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Introduction

The establishment of an effective and regulated immune
response directed against Leishmania is critical for resolution
of infection and limitation of pathology. Leishmaniasis is
considered as an emergent and re-emergent disease and
encompasses visceral and tegumentary forms, including
cutaneous and mucocutaneous forms [1-3]. Infection with
the protozoa parasite Leishmania braziliensis can cause
several clinical forms of disease, and in Brazil it is responsible
for at least two major clinical forms: cutaneous (CL) and
mucosal (ML) leishmaniasis [1,2]. Human tegumentary
leishmaniasis is usually limited to the skin and lymphatic
system, but it may recur in the mucous membranes of the

mouth, nose or pharynx in ML [4,5].
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Summary

Leishmaniasis is caused by infection with the protozoan parasite, Leishmania,
that parasitizes human cells, and the cellular immune response is essential for
controlling infection. In order to measure the host T cell response to Leish-
mania infection, we have measured the expansion, activation state and func-
tional potential of specific T cells as identified by their T cell receptor V
region expression. In a group of cutaneous leishmaniasis (CL) patients, we
evaluated these characteristics in nine different T cell subpopulations as iden-
tified by their VP region expression, before and after specific Leishmania
antigen stimulation. Our results show: (1) an increase in CD4" T cells express-
ing VP 5-2 and VP 24 in CL compared to controls; (2) a Leishmania antigen-
induced increase in CD4* T cells expressing VP 5:2, 11, 12 and 17; (3) a profile
of previous activation of CD4* V[ 5-2-, 11- and 24-positive T cells, with higher
expression of CD45R0O, HLA-DR, interferon-y, tumour necrosis factor-a and
interleukin-10 compared to other VB-expressing subpopulations; (4) a posi-
tive correlation between higher frequencies of CD4*VB5-2* T cells and larger
lesions; and (5) biased homing of CD4* T cells expressing VP 52 to the lesion
site. Given that CL disease involves a level of pathology (ulcerated lesions) and
is often followed by long-lived protection and cure, the identification of spe-
cific subpopulations active in this form of disease could allow for the discov-
ery of immunodominant Leishmania antigens important for triggering
efficient host responses against the parasite, or identify cell populations most
involved in pathology.

Keywords: CD4 T cells, cytokines, human leishmaniasis, T cell receptor, tegu-
mentary lesions

In experimental CL, development of protective immu-
nity is dependent upon the generation of specific cytokine-
producing T cells with a regulated T helper type 1 (Thl)-
like profile [6,7]. In the majority of CL patients, effective
cell-mediated immunity, as evidenced by a positive
delayed-type hypersensitivity (DTH) reaction [8,9], as well
as production of interferon (IFN)-y and tumour necrosis
factor (TNF)-o by peripheral T cells and cutaneous lesion
cells found in inflammatory infiltrates, show the same
profile seen in experimental models [10-13]. IFN-y is an
important cytokine that activates infected macrophages to
eliminate parasites and improve antigen processing and
presentation, as well as aiding in creating an effective
microenvironment for generation of Thl T cells. At the
same time, the lack of proper regulation of this response
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may lead to the formation of exacerbated lesions, as seen in
mucosal disease [12—14].

Recently, we demonstrated that Leishmania-specific T
cells from CL patients displayed a regulated inflammatory T
cell response as measured by correlation between the fre-
quency of proinflammatory (IFN-y and TNF-a)) and anti-
inflammatory (IL-10) cytokine-producing cells [10,13].
Interestingly, our group also observed positive correlations
between immunological and clinical measurements in CL
patients. This work demonstrated a positive correlation
between the Montenegro skin test (MST) size and the fre-
quency of recent activated CD4* T cells analysed ex vivo.
Moreover, the larger the lesions, the higher the frequencies
of inflammatory cytokine (IFN-y or TNEF-o)-producing
Leishmania-specific lymphocytes [15].

Given that specific T cell responses against Leishmania
antigens play a critical role in the formation of protective and
pathogenic immune responses in human leishmaniasis, it is
clear that the elucidation of which T cell subpopulations are
involved in the response will aid in the identification of
possible dominant antigens used by the human immune
response. Thus, we designed the present study to identify T
cells involved in possible dominant responses with the hope
of one day using them as tools for identifying dominant
antigens and understanding more clearly the progression of
human disease and the formation of protective responses in
human CL.

The /B T cell repertoire is made up of T cells expressing
diverse T cell receptors (TCR) composed of disulphide-
bound o and 3 TCR chains. These TCR recognize antigens as
peptides bound to major histocompatibility complex
(MHC) molecules [16] that, together with co-stimulatory
molecules, develop an effective immune response [17]. The
o and 3 chains are the most common among peripheral T
cells and are composed of subregions V and J, or V, D and J,
respectively, which combine to provide the TCR’s fine
specificity. Antigen recognition diversity is generated in part
by the use of specific V region gene segments encoding for
each polypeptide chain of the TCR [18,19].

Furthermore, study of the T cell receptor (TCR) repertoire
can contribute to understanding disease pathogenesis and,
for this reason, has been an important focus of research in
several diseases [20-22]. Studies of the TCR VP repertoire
have also described the role played by microbial toxins or
superantigens in activating the human immune system
[23,24]. Superantigen stimulation of the immune system or
stimulation by dominant antigens leads to proliferation of
specific T cell populations followed by clonal deletion [25].

