
Local Delivery of the Toll-Like Receptor
9 Ligand CpG Downregulates Host
Immune and Inflammatory Responses,
Ameliorating Established Leishmania
(Viannia) panamensis Chronic Infection

Allison K. Ehrlich,a* Olga L. Fernández,b Daniel Rodriguez-Pinto,b,c

Tiago M. Castilho,a Maria J. Corral Caridad,d Karen Goldsmith-Pestana,a

Nancy Gore Saravia,b Diane McMahon-Pratta

Yale University School of Public Health, New Haven, Connecticut, USAa; Centro Internacional de
Entrenamiento e Investigaciones Médicas, Cali, Colombiab; Facultad de Medicina, Facultad de Ciencias de la
Salud, Universidad de las Américas, Quito, Ecuadorc; Department of Animal Health, Faculty of Veterinary
Medicine, Universidad Complutense de Madrid, Madrid, Spaind

ABSTRACT Infection by Leishmania (Viannia) panamensis, the predominant etiologic
agent for cutaneous leishmaniasis in Colombia, is characterized by a chronic
mixed inflammatory response. Current treatment options are plagued by toxicity,
lengthy treatment regimens, and growing evidence of drug resistance. Immuno-
therapy, modulating the immune system to mount a protective response, may
provide an alternate therapeutic approach. We investigated the ability of the
Toll-like receptor 9 (TLR9) ligand CpG to modulate established disease in the L.
(V.) panamensis mouse model. Treatment of established infection with a high
dose (50 �g) of CpG ameliorated disease and lowered parasite burden. Interest-
ingly, immediately after treatment there was a significant increase in transform-
ing growth factor � (TGF-�) and concomitantly an increase in T regulatory cell
(Treg) function. Although a general reduction in cell-mediated immune cytokine
and chemokine (gamma interferon [IFN-�], interleukin 10 [IL-10], IL-13, IL-6,
granulocyte-macrophage colony-stimulating factor [GM-CSF], IL-4, and MIP-1�)
responses of the treated mice was observed, certain chemokines (RANTES, mono-
cyte chemoattractant protein 1[MCP-1], and IP-10) were increased. Further, in pe-
ripheral blood mononuclear cells (PBMCs) from patients with cutaneous leish-
maniasis, CpG treatment similarly exhibited a dose-response effect on the
production of IFN-�, IL-17, IL-10, and IL-13, with reductions observed at higher
doses. To further understand the underlying mechanisms and cell populations
driving the CpG mediated response, we examined the ex vivo dose effects medi-
ated by the TLR9� cell populations (dendritic cells, macrophages, and B cells)
found to accumulate labeled CpG in vivo. Notably, B cells altered the production
of IL-17, IL-13, and IFN-�, supporting a role for B cells functioning as antigen-
presenting cells (APCs) and/or regulatory cells during infection. Interestingly, B
cells have been previously demonstrated as a primary type of APC in patients in-
fected with L. (V.) panamensis and thus may be useful targets of immunotherapy.
Collectively, our results show that CpG-induced immune regulation leads to a
dampening of the host immune response and healing in the mouse model, and
it may provide an alternate approach to treatment of cutaneous leishmaniasis
caused by L. (V.) panamensis.
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Leishmaniasis, caused by infection with the protozoan parasite Leishmania, affects
approximately 12 million people worldwide (1). Infection may manifest as cutane-

ous, mucocutaneous, or visceral disease dependent upon both parasite and host
intrinsic factors (2). In Colombia, the species Leishmania (Viannia) panamensis is respon-
sible for the majority of leishmaniasis cases and typically results in the cutaneous form
of disease (3). Despite its public health importance, there is a lack of effective treatment
options for cutaneous leishmaniasis (CL). Current first-line treatments, antimonial com-
pounds, are impeded by lengthy treatment regimens, severe toxicity, and growing
evidence of drug resistance (4, 5). Consequently, new approaches to treatment are
desperately needed.

Rather than a classical chemotherapeutic strategy to directly kill the parasite,
methods of initiating or redirecting the immune system toward a protective response
are now being considered aas n alternate approach to treatment for leishmaniasis and
other diseases (6, 7). This approach could be especially appropriate for leishmaniasis, as
the immune response is directly linked to outcome of infection. Indeed, immunother-
apy has been tried in different modalities for several Leishmania species, with various
results (8–15). Understanding the immune response that leads to healing is important
for the development of appropriate modulation methods. Based on studies in both
human and mouse models of L. (V.) panamensis infection, it is apparent that an
unregulated, mixed cytokine response is induced by infection. Specifically, interleukin
13 (IL-13) as well as IL-10 favors parasite persistence and disease; mice are resistant to
disease in the absence of these cytokines or the signaling receptor of IL-13, IL-4R� (16).
Additionally, among infections by species in the Leishmania (Viannia) subgenus, height-
ened inflammation is associated with more severe forms of disease (13). Recently, we
discovered a beneficial role of T regulatory cells (Tregs) in controlling excessive inflam-
mation and promoting amelioration of disease in the mouse model (17) and during the
course of human disease (18). Therefore, immunotherapy directed toward downregu-
lation of the cytokines IL-13 and IL-10 and/or increasing Treg numbers/functional
capacity could potentially be effective in promoting disease resolution.

