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Although gamma interferon (IFN-v) and interleukin-10 (IL-10) have been shown to be critically involved in the pathogenesis of
African trypanosomiasis, the contributions to this disease of CD4* and CD8™ T cells, the major potential producers of the two
cytokines, are incompletely understood. Here we show that, in contrast to previous findings, IFN-y was produced by CD4*, but
not CD8™, T cells in mice infected with Trypanosoma brucei. Without any impairment in the secretion of IFN-vy, infected
CD8~'~ mice survived significantly longer than infected wild-type mice, suggesting that CD8™" T cells mediated mortality in an
IFN-y-independent manner. The increased survival of infected CD8 /'~ mice was significantly reduced in the absence of IL-10
signaling. Interestingly, IL-10 was also secreted mainly by CD4™ T cells. Strikingly, depletion of CD4* T cells abrogated the pro-
longed survival of infected CD8 ™/~ mice, demonstrating that CD4" T cells mediated protection. Infected wild-type mice and
CD8 ™'~ mice depleted of CD4" T cells had equal survival times, suggesting that the protection mediated by CD4" T cells was
counteracted by the detrimental effects of CD8™ T cells in infected wild-type mice. Interestingly, CD4™ T cells also mediated the
mortality of infected mice in the absence of IL-10 signaling, probably via excessive secretion of IFN-vy. Finally, CD4™, but not
CD8™, T cells were critically involved in the synthesis of IgG antibodies during T. brucei infections. Collectively, these results
highlight distinct roles of CD4* and CD8" T cells in the context of IFN-y and IL-10 during T. brucei infections.

Typanosoma brucei species are protozoan parasites that cause
severe disease and death to humans and animals in Africa (1-
4). The parasites have developed highly sophisticated mechanisms
to escape host immune responses, including antigenic variation of
the variant surface glycoprotein (VSG) (3, 5), immunosuppres-
sion (4, 6, 7), and splenic B cell depletion (8, 9). For practical and
ethical reasons, mouse models have become an alternative and
have proven to be a cornerstone for studying African trypanoso-
miasis of humans and domestic animals (2). BALB/c mice are
highly susceptible to T. brucei and Trypanosoma congolense infec-
tions, whereas C57BL/6 mice are relatively resistant, as measured
by levels of parasitemia, immunosuppression, and survival time
(10-12). Immunological experiments are often performed using
C57BL/6 mice, because most of the gene-deficient mice available
have the C57BL/6 background.

Early studies showed that clearance of the parasites takes place
mainly in the liver (13, 14). Further studies demonstrated that the
parasites are cleared by Kupffer cells via phagocytosis (15), which
is mediated by IgM as well as IgG antibodies (Abs) specific for VSG
(16, 17). More recently, using IgM-deficient and B cell-deficient
mice, it has been shown that IgG, but not IgM, Abs play a domi-
nant role in the clearance of the parasites (18, 19). Gamma inter-
feron (IFN-v), produced by VSG-specific T cell receptor a3-pos-
itive (TCRaf™) CD4™ T cells (20), is critical for host resistance to
African trypanosomes (18, 21-24). It is likely that IFN-vy exerts its
protective effect through macrophage activation, resulting in se-
cretion of tumor necrosis factor alpha (TNF-a) and nitric oxide,
which mediate parasite lysis or death (18, 25-27). However, over-
activation of macrophages driven by excessive production of
IFN-v, particularly in the absence of interleukin-10 (IL-10) sig-
naling, induces liver pathology, which kills the infected mice (15,
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28, 29). As a regulatory cytokine, IL-10 is required to downregu-
late macrophage activation (15, 23, 28). Thus, IFN-vy and IL-10
play crucial roles in protective as well as pathological immune
responses during African trypanosomiasis (1, 4).

CD4" and CD8™ T cells are the major potential producers of
IFN-v and IL-10. Although the important roles of IFN-y and
IL-10 in the pathogenesis of African trypanosomiasis have been
documented, the roles of CD4" and CD8™" T cells in the develop-
ment of the disease are not fully understood. In this study, we
evaluated the contributions of CD4* and CD8™ T cells to the
pathogenesis of this disease. In particular, we focused on how their
contributions were related to [FN-y and IL-10.

MATERIALS AND METHODS
Mice. Female 8- to 10-week-old BALB/c AnNCrlIBR (BALB/c) mice and 5-

to 6-week-old female outbred Swiss white mice (CD1) were purchased
from the National Cancer Institute (Frederick, MD). CD4~'~ and
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CD8 '~ BALB/c mice (30, 31) were bred in-house. All animal experi-
ments were performed in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee and Institutional Bio-safety
Committee of the University of Maryland, College Park.

Parasites. T. brucei variable antigen type (VAT) 10-26 was obtained
from Terry Pearson, University of Victoria, Victoria, Canada. Frozen sta-
bilates of parasites were used for infecting CD1 mice immunosuppressed
with cyclophosphamide, and passages were made every third day as de-
scribed previously (32). Parasites were purified from the blood of infected
CD1 mice by DEAE-cellulose chromatography (33) and were used for
infecting BALB/c mice.

