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T cells belong to either the o™ or y8* lineage as defined by their antigen receptor. Although both T-cell
subsets have been shown to be involved in the immune response to the parasite Leishmania major, very little
is known about possible interactions between these two populations. In this study, using a mouse model of
infection with L. major, we showed that expansion of a subset of y8* T cells in vivo is dependent upon the
presence of a3 CD4™ T cells. Moreover, this effect appears to be mediated via the secretion of lymphokines
by CD4* cells with a T-helper 2 (Th2) functional phenotype. Results showing that activation of Th2-type cells
in mice treated with anti-immunoglobulin D antibodies or infected with Nippostrongylus brasiliensis also results
in y3* T-cell expansion suggest that this effect of the Th2-type CD4* cells is a general phenomenon not

restricted to infection with L. major.

Leishmania major is a protozoan parasite that infects mono-
nuclear phagocytes in their vertebrate hosts. The majority of
inbred strains of mice are relatively resistant to infection with
L. major in that they develop only small lesions at the site of
inoculation, which resolve spontaneously within a few weeks.
In contrast, mice from a few strains, such as BALB/c, develop
severe lesions at the site of parasite inoculation. These lesions
have no tendency to resolve, and eventually fatal visceraliza-
tion of the parasite occurs (3, 9).

The importance of CD4™" T cells in the resolution of cuta-
neous lesions induced by L. major in mice is firmly established
(10, 18, 20). Protection has been linked to the activation of
CD4" cells with a Th1 functional phenotype (characterized by
secretion of interleukin-2 [IL-2] and gamma interferon [IFN-
v]), whereas susceptibility is correlated with the activation of
Th2-type CD4™ cells (producing IL-4 and IL-10) (19). Recent
evidence also supports the participation of CD8" T cells in
immunity to infection with L. major (26). Both of these T-cell
subsets recognize antigens through a T-cell receptor (TCR)
which is composed of an « chain and a B chain. A second
population of T cells which uses a different TCR, composed of
a -y chain and a & chain, has been identified (4). Among other
characteristics, y3* T cells show a very specific tissue distribu-
tion and are mainly CD4 and CDS8 negative in the lymph
nodes, spleen, and blood of mammals (31). y8* T cells accu-
mulate at epithelial surfaces in the gut, epidermis, and repro-
ductive organs but are present at very low levels in classical
lymphoid tissues in humans and mice.

The function and the antigenic specificity of y8* T cells are
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poorly characterized. These cells have been reported to have
strong cytotoxic capacities (21), and there is evidence that yd™"
T cells can proliferate in vitro in the presence of mycobacterial
antigens (15). Moreover, a significant proportion of them re-
spond to heat shock proteins (27). These y3™" cells have been
detected in increased numbers during various infections with
pathogens such as mycobacteria (14), Listeria monocytogenes
(11), Trypanosoma cruzi (23), or Epstein-Barr virus (5). Inter-
estingly, yd* T cells have also been shown to accumulate in the
blood and in the lesions of humans infected with leishmania
parasites (24, 35).

We have previously demonstrated that a continuous expan-
sion of yd* T cells occurs in the spleens of BALB/c mice
infected with L. major up to at least 3 months after parasite
inoculation (33). Recent results have shown that this expanded
v8* T-cell population is strongly dividing in vivo, carries the
phenotype of immature activated T cells, and expresses the
V&4 gene product (34). Previous results have clearly shown
that blocking of the y3 TCR in vivo in BALB/c mice with
appropriate monoclonal antibodies not only interfered with
the expansion of y3™ T cells but also led to the development of
larger lesions that contained significantly higher numbers of
parasites, indicating that y8™ T cells could be involved in the
host defense against this parasite (33). However, the mecha-
nisms by which y8 T cells could influence the outcome of
disease remain to be elucidated.

In the present paper, we report results from experiments
aimed at investigating the potential role of TCRap™* CD4™"
T-cell populations in the expansion of TCRy3™ T lymphocytes
in BALB/c mice infected with L. major.

