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Low-Dose Intradermal Infection with Trypanosoma congolense Leads
to Expansion of Regulatory T Cells and Enhanced Susceptibility to
Reinfection

Chukwunonso Onyilagha,® Ifeoma Okwor,” Shiby Kuriakose,? Rani Singh,® Jude Uzonna®®
Department of Immunology® and Department of Medical Microbiology, Faculty of Medicine, University of Manitoba, Winnipeg, MB, Canada

BALB/c mice are highly susceptible to experimental intraperitoneal Trypanosoma congolense infection. However, a recent report
showed that these mice are relatively resistant to primary intradermal low-dose infection. Paradoxically, repeated low-dose in-
tradermal infections predispose mice to enhanced susceptibility to an otherwise noninfectious dose challenge. Here, we explored
the mechanisms responsible for this low-dose-induced susceptibility to subsequent low-dose challenge infection. We found that
akin to intraperitoneal infection, low-dose intradermal infection led to production of interleukin-10 (IL-10), IL-6, IL-12, tumor

necrosis factor alpha (TNF-a), transforming growth factor 3 (TGF-3), and gamma interferon (IFN-vy) by spleen and draining
lymph node cells. Interestingly, despite the absence of parasitemia, low-dose intradermal infection led to expansion of CD4*
CD25" Foxp3™ cells (T regulatory cells [Tregs]) in both the spleens and lymph nodes draining the infection site. Depletion of
Tregs by anti-CD25 monoclonal antibody (MADb) treatment during primary infection or before challenge infection following
repeated low-dose infection completely abolished the low-dose-induced enhanced susceptibility. In addition, Treg depletion was
associated with dramatic reduction in serum levels of TGF-f3 and IL-10. Collectively, these findings show that low-dose intrader-
mal infection leads to rapid expansion of Tregs, and these cells mediate enhanced susceptibility to subsequent infection.

frican trypanosomiasis (AT) is a disease that poses a serious

threat to humans and livestock in sub-Saharan Africa. The
disease is caused by several species of the extracellular hemopro-
tozoa belonging to the genus Trypanosoma. Although it is esti-
mated that over 50 million people living in 25 countries are at risk
of contracting the disease, the number of reported cases per year
has dramatically decreased (~10,000 new cases annually, al-
though the actual number of cases might be up to 30,000 to 40,000
per year) due to increasing efforts to combat the disease (1-3).
Trypanosoma congolense is one of the most important pathogens
for cattle, and it is estimated that 3 million head of cattle die
annually from the associated disease (4), leading to an annual loss
of about U.S. $1.3 billion resulting directly from death, reduced
meat and milk production, and control costs (5).

Efforts to control African trypanosomiasis have been ham-
pered because of lack of understanding of the mechanisms that
regulate disease pathogenesis and host protective immune re-
sponse against the pathogen. In particular, the parasite’s ability to
undergo antigenic variation and our lack of understanding of the
molecular mechanisms that regulate the process contribute to the
failure to design an effective vaccine (6). During infection, try-
panosomes constantly modify their variant surface glycoprotein
(VSG) during host antibody response, resulting in the fluctuating
waves of parasitemia that characterize African trypanosomiasis
(7-9). Furthermore, infection with African trypanosomes is asso-
ciated with profound immunosuppression, which increases the
susceptibility of the host to the parasite and secondary infections
(10-12). Understanding the mechanisms that regulate resistance
and/or susceptibility to the disease could reveal novel interven-
tions that might lead to effective disease control (13).

The murine model of experimental African trypanosomiasis
has provided insights into the immunopathogenesis of the disease.
In particular, C57BL/6 and BALB/c mice have mostly been used to
study resistance and susceptibility to T. congolense infection.
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BALB/c mice are highly susceptible to intraperitoneal (i.p.) infec-
tion with T. congolense and die within 10 days after infection (14).
In contrast, C57BL/6 mice are relatively resistant and are able to
control several waves of parasitemia and survive for more than 4
months after infection (14, 15). Most studies in this model utilize
the intraperitoneal route of infection and have led to some inter-
esting discoveries (10-13). However, the fact that natural infec-
tion occurs naturally through the skin of the animal suggests that
observations made with the intraperitoneal route of infection may
not correctly reflect the real events that occur following skin in-
fection. For example, following the bite of an infected tsetse fly and
deposition of parasites in the host skin, the parasites first induce a
local cutaneous inflammatory response (known as chancre) be-
fore migrating from the skin to the blood through the lymphatic
system (16, 17). Thus, the intraperitoneal route of infection by-
passes these early but important host responses that may ulti-
mately dictate the outcome of infection. Indeed, a recent intrad-
ermal (i.d.) infection model shows that the outcome of i.d.
infection is very different, with mice being relatively (about 1,000
times) more resistant to the intradermal than the intraperitoneal
route (18). Paradoxically, primary low-dose intradermal infection
predisposes to enhanced susceptibility following a challenge infec-
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tion. However, the mechanisms of this low-dose intradermal in-
fection-induced enhanced susceptibility are unknown.

