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Following the peak of the T-cell response, most of the activated effector T cells die by apoptosis driven by the
proapoptotic Bcl-2 family member Bim (Bcl-2-interacting mediator of death). Whether the absence of Bim-
mediated T-cell apoptosis can affect protective immunity remains unclear. Here, we used a mouse model of
Leishmania major infection, in which parasite persistence and protective immunity are controlled by an
equilibrium reached between parasite-specific gamma interferon (IFN-y)-producing effector T cells and in-
terleukin-10 (IL-10)-producing CD4* CD25* T regulatory cells. To further understand the role of Bim-
mediated apoptosis in persistent infection and protective immunity, we infected Bim '~ mice with L. major. We
found that the initial parasite growth and lesion development were similar in Bim~'~ and wild-type mice after
primary L. major infection. However, at later times after infection, Bim ™'~ mice had significantly increased L.
major-specific CD4* T-cell responses and were resistant to persistent infection. Interestingly, despite their
resistance to primary L. major infection, Bim~'~ mice displayed significantly enhanced protection against
challenge with L. major. Increased resistance to challenge in Bim ™'~ mice was associated with a significant
increase in the number of L. major-specific IFN-y-producing CD4* T cells and a lack of IL-10 production at
the challenge site. Taken together, these data suggest that Bim limits protective immunity and that the absence

of Bim allows the host to bypass antigen persistence for maintenance of immunity against reinfection.

Antigen-driven activation of naive T cells during the course
of an immune response to an infection results in massive ex-
pansion of antigen-specific T cells (9, 18). In general, after the
peak of the response, the majority of activated T cells die by
apoptosis, while some of them go on to become memory T
cells. This decision between death and survival is crucial for
avoiding autoimmunity and for promoting the development of
immunological memory and protective immunity. We and oth-
ers have recently shown that Bcl-2 family members play a
significant role in the apoptotic demise of activated effector T
cells during acute and chronic viral infections (12, 20, 27).
However, it remains unclear whether the failure to eliminate
effector T cells can result in functionally increased protective
immunity in vivo. Such knowledge is critical to our understand-
ing of the metamorphosis of activated effector T cells to mem-
ory T cells.

We and others have recently shown that the proapoptotic
Bcl-2 family member Bim plays a critical role in the apoptotic
demise of activated T cells in vivo (12, 14, 20, 27). The pro-
apoptotic activity of Bim is kept in check by the antiapoptotic
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molecule Bcl-2 (7, 28); just prior to the apoptotic demise of T
cells in vivo, Bcl-2 levels are significantly decreased, and this
allows Bim to trigger apoptosis (13, 14, 17). In Bim /" mice,
the antigen-specific CD4" and CD8" T cells persist for a
significantly longer period of time than their wild-type coun-
terparts (14, 20). Using a viral infection model, we showed that
the numbers of memory phenotype CD4" and CD8" T cells
were increased at late times after infection in Bim '~ mice
(27); however, we did not examine the functionality of memory
T cells in Bim™’~ mice in vivo. Thus, it remains unclear
whether cells that would normally be eliminated during an
immune response can, in the absence of the apoptotic signals,
result in increased T-cell memory and protective immunity.
Recently, we developed a model of chronic Leishmania ma-
jor infection of mice (3). This model involves intradermal in-
oculation of mice with a low dose of L. major, a procedure that
mimics infection in the wild by the intermediate vector, phle-
botomine sand flies (3). Normally resistant C57BL/6 mice in-
oculated in the ear dermis with a low dose of L. major develop
a chronic infection in which low levels of parasites persist,
which are exquisitely controlled by a population of interleu-
kin-10 (IL-10)-producing, CD4™ CD25™ T regulatory cells (4,
5). Notably, mice inoculated with a low dose of L. major in one
ear are protected from rechallenge in the second ear, despite
the presence of a low-level chronic infection in the primary ear,
a phenomenon known as “concomitant immunity” (16). Inter-
estingly, in this model, elimination of L. major either through
removal of T regulatory cells by anti-CD25 depletion in vivo or
via ablation of IL-10 in vivo results in loss of protective immu-
nity against rechallenge with L. major (5, 16). Thus, in this
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natural model of L. major infection, parasite persistence is
controlled by the presence of T regulatory cells and is linked to
the maintenance of protective immunity against reinfection.

