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Although �� T cells are a common feature of many pathogen-induced immune responses, the factors that
influence, promote, or regulate the response of individual �� T-cell subsets to infection is unknown. Here we
show that in the absence of V�1� T cells, novel subsets of �� T cells, expressing T-cell receptor (TCR)-V�
chains that normally define TCR��� dendritic epidermal T cells (DETCs) (V�5�), intestinal intraepithelial
lymphocytes (iIELs) (V�7�), and lymphocytes associated with the vaginal epithelia (V�6�), are recruited to the
spleen in response to bacterial infection in TCR-V�1�/� mice. By comparison of phenotype and structure of
TCR-V� chains and/or -V� chains expressed by these novel subsets with those of their epithelium-associated
counterparts, the V�6� T cells elicited in infected V�1�/� mice were shown to be identical to those found in
the reproductive tract, from where they are presumably recruited in the absence of V�1� T cells. By contrast,
V�5� and V�7� T cells found in infected V�1�/� mice were distinct from V�5� DETCs and V�7� iIELs.
Functional analyses of the novel �� T-cell subsets identified for infected V�1�/� mice showed that whereas the
V�5� and V�7� subsets may compensate for the absence of V�1� T cells by producing similar cytokines, they
do not possess cytocidal activity and they cannot replace the macrophage homeostasis function of V�1� T cells.
Collectively, these findings identify novel subsets of �� T cells, the recruitment and activity of which is under
the control of V�1� T cells.

The two lineages of T lymphocytes, �� and ��, are distin-
guished by their T-cell receptor (TCR) expression and have
nonoverlapping but complementary roles in immune re-
sponses. Whereas �� T cells respond to peptide antigens pre-
sented in the context of major histocompatibility complex class
I and II molecules and are pivotal in the sterile elimination and
generation of long-lived immunity to pathogens, the nature of
antigen recognition by �� T cells and their biological function
is uncertain (reviewed in reference 8). �� T cells appear to
have both proinflammatory and regulatory functions: they can
act as a bridge between innate and adaptive immunity early in
responses and can down-modulate inflammatory responses
once the infection is cleared (reviewed in references 1 and 8).
�� T cells are found in a number of different anatomical sites,
with localization often associated with the expression of dis-
tinct TCR-V� chains. Of the commonly expressed V� chains,
V�7� (TCR-V� nomeclature used is that of Heilig and
Tonegawa [16]) T cells are resident within the intestinal epi-
thelium (35) and contain a high proportion of extrathymically
generated cells (5, 29). V�5� and V�6� T cells are found in the
skin and reproductive mucosa, respectively (3, 22), and are
among the first �� T cells to be generated in the fetal thymus
(15, 21, 23). Fetal thymic-derived �� T cells coexpress identical
V�1 chains and differ from later thymic emigrants in that they
express invariant TCRs composed of canonical V�5J�1C�1 or

V�6J�1C�1 and V�1D�2J�2C� TCRs with no junctional (N-
region) diversity (3, 26). V�1� and V�4� T cells, which are
produced later in the thymus, around birth (23, 41), are found
primarily in the peripheral lymphoid tissues and the lung, re-
spectively, and are prominent among �� T cells responding to
microbial infection (reviewed in reference 8).

The requirement for �� T cells in the response to microbial
pathogens has been shown by a number of studies of TCR��-
deficient mice, where exacerbated pathology, due to both in-
creased susceptibility and exaggerated inflammatory re-
sponses, occurs during infection with viruses (40, 43, 44),
bacteria (11, 14, 30), and parasites (31, 38, 39). The murine
model of listeriosis has been extensively used to study the role
of �� T cells in pathogen-induced immune responses (8). The
�� T-cell response to Listeria monocytogenes occurs in two
temporally distinct phases (17, 33). Prior to the induction of
the adaptive �� T-cell response (�2 days postinfection), re-
sponding �� T cells are predominantly proinflammatory, char-
acterized by gamma interferon production (1, 13, 18). Later
during infection, coincident with bacterial clearance (6), �� T
cells are required to down-modulate the inflammatory re-
sponse and eliminate activated macrophages (9, 12, 19). In
C57BL/6 mice, both the early- and late-responding �� T cells
are dominated by the V�1� T-cell subset.