Hybridomas and Abs. The rat hybridoma 1B1.3a (blocking mouse
IL-10 receptor [IL-10R]), antibody GK1.5 (specific for mouse CD4), and
antibody 53-6.72 (specific for mouse CD8) were purchased from the
American Type Culture Collection (ATCC), Manassas, VA. A purified
antibody (clone 2.4G2) against mouse CD16/CD32 (FcyIIl/II receptors),
biotin-conjugated rat anti-mouse CD4 (clone RM4-5), and biotin-conju-
gated rat anti-mouse IFN-y (clone XMG1.2) were purchased from BD
Biosciences. Biotin-conjugated rat anti-mouse CD3 (clone 17A2), biotin-
conjugated rat IgG2b, phycoerythrin (PE)-conjugated anti-mouse IFN-y
(clone XMG1.2), PE-Cy7-conjugated anti-mouse IL-10 (clone JES5-16E3),
peridinin chlorophyll protein (PerCP)-Cy5.5-conjugated anti-mouse CD3
(clone 145-2C11), fluorescein isothiocyanate (FITC)-conjugated anti-mouse
CD4 (clone GK1.5), allophycocyanin (APC)-conjugated anti-mouse CD8
(clone H35-17.2), PE-conjugated rat-IgG1, FITC-conjugated rat-IgG2b, and
APC-conjugated rat-IgG2b were purchased from eBioscience. Biotin-conju-
gated rat IgG2a and biotin-conjugated rat IgG1 were obtained from Cedar-
lane.

Infections, treatment of mice with MAbs, estimation of parasitemia,
and survival times of mice. Mice were infected intraperitoneally (i.p.)
with 10° T. brucei VAT 10-26 parasites. Some groups of infected mice were
injected i.p. with a rat anti-mouse CD4 monoclonal antibody (MAb)
(clone GK1.5), a rat anti-mouse CD8 MADb (clone 53-6.72), a rat anti-
mouse IL-10R MAD (clone 1B1.3a), or rat IgG (as a control). A drop of
blood was taken from the tail of each infected mouse. Parasitemia was
estimated by counting the number of parasites present in at least 10 fields
at X400 magnification by phase-contrast microscopy. The survival time
was defined as the number of days after infection that the infected mice
remained alive.

Flow cytometry. Spleen cells were collected from T. brucei-infected
BALB/c mice at various time points after infection or from uninfected
BALB/c mice (as a negative control). The cells were diluted to 5 X 10%/ml
and were cultured (200 pl/well) in a 96-well plate for 48 h. After 44 h of
incubation, 2 WM monensin (GolgiStop; BD Biosciences) was added to
the cultures. Four hours later, cells were harvested and were washed twice
in staining buffer (BD Biosciences). Alternatively, the spleen cells were
cultured in the presence of 1X Cell Stimulation Cocktail (plus protein
transport inhibitors; eBioscience) for 12 h. The cells were incubated (15
min, 4°C) with a purified antibody (clone 2.4G2) against mouse CD16/
CD32 (FcyIII/II receptors) to block nonspecific binding of Abs to Fc
receptors, washed with staining buffer, resuspended in staining buffer,
and stained with MADs specific for cell surface markers or with the rele-
vant isotype-matched control Abs. Cells were washed twice with staining
buffer. Cells were fixed with formaldehyde, and cell membranes were
permeabilized in Cytofix/Cytoperm solution (BD Biosciences). Intracel-
lular staining was then performed using MAbs specific for IFN-+y or IL-10,
or using isotype-matched control Abs. Samples were resuspended in
phosphate-buffered saline (PBS) containing 1% formaldehyde, tested by
fluorescence-activated cell sorting (FACS), and analyzed using FlowJo
software.

Immunocytochemistry. Spleen cells were isolated from T. brucei-in-
fected BALB/c mice on day 6 after infection or from uninfected BALB/c
mice (as a control). The cells were diluted at 2.5 X 10®/ml. Four hundred
twenty-five microliters of the cell solution was put in each chamber of
eight-chamber Lab-Tek slides (Miles Scientific) and was cultured for 48 h
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at 37°C under a 5% CO, atmosphere. Then the chamber slides were dis-
assembled. Immunofluorescent double staining for cell surface markers
and intracellular IFN-y was performed on ice as described previously
(34). In brief, the cells were rinsed with PBS, blocked with Fc block (pu-
rified MAD 2.4G2) and 2% bovine serum albumin (BSA), and then incu-
bated with biotin-conjugated anti-mouse CD3 or anti-mouse CD4 MAbs,
or with biotin-conjugated isotype controls, for 30 min. After three washes
in PBS, the slides were incubated with Alexa Fluor 488-conjugated
streptavidin (Molecular Probes) for 30 min, rinsed with PBS, and then
fixed with 5% formalin. The cells were incubated with avidin D solution
for 15 min, rinsed with PBS, and then incubated with a biotin solution
(Avidin/Biotin Blocking kit; Vector Laboratories) for 15 min. The slides
were rinsed with PBS, incubated with biotinylated rat anti-mouse IFN-y
(clone XMG1.2) or rat IgG1 conjugated with biotin (isotype control) in
PBS containing 0.1% saponin (for cell permeabilization) for 30 min,
rinsed with PBS, and then stained with Alexa Fluor 546-conjugated
streptavidin.

