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Two subpopulations of human T lymphocytes expressing different antigen receptors, § / g
and + / ˇ , emigrate into inflamed tissues in distinctive patterns. We compared the transmigra-
tion of § / g and + / ˇ T cells to C-C and C-X-C chemokines using an in vitro transendothelial
chemotaxis assay. The C-C chemokines monocyte chemoattractant protein (MCP)-1, RAN-
TES, macrophage inflammatory protein (MIP)-1 § and MIP-1 g stimulated similar, dose-
dependent chemotaxis of purified + / ˇ T cells, whereas MCP-1, RANTES, and MIP-1 § pro-
duced greater chemotaxis of purified § / g T cells than MIP-1 g . In contrast, the C-X-C chemo-
kines interleukin (IL)-8 and interferon- + inducible protein-10 (IP-10) did not promote chemo-
taxis of either § / g or + / ˇ T cells. Three + / ˇ T cell clones with differing CD4 and CD8 pheno-
types also migrated exclusively to C-C chemokines. Phenotypic analysis of mononuclear
cells that transmigrated from an input population of unfractionated peripheral blood mono-
nuclear cells confirmed the results with purified + / ˇ T cells. Our data demonstrate that
human peripheral blood § / g and + / ˇ T cells can transmigrate to MCP-1, RANTES, MIP-1 § ,
and MIP-1 g , and suggest that both T lymphocyte subpopulations share the capacity to
emigrate in response to C-C chemokines during inflammation.
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1 Introduction

Two subpopulations of human T lymphocytes express
distinct antigen receptors, TCR § / g and TCR + / ˇ [1, 2].
The majority of T cells in adults express TCR § / g [3, 4].
§ / g T cells contribute to immunological host defenses

directly through their cytolytic activities and indirectly by
producing cytokines that regulate multiple cell types,
including other immune cells [5]. Antigen recognition by
TCR § / g is associated with expression of the accessory
molecules CD4 and CD8 and restricted by expression of
MHC molecules [6]. + / ˇ T cells have been demonstrated
to play a role in host defense against certain bacteria,
mycobacteria and parasites [7]. While + / ˇ T cells are also
capable of cytolysis and cytokine production, most are
not MHC restricted. Human + / ˇ T cells also bind more

effectively than § / g T cells to immobilized P-selectin [8],
an adhesion molecule that is up-regulated on platelets
and endothelium immediately following the onset of
injury or inflammation [9, 10].

§ / g and + / ˇ T lymphocytes appear to localize to infected
or inflamed tissues in distinct migratory patterns. In the
synovial fluid of patients with Lyme disease arthritis [11]
and specific skin lesions of patients with leprosy or leish-
maniasis [12], the frequency of + / ˇ T cells is increased
three- to fourfold and five- to eightfold relative to periph-
eral blood, respectively. In affected synovial tissue in
rheumatoid arthritis, intestinal epithelium in inflammatory
bowel disorders, and selected plaque lesions in multiple
sclerosis, there also is an increased proportion of infil-
trated + / ˇ T cells [13–15]. While the precise role of + / ˇ
T cells at sites of infection and inflammation is unknown,
there is increasing evidence that + / ˇ T cells regulate § / g
T cell function, making co-localization of these T lym-
phocyte subpopulations important in the immune
response [11, 16–18]. The preferential accumulation of
+ / ˇ T cells at these sites could be due to preferential
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Figure 1. Kinetics of § / g and + / ˇ T cell transendothelial
chemotaxis to MCP-1. For each time point, 5 × 105 purified
§ / g or + / ˇ T cells were added to duplicate HUVEC-covered

Transwell inserts. The percentage of input cells migrated to
MCP-1 (50 ng/ml) at 37 °C was determined every hour for
6 h. The two values at 6 h marked with an asterisk (*) repre-
sent migration to assay media alone ( § / g j 1.1 %; + / ˇ
= 0.8 %). Data represent the mean § / g or + / ˇ cell migration
from one of three independent experiments with similar
results. Bars represent the range.

migration, or to enhanced in situ cell proliferation, reten-
tion, or survival. Preferential migration could occur if
T cell subpopulations respond selectively to cytokines
produced at the inflammatory locus such as chemoat-
tractants, molecules which activate leukocytes and
direct their transendothelial migration [19].

The chemoattractants that are likely to activate lympho-
cytes in vivo are the chemoattractive cytokines or che-
mokines. Chemokines are a family of small (7–15 kDa),
inducible proteins. The C-C chemokines, including
monocyte chemoattractant protein (MCP)-1, MCP-2,
MCP-3, RANTES, macrophage inflammatory protein
(MIP)-1 § , and MIP-1 g , primarily activate and attract
monocytes and T lymphocytes [20–28]. Some also acti-
vate eosinophils and basophils, but none attract neutro-
phils. Most C-X-C chemokines, including IL-8, neutrophil
activating protein-2, GRO, and ENA-78, primarily acti-
vate and attract neutrophils [29]. None of the C-X-C che-
mokines attract monocytes except interferon- + inducible
protein-10 (IP-10), which is inactive on neutrophils [30].
IL-8 and IP-10 have been reported by some groups to
attract T lymphocytes [30–35], but not by others
[22, 27, 28].