Toll-like receptors (TLRs) are pattern recognition receptors that induce cellular
signaling and activation in response to pathogen-associated molecular patterns
(PAMPs) (19). TLR9 is specific for unmethylated CpG oligonucleotides generally found
in viral or bacterial DNA. In humans, TLR9 expression is primarily restricted to B cells,
plasmacytoid dendritic cells (pDC), and polymorphonuclear leukocytes (PMNs) and may
be expressed on some activated monocytes. However, in mice, expression is expanded
to include monocytes and macrophages (M�) (20, 21). Given the role of these cells in
antigen presentation and the ongoing immune response, TLR9 ligands as well as other
TLR (TLR4 and TLR7) ligands have been employed for immunotherapy for several
diseases, including leishmaniasis (9–11, 14, 20, 22–25).

Generally, treatment of leishmaniasis (vaccine immunotherapy or adjuvant alone)
with CpG or other TLR ligands directed the host immune response toward Th1-like
(higher levels of IFN-�) or multifunctional T cell responses, which were associated with
healing (14, 24, 26, 27). However, ligation of TLRs can activate or downregulate the
immune response; studies indicate that the precise effect can be dose dependent. For
example, the TLR9 ligand CpG initiates a Th1-mediated response at lower doses;
however, experimental evidence has also shown that TLR9 signaling in response to
high doses of CpG can induce a regulatory response (28–33). CpG activation of TLR9 has
led to healing in experimental autoimmune diabetes (34) and amelioration of asthma
and inflammatory arthritis through downregulation of Th2 cytokines (35, 36). We
therefore hypothesized, in light of recent results concerning the potential role of Tregs
in leishmaniasis caused by L. (V.) panamensis infection and the role of inflammation in
the pathology caused by L. (Viannia) parasites (37–40), that CpG under the appropriate
conditions could ameliorate pathology/disease.

Herein we show that CpG can downregulate cytokine production in human periph-
eral blood mononuclear cells (PBMCs) from patients with CL and murine PBMCs and
draining lymph node (dLN) cells from infected mice in a dose-dependent fashion. We

Ehrlich et al. Infection and Immunity

March 2017 Volume 85 Issue 3 e00981-16 iai.asm.org 2

http://iai.asm.org


found that high-dose CpG effectively ameliorates disease in the murine model and is
characterized by increased Treg function, decreased cytokine responses (Th1 and Th2),
and chemokine modulation. In vitro cell depletion studies demonstrated a role for B
cells in antigen presentation and cytokine responses and CpG-mediated immunomodu-
lation. Taken together, the results of these studies provide support for further clinical
investigation of CpG therapy for cutaneous disease caused by L. (V.) panamensis.

RESULTS
CpG downregulates the cytokine response in lymphocytes from infected pa-

tients and mice. To initially evaluate CpG as an immunomodulator for the immune
response caused by L (V.) panamensis infection, studies were performed in vitro using
peripheral blood mononuclear cells (PBMCs) from infected patients and cells (PBMCs
and dLN cells) from chronically infected BALB/c mice. As dichotomous, dose-dependent
outcomes of CpG-mediated therapy have been reported, we examined whether this
holds true in cells from mice and patients infected with L. (V.) panamensis. dLN cells
from L. (V.) panamensis-infected mice were stimulated with promastigote Leishmania
antigen (pLAg) in combination with various concentrations of CpG (8 nM to 5 �M).
Consistent with the description by Mellor et al. (41) of a biphasic gamma interferon
(IFN-�) response (42), lower concentrations of CpG induced the production of IFN-�;
however, the response then decreased at higher concentrations of CpG (1 and 5 �M)
from a peak response at 8 to 40 nM CpG (Fig. 1A and B). Notably, in vitro CpG