CD4" T cells that constitutively express CD25 and the tran-
scription factor Foxp3 (called regulatory T cells [Tregs]) have
been shown to play a major role in immune homeostasis by ac-
tively suppressing several pathological and physiological immune
responses in the host (19-21). Although their primary role is to
prevent autoimmunity and suppress inflammatory responses, Tregs
have also been implicated in the pathogenesis of several infectious
diseases, including those caused by parasites (22—24). In particular,
increased numbers of CD4" CD25" Foxp3™ Tregs have been re-
ported in experimental T. congolense infections (25, 26), and these
cells have been implicated in enhanced susceptibility to the infection
(24, 25), although the exact mechanisms remain unknown.

In this study, we investigated the mechanism through which
low-dose intradermal T. congolense infection predisposes mice to
enhanced susceptibility to subsequent reinfection. Our studies
show that despite failure to establish parasitemia, repeated pri-
mary low-dose i.d. infection is associated with systemic increase in
the percentages and absolute numbers of CD4* CD25" Foxp3™
regulatory T cells in infected mice. Depletion of these cells by
treatment with anti-CD25 before and after repeated low-dose in-
fection abolished the low-dose-induced susceptibility following
rechallenge infection. In addition, Treg depletion was accompa-
nied by a dramatic reduction in the serum levels of transforming
growth factor B (TGF-B) and interleukin-10 (IL-10). We specu-
late that the induction of Tregs following low-dose intradermal
infection could be an evasion strategy by the parasite to enhance
its survival and transmission from one host to another.

MATERIALS AND METHODS

Mice. The 6- to 8-week-old female BALB/c and outbred Swiss White (aka
CD1) mice used in these experiments were purchased from Charles River,
St. Constante, Quebec, Canada. Animals were housed at Central Animal
Care Services (CACS), University of Manitoba, Winnipeg, Canada. Ani-
mal housing, handling, and feeding were done in accordance with the
recommendations of the Canadian Council of Animal Care.

Parasites and mouse infection. Trypanosoma congolense (Trans Mara
strain) variant antigenic type TC13 was used in all experiments, and the
origin of this strain has been previously reported (27). For expansion of
frozen TC13 stabilates, CD1 mice were immunosuppressed by injection of
cyclophosphamide (Cytoxan; 200 mg/kg) intraperitoneally, followed by
infection with freshly thawed T. congolense stabilates from liquid nitrogen
(27). Three days after infection, mice were anesthetized by isoflurane, and
blood was collected by cardiac puncture. Parasites for infection were pu-
rified from the blood using DEAE-cellulose anion-exchange chromatog-
raphy (28). Eluted parasites were washed in Tris-saline-glucose (TSG),
counted with the hemocytometer, resuspended in TSG containing 10% heat-
inactivated fetal bovine serum (FBS), and diluted to the desired concentra-
tions. Mice were infected by intraperitoneal injection of 100 wl TSG-FBS
containing 10 or 10° parasites. Intradermal (hind footpad) infections were
made by injecting 50 pul TSG-FBS containing 10* or 10 parasites.

Estimation of parasitemia. A drop of blood taken from the tail vain of
every T. congolense-infected experimental mouse was placed on a micro-
scope slide, and estimation was done by counting the number of parasites
present in at least 10 fields at a X400 magnification of light microscope.
During the late stage of infections, when parasite loads are high, estima-
tion was done using a technique described previously (29).

Cell culture. At sacrifice, spleens and lymph nodes (popliteal lymph
nodes) draining the intradermal infection site were processed into single-
cell suspensions, treated with ACK lysis buffer, and washed two times with
phosphate-buffered saline (PBS). The cells were counted, resuspended at
final concentration of 4 X 10°/ml in complete tissue culture medium
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(Dulbecco’s modified Eagle’s medium [DMEM] supplemented with 10%
heat-inactivated FBS, 2 mmol L-glutamine, 100 U/ml penicillin, and 100
pg/ml streptomycin), and plated at 1 ml/well in 24-well tissue culture
plates (Falcon; VWR Edmonton, AB, Canada) with or without whole
trypanosome lysate (10%/ml parasite equivalent). Cultured cell superna-
tant fluids were gently collected after 72 h and stored at —20°C until
assayed for cytokines by enzyme-linked immunosorbent assay (ELISA).

