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SUMMARY

CD4* T cells play a critical role in determining the disease outcome in murine cutaneous
leishmaniasis, and selective usage of T-cell receptor (TCR) is implied in promoting Leishmania
major infection. However, little information is available on TCR usage in Leishmania-specific,
IFN-y-producing CD4* T cells. In this study, we investigated the TCR diversity and activation of
CD4* T cells in a nonhealing model associated with L. amazonensis (La) infection and a self-
healing model associated with L. braziliensis (Lb) infection. While marked expansion in the
absolute number of several subsets was observed in Lb-infected mice, the percentages of TCR
VpB* CD4*-cell subsets were comparable in draining LN- and lesion-derived T cells in two
infection models. We found that multiple TCR VB CD4*T cells contributed collectively and
comparably to IFN-y production and that the overall levels of IFN-y production positively
correlated with the control of Lb infection. Moreover, pre-infection with Lb parasites provided
cross-protection against secondary La infection, owing to an enhanced magnitude of T-cell
activation and IFN-vy production. Collectively, this study suggests that the magnitude of CD4* T-
cell activation, rather than the TCR diversity, is the major determining factor for the outcome of
Leishmania infection.
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INTRODUCTION

In murine cutaneous leishmaniasis, resistance to Leish-mania major in the majority of inbred
strains of mice is associated with the development of a IFN-y-producing Th1 response,
while susceptibility in a few strains (such as BALB/ ¢ mice) is attributed to a IL-4-
producing Th2 response (1). However, most, if not all, mouse strains are genetically
susceptible to L. amazonensis (La, a New World species), and this generalized susceptibility
in mice is attributed to an impaired or weak Th1-cell response rather than to increased IL-4
production (2—4). In contrast, L. braziliensis (Lb, another New World species) induces self-
healing skin lesions in most tested mouse strains, including BALB/c mice that are highly
susceptible to L. major presumably owing to the induction of strong innate and Th1l
responses during the infection (5,6) and to the relatively high sensitivity of Lb parasites to
TNF-a-and nitric oxide—based parasite killing (7-9). Thus, the findings from these murine
models clearly indicate that the outcome of infection depends both on the parasite species
involved and on the nature of host immune responses to Leishmania antigen. Therefore, it is
not surprising that the adoptive transfer of L. major-specific Thl or Th2 cell lines to
immunodeficient mice can confer resistance or susceptibility in L. major infection (10,11)
and that adoptive transfer of La-specific Thl- or Th2-cell lines to competent mice can alter
host susceptibility to L. amazonensis infection (4,12). The critical role of CD4* T cells in
La-induced, nonhealing disease has also been confirmed in MHC II- deficient mice (13);
however, the immunological characteristics of parasite-specific Th subsets and the
mechanisms responsible for differentiation of these disparate Th populations remain largely
unexplored.

Upon its encounter with foreign antigens, the germ line— encoded B chain of T-cell receptor
(TCR VB) through recombination establishes Ag specificity and diversity of cellular
immunity (14,15). Several studies have shown that the oligoclonal expansion of Ag-specific,
VB-expressing T cells is associated with the emergence of immune escape and disease
progression in viral infections (16), tumours (17) and autoimmune diseases (18). Studies in
L. major— infected BALB/c mice have identified TCR Va8* VB4* CD4* T cells as the
major source of early IL-4 production by recognizing the Leishmania antigen LACK
(Leishmania homologue of receptors for activated C kinase) (19,20), although such T cells
appeared to be primed by cross-reactive antigens derived from the gut flora (21). Evenin L.
major—infected resistant C57BL/6 mice, LACK-specific T cells were also found to be the
source of early IL-4 production when mice were given anti-IFN-y or anti-1L-12 at the onset
of infection (22). Thus far, there is little information on the characterization of TCR usage in
Leish-mania-specific, IFN-y-producing Thl cells.