In human leishmaniasis, the adaptive immune response is
predominantly T cell-mediated. It has been demonstrated
that the predominant T cells in CL lesions bear the oy TCR
[26,27]. Studies using polymerase chain reaction (PCR) in
CL patient lesions caused by L. braziliensis have demon-
strated that the TCR V[ repertoire presented expansions of
VP families 3, 6:6/6:7 and 7 in 50% of the patients studied;
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however, as CD4" and CD8* T cells were not separated, inter-
pretation of what proportion of these dominant responses
are due to CD4" or CD8" or both is impossible [28]. Another
study has shown an expansion of CD4" and CD8" T cells
expressing VP 12 after stimulation with soluble Leishmania
antigen (SLA) of L. amazonensis among CL patients infected
with L. braziliensis, and thus points to this population as a
dominant responding population in this disease [29]. Spe-
cific subpopulations of T cells can be identified using mono-
clonal antibodies directed against the TCR [ chain region
and thus, using flow cytometry, we are able to examine the
relative frequency, activation state and functional activity of
these populations either ex vivo or after specific antigenic
stimulation in vitro. Eventually, through the identification of
specific T cell populations involved in the response, we can
use this information to identify antigens involved in the
response against Leishmania. Thus, to understand more
clearly the role that subpopulations of CD4" T cells express-
ing distinct VP usage may have in the human immune
response against L. braziliensis, we analysed the TCR Vf3
repertoire as well as activation state, memory markers and
the cytokine profile of these cells, focusing on populations
that may be involved actively in the formation of protective
or pathogenic immune responses. We also performed corre-
lations between the frequency of proinflammatory and anti-
inflammatory cytokines, as well clinical indicators related to
human CL.

Materials and methods

Ethics statement

These studies were approved by the National Ethical Clear-
ance Committee of Brazil (CONEP), as well as by the UFMG
and UFBA local Institutional Review Boards, all of which
adhere to the principles laid out in the Declaration of
Helsinki. All participants in this study provided informed
written consent.

Patients and controls

The peripheral blood mononuclear cells (PBMC) analysed
were obtained from 12 infected individuals from the village
of Corte de Pedra, in the state of Bahia, Brazil, an area
endemic for leishmaniasis caused by L. braziliensis infection.
The data presented are from a group of 12 individuals,
ranging between 14 and 50 vyears of age (mean
25-08 * 11-15). Cutaneous lesions (n = 3) were collected at
the Corte de Pedra health-care facility. Diagnosis of leishma-
niasis was based on clinical findings, a positive skin test for
Leishmania antigens [30-32] and/or positive parasitological
examination. All presented with one or more ulcerated
lesions between 8 days and 4 months of duration. None of
the individuals had been treated previously for leishmaniasis
and reported no previous infections with Leishmania. The
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blood was drawn immediately before treatment was
initiated. All individuals participated in the study through
informed consent, and received treatment whether or not
they chose to participate in the study. PBMC were also
obtained from a group of six healthy donors from Bahia,
Brazil, with ages ranging between 23 and 33 years (mean
276 = 3:97).

Skin biopsy procedure

Skin fragment specimens were taken from the borders of
active lesions, using a 4-mm-diameter punch, after applica-
tion of a local anaesthetic. Lesions were maintained in a 30%
sucrose solution for 30 min at 4°C and then transferred to
octreotide (OCT) Tissue Tek (Sakura Seiki Co. Ltd, SSC and
SCL, Tokyo, Japan) freezing medium and placed immedi-
ately in dry ice. The material was stored at —70°C until analy-
sis, as described in Faria et al. [12].

L. braziliensis antigen

The SLA of L. braziliensis was provided by the Leishmaniasis
Laboratory (ICB/UFMG/Brazil; Dr W. Mayrink) and is a
freeze/thawed antigen preparation. Briefly, L. braziliensis
promastigotes (MHOM/BR/75M2903) were washed and
adjusted to 10° promastigotes/ml in phosphate-buffered
saline (PBS) (Sigma-Aldrich, St Louis, MO, USA) followed
by repeated freeze/thaw cycles and a final ultrasonication.
After centrifugation the supernatant was harvested and the
protein concentration was measured using the Lowry
method. All antigens were titrated using PBMC from
patients infected with L. braziliensis.

Preparation of PBMC

PBMC from cutaneous leishmaniasis patients and non-
infected individuals were obtained by separating blood cells
in a Ficoll gradient (Sigma-Aldrich), as described by
Gazzinelli et al. [33]. Cells were washed three times in media
and counted. PBMC from cutaneous leishmaniasis patients
and non-infected individuals were used for in vitro culture
TCR-usage analysis. Cultures were set up using a concentra-
tion of 2-5x 10° cells in 96-well plates in the presence or
absence of SLA (10 ug/ml final concentration) and were
incubated for approximately 20 h. During the last 4h of
culture, Brefeldin-A (Sigma-Aldrich) (1 ug/ml), which
impairs protein secretion by the Golgi complex, was added to
the cultures. After the incubation period, cultures were har-
vested and submitted to flow cytometric analysis to evaluate
T cell repertoire, surface markers and cytokine profile.

Monoclonal antibodies (mAbs)

The antibodies used for staining were immunoglobulin fluo-
rescein isothiocyanate (FITC) and phycoerythrin (PE) con-
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trols (PharMingen, San Diego, CA, USA), anti-Vp2-biot,
anti-VPB3-biot, anti-VB5-1-biot, anti-V[5-2-biot, anti-V11-
biot, anti-VB17-biot, anti-V( 24-biot (Immunotech,
Burlingame, CA, USA) anti-VB8-FITC, anti-V 12-FITC
(Immunotech), SA-FITC (PharMingen), anti-CD69 PE
(Ebioscience, San Diego, CA, USA), anti-HLA-DR-PE,
anti-CD45RO-PE  (PharMingen) and anti-CD4-PE-Cy5
(Ebioscience). The anti-cytokines antibodies used were
PE-labelled anti-IFN-y, anti-TNF-o (PharMingen) and anti-
IL-10 (Caltag, Carlsbad, CA, USA).