Depletion of Tregs and macrophages. In experiments requiring Treg
depletion, each mouse received 100 g of anti-CD25 monoclonal anti-
body (MAb) (clone PC61) intraperitoneally. Previous studies from our
lab have shown that this dose of antibody causes sustained depletion of
CD25™ Foxp3™ T cells (without affecting other cell populations) for up to
7 days in mice infected with T. congolense (25, 30). In vivo depletion of
macrophages was done by intravenous injection of 200 .l of chlodronate-
loaded liposomes (5 mg/ml; Encapsular NanoSciences LLC, Nashville,
TN) 24 h before primary intradermal infection. The control group of mice
was injected with liposomes. Macrophage depletion was confirmed by
flow cytometric analysis of F4/80™ cell populations.

Direct ex vivo staining and flow cytometry. Spleen and lymph node
cells were directly stained ex vivo for CD4 and CD25 surface expression
and intracellularly for Foxp3 using the Tregs staining kit (eBioscience) in
accordance with the manufacturer’s suggested protocols. Cell acquisition
was made using the BD FACS (fluorescence-activated cell sorter) Canto IT
cytometer (BD Bioscience, San Diego, CA) and analyzed using Flow]o
software (BD Bioscence).

ELISAs. Cytokine (IL-6, IL-10, IL-12, gamma interferon [IFN-v], tu-
mor necrosis factor alpha [TNF-a], and TGF-3) levels in the serum and
cell culture supernatant fluids were determined by sandwich ELISAs using
antibody pairs purchased from BD Biosciences according to the manufac-
turer’s suggested protocols. The sensitivities of the cytokine ELISAs range
from 7.5 to 31 pg/ml.

Serum collection and measurement of trypanosome-specific anti-
bodies. Mice were anesthetized by intraperitoneal injection of xylazine
(10 mg/kg) and ketamine (150 mg/kg). Blood was collected by cardiac
puncture using a 1-ml syringe and 25-G needle. Blood samples were kept
at 4°C for 4 h and spun at 2,400 rpm for 10 min, and serum was collected
and stored at —20°C until used for antibody determination. Serum levels
of Trypanosome-specific IgM and IgG antibodies in infected mice were
determined by ELISA as previously described (12, 31).

DNA extraction and PCR. The QIAamp DNA minikit (Qiagen, Mis-
sissauga, ON, Canada) was used to extract DNA from freshly collected
whole-blood samples (200 pl each) of infected and uninfected mice ac-
cording to the manufacturer’s suggested protocol. The DNA concentra-
tion was estimated from 1 pl of each sample using the NanoVue Plus
spectrophotometer (GE Health Care Life Sciences, Mississauga, ON, Can-
ada). PCRs were performed in a 25-l reaction mixture using Platinum
PCR SuperMix (High Fidelity, Invitrogen Grand Island, NY) according to
the manufacturer’s suggested protocols. The amplification of T. congo-
lense DNA was done using primers specific for a 314-bp satellite DNA of T.
congolense (termed GOL) as previously described (32) (forward, 5'-GAG
AACGGGCACTTTGCGATTTTC-3'; and reverse, 5'-GACAAACAAAT
CCCGCACAACCAT-3"). The amplified products were resolved by elec-
trophoresis using a 2% agarose gel and visualized using an Alphaimager
(Alpha Innotech, Fisher Scientific, Ottawa, ON, Canada).

Statistics. Data are presented as means and standard errors of the
means (SEM). A two-tailed Student’s t test or analysis of variance
(ANOVA) was used to compare means and SEM of cytokine production
between groups. GraphPad Prism software was used. Differences were
considered significant at a P value of <0.05.

RESULTS

Primary low-dose i.d. T. congolense infection and susceptibility
to challenge infection due to repeated low-dose infection. Al-
though BALB/c mice are highly susceptible to intraperitoneal in-
fection with Trypanosoma congolense (14), a recent report showed

iai.asm.org 1075


http://iai.asm.org

Onyilagha et al.

