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Serial flow cytometry analyses of peripheral blood mononuclear cells obtained from 8 patients infected with
Listeria monocytogenes showed a higher percentage (P < 0.01) of y6 T cells (median, 11.7; range, 3.7 to 35.3)
than did 16 age-matched uninfected controls (1.7, 0.4 to 13). Most in vivo-expanded yd T cells expressed the
Vv9 and V32 gene products and displayed a memory phenotype (CD45RO"#"), and patients’ v& T cells
expressed significantly more (P < 0.01) activation marker HLA-DR than did controls (19.8% [median] and 0.9
to 87.6% [range] versus 2.3% and 0 to 4.7%, respectively). When peripheral blood mononuclear cells from
normal donors were cultured in vitro with heat-killed Listeria cells, analysis of CD25 and HLA-DR expression
on yd and a3 T cells indicated that a high percentage of yd T cells was activated early compared to o3 T cells.
In addition, depletion of yd T cells before culture abrogated the early lymphocyte proliferative response
induced by the pathogen. Taken together, these results argue for the involvement of yd T cells during

L. monocytogenes infection in humans.

Although the role of y3 T cells in the immune response has
not been clearly defined, several studies of humans and exper-
imental animals have provided evidence for the involvement of
vd T cells in defense against various pathogens (reviewed in
reference 11). In humans, yd T cells accumulate in the gran-
ulomatous lesions of patients with leprosy or leishmaniasis (24)
and in the peripheral blood of patients with Salmonella infec-
tion (12), brucellosis (1), infectious mononucleosis (14), hu-
man immunodeficiency virus infection (7), toxoplasmosis (33),
or malaria (32). In mice, y3 T cells have also been implicated
in viral (17), bacterial (35, 37), and parasitic (31, 38) infections.

In this regard, experimental infection of mice with Listeria
monocytogenes constitutes an informative model to study vy
T-cell functions and has shown that (i) yd T cells accumulate
within the peritoneum 3 days after intraperitoneal injection of
Listeria and prior to the o8 T-cell response (28, 35); (ii) yd T
cells are able in vitro to produce gamma interferon in response
to Listeria antigens (39); (iii) in vivo depletion of v8 T cells
exacerbates murine listeriosis at the early phase of infection
(15); and (iv) in o T-cell receptor (TCR)-deficient mice, vy T
cells can confer early immunity against listeriosis (25). In ad-
dition to this protective role, other studies have suggested an
immunoregulatory function for yd T cells during primary lis-
teriosis (9, 16, 22, 25).

These observations prompted us to determine whether y8 T
cells also play a role in immunity against L. monocytogenes in
humans. Herewith, we report that y8 T cells were expanded
and activated in the peripheral blood of eight patients infected
with L. monocytogenes and that, in vitro, a high percentage of
vd, but not aB, T cells are activated early in response to heat-
killed L. monocytogenes. These results suggest that, in humans,
vd T cells are involved in immunity against L. monocytogenes.

* Corresponding author. Mailing address: Laboratoire d’Immuno-
pathologie Clinique et Expérimentale, Hopital Charles Nicolle, 1, rue
de Germont, 76031 Rouen, France. Phone: 33 2 32 88 80 71. Fax: 33
2 32 88 81 86.
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MATERIALS AND METHODS

Patients. Eight patients (three males, five females) with L. monocytogenes
infection were included in the study. Listeriosis was diagnosed based on the
isolation of L. monocytogenes from cultures of ear and gastric fluids from three
newborns with neonatal listeriosis (patients 1 through 3), amniotic fluid and
placenta from a patient who had listeriosis during pregnancy (patient 4), blood
from patients who were septicemic (patients 5 and 6), and cerebral fluid from
patients who had meningitis (patients 7 and 8). The clinical and other relevant
features of these patients are shown in Table 1. Because the age range of infected
patients was broad, and neonatal and elderly blood T-lymphocyte subpopulations
differ significantly, each patient was matched with two uninfected individuals of
the same age. This study received local ethics committee approval. All L. mono-
cytogenes-infected individuals received appropriate antibiotic therapy and recov-
ered without complications.