Listeria infection of TCR-V�1-deficient (V�1�/�) mice re-
sults in the accumulation of activated macrophages in sites of
bacterial infection, consistent with the nonredundant role of
V�1� T cells in macrophage homeostasis (2). An unexpected
observation with Listeria-infected V�1�/� mice was the accu-
mulation in the spleen late in infection of �� T cells expressing
V� chains normally associated with epithelium-associated �� T
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cells found in the skin (V�5�), small intestine (V�7�), and
reproductive tract (V�6�). In this study, we have examined
these unusual populations of �� cells in more detail, charac-
terizing their phenotype and origins and determining their
potential functional significance.

MATERIALS AND METHODS

Mice and infection. Male and female mice were used at 6 to 8 weeks of age,
with three to six mice per group. C57BL/6 TCR-V�1�/� mice were generated as
described previously (2) and backcrossed onto a C57BL/6 background for at least
six generations, C57BL/6 TCR��/� mice were obtained from the Jackson Lab-
oratory (Bar Harbor, ME), wild-type (WT) C57BL/6 mice were obtained from
Harlan (Bicester, United Kingdom), and all were housed in the animal facility at
the University of Leeds. Mice were infected intraperitoneally with 1.5 � 104

bacterial CFU Listeria monocytogenes (strain 10403S).
Cell preparation. Standard protocols were used to isolate lymphocytes from

the spleen, thymus, and liver (25). Tissues were homogenized, contaminating
erythrocytes were lysed with 0.84% (wt/vol) ammonium chloride solution, and
the cell suspension was washed and passed through a 0.7-	m nylon filter before
use. For intestinal intraepithelial lymphocyte (iIELs) isolation, whole small in-
testines were flushed through with phosphate-buffered saline, and the mesentery
and Peyer’s patches were removed, opened longitudinally, and cut into 1- to 2-cm
fragments. The intestinal fragments were then incubated with dithioerythritol-
EDTA solution (0.3 mg/ml dithioerythritol, 5 mM EDTA, 10% fetal bovine
serum in Hanks balanced salt solution [HBSS]) at 37°C for 30 min to remove the
epithelial layer. Cells were then pelleted at 500 � g for 5 min at 20°C, resus-
pended in 5 ml 80% Percoll (Amersham Biosciences), overlaid with 9 ml 40%
Percoll, and centrifuged at 800 � g for 20 min at 20°C. iIELs were isolated from
the 40/80 interface and washed in HBSS-10% fetal calf serum. Peritoneal exu-
date cells (PECs) were collected by peritoneal lavage with HBSS containing 10
U/ml heparin.

RT-PCR. Cells (107) were pelleted and RNA extracted using Tri-reagent
(Sigma, Poole, United Kingdom) following the manufacturer’s instructions. The
resultant RNA was subjected to reverse transcription-PCR (RT-PCR) using

ImpromII reverse transcriptase (Promega, Southampton, United Kingdom) and
the cDNA amplified with Reddy-mix Taq polymerase (Abgene, Epsom, United
Kingdom), using primers for TCR V� chains as described previously (2). Prod-
ucts were run out on 2% agarose gels and visualized with ethidium bromide.