Cell surface and single-cell cytoplasmic cytokine
staining

PBMC were analysed for their repertoire, surface markers
and intracellular cytokine expression pattern. Briefly,
2:5x 10° PBMC were cultured in 96-well plates in 200 ul
cultures for 20 h with either media alone or SLA (at 10 pg/ml
final concentration). Brefeldin-A (1 pg/ml) was added
during the last 4 h of culture to impair protein secretion,
allowing for cytokine intracellular staining, as performed
previously by us [11]. The cells were then stained for T cell
receptor VP repertoire and surface markers, and fixed using
4% formaldehyde (Sigma-Aldrich). Cells were then perme-
abilized with a solution of saponin (Sigma-Aldrich) and
stained, for 30 min at 4°C, using anti-cytokine monoclonal
antibodies directly conjugated with PE. PE-labelled immu-
noglobulin control antibodies and a control of unstimulated
PBMC were included in all experiments. Preparations were
washed and fixed as described in the previous section and
analysed using fluorescence activated cell sorter analysis
(FACS), selecting the total lymphocyte population (Fig. 1).
In all cases both cytokine and surface marker staining were
associated with T cell receptor VP repertoire staining for
studying the expression of cytokines and surface markers
together and the phenotype of the cells that produced them.
At least 40 000 gated events were acquired for later analysis.

Flow cytometry data analysis

CD4" T lymphocytes were analysed for their T cell receptor
VB repertoire, intracellular cytokine and surface marker
expression patterns and frequencies using the CellQuest
program (Becton & Dickinson, San José, CA, USA) and
FlowJo program (Tree Star, Ashland, OR, USA). Limits for
the quadrant markers were always set based on negative
populations and isotype controls. Three different fluoro-
chromes were associated for each analysis, for example, anti-
VB-biot-SA-FITC, anti-X-PE, with X representing a surface
marker or a cytokine and anti-CD4-PE-Cy5 (Fig. 1). In this
manner, for example, the region upper right of the dot-plot
was selected, where the cells were double-positive for VP
(FITC) and CD4 (PE-Cy5) (Fig. 1) and then histograms were
generated for evaluation of frequency of cells producing the
given surface markers or cytokines (Fig. 1).
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Fig. 1. Representative flow cytometry graphs of
CD4" T cells expressing distinct V[ region from
cutaneous leishmaniasis patients. Peripheral
blood mononuclear cells (PBMC) from
cutaneous leishmaniasis patients were stained
after culture and analysed using flow cytometry
as described in Materials and methods.

Flow cytometry dot-plots and histograms
demonstrate the data analysed in CD4* T
lymphocytes expressing different VP regions.

Histological and immunofluorescence staining

Individual 4-5-um cryosections were prepared as described
by Faria etal. [12]. Briefly, cryosections were placed in
silane-precoated slides and fixed for 10 min with acetone
(Merck, Damstadt, Hessen, Germany). Slides were incubated
with PBS for 30 min and subjected to either haematoxylin
and eosin staining or immunofluorescence staining using
specific monoclonal antibodies. Standard haematoxylin and
eosin (Merck) staining was performed to ensure tissue integ-
rity, as well as for evaluation of the intensity of the inflam-
matory infiltrate. Immunofluorescence reactions involved
incubation with labelled monoclonal antibodies directed to
surface receptors VP 2 FITC and CD4 (PE-Cy5) or V(3 5-2
FITC and CD4 PE-Cy5. Sections were incubated with anti-
body mixtures overnight at 4°C. After staining, preparations
were washed extensively with phosphate-buffered saline,
counterstained ~ with  4’,6’-diamidino-2-phenylindole
(DAPI), and mounted using Antifade mounting medium
(Molecular Probes, Eugene, OR, USA). Slides were kept at
4°C, protected from light, until acquisition in a laser scan-
ning confocal microscope (Zeiss, Jena, Turingia, Germany).
Isotype controls (Caltag) were analysed separately to
confirm the lack of non-specific staining.

Haematoxylin and eosin-stained sections were analysed
using light microscopy (Axiovert, Zeiss-Jena, Turingia,
Germany). We analysed 16 fields/sample using a power mag-
nification of 400x. Confocal analysis were performed using a
Meta-510 Zeiss laser scanning confocal system running
LSMix software (Zeiss-Jena) coupled to a Zeiss microscope
(Axiovert 100) with an oil immersion Plan-Apochromat
objective (63X, 1-2 numerical aperture) and Bio-Rad MRC
1024 laser scanning confocal system running LaserSharp 3-0
software (Bio-Rad, Hercules, CA, USA) coupled to a Zeiss
microscope (Axiovert 100) with a water immersion objective

© 2011 The Authors
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(40%, 1-2 numerical aperture). A water-cooled argon ultra-
violet (UV) laser (488 nm) or a krypton/argon laser was used
to excite the preparation (through its 363-nm; 488-nm or
633-nm line), and light emitted was selected with band-pass
filters (505/35 for FITC or LP700 for PE-Cy5). For DAPI
visualization a mercury lamp was used to excite the prepa-
ration (through its 20/80 nm line), and light emitted was
selected with band-pass filters (363/90 for DAPI). For each
section, the inflammatory infiltrate present in the connective
tissue adjacent to the epithelia was located and an area pre-
senting with a uniform infiltrate was selected for analysis.
Within this inflammatory area, a minimum of six images
(fields) were collected. Image analysis and processing were
performed with LSMix (Zeiss) or LaserSharp, Confocal
Assistant, Adobe Photoshop (Adobe Systems Incorporated,
San Jose, CA, USA) and Image Tool software (UTHSCSA,
San Antonio, TX, USA). Analyses were performed by count-
ing the total number of cells in six to nine fields acquired and
calculating the average cell number per field for each patient.
This procedure was performed for each parameter analysed,
allowing determination of the total number of inflammatory
cells (total number of DAPI* cells within the inflammatory
infiltrate), the number of FITC (TCR Vf regions) or PE-Cy5
(CD4") single-positive cells, and the number of double-
positive cells. The counts were performed blindly for each
parameter for each patient. The results are representative of
two experiments per patient.