MATERIALS AND METHODS

Mice, parasites, and infection. Adult BALB/c, CBA/J, C57BL/6, and athymic
nu/nu BALB/c mice were purchased from either IFFA-Credo, St. Germain-sur-
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I’Arbesle, France, or Harlan-Olac, Bicester, Great Britain. Swiss nu/nu mice were
bred at the ISREC (Epalinges, Switzerland) animal facilities.

A heterozygous breeding pair of mice carrying a disrupted gene for the « chain
of the ap* TCR (29) (TCRaB/7) was obtained from M. J. Owen, London,
United Kingdom. The animals were bred at the ISREC animal facilities. Litter-
mates homozygous for the disrupted gene were identified by Southern blot
analysis of DNA extracted from the tails of the animals as described in detail
elsewhere (29).

129/Sv/Ev mice homozygous for a disrupted IFN-y receptor gene (IFN-
YR /™) were obtained from M. Aguet, Ziirich, Switzerland (12).

L. major LV39 (MRHO/SU/59/P-strain) was kept virulent by continuous pas-
sage in mice. Parasites isolated from skin lesions of infected mice were grown at
26°C in Dulbecco’s modified Eagle medium on a solid layer of rabbit blood agar
as previously described (39).

Mice were infected subcutaneously in one hind footpad with 2 X 10° L. major
promastigotes, obtained from cultures in the stationary growth phase, in a final
volume of 50 pl. The development of lesions was monitored twice per week by
measuring with a dial gauge calliper the increase of footpad thickness compared
with that of the uninfected contralateral footpad.

Mice were infected subcutaneously with 700 larvae of Nippostrongylus brasil-
iensis as described previously (7).

MAbs and flow cytometry analysis. Monoclonal antibodies (MAbs) were pu-
rified from hybridoma culture supernatants by affinity chromatography on im-
mobilized protein G (Protein G Superose FF; Pharmacia, Uppsala, Sweden).
Biotinylated anti-yd8 TCR MAb GL3 (hamster immunoglobulin [Ig]) (8) and
fluorescein isothiocyanate (FITC) conjugates of anti-CD3 17A2 MAb (rat Ig)
(22) and anti-CD8 B-chain H35.17.2 (30) were prepared in the laboratory. FITC-
conjugated anti-V84 GL2 (hamster Ig) was purchased from Pharmingen (Moun-
tain View, Calif.). Anti-CD4 MAb GK1.5 and second-stage reagents PE and AV
were purchased from Caltag Laboratories (San Francisco, Calif.).

Spleens were homogenized in glass homogenizers, and cells were washed three
times in Dulbecco’s modified Eagle medium (Seromed, Berlin, Federal Republic
of Germany) before fluorescence-activated cell sorter (FACS) analysis. To follow
the kinetics of appearance of y8* T cells, two-color analyses were performed on
a FACScan Plus (Becton Dickinson, Mountain View, Calif.). We used FITC-
conjugated anti-CD3 and biotinylated anti-yd TCR revealed by AV-PE. Pheno-
typic analysis was done with two-color staining, as described in the figure legends.
To stain the cells, 2 X 10° cells were incubated with the MAbs diluted in
phosphate-buffered saline (PBS) with 5% fetal calf serum (FCS) in a total
volume of 100 pl for 20 min. The cells were then washed with 4 ml of PBS-5%
FCS at 1,500 rpm for 5 min. The procedure was repeated as necessary for the
different reagents used for the analysis. Once staining was completed, cells were
resuspended in 400 pl of PBS-5% FCS for analysis.

Treatment of mice in vivo. CD4- and/or CD8-depleted mice received, during
the entire course of infection, weekly intraperitoneal injections of, respectively,
300 pg of GK1.5 (rat IgG2b) (6) or 150 pg of H35 (rat IgG2b) (30), starting 1 day
before infection. Mice from another group received a single injection of 600 pg
of anti-CD4 GK1.5 MAbs on the same day as the parasite inoculation. Anti-
IgD-treated mice received 500 pg of rabbit anti-IgD antiserum (kindly provided
by G. Le Gros, CIBA-Geigy, Basel, Switzerland) (17) intravenously. Mice treated
with anti-IL4 or anti-IFN-y MADs received daily injections of MAb 11B11 (28)
or XMG1.2 (25), respectively, during the course of the experiments.