Splenocyte cultures for measurement of cytokine synthesis. Spleno-
cytes were collected on day 6 or 21 from T. brucei-infected mice as well as
from naive mice. Cells were cultured at a concentration of 5 X 10%/ml (200
pl/well) in 96-well tissue culture plates with or without lysates of T. brucei
VAT 10-26 parasites in a humidified incubator containing 5% CO,. The
parasite lysates were made by repeated freezing and thawing, and sonica-
tion, as described previously (35). The culture supernatant fluids were
collected after 48 h, centrifuged at 1,500 X g for 10 min, and stored for
cytokine assays at —20°C until use.

Liver leukocyte cultures for measurement of cytokine synthesis. In-
trahepatic leukocytes were isolated as described previously (36). Briefly,
the liver was perfused with PBS until it became pale. Thereafter, the gall-
bladder was removed and the liver excised carefully from the abdomen.
The liver was minced with surgical scissors and was forced gently through
a 70-pwm cell strainer using a sterile syringe plunger. The preparation
obtained was suspended in 50 ml RPMI 1640 medium containing 10%
fetal calf serum (FCS). The cell suspension was centrifuged at 30 X g with
the off-brake setting for 10 min at 4°C. The supernatant obtained was
centrifuged at 300 X g with the high-brake setting for 10 min at 4°C. The
pellet was resuspended in 10 ml 37.5% Percoll in Hanks balanced salt
solution (HBSS) containing 100 U/ml heparin and was then centrifuged at
850 X g with the off-brake setting for 30 min at 23°C. This new pellet was
resuspended in 2 ml ACK (ammonium-chloride-potassium) buffer for
erythrocyte lysis, incubated at room temperature for 5 min, and then
supplemented with 8 ml RPMI 1640 medium containing 10% FCS, fol-
lowed by centrifugation at 300 X g with the high-brake setting for 10 min
at 8°C. Cells were collected and were cultured at a concentration of 5 X
10%/ml (200 pl/well) in 96-well tissue culture plates in a humidified incu-
bator containing 5% CO,. The culture supernatant fluids were collected
after 48 h, centrifuged at 1,500 X g for 10 min, and stored for cytokine
assays at —20°C until use.

Cytokine assays. Recombinant murine cytokines (IFN-y and IL-10)
and Abs specific to these cytokines for use in enzyme-linked immunosor-
bent assays (ELISAs) were purchased from BD Biosciences. The levels of
cytokines in culture supernatant fluids or plasma were determined by
routine sandwich ELISAs using Immuno-4 plates (Dynex Technologies),
according to the manufacturer’s protocols. Each sample was tested for
each cytokine in triplicate.

ELISAs for trypanosome-specific Abs. The whole-trypanosome ly-
sate was prepared by repeated freezing and thawing of freshly isolated T.
brucei VAT 10-26 or VAT x (purified from the blood of BALB/c mice on
day 20 after infection with T. brucei VAT 10-26) in the presence of 5 mM
N-tosyl-L-lysine chloromethyl ketone (TLCK; Sigma), and the total pro-
tein content was determined by the Bio-Rad Protein Assay kit (Bio-Rad
Laboratories) as described previously (34, 37). ELISA plates were coated
overnight at 4°C with 50 pl of the lysate containing 25 pg/ml total protein.
The plates were washed twice with PBS-Tween, and nonspecific binding
sites were blocked for 2 h at room temperature with 200 .l of PBS con-

July 2015 Volume 83 Number 7


http://iai.asm.org

taining 10% heat-inactivated fetal bovine serum (PBS-FBS). Serum sam-
ples (100 pl), diluted 1:50 in PBS-FBS, were added to each well and were
incubated for 2 h at 37°C. After washing (four times), 100 pl of previously
determined dilutions of peroxidase-conjugated goat anti-mouse isotype-
specific antibodies (Southern Biotechnology Associates) in PBS-FBS was
added to each well, and the mixture was incubated for 2 h at room tem-
perature. The plates were washed eight times, and color development was
achieved by adding 100 pl of 2,2"-azino-di-(3-ethylbenzthiazoline sulfo-
nate) (ABTS; Kirkegaard & Perry) and incubating for 15 to 30 min at
room temperature. Optical densities were read in a microtiter plate reader
at a wavelength of 405 nm.