Statistical analysis

Statistical analysis was performed as indicated in each figure
legend. For comparison of means between control versus CL,
individual Student’s t-tests were used for each given
VB-expressing population. For comparison of specific
VB-expressing CD4" T cell populations between media alone
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Table 1. Clinical profile of patients with cutaneous leishmaniasis.

Patient Total lesion Montenegro skin test Time of
identification Sex Age (years) area (mm?)" (MST) (mm?)* lesion (days)®
S1 Male 18 48 n.d. 60
S2 Male 16 255 255 120
S3 Male 14 n.d. 420 60
S4 Male 21 272 240 60
S5 Female 50 n.d. 72 15
S6 Male 28 16 225 8
S7 Male 29 220 210 60
S8 Male 29 90 910 120
S9 Male 18 12 270 35
S10 Male 18 n.d. 442 35
S11 Male 22 270 121 35
S12 Male 21 180 462 120

"Area of two diameters for each lesion or MST. *Time of lesion as reported by the patients; n.d.: not determined.

and SLA, paired Student’s ¢-tests were used. For comparison
of the percentage of cells within each VB population express-
ing a given marker (CD45RO, cytokines, etc.), the data were
treated with the Tukey—Kramer analysis of variance (ANovA)
test within the ymP statistical package (SAS Institute Inc.,
Cary, NC, USA).

All correlation analyses were performed using Spearman’s
correlation coefficient contained within the ymp statistical
package (SAS Institute Inc.) and reported with its associated
r* and P-value.

Results

Clinical characteristics of CL patients

The clinical characteristics of the 12 patients with CL used in
this study are shown in Table 1. All patients were from an
endemic area near Salvador, Brazil (see Materials and
methods) and participated in the study after informed
consent through the donation of peripheral blood. Regard-
less of participation in the study, all patients received medical
care. The patient ages ranged between 14 and 50 years (mean
25-08 = 11-15) and time of lesion, as reported by the patient,
ranged from 8 to 120 days at time the blood was taken and
measurements were made. The total area measured of ulcers
varied from 12 to 272 mm? (mean 151-44 * 103-87). All
patients presented with positive Leishmania skin tests
(MST), while measurements existed for 11 patients, ranging
from 72 to 910 mm?* (mean 329-72 mm?® * 229-66).

Cutaneous leishmaniasis patients displayed a slight
increase in the frequency of T cells expressing TCR V[
5-2 and 24 compared to non-infected controls

We performed a comparative analysis of the frequency of T
cells expressing given VP regions 2, 5-1, 5:2,8, 11, 12, 17 and
24 from CL and from non-infected individuals. The mean
frequency of cells expressing VP 5-2 and 24 was increased
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slightly in the actively infected CL group compared to the
non-infected control group (P = 0-006 and P = 0-02, respec-
tively) (Fig. 2).

In vitro stimulation of PBMC from CL patients with
soluble Leishmania antigen induces an increase in the
frequency of CD4* T cells expressing Vs 5-2, 11, 12
and 17

In order to detect a specific T cell expansion involved in the
anti-Leishmania T cell response in infected CL patients, we
compared the V[ repertoire in vitro of CD4" T cells before
and after stimulation with SLA. We analysed the frequency of
CD4* T cells expressing VB 2, 3, 5-1, 5:2, 8, 11, 12, 17 or 24.
Paired analysis of V3 expression before and after SLA stimu-
lation revealed the specific expansion of CD4" T cells
expressing VP 52, 11, 12 and 17 among the patient group

O Healthy controls
B Patients

—_—

O=NWHAUIONOO©O =N

% VP expressing CD4* T cells

VB2 VP51 VP52 VB8 VP11 VB2 VB17 Vp24

Fig. 2. Differential frequencies of subpopulations of specific V*
CD4* T cells. Comparison between CD4" T cells expressing distinct
VBs from healthy controls (white bars) and patients (black bars)
with cutaneous leishmaniasis (CL) are shown. Peripheral blood
mononuclear cells (PBMC) from control individuals and CL patients
were stained for T cell receptor (TCR) V3 region and CD4 expression
followed by flow cytometry analysis. The bars represent the

mean = standard error for each group. Means were compared using
Student’s ¢-test with a P-value of < 0-05 considered significant;
*significant differences between the means of control and CL
individuals.
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(Fig. 3) using a significance of P < 0-05. In all four cases,
>80% of the individuals displayed an antigen-induced
expansion of the specific Vs, while the other V-expressing
T cells expand only in some patients in response to in vitro
stimulation (Fig. 3).

VB 5-2, 11 and 24 CD4" T cells display a higher
frequency of ‘experienced’ T cells than other
VB-expressing T cells in CL patients

To determine the activation state and previous antigenic
experience of CD4* T cells expressing distinct VB from CL
patients, we evaluated activation and memory molecule
expression (HLA-DR and CD45RO, respectively) within
each VB subpopulation. The proportion of specific
VB-expressing CD4" T cells expressing HLA-DR or CD45RO
was compared among the various V-expressing T cell
populations without in vitro stimulation as a measure of in
vivo experience in actively infected patients. CD4* T cell
subpopulations defined by VB 5-2, 11 and 24 expressed a
higher percentage of CD45RO* T cells compared to all the
other VB-expressing populations studied (Fig. 4a). Interest-
ingly, the same three subpopulations defined by T cells
expressing VB 52, 11 and 24 had a significantly higher
expression of HLA-DR compared to CD4" T cells expressing
VB 2 and VB 5-1. All other CD4" T cell populations displayed
frequencies statistically equivalent to one another (Fig. 4b).
Thus, two indicators of previous in vivo antigenic stimula-
tion (CD45RO, a memory/experienced T cell marker, and
HLA-DR, a late activation marker) are increased in CD4" T
cell subpopulations expressing TCR V3 regions 5-2, 11 and
24, compared to other subpopulations among actively
infected leishmaniasis patients.