In this study, we took advantage of this well-defined model
to investigate the role of Bim in the control of T-cell responses
to primary and secondary L. major infections. We found that
although Bim '~ and wild-type mice exhibited similar parasite
expansion, Bim '~ mice had a significantly increased ability to
control primary infection. Taken together, our results suggest
that Bim is required for the apoptotic termination of T-cell
responses and that interference with this process can improve
protective immunity in vivo and allow the host to bypass the
requirement for antigen persistence in maintaining protective
T-cell responses. These findings are relevant for vaccination
strategies aimed at improving responses by limiting apoptotic
cell death during the T-cell response.

MATERIALS AND METHODS

Mice and injections. Bim-deficient mice have been described previously, were
backcrossed 15 times to C57BL/6 mice (8, 14, 27), and were a generous gift from
Andreas Strasser and Philippe Bouillet (WEHI, Sydney, Australia). The BL/6
mice used for experiments either were purchased from Jackson Labs, Taconic
Farms, or were Bim™/* mice from our Bim colony. Bim*'~ and Bim ™'~ mice
were identified by PCR using tail DNA. All mice used were between 8 and 18
weeks old. All animals were kept under specific-pathogen-free conditions at an
American Association for the Accreditation of Laboratory Animal Care-accred-
ited animal facility at the National Institute of Allergy and Infectious Diseases or
in the Animal Facility at Cincinnati Children’s Hospital Research Foundation
and were housed in accordance with the procedures outlined in the Guide for the
Care and Use of Laboratory Animals under animal study proposals approved by
both the National Institute of Allergy and Infectious Diseases and Cincinnati
Children’s Hospital Research Foundation animal care and use committees.

Parasites and infection. L. major clone V1 (MHOMY/IL/80/Friedlin) promas-
tigotes were grown at 26°C in medium 199 supplemented with 20% Hi-FCS
(HyClone, Logan, UT), 100 U/ml penicillin, 100 wg/ml streptomycin, 2 mM
L-glutamine, 40 mM HEPES, 0.1 mM adenine (in 50 mM HEPES), 5 png/ml
hemin (in 50% triethanolamine), and 1 pwg/ml 6-biotin (M199/S). Infective-stage
promastigotes (metacyclic promastigotes) of L. major were isolated from station-
ary-phase cultures (4 to 5 days old) by negative selection of infective forms using
peanut agglutinin (Vector Laboratories Inc., Burlingame, CA). Mice were in-
fected in the ear dermis with 3 X 10° L. major metacyclic promastigotes in 10 .l
using a 27-gauge needle. In some experiments, mice were infected in one ear and
16 weeks after infection were challenged with 3 X 10° L. major promasti-
gotes in the other ear.

Parasite quantitation. Parasite loads in the ears were determined as previously
described (3). Briefly, the ventral and dorsal sheets of the infected ears were
separated and deposited dermal side down in RPMI containing 100 U/ml pen-
icillin, 100 pg/ml streptomycin, and the liberase CI enzyme blend (50 pg/ml;
Boehringer Mannheim). Ears were incubated for 40 min at 37°C. The sheets
were dissociated in RPMI with 10% serum and 0.05% DNase I (Sigma) using a
medimachine (BD Bioscience) according to the manufacturer’s protocol. The
tissue homogenates were filtered using a 70-pm cell strainer (Falcon Products
Inc., St. Louis, MO) and serially diluted in a 96-well flat-bottom microtiter plate
containing biphasic medium prepared using 50 pl of NNN medium containing
20% defibrinated rabbit blood overlaid with 100 wl of M199/S. The number of
viable parasites in each ear was determined from the highest dilution at which
promastigotes could be grown out after 7 days of incubation at 26°C. The number
of parasites in the local draining lymph nodes (LNs) (retromaxilar) was also
determined. The LNs were mechanically dissociated, and the parasite load in LN
cells was determined by the limiting dilution method as described above.