Statistical analysis. Data are represented as means * standard errors
of the means (SEM). The significance of differences was determined by
two-way analysis of variance (ANOVA), the Student ¢ test, or a log rank
test using GraphPad Prism software, version 4.0.

RESULTS

CD8™ T cells mediate the mortality of BALB/c mice infected
with T. brucei. We infected wild-type and CD8 '~ BALB/c mice
with 10% T. brucei VAT 10-26 parasites. As shown in Fig. 1A, all
infected mice could control the first wave of parasitemia. Infected
wild-type mice could not control the second wave of parasitemia
and succumbed to the infection on day 24 to 32 after infection,
with a mean survival time of 26.6 = 1.4 days (Fig. 1B). In contrast,
infected CD8 /™ mice succumbed to infection on day 39 to 54,
with an average survival time of 47.1 * 1.4 days (Fig. 1B). Thus,
infected CD8 ™/~ mice survived significantly longer (P < 0.01)
than infected wild-type mice, demonstrating that CD8*' T cells
mediated the mortality of BALB/c mice infected with T. brucei
VAT 10-26, as reported previously for relatively resistant C57BL/6
mice (23, 38).

Mortality mediated by CD8" T cells is not associated with
IFN-v secretion. Farly results suggested that CD8™ T cells medi-
ated the mortality of C57BL/6 mice infected with T. brucei
AnTatl.1E through their secretion of IFN-vy, which promoted
parasite growth (38, 39). Thus, we first determined the cellular
source of IFN-vy in wild-type BALB/c mice infected with T. brucei
VAT 10-26. Spleen cells obtained from infected mice and naive
mice were cultured in vitro. The cells were collected for staining of
cell surface markers and intracellular IFN-+y, which were detected
by flow cytometry. IFN-vy-producing cells were detected in the
spleen cultures of mice infected with T. brucei VAT 10-26 (Fig.
2A). No IFN-vy-secreting cells were detected in the spleen cultures
of naive mice (Fig. 2A). IFN-y was produced by CD4* T cells
rather than CD8™ T cells in BALB/c mice infected with T. brucei
VAT 10-26 (Fig. 2A). To confirm the flow cytometry data, we also
performed immunocytochemical double staining for cell surface
makers and intracellular IFN-y. We found IFN-y-producing cells
in the spleen cultures of infected mice (Fig. 2B) but not in those of
naive mice (data not shown). All IFN-y-producing cells expressed
the CD3 as well as the CD4 marker (Fig. 2B).

To further characterize the link between IFN-vy secretion and
CD8™ T cell-mediated mortality, we next measured IFN-vy levels
in the plasma and the supernatant fluids of spleen cultures of
wild-type, CD4 /", and CD8 '~ BALB/c mice infected with T.
brucei VAT 10-26. A large amount of IFN-y was synthesized in
vivo or in vitro by spleen cells in infected wild-type mice (Fig. 2C).
No significant difference in IFN-vy levels was noted between
CD8 '~ and wild-type mice infected with T. brucei VAT 10-26
(Fig. 2C), demonstrating that CD8 deficiency did not affect the
secretion of IFN-v. In contrast, IFN-y production was completely
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FIG 1 CD8™/~ mice infected with T. brucei have lower levels of parasitemia
and survive significantly longer than infected wild-type mice. Groups of
CD8™/~ (O) (n = 10) or wild-type (®) (1 = 5) BALB/c mice were infected
with 10° T. brucei VAT 10-26 parasites. Mice were monitored for parasitemia
(A) and survival (B). Data are presented as means = SEM and are representa-
tive of results of two separate experiments.