The same VP CD4* T cell subpopulations (VB 5-2, 11
and 24) that display a bias ‘experienced’ phenotype
also display an increased frequency of pro- and
anti-inflammatory cytokine expression following
antigenic stimulation in vitro compared to other

VB subpopulations

Effective CD4" T cell responses and subsequent cytokine
production are critical for the cure, and possibly the exacer-
bation, of human leishmaniasis. We have shown previously
that CD4" Thl T cells are associated with human CL [11],
and that these cells are also accompanied by the production
of IL-10 [10]. In addition to co-regulation of the frequency
of IFN-y- and TNF-o-producing T cells, we also identified
co-regulation of IL-10-producing T cells [11]. Interestingly,
higher frequencies of IFN-y-producing T cells were also
associated with lesion size [15]. Thus, in attempts to identify
possible specific T cell subpopulations that could be involved
in these responses, we measured the frequency of individual
VB-expressing CD4" T cell subpopulations producing

© 2011 The Authors
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inflammatory (TNF-o and IFN-y) and anti-inflammatory
(IL-10) cytokines.

The analysis of antigen-specific TNF-o.-producing CD4*
T cells within each VB-expressing subpopulation revealed a
diverse array of frequencies as expected, given the complex
nature of Leishmania and the hundreds, if not thousands, of
possible antigenic peptides contained within Leishmania
antigenic preparations. However, of all the VP subpopula-
tions analysed, three (VP 5-2, 11 and 24) displayed a signifi-
cantly higher frequency of TNF-o.-producing cells compared
to all but one of the other V(3 (that defined by V3 12) sub-
populations (Fig. 5a).

The same general profile was seen for the frequency of
cells expressing IFN-y, with T cells expressing VP 5-2, 11 and
24 also having a higher commitment to IFN-y production
compared to at least four other VB families (Fig. 5b). In
order were V3 5-2 (greater than V3 2, 5-1, 8 and 17), followed
by VB 11 and 24 (greater than VP 2, 5:1, 8 and 17).

Finally, given that our earlier published studies have
shown a consistent co-production of IL-10 together with
IFN-y and TNF-o [1], we analysed the frequency of IL-10-
producing cells among the same V[ subpopulations
(Fig. 5¢). Again, the same V-expressing CD4" T cells (VP
52, 11 and 24) displayed a higher frequency of antigen-
induced IL-10-producing T cells than at least four of the
other VB-expressing T cells. In order were V[ 52 (greater
than VB 2, 51, 8 and 17), followed by VP 11 and 24 (greater
than VB 2, 3,5:1,8, 12 and 17). In all cases we reported only
VB subpopulations that displayed a significantly higher per-
centage of cells through analysis of all pairs using the Tukey—
Kramer ANOVA test.

Thus, these results suggest a disproportionate role for a
group of CD4" T cells expressing VP 5:2, 11 and 24 that are
highly committed to the response against Leishmania, and
express cytokine and activation profiles consistent with a
regulated, yet activated T cell response.

A positive correlation between IFN-y- and TNF-o-
producing CD4" T cells was identified among restricted
VB subpopulations

To investigate the possibility that specific subpopulations of
CD4" T cells defined by VP expression were involved in the
formation of the co-regulated cytokine response among T
cells producing IFN-y and TNF-q,, as we demonstrated for
the total CD4" T cell population in an earlier publication
[10], we performed a correlation analysis between the fre-
quency of specific CD4" V3-expressing T cells producing
IFN-y or TNF-o with one another following SLA
stimulation.

Of the three VB subpopulations that showed a higher
SLA-specific production of IFN-y and TNF-o. compared to
the other VB subpopulations, both CD4" T cells expressing
VB 5:2 and 11, but not V3 24, showed a positive correlation
between the frequency of T cells expressing TNF-o. and
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Leishmania antigen (SLA)-10pg/ml]. After 20 h
of culture, PBMC were stained for VP regions
and CD4 expression as described in Materials
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Fig. 4. CD45RO and Human Leucocyte Antigen-DR (HLA-DR)
expressing CD4" T cells bearing different V[ regions of T cell receptor
(TCR). Peripheral blood mononuclear cells (PBMC) from cutaneous
leishmaniasis patients were stained for VP region, HLA-DR, CD45RO
and CD4 expression and analysed as described in Materials and
methods. The graphs represent the frequency of CD45RO (a) and
HLA-DR (b) within CD4" T cells expressing different V[ regions
without stimulus. CD4" T cells expressing V3 5-2, 11 and 24 had a
higher CD45RO and HLA-DR expression when compared with other
V-specific CD4* T cell subpopulations. The data represent the

mean * standard error for each Vp region without in vitro
stimulation. All groups have n =12 except for VB 12, which had n=6.
*P =< 0:05 for the indicated V3 subpopulations compared to the other
populations using analysis of variance Tukey—Kramer test.

IFN-y (Fig. 6a and b). Of all the subpopulations analysed, in
addition to these two subpopulations, only T cells expressing
VP regions 8 and 17 also had this correlation (Fig. 6¢ and d).
Interestingly, VP 17-expressing cells, despite showing an
expansion following SLA stimulation in CL patients, did not
display higher frequency of activated or cytokine-producing
cells compared to the other subpopulations.

Proinflammatory IFN-y and TNF-o are correlated
positively with anti-inflammatory IL-10 cytokines
among CD4" T cells expressing VP 5:2 or 24 regions

In CL patients, cytokine-producing cells can be related to
cure or exacerbation of disease and may be associated with a
regulated or unregulated cellular immune response. In our
earlier study we demonstrated co-regulation of inflamma-
tory with anti-inflammatory CD4" T cells in CL disease [10].
In order to understand more clearly the possible role of the
specific V3 CD4* T cell subpopulations in CL disease, corre-
lation analyses were performed between the frequency
of proinflammatory (IFN-y and TNF-a) and anti-
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inflammatory (IL-10) cytokine-producing cells for each of
the specific VB CD4" T cell subpopulations following stimu-
lation with SLA.