Antibodies. A two- or three-color cytofluorometric analysis was performed
with the following monoclonal antibodies (MAb): phycoerythrin (PE) cyanine
5-conjugated anti-CD3 (Immunotech, Marseille, France), PE-conjugated anti-
CD25 and anti-CD45RA (Coulter Immunology, Hialeah, Fla.), fluorescein iso-
thiocyanate (FITC)-conjugated anti-HLA-DR and anti-CD45RO (Immuno-
tech), anti-Vy9 (TiyA; Coulter), anti-V82 (Tid2; Immunotech), anti-V31 (3
TCS1; T Cell Diagnostics Inc., Woburn, Mass.), and PE- or FITC-conjugated
anti-pan yd (TCR-y3-1; Becton Dickinson, Pont-de-Claix, France).

Bacteria. L. monocytogenes was a clinically isolated strain. Heat-killed L.
monocytogenes (HKLM) cells were prepared as follows: bacteria were grown at
37°C on blood agar plates and collected by scraping. The concentration was
determined by plating serial 10-fold dilutions of L. monocytogenes suspension on
blood agar plates. Colonies were counted after 24 h of incubation at 37°C.
Bacteria were washed twice in sterile phosphate-buffered saline (PBS) and then
autoclaved for 20 min at 100°C. The sterile material was stored at —80°C until
use.

PBMC isolation and culture. Peripheral blood mononuclear cells (PBMC)
were isolated by Ficoll-Hypaque density gradient centrifugation. The cells were
washed twice in PBS and suspended in RPMI GLUTAMAX II 1640 culture
medium (Gibco BRL Life Technologies, Paisley, United Kingdom) supple-
mented with 10% human AB serum (Sigma-Aldrich, St. Quentin-Fallavier,
France) and 1% penicillin-streptomycin-amphotericin B (Gibco BRL). PBMC
(2.5 x 10%ml) were plated in triplicate in 96-well round-bottomed microtiter
plates (Costar, Cambridge, Mass.) and incubated with either 10 pg of phytohe-
magglutinin (PHA) (Sigma) per ml or 5 X 107 HKLM cells/ml for 7 days at 37°C
in 5% CO,.

Immunophenotyping and flow cytometry analysis. Whole blood samples were
incubated for 20 min at room temperature with the appropriate fluorescent MAb
dilutions and treated with erythrocyte-lysing solution (Q-Prep; Coulter). Cul-
tured cells were incubated for 20 min at room temperature with MAbs in
PBS-10% fetal calf serum (FCS) (D. Dutcher, Brumath, France)-0.1% sodium
azide, washed twice, and fixed in PBS-1% formaldehyde. Two- or three-color
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TABLE 1. Clinical and other relevant features of eight
patients with L. monocytogenes infection

Patient no. Age (yr) Sex? Clinical manifestation

1 0 F Neonatal listeriosis

2 0 F Neonatal listeriosis

3 0 F Neonatal listeriosis

4 31 F Listeriosis during pregnancy
5 89 M Septicemia

6 69 M Septicemia

7 63 M Meningitis

8 1.5 F Meningitis

“F, female; M, male.

cytofluorometry was performed with an EPICS-ELITE flow cytometer (Coulter
Electronics). Analysis of cell surface markers continued until 1,000 y8 T cells had
been counted. Based on previous experiments carried out in our laboratory (18)
CD3"% 48~ T lymphocytes are CD3" af™ T cells. Negative controls utilized
irrelevant MAbs of the corresponding isotype.