FIG 1 CpG modulates the human and mouse response to parasite antigen in vitro. Draining lymph node cells (A) or PBMCs (B and C) from infected BALB/c mice
(A and B) or human patients (C) were incubated with CpG 1826 (A and B) or CpG ODN 2006 (C) at the given concentrations and leishmanial antigen (pLAg)
for 96 h. The modulation of the IFN-�, IL-10, IL-13, or IL-17 cytokine response to pLAg is indicated. Data represent means and SEM of the fold change from the
combined results from 3 independent experiments (A), PBMCs pooled from 5 infected mice (B), and PBMCs from 10 patients with acute cutaneous leishmaniasis
(C). *, P � 0.05; **, P � 0.01; ***, P � 0.001 (compared to values for untreated cells).
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stimulation appeared to promote IL-10 production in both the mouse and human
responses (Fig. 1); hence, the balance of the immune response would appear to be
shifted with the higher CpG stimulation concentrations. Also of note is difference
between PBMCs and dLN cells in their responses to antigen in the presence of CpG.
While the IL-10 and IL-13 responses were comparably affected in the PBMCs or dLN
cells by a given concentration of CpG, the dampening of the maximum IFN-� and IL-17
responses became evident at lower CpG concentrations for PBMCs. These differences
potentially reflect the number/balance of circulatory T effector cells and/or antigen-
presenting cell (APC) populations expressing TLR9.

PBMCs were isolated from infected patients and cultured with pLAg in the presence
or absence of CpG (40 nM to 5 �M). Although the specific responses were somewhat
variable between individual patients, treatment with CpG paralleled the responses
found for the murine PBMCs. Notably, there was a reduction in the antigen-specific
production of IFN-�, IL-17, and IL-13 cytokine responses associated with infection (Fig.
1B and C) generally over the range examined (40 nM to 1 �M). However, IL-10
production (as also found for the mouse) increased (40 nM to 1 �M) with CpG
stimulation. Overall, these results demonstrate that the response to CpG is dose
dependent and that CpG is capable of dampening the ongoing human inflammatory
immune response to leishmanial antigens.

As the human and mouse PBMC cytokine response patterns appear to be similar,
this allowed for the mouse model to be used for screening of the effectiveness of CpG
in modulating the immune response and parasite burden in disease caused by L. (V.)
panamensis infection in vivo.

CpG treatment reduces lesion size and parasite numbers in vivo. The ability of

CpG to induce immunotherapeutic healing was evaluated in the L. (V.) panamensis
chronic infection mouse model. In alignment with the overall goal of immunotherapy
to treat established disease, treatment of the L. (V.) panamensis-infected mice was
initiated following lesion development (3 to 5 weeks postinfection) rather than simul-
taneously with or relatively immediately after infection (15, 43, 44). Additionally, mice
were treated perilesionally, as local rather than systemic treatment would be a less toxic
approach and reduce side effects. Local treatment is considered preferable and accept-
able for single, small, localized uncomplicated lesions in the absence of risk factors for
mucocutaneous disease (45, 46). The relatively high dose of 50 �g of CpG was used, as
it had been previously demonstrated to elicit the induction of Tregs after either
systemic (28, 34, 47) or dermal (48, 49) delivery of CpG. Notably, the downregulation of
the immune and inflammatory responses and the induction of Treg activity have been
recently shown in this model to ameliorate disease (17).

Local CpG administration successfully reduced lesion size compared to that in the
control-treated mice (Fig. 2A). This corresponded to a �1,000-fold reduction in parasite
burden (Fig. 2B). This healing response could potentially be through different, but not
mutually exclusive, mechanisms. It was possible that the high level of CpG adminis-
tered, as expected based upon in vitro results, downregulated the ongoing inflamma-
tory and mixed cytokine responses that promote disease. Alternatively, as murine
macrophages express TLR9, it was possible that CpG activation of Leishmania-infected
macrophages led to induction of parasite killing.

CpG acts independently of direct parasite killing. To further evaluate the mech-

anism by which CpG mediated lesion resolution and parasite clearance, we first
determined whether CpG directly triggered macrophage killing of Leishmania. Murine
bone marrow-derived macrophages (BMMs) were infected with L. (V.) panamensis. High
doses of CpG (1 or 5 �M) were employed to approximate the in vivo conditions.
Infection was monitored for 24 to 72 h after addition of CpG and/or culture superna-
tants. No changes were observed in the percentage of parasitized cells in CpG-treated
L. (V.) panamensis-infected macrophages (Fig. 3A) or in the number of parasites/
macrophage (Fig. 3B) when infected cells were treated with CpG alone (1 or 5 �M; 24
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to 72 h). As expected, miltefosine-induced parasite killing was effective under all
conditions (50, 51).

Previous reports have indicated reduced survival of Leishmania donovani or Leish-
mania major in CpG 1826-treated macrophages (11, 26), although intracellular killing
mediated through TLR9 appeared to require the additional activation by IFN-�. To take
into account the lesion microenvironment in vivo, we used culture supernatants from
pLAg-stimulated dLN cells of L. (V.) panamensis-infected mice, which produced the
mixture of cytokines (IFN-�, IL-10, and IL-13) made in response to infection (16, 17). In

FIG 2 CpG treatment of chronically infected mice results in decreased lesion size and parasite burden.
Following the development of lesions (�4 weeks), BALB/c mice were injected perilesionally with 50 �g of
CpG 1826, twice a week for 2 weeks for a total of four doses, indicated by arrows. Lesions were measured
throughout the course of infection (A), and parasite burden was analyzed as described in Materials and
Methods at the termination of the experiment (B). Data represent results from at least two independent
experiments. ***, P � 0.001.