Among the three VP families that demonstrated higher
frequencies of TNF-o-, I[FN-y- and IL-10-producing cells,
two of them, VP 5-2 and 24, demonstrated strong positive
correlations between the frequency of cells producing IL-10
and TNF-o or IFN-y (VP 5-2) (Fig. 7). In addition, the V3 8
subpopulation (P =0-02, data not shown) demonstrated a
positive correlation.
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Fig. 5. Antigen-specific stimulation increases expression of tumour
necrosis factor (TNF)-a, interferon (IFN)-y and interleukin (IL)-10
cytokines in CD4" T cells bearing distinct Vf regions of T cell
receptor (TCR). Peripheral blood mononuclear cells (PBMC) from
cutaneous leishmaniasis patients were maintained in culture without
stimulus, as well as with soluble Leishmania antigen (SLA-10pg/ml).
After approximately 20 h of culture, PBMC were stained for V3
region, TNF-o,, IFN-y, IL-10 and CD4 expression. Data were collected
using flow cytometry and analysed using FlowJo software.

(a) TNF-a-producing CD4" T cells expressing different V3 regions;
(b) the graphs represent the frequency of IFN-y within CD4" T cells
expressing different VP regions and (c) frequency of IL-10 within
CD4" T cells expressing different VP regions. The data represent the
mean * standard error for each V[ region with SLA (white bars). All
groups have n = 12 except for VP 12, which had n=6. *P =< 0-05 for
the indicated VP subpopulations compared to at least four of the
other VP populations using analysis of variance Tukey—Kramer test.
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between expression levels of IFN-y and TNF-o
in CD4" T cells expressing Vf 17. Correlation
analyses were performed using Spearman’s
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considered significant with P < 0-05; n =12 in
all cases.

CD4* T cells expressing VP 5-2 are correlated with
larger lesion sizes

Our earlier data demonstrated a direct correlation between
the frequency of both activated T cells and IFN-y-producing
lymphocytes and the size of ulcerated cutaneous lesions in
CL disease [15]. Thus, it was of great interest to verify if any
of the specific CD4" V3 subpopulations also correlated with
lesion size as a method of identifying possible T cell sub-
populations involved with the local immune response and
possible tissue damage. Interestingly, correlation analyses
revealed a positive correlation between higher frequencies of
VB 52 CD4" T cells and larger lesion areas (Fig. 8).

Thus, three VB subpopulations (VB 5-2, 11 and 24) were
identified as having a significant and consistent bias towards
involvement with the anti-Leishmania response as measured
by a variety of indicators, such as overall frequency, portion
of cells committed to an ‘experienced’ phenotype and cytok-
ine production. One of these, V3 5-2, also showed a positive
correlation with lesion size.

CD4* VP 5-2-expressing T cells accumulate in the
lesion compared to their frequency in the blood

Given that there is intense trafficking of lymphocytes from
the local draining lymph nodes through the blood and
to lesions, we have seen that the blood often reflects what
is happening at lesion sites in CL and mucosal disease
when considering the overall immunoregulatory profile
[10,12,13,34]. However, specific T cell subpopulations could
be expected to accumulate in lesions if they express receptors
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specific for a prevalent antigen. This preferential accumula-
tion would be identified by a higher percentage of cells
expressing a given TCR V[3 segment in the inflammatory
infiltrate compared to the percentage of these same TCR
VB-expressing cells in the blood.

Given the positive correlation of CD4* V3 5-2-expressing
T cells with lesion size and their greater frequency of activa-
tion and cytokine production as measured by all criteria
examined in this study, we analysed the percentage of these
cells among CD4" T cells in the inflammatory infiltrate of
lesions from a group of CL patients. In addition, we deter-
mined the percentage of CD4" VP 2-expressing T cells
among CD4" T cells as a control population that did not
show an increase in activation or cytokine production com-
pared to the other populations. Strikingly, CD4* VB5-2 + T
cells account for 29-3 = 5% of the CD4" T cells on average
(n=3), while CD4* VP2 + T cells account for 21-3 = 7% on
average (Fig.9). Thus, CD4" VPB5:2+T cells showed an
approximately 15-fold increase, on average, in the lesions
compared to their frequency in blood, while CD4* V2 + T
cells did not show a significant increase.

Discussion

The human immune system joins a variety of factors to
combat infection, while maintaining a well-balanced state
within the host. Upon infection, the necessity to combat the
pathogen, while maintaining this balanced state, is key for
the health of the host. Understanding the events that lead to
effective cellular immune responses in humans infected with
intracellular pathogens such as Leishmania is key to the
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development of effective vaccines, immunotherapeutic
approaches and specific diagnostics. To elucidate fully the
role of T cells in the establishment and maintenance of effec-
tive immune responses to pathogens it is critical to study the
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Fig. 7. Proinflammatory cytokines and interleukin (IL)-10-producing
antigen-specific cells are correlated with CD4" T cells expressing
different V3 regions. Correlation between the frequencies of
interferon (IFN)-y or tumour necrosis factor (TNF)-o and IL-10 in
CD4" T cells expressing VP region of T cell receptor (TCR) analysed
in vitro of cutaneous leishmaniasis patients (n = 12). (a) Demonstrates
the positive correlation between expression levels of IFN-y and IL-10
in CD4" T cells expressing VB 5-2 after soluble Leishmania antigen
(SLA) stimulation; (b) positive correlation between TNF-o. and IL-10
expressing antigen-specific CD4* T cells bearing V 5-2; (c) positive
correlation between TNF-o.- and IL-10-expressing CD4* T cells
bearing VP 24, after SLA stimulation. Correlation analyses were
performed using Spearman’s correlation coefficient and results were
considered significant with P < 0-05; n =12 in all cases.