To determine if § / g and + / ˇ T cells differ in their migra-
tory responses to chemokines, we directly compared
purified § / g and + / ˇ T cells in transendothelial chemo-
taxis assays with MCP-1, RANTES, MIP- § , MIP-1 g , IL-8
and IP-10. We find that while § / g and + / ˇ T cells have
distinct response profiles, both subpopulations share the
capacity to transmigrate to C-C chemokines but not to
IL-8 or IP-10.

2 Results

2.1 Kinetics of > / I and q / p T lymphocyte
transendothelial chemotaxis

In preliminary transendothelial migration experiments,
we established that § / g and + / ˇ T cells purified by
immunomagnetic positive selection could transmigrate
to MCP-1. To determine the kinetics of transmigration to
MCP-1, we directly compared the two subpopulations
from single blood donors in the transendothelial assay
(Fig. 1). Migration of both cell types to MCP-1 at 50 ng/
ml increased between 1–5 h and then appeared to pla-
teau by 6 h. In contrast, migration to control media
between 1–6 h was consistently less than migration to
MCP-1, and did not increase above ˚

˚
1 %. Based upon

these kinetics data, a standard incubation time of 4 h
was chosen for subsequent transmigration experiments.
Transendothelial migration of purified T cells to C-C che-
mokines occurs primarily by chemotaxis (directional

locomotion), not by increased random locomotion [28,
36]. To determine if + / ˇ T cells migrated by chemotaxis,
we performed a checkerboard analysis [37] using the + / ˇ
T cell clone, JN23, and RANTES. JN23 cells transmi-
grated by chemotaxis, since significant migration
occurred only when a gradient of RANTES existed
between bottom and top compartments, with a higher
concentration of RANTES in the bottom (Table 1).

2.2 > / I and q / p T lymphocytes undergo
transendothelial chemotaxis to MCP-1,
RANTES, MCP-1 > , and MIP-1 I but not IL-8
and IP-10

To compare how § / g and + / ˇ T cells migrate to the C-C
chemokines MIP-1, RANTES, MIP-1 § , and MIP-1 g and
the C-X-C chemokines IL-8 and IP-10, we purified each
subpopulation from single blood donors and tested them
over a range of chemokine concentrations. § / g T cells
transmigrated to MCP-1, RANTES, MIP-1 § , and MIP-1 g
significantly above control (Fig. 2A). MCP-1, RANTES,
and MIP-1 § were significantly more potent than MIP-1 g
for § / g T cells at 100 ng/ml (p X 0.001). At 500 ng/ml
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Figure 2. § / g and + / ˇ T cell transendothelial chemotaxis to C-C and C-X-C chemokines. Purified § / g (A) or + / ˇ (B) T cells were
added to duplicate HUVEC-covered Transwell inserts and allowed to migrate to the indicated concentrations of MCP-1, RAN-
TES, MIP-1 § , MIP-1 g , IP-10, IL-8, or assay media alone for 4 h at 37 °C. Data represent the mean percentage migration from one
of three independent experiments with similar results. Bars represent the range. * : p X 0.05, compared to assay media control.

Table 1. Checkerboard analysis of + / ˇ T lymphocyte transmigration to RANTESa)

Migration (%)
RANTES (ng/ml) in top

RANTES (ng/ml) in bottom 0 50 100 500

0 0.8 ± 0.36 0.8 ± 0.02 0.7 ± 0.24 1.0 ± 0
50 5.6 ± 0.2 1.1 ± 0.07 0.8 ± 0.14 0.6 ± 0.1

100 6.6 ± 0.41 1.6 ± 0.34 1.3 ± 0.3 1.6 ± 0.04
500 8.6 ± 0.4 3.2 ± 0.6 2.0 ± 0.5 1.6 ± 0.25

a) RANTES was placed into duplicate plate wells (bottom) and HUVEC-covered inserts (top) at the indicated concentrations
(0–500 ng/ml). JN23 + / ˇ T cell clone cells were added to inserts at 5.0 × 105 cells/insert and incubated for 4 h at 37 °C. Values
represent the mean percentage ± half the range of JN23 cells migrated.

MCP-1 attracted significantly more § / g T cells than
RANTES or MIP-1 § , and RANTES or MIP-1 § attracted
significantly more T cells than MIP-1 g (p = 0.002). No
response to IL-8 or IP-10 at 1, 10, or 100 ng/ml
occurred. These results are nearly identical to the che-
motactic responses which we observed with purified
CD3+ T cells and these same six chemokines [28].