Selective depletion of y& T cells and proliferation assay. PBMC were sus-
pended in cold PBS-5% FCS-5 mM EDTA (Sigma) and incubated with anti-
TCR v8 MAD for 30 min at room temperature. After being washed, the cells
were incubated for 20 min at 4°C with immunomagnetic beads coated with goat
anti-mouse immunoglobulin G (Miltenyi Biotech Inc., Sunnyvale, Calif.). The
cells were washed and placed on a magnetic separation column (MiniMACS;
Miltenyi), and the effluent collected contained the negative fraction. The deple-
tion procedure was repeated on successive negative fractions until the concen-
tration of yd T cells was <0.1%. Triplicate cultures of 200 wl each were set up
with 1.5 X 10° PBMC or v3 T-cell-depleted PBMC in 96-well round-bottomed
microtiter plates in the presence of HKLM (bacterium-to-cell ratio, 20:1) or in
medium alone for 7 days. In the proliferation assay, the cells were pulsed for 18 h
with [*H]thymidine, (1 w.Ci/well; Amersham Life Science, Bucks, Great Britain).
The cells were harvested onto glass fiber filters, and [?H]thymidine incorporation
was measured in a B-scintillation counter according to standard procedures.

Statistical analysis. The nonparametric two-sided Mann-Whitney rank test
was applied. P values of <0.05 were considered significant.

RESULTS

Longitudinal study of in vivo y3 T-cell percentages and the
v® T-cell repertoire in patients with L. monocytogenes infec-
tion. Surface marker analysis of peripheral blood T lympho-
cytes from eight patients with Listeria infection (Table 1) indi-
cated that their percentages of yd T cells (median, 11.7; range,
3.7 to 35.3) were significantly higher (P < 0.01) than those of
age-matched controls (1.7, 0.4 to 13) (Fig. 1).

Seven patients were studied longitudinally, and changes in
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FIG. 1. The percentages of peripheral blood ¥8 T cells in patients with
L. monocytogenes infection (P) and 16 age-matched uninfected controls (C) were
determined by cytofluorometry analysis. Results are expressed as percentages of
CD3 T cells bearing the y8 TCR. Horizontal bars indicate the median values.
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TABLE 2. Analysis of yd T-cell percentages and yd T-cell
repertoire in eight patients as a function of time
after the onset of L. monocytogenes infection

‘ No.of  %~8*  No.of % 5 T cells
Patient days after CD3*" T v T ’
1o onset cells  cellymm® TiyA® Tis2*  8TCS1*
1 1 0.2 8 NT*  NT NT
5 27 876 100 92 3
60 12.5 369 100 83 33
2 4 10.5 297 99 99 1
15 12.3 457 99 80 15
3 2 0.8 9 99 80 20
15 14.6 633 99 91 2.5
30 14.6 753 90 98 2
4 4 23 324 95 87 2.3
8 20.4 564 84 100 0
42 353 596 96 75 0
180 15.5 311 100 85 15
365 12 265 100 NT 1
5 4 1 11 99 90 8
6 24 8 109 95 NT 8
31 8.8 122 90 NT 14
42 7 111 84 NT 10
7 2 2.5 13 20 27 20
7 8.3 132 90 83 16
15 11 133 85 90 10
8 3 33 111 54 66 NT
9 33 146 68 60 NT
16 3.7 135 71 50 NT

“NT, not tested.

vd T-cell representation with time were detected in four of
them (Table 2). At the first sampling, 0.2, 0.8, and 2.5% of the
total CD3™" T cells of patients 1, 3, and 7, respectively, ex-
pressed the vy TCR. Four days later, y8 T cells had increased
to 27% in patient 1 and, 13 days later, to 14.6 and 11% in
patients 3 and 7, respectively. For patient 4, who was studied
over a 1-year period, yd T cells represented 23% of CD3" T
cells 4 days after the onset of infection, increased to 35.3% 38
days later, and then returned to 15.5% at 6 months with only a
slight decrease (to 12%) after 1 year.