Mice treated with Staphylococcus enterotoxin B (SEB) received 10 ug of
enterotoxin intraperitoneally.

Detection of IL-4 in culture supernatants. CD4* T cells (2 X 10%/ml) isolated
by MACS (Miltenyi Biotech GmbH, Bergissch-Gladbach, Germany) from spleen
cell suspensions of mice infected for 9 days with N. brasiliensis and of control
uninfected mice were stimulated with SEB (10 pg/ml) in the presence of T-
depleted spleen cells (2 X 10%ml) as a source of antigen-presenting cells (APCs)
in 24-well Costar plates in a final volume of 1 ml. Dulbecco’s modified Eagle
medium supplemented with 5% heat-inactivated FCS (Seromed), L-asparagine
(36 mg/liter), L-glutamine (216 mg/liter), L-arginine (200 mg/liter), 5 X 107> M
2-mercaptoethanol, 10 mM HEPES (N-2-hydroxyethylpiperazine-N’-2-ethane-
sulfonic acid), 100 U of penicillin per ml, and 100 wg of streptomycin per ml was
used as the culture medium. Supernatants were collected after 48 h and tested
for their IL-4 content. IL-4 was measured by a bioassay with the CT.4S cell line
as described previously (13).

RESULTS AND DISCUSSION

Importance of af* T cells for the expansion of y8* T cells
during L. major infection in mice. Other reports have sug-
gested a possible cooperation between af™ and y3" T cells in
vitro (16, 36). Thus, we investigated whether the V&4 T-cell
expansion found in L. major-infected mice was autonomous or,
alternatively, dependent on other cell types. First, we infected
Swiss nu/nu mice, which are athymic but have significant num-
bers of extrathymically derived y3* T cells, and examined the
v8* T-cell response 70 days after infection. Although these
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FIG. 1. Relative increase of different T-cell populations in mice infected with
L. major parasites. Groups of five mice with the indicated +/+ or —/— genotypes
for the a chain of the aff TCR, Swiss nude mice, and BALB/c mice were
inoculated with 4 X 10° stationary-phase promastigotes in the rear footpads.
Seventy days after infection, staining was done as described in Materials and
Methods, and spleen cells were analyzed on a Becton Dickinson FACScan with
forward and side scatter analysis by using Lysis II software. The relative increase
is calculated by dividing the absolute number of each cell population found in
infected mice by the number of cells of the corresponding population found in
noninfected mice. Results are presented as the mean increase * standard devi-
ation.