+ / ˇ T cells also demonstrated significant, dose-
dependent transendothelial chemotaxis only to the four
C-C chemokines tested, not to IL-8 or IP-10 (Fig. 2B). In
contrast to § / g T cells, + / ˇ T cells migrated equally well
to all four C-C chemokines at 100 and 500 ng/ml. In fur-
ther experiments, neither subpopulation transmigrated

significantly to IL-8 or IP-10 at 500 ng/ml or to 10−7–
10−9 M N-formyl-Met-Leu-Phe (fMLP) (data not shown),
a formylated peptide that is a potent chemoattractant for
neutrophils and monocytes, but not lymphocytes [28,
38]. The function of the IL-8, IP-10, and fMLP used in
these assays (and assays described in section 2.3) was
confirmed in separate chemotaxis experiments with
freshly isolated human neutrophils (IL-8 and fMLP) (data
not shown) or cultured, PHA-stimulated PBMC (IP-10)
(data not shown).
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Figure 3. Transendothelial chemotaxis of the + / ˇ T cell clones JN23, CP.1.5, and CP.1.15 to C-C and C-X-C chemokines. JN23
(A), CP.1.5 (B), or CP.1.15 (C) cells were added to duplicate HUVEC-covered Transwell inserts and allowed to migrate to the indi-
cated concentrations of MCP-1, RANTES, MIP-1 § , MIP-1 g , IP-10, IL-8, or assay media alone for 4 h at 37 °C. Data represent the
mean percentage migration from one of three independent experiments with similar results. Bars represent the range. * :
p X 0.05, compared to assay media control.

2.3 Chemotactic response of functional subsets
of q / p T lymphocytes

Expression of the accessory molecules CD4 and CD8
divides § / g T cells into two phenotypically distinct sub-
sets [5]. In contrast, the majority of + / ˇ T cells are CD4−

and CD8−, although clones that are CD4+ or CD8+ have
been derived and characterized [39]. To determine if + / ˇ
T cells that vary in CD4 and CD8 expression demon-
strate functional differences in chemotaxis, we tested
three + / ˇ clones, JN23 (CD4+/CD8−), CP.1.5 (CD4−/
CD8+), and CP.1.15 (CD4−/CD8−), in the transendothelial
assay (Fig. 3A–C). All three clones migrated significantly
only to the C-C chemokines. As noted with purified + / ˇ
T cells, the + / ˇ clones responded equally well to all four

C-C chemokines except for clone CP.1.5, which showed
greater migration to RANTES (Fig. 3B).

2.4 q / p T lymphocytes from an input population
of PBMC transmigrate to C-C chemokines

The + / ˇ T cells used in the chemotaxis experiments of
Figs. 1 and 2 were purified by positive immunomagnetic
selection using mAb to the § / g or + / ˇ TCR. Since mAb
binding of the TCR-associated CD3 complex has been
shown to alter lymphocyte responsiveness to chemo-
kines in chemotaxis assays [22, 40], we wished to con-
firm that + / ˇ T cells without mAb bound to their
TCR:CD3 complex transmigrated similarly. Therefore,
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Figure 4. + / ˇ T cells in unfractionated PBMC undergo transendothelial chemotaxis to C-C chemokines. Mononuclear cells
which transmigrated to MCP-1 or MIP-1 § at 100 ng/ml for 4 h at 37 °C were harvested, and along with input PBMC were
washed, stained with mAb X63 (control), anti-TCR ˇ 1 mAb to + / ˇ on T cells, MY4 mAb to CD14 on monocytes, or BMA 031 mAb
to § / g on T cells and subjected to flow cytometry. Forward and 90° scatter gates were set to exclude endothelial cell debris, and
lymphocytes and monocytes were resolved by scatter-gating. (A) Lymphocytes; (B) Monocytes. Of the lymphocyte subpopula-
tion, + / ˇ T cells constituted 10 % of input PBMC, 15 % of cells migrated to MCP-1, and 13 % of cells migrated to MIP-1 § . Of the
total scatter-gated mononuclear cells (lymphocytes + monocytes), monocytes constituted 18 % of input PBMC, 39 % of cells
migrated to MCP-1, and 28 % of cells migrated to MIP-1 § . Histograms are from one of two experiments with similar results.

we performed a phenotypic analysis of cells that trans-
migrated in large-scale transendothelial chemotaxis
assays using an unfractionated PBMC
input population. Since inadequate numbers of cells
transmigrated to IL-8 and IP-10 for flow cytometric anal-
ysis, only data from experiments with C-C chemokines
were obtained. PBMC were allowed to transmigrate to
MCP-1 or MIP-1 § at 100 ng/ml for 4 h, and the input and
migrated cells were stained with mAb and subjected to
flow cytometry. Lymphocytes and monocytes were
resolved by scatter-gating. The lymphocytes were
˚ 70 % TCR § / g + and 10 % TCR + / ˇ +. + / ˇ T cells were

present among the transmigrated cells, confirming that
unfractionated + / ˇ cells can undergo chemotaxis to
these two C-C chemokines (Fig. 4A). The number of + / ˇ
T cells which transmigrated to MCP-1 and MIP-1 § was
similar, consistent with the chemotactic response
observed with purified + / ˇ cells as the input population
(Fig. 2B). In contrast, while monocytes migrated both to
MCP-1 and MIP-1 § , approximately 1.4-fold more mono-
cytes migrated to MCP-1, demonstrating a differential
response to these chemokines (Fig. 4B). In additional
phenotyping experiments, no significant difference was
observed in the number of + / ˇ T cells that migrated to
RANTES or MIP-1 g versus MCP-1 and MIP-1 § (data not
shown).