Most yd T cells from Listeria-infected patients reacted with
TiyA™ and Tid2* MADs, which recognize, respectively, Vy9
and V32 gene products (Table 2). The very strong pressure
exerted by this antigenic stimulation is particularly well illus-
trated in the newborns. In agreement with a previous report
(4), approximately half of our control newborns had y3 T cells
that reacted with the 8TCS1 MAb (Table 3), which recognizes
V31 gene products. During neonatal listeriosis (patients 1, 2,

TABLE 3. 8 T-cell repertoire and CD45RA and
CD45RO expression during neonatal listeriosis

% 8 T cells

Newborns
(%) TiyA®™  Tis2®  S8TCSI® CD45RA*  CD45RO*
Infected (3) 90-100  80-99 1-20 22-46 43-75
Controls (6)  33-75 33-47 33-57 60-92.2 7.9-34

“ n, number investigated.
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FIG. 2. Percentages of peripheral blood & T-cell activation markers in pa-
tients with L. monocytogenes infection (P) and 16 age-matched uninfected con-
trols (C). Expression of CD25 (A) and HLA-DR (B) on peripheral blood y8 and
af (CD3* v37) T cells was studied cytofluorometrically. Results are expressed
as the percentages of yd and a3 T cells positive for each marker. Bars indicate
the median values.
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and 3), the yd T-cell repertoire was dramatically modified, with
80 to 99% of yd T cells reacting with the Tid2 MAbD. This
reactivity was also observed in one adult (patient 7), whose v
T-cell expansion was associated with repertoire changes as
time elapsed (Table 2).

In vivo preferential activation of yd T cells during L. mono-
cytogenes infection. Expression of CD25 and HLA-DR activa-
tion markers was studied on yd and «f3 T cells obtained from
infected and uninfected individuals. CD25 expression (Fig. 2A)
on both types of T cells from controls and patients was un-
changed. In contrast, HLA-DR expression (Fig. 2B) on v T
cells from infected patients was significantly higher than from
controls (19.8% [median] and 0.9 to 87.6% [range] versus 2.3%
and 0 to 4.7% [P < 0.01]), while no significant change was
found on a3 T cells. This enhanced HLA-DR expression on yd
T cells occurred before the 15th day after the onset of the acute
phase of the infection (Table 4).

Moreover, analysis of CD45RA (naive cells) and CD45RO
(memory cells) indicated that the majority of yd T cells from
infected patients were CD45RO"#" (Table 4). Especially
in Listeria-infected newborns, most yd T cells expressed
CD45RO, while control newborns, as reported in the literature
(4), had only a minority of CD45RO™ 3 T cells (Table 3).
These results argue for in vivo preferential activation of vy T
cells during Listeria infection.

In vitro activation of yd T cells in response to HKLM. An
early yd T-cell response has been reported during murine
listeriosis (14). To determine whether different kinetics of ac-
tivation were at play between yd and af3 T cells in response to
HKLM, every day for 7 days we measured the expression of
CD25 and HLA-DR molecules on y3 and a8 T cells obtained
from three different healthy donors and cultured in the pres-
ence of HKLM (Fig. 3A) or PHA (Fig. 3B). On 3 T cells,
CD25 expression in response to HKLM peaked on day 3 and

TABLE 4. In vivo expression of activation markers on yd and of8 T cells during L. monocytogenes infection

Patient No. of days % vd T cells % ofy T cells
no. after onset CD25* HLA-DR* CD45RA™ CD45RO™ CD25™" HLA-DR* CD45RA* CD45RO™

1 5 0.4 60.8 37 75 8 5.5 57 21
60 0.8 0.4 46 72.5 4.5 0.8 68 36

2 4 NT“ 26 NT NT NT 8 NT NT
15 0.1 8 32 61 3.7 54 79 13

3 2 2.2 8.4 22 43 1.6 0.6 76.2 7.9
15 0.5 0.8 26 74 4.7 0.6 82 13

30 2 0.2 35 52 0 0.3 80.3 8.2
4 4 0.1 12.5 NT 80.8 1.9 1.3 NT 28

8 0.1 13.5 NT 86.5 1.5 2.5 NT 30.9
42 0.1 5.6 52 80 0.9 5.6 68 33

180 0 0 44 NT 1 1.1 71 NT

365 NT 0 44 NT NT 0.1 73 NT

5 4 2.4 41 30.5 83 2.6 22 53 315
6 24 0 0.1 31 83 0 0 54 58
31 0 0.9 27 62 1 0 58 50
42 0 0 37 77 1.3 0.8 58 50