Analysis of dermal lymphocytes. Single-cell suspensions were obtained from
the ear dermis as described above. For analysis of surface markers and intracy-
toplasmic staining for gamma interferon (IFN-vy), cells were stimulated with L.
major-infected bone marrow-derived dendritic cells as a source of antigen for
16 h. The cells were cultured for an additional 6 h with brefeldin A (10 wg/ml)
and then stained for the surface markers CD3 (145-2 C11), T-cell receptor beta
(TCR-B) (H57-597), CD4 (GK1.5), and CD8 (RM4-5 and 53-6.7). Prior to
staining, cells were incubated with an anti-Fcy ITI/IT receptor and 10% normal
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mouse serum in phosphate-buffered saline containing 0.1% bovine serum albu-
min and 0.01% NaNj;. After surface staining, cells were permeabilized and
incubated with antibodies against either IFN-y or IL-10 (clones XMG1.2 and
JES6-5H4). Incubation was carried out for 30 min on ice. The isotype controls
used were rat immunoglobulin G2b (A95-1) and rat immunoglobulin G2a (R35-
95). All antibodies were purchased from BD Pharmingen. The frequency of
IFN-y-producing CD4* and CD8* T cells was determined by gating on CD3* or
TCR-B™ cells. For each sample, at least 100,000 cells were analyzed. The data
were collected and analyzed using either CELLQuest or FlowJo software
with either a FACSCalibur or an LSRII flow cytometer (Becton Dickinson,
San Jose, CA).

Cytokine measurement. For cytokine measurement in culture supernatants,
pooled cells from draining LNs were resuspended in RPMI containing fetal
bovine serum, penicillin, and streptomycin at a concentration of 6 X 10° cells/ml,
and 0.1 ml was plated in U-bottom 96-well plates. Cells were incubated at 37°C
in the presence of 5% CO, with uninfected or L. major-infected bone marrow-
derived dendritic cells for 48 h as described previously (23). Cytokine IFN-y and
IL-10 production was analyzed by an enzyme-linked immunosorbent assay (En-
dogen kits) performed according to the manufacturer’s protocol.

RESULTS

Lesion development and early parasite growth after L. major
infection of Bim ™'~ mice. Low-dose intradermal infection of
C57BL/6 mice with L. major results in lesions that develop over
several weeks and resolve with the onset of the T-cell response
(3, 4). Following resolution of cutaneous lesions, low levels of
parasites persist in BL/6 mice (3, 4). To test whether Bim '~
mice were similarly susceptible to primary L. major infection,
we inoculated groups of Bim ™" and Bim ™'~ mice with 3 X 10°
L. major promastigotes in the left ear pinnae and monitored
the development of lesions for 6 months. The lesion sizes in
Bim™'" and Bim '~ mice were not different for the first 2
months of infection, suggesting that the expansion and control
of primary L. major infection were similar in Bim™'* and
Bim ™'~ mice (Fig. 1A). Additionally, 6 weeks after infection,
there were no significant differences in parasite burden be-
tween Bim™*’* and Bim '~ mice (Fig. 1B). These data sug-
gested that the early primary T-cell response and the initial
growth of the parasite were similar in the two strains of mice.

Enhanced effector T-cell responses in L. major-infected
Bim™'~ mice. Our previous work showed that during acute
immune responses the peak expansion of antigen-specific T
cells was similar in Bim~/~ and Bim™’* mice but that after-
wards, as T cell numbers waned in Bim™'" mice, they were
maintained significantly longer in Bim ~/~ mice (14, 27). As the
peak response in the L. major model occurs between 6 and 8
weeks after infection (2, 4, 16), we next examined the role of
Bim in controlling T-cell responses during L. major infection.
We first tested IFN-y production in draining LN cells isolated
from L. major-infected Bim™'* and Bim ™'~ mice. At 6 weeks
after infection, LN cells from Bim '~ mice produced signifi-
cantly more IFN-y than Bim ™" mice but identical levels of
IL-10 (Fig. 1C). At 8 weeks after infection, LN cells from
Bim ™'~ mice still produced more IFN-y but less IL-10 than
Bim™*’* mice (data not shown). By 15 weeks after infection,
both the percentage and the total number of L. major-specific
CD4™" T cells able to produce IFN-y were significantly greater
in Bim ™/~ mice than in Bim™*’* mice (Fig. 2A and B). Thus,
the accumulation of IFN-y-producing cells in Bim ™/~ mice
suggests that Bim drives the death of significant numbers of L.
major-specific effector T cells in vivo. Although increased T-
cell proliferation or altered trafficking of T cells in Bim /'~
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FIG. 1. Lesion size and early parasite growth after intradermal L.
major infection of Bim™'~ mice. (A) Groups of either Bim™'* or
Bim ™'~ mice (four mice/group) were infected intradermally in the left
ear with 3 X 10° L. major promastigotes. The lesion size in infected
ears was determined using a vernier caliper as described previously
(2); ears of representative Bim™'" (top ear) and Bim '~ (bottom ear)
are shown, and the lesion area is circled. The data are the mean lesion
sizes * standard deviations in Bim™’* ((J) and Bim /= (M) mice.
(B) In a second experiment, groups of either Bim™*/* or Bim '~ mice
(five mice/group) were infected intradermally in the left ear with 3 X
10° L. major promastigotes. At 6 weeks mice were sacrificed, and
parasite loads in the ears and draining LNs of infected mice were
determined by the limiting dilution method. The data are the total
numbers of parasites (expressed as 1/dilution with detectable para-
sites) in the ears and draining LNs of Bim ™" and Bim /~ mice. The
dotted line indicates the limit of detection. (C) Single-cell suspensions
from draining LNs from groups of Bim*™'* or Bim '~ mice were cul-
tured for 48 h with soluble Leishmania antigen (25 pg/ml). IFN-y and
IL-10 levels in the supernatant were determined by an enzyme-linked
immunosorbent assay. The bars indicate the mean concentrations of
cytokines produced by cells isolated from either the chronic site or the
challenged site on individual mice (four mice/group); the error bars
indicate the standard errors of the means. The asterisk indicates that
there was a statistically significant difference between the IFN-vy levels
in supernatants from Bim /~ and Bim ™" LN cells (P < 0.01, Student’s
t test). The data are representative of two independent experiments in
which similar results were obtained.
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FIG. 2. Bim™'~ mice have increased L. major-specific T-cell re-