3 Discussion

We have directly compared the chemotactic response of
human § / g and + / ˇ T lymphocytes to six C-C and C-X-C
chemokines in transendothelial chemotaxis assays. All
six chemokines have been detected in affected tissue at
inflammatory sites and reported to promote T lympho-
cyte chemotaxis in in vitro chemotaxis assays. We find
that purified § / g and + / ˇ T cells undergo transendothe-
lial chemotaxis only to the C-C chemokines MCP-1,
RANTES, MIP-1 § , and MIP-1 g , and not to the C-X-C
chemokines IL-8 and IP-10. Our results demonstrate that
despite clear differences between § / g and + / ˇ T cells in
cell surface phenotype, antigen recognition mecha-
nisms, and migratory behavior, these two subpopula-
tions share the ability to transmigrate to C-C chemo-
kines. However, the chemotactic responses of § / g and
+ / ˇ T cells to C-C chemokines are not identical. Differ-
ences in responsiveness to C-C chemokines between § /
g and + / ˇ T cells may contribute to their distinctive pat-

terns of tissue migration during inflammation.

To our knowledge, in vitro experiments evaluating human
+ / ˇ T cell chemotaxis have not been published. How-
ever, peripheral blood + / ˇ T cells have been reported to
exhibit a greater capacity than CD8+ or CD4+

§ / g T cells
to transmigrate spontaneously across human umbilical
vein endothelial cells (HUVEC) cultured on collagen gels
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[41]. In the transendothelial chemotaxis assay, spontane-
ous transmigration is measured as background migra-
tion in control wells containing assay media. We found
no significant difference between § / g and + / ˇ T cells in
the low percentage of spontaneous transmigration (con-
sistently X 0.5 % at 4 h incubation; see Figs. 1 and 2).
Unstimulated HUVEC were used in our assays because
cytokine activation of HUVEC (e.g. with IL-1 or TNF- § )
significantly increases background T cell migration [36]
and could promote HUVEC chemokine production,
which would complicate the interpretation of migration
results.

We previously found MCP-1 to be a more efficacious
chemoattractant than RANTES, MIP-1 § , or MIP-1 g for
purified CD3+ T lymphocytes [28]. MCP-1 also promoted
significant + / ˇ T cell chemotaxis, but the response was
more comparable to the other C-C chemokines. The
chemotaxis of purified + / ˇ T cells to MCP-1 varied
between approximately 1.5–3.0 % at 4 h, a range similar
to that obtained here with purified § / g T cells and previ-
ously with CD3+, CD4+, and CD8+ T cell subsets [28]. The
kinetics of transmigration, with insignificant migration at
X 2 h and a plateau by 6 h, are also similar for § / g and
+ / ˇ T cells.

CD3+ T cells and CD4+, CD8+, and CD45R0+ T cell sub-
sets undergo transendothelial chemotaxis to MCP-1,
MCP-2, MCP-3, RANTES, MIP-1 § , and MIP-1 g , but not
to IL-8 or IP-10 [28]. Since the majority of peripheral
blood CD3+ T cells are TCR § / g + [3], we expected that
CD3+ and § / g T cells would migrate to the same chemo-
kines. Purified § / g T cells migrated significantly better to
MCP-1, RANTES, and MIP-1 § than to MIP-1 g . Purified
+ / ˇ T cells migrated to the same chemokines. However,
in contrast to § / g T cells, + / ˇ T cells migrated to MIP-1 g
equally well as to MCP-1, RANTES, and MIP-1 § . Pheno-
typing experiments with unfractionated PBMC as the
input population also showed equivalent chemotactic
efficacy at 100 ng/ml for + / ˇ T cells using these four C-C
chemokines. Therefore, while both subpopulations are
capable of migrating to each of these four C-C chemo-
kines, differences in responsiveness are detectable in
vitro.

Absence of chemotaxis to IP-10 of § / g T cells purified
from unstimulated PBMC is consistent with our pub-
lished results with resting CD3+ T cells [28] and the
results of others [30, 42]. Only T cells activated in vitro,
not resting T cells from peripheral blood, have been
shown to undergo chemotaxis to IP-10. Unstimulated + /
ˇ T cells are similar to unactivated § / g T cells in that they

also do not migrate to IP-10. However, because the + / ˇ
T cell clones used in these experiments are stimulated
during in vitro preparation [39], they might be expected

to migrate to IP-10. Activated human T cells, but not
resting T cells, B cells, monocytes, or granulocytes have
been shown to express a chemokine receptor, CXCR3,
which is specific for IP-10 and the related C-X-C chemo-
kine Mig [42, 43]. The absence of chemotaxis to IP-10 by
+ / ˇ T cell clones could be due either to lack of expres-
sion or to low expression of an IP-10 receptor (i.e.
CXCR3) on clone cells. + / ˇ T cells have not been as-
sessed for CXCR3 expression. Although we have not
tested § / g or + / ˇ T cells for chemotaxis to Mig, we
would not expect resting cells of either T cell subpopula-
tion to transmigrate based on what is known about
CXCR3 expression [42].