In this study, we used C57BL/6 mice and investigated the TCR diversity of CD4* T cells
from a nonhealing model associated with La infection and a self-healing disease model
associated with Lb infection. Furthermore, we characterized IFN-y-producing Th1 cells
based on TCR usage during primary infection with these two parasite species, respectively,
and during secondary La infection following pre-exposure to Lb parasites. Our results
support a view that the magnitude of CD4* T-cell activation, rather than the TCR diversity,
is the main determining factor for the outcome of Leishmania infection.
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MATERIALS AND METHODS

Mice

Antibodies

Female C57BL/6J (B6) mice, at 6~8 weeks old from the Jackson Laboratory (Ben Harbor,
ME), were used in this study. Mice were maintained under specific pathogen-free conditions
and used for experimentation, according to protocols approved by the institutional Animal
Care and Use Committees.

The following mAbs were purchased from eBioscience (San Diego, CA) unless stated
otherwise: FITC- or PE-conjugated anti-IFN-y (XMG1.2); PerCP Cy5.5-conjugated anti-
IL-17 (eBiol17B7); APC anti-CD4 (GK1.5) and PE-Cy7 anti-CD3 (145-2C11), as well as
isotype control Abs, including FITC-conjugated rat IgG1, PE-conjugated rat IgG1 and
PerCP Cy5.5-conjugated rat IlgG2a. The Mouse VP TCR screening panel kit (Abs
conjugated with FITC) and PE-conjugated TCR V4 (KT4), VB6 (RR4-7), VB7 (TR310)
and V8 (F23.1) were purchased from BD Biosciences (San Jose, CA, USA).

Parasite culture and Ag preparation

Infectivity of L. amazonensis (MHOM/BR/77/LTB0016) was maintained by regular passage
through BALB/c mice (Harlan Sprague-Dawley, Indianapolis, IN, USA) and L. brazliensis
(MHOM/BR/79/LTB111) by regular passage through Syrian golden hamsters (Harlan
Sprague-Dawley). Promastigotes were cultured at 23°C in Schneider's Drosophila medium
(Invitrogen, Carlsbad, CA, USA), pH 7.0, supplemented with 20% FBS (Sigma, St. Louis,
MO, USA), 2 mu L-glutamine, and 50 ug/mL gentamicin. Stationary promastigote cultures
of less than five passages were used for animal infection. To prepare promastigote lysates,
parasites (2 x 108/mL in PBS) were subjected to six freeze-thaw cycles and a 15-min
sonication. The soluble parasite antigens were stored in aliquots at —20°C until use.

TCR VP analysis via flow cytometry

B6 mice (five per group) were subcutaneously (s.c.) infected with L. amazonensisor L.
braziliensis stationary promastigotes (2 x 10% in PBS) in the right hind foot. At indicated
time of infection, we collected popliteal draining LN cells and splenocytes from individual
mice. To ensure sufficient cells for staining and subsequent analyses, we conveniently
pooled draining LN cells within the group into two sample sets, such as three draining LNs
into one set and the other two draining LNSs into the other set. Cells were then stimulated
with a PMA/ionomycin/Golgi Plug (BD Biosciences) for 6 h. Cells were first stained for
surface markers, including CD3, CD4 and individual TCR Vp. Then, the intracellular IFN-y
production was stained following cytofixation/permeabilization with a Cytofix/Cytoperm
Kit (BD Biosciences). The percentages of CD4* TCR V™ cells gated on CD3* cells and
TCR VB* IFN-y* cells gated on CD4* cells were analysed on the FACScan (BD
Biosciences), and results were analysed using FlowJo software (TreeStar, Ashland, OR,
USA). To obtain the absolute cell number of CD4*Vb* cells, we first got an averaged cell
number per draining LN from each sample set. We then calculated the absolute cell number
of CD3* CD4* TCR VB* cells by multiplying the averaged absolute cell number per LN by
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their corresponding percentages of positively stained cells (CD3, CD4 and the individual
TCR VB in CD4 cells).