sponses. Groups of either Bim*'* or Bim™’~ mice (six mice/group)

were infected intradermally in the left ear with 3 X 10° L. major
promastigotes. At 15 weeks the T-cell responses in the infected ear and
draining LNs were assessed using intracellular cytokine staining and
flow cytometry. The graphs show (A) the percentages and (B) the total
numbers of L. major-specific CD4™ T cells able to produce IFN-vy; the
error bars in panel B indicate the standard errors of the means. An
asterisk indicates that there was a significant increase in the total
numbers of IFN-y-producing T cells in Bim~’~ mice compared to
Bim™* mice (P < 0.022 for ears and P < 0.012 for LNs, Student’s ¢
test).

mice could explain this T-cell accumulation, our data obtained
previously with other models systems showed that the absence
of Bim does not increase T -cell proliferation or alter T-cell
trafficking (14, 27).

Bim ™'~ mice are resistant to chronic L. major infection. The
increased numbers of Bim '~ effector T cells at the primary
site of infection with L. major suggested that Bim '~ mice may
have an increased capacity to control L. major infection. In-
deed, while Bim ™" mice harbored a low number of persisting
parasites in the dermis and regional LNs, the number of par-
asites in Bim '~ mice was below the level of detection (data
not shown). To reveal potential low-level infection, we admin-
istered anti-IFN-y neutralizing antibody to groups of L. major-
infected Bim™/" or Bim ™'~ mice at 25 weeks and then treated
them again at 27 weeks after infection. We have previously
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FIG. 3. Bim ™'~ mice are resistant to chronic L. major infection.

Groups of either Bim*/" or Bim ™'~ mice were infected intradermally

with 3 X 10° L. major promastigotes. At 25 weeks after infection mice
were inoculated intraperitoneally with 0.5 mg anti-IFN-y monoclonal
antibody (XMG1.2). One week later mice received a second dose of
anti-IFN-y antibody. At 29 weeks after infection, mice were sacrificed,
infected ears and draining LNs were removed, and L. major parasites
were quantified by limiting dilution. The dotted line indicates the limit
of detection. The number of parasites (expressed as 1/dilution with
detectable parasites) was significantly decreased in Bim '~ mice com-
pared to Bim ™' mice (P < 0.0001 for ears and P < 0.0009 for LNs,
Student’s ¢ test).