Our results are relevant to the current understanding of
the migratory behavior of § / g and + / ˇ T cells in vivo. Our
data suggest that § / g and + / ˇ T lymphocyte subpopula-
tions can transmigrate from peripheral blood in response
to the C-C chemokines MCP-1, RANTES, MIP-1 § , and
MIP-1 g during an inflammatory response. Both
increased messenger RNA and protein expression of
these C-C chemokines have been reported in inflamma-
tory lesions, including tuberculoid and sarcoid granulo-
mas [44] and rheumatoid synovial tissue [15]. Although
the function of + / ˇ T cells in local immune responses is
uncertain, there is increasing evidence for antigen-
specific immunoregulation by + / ˇ T cells on § / g T cells
in both infectious (e.g. Lyme arthritis) [11] and autoim-
mune (e.g. diabetes mellitus and systemic lupus erythe-
matosus) [17, 18] inflammatory responses. The shared
responsiveness of § / g and + / ˇ T cells to four different C-
C chemokines as shown here may provide a mechanism
for attracting both T lymphocyte subpopulations into
inflamed tissues at the same time. Furthermore, differ-
ences in preferences for these four C-C chemokines as
shown here may contribute to the dis-
tinctive distribution of T lymphocyte subsets at inflam-
matory loci in specific diseases.

C-C chemokines thus may function to attract + / ˇ T cells
to local sites of infection. T cell activation, both through
antigen binding to the TCR and chemokine stimulation,
increases the adhesiveness of integrin molecules, greatly
enhancing their binding to counterreceptors on endothe-
lium and extracellular matrix proteins [45, 46]. Chemo-
kines are likely to function in concert with antigen-TCR
binding to promote migration specificity and subsequent
lymphocyte expansion and/or retention of + / ˇ T cells at
inflammatory sites.
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4 Materials and methods

4.1 Chemokines

Purified recombinant human chemokines were obtained
from the following sources: MCP-1, RANTES, MIP-1 § , MIP-
1 g and IL-8 from both Genzyme (Cambridge, MA) and Pep-
rotech (Rocky Hill, NJ); IP-10 from both Peprotech and as a
gift of A. Luster (Harvard Medical School, Boston, MA).

4.2 Antibodies

MY4 (anti-CD14, IgG2b [47] was from Coulter Immunology
(Hialeah, FL); BMA 031 (pan-TCR § / g , IgG1) and anti-TCR ˇ 1
(pan-TCR + / ˇ , IgG1) were either unmodified or biotinylated
[48]. X63 (myeloma IgG1) was used as a negative control.

4.3 Preparation of leukocyte populations

Purified § / g and + / ˇ T lymphocytes were isolated from
single donor human platelet pheresis residues by posi-
tive selection using magnetic cell sorting according to
the manufacturer’s protocol (Miltenyi Biotec, Sunnyvale,
CA), as described [8]. Briefly, PBMC were isolated by
gradient centrifugation through Ficoll-Hypaque (Sigma,
St. Louis, MO), washed to remove platelets, resus-
pended at 2 × 107 cells/ml in PBS with 1 % BSA and
5 mM EDTA at pH 7.4 (PBE buffer), and then incubated
for 30 min on ice with 5–10 ? g/ml of either biotinylated
mAb BMA 031 or anti-TCR ˇ 1. Following two washes
with cold PBE buffer, a 1:100 dilution of FITC-
conjugated streptavidin (CALTAG Laboratories,
San Francisco, CA) was added and the cells incubated
for 30 min on ice. Cells were then washed with cold PBS,
incubated 10 min on ice with biotin-conjugated mag-
netic microbeads (MACS, Miltenyi Biotec), and passed
over an AS1 magnetic column (MACS). Purity was
assessed by immunofluorescence flow cytometry and
was G 95 % for both § / g and + / ˇ preparations. Cell via-
bility was G 95 % as determined by trypan blue exclu-
sion.

Purified § / g , + / ˇ , and + / ˇ clone cells were labeled with
0.5 ? g/ml 2',7'-bis-(2-carboxyethyl)-5(and-6)-carboxy-
fluorescein (BCECF) (Molecular Probes, Eugene, OR) for
30 min at 37 °C in assay media, a 1:1 mixture of medium
199 (BioWhittaker, Walkersville, MD) and RPMI 1640
(Sigma) plus 0.5 % human serum albumin, to facilitate
counting of migrated cells [36].

4.4 Derivation and maintenance of q / p T lymphocyte
clones

The + / ˇ T lymphocyte clones CP.1.5, CP.1.15, and JN23
were derived from purified + / ˇ T lymphocytes by limiting
dilution with PHA stimulation as described [39]. Periodic
restimulation with allogenic PBL, Epstein-Barr virus-
transformed B cells, and PHA-P was performed to maintain
clones. Gradient centrifugation through Ficoll-Hypaque was
performed on previously frozen clones to separate viable
from nonviable cells before use in chemotaxis assays.