7 2 1.2 9.6 65 329 3.5 2 36.4 43.4
7 0.5 87.6 14 57 9.5 12.5 28 47

15 0.5 69.6 18.3 50.4 2.7 6.3 335 46.5
8 3 0.4 2.7 55 50 1 4.1 60 37
9 33 10.5 44 56 1.2 8.2 60 41
16 1 1.2 50 49 2.5 2.1 70 33

“ NT, not tested.
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FIG. 3. Kinetics of CD25 and HLA-DR expression on yd and o8 T cells in
response to HKLM. PBMC (2.5 X 10° cells/ml) from three healthy donors (A, O,
<) were cultured in the presence of either HKLM (5 X 107 cells/ml) (A) or PHA
(10 pg/ml) (B) for 7 days. Three-color cytofluorometric analysis was performed
daily with a MADb specific to CD3, y8 TCR, CD25, or HLA-DR, and the per-
centages of positive yd T cells and o (CD3™ v87) T cells were determined.

HLA-DR expression peaked on days 3 and 4. On aff T cells,
the only reaction to HKLM was a regular but very slight rise in
CD25 expression. In contrast, PHA induced simultaneous in-
creases of CD25 and HLA-DR expression on vyd and o T
cells. These results indicate that a high percentage of y8 T cells
respond rapidly to HKLM stimulation.

Effect of yd T-cell depletion on the cell proliferative re-
sponse to HKLM. To investigate whether the early in vitro
activation of y8 T cells induced by HKLLM was associated with
proliferation of yd T cells, we studied the proliferative capac-
ities of PBMC and 3 T-cell-depleted PBMC (residual yd T
cells, <0.1%) obtained from three different healthy donors in
response to HKLM. Figure 4 shows that yd T-cell depletion
reduced the lymphocyte proliferative response to HKLM while
vd T-cell-depleted PBMC still had a high proliferative re-
sponse to PHA (data not shown). These results confirm the
involvement of yd T cells in early lymphocyte proliferation in
response to HKLM.

INFECT. IMMUN.

DISCUSSION

Several experimental models have indicated that yvd T cells
play an important role during the early phase of listeriosis (9,
15, 25, 28). However, only a few studies have been performed
with humans (2, 6, 8, 26). The present study, which included
both adults and children, demonstrated that y& T cells were
expanded in vivo during L. monocytogenes infection and con-
firmed results obtained in the only previous in vivo analysis
carried out with newborns and children (2).

Expanded vd T cells were activated, as demonstrated by
their increased expression of HLA-DR, expressed a memory
phenotype, and used the Vy9 and V&2 gene products predom-
inantly. These changes were observed in all patients tested,
regardless of age. Thus, the immaturity of neonatal immune
systems and the alteration of immune function present in el-
derly individuals do not prevent expansion and activation of y3
T cells. That these yd T-cell modifications occurred early,
within the first few days of infection, strongly suggests the
participation of y8 T cells. This was confirmed by in vitro
analyses, which showed that HKLLM induced early activation of
a high percentage of vy T cells and that vy T-cell depletion
reduced this early proliferative response of PBMC to the bac-
teria. Interestingly, proliferative response to HKLM by Vy9
and V32 mycobacterium-specific clones has been reported pre-
viously (6). These results bolster those previously obtained by
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FIG. 4. Effect of yd T-cell depletion on the PBMC proliferative response to
HKLM. PBMC (A) and PBMC depleted of y3 T cells with magnetic beads (B)
from three healthy donors (X, O, A) were cultured (1.5 X 10° cells per well) in
the absence (-) or presence (—) of HKLM (bacterium-to-cell ratio, 20:1) for 7
days. [*’H]Thymidine incorporation was measured from day 2 to 7. On day 0, the
percentages of yd T cells in the three different blood samples were 1.7 (donor 1),
2.7 (donor 2), and 5.2 (donor 3). The residual percentage of yd T cells in
depleted PBMC was <0.1%. Mean counts per minute of triplicate cultures are
shown.
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others (8, 10, 26) and further support the role of y8 T cells
during human Listeria infection.