shown that neutralization of IFN-y in vivo results in disease
reactivation and parasite expansion (2). Four weeks after anti-
IFN-y treatment, mice were sacrificed and the parasites in the
ears and draining LNs were quantified. While Bim ™" mice
had roughly 10° parasites/ear and 4 X 10° parasites/LN, one of
three Bim '~ mice had detectable but very low levels of par-
asites, while the levels of parasites in the LNs were still below
the limit of detection in the other two Bim ’~ mice and no
parasites persisted in the ears of any of the Bim ’~ mice (Fig.
3). Although we did not include an isotype control-treated
group in this experiment, the anti-IFN-y antibody was effective
in Bim ™" mice because they showed evidence of disease re-
activation upon macroscopic evaluation and there were high
numbers of parasites in their ears and draining LNs (Fig. 3). At
this late time point, the parasite burdens in untreated, L. ma-
jor-infected Bim™*’* mice are generally 2 to 3 logs lower (2).
Thus, Bim '~ mice had an enhanced capacity to control L.
major infection. Taken together, these data suggest that Bim is
critical for limiting the effector T-cell response and for pro-
moting persistent L. major infection.

Enhanced protective immunity in vivo in the absence of
Bim. In persistent L. major infection of wild-type mice, the
ability to mount protective immunity to secondary infection is
linked to persisting antigen (5, 16). As Bim™/~ mice were
resistant to chronic infection, we next tested whether Bim ™/~
mice were able to maintain protective immunity after rechal-
lenge. Groups of either Bim™*'* or Bim~’~ mice were inocu-
lated with 3 X 10> L. major promasitgotes in the left ear pinnae
and 4 months later were challenged in the other ear with 3 X
10® promastigotes (Fig. 4A). Three weeks after the secondary
challenge, mice were sacrificed and the parasites in their ears
were quantified (Fig. 4A). In this model, the secondary re-
sponse is also controlled by T regulatory cells, and control of
parasites in wild-type mice occurs only after the fourth week
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after a secondary challenge (16). Similar to our results de-
scribed above (Fig. 3), parasites were undetectable at the pri-
mary site in Bim ~/~ mice but not in Bim™*’* mice (Fig. 4B). As
expected, at 3 weeks after the secondary challenge, Bim™'*
mice did not exhibit concomitant immunity; however, Bim ™/~
mice exhibited significant resistance to the secondary chal-
lenge, as shown by a roughly 1,000-fold reduction in the
number of parasites at the challenge site (Fig. 4B). In fact,
parasites were detectable in only one of three Bim '~ mice at
the challenge site. Similarly, parasites were undetectable in the
draining LNs of Bim /'~ mice (Fig. 4C). These data demon-
strate that the absence of Bim significantly enhances protective
immunity in vivo, despite the apparent clearance of parasites in
the primary infection.

Elimination of L. major requires IFN-vy, which is antago-
nized during persistent infection by IL-10-dependent counter-
regulatory mechanisms (2, 5). Because Bim '~ mice displayed
increased immunity to challenge with L. major, we next quan-
tified T-cell production of IFN-y following brief stimulation in
vitro in response to L. major-infected dendritic cells. Three
weeks after infection of naive mice, the percentages of L.
major-specific, IFN-y-producing CD4™ T cells were similar in
Bim ™'~ and Bim™'* mice (Fig. 4D). However, at both the
chronic site and the challenge site the percentage of L. major-
specific, IFN-y-producing CD4" T cells was significantly
greater in Bim '~ mice than in Bim™*'" mice (Fig. 4D). Fur-
ther, while the numbers of L. major-specific, IFN-y producing
T cells were slightly increased at the chronic site, they were
100-fold greater at the challenge site of Bim '~ mice than at
the challenge site of Bim /" mice (Fig. 4E). These data suggest
that Bim is critical for limiting the numbers of L. major-specific
memory T cells.

LN cells that drain either the chronic site or the challenge
site were also stimulated with soluble L. major antigen, and
cytokine production was measured after 48 h. Similar to what
we observed in intracellular flow cytometric analyses, the
IFN-y production by cells isolated from the chronic site of
infection in Bim ™" mice was similar to the IFN-y production
in Bim '~ mice, while IFN-y production by cells isolated from
the challenge site was significantly increased in Bim ™'~ mice
(Table 1). In contrast, cells isolated from both the chronic and
challenge sites of Bim™" mice secreted significantly more
IL-10 than draining LN cells from Bim '~ mice (Table 1). The
increased IFN-y production and the lack of IL-10 production
in Bim '~ mice resulted in a dramatic skewing of the IFN-vy/
IL-10 ratio for both the challenge and chronic sites (Table 1).
These results are consistent with the observed in vivo protec-
tion against secondary challenge, because protection against L.
major is IFN-y dependent (6). Thus, the loss of Bim enhances
protective immunity in vivo, likely by increasing the number of
IFN-vy-producing memory T cells.