abrogated (under the detection limit) in CD4 ™'~ mice infected
with T. brucei VAT 10-26 (Fig. 2C). In addition, we compared the
secretion of IFN-vy by spleen cells and liver leukocytes purified
from wild-type mice with that for mice depleted of CD4" or
CD8™" T cells at the acute stage (day 6) and the chronic stage (day
21) of T. brucei infection. Depletion of CD4 ™, but not CD8™, T
cells abolished IFN-y secretion by spleen cells on day 6 after infec-
tion (P < 0.01) (see Fig. S1 in the supplemental material). IFN-y
was undetectable in all three groups on day 21 after infection.
Importantly, depletion of CD4 ™", but not CD8™, T cells abrogated
the production of IFN-y by liver leukocytes in both the acute and
chronic stages of the infection (P < 0.01) (see Fig. S1).
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FIG 2 IFN-y is secreted by CD4 ™" but not CD8™" T cells in mice infected with T. brucei. (A) Spleen cells collected from T. brucei-infected BALB/c mice on day 6 after
infection or from naive mice were cultured at a concentration of 5 X 10°/ml in 96-well plates (200 pl/well) for 48 h, and 2 uM monensin (GolgiStop; BD Biosciences)
was added to the cultures at 44 h. Staining for CD4 or CD8 and intracellular IFN-y was performed as described in Materials and Methods. No IFN-y-producing cells were
detected in naive mice (left). IFN-y-producing cells were detected in infected mice, and they were CD4" and CD8 (right). (B) Spleen cells collected from T.
brucei-infected BALB/c mice on day 6 after infection were cultured at a concentration of 5 X 10°/ml for 48 h in eight-chamber Lab-Tek slides. The chamber slides were
disassembled, and immunofluorescent double staining for CD3 or CD4 and intracellular IFN-y was performed on ice. IEN-y™ (red, arrows) cells were CD3 ™" (green,
top) and CD4 " (green, bottom). Original magnifications, X400 for panels and X 1,000 for insets. (C) Groups of 5 CD4 '~ (open bars), CD8 '~ (hatched bars), or
wild-type (filled bars) BALB/c mice were either infected with 10° T. brucei VAT 10-26 parasites or left uninfected. Mice were killed on day 6 after infection, and plasma
samples were collected. Spleen cells were collected and were cultured for 48 h. The amounts of IFN-vy in plasma or supernatant fluids of spleen cultures were determined
by ELISA. Data are presented as means = SEM and are representative of results of two separate experiments.
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To confirm the antigen specificity of IFN-vy production by
CD4™ T cells, we measured the secretion of IFN-y by spleen
cells from naive mice and infected mice in the absence or pres-
ence of various concentrations of T. brucei VAT 10-26 lysate
antigens as described previously (35). Although there was no sig-
nificant difference in IFN-y secretion between the absence and the
presence of the parasite lysates for infected mice, spleen cells pu-
rified from infected wild-type mice or infected mice depleted of
CD8™ T cells, but not from infected mice depleted of CD4" T
cells, secreted significantly larger amounts (P < 0.01) of IFN-vy
than spleen cells from naive mice (undetectable) when cultured
with trypanosome lysates (see Table S1 in the supplemental ma-
terial). We suggest that the failure of trypanosome lysates to en-
hance IFN-y secretion by spleen cells is due to the fact that the
spleen cultures already contained considerable numbers of live
trypanosomes, since we could observe the live parasites in the
spleen culture under microscopy (data not shown). These para-
sites may generate sufficient trypanosome VSG in the cultures.
Taken together, these data strongly suggest that [IFN-y was pro-
duced by CD4™ T cells rather than CD8 T cells in BALB/c mice
infected with T. brucei VAT 10-26. Neither CD8 deficiency nor
depletion of CD8™ T cells affected the production of IFN-y. Thus,
the mortality mediated by CD8* T cells in BALB/c mice infected
with T. brucei was not due to IFN-v. This is in striking contrast to
previous observations for C57BL/6 mice infected with T. brucei
AnTatl.1E (38).

The increased survival time of infected CD8 '~ mice is sig-
nificantly reduced in the absence of IL-10 signaling. Since IL-10
is crucial for the survival of mice infected with African trypano-
somes (15, 23), we next examined the role of IL-10 in the pro-
longed survival of CD8 '~ mice infected with T. brucei VAT 10-
26. We first examined the cellular source of IL-10. As shown in Fig.
3A, infected CD8 '~ and wild-type mice had equal amounts of
IL-10 in their plasma and supernatant fluids of spleen cultures. In
contrast, infected CD4 '~ mice produced significantly less IL-10
than infected wild-type and CD8 '~ mice (P < 0.01), suggesting
that IL-10 was secreted mainly by CD4* T cells. In addition, de-
pletion of CD4™, but not CD8™, T cells significantly reduced the
production of IL-10 by spleen cells as well as liver leukocytes on
days 6 and 21 after T. brucei infection (see Fig. S1 in the supple-
mental material). To directly detect the IL-10-producing cells,
spleen cells were stained with an anti-IL-10 MADb. IL-10-produc-
ing cells were not detectable in spleen cultures with or without
parasite lysates by flow cytometry (data not shown). However,
IL-10-producing cells were detected when a cell stimulation cock-
tail was added to the cultures (see Fig. S2 in the supplemental
material). As shown in Fig. S2, the majority of IL-10-producing
cells were CD4™ cells. Taken together, these data demonstrated
that IL-10 was produced mainly by CD4™ T cells in BALB/c mice
infected with T. brucei VAT 10-26.