Spectratyping and DNA sequencing. PCR products (1 	l) were used as tem-
plates in a 10-cycle runoff reaction using Reddy-mix polymerase with a 6-car-
boxyfluorescein-labeled J-region-specific primer (for J�1, CTTAGTTCCTTCT
GCAAATACC; for J�2, ATGAGCTTTGTTCCTTCTGC; or for J�4, TACGA
GCTTTGTCCCTTTG). Products were electrophoretically separated (Lark
Technologies, Inc., Takeley, United Kingdom) and analyzed using Genescan-
view4 software (CRIBI, Padua, Italy). For sequencing, PCR-amplified TCR-V�

products were excised from agarose gel slices following electrophoresis by use of
a Genelute gel purification kit (Sigma, Poole, United Kingdom) and ligated into
the T-cloning vector pGEM-T Easy (Promega, Southampton, United Kingdom).
DNA, prepared using a Genelute miniprep kit (Sigma, Poole, United Kingdom),
was then sequenced using universal cloning vector primers (Lark Technologies,
Inc., Takeley, United Kingdom).

Flow cytometry. Antibodies for surface staining were F(ab)2 fragments of
antibodies specific for TCR� (clone GL3), intact antibody specific for TCR-V�7
(clone F2.67 provided by Pablo Pereira [Institut Pasteur, Paris, France]), the
anti-V�5/V�1 clonotype antibody 17D1 (provided by Adrian Hayday, Kings
College, London, United Kingdom), and commercial preparations of anti-
TCR�� (GL3), -CD3 (145-2C11), -TCR-V�2 (V�4; UC3-10A6), -TCR-V�3
(V�5; 536), -F4/80, -CD8� (CT-CD8a), -CD103 (M290), -NKG2D (CX5), -Fas
(Jo2), and -FasL (MFL3), obtained from Caltag-Medsystems (Towcester, United
Kingdom) or PharMingen (Oxford, United Kingdom). Streptavidin conjugates of
phycoerythrin, fluorescein isothiocyanate (FITC) (Caltag), or Alexa Fluor 633
(Molecular Probes, Eugene, OR) were used as secondary reagents. To block
nonspecific antibody binding, cells were preincubated with an anti-Fc-receptor
antibody cocktail (anti-CD16/32; Caltag). Isotype-matched antibodies of irrele-
vant specificity were used to determine the level of nonspecific staining. Stained
cells were analyzed with a FACSCalibur flow cytometer by use of Cellquest
software (Becton Dickinson, Oxford, United Kingdom).

Mononuclear cell killing assay. Peritoneal exudate-derived macrophages or
splenocytes (5 � 105) from day 8 L. monocytogenes-infected TCR��/� mice were

FIG. 1. Appearance of unusual subsets of �� T cells elicited by microbial infection in the absence of V�1� T cells. (A) Profile of TCR-V� chain
expression in the spleens of wild-type (C57BL/6) and TCR-V�1�/� mice 8 days after infection with Listeria, as determined by RT-PCR analysis.
The results shown are representative of those obtained from more than 10 mice of each strain. (B) Representative flow cytometric staining profiles
of �� T cells expressing V�4, V�5, or V�7 receptors among spleen cells recovered from TCR-V�1�/� mice 8 days after Listeria infection (n 
 10).
Percentages of �� cells positive for each marker are shown on the dot plots.
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incubated on 8-well chamber slides (ICN Pharmaceuticals, Ltd., Basingstoke,
United Kingdom) with Live/Dead cell reagent (Molecular Probes) containing
fluorescent dyes that identify intracellular esterase activity of viable cells (calcein
AM) or are incorporated in the nuclei of dead cells (ethidium bromide ho-
modimer 1), as previously described (9). Splenocytes (1 � 106) from day 8 L.
monocytogenes-infected TCR-V�1�/� or wild-type mice were added and cultures
were incubated at 37°C in RPMI (Sigma-Aldrich) with 10% fetal bovine serum
for 1 h. Viable and dead cells were visualized and quantitated under UV illu-
mination by using a Zeiss Axiovert 200 M microscope (Welwyn Garden City,
Herts, United Kingdom) and Axiovison image analysis software (Imaging Asso-
ciates, Ltd., Bicester, United Kingdom), counting at least 100 cells in four
separate fields of view.