DISCUSSION

Previous work by us and others showed that Bim was re-
quired for apoptotic contraction of superantigen-reactive and
virus-specific T cells in vivo (12, 14, 20, 27). We showed that
following infection with lymphocytic choriomeningitis virus
(LCMV), the absence of apoptotic contraction in Bim ~’~ mice
resulted in significantly increased numbers of memory pheno-
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FIG. 4. Increased protective immunity to L. major in Bim ™'~ mice. (A) Experimental design of infection, challenge, and analysis. Briefly, groups of either
Bim™'* or Bim™'~ mice (three mice/group) were infected intradermally in the left ear with 3 X 10° L. major promastigotes. Four months after this primary
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infection) were challenged at the same time. Three weeks after this challenge, mice were sacrificed and the numbers of parasites at the chronic site (left ear) and
the challenge site (right ear) and in the LNs draining either site were quantified. (B and C) Numbers of parasites (expressed as 1/dilution with detectable
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LN, Student’s ¢ test) compared to the naive Bim /'~ controls. In addition, in Bim '~ mice there were significant reductions in the numbers of parasites at the
chronic site (P < 0.005 for ears and P < 0.033 for LNs) and at the challenge site (P < 0.032 for ears and P < 0.043 for LNs) compared to Bim™'* controls. The
numbers of parasites in challenged Bim ™'+ mice were not significantly different from the numbers in naive Bim™'* controls (P < 0.160 for ears and P < 0.29
for LNs). n.s., not significant. (D) Representative dot plots showing IFN-y production by CD4" T cells of naive mice (3 weeks after infection) or at the chronic
site (19 weeks after infection) and challenge site (3 weeks after challenge) of either Bim ™" (WT) or Bim ™~ mice. (E) Total numbers of IFN-y" CD4" T cells
in Bim™'* mice (open bars) and Bim '~ mice (filled bars) at either the chronic site or the challenged site. The error bars indicate the standard errors of the means.
A significant increase in the number of IFN-y" cells at the challenge site was observed in Bim '~ mice compared to Bim™'* mice (P < 0.03, Student’s ¢ test).
The data are representative of two independent experiments in which similar results were obtained.
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TABLE 1. Increased level of IFN-y and lack of IL-10 production in L. major-infected Bim ™'~ mice”

Mice Site IFN-y concn (pg/ml) IL-10 concn (pg/ml) IFN-y/IL-10 ratio
Bim*'™* Naive 151 = 48 257 £ 48 0.58
Challenged 877+ 153 201 = 185 0.44
Chronic 5,377 = 1,186 702 = 83 7.66
Bim™/~ Naive 228 = 80 276 = 123 0.83
Challenged 15,270 = 1,570° 26.3 = 27.9 580
Chronic 5,870 = 1,477 51.7 =299 114

“ Single-cell suspensions from draining LNs from either naive Bim*'* or Bim ™/~

mice 3 weeks after primary L. major infection or from the chronic site or the

challenge site for groups of Bim™*/* or Bim ™'~ mice 3 weeks after secondary L. major infection were cultured for 48 h with soluble Leishmania antigen (25 pg/ml). IFN-y
and IL-10 levels in the supernatant were determined by an enzyme-linked immunosorbent assay.
® The value is statistically significantly different from the value for Bim™/* mice (P = 0.005, Student’s ¢ test).

type T cells based on their ability to produce IL-2 after brief
stimulation in vitro (27). However, neither the superantigen
model system nor the LCMV model system is an ideal system
to ask questions about protective immunity. Superantigen-re-
active T cells are tolerized after an encounter with superanti-
gen in vivo (21). In addition, LCMYV induces robust memory in
wild-type mice (18), making it difficult to observe increased
protective immunity in this model. In this study, we took ad-
vantage of a well-characterized infection model, intradermal L.
major infection of mice, to demonstrate that an absence of Bim
leads to increased protective immunity in vivo.