<

dynamics of specific T cell subpopulations in individuals
infected with pathogens.

One powerful way to monitor the T cell response is by
studying individual T cell subpopulations based on their T
cell receptor expression. Due to the availability of a panel of
anti-VB TCR monoclonal antibodies, together with multi-
parameter flow cytometry, we are able to follow the progres-
sion of T cell responses in infected patients with the hope of
identifying specific T cell subpopulations that are most
involved in the establishment of a protective or pathogenic
immune response. We are able to determine the involvement
of these subpopulations by studying not only the frequency
of these specific subpopulations, but also the functional
status via cytokine production and activation state by
looking at memory and activation markers.

1.4

% VB5-2 in CD4*
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Q
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Fig. 8. VP 5-2-expressing CD4" T cells are correlated with clinical
characteristics. Correlation between lesion area (mm?) and the
frequency of CD4" T cells expressing the T cell receptor (TCR) Vf3 5-2
region after soluble Leishmania antigen (SLA) stimulation was
performed. The correlation analysis was performed using Spearman’s
correlation coefficient and results were considered significant with

P < 0-05. A total of nine patients were included in this analysis for
which lesion area measurements were available.
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Fig. 9. Analyses of CD4" T cells expressing V[ region in cutaneous

leishmaniasis (CL) lesions. Representative images from confocal
microscopy analyses for determination of frequency of CD4" cells
expressing VB 5-2 (a) and VB 2 (b) in CL lesions. Tissue sections were
stained with fluorescein isothiocyanate (FITC)-labelled anti-Vf 2 or
VP 5-2 and anti-CD4 phycoerythrin (PE) cyanin 5 (Cy5)-labelled
monoclonal antibodies and counterstained with
4’,6’-diamidino-2-phenylindole (DAPI), as described in Material and
methods. The five optical sections for each patient were obtained
simultaneously with lines 363, 488 and 633 of the agon/krypton laser
and the proper filters. Overlays for VB 2 or VB 5-2 (green), CD4 (red)
and DAPI (blue) in CL lesions are shown. Cells that are
double-positive for CD4 and VB 2 or VB 5-2 appear in yellow. Three
CL lesions were analysed.

Through studies of the T cell repertoire, one can detect
dominant T cell responses directed against specific MHC-
peptide or major histocompatibility complex (MHC)-
superantigen complexes [19,28]. Thus, by using flow
cytometry to measure subpopulations of T cells based on
their VP TCR chain from actively infected individuals, we
aimed to determine the role of specific subpopulations in
human CL.
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Previous work studying the T cell repertoire in human and
experimental infectious diseases has been carried out with
the goal of identifying specific cellular subpopulations asso-
ciated with disease development. Regarding experimental
models in leishmaniasis, it has been demonstrated that IL-4-
producing CD4* T cells, which are responsible by directing
the immune response towards Th2 cells, and therefore
leading to pathology, preferentially express Va8Vp4 TCR
[35,36].

Human leishmaniasis studies have demonstrated that cure
of CL caused by L. braziliensis is associated with a higher
percentage of T cells and higher IFN-y production
[14,37,38]. In CL caused by L. braziliensis, T cells present a
strong Thl profile with high levels of IFN-y and TNF-a
production [11,12,39], and CD4* T cells are the major source
of IFN-v in peripheral blood [11] as well as in lesions of CL
patients [12,34].

Comparative analyses of repertoire between non-infected
individuals and CL patients were performed in the present
study. The frequency of CD4" T cells presenting specific V3
subregions presented great heterogeneity in both groups, as
expected, based on previous TCR repertoire studies in
humans [21,40]. The majority of VB subpopulations were
present in equivalent frequencies in non-infected controls
and in L. braziliensis-infected individuals with CL disease.
However, CD4" T cells expressing Vp5-2 and 24 from CL
patients were present at increased frequencies compared to
control donors in the absence of in vitro stimulation (Fig. 2).
This may indicate that these subpopulations are involved in
the response against Leishmania and play an important role
in human CL. In acute pathogen-induced diseases, T cells
involved in a response can have two distinct overall out-
comes with regard to their frequency, depending on the
nature of the antigenic stimulus and the disease at hand. T
cells involved directly in the response and recognizing a spe-
cific antigenic peptide or superantigen can be measured
either in an expansion phase or during a deletion phase. Both
phases can be a reflection of antigenic stimulation, with one
leading to an expansion of a specific T cell subpopulation
and the other leading to deletion due to chronic
re-stimulation and subsequent death of T cells [21,40].
While these results highlighted a group of T cells related to
active disease, the determination of their antigen-specific
response is also critical for determining their possible role in
the response against Leishmania. Thus, we also performed
comparative studies of cells before and after antigenic stimu-
lation (Fig. 3). In this study we observed that after stimulus
with the SLA, CD4" T cells expressing regions VP 5-2, 11, 12
and 17 undergo statistically significant expansion, which
suggests that they are involved in the response against
Leishmania. Together with the results comparing non-
infected to infected individuals, and the antigen-specific
response, we identified several candidate subpopulations as
being involved in the response against Leishmania in CL
disease. One population in particular displayed an increased
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frequency when comparing both infected and non-infected
individuals, as well as after antigenic stimulation, which was
the CD4" T cells expressing VP 5-2. Interestingly, studies of
the repertoire in human Chagas disease demonstrated that
PBMC from chronic cardiac patients displayed an expansion
of the CD4" T cells expressing V35, which suggests that this
subpopulation may play an important role in Chagas disease
after contact with parasite antigens [20]. While these two
parasites are distinct pathogens with differing life cycles and
clinical manifestations, it is interesting that the same sub-
population of T cells expressing the V5 region have arisen
as T cells that are associated with the presence of the two
diseases.