Intracellular-cytokine analysis. Intracellular cytokines were detected by cyto-
plasmic staining of cells cultured in the presence of brefeldin A (10 	g/ml)
(Sigma). The cells were stained for surface markers, fixed in 1% paraformalde-
hyde, and permeabilized with 0.5% of saponin (Sigma) before being stained with
phycoerythrin-conjugated anti-mouse cytokine monoclonal antibodies to inter-
leukin 2 (IL-2), IL-4, IL-5, IL-6, IL-10, gamma interferon, and tumor necrosis
factor alpha, from Caltag-Medsystems (Towcester, United Kingdom) or Phar-
Mingen (Oxford, United Kingdom), or FITC-conjugated polyclonal antibodies
to monocyte chemoattractant protein 1 (Sigma). FITC (Sigma-Aldrich, Dorset,
United Kingdom) was conjugated to the antibodies by standard procedures.

RESULTS

Novel �� T-cell subsets accumulate in spleens of V�1�/�

mice following Listeria infection. We have previously shown
that the recruitment of �� T-cell subsets to the spleen during

Listeria infection is regulated by V�1� T cells and that, in the
absence of these cells, �� subsets which are epithelium associ-
ated and thought to be resident only in the skin (V�5), repro-
ductive tract (V�6), and intestine (V�7) appear in the spleen in
the late stage of infection (2). This unusual finding raised the
questions of whether these cells had been recruited from their
epithelial sites, what their functional significance might be in
the spleen at a time when the infection was being cleared, and
when in wild-type mice the inflammatory response would be
downmodulated by V�1� T cells (2, 9, 12). After verifying the
expression of V� chain mRNA (Fig. 1A) and the presence of
�� T cells which stained antibody positive for these subsets
(Fig. 1B) in the spleen 8 days after Listeria infection, the
phenotypic and functional characteristics of splenic V� subsets
and the spectratypes of PCR-derived TCR-V� transcripts were
compared with those from epithelial sites to identify similari-
ties or differences that might shed light on their origins and
function.

Pathogen-elicited �� T cells in V�1�/� mice express distinct
TCRs. Transcripts of V�2 and V�4 occurred in both wild-type
and V�1�/� spleens before and 8 days after infection (Fig.
1A). Their TCR spectratypes were therefore compared to
identify any differences in these commonly expressed V�
chains that were expressed prior to and after Listeria infection

FIG. 2. Structural analysis of CDR3 region of TCR-V� chains expressed by Listeria-elicited �� T cells in wild-type and V�1�/� mice. (A) TCR
CDR3 spectraype analysis of V�2 and V�4 transcripts expressed in the spleens of WT and V�1�/� mice prior to (d0) and 8 days after (d8) Listeria
infection. (B) Collated profiles of two or more mice of each strain.
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in these two strains of mice, and if differences were found, to
determine if the differences might be attributable to the pres-
ence or absence of V�1� T cells (Fig. 2). The V�2 spectratype
showed a number of peaks separated by only 1 bp, indicative of
a high proportion of out-of-frame transcripts, as previously
reported (36). By contrast, there were fewer peaks for the V�4
transcripts, all of which were separated by 3 bp, consistent with
in-frame products. There were no obvious differences in range
or frequency of transcript size of either V�2 or V�4 between
both strains of mice before or after infection, suggesting that
the absence of V�1� T cells does not affect the repertoire of
these subsets in noninfected or Listeria-infected mice.