For TCR VB analysis of lesion-derived cells, foot lesional tissues were collected and pooled
as mentioned earlier and digested in the complete Iscove's modified Dulbecco's medium
containing 10% FBS, 1 mw sodium pyruvate, 50 uv 2-ME, 50 ug/mL gentamicin and 100
U/mL penicillin, as well as collagenase/dispase (100 ug/mL) and DNase | (100 U/mL;
Roche), for 2 h at 37°C. After passage through the cell strainer (40 um; BD Biosciences), the
single-cell suspension was on the top of 40% and 70% Percoll solution (Sigma). After
centrifugation for 25 min at room temperature, the purified cells from a 40/70% layer of
Percoll were collected and stained with CD3, CD4 and TCR Vf Abs. The percentages of
TCR VB* cells gated on CD3* CD4* cells were analysed by FACS.

TCR VP analysis via RT-PCR

B6 mice were infected with 2 x 106 La or Lb promastigotes for 4 weeks. Draining LN cells
were restimulated with the corresponding La or Lb antigens for 3 day, and CD4" T cells
were purified via positive selection. Na ve CD4* T cells were used as controls. TCR VB
repertoire clonality for purified CD4" T cells was analysed by RT-PCR and gel-based assays
using specially designed Super-TCRExpress™ Kits by scientists in BioMed Immunotech
Incorporation (Tampa, FL, USA).

In vivo evaluation of infection

Leishmania braziliensis stationary promastigotes (2 x 108) were injected subcutaneously
(s.c.) in the right hind foot. After the healing of lesions at 8 or 24 weeks, some of the mice
were injected with stationary promastigotes of La (2 x 106) in the left hind foot. Naive mice
were similarly infected and used as controls. Lesion sizes in the left hind foot were
monitored weekly with a digital caliper (Control Company, Friendswood, TX, USA), and
tissue parasite loads at 8 weeks post-La infection were measured via a limiting dilution
assay.

Preferred TCR VB analysis in secondary infection

After 8 or 24 weeks of primary infection with Lb parasites in the right hind foot, healed mice
as well as control mice were infected with La parasites in the left hind foot. At 1 week post-
infection with La, draining LN and spleen cells were collected and briefly (6 h) stimulated
with PMA/ionomycin/GolgiPlug. The intracellular IFN-y and IL-17 production from CD4*
T cells as well as IFN-y production from several tested TCR VB* (VB4, 6, 7, and 8) CD4"
cells was analysed by FACS.

Evaluation of T-cell intracellular cytokine profile

At 4 weeks post-infection, draining LN cells from naive, La- or Lb-infected mice were
restimulated with PMA/ionomycin/GolgiPlug for 6 h. The intracellular cytokines (IFN-vy,
IL-10, IL-17, IL-2 and TNF-a) from CD4* CD44" cells were analysed by FACS.
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Individual draining LN cells (4 x 106/mL) were collected from naive, La- or Lb-infected B6
mice (four per group) at 4 weeks and then restimulated with either La or Lb soluble
Leishmanial antigen for 72 h. Cytokines (IFN-vy, IL-10, IL-6) in the supernatants were
measured by ELISA following the protocol from eBiosciences.

Statistical analysis

RESULTS

The distributions of the outcome variables were first examined. As the sample sizes were too
small to ascertain normality and homogeneity of variance, the nonparametric Kruskal—
Wallis tests were used for overall significance test. If the overall test was significant, then
the Mann- Whitney tests were used for pairwise comparisons. Multiple comparisons were
made using a Bonferroni adjustment method. For experiments that used pooled samples,
each experiment for the pooled sample was used as the unit of analysis. For experiments that
used individual animals, each animal was used as the unit of analysis. The statistical
analyses were conducted using GraphPad Prism, version 4.00, for Windows (GraphPad
Software, San Diego, CA, USA) and SAS® 9.2 software (SAS® Institute Inc., Cary, NC,
USA). Statistically significant values are referred to as follows: *P < 0.05; **P < 0.01.