350+
300+
250+
200+
1504
1004

Parasite numberffield 3I>

4 5
Days post infection

C

-

(=]

o
]

=]
o
1

Percent survival
H [-2]
i

N
o

7 8 9 10 11 12 13 14 15 16
Days post-infection

Timeline of intradermal challenge infection

Week 1 Week 2 Week 3
L I I
I 1 1
102 102 103
D E
5 4007 100
< -
& S 801
= 300- S
K] S 60
g 200 2
— —
g = 10%id. (primary) 40-
- -+ 10%i.d. (challenge) g
® B 10%ip. (primary) a 207
©
o, 0L——1

4 5 6 7 8 9 10 11 12
Days post-infection

7 8 9 10 11 12 13 14 15
Days post-infection

FIG 1 Low-dose i.d. T. congolense infection and susceptibility to challenge infection. Groups of BALB/c mice were infected intraperitoneally or intradermally (4
mice per group) with 10? and 10° Trypanosoma congolense (clone TC13) parasites. At indicated time points, parasitemia (A) was monitored by microscopy by
counting the number of parasites in the blood taken from the tail vein of infected mice. The survival of infected mice was also determined (B). Note that all mice
infected i.d. with 10> and 10° TC13 parasites controlled the infection, while all mice infected i.p. with 10% and 10* parasites developed infection and died within
8 to 10 days postinfection. In another experiment, groups of mice were infected i.d. (C) with 10* T. congolense parasites once a week for 2 weeks (which does not
lead to parasitemia). One week after the last parasite injection, mice were reinfected (challenged) intradermally with 10° T. congolense parasites. Four naive
age-matched mice were also infected with 10 T. congolense parasites i.d. or i.p. as controls. Parasitemia (D) and survival period (E) were determined. The results
presented are representative of 4 different experiments with similar results. Error bars show means = SEM.

that these mice are relatively resistant to an intradermal infection
route (18). Paradoxically, primary intradermal low-dose infection
predisposes to enhanced susceptibility following rechallenge in-
fection (18). However, the mechanisms that regulate low-dose
intradermal infection-induced susceptibility are not known. In
agreement with a previous report (18), we found that intraperito-
neal infection of BALB/c mice with 10* to 10° T. congolense para-
sites leads to the development of fulminating parasitemia and
death within 8 to 10 days (Fig. 1A and B). In contrast, mice in-
fected intradermally with the same dose of parasites did not de-
velop any parasitemia throughout the duration (21 days) of infec-
tion. Consistent with a previous report (18), a secondary low-dose
(10® parasites) i.d. infection of these mice (which normally does
not lead to parasitemia in naive mice) led to the development of
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fulminating parasitemia and death within 9 to 11 days (Fig. 1D
and E). These results suggest that although BALB/c mice are resis-
tance to primary low-dose intradermal infection, such resistance
is associated with immunoregulatory mechanisms that predispose
to enhanced susceptibility following reinfection.

Induction of proinflammatory cytokines after low-dose i.d.
infection with T. congolense. The enhanced susceptibility to ex-
perimental intraperitoneal T. congolense infection in mice has
been associated with overproduction of proinflammatory cyto-
kines, which leads to cytokine storm and the systemic inflamma-
tory response syndrome (33). Therefore, we compared the levels
of proinflammatory cytokines after low-dose i.d. and i.p. T. con-
golense infections in order to assess whether differences in the
production of these cytokines could account for the apparent en-
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FIG 2 Cytokine profile in mice infected i.d. and i.p. with 10® T. congolense parasites. Groups of mice (4 to 5 per group) were infected either i.d. or i.p. with 10
T. congolense parasites, and at indicated times, the mice were sacrificed and the spleen and draining lymph node cells were cultured in complete medium in the
presence of freeze-thawed T. congolense. After 72 h, the levels of IL-6, IL-10, IL-12, IFN-vy, TNF-a, and TGF- in the cell culture supernatant fluids were
determined by ELISA and expressed as change (pg/ml) over levels in cells from uninfected (naive) animals. Panels A to F represent cytokine levels in the spleen,
and panels G to L represent cytokine levels in the lymph node. The data presented are representative of 3 different experiments with similar results. Error bars
show means = SEM. *, P < 0.05; **, P < 0.01. ND, not detected (i.e., below the ELISA sensitivity).

hanced resistance to primary i.d. infection. As shown in Fig. 2A to
L, intradermal low-dose infection (akin to intraperitoneal infec-
tion) was associated with the production of IL-6, IL-10, IL-12,
IFN-v, TNF-qa, and TGF-p by spleen (Fig. 2A to F) and draining
lymph node (Fig. 2G to L) cells. Interestingly, spleen cells from
mice infected intradermally produced comparable levels of these
cytokines (including TGF-), with the exception of IFN-y and
TNEF-a, which were significantly higher in the culture supernatant
fluids of cells from intraperitoneally infected mice (Fig. 2D and E).
In contrast, the draining lymph node cells from intradermally
infected mice produced more IL-10 than those from mice infected
intraperitoneally (Fig. 2H).