The spectratype analysis of V�5, V�6, and V�7 TCRs ex-
pressed in the spleens of Listeria-infected V�1�/� mice (Fig. 3)
revealed a limited number of peaks, dominated by a single
peak. In particular, the V�6 spectratype consisted of a single
peak, which would be expected of a population of �� T cells

expressing an invariant or canonical TCR-V� chain (8, 26).
The V�5 TCR transcripts detected in the spleens of Listeria-
infected V�1�/� mice showed that in addition to the predom-
inant peak corresponding to the expected canonical sequence
at 145 bp, a number of other productively rearranged tran-
scripts were detected. Comparisons of V�7 TCR spectratypes
expressed in the spleens of V�1�/� mice on day 8 after Listeria
infection with V�7� iIELs from infected wild-type mice
showed that the size distribution of each population was dis-
tinct (Fig. 3). The spectratype profile of V�7 TCRs expressed
in the intestines of noninfected V�1�/� mice was also distinct
from that of V�7� iIELs in wild-type mice, with smaller-sized
CDR3 regions being seen among V�7-encoded TCRs of wild-
type mice.

The relationship of V�5 and V�6 TCR transcripts expressed
in the spleens of Listeria-infected V�1�/� mice with those of
epithelium-associated V�5� and V�6� T cells in wild-type

FIG. 3. Structural analysis of epithelium-associated TCR-V� chains expressed by splenic �� T cells in infected V�1�/� mice. TCR CDR3
spectratypes were generated from V�5 (top), V�6 (middle), and V�7 (bottom) transcripts expressed in the spleens of V�1�/� mice infected 8 days
previously with Listeria. Representative profiles obtained from cDNA samples of a single mouse are shown in the plots on the right side of the
figure, and the cumulative profiles of more than three mice are shown in the bar graphs on the left side of the figure. The spectratypes of V�7
transcripts expressed in the spleens of day 8 (d8) infected V�1�/� mice are compared to those of iIELs from noninfected WT and V�1�/� mice.
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mice was established by DNA sequencing of individual, cloned
TCR cDNAs. Among the V�5 cDNAs cloned from day 8
spleens of Listeria-infected V�1�/� mice, the canonical den-
dritic epidermal T-cell (DETC) sequence was only a minor
constituent (2/12) among those obtained (Table 1), with the
majority being unique, consistent with the majority of the
V�5� T cells elicited by Listeria infection in V�1�/� mice
being distinct from V�5� DETCs. The characteristic canonical
V�6 TCR sequence expressed by V�6� T cells in the repro-
ductive epithelium was detected in all (12/12) of the sequences
generated from splenocytes of V�1�/� mice at day 8 following
infection (Table 1).

V�5� and V�7� T cells do not conform to DETC or IEL
phenotypes. The relationship between Listeria-elicited V�5�

and V�7� T cells in V�1�/� mice and �� DETCs and iIELs in
wild-type mice was further investigated by comparing their
phenotypes by using a panel of antibodies that distinguish
iIELs and DETCs. Whereas iIELs from both WT and V�1�/�

mice characteristically express a CD8� homodimer and the
�E�7 integrin CD103 (27, 28), V�7� T cells from spleens of
Listeria-infected V�1�/� mice expressed very low levels of
CD8� and CD103 (Fig. 4A). By contrast, expression of the
killing activatory receptor NKG2D, which is generally very low
in iIELs (24), was substantially higher among spleen V�7� T
cells from Listeria-infected V�1�/� mice (Fig. 4B). Similarly to
populations of V�7� iIELs in both WT and V�1�/� mice,
Listeria-elicited splenic V�7� cells in V�1�/� mice did not
appear to express Fas or FasL (Fig. 4B). On balance, therefore,
these results suggest that V�7� T cells present in the spleens of
Listeria-infected V�1�/� mice are distinct from V�7� iIELs.

Although V�5� T cells represented only a small proportion
of splenocytes (�5%) in Listeria-infected V�1�/� mice, it was
possible to compare their phenotype to that of V�5� DETCs.
Whereas V�5/V�1� DETCs can be identified by reactivity with
the anticlonotype antibody 17D1 (42), only a small proportion
(�10%) of the V�5� T cells present in the spleens of day 8

Listeria-infected V�1�/� mice were 17D1� (Fig. 4C). This
together with the nonoverlapping V�5 CDR3 sequences (Ta-
ble 1) suggests that Listeria-elicited V�5� cells in V�1�/� mice
are not DETCs, with further evidence of this being provided by
the expression of NKG2D by a significant proportion (�35%)
of these cells, which is normally found with all DETCs (24).