The profile of TCR VB usage in primary infection with La or Lb parasites

To investigate the profile and magnitude of T-cell activation in nonhealing or self-healing
cutaneous Leishmaniasis, we infected B6 mice with La or Lb parasites in the hind foot. At 4
weeks post-infection, we examined TCR VP usage in both draining LN and lesional CD4* T
cells. As shown in Figure 1(a), while infection with both parasites markedly stimulated the
expansion of CD4* T cells in draining LN when compared to naive controls, Lb-infected
mice showed a stronger increase in the absolute numbers in nearly all tested subsets of VB*
CD4* T cells than did La-infected mice. However, the percentages of VB-bearing CD4* T
cells were similar in draining LNs of naive, La- and Lb-infected mice, in which the cells
bearing VP8, VB4, VB6 and VP14 represented more than 60% of the LN CD4* T cells
(Figure 1b). We then examined the TCR VP usage in lesion-derived CD4" T cells, focusing
on the major VP types. As shown in Figure 1(c), the percentages of the tested V[ types were
similar in CD4" T cells derived from La or Lb lesions and comparable to those in the
draining LN (Figure 1b). Therefore, neither La nor Lb infection significantly altered TCR
VB diversity in draining LN- and lesion-derived CD4* T cells, although Lb infection showed
greater increase in cell numbers.

Because the percentages of IFN-y-producing CD4* T cells correlate with the disease
outcomes in La- and Lb-infected mice (5), we collected draining LN cells at 4 weeks post-
infection and performed intracellular IFN-y staining, gating on each TCR VB*
subpopulation. It was evident that Lb infection triggered significantly stronger IFN-y
responses than did La infection, as judged by their frequencies of VVp4-, 6- and 8.1/8.2—
bearing IFN-y* CD4" T cells. For example, 0.78% of \/B8.1/8.2—bearing CD4* T cells
produced IFN-y in Lb-infected mice, whereas only 0.47% of these cells produced IFN-y in
La-infected mice (Figure 2a). However, neither La nor Lb infection changed the relative
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frequencies of VB* IFN-y* cells among total IFN-y* cells (Figure 2b), and Vf 8.1/8.2—and
VB4-bearing cells contributed to ~20% and ~8% of total IFN-y production in all three
groups of mice, respectively. Notably, draining LN from Lb-infected mice contained higher
numbers of IFN-y-producing TCR VB* CD4* T subsets than those from La-infected mice
(Figure 2c). Therefore, although the relative contributions of individual V™ CD4* T cells to
total IFN-vy production were comparable in both infection models, Lb infection apparently
induced a higher magnitude of CD4* T-cell activation and IFN-y production than did La
infection.

To confirm these flow cytometric data, we analysed the oligoclonalities in the CDR3 region
of 22 individual TCR VJ chains by RT-PCR-based assays, in which multiple PCR primer
sets were uniquely designed for specific amplification of the VB, Dp or Jp genes. We found
that when compared to naive controls, CD4* T cells purified from La- and Lb-infected mice
displayed multiple TCR Vp clonalities based on VVDJ rearrangement in the CDR3 region and
that TCR Vp clonalities were evident and strong in CD4* T cells of Lb-infected mice
(Supplemental Figure S1). Our FACS- and PCR-based studies suggest that in contrast to
viral infection (23), primary infection with La or Lb parasites does not show a highly
focused, selective expansion of particular V3 population.

The status of TCR VB diversity and T-cell activation in secondary La and Lb infection

We have previously reported that Lb infection in B6 mice is self-healing, with no signs of
disease and detectable tissue parasites at 8 weeks (5). To test whether pre-infection with Lb
could enhance CD4" T-cell activation and protect mice against La infection, we infected
mice with Lb parasites in one foot for 8 weeks (short-term) or 24 weeks (long-term) and
then challenged these healed mice with La parasites in another foot. As shown in Figure 3,
pre-infection with Lb for either 8 or 24 weeks provided efficient protection against a
secondary infection with La parasites, as judged by the significant reduction in lesion sizes
and tissue parasite loads. To analyse the role of CD4" T subsets in this protection, we took
two approaches. First, we compared CD4* T-cell activation and TCR Vp diversity from
draining LN at 1 week post-infection with La alone versus La infection following pre-
infection with Lb for 8 weeks (short-term). We focused on IFN-y production in V8, V4
and V6 (because of their relatively high frequencies) and used V7 as an example of low-
frequency types (Figure 1). Compared to La infection alone, pre-infection with Lb increased
IFN-y production from total CD4* T cells, as well as from VB6- and Vp8-bearing CD4* T
cells (Figure 3c).