Following challenge, Bim '~ mice had decreased numbers
of parasites at both the chronic site and the challenge site,
which correlated with increased L. major-specific production
of IFN-y and a lack of production of IL-10. Notably, IL-10
production is normal early after infection in Bim '~ mice,
suggesting that the generation of IL-10-producing T cells is not
impaired in Bim '~ mice. Two possible mechanisms may ex-
plain the loss of IL-10 production in Bim ™'~ mice. First, it is
possible that the decreased parasite burden in Bim ™'~ mice
may result in the loss of T regulatory cells, as our recent data
showed that parasite persistence was required for the mainte-
nance of L. major-specific T regulatory cells (24). Second, at
later time points, when IFN-y was neutralized in vivo, the L.
major-specific IL-10 production in Bim '~ mice was similar to
that in Bim™'* mice (data not shown), suggesting that the
failure to eliminate IFN-y-producing effector T cells results in
functional silencing of IL-10 production by T regulatory cells.
With either mechanism, infection of Bim /™ mice with L. ma-
jor results in substantial imbalances between effector and T
regulatory cells that result in resistance to parasite persistence
and preservation of protective immunity.

Although some experiments have shown that major histo-
compatibility complex-TCR interactions and/or persisting an-
tigen is required for the maintenance of T-cell memory (15, 16,
22), other experiments have shown that memory T cells survive
in the absence of major histocompatibility complex and/or an-
tigen (10, 19, 25). In this study, we found that even in the
seeming absence of persistent parasites, protective CD4™ T-
cell memory is maintained. However, we cannot be certain that
the protective responses that result in “concomitant immunity”
in wild-type mice are mediated by memory T cells or by a
population of effector T cells that is continuously stimulated by
antigen in vivo. In other model systems, persisting antigen may
promote the accumulation of chronically activated effector T

cells and limit their development into “true” memory T cells
(11, 26). In addition, recent work has shown that an auxotro-
phic mutant of L. major that cannot persist in vivo is capable of
stimulating a population of CD62L" “central” memory T cells
which appear to be critical for protection from reinfection (29).
Thus, it is possible that when antigen is eliminated, effector T
cells die off and are replaced by CD62L" central memory T
cells. In the absence of Bim, effector T cells are maintained at
a level sufficient to drive parasite elimination, but further work
is required to determine whether the protective T cells in
Bim ™'~ mice after parasite elimination are “effector memory”
or “central memory” in nature.

The implication of these data is that a decrease in the con-
traction of the T-cell response can lead to increased protective
immunity. Experiments are under way to determine whether
interference with contraction of T-cell responses in vivo could
be exploited to increase vaccine efficiency. Because a major
driving force of the evolution of T-cell immunity has likely
been pathogen epidemics and the absence of contraction pro-
vides stronger protection against pathogens, we assume that
contraction of T-cell responses is critical for the avoidance of
other potentially lethal situations. For example, it was recently
shown that in mice that have very high levels of persistent
virus-specific memory T cells, secondary exposure to the virus
results in a lethal shocklike reaction with >85% mortality by 8
days after challenge (1). Such data suggest that contraction has
evolved to avoid such lethal reactions. At least three other
forces that are not mutually exclusive probably favor contrac-
tion. (i) Elimination of effector T cells avoids an increased
metabolic cost to the organism to keep the cells alive. (ii)
Increased numbers of effector memory T cells could compete
with naive T cells for survival cytokines, such as IL-7 or IL-15;
such competition could result in the loss of naive T cells and
the inability to fight off other infections. (iii) Increased num-
bers of effector T cells could result in increased autoimmune
disease through their potential cross-reactivity with self-anti-
gens and/or through the functional silencing of T regulatory
cells. As the function of T regulatory cells is likely suppressed
to allow development of T-cell responses to infection, it is
tempting to speculate that contraction of T-cell responses has
evolved to allow reestablishment of functional homeostasis of
T regulatory cells.

Finally, our data have implications for the ability to manip-
ulate antigen-specific T-cell responses in vivo. Strategies tar-
geted at inhibiting Bim may be particularly relevant in the
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context of vaccines against pathogens known to elicit “poor-
quality” immune responses. Further, some parasitic pathogens
usually have few, if any, dominant antigens; thus, limiting Bim-
mediated apoptosis may enhance T-cell responses to such sub-
dominant epitopes. Altogether, our results suggest that target-
ing Bim may be a valid strategy to enhance the efficiency of
vaccines against infectious diseases. However, we also note
that inhibition of Bim may lead to other potential conse-
quences, including increased numbers of effector T cells that
could cause deleterious hyperinflammatory responses, as well
as functional inactivation of T regulatory cells.
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