Next, we infected wild-type and CD8 /™ mice with T. brucei
VAT 10-26 and treated the mice with an anti-IL-10R MAb or with
rat IgG as a control. As expected, infected wild-type mice treated
with an anti-IL-10R MAb died significantly earlier (9.6 = 0.2
days) (P < 0.01) than infected wild-type mice treated with rat IgG
(27.6 = 1.4 days) (Fig. 3B). Importantly, infected CD8 '~ mice
treated with an anti-IL-10R MAD succumbed to the infection on
day 9 to 12 after infection and had significantly shorter survival
times (11 = 0.5 days) (P < 0.01) than infected CD8 /™ mice
treated with rat 1gG (48.2 * 2.6 days) (Fig. 3B). There was no
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significant difference in parasitemia or survival between infected
CD8 '™ mice treated with an anti-IL-10R MAb and infected wild-
type mice treated with an anti-IL-10R MAb (Fig. 3B). Interest-
ingly, the blockade of IL-10R dramatically enhanced the levels of
IEN-y and IL-10 in the plasma of both CD8 /~ and wild-type
mice infected with 7. brucei (P < 0.01) (Fig. 3C). However, there
was no significant difference in the plasma IFN-y and IL-10 levels
between infected CD8 '~ and wild-type mice following adminis-
tration of the anti-IL-10R MAD (Fig. 3C). Taken together, these
results demonstrated that the increased survival of infected
CD8 '~ mice was abolished in the absence of IL-10 signaling,
probably due to a spike in the production of IFN-y by CD4* T
cells.

CD4™" T cells mediate protection, which is counteracted by
the detrimental effects of CD8" T cells in wild-type mice in-
fected with T. brucei. We next characterized the contributions of
CD4" T cells to the pathogenesis of T. brucei infection in BALB/c
mice. In agreement with previous observations with infected
C57BL/6 mice (23), there was no significant difference in para-
sitemia or survival between CD4 /"~ and wild-type BALB/c mice
infected with T. brucei VAT 10-26 (Fig. 4A). These results were
interesting and raised the possibility that CD4" T cells played a
negligible role in the course of T. brucei infection, which seemed
unlikely, because splenic dendritic cells appeared to activate VSG-
specific CD4™ Thl cells to mediate protection (20, 40, 41). Alter-
natively, the CD4™ T cells could have been protective, but their
protective functions could have been overwhelmed or counter-
acted by the detrimental effects mediated by CD8™ T cells. To
address this issue, we made a double-negative model by in vivo
depletion of CD4™" T cells (99% depletion) in CD8 '~ mice using
an anti-CD4 MAD (clone GK1.5). Interestingly, infected CD8 /™
mice treated with the anti-CD4 MAb developed high levels of
parasitemia at earlier time points, and survived for significantly
shorter times (28 = 0.7 days versus 50 = 1.3 days) (P < 0.01), than
infected CD8 '~ mice treated with rat IgG, providing direct evi-
dence that CD4™ T cells were required for protection. Although
infected wild-type mice treated with rat IgG and infected CD8 '~
mice treated with an anti-CD4 MAD could control the first wave of
parasitemia, both groups of mice succumbed to the second wave
of parasitemia, with equal survival times (Fig. 4B). Taken to-
gether, these results suggested that although CD4" T cells medi-
ated protection, the protective role was counteracted by the detri-
mental effects of CD8" T cells during T. brucei infections,
resulting in equal survival of infected wild-type mice and infected
CD8 /™ mice depleted of CD4™ T cells.

CD4* T cells mediate the early mortality of infected mice in
the absence of IL-10 signaling. We next examined the role of
CD4™ T cells in the absence of IL-10 signaling. Blockade of TL-10R
significantly shortened the survival times of wild-type mice in-
fected with T. brucei VAT 10-26 (P < 0.01) but did not affect the
parasitemia or survival of infected CD4~’~ BALB/c mice (Fig.
5A), demonstrating that CD4 ™ T cells mediated the early mortal-
ity of infected mice in the absence of IL-10 signaling. Since we have
shown previously that blockade of IL-10R led to excessive IFN-y
secretion, which killed mice infected with T. congolense (15), we
measured the levels of IFN-y and IL-10 in the plasma of CD4 '~
and wild-type mice infected with T. brucei VAT 10-26 following
administration of an anti-IL-10R MAD. Although administration
of an anti-IL-10R MADb significantly enhanced plasma IFN-y and
IL-10 levels in both infected wild-type and infected CD4 ™/~ mice
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(P < 0.01), the plasma IFN-vy levels of infected wild-type mice
reached 1.9 ng/ml, 3.6-fold that of infected CD4 ™/~ mice, after
blockade of IL-10R (Fig. 5B). Thus, CD4" T cells mediated the
early mortality of infected mice in the absence of IL-10 signaling,
probably via their secretion of IFN-y.
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CD4%, but not CD8™, T cells contribute to the synthesis of
IgG Abs specific for T. brucei VAT 10-26 or T. brucei VAT x. We
next set out to address whether parasite-specific IgG Abs were af-
fected by the absence of CD4" or CD8™ T cells. For this purpose,
wild-type, CD4~/~, or CD8 '~ mice, or CD8 '~ mice depleted of
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CDA4™ T cells, were infected with T. brucei VAT 10-26. We measured
the levels of IgG Abs specific for T. brucei VAT 10-26 or VAT x
(parasites isolated on day 20 after infection) in plasma at various
time points after infection. Significantly larger amounts of total
IgG, IgG1, IgG2a, or IgG3 Abs specific for T. brucei VAT 10-26
were noted in infected wild-type or CD8 /™ mice on day 6 after
infection than on day 0 after infection (P < 0.01) (Fig. 6A). In
contrast, levels of those Abs were very low in CD4~/~ mice or
CD8™'~ mice depleted of CD4™ T cells on day 6 after infection
(Fig. 6A). On day 17 after infection, although the levels of total
IgG, IgG1, IgG2a, or IgG3 Abs specific for T. brucei VAT 10-26 or
VAT x in plasma were moderately enhanced in infected CD4 ™/~
mice or infected CD8 /™ mice depleted of CD4™ T cells as well,
the levels of those Abs in plasma from these animals were still
significantly lower (P < 0.01) than those in infected wild-type or
CD8 ™/~ mice (Fig. 6A and B). The total IgG, IgG1, IgG2a, or IgG3
Abs specific for T. brucei VAT 10-26 or VAT x reached the highest
levels in the plasma of infected CD8 '~ mice on day 27 after in-
fection, and these high Ab levels were maintained until the death
of the mice. At the terminal stage, there was no significant differ-
ence in the levels of all measured Abs specific for T. brucei VAT
10-26 or VAT x in plasma between infected CD8 '~ mice and
infected wild-type mice (Fig. 6A and B). However, the amounts of
those Abs in wild-type or CD8 '~ mice were significantly higher
than those in infected CD4 '~ mice or in infected CD8 ™/~ mice
depleted of CD4™ T cells at the terminal stage (P < 0.01) (Fig. 6A
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and B). Overall, these data demonstrated that CD4", but not
CD8™, T cells were crucial for the synthesis of parasite-specific
Abs. Since IgG Abs are associated with protection in African
trypanosomiasis (18, 19, 37), we suggest that CD4™ T cells medi-
ate protection, at least in part, via their contribution to the gener-
ation of IgG Abs.