Second, we compared CD4* T-cell activation and TCR V8 diversity from draining LN and
the spleen at 1 week post-infection with La versus Lb parasites in mice that were pre-
infected with Lb for 24 weeks (long-term). As shown in Figure 4(a), the secondary infection
with Lb (the Lb/Lb group) consistently showed higher IFN-y but lower IL-17 production
from draining LN CD4" T cells than did the La counterparts (the Lb/La group). For the
tested VB-bearing CD4* T-cell subsets (VB4, 6, 7, and 8), the Lb/Lb groups displayed 2.1- to
9-fold higher frequencies of IFN-y-producing cells in draining LNSs. It was evident in Figure
4(b) that the Lb/Lb groups showed high frequencies of IFN-y-producing cells in the tested T-
cell subsets. Likewise, the similar trends were observed for cells obtained from the spleen
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(Figure 4c,d). Collectively, our results indicate that repeated exposures to Lb parasites (the
Lb/Lb groups) preferentially stimulate the expansion of IFN-y-producing cells among
multiple VVB-bearing CD4* T-cell subsets and that such responses contribute to the
protection against a secondary infection with La parasites.

Enhanced magnitude of T-cell activation and Th1l cytokine production in cross-protected

mice

To further characterize CD4* T-cell activation during the primary and secondary infections,
we collected draining LN cells at 4 weeks post-infection with La or Lb and stimulated cells
briefly (6 h) with PMA/ionomycin, The ex vivo production of intracellular cytokines (IFN-y,
IL-10, IL-17, IL-2 and TNF-a) in CD4* CD44* T cells was analysed by FACS. As shown in
Figure 5(a), CD4* CD44* T cells from Lb-infected mice contained higher frequencies of
IFN-vy-producing cells, but lower frequencies of IL-10-and IL-17-producing cells than did
the counterparts from La-infected mice. On average, the ratios of IFN-y- vs. IL-10-
producing cells in Lb-, La- and noninfected mice were 4.7, 2.0 and 1.7, respectively. The
frequencies of IL-2- and TNF-a-producing CD4* CD44* T cells were comparable in two
infection models. Therefore, CD4* T cells derived from Lb-infected mice were highly
activated with a strong Th1 phenotype.

Next, we designed a cross-stimulation experiment, in which draining LN cells from La- or
Lb-infected mice were restimulated in vitro with La or Lb antigens, and vice versa. The
ELISA measurement for the levels of IFN-y, IL-10 and IL-6 in culture supernatants showed
several interesting trends (Figure 5b). In the homologue reactivation setting, Lb-LN cells
restimulated with Lb antigens produced significantly higher levels of IFN-y and 1L-6, but
lower levels of IL-10 than did La-LN cells restimulated with La antigens. On average, the
IFN-v/IL-10 ratios were 10:1 in the Lb/Lb cells, but only 3 : 1 in the La/La cells. In the
cross-activation setting, however, Lb-LN cells restimulated with La antigens produced
relatively low levels of tested cytokines, but these cells still displayed a Thl-favoured
response (with ~10 ng/mL of IFN-y vs. ~1 ng/mL of 1L-10). We also performed cell transfer
experiments, in which 5 x 108 of CD4* T cells purified either from the spleen of naive mice
or draining LN of Lb-infected mice (at 4 weeks) were adoptively transferred into naive
C57BL/6 mouse 1 day prior to infection with La parasites. Similar to a previously reported
cross-infection study (24), we found no major differences in disease development between
the infection control and cell-transferred groups (data not shown). Collectively, the data
presented here expend our previous findings (5), confirming a strong expansion of Th1-type
cells during Lb infection and a relatively weak Th1-type response during La infection.