mice had lesions similar to those found in control susceptible
BALB/c mice, only marginal expansion of y8* T cells (3-
versus 30-fold) was found in the spleen (Fig. 1). To rule out the
possibility that the expansion of y8* T cells was dependent
upon the genetic background (BALB/c) of the mice, similar
experiments were performed with BALB/c nu/nu mice. Thirty
days after infection, no relative increase of y8* T cells was
found in the spleens of nude BALB/c mice (onefold increase),
compared with a sevenfold increase in euthymic BALB/c mice
(data not shown). The difference in the levels of yd* T-cell
expansion observed in control infected BALB/c mice (30- ver-
sus 7-fold expansion) for these two experiments stems from the
fact that the increase of y8* T cells was monitored at different
times (70 versus 30 days) after infection. Previous results have
indeed shown that the y3" T-cell expansion in infected
BALB/c mice, which is already evident 2 weeks after infection,
rises continuously up to at least 3 months after parasite inoc-
ulation (33). These results suggest either that parasitic antigens
alone are not sufficient to induce y8* T-cell expansion in nude
mice, that the expansion of this T-cell subset found in normal
mice is due to thymus-derived y8* T cells, or that y3* T-cell
expansion is dependent upon the presence of o™ T cells.
These hypotheses were examined by infecting TCRaf ™/~
mice (29). It should be noted that intrathymic development of
v8™" T cells in these knockout mice is normal. These mice were
susceptible to L. major infection (2.6-mm lesions versus
3.5-mm lesions in similarly infected susceptible BALB/c mice,
70 days after parasite inoculation), whereas at this time, com-
plete resolution of L. major-induced lesions in TCRaB™ con-
trol littermates had occurred. Despite the parasite burden, no
expansion of y8* T cells was observed in TCRap ™/~ mice
compared with noninfected controls (Fig. 1). In comparison,
similarly infected susceptible BALB/c mice showed a 30-fold
expansion at the same time after infection. It is noteworthy
that the same results were found for the V84* subset of v8* T
cells. These data demonstrate that in susceptible mice, y8"
T-cell expansion is dependent on the presence of o™ T cells.
It also underlines that v3™ T cells, even in mice with a resistant
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FIG. 2. Expansion of y8" T cells in BALB/c mice infected with L. major and
either rendered resistant to infection or depleted of different T-cell subpopula-
tions. Mice from one group were injected with a single injection of anti-CD4
MADb GK1.5 on the day of infection [BALB/c mice rendered resistant (GK 1.5)].
Mice from other groups received, for the entire duration of the experiment,
weekly injections of either anti-CD4 MAb GK1.5 (BALB/c mice depleted of
CD4™ T cells) or anti-CD8 MAb (BALB/c mice depleted of CD8" T cells)
starting 1 day before infection. Six weeks after infection, spleen cells were
analyzed by FACS. Control of the efficiency of the depletion was done by labeling
with PE-conjugated anti-CD4 MAb GK1.5 and FITC-conjugated anti-CD8 MAb
H35 and revealed that, in treated mice, the CD4™" or the CD8" population was
lower than 1% of the total spleen cells and 3% of lymph node cells. Results are
expressed as the percentage of the expansion found in infected, nonmanipulated
BALB/c mice (nontreated BALB/c mice).

background, are not able by themselves to control the infec-
tion.

Role of CD4™ and CD8* T cells in the expansion of y&* T
cells. To assess the involvement of CD4 or CDS8 subsets of af ™
T cells in the expansion of y8* T cells in susceptible BALB/c
mice, each of these subsets was eliminated during the entire
course of the experiments by weekly repeated antibody injec-
tion in vivo starting 24 h before infection. In the absence of
CD4™ T cells, the expansion of y8© T cells was strongly re-
duced. Depletion of the CD8" cells had only a marginal effect
on the y8" T-cell response (Fig. 2). These results strongly
suggest that CD4" o™ T cells play a role in the expansion of
the V84" 3" T-cell population during L. major infection.
However, although the expansion of v T cells was signifi-
cantly reduced (by 60%) in mice depleted of CD4™" cells, it is
noteworthy that an approximately 10-fold expansion was still
observed in these mice. Although not experimentally deter-
mined, this residual expansion could result from the activity of
residual CD4" T cells (<1% of total spleen cells and <3% of
peripheral lymph node cells) or other cells types and/or could
represent an antigen-driven expansion of y3* T cells.

CD4" TCR af™ cells can be subdivided into Th1 and Th2
subsets on the basis of their pattern of lymphokine secretion.
In the case of infection with L. major, resistance and suscep-
tibility are correlated with induction of Thl and Th2 cells,
respectively (10, 19). To investigate whether V84 v3* T-cell
expansion depends on a particular CD4* Th subset, we uti-
lized different models in which expression of the CD4™ subsets
is altered. A single injection of anti-CD4 MAb GK1.5 at the
time of parasite inoculation is a treatment known to render
susceptible BALB/c mice able to resolve the lesions induced by
this parasite and to become immune to reinfection (38). It is
also established that BALB/c mice treated with one injection
of anti-CD4 MAb GK1.5 at the onset of infection repopulate
their lymphoid organs with L. major-specific CD4™ T cells of
the Th1 functional phenotype (10). The results shown in Fig. 2
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TABLE 1. Relative increases of different T-cell populations in
IFN-yR ™/~ mice after infection with L. major parasites

Relative increase‘ in % of:

Mice® Lesion size
(mm)? vd~ CD3* vd* CD3* Vo4t v "
cells cells cells
IFN-yR ™'+ 0.2 +0.1 1.3 0.2 1.0 £ 0.1 0.9 0.2
IFN-yR "/~ 23+04 1.0 £ 0.1 1.2 +0.1 1.2+0.2
BALB/c 28 +0.3 22+0.2 17.6 = 0.9 87.9 = 4.7

4 IFN-yR ™/, 129/Sv/Ev, IFN-yR knockout mice; IFN-yR*/*, control litter-
mates.

? Lesions were monitored by measuring footpad swelling with a dial gauge
caliper.