4.5 Transendothelial chemotaxis assay

HUVEC were harvested, cultured, and passaged as previ-
ously described [49]. Lymphocyte transendothelial chemo-
taxis assays were performed as described [36]. Briefly,
HUVEC at passage 2 or 3 were grown to confluence on type
I collagen-coated, 6.5-mm diameter Transwell (Costar,
Cambridge, MA) tissue culture inserts of 8 ? m pore size.
Purified lymphocytes at 5 × 105/insert in assay media were
added to duplicate inserts, chemokines or control media
placed into the wells of 24-well cluster plates, and the
assembled plates incubated at 37 °C, 5 % CO2 for the period
of chemotaxis. Lymphocytes which migrated into the bot-
tom wells were resuspended, allowed to settle, and then
counted in four separate locations/well bottom on a fluores-
cent microscope (Diaphot-TMD, Nikon, Garden City, NJ).
Duplicate wells without inserts containing a 1:20 dilution of
input cells served to establish input cell counts. Migration,
expressed as the percentage of input cells migrated, was
calculated by dividing the average number of migrated cells/
well bottom by the average number of input cells/well bot-
tom.

4.6 Flow cytometry of migrated mononuclear cells

The transendothelial chemotaxis assay described above
was performed in larger scale using HUVEC-covered 24.5-
mm Transwell inserts, 6-well cluster plates, and 5 × 106

unlabeled PBMC in 1 ml/insert. PBMC were allowed to
transmigrate to MCP-1 or MIP-1 § at 100 ng/ml in four to six
wells/chemokine for 4 h. Following incubation, the migrated
cells were harvested, and input and migrated cells washed
and resuspended in L-15 medium (GibcoBRL, Grand Island,
NY) with 2.5 % (vol/vol) FCS at 4 °C. Cells were incubated for
30 min on ice with a saturating concentration of mAb MY4,
BMA 031, anti-TCR ˇ 1, or X63, washed, and then incubated
with a 1/20 dilution of FITC-conjugated second antibody
[goat anti-mouse Ig(G + M)] (Zymed Laboratories, So.
San Francisco, CA). Flow cytometry was performed using a
FACScan (Becton Dickinson, San José, CA) with forward
versus 90° scatter gates set to exclude endothelial debris as
described [25].

110 S. J. Roth et al. Eur. J. Immunol. 1998. 28: 104–113



4.7 Statistical analysis

A square root transformation of cell count data and nested
analysis of variance (ANOVA) were used to compare mean
counts of cells migrated to chemokines or media controls. If
ANOVA detected a statistically significant difference in mean
counts, the Tukey method of multiple comparisons was
applied. A p value of X 0.05 was considered to be statisti-
cally significant for all analyses.

Acknowledgment: We thank Andrew Luster, MD, PhD for
the gift of IP-10, The Blood Donor Center, Children’s Hospi-
tal, for platelet pheresis residues, Mark Ryan for assistance
with FACS analysis, and Kimberly Gauvreau, ScD for assis-
tance with statistical analysis. This work was supported by
National Institutes of Health grants HL48675 (T. A. S.),
HL02776 (S. J. R.), HL03361 (T. G. D.), and AR01966
(C. T. M.). C. T. M. was a recipient of an Arthritis Foundation
ACR Investigator award.

5 References

1 Brenner, M. B., McLean, J., Dialynas, D. P., Stromin-
ger, J. L., Smith, J. A., Owen, F. L., Seidman, J. G., Ip,
S., Rosen, F. and Krangel, M. S., Identification of a
putative second T-cell receptor. Nature 1986. 322:
145–149.

2 Davis, M. M. and Bjorkman, P. J., T-cell antigen recep-
tor genes and T-cell recognition. Nature 1988. 334:
395–402.

3 Groh, V., Porcelli, S., Fabbi, M., Lanier, L. L., Picker, L.
J., Anderson, T., Warnke, R. A., Bhan, A. K., Stromin-
ger, J. L. and Brenner, M. B., Human lymphocytes bear-
ing T cell receptor + / ˇ are phenotypically diverse and
evenly distributed throughout the lymphoid system. J.
Exp. Med. 1989. 169: 1277–1294.

4 Parker, C. M., Groh, V., Band, H., Porcelli, S. A.,
Morita, C., Fabbi, M., Glass, D., Strominger, J. L. and
Brenner, M. B., Evidence for extrathymic changes in the
T cell receptor + / ˇ repertoire. J. Exp. Med. 1990. 171:
1597–1612.

5 Brenner, M. B., Strominger, J. L. and Krangel, M. S.,
The + ˇ T cell receptor. Adv. Immunol. 1988. 43: 133–192.

6 Germain, R. N. and Margulies, D. H., The biochemistry
and cell biology of antigen processing and presentation.
Annu. Rev. Immunol. 1993. 11: 403–450.