DISCUSSION

In this study, we have attempted to define the role of CD4* T cells using several approaches,
including the analysis of TCR Vf usage and cytokine-producing cells in non-healing versus
self-healing models following infection with two New World species of Leishmania, as well
as the comparative analyses of these CD4™ T cells in primary versus secondary Leishmania
infections. The most important finding in this study is that the magnitude of CD4* T-cell
activation rather than TCR diversity is the main determining factor for disease outcome in
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murine cutaneous Leishmaniasis. This conclusion is based upon the observations that
multiple TCR VB CD4" T cells contributed collectively and comparably to IFN-y production
and that the overall levels of IFN-y production positively correlated with the control of the
infection.

In the Leishmania research field, a well-studied example of parasite-specific T cells is the
LACK-specific, TCR Va8* Vp4* CD4* T cells, which are capable of producing high levels
of IL-4 at an early stage of infection and instructing Th2 development in L. major-infected
susceptible BALB/c mice (20). The identification of such pathogenic T-cell subsets
felicitates the understanding of mouse susceptibility to L. major infection via multiple
approaches, including the use of antagonist LACK peptides, the depletion of LACK-specific
T cells and the test of LACK-based immunization regimens (25-27). At present, there is
little information on TCR repertoires in CD4* T cells specific to other Leishmania species or
to protective antigens. This lack of information on the signature of pathogenic versus
protective immunity hampers the development of an anti-Leishmania vaccine. In an attempt
to address these issues, we conducted the present study. It was somewhat surprising to us
that CD4* T cells derived from both nonhealing (La) and self-healing (Lb) models displayed
comparable TCR diversity in either draining LN- or lesion-derived CD4* T cells (Figure 1).
Furthermore, we found that the production of IFN-y appeared to be evenly contributed by
multiple rather than one or two dominant Vg* CD4* T cells during La or Lb infection, which
is different from the report with the dominant IL-4 production by V4™ CD4* T cells in L.
major infection (20). Of note, the relative contribution of individual Vp cells to the total
IFN-y production appeared comparable between La and Lb infection (Figure 2). Therefore,
IFN-y-producing CD4* T cells in Leishmania infection are not directly related to TCR VB
diversity.

The TCR diversity-related studies are well advanced in viral and bacterial infection in
mouse models and humans. For example, several reports have shown the conserved TCR
repertoire expansion in primary and memory CD8* T-cell responses to lymphocytic
choriomeningitis virus or influenza virus epitopes in mice (23,28). With regard to murine
infection with intracellular bacteria Listeria monocytogenes, although the narrowed “private’
TCR Vp repertoire was found within rechallenged individual mice, the antigen-specific T
cells detected by a tetramer-based approach revealed a relatively diverse TCR Vj repertoire
in primary and memory CD8" T-cell populations (29,30). Likewise, diverse TCR Vp usages
in CD4" and CD8™ T cells were reported during pulmonary Cryptococcus neoformans
infection in mice (31). Because protozoan parasites contain relatively large genome sizes
and complex protein profiles but replicate relatively slow in vivo, our findings of a diverse
rather than focused TCR VP repertoire in FACS analyses of CD4" T cells during
Leishmania infection may not be surprising.

The potential concerns of this FACS-based approach include its biological relevance and
detection limit. We took two approaches to address these issues. First, we performed
detailed analyses for IFN-y production among several major Vf subsets (\/p4, 6 and 8) and a
minor Vf subset (VB7). The interesting findings are (1) in comparison with La infection
counterparts, Lb infection showed higher percentages of IFN-y-producing cells in each of
the tested individual TCR Vp subsets in primary (Figure 2) and secondary infection (Figures
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3 and 4) and (2) for a given V subset, its relative contribution to IFN-y production appeared
comparable in La versus Lb infection, judged by the percentages of IFN-y* cells within its
VB* cells. These functional analyses again suggest a diverse rather than focused TCR VB
repertoire in Leishmania infection. Second, we examined the CDR3 region of individual
TCR VB by PCR- and gel-based techniques, because PCR-based spectratyping is a powerful
tool to analyse the sizes of TCR CDR3 regions of the oligoclonal expansion of T cells (16—
18). It was consistent that multiple clonalities in Ag-restimulated CD4" T cells from Lb- and
La-infected mice and that CD4* cells from Lb-infected mice showed a tendency of high
values in multiplication factor index, suggesting a strong magnitude of T-cell responses
(Supplemental Figure S1). Because FACS- and PCR-based analyses examine T-cell
clonality from different aspects, the future development of tetramer-based FACS on
Leishmania Ag-specific CD4* T cells would be helpful for accurate assessment.
Nevertheless, results from these studies clearly indicate the magnitude of CD4* T-cell
activation induced by different Leishmania species correlates with infection outcome.