A previous report showed that B cells and antibodies do not
contribute to the enhanced resistance following intradermal T.
congolense infection (18). Consistent with this, we found that pri-
mary intradermal infection did not induce significant levels of
parasite-specific antibodies (see Fig. S1A and B in the supplemen-
tal material). Interestingly, despite the absence of parasitemia, re-
peated low-dose intradermal infection induced significant levels
of parasite-specific antibodies that were comparable to those in-
duced following primary intraperitoneal infection (see Fig. SIA
and B). Taken together, these results indicate that despite the ab-
sence of parasitemia, low-dose intradermal T. congolense infection
results in some level of immune response (induction of antibodies
and the production of proinflammatory cytokines by the spleen
and lymph node cells). This is in agreement with a previous study
that reported priming of the adaptive immune response very early
after intradermal infection (18) even in the absence of para-
sitemia.

Primary low-dose intradermal infection does not cause la-
tent parasitemia but induces durable susceptibility. Unlike in-
traperitoneal infection, primary low-dose (10° to 10° parasites)
intradermal infection does not lead to parasitemia (Fig. 1A).
However, intradermal infection leads to a robust cytokine re-
sponse (Fig. 2A to L), comparable to intraperitoneal infection,
suggesting that it might cause low-level (latent) infection unde-
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tectable by the conventional method of assessing parasitemia. To
investigate this, we treated low-dose-infected mice with cyclo-
phosphamide (3 injections given at 3-day intervals) after 30 days
of primary intradermal infection and monitored them for para-
sitemia for an additional 4 weeks. Low-dose i.d.-infected mice
treated with cyclophosphamide did not develop parasitemia (Fig.
3A). Additionally, we assessed the blood of mice infected by the
intradermal route for parasite DNA by PCR. As shown in Fig. 3B,
while we could readily amplify parasite DNA in the blood of mice
infected i.p., we were unable to amplify parasite DNA in mice
infected by the intradermal route at different times after infection.
Collectively, these results indicate that primary low-dose i.d. in-
fection is completely cleared by the immune system.

Next, we investigated whether low-dose intradermal infection-
induced susceptibility is durable. We infected mice with 10* T.
congolense parasites once a week for 2 weeks, waited for an addi-
tional 40 days, and rechallenged them with 10° T congolense par-
asites. The results presented in Fig. 3 show that low-dose intrad-
ermally infected mice were still susceptible to rechallenge
infection after 40 days of primary infection, as evidenced by de-
velopment of fulminating parasitemia (Fig. 3C) and death within
12 to 14 days postchallenge (Fig. 3D). Taken together, these results
show that low-dose intradermal infection does not lead to latent
infection, and the susceptibility it induces is long lasting.

Induction of regulatory T cells following low-dose injection
of mice with T. congolense. Because we and others have previ-
ously shown that regulatory T cells (Tregs) prevent the control of
infection with T. congolense (24, 25), we wondered whether low-
dose intradermal infection was associated with expansion of these
cells. Therefore, we infected mice intradermally with 10° T. con-
golense parasites and on the indicated days assessed the percent-
ages and absolute numbers of CD4" CD25" Foxp3™ regulatory T
cells in the spleens and draining lymph nodes by flow cytometry.
For comparison, we also included mice infected intraperitoneally
in this study. Our results show that despite the absence of para-
sitemia, the percentages and absolute numbers of Tregs in the
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parasites weekly (for 2 consecutive weeks [Fig. 1C]). After 30 days of no detectable parasitemia, some mice (n = 3) were treated three times with cyclophospha-
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challenge infection. The results presented are representative of 2 different experiments with similar results. Error bars show means = SEM.