The possibility that the Listeria-elicited V�5� and V�7� T
cells in V�1�/� mice were thymically derived was investigated
by attempting to demonstrate their presence in the thymuses of
V�1�/� mice. The thymuses of adult wild-type and V�1�/�

mice contained a small population of V�7� cells but very few
if any V�5� cells (Fig. 4D). This raises the possibility that the
source of the unusual V�7� T cells present in the spleens of
infected V�1�/� mice may be the thymus.

Pathogen-elicited �� subsets in V�1�/� mice produce anti-
inflammatory cytokines but play no role in macrophage ho-
meostasis. During the late stage of Listeria infection, V�1�

cells are a major source of �� T-cell-derived cytokines (IL-10,
IL-6, and IL-2) (2) and via a Fas-FasL mechanism eliminate
pathogen-elicited macrophages (10). We therefore determined
whether the V�5�, V�6�, V�7�, and V�4� T cells recruited to
sites of infection in the absence of V�1� T cells in V�1�/�

mice could compensate for or replace V�1� T-cell function.
The only cytokines synthesized by V�4, V�5, or V�7 subsets
during the late stage of the infection in V�1�/� mice were
IL-10, IL-2, and IL-6 (summarized in Fig. 5B, with represen-
tative plots shown in Fig. 5A), which is similar to the profile of
cytokines produced by V�1� T cells in response to Listeria
infection (2). Among V�4� T cells, IL-10 was the most prom-
inent cytokine synthesized, with approximately 20% of cells
being positive and with a smaller proportion (�10%) synthe-
sizing IL-6. This pattern of expression was similar to that of
V�5� cells, though a small number of V�5� cells also pro-
duced tumor necrosis factor alpha. Together, these two subsets
of �� T cells might compensate for the absence of anti-inflam-
matory V�1� cells that display a similar profile of cytokine

TABLE 1. Sequence analysis of V�5 and V�6 clonesa

Clone and Sequence type
Sequence of:

n Translation
Clone J�1

V�5
Germ line GCC TGC TGG GAT CT AT AGC TCA GGT TTT
Canonical GCC TGC TGG GAT AGC TCA GGT TTT

GCC TGC TGG TAT AGC TCA GGT TTT 2 ACWYSSGF
GCC TGC TGG GTA AGC TCA GGT TTT ACWVSSGF
GCC TGC TGG GAT AGC TCA GGT TTT 2 ACWDSSGF
GCC TGC T AT AGC TCA GGT TTT ACYSSGF
GCC TGC TGG GTA AGC TCA GGT TTT ACWVSSGF
GCC TAT AGC TCA GGT TTT 5 AYSSGF
GCC TAT TGG GT AGC TCA GGT TTT NCb

GCC TGC TGG ATC ATA T AGC TCA GGT TTT NC
GCC TGC TGG GAT CT AGC TCA GGT TTT NC
GCC TGC TGG GAT AT AGC TCA GGT TTT NC
GCC TGC TGG GAT CAT AT AGC TCA GGT TTT NC

V�6
Germ line GCA TGC TGG GAT AA T AGC TCA GGT TTT
Canonical GCA TGC TGG GAT AGC TCA GGT TTT

GCA TGC TGG GAT AGC TCA GGT TTT 12 ACWDSSGF

a Boldface type indicates cannonical, invariant receptor sequences.
b NC, noncoding.

VOL. 74, 2006 CONTROL OF �� T-CELL RESPONSES TO PATHOGEN INFECTION 1101



production late during the course of Listeria infection in wild-
type mice (2). Of note was the finding that V�7� T cells do not
appear to produce any of the cytokines analyzed (Fig. 5A), and
they did not express either Fas or FasL (Fig. 4B).