Having demonstrated strong T-cell activation and IFN-y production in Lb infection, we then
examined whether pre-infection with Lb could provide cross-protection against secondary
La infection via an enhanced T-cell activation. We showed that this cross-protection
correlated nicely with the increased T-cell activation and IFN-y production from CD4* T
cells (Figure 3), a finding consistent with previous studies on L. major pre-infection
followed with a secondary infection with La or L. mexicana parasites (24,32). Again, the
tested 4 VB subset contributed comparably to IFN-y production. Because the quality or
multifunctional capacity of CD4* T cells is a crucial determinant in vaccine-mediated
protection against L. major (33) and malaria (34), we investigated the production of several
cytokines from CD4* CD44* effector T cells in La- or Lb-infected mice. It was evident that
CD4" CD44™" T cells derived from Lb-infected mice tended to produce high levels of IFN-vy,
but low levels of IL-10 and IL-17 (Figure 5a), and that this Th1-favoured response was
maintained even when cells were stimulated in vitro with La antigen (Figure 5b). Therefore,
the healing from control of Leishmania infection requires sequential events that include
efficient dendritic cell activation (5), adequate innate responses (12) and activated Thl-type
responses to a relatively broad spectrum of parasite antigens. Notably, the adoptive transfer
of Lb-specific CD4* T cells into naive mice failed to protect mice against the subsequent La
infection (data not shown), a finding consistent with a previous report showing the lack of
protection against L. mexicana infection following the adoptive transfer of L. major-specific
CD3™* T cells (24). The reasons for this lack of cross-protection by cell transfer alone may
include the maintenance of effective Th1 responses and cell recruitment in the recipients, as
well as the unique features of L. amazonensis and L. mexicana parasites (35).

In summary, our comparative analyses of CD4* T cells in different models of cutaneous
Leishmaniasis indicate that Leishmania infection does not change the diversity of the TCR
VB repertoire in either self-healing or nonhealing model and that multiple TCR VB CD4* T
cells contribute collectively and comparably to IFN-y production. It is clear in this study that
the healing of Leishmania infection is positively correlated with the magnitude of CD4* T-
cell activation and overall levels of IFN-y production, rather than to the TCR diversity
among CD4™" T cells. The lack of a focused expansion of particular TCR-bearing CD4* T

Parasite Immunol. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

XIN et al.

ce

Page 10

lIs in the primary and secondary infection models also suggests to us that multiple (rather

than dominant) parasite antigens are recognized by the host. This study provides important
information for the control of Leishmania infection.
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Figure 1.
The percentages of TCR VB usage in draining LN and lesional CD4" T cells in primary

infection. C57BL/6 mice (5 per group) were infected with 2 x 10® La or Lb promastigotes,
and draining LN cells or lesions were collected at 4 weeks. To ensure sufficient LN cells for
staining and subsequent analyses, the samples within groups were pooled and divided into
two sets (see Materials and Methods). The absolute number of CD4* TCR VB* T cell per
LN (a) and the percentages of indicated TCR VB usage in LN CD4* T cells (b) were
analysed by FACS via a VB TCR screening panel kit. (c) The percentages of indicated TCR
VB usage in lesional CD3* CD4* T cells were analysed by FACS using a VB TCR screening
panel Kit. The results are shown as mean = SD (pooled from these four sets of results from
two independent repeats), and the bars represent the maximum and minimum values.
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Figure 2.
The percentages of IFN-y production in TCR VB* CD4* T cells derived from draining LN.