The antigen-specific responses among individuals
infected with L. braziliensis also revealed a significant expan-
sion of T cells expressing VP12 (Fig. 3). Interestingly, this
was the same subpopulation identified by Clarencio et al. in
CL caused by L. braziliensis and stimulated by SLA of L.
amazonensis [29]. This finding may suggest an existence of
common dominant response between different species of
Leishmania leading to the expansion of a similar subpopu-
lation of T cells.

Frequency differences are only one possible measure of
the involvement of a specific subpopulation of T cells in an
active immune response. It is possible that slight changes or
no global change in the frequency of T cell subpopulations
will be noted due to a balance between expansion and death
of responding T cells. However, by determining the portion
of a given subpopulation committed to an activated pheno-
type, memory phenotype or producing specific cytokines, we
can determine their relative involvement and possible func-
tional role in a protective or pathogenic immune response.
Thus, we performed comparative analyses between the dif-
ferent V3 subpopulations of the proportion of cells express-
ing either a marker of late T cell activation, the class II
molecule, HLA-DR, or a marker associated with many
memory T cells, CD45RO. These markers were measured
without in vitro antigenic restimulation with the goal of
determining their involvement in the host actively infected
with Leishmania. Strikingly, CD4* T cells expressing V{3
regions 5-2, 11 and 24 displayed a significantly higher
portion of cells expressing CD45RO and HLA-DR (Fig. 4).
Thus, these subpopulations demonstrated a phenotype con-
sistent with greater involvement in an ongoing immune
response than the other T cell subpopulations. Importantly,
two of these subpopulations (VB5-2 and VB11 CD4" T cells)
also displayed an expansion after antigen specific stimulation
in vitro (Fig. 3).

In order to understand more clearly the functional poten-
tial of specific subpopulations of CD4* T cells based on V{3
expression, we went on to measure their relative commit-
ment to production of antigen-specific proinflammatory
(IFN-y and TNF-a) and anti-inflammatory (IL-10)
cytokines. Strikingly, the same three V[-expressing sub-
populations arose as having a disproportionately high per-
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centage of the SLA-stimulated T cells committed to cytokine
production compared to the majority of the other
VB-expressing T cell populations (Fig. 5). Thus, CD4" T cell
subpopulations defined by VB 5-2, 11 and 24 in CL patients
displayed higher production of IFN-y, TNF-o. and IL-10
compared to several other subpopulations of T cells in CL
patients.

An important aspect of human leishmaniasis and other
infectious diseases is the balance of inflammatory and down-
regulatory cytokines. In human CL there is a controlled
immune response against Leishmania that often leads to pro-
tective immunity and is marked by the co-regulation of not
only TNF-o- and IFN-y-producing T cells, but also of
inflammatory (TNF-o and IFN-y) and anti-inflammatory
(IL-10) cytokine-producing T cells [10,13,15].

Interestingly, the same VP subpopulations that demon-
strated a higher proportion of cells committed to previously
activated or memory T cells, as well as higher frequencies
of cytokine-producing cells, were among those that showed
the co-regulation of IFN-y-, TNF-a-producing T cell
subpopulations. The only other T cell subpopulations that
demonstrated this co-regulation of frequencies were those
represented by V8 and 17 subpopulations (Fig. 6). In addi-
tion to the co-regulation of inflammatory cytokines, the only
VB subpopulations that showed co-regulation of inflamma-
tory and anti-inflammatory cytokine, IL-10, were those
identified by VB 5-2 and 24, which also showed involvement
in the response as determined by a number of other indica-
tors (Figs 3—-7). These findings agree with earlier findings by
our group demonstrating co-regulation of these same
cytokine-producing cells at the level of total CD4* T cells
stimulated with SLA from CL patients [10]. This result sug-
gests that these CD4" T cell subpopulations expressing spe-
cific VPs are involved significantly in the response during
active infection with L. braziliensis in patients with CL
disease. Thus, the T cell subpopulations identified in this
study based on their V3 expression are consistent with the
overall profile seen in the CD4" T cell population, and have
functional significance for control and possibly pathology of
human CL disease. While the co-regulation of TNF-o and
IFN-y with IL-10 was seen in only one of the Vf T cell
subpopulations, it is one of the populations that were dem-
onstrated consistently to be involved in all aspects of the
response from an increased frequency to higher proportions
in memory and cytokine production. When performing
analysis of associations between the frequency of CD4* T cell
subpopulations with lesion size using measurements from
both non-stimulated and antigen stimulated cultures, only
the subpopulation expressing VP 5-2 displayed a positive
correlation between higher frequencies of T cells and larger
lesion area. This is striking, given that none of the other eight
VB subpopulations demonstrated this significant correla-
tion for both non-stimulated and antigen-stimulated
measurements. Importantly, CD4* VB 5-2-expressing T cells
are greatly over-represented at the lesion site compared to
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the blood, further suggesting a key role in the response
during CL (Fig. 9).

In summary, in this study we have demonstrated the exist-
ence of distinct CD4" T lymphocyte subpopulations defined
by their TCR VP regions that are involved consistently in
several aspects of the immune response in individuals
infected with L. braziliensis and with active CL disease. Given
that the great majority of individuals with CL disease typi-
cally resolve infection and go on to establish long-lived pro-
tective immunity, we hypothesize that these cells are involved
in the formation of a protective immune response that could
also be associated with pathology in the case of the ulcerated
lesion. Moreover, we continue to add to the evidence that
modulatory cytokines, such as IL-10, are co-regulated with
macrophage-activating cytokines such as IFN-y and TNF-a.
Further studies are under way to directly measure these T cell
subpopulations at the lesion site and in other clinical forms
of leishmaniasis. Moreover, the use of this information in
attempts to define the antigens responsible for the preferen-
tial use of the subpopulations defined here could aid in the
selection of immunodominant antigens used by the human
immune response against Leishmania.
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