spleens (Fig. 4A to D) and lymph nodes (Fig. 4E to H) significantly ~ the third week injected them with anti-CD25 monoclonal anti-
increased after low-dose intradermal infection akin to intraperi- body (PC61) to deplete Tregs as we have done previously (25, 30).
toneal infection. This increased Tregs expansion was sustained — Twenty-four hours later, mice were challenged intradermally with
such that after 3 weeks of primary intradermal infection, thenum-  10° T. congolense parasites. As shown in Fig. 6A and B, and con-
ber of Tregs was similar to that observed after 4 days of primary sistent with our findings (Fig. 1D and E), repeated primary low-
intradermal infection (Fig. 5A and B). In addition, Tregs were dose intradermal infection led to enhanced susceptibility to chal-
further expanded following secondary low-dose intradermal rein- ~ lenge infection with 10° parasites, with all mice developing
fection (Fig. 5A and B). Collectively, these results show a strong  parasitemia and dying by day 12 postchallenge infection. In con-
association between intradermal low-dose T. congolense infection  trast, depletion of CD25™ cells (by anti-CD25 monoclonal anti-
and increased numbers of Tregs in the spleen and draining lymph  body treatment) prior to challenge infection completely abolished
node. These data suggest that the expansion of Tregs in mice after  this susceptibility, such that mice treated with anti-CD25 MAb
low-dose intradermal injection could play a role in the enhanced  (but not isotype control) did not develop any parasitemia and
susceptibility following challenge infection. survived for over 21 days after challenge infection when the exper-
Depletion of Tregs abolished the susceptibility observed fol- iment was terminated (Fig. 6A and B). Furthermore, sera from
lowing intradermal challenge infection of mice. We found that mice treated with anti-CD25 produced significantly smaller
low-dose intradermal T. congolense infection of miceled to expan-  amounts of TGF-3 (Fig. 6C) and IL-10 (Fig. 6D) compared with
sion of Tregs in the spleen and draining lymph nodes of mice the isotype control-treated group. However, the production of
infected intradermally (Fig. 4B, C, F, and G; Fig. 5A and B). Be- TNF-a and IL-6 by these cells did not change (data not shown).
cause previous studies showed that Tregs negatively influence the  Collectively, these results indicate that Tregs expand after low-
outcome of T. congolense infection in mice (24, 25), we hypothe-  dose intradermal infection and mediate susceptibility to intrader-
sized that depletion of Tregs during challenge infection will abro-  mal challenge infection of mice.
gate the enhanced susceptibility mediated by repeated low-dose Depletion of Tregs at each point of repeated low-dose infec-
intradermal infection. We therefore injected mice repeatedly with  tion before challenge also abolished susceptibility to challenge
10* T. congolense parasites (2 times with a 1-week interval),and on  infection. We found that repeated low-dose intradermal infection
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FIG 4 Low-dose intradermal T. congolense infection leads to systemic expansion of CD4" CD25" Foxp3™ cells (Tregs). Groups of mice (4 or 5 mice per group)
were infected either i.d. or i.p. with 10° T. congolense parasites. At the indicated days, infected mice were sacrificed, and single-cell suspensions of the spleen and
draining lymph nodes were stained with fluorochrome-conjugated antibodies against CD4, CD25, and Foxp3, and the percentages (A, B, C, E, F, and G) and
absolute numbers (D and H) of Tregs were assessed by flow cytometry. Panels A, B, E, and F are representative dot plots (percentages and standard deviations
[SD]), while panels C and G are line graphs of the means = SEM of 4 or 5 mice per group. The data presented are representative of 3 different experiments with
similar results. Bars show means = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 5 Expansion of Tregs following primary intradermal infection is sustained. Eight mice were infected intradermally with 10* T. congolense parasites weekly
(for 2 consecutive weeks). One week after the last infection, some mice (1 = 4) were sacrificed to determine the baseline levels of Tregs. The remaining mice (n =
4) and some age-matched naive controls were challenged (chall. inf.) intradermally with 10° T. congolense parasites and sacrificed 4 days postchallenge to
determine the levels of Tregs. Shown are the percentages of CD4" CD25" Foxp3™ cells (Tregs) in the spleens (A) and the lymph nodes (B) draining the infection
site, presented as percent fold increase over the level in naive (uninfected) mice. pri. inf., primary infection. The data presented are representative of 2 different
experiments with similar results. Error bars show means = SEM. ¥, P < 0.05; **, P < 0.01. ns, not significant.

leads to expansion of Tregs, and enhanced susceptibility to chal-
lenge infection and depletion of these cells at the time of challenge
infection abolished this susceptibility (Fig. 4 and 6). Next, we
wondered whether depletion of Tregs at the time of primary low-
dose infections would also abolish low-dose-induced susceptibil-
ity to challenge infection. We therefore treated mice with anti-
CD25 MADb 24 h before each 10*-parasite low-dose intradermal
infection (once weekly for 2 weeks). On the 3rd week, the mice
were challenged with 10° T. congolense parasites to determine the
outcome of infection following anti-CD25 MAD treatment. In
contrast to isotype-treated controls, anti-CD25 MAD-treated
mice remained disease free following challenge infection (Fig. 6E
and F). These results strongly suggest that low-dose intradermal
infection leads to induction of Tregs that mediate susceptibility to
T. congolense challenge infection.