DISCUSSION

We have made four original observations, as follows. (i) Without
any impairment in the secretion of IFN-vy, infected CD8 '~
BALB/c mice still survived significantly longer than infected wild-
type mice, suggesting that the mortality mediated by CD8™" T cells
was not due to IFN-vy. (ii) The enhanced survival of infected
CD8 /" mice was significantly reduced in the absence of IL-10
signaling. (iii) Depletion of CD4™ T cells abrogated the prolonged
survival of infected CD8 ™'~ mice, demonstrating that CD4" T
cells mediated protection. However, the protection was counter-
acted by the detrimental effects of CD8™" T cells in infected wild-
type mice. (iv) Blockade of IL-10R shortened the survival of in-
fected wild-type mice, but not that of infected CD4~/~ mice,
demonstrating that CD4™ T cells mediate mortality in the absence
of IL-10 signaling.

CD8 ™/~ BALB/c mice infected with T. brucei VAT 10-26 sur-
vived significantly longer than infected wild-type mice, indicating
that CD8™ T cells mediated mortality. This finding is consistent
with previous data obtained from C57BL/6 mice infected with T.
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brucei AnTatl1.1E (23, 38). It has been reported that T. brucei pro-
duces a T lymphocyte-triggering factor, which stimulates CD8* T
cells to secrete IFN-v (38, 39). CD8" T cell-released IFN-v, as a
growth-stimulating factor, supported parasite growth (38, 39).
Thus, previous data suggested that CD8™ T cells killed mice via
their secretion of IEN-+y during T. brucei infections. In our model,
both FACS and immunohistochemical analyses confirmed that
IFN-y was produced by CD4™ but not CD8" T cells in BALB/c
mice infected with T. brucei VAT 10-26. Furthermore, analysis of
IFN-+ secretion revealed complete abrogation of IFN-vy produc-
tion (under the detection limit) in plasma and spleen cultures of
infected CD4 /"~ mice, while CD8 deficiency did not affect IFN-y
synthesis at all. The reason why the cellular source of IFN-vy in our
model was inconsistent with that in previous reports remains un-
clear. One possible explanation for these discrepancies may lie
with the strains of infected mice and the parasites. Nevertheless, it
is unlikely that CD8" T cells mediated mortality through IFN-y
secretion to stimulate parasite growth in our model, because
CD4™, not CD8*, T cells were the major producers of IFN-y. On
the other hand, CD4 T cells produced IEN-v; even so, they did not
mediate early death. Thus, we concluded that the mortality medi-
ated by CD8™ T cells was not related to IFN-, at least in BALB/c
mice infected with T. brucei VAT 10-26. However, our results did
not exclude the possibility that IFN-y-mediated death occurred in
C57BL/6 mice infected with T. brucei AnTatl.1E (38, 39).
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Early studies have shown a correlation between high IFN-y
levels in serum, low levels of parasitemia, and host resistance dur-
ing infection with African trypanosomes (21). Subsequent studies
by Hertz et al. demonstrated, for the first time, that IFN-y is a
critical factor in determining host resistance to the parasites (22).
The protective role of IFN-+y in African trypanosomiasis was con-
firmed later by other groups (18, 23, 42). However, excessive se-
cretion of IFN-vy also kills susceptible BALB/c mice infected with
T. congolense (29), as well as relatively resistant C57BL/6 mice
infected with T. brucei or T. congolense in the absence of IL-10
function (15, 23). It is noteworthy that IFN-y mediates mortality
via excessive activation of monocytic cells, including Kupffer cells
(15) and TNF/inducible nitric oxide synthase-producing den-
dritic cells (TIP-DCs) (43, 44), resulting in liver pathology (15,
28). This is in contrast to the mechanism proposed earlier for
IFN-y-mediated mortality, i.e., stimulation of parasite growth by
IFN-vy (38, 39). Recent data have suggested that IL-10, probably
produced by Foxp3™ regulatory T cells (28), is crucial for the
survival of infected mice via downregulation of IFN-y production
(15, 23). Interestingly, the enhanced survival of CD8 '~ mice was
abrogated by administration of an anti-IL-10R MADb, suggesting
that TL-10 is crucial for the prolonged survival of infected CD8 '~
mice. The abolishment of the increased survival of CD8 '~ mice is
likely due to the spike in ITFN-y production by CD4* T cells fol-
lowing the blockade of IL-10R. The level of parasitemia was very
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low when infected CD8 /™ mice treated with the anti-IL-10R
MAD died, suggesting that the mice may have died from immu-
nopathology rather than from parasite growth stimulated by
IFN-vy as previously proposed (38, 39).