In contrast to the nonredundant cytokine production by
Listeria-elicited V�1� cells, there was no evidence of any cy-
totoxic activity or killing of pathogen-elicited macrophages by
splenocytes from day 8 Listeria-infected V�1�/� mice (Fig.
5B). As seen previously (9, 10), macrophage cytocidal activity
was restricted to splenocytes containing �� T cells (wild-type
mice) and was absent in mice deficient in all �� T cells
(TCR��/�). Killing was also absent in cells from the spleens of
both noninfected and Listeria-infected V�1�/� mice by use of
peritoneal macrophages from Listeria-infected TCR��/� mice
as target cells. These findings are consistent with macrophage
cytocidal activity being a unique property of V�1� T cells.

DISCUSSION

Although �� T cells are a common feature of many patho-
gen-induced immune responses, the factors that influence, pro-
mote, or regulate the response of individual populations of ��
T cells to infection is largely unknown. In addition to providing
more evidence of the immunoregulatory properties of the
V�1� T-cell population of �� T cells, the study described here
provides evidence for their involvement in regulating the re-
sponse of other, novel �� T-cell populations to microbial in-
fection. While the absence of V�1� T cells has little impact on
�� T-cell repertoires in primary lymphoid tissues of naı̈ve,
noninfected, adult mice, their absence has a profound effect on
�� T cells during the course of infection. This is characterized
by the appearance of �� T cells expressing V�-encoded TCRs
normally found among epithelium-associated �� T cells (V�5,

FIG. 4. Phenotype of Listeria-elicited �� T-cell subsets in V�1�/� mice. (A and B) Splenocytes and iIELs from V�1�/� mice 8 days after Listeria
infection and iIELs from WT mice were analyzed by flow cytometry for expression of cell surface antigens CD8�, CD103, FasL, Fas, and NKG2D.
The dot plots in panel A are examples of individual staining profiles for positive populations showing percentages of double-positive cells from day
8 V�1�/� infected spleen (left) and day 0 WT IEL (right), and the bar graph in panel B summarizes the data obtained from the analysis of iIELs
and splenocytes of eight mice. (C) Distribution (left) and phenotype (right) of V�5� T cells in the spleens of V�1�/� mice 8 days postinfection
with Listeria. The data show the mean values obtained from more than eight mice. (D) Distribution of different �� T-cell subsets in the thymuses
of adult V�1�/� mice 8 days after Listeria infection, as determined by flow cytometric analysis of more than five mice.
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V�6, and V�7), although detailed structural analyses of their
V� chains have shown that most of them are unique and
distinct from epithelium-associated �� T cells.

The expression of V�5-encoded TCRs has been reported
only for the neonatal thymuses and skin of adult mice (34).
DETC V�5 transcripts are invariant and are generated only in
the fetal thymus, from which they migrate early as a single
wave to populate the epidermis (15). The majority of V�5
CDR3 sequences expressed in the spleens of infected V�1�/�

mice are by comparison noncanonical and display a degree of
N-region diversity, which would suggest they are generated
later. These cells can be further distinguished from DETCs by
the absence of expression of the DETC-associated integrin
CD103, required for epithelial localization (28), their lack of
reactivity with a DETC V�5/V�1 TCR anticlonotype-specific
antibody (17D1), and low to moderate levels of expression of
the killing receptor NKG2D, which is generally expressed by
the majority of tissue-associated �� cells (24). The inability to

detect any V�5� T cells in thymuses of 6- to 8-week-old
V�1�/� mice that express noncanonical sequences suggests
that these cells either are of extrathymic origin or represent a
population of V�5� cells which leaves the thymus at other
times during thymic development and after DETC progenitors
have left to occupy an as-yet-unidentified tissue.