7 Kabelitz, D., Function and specificity of human + / ˇ -
positive T cells. Crit. Rev. Immunol. 1992. 11: 281–303.

8 Diacovo, T., Roth, S. J., Morita, C. T., Rosat, J.-P.,
Brenner, M. B. and Springer, T. A., Interactions of
human § g and + ˇ T lymphocyte subsets in shear flow

with E-selectin and P-selectin. J. Exp. Med. 1996. 183:
1193–1203.

9 Larsen, E., Celi, A., Gilbert, G. E., Furie, B. C., Erban,
J. K., Bonfanti, R., Wagner, D. D. and Furie, B., PAD-
GEM protein: A receptor that mediates the interaction of
activated platelets with neutrophils and monocytes. Cell
1989. 59: 305–312.

10 Geng, J.-G., Bevilacqua, M. P., Moore, K. L., McIntyre,
T. M., Prescott, S. M., Kim, J. M., Bliss, G. A., Zimmer-
man, G. A. and McEver, R. P., Rapid neutrophil adhe-
sion to activated endothelium mediated by GMP-140.
Nature 1990. 343: 757–760.

11 Vincent, M. S., Roessner, K., Lynch, D., Wilson, D.,
Cooper, S. M., Tschopp, J., Sigal, L. H. and Budd, R.
C., Apoptosis of Fashigh CD4+ synovial T cells by Borrelia-
reactive Fas-ligandhigh

+ ˇ T cells in Lyme arthritis. J. Exp.
Med. 1996. 184: 2109–2117.

12 Modlin, R. L., Pirmez, C., Hofman, F. M., Torigian, V.,
Uyemura, K., Rea, T. H., Bloom, B. R. and Brenner, M.
B., Lymphocyte bearing antigen-specific + ˇ T cell recep-
tors accumulate in human infectious disease lesions.
Nature 1989. 339: 544–548.

13 Meliconi, R., Pitzalis, C., Kingsley, G. H. and Panayi,
G. S., + / ˇ T cells and their subpopulations in blood and
synovial fluid from rheumatoid arthritis and spondy-
loarthritis. Clin. Immunol. Immunopathol. 1991. 59:
165–172.

14 Wucherpfennig, K. W., Newcombe, J., Li, H., Keddy,
C., Cuzner, M. L. and Hafler, D. A., + ˇ T-cell receptor
repertoire in acute multiple sclerosis lesions. Proc. Natl.
Acad. Sci. USA 1992. 89: 4588–4592.

15 Robinson, E., Keystone, E. C., Schall, T. J., Gillett, N.
and Fish, E. N., Chemokine expression in rheumatoid
arthritis (RA): Evidence of RANTES and macrophage
inflammatory protein (MIP)-1 g production by synovial
T cells. Clin. Exp. Immunol. 1995. 101: 398–407.

16 Szczepanik, M., Anderson, L. R., Ushio, H., Ptak, W.,
Owen, M. J., Hayday, A. C. and Askenase, P. W., + ˇ
T cells from tolerized § g T cell receptor (TCR)-deficient
mice inhibit contact sensitivity-effector T cells in vivo,
and their interferon- + production in vitro. J. Exp. Med.
1996. 184: 2129–2139.

17 Harrison, L. C., Dempsey-Collier, M., Kramer, D. R.
and Takahashi, K., Aerosol insulin induces regulatory
CD8 + ˇ T cells that prevent murine insulin-dependent
diabetes. J. Exp. Med. 1996. 184: 2167–2174.

18 Peng, S. L., Madaio, M. P., Hayday, A. C. and Craft, J.,
Propagation and regulation of systemic autoimmunity by
+ ˇ T cells. J. Immunol. 1996. 157: 5689–5698.

19 Springer, T. A., Traffic signals on endothelium for lym-
phocyte recirculation and leukocyte emigration. Annu.
Rev. Physiol. 1995. 57: 827–872.

Eur. J. Immunol. 1998. 28: 104–113 Chemotaxis of human § / g and + / ˇ T lymphocytes 111



20 Schall, T. J., Bacon, K., Toy, K. J. and Goeddel, D. V.,
Selective attraction of monocytes and T lymphocytes of
the memory phenotype by cytokine RANTES. Nature
1990. 347: 669–671.

21 Van Damme, J., Proost, P., Lenaerts, J.-P. and Opde-
nakker, G., Structural and functional identification of two
human, tumor-derived monocyte chemotactic proteins
(MCP-2 and MCP-3) belonging to the chemokine family.
J. Exp. Med. 1992. 176: 59–65.

22 Taub, D. D., Conlon, K., Lloyd, A. R., Oppenheim, J. J.
and Kelvin, D. J., Preferential migration of activated
CD4+ and CD8+ T cells in response to MIP-1 § and MIP-
1 g . Science 1993. 260: 355–358.

23 Schall, T. J., Bacon, K., Camp, R. D. R., Kaspari, J. W.
and Goeddel, D. V., Human macrophage inflammatory
protein § (MIP-1 § ) and MIP-1 g chemokines attract dis-
tinct populations of lymphocytes. J. Exp. Med. 1993.
177: 1821–1825.