In particular, the kinetic study of activation markers ex-
pressed by vd T cells clearly may indicate the early response of
a high number of y3 T-cell precursors compared to o3 T cells.
This result should be viewed in light of data obtained from
mouse models of Listeria infection which showed that the vd
T-cell response preceded that of aff T cells and contributed to
host defense at the early stage of infection (25, 28). Interest-
ingly, in the present study, the y8 T-cell population was still
expanded in some patients 4 to 8 weeks after the onset of
infection (Table 2) even though listerial antigenemia had dis-
appeared, an observation which is not unique to Listeriosis
since it has been previously reported for Salmonella spp. (12),
Brucella melitensis (1), and Plasmodium falciparum (32) infec-
tions. This observation suggests that yd T cells, in addition to
their participation in host defense, may have immunoregula-
tory functions (9, 16, 22, 25) and thus may have two different
functional properties.

The molecular structures responsible for the early activation
of vd T cells are still unknown. The only Listeria antigen re-
ported to induce yd T-cell response is the exotoxin listeriolysin
O. This virulence factor is an antigen common to yd and af T
cells. However, the anti-listeriolysin O response was selectively
obtained with live Listeria but not with HKL.M (10), suggesting
that the yd T-cell response observed in our study involved
molecules different from listeriolysin O. Among the known
ligands of vyd T cells, two are of particular interest because of
their wide distribution in prokaryotic and eukaryotic cells: heat
shock proteins and phospholigands (3, 5, 19-21, 23, 29, 30, 34).
In humans, both types induce a response limited to yd T cells
expressing the Vy9 and V32 gene products (20). However,
some previously reported data indicate that the response to
protease-resistant phospholigands in human infection seems to
be more important than that mediated by heat shock proteins
(19, 20, 29). Further studies are needed to determine the
structures involved in the y38 T-cell response during Listeria
infection.

Alternatively, y8 T-cell activation could be obtained via non-
TCR-dependent stimulation. In this regard, a cytokine-depen-
dent response has been shown to contribute to early yd T-cell
response. For example, during murine Listeria infection, mac-
rophage cytokines, interleukins 12 and 1, synergize to trigger
proliferation and gamma interferon production by y8 T cells in
response to HKLM (36); during murine Salmonella infection,
interleukin 15 synthesized by activated monocytes and/or mac-
rophages serves as a growth factor for yd T cells (27). How-
ever, such unique cytokine-dependent stimuli cannot explain
the selective Vy9 and Va2 repertoire expression during the
response to Listeria or other bacterial infections.

Regardless of the mechanism(s) of activation, these data
indicate that L. monocytogenes should be added to the list of
pathogens (1, 12, 32, 33) that induce a yd T-cell response in
humans. In this context, the antigenic pressure exerted by
various microorganisms may be responsible for the preferen-
tial expression of the V-y9 and V32 repertoire in adults (4), as
strongly suggested by the data obtained from our three new-
born patients, in whom marked increases of yd T-cell percent-
ages and shifts towards the yd T-cell repertoire were observed
during the first days of life.

Finally, one can propose that y8 T cells are an important
component of the early immune response to Listeria. The pres-
ence of yd T cells in the intestinal mucosa and the peroral
route of Listeria infection suggest that these T cells may con-
stitute a first line of defense against the pathogen. The rapid
response of numerous reactive y8 T cells induced by Listeria
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antigen(s) may fill the gap between the innate response medi-
ated by NK cells and inflammatory phagocytes and the highly
specific immune response mediated by few aff T-cell-reactive
precursors (13).
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