V�6 cells expressing an invariant �-chain are usually associ-
ated with the epithelia of the reproductive tract and tongue
(22). They have also been identified at sites of inflammation,
among V�6� hybridomas generated from Listeria-evoked and
autoimmune orchiditis (32), and from the livers and kidneys of
Listeria-infected wild-type mice (20, 37). Structural analyses of
Listeria-elicited V�6� T cells in V�1�/� mice revealed that
these cells express a single, fetal-type, invariant V�6 chain,
consistent with them being related to and perhaps being mo-
bilized from the tissues in which cells bearing these TCRs
normally reside. The absence of a specific monoclonal anti-
body for this receptor restricted any further phenotypic char-

FIG. 5. Functional properties of �� T cells responding to Listeria infection in V�1�/� mice. Cytokine synthesis by V�4�, V�5�, and V�7� T
cells elicited in response to Listeria infection was determined by staining splenocytes with TCR��-, CD3-, and TCR-V�-specific antibodies in
conjunction with anticytokine antibodies and flow cytometric analysis as described in Materials and Methods. Representative dot plots are shown
(A), with percentages of V�4 T cells positive for each marker indicated, and results for V�4, V�5, and V�7 subsets were compiled from three
independent experiments (B). The ability of splenocytes from Listeria-infected V�1�/� mice (TCR-V�1�/� infected) enriched for V�4�, V�5�,
V�6�, and V�7� T cells to kill target peritoneal macrophage obtained from day 8 Listeria-infected TCR��/� mice was determined using a
fluorescent-based cytotoxicity assay as described in Materials and Methods (C). As controls, target PECs were cultured alone (M� alone), and
splenocytes from noninfected wild-type (C57BL/6), V�1�/�, or TCR��/� mice were used as additional sources of effector cells. IFN�, gamma
interferon; TNF�, tumor necrosis factor alpha; MCP-1, monocyte chemoattractant protein 1; No., number.
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acterization and analysis of the potential functional signifi-
cance of these cells.

V�7� T cells form the major component of the iIELs com-
partment in the small intestine and have been shown to express
high levels of the CD8�� homodimer (27). As shown by the
expression of NKG2D and the absence of CD8�� expression,
V�7� cells found in the spleens of day 8 Listeria-infected
V�1�/� mice are distinct from V�7� iIELs, which show similar
expression patterns with both WT and V�1�/� mice. The pos-
sibility remains, however, that the cells found in spleens of
infected V�1�/� mice are related to the CD8��� fraction of
the gut-associated iIELs. Whatever their relationship to V�7�

iIELs, their presence in the thymus suggests they may be thy-
mic in origin.

The functional properties of these unusual populations of ��
T cells in the spleens of V�1�/� mice are unclear, although
these cells do appear to be distinct from the known effector
functions of epithelium-associated �� T cells that express the
same V� chains. Their cytokine profile is different from that of
iIELs or DETCs, and they do not appear to be cytotoxic, which
is a characteristic feature of both DETCs and iIELs. This does
not, however, exclude the possibility that these unusual V�5�

and V�7� T cells produce cytokines other than those assayed
for here and/or possess cytotoxic activity that is directed at
target cells other than peritoneal macrophages. The mecha-
nism by which these unusual �� T-cell populations are re-
cruited to the spleens of V�1�/� mice during the late phase of
infection with Listeria is also not known. Since these mice can
resolve bacterial infection in the absence of any tissue pathol-
ogy and liver necrosis (2), the alteration in �� T-cell homeosta-
sis seen with these animals may be a result of the failure of
V�1�/� mice to eliminate activated macrophages which can
elicit (e.g., via specific chemokines) the recruitment of �� T
cells. Alternatively, it may be a direct consequence of the
absence of V�1� T cells, which would normally restrict or
prevent the mobilization of other �� T-cell populations to the
spleen. The recent description of �� T-cell homeostasis being
controlled in part by �� T-cell-specific factors (4) is consistent
with this interpretation. In characterizing the aberrant recruit-
ment of �� subtypes following Listeria infection, we have
shown a central, nonredundant role for V�1 cells in �� T-cell
recruitment, although the mechanism by which this is achieved
requires further study.
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