24 Yoshimura, T., Robinson, E. A., Tanaka, S., Appella, E.
and Leonard, E. J., Purification and amino acid analysis
of two human monocyte chemoattractants produced by
phytohemagglutinin-stimulated human blood mononu-
clear leukocytes. J. Immunol. 1989. 142: 1956–1962.

25 Carr, M. W., Roth, S. J., Luther, E., Rose, S. S. and
Springer, T. A., Monocyte chemoattractant protein-1 is
a major T lymphocyte chemoattractant. Proc. Natl.
Acad. Sci. USA 1994. 91: 3652–3656.

26 Taub, D. D., Proost, P., Murphy, W., Longo, D., Van
Damme, J. and Oppenheim, J. J., Monocyte chemo-
tactic protein-1 (MCP-1), -2, and -3 are chemotactic for
human T lymphocytes. J. Clin. Invest. 1995. 95:
1370–1376.

27 Loetscher, P., Seitz, M., Clark-Lewis, I., Baggiolini, M.
and Moser, B., Monocyte chemotactic proteins MCP-1,
MCP-2, and MCP-3 are major attractants for human
CD4+ and CD8+ T lymphocytes. FASEB J. 1994. 8:
1055–1060.

28 Roth, S. J., Carr, M. W. and Springer, T. A., C-C che-
mokines, but not the C-X-C chemokines IL-8 and IP-10,
stimulate transendothelial chemotaxis of T lymphocytes.
Eur. J. Immunol. 1995. 25: 3482–3488.

29 Baggiolini, M., Dewald, B. and Moser, B., Interleukin-8
and related chemotactic cytokines-CXC and CC chemo-
kines. Adv. Immunol. 1994. 55: 97–179.

30 Taub, D. D., Lloyd, A. R., Conlon, K., Wang, J. M.,
Ortaldo, J. R., Harada, A., Matsushima, K., Kelvin, D.
J. and Oppenheim, J. J., Recombinant human
interferon-inducible protein 10 is a chemoattractant for
human monocytes and T lymphocytes and promotes
T cell adhesion to endothelial cells. J. Exp. Med. 1993.
177: 1809–1814.

31 Larsen, C. G., Anderson, A. O., Appella, E., Oppen-
heim, J. J. and Matsushima, K., The neutrophil-
activating protein (NAP-1) is also chemotactic for T lym-
phocytes. Science 1989. 241: 1464–1466.

32 Leonard, E. J., Skeel, A., Yoshimura, T., Noer, K., Kut-
virt, S. and Van Epps, D., Leukocyte specificity and
binding of human neutrophil attractant/activation
protein-1. J. Immunol. 1990. 144: 1323–1330.

33 Bacon, K. B. and Camp R. D. R., Interleukin (IL)-8-
induced in vitro human lymphocyte migration is inhibited
by cholera and pertussis toxins and inhibitors of protein
kinase C. Biochem. Biophys. Res. Commun. 1990. 169:
1099–1104.

34 Wilkinson, P. C. and Newman, I., Identification of IL-8
as a locomotor attractant for activated human lympho-
cytes in mononuclear cell cultures with anti-CD3 or puri-
fied protein derivative of Mycobacterium tuberculosis. J.
Immunol. 1992. 149: 2689–2694.

35 Tanaka, J., Nomiyama, H., Yamamoto, T., Hamada, F.
and Kambara, T., T-cell chemotactic activity of cytokine
LD78: A comparative study with interleukin-8, a chemo-
tactic factor for the T-cell CD45RA+ phenotype. Int. Arch.
Allergy Immunol. 1993. 100: 201–208.

36 Roth, S. J., Carr, M. W., Rose, S. S. and Springer, T. A.,
Characterization of transendothelial chemotaxis of T
lymphocytes. J. Immunol. Methods 1995. 100: 97–116.

37 Zigmond, S. and Hirsch, J. G., Leukocyte locomotion
and chemotaxis. New methods for evaluation, and
demonstration of a cell-derived chemotactic factor. J.
Exp. Med. 1973. 137: 387–410.

38 Snyderman, R. and Uhing, R. J., Chemoattractant
stimulus-response coupling. In: Gallin, J. I., Goldstein,
I. M. and Snyderman, R. (Eds.), Inflammation: Basic
Principles and Clinical Correlates. Raven Press, New
York 1992, pp 421–439.

39 Morita, C. T., Verma, S., Aparicio, P., Martinez, C.,
Spits, H. and Brenner, M. B., Functionally distinct sub-
sets of human + / ˇ T cells. Eur. J. Immunol. 1991. 21:
2999–3007.

40 Taub, D. D., Key, M. L., Clark, D. and Turcovski-
Corrales, S. M., Chemotaxis of T lymphocytes on extra-
cellular matrix proteins: Analysis of the in vitro method to
quantitate chemotaxis of human T cells. J. Immunol.
Methods 1995. 184: 187–198.
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