Depletion of macrophages does not alter the course of pri-
mary intradermal infection. Because it was shown that inducible
nitric oxide synthase (iNOS)-deficient mice were susceptible to
primary intradermal infection with T. congolense, macrophages
were proposed to be an important cell type in the innate control of
primary intradermal infection (18). Therefore, we investigated the
role of macrophages during primary and challenge intradermal
infection with T. congolense. Results presented in Fig. 7A show that
depletion of macrophages (using chlodronate liposomes) did not
alter the resistance observed in primary intradermal infection, as
mice depleted of macrophages were still resistant to primary low-
dose i.d. infection and survived until the end of the experiment
(Fig. 7B). Furthermore, when these mice were challenged after 3
weeks with 10> T. congolense parasites, they developed parasitemia
and succumbed to the infection within 13 days, akin to mice that
were not depleted of macrophages. Collectively, these results sug-
gest that macrophages are not primarily responsible for the rela-
tive resistance to low-dose intradermal T. congolense infection.

DISCUSSION

The primary aim of this study was to investigate the mechanism
through which repeated intradermal low-dose infection enhances
susceptibility to T. congolense infection of mice. Wei etal. reported
that infection of mice with a low number of T. congolense en-
hanced susceptibility to reinfection (18). However, the mecha-
nism(s) behind this important observation was not addressed.
Here, we focused on determining the role of regulatory T cells in
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this process. We found that despite the absence of parasitemia and
disease, primary infection of mice with low-dose T. congolense led
to expansion of regulatory T cells in the spleens and lymph nodes
draining the infection sites. Depletion of these cells by anti-CD25
MAD treatment during the time of repeated low-dose infection or
at the time of secondary reinfection abolished the low-dose-in-
duced susceptibility to T. congolense infection. This was associated
with dramatic reductions in serum levels of IL-10 and TGF-, key
cytokines that mediate Treg-induced dampening of immune re-
sponses. Collectively, these findings show that intradermal low-
dose T. congolense infection leads to expansion of Tregs that me-
diate the enhanced susceptibility to subsequent low-dose
reinfection.

Immunosuppression is a hallmark of African trypanosomiasis.
Trypanosome-infected animals (including humans, cattle, and
mice) show marked suppression of the immune response to vac-
cines as well as to T-cell mitogens, including concanavalin A
(ConA) and phytohemagglutinin (PHA) (34-43). In addition, in-
fected mice also show a reduced antibody response to sheep red
blood cells (SRBC) following immunization (44-48). Several
mechanisms have been proposed as the cause of trypanosome-
induced immunosuppression, including macrophages (49), sup-
pressor T cells (50), nitric oxide (NO) (51), and Tregs (24, 25).
Recent reports (including those from our laboratory) have shown
that conventional and naturally occurring Tregs (characterized as
CD4" CD25" Foxp3™) contribute to enhanced susceptibility to
experimental T. congolense infection in mice (24, 25). Depletion of
these cells prior to infection significantly enhances the resistance
of the highly susceptible BALB/c mice. We found here that intra-
dermal low-dose infection leads to systemic expansion of CD4™"
CD25" Foxp3™ cells, and this was associated with enhanced sus-
ceptibility following reinfection. Depletion of these cells com-
pletely abolished this susceptibility, directly confirming the role of
the expanded population of Tregs in intradermal low-dose infec-
tion-induced susceptibility.

How does low-dose intradermal infection lead to induction of
Tregs? A previous report shows that low-dose intradermal infec-
tion is controlled primarily by NO and TNF-a produced presum-
ably by activated macrophages (innate immunity) (18). However,
our results clearly rule out macrophages as the primary mediator
of either increased resistance to primary i.d. T. congolense infec-
tion or enhanced susceptibility to rechallenge infection following
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FIG 6 Depletion of Tregs abolishes intradermal low-dose-enhanced susceptibility to T. congolense infection. Groups of mice (n = 4 or 5) were injected weekly
with 10% T. congolense parasites or PBS (for 2 consecutive weeks). On the 3rd week, mice were treated with anti-CD25 MAb PC61 (100 pg/mouse) or the
isotype-matched control MAb and rechallenged (chall. inf.) with 10° T. congolense parasites the next day. Daily parasitemia (A) and survival period (B) were
monitored as described in Materials and Methods. At the humane endpoint, mice were sacrificed, and sera were assessed for TGF-3 (C) and IL-10 (D) by ELISA.
In another experiment, groups of mice were injected with anti-CD25 or isotype control MAb (1 = 3 or 4 mice/group) at each point of the primary (pri. inf.)
low-dose (10” parasites) T. congolense infection (once weekly for 2 weeks). On the 3rd week, the mice were challenged with 10° T. congolense parasites, and
parasitemia (E) and survival period (F) were determined. The data presented are representative of 3 (A to D) and 2 (E and F) different experiments with similar
results. Bars show means = SEM. %, P < 0.05; **, P < 0.01. ns, not significant; ND, not detected (i.e., below the ELISA sensitivity).