¢ Relative increase in mice infected subcutaneously with L. major 40 days
before. Labeling was done as described in legend to Fig. 1.

show that BALB/c mice which received such a treatment had a
strongly diminished y8* T-cell expansion (at a time when the
lesions were still similar to those of control infected mice).
These results, showing that manipulation of BALB/c mice
leading to the development of a strong Thl-type response
results in an important reduction of the 8™ T-cell expansion
normally seen in these mice following infection with L. major,
strongly suggest that Thl-type cells do not play an important
role in this y3* T-cell response but rather that Th2-type cells
might be involved. This conclusion is further supported by
previous observations showing that the continuous expansion
of v8* T cells in infected BALB/c mice is not observed in
infected genetically resistant mice (33), which mount a vigor-
ous Thl-type response to this parasite (10).

v8* T cells in susceptible mice with a Thl-type response.
Recent results from our laboratory have shown that mice from
a genetically resistant background lacking the IFN-y receptor
are susceptible to infection with L. major but mount a polar-
ized Thl-type CD4" T-cell response (37). Thus, this experi-
mental model allows us to determine whether, in the presence
of an important parasite load but in the absence of a Th2-type
response, expansion of y3* T cells still occurs following infec-
tion with L. major. As can be seen in Table 1, these susceptible
mice with a Th1-type response had lesions which were compa-
rable to those found in BALB/c mice. Analysis of the cell
populations by FACS demonstrated that no expansion of the
v3" T-cell population was found in the spleens of IFN-yR ™/~
mice (Table 1). It is unlikely that the lack of v T-cell expan-
sion in infected IFN-yR ™/~ mice results from the inability of
these mice to respond to IFN-y-mediated signals. Indeed, the
results mentioned above indicate that mice expanding IFN-vy-
producing CD4™" T cells in response to infection (i.e., geneti-
cally resistant mice and BALB/c mice rendered resistant by
one injection of anti-CD4 MAD) do not exhibit y&* T-cell
expansion. Thus, these results further support the notion that
the expansion of y3* T cells in leishmania-infected mice is
tightly related to a strong Th2-type response.

v8* T-cell expansion following activation of Th2-type cells.
Since our results suggest that, in the absence of Th2-type
responses, the antigenic pressure of an important parasite bur-
den is not sufficient to induce the strong vy T-cell response
observed in infected BALB/c mice, it is possible that factors
produced during a Th2-type response might play a role in the
expansion of the cells.

In an attempt to further characterize the mechanisms of
induction of y8* T-cell proliferation, we generated a Th2 re-
sponse in vivo in BALB/c mice, not infected with L. major, by
treatment with anti-IgD antibody, which is known to induce a
strong Th2-type response through a mechanism not yet eluci-



VoL. 63, 1995

400

Experiment # 1

300

200 -

100 =

Experiment # 2

Relative Increase
(=]

60

40

20

y8~ CD3%t

Ywrepst vt ast

FIG. 3. Expansion of y8" T cells in BALB/c mice injected with anti-IgD
antiserum. Anti-IgD-treated mice received 500 pg of antibodies intravenously on
day 0 alone (mm ) or anti-IgD antiserum on day 0 followed by injection of 150
pg of anti-IFN-y MAb (EZ=H) or 150 ug of anti-IL-4 MAb (EZ]) daily for 10
days. Spleen cells were analyzed as specified in Materials and Methods.

dated (17). Injection of anti-IgD antiserum dramatically in-
creased (>10-fold) the number of y8* T cells in the spleen
(Fig. 3). Similar to the case for BALB/c mice infected with L.
major, this expansion was particularly evident among cells ex-
pressing V&4. Furthermore, results showing that anti-IgD
treatment of CBA mice (which are resistant to L. major infec-
tion) is also accompanied by an increase of V84" v3™ T cells
(6.2-fold 10 days after treatment) strongly suggest that this
expansion is not restricted to the BALB/c genetic background
(data not shown). In contrast, induction of a strong Thl-type
response in BALB/c mice by injection of a superantigen, SEB
(2), did not affect the y8* T-cell population (data not shown),
further suggesting that Th1-type T cells are not playing a major
role in y8* T-cell expansion.