C57BL/6 mice (five per group) were infected with 2 x 10% La or Lb promastigotes for 4
weeks, and draining LN cells were collected and pooled into two sample sets. After a brief
(6 h) treatment with PMA/ionomycin/GolgiPlug, intracellular IFN-y production from CD4*
TCR VB* T cells was analysed together with VB TCR screening panel by FACS. (a) Shown
are the percentages of IFN-y-producing VB4, V6 and VV8.1/8.2 cells, respectively. Data are
representative results from four repeats with similar trends. (b) Shown are the ratios/
percentages of IFN-y-producing TCR VB among total IFN-y* CD4* T cells. (c) Shown are
the absolute numbers of IFN-y-producing VB* CD4* T cells per LN. The results are shown
as mean + SD (pooled from these four sets of results from two independent repeats), and the
bars represent the maximum and minimum values.
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Figure 3.
Pre-infection with Leishmania braziliensis (Lb) can cross-protect mice against L.

amazonensis (La) infection. C57BL/6 mice (five per group) were infected with 2 x 10° Lb
promastigotes in the left hind foot. After the healing of the primary infection at 8 weeks
(short-term) or 24 weeks (long-term), some mice and their age-matched controls were given
2 x 10% La promastigotes in the right hind foot. (a) Lesion sizes (mm) were monitored
weekly for an additional 8 weeks following La infection. (B) Parasite loads in La-infected
foot were determined at 8 weeks post-infection using a limiting dilution assay. **P < 0.01
(by Kruskal-Wallis test) indicates statistical significances among these three groups. (c) Lb-
exposed mice (infected and healed at 8 weeks) as well as age-matched controls were given
2/ 106 La promastigotes in the right hind foot. One week later, draining LN cells were
collected and pooled into two sample sets. The percentages of IFN-y production from
indicated VB CD4* T cells were measured. Shown are representative results from four
repeats with similar trend.
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Figure 4.
IFN-y production from several preferred memory TCR VB CD4* T cells from draining LN

and spleen. C57BL/6 mice (five per group) were infected with 2 x 108 Lb promastigotes in
the left hind foot. After they healed from the primary infection (at 24 weeks), mice were
injected with 2 x 108 La or Lb promastigotes in the right hind foot. One week later, draining
LN cells were collected and pooled into two sample sets. Splenocytes were prepared from
individual mice. (a, c) Cells were briefly (6 h) treated with PMA/ionomycin/GolgiPlug and
subjected for FACS analysis for the percentages of cytokine-producing CD4* T cells, as
well as intracellular IFN-y from indicated subsets of V* CD4* T cells. (b, d) The
percentages of VB IFN-y* cells among total CD4* T cells were pooled from two
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independent repeats and shown as mean + SD, and the bars represent the maximum and
minimum values. *P < 0.05 and **P < 0.01 (by Mann-Whitney test) indicate statistical
significances between the Lb/La and Lb/Lb groups.
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Figureb5.

Intracellular cytokines from naive and infected CD4* CD44* T cells and cytokine
production from draining LN cells restimulated with SLA. C57BL/6 mice (four per group)
were infected with 2 x 108 La or Lb promastigotes in the left hind foot for 4 weeks. (a)
Individual draining LN cells were collected and briefly (6 h) treated with PMA/ionomycin/
GolgiPlug, and then analysed by FACS for the intra-cellular cytokine productions gated on
CD4* CD44™" T cells. The percentages of intracellular cytokines are shown as mean * SD,
and data were pooled from two independent repeats. The percentages from isotype control
groups were less than 0.01%. *P < 0.05 and **P < 0.01 (by Mann-Whitney test) indicate
statistically significant differences between the La and Lb groups. (b) Individual draining
LN cells were collected and restimulated with soluble Leishmanial antigen (SLA) for 72 h.
Cytokines in culture supernatants were measured by an ELISA. Data are shown as mean *
SD (pooled from two independent repeats), and the bars represent the maximum and
minimum values. *P < 0.05 and **P < 0.01 (by Kruskal-Wallis test) indicate statistical
significances among these four groups.
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