A VSG-specific CD4™ T cell-response with secretion of IFN-y
has been characterized during infection with African trypano-
somes (20). More recently, it has been shown that splenic den-
dritic cells are the primary cells responsible for activating naive
VSG-specific CD4™ T cell responses (41). Interestingly, during
infection, VSG-specific CD4" T cells recognize peptides distrib-
uted throughout the N-terminal domain sequence of the VSG
molecules but do not recognize peptide sequences from the con-
served C-terminal domain (40). These results suggested that the
VSG-specific CD4™ T cell response to African trypanosomes is
linked to host resistance during infection. Paradoxically, there is
no significant difference in parasitemia or survival between rela-
tively resistant wild-type C57BL/6 and CD4 knockout mice during
T. brucei AnTat1.1E infection (23). In agreement with this obser-
vation with C57BL/6 mice (23), CD4 deficiency did not signifi-
cantly affect the parasitemia or survival of BALB/c mice infected
with T. brucei VAT 10-26 in our model. These results suggested
that CD4™" T cells play a limited role during T. brucei infections.
Alternatively, CD4" T cells may play a protective role, which is,
however, overwhelmed or counteracted by the detrimental role of
CD8 " T cells in mice infected with T. brucei. If the latter is the case,
it would be not realistic to judge CD4™ T cell function by simply
comparing infected CD4 '~ mice with wild-type mice, because of
the interference of CD8™ T cells in wild-type mice. To better ad-
dress this question, we constructed a double-negative model by in
vivo depletion of CD4 " T cells to exclude the interference of CD8 ™"
T cells (i.e., the detrimental effects of CD8™ T cells). Strikingly, the
survival of CD8 '~ mice infected with T. brucei was dramatically
reduced by depletion of CD4™ T cells, providing direct evidence
that CD4™ T cells mediated protection. The fact that infected
wild-type mice and CD8 '~ mice depleted of CD4™ T cells had
equal survival times further suggested that the protective role of
CD4™ T cells was counteracted by the deleterious role of CD8™ T
cells during T. brucei infection in wild-type mice. These results
highlight the complicated interactions of CD8™ T cells with CD4 ™
T cells during the course of African trypanosome infection.

Another important finding of this study is that CD4™ T cells
also mediate the mortality of mice infected with T. brucei if IL-10
signaling is lacking. Although we have shown previously that
IFN-v mediated the early mortality of mice infected with T. con-
golense in the absence of IL-10 signaling (15), it was not known
which subset of cells mediated the mortality. In the current study,
blockade of IL-10R significantly reduced the survival times of in-
fected wild-type mice and enhanced the production of IFN-vy but
did not affect the survival of infected CD4 '~ mice, demonstrat-
ing that CD4™ T cells were the killers of the infected wild-type
mice. Considering the fact that CD4 ™ T cells were the major pro-
ducers of IFN-vy in mice infected with T. brucei in our model, we
suggest that CD4" T cells mediated mortality via their excessive
secretion of IFN-v in the absence of IL-10 signaling.

In summary, we have provided evidence that CD4™ T cells and
CD8™" T cells play distinct roles in the pathogenesis of mice infected
with T. brucei. These roles are closely related to IFN-y and IL-10,
the cytokines that have recently proven essential for the regulation
of immune responses to African trypanosomiasis. However, the
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complicated interactions between CD4" and CD8™ T cells, which
have been poorly addressed, deserve further investigation.
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