Simultaneous treatment of anti-IgD-injected mice with a
MAD against IL-4 significantly reduced the expansion of y8* T
cells, by 40% (P < 0.05), whereas simultaneous treatment with
anti-IFN-y MAD had no effect on the y3* T-cell population.
This latter result further indicates that IFN-vy is not critical for
the yd* T-cell expansion and argues against the possibility that
the lack of expansion observed in the IFN-yR ™/~ mice might
be due to the absence of activation through this lymphokine.
Rather, these results suggest that some lymphokines associated
with Th2-type responses might play a role in y3* T-cell expan-
sion.

Inasmuch as CD4~ CD8™ af* NKI1.1 cells have been shown
to produce significant levels of IL-4 upon TCR cross-linking
(40), it is possible that Th2-type cytokines produced by these
cells account for the failure of CD4™ T-cell depletion to com-
pletely abrogate the expansion of y3* T cells seen following
infection with L. major (see above).

To assess further the role of Th2-type CD4™" cells in the
expansion of V84" v8" T cells, the number of different cell
populations in the spleen of C57BL/6 mice 9 days following
infection with N. brasiliensis was determined. Indeed, infection
with this nematode has clearly been shown to prime for an IL-4
response (32). The results in Table 2 show that infection with
N. brasiliensis is accompanied by an expansion of y8© CD3™
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TABLE 2. T-cell populations and IL-4 secretion by CD4"
cells after N. brasiliensis infection”

No. of cells (10°)

Mice IL-4 (ng/ml)
v8~ CD3™ cells v8* CD3* cells
Normal ND? 28.7 6.1 0.5+0.1
Infected 11.4 29.5 + 8.1 23*+0.8

¢ Cell numbers of different T-cell populations in the spleen and production of
IL-4 by purified splenic CD4" T cells, restimulated in vitro with SEB in normal
and N. brasiliensis-infected C57BL/6 mice by the protocols detailed in Materials
and Methods.

2 ND, not detectable.

cells (5.1-fold expansion of V84" T cells). They also confirm
that CD4™" T cells from animals infected with N. brasiliensis are
primed to produce a large amount of IL-4 upon stimulation
with SEB in vitro (32). Admittedly, the expansion of y8* T
cells in C57BL/6 mice infected with N. brasiliensis was of a
lower magnitude than that seen in BALB/c mice infected with
L. major. Compared with the sustained Th2-type CD4™ T-cell
response seen in L. major-infected BALB/c mice, the narrow
kinetic of IL-4 production following infection of C57BL/6 mice
with N. brasiliensis could account for an expansion of yd* T
cells of a lower magnitude in these mice. However, one cannot
exclude the involvement of genetic differences in the magni-
tude of Th2-type CD4™" T-cell-mediated expansion of v T
cells.

Our data reveal a pathway whereby expansion of 8" T cells
(or at least a subset thereof) in vivo depends upon the activity
of aB™ T cells and in particular CD4 ™ cells of the Th2 subtype.
These results are supported by studies in vitro on growth re-
quirements for y8* T cells. Kasahara et al. (16) have shown
that exogenous cytokines, receptor ligation, and priming in
vivo were necessary for the expansion of avian peripheral 8™
T lymphocytes. Other studies have demonstrated a synergistic
effect of IL-1 and IL-7 on the stimulation of yd© T cells
isolated from Listeria-infected mice (36). Furthermore, IL-4 is
known to drive immature double-negative thymocytes toward
the vy phenotype (1). It will be important to delineate the
precise mechanisms accounting for the development of the
v3* T cells observed in mice after a strong and sustained
Th2-type response.
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