells (42). After correcting for differences in circulating
cell counts, CD8IL-2 cells migrated nearly 12 times more
frequently to the peritoneal cavity than CD8IL-15 cells, and
�15 times more CD8IL-15 cells than naive T cells were re-
covered from this site. Although we cannot exclude that
some cytokine-treated cells divided in the peritoneal cavity,
it seems unlikely that differential proliferation of homed
subsets had a major impact on these results since CD8IL-15

and CD8IL-2 cells proliferate at similar rates in vitro (18).
Moreover, another study in this model has found little pro-
liferation of homed effector T cells in the absence of spe-
cific antigen (42).

The observed hierarchy of migratory preferences, with
CD8IL-2 cells having the highest, CD8IL-15 cells a moderate,
and naive T cells virtually no ability to enter sites of inflam-
mation, is consistent with the armamentarium of traffic
molecules expressed by each subset. In contrast to naive T
cells, both CD8IL-2 and CD8IL-15 cells expressed not only
inflammatory chemokine receptors, but also increased lev-
els of CD44, �4 integrins, and LFA-1 (Table I; reference
18, and data not shown), which are necessary for efficient
lymphocyte migration to sites of inflammation (5, 60).
However, only CD8IL-2 cells, but not CD8IL-15 cells dis-
played detectable P-selectin ligands, whose expression cor-
relates with the ability of CD8� T cells and Th1 cells to
migrate to inflamed tissues (42). Thus, we speculate that
the difference in homing to inflamed peritoneum between
CD8IL-2 and CD8IL-15 cells was due to differential expres-
sion of �-1,3-fucosyltransferase (FucT)-VII and possibly
FucT-IV and/or core 2 �-1,6-N-acetylglycosaminyl-trans-
ferase, which are required for leukocyte expressed selectin
ligand activity in vivo (61–63).

The capacity of CD8IL-15 cells to home directly to sites of
inflammation suggested that central memory cells may not
exert their immunological function exclusively by recircu-
lating through secondary lymphoid organs. It was therefore
important to demonstrate that these cells can respond to
cognate antigen at nonlymphoid effector sites. Indeed, in
the presence of antigenic peptide, considerably more cells
were recovered from the inflamed peritoneal cavity than in
its absence. There are two nonexclusive explanations for
the higher cell yield: either the cells proliferated locally in

response to antigen or more cells were recruited from the
blood stream. We favor the first explanation, since many
PEL cells had lower CFSE intensities than cells recovered
from LNs of the same animal or from PEL of control ani-
mals. Moreover, these results are in line with data pre-
sented by Xie et al., who also demonstrated local prolifera-
tion of Th1 cells in the peritoneal cavity in the presence of
antigen (42).

An important question is whether and to what extent
antigen-experienced T cells that arise in vivo resemble in
vitro generated CD8IL-15 or CD8IL-2 cells. As mentioned
above, endogenous CD8� memory cells in blood and
spleen of T-GFP mice consist of two populations that are
either GFP� (�70%) or GFP– (�30%). Expression of GFP
on these cells appears to be correlated with L-selectin and
CCR7 expression (Table II, and data not shown). Nearly
all cells in the GFP� subset coexpress L-selectin and CCR7
and thus resemble central memory cells found in humans.
In contrast, L-selectin and CCR7 are mostly absent on
GFP� memory cells. In addition, we have shown previ-
ously that virtually all CD8� effector CTLs in the PEL of
T-GFP mice with experimental peritonitis are GFP� (15).
Thus, the organ distribution and L-selectin/CCR7 expres-
sion of endogenous GFP� and GFP� subsets are mirrored
in the differential trafficking of CD8IL-15 memory and
CD8IL-2 effector cells, respectively. However, further char-
acterization of endogenous T cell subsets in T-GFP mice
will be necessary to assess the parallels and potential differ-
ences of in vivo and in vitro generated antigen-experienced
T cells, especially in the GFP� compartment.

Taken together, our studies on CD8IL-15 cells support and
expand the concept that different antigen-experienced T
cell populations exist that possess distinct migratory proper-
ties. While the propensity of effector cells for inflamed tis-
sues has been noted previously, this is the first report on the
migratory routes of CD8� central memory-like cells. This
memory population follows the traffic pattern of naive T
cells by recirculating through secondary lymphoid organs in
search for cognate antigen. As this memory subset differs
from effector cells in that it does not exert immediate cyto-
toxicity, its presence in lymphoid tissues may not pose an
imminent threat to resident APCs. However, as would be
expected from a bona fide memory cell, CD8IL-15 cells that
are exposed to TCR stimulation differentiate rapidly into
effector cells (18). Furthermore, central memory cells are
capable of entering peripheral sites of inflammation. It
seems likely that local exposure to antigen in inflamed tis-
sues would stimulate central memory cells to give rise to
large numbers of effector cells. This would reduce the need
for antigen transport and presentation in draining LNs and,
thus, accelerate the elimination of antigen at its source.
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