repeated low-dose i.d. infection. There is evidence that natural
killer T cells (NKT cells) play a major role in suppressing immu-
nity following intradermal infection (18). It has been proposed
that the presentation of trypanosomal glycosylphosphatidylinosi-
tol (GPI)-derived antigens by CD1d molecules to a subpopulation
of NKT cells leads to alternative activation of macrophages and a
concomitant production of large amounts of TGF-$ (52). This
microenvironment would favor preferential development of
Tregs from naive T cells, which in turn, further promotes the
alternative activation of macrophages leading to more IL-10 and
TGF-B production. It is also conceivable that the expansion of
Tregs after low dose intradermal infection is associated with the
production of TGF-$ and IL-10, which contribute to enhanced
susceptibility during challenge infection. In line with this, we
found that depletion of Tregs by anti-CD25 MADb treatment was
associated with reductions in TGF-$3 and IL-10 production in in-
fected mice (Fig. 6C and D).
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Previous studies (25, 30) showed that the anti-CD25 MAD is
effective at depleting mostly CD25™ Foxp3™* Treg cells. Another
study found that while this antibody effectively depletes over 80%
of Foxp3™ cells, only about 45 to 50% of CD25" (mostly
CD25"") cells were depleted, suggesting that the antibody is
highly selective and does not globally deplete CD25* T cells. This
is very significant because CD25 is the high-affinity IL-2 receptor
a chain, which is universally expressed and critically important for
T-cell responses. Following anti-CD25 MADb treatment, Treg de-
pletion lasts for 7 days in both the spleens and draining lymph
nodes, after which repopulation of CD25" cells is initiated. This
suggests that the dose of antibody used in this study is incapable of
causing permanent depletion of CD25™ cells, which might inhibit
subsequent T-cell activation and contribute to suppressed immu-
nity.

B cells (via the production of antibodies) are important in im-
munity to experimental African trypanosome infection. B-cell-
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FIG 7 Depletion of macrophages does not abolish primary low-dose i.d. resistance and susceptibility to rechallenge infection. Groups of BALB/c mice (n = 4)
were treated with liposomal chlodronate (Chlod.) to deplete macrophages or with control liposome (Lip). After 24 h, all mice were infected i.d. with 10* T.
congolense parasites and monitored for parasitemia (A). Three weeks after primary infection (pri. inf.) (without parasitemia), all mice were rechallenged (chall.
inf.) with 10° T. congolense parasites, and parasitemia (A) and survival (B) were monitored. The results presented are representative of 2 different experiments

with similar results. Error bars show means = SEM.

deficient mice are highly susceptible to various strains of African
trypanosomes, and this susceptibility is reversed by passive trans-
fer of VSG-specific antibody or primed B cells (53). Both IgM and
IgG antibody subclasses are important in mediating antitrypano-
some clearance (54), although IgG antibodies may be qualitatively
more important (12, 31). Hence, we investigated whether low- 3.
dose intradermal infection elicits a strong antibody response that
could account for the enhanced resistance following primary in-
fection. In contrast to a previous report (18), repeated primary
intradermal infection elicited significant antibody (IgM and IgG)
responses. Despite this antibody response, these mice became sus- 5.
ceptible following low-dose rechallenge, suggesting that the anti-
bodies were ineffective at mediating resistance to intradermal T.
congolense infection. 6
In conclusion, we have shown that low-dose intradermal T.
congolense infection leads to systemic and sustained expansion of
Tregs, which is responsible for mediating enhanced susceptibility
to repeated low-dose T. congolense reinfection. Depletion of Tregs
by anti-CD25 MAD treatment completely abolished the low-dose
intradermal infection-induced susceptibility to secondary reinfec-
tion. We speculate that low-dose intradermal induction of Tregs
and subsequent enhanced susceptibility may be an evasion strat-
egy by the parasite to enhance its survival and transmission in the
host. Thus, it will be interesting to determine whether low-dose
intradermal infection-induced expansion of regulatory T cells oc-
curs in other parasitic diseases, like malaria, leishmaniasis, and 9
babesiosis, which are usually transmitted by low-dose injection of
the infective stage into the dermis of mammalian hosts by their
respective vectors.
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