FIG 3 CpG does not induce parasite killing within infected mouse bone marrow-derived macrophages.
Bone marrow-derived macrophages were infected with late-stationary-phase L. (V.) panamensis promas-
tigotes (isolated from Percoll gradients as indicated) for 4 h, washed, and then incubated for 24, 48, or
72 h with (i) CpG 1826 (1 or 5 �M), (ii) miltefosine (20 �M, positive control; Sigma), (iii) 72-h supernatants
from dLN cell cultures (as described in the text), or (iv) 72-h supernatants from dLN cell cultures together
with CpG 1826 (1 or 5 �M). Following staining with Giemsa (Fluke Analytical, Sigma-Aldrich), the mean
number of parasites per macrophage (B) and the percentage of parasitized macrophages (A) were
calculated by counting 100 macrophages per sample, in triplicate per determination. Data represent
those from one of three independent experiments. *, P � 0.05; **, P � 0.01; and ***, P � 0.001 compared
to control. #, P � 0.05; ##, P � 0.01; and ###, P � 0.001 compared to supernatant alone.
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general, under these conditions, no evidence of macrophage-activated killing was
obtained with infected macrophages either treated with culture supernatants alone or
treated with CpG (1 or 5 �M) together with culture supernatants. Even though high
levels of IFN-� were present (39 ng/ml), parasite killing was not consistently observed;
although some effect was observed at 48 h, this was not evident at 24 or 72 h of
treatment. It should be noted that Leishmania (Viannia) species are less susceptible to
IFN-�-mediated macrophage killing than other Leishmania species (52); further, the
immune response to infection is mixed Th1-Th2, with IL-13 and IL-10 being present
concomitantly with IFN-� (16). Although these results do not exclude the possibility
that CpG might facilitate some minimal parasite clearance in vivo, it appears likely that
CpG would not primarily contribute to disease control through the induction of
macrophage-mediated parasite destruction. These results suggest that in this experi-
mental model of L. (V.) panamensis, CpG did not primarily act through enhanced
macrophage-mediated killing.

CpG treatment generally induces downregulation of the immune response in
vivo. Given the known role of high-dose CpG to induce a regulatory response and the
results of the ex vivo analyses (Fig. 1), we hypothesized that CpG might impart a
therapeutic response through immune manipulation of inflammatory responses in vivo.
Similar to our ex vivo stimulation findings, in vivo CpG treatment downregulated the
mixed cytokine response to L. (V.) panamensis infection, with a significant reduction in
IFN-�, IL-10, IL-4, IL-13, tumor necrosis factor alpha (TNF-�), IL-6, and IL-17 (Fig. 4A and
B); further, a reduction in certain chemokines (MIP-1� and granulocyte-macrophage
colony-stimulating factor [GM-CSF]) but not others (monocyte chemoattractant protein
1 [MCP-1]/CCL2, RANTES/CCL5, and IP-10/CXCL10) was observed. In general, it ap-
peared that the CpG treatment resulted in lowering of the immune responses.

Interestingly, the reduced cytokine response corresponded with an increase in the
regulatory cytokine transforming growth factor � (TGF-�) (Fig. 4A). We therefore
hypothesized that CpG impacted cytokine responses in part through upregulation of
Tregs. Indeed, there was an approximately 50% increase in the percentage of total
CD4� Foxp3� cells in the dLNs of treated mice (Fig. 4C). In addition, CpG treatment
resulted in a decrease of CD4� Foxp3� cells producing IFN-� (Fig. 4D), which has also
been noted to occur after treatment of L. (V.) panamensis-infected mice with anti-IL-
2–rIL-2 complexes (17). In addition, Treg plasticity within inflammatory microenviron-
ments has been well documented (53, 54). Production of IFN-� by Foxp3� cells is
indicative of a dysregulated phenotype, with Tregs having impaired suppressive ca-
pacity (55). As increased functional capacity of Tregs was found after successful
treatment in patients infected with L. (V.) panamensis (18), we assessed whether Tregs
had increased suppressive function following CpG treatment in addition to an increase
in the percentage of Tregs. Indeed, CD4� CD25� cells from CpG-treated mice had a
3-fold increase in their ability to suppress proliferative responses compared to that of
CD4� CD25� cells from infected control mice (Fig. 4E). That this induced regulatory
response would lead to healing is not surprising, as the importance of regulatory T cells
in healing in L. (V.) panamensis infection has been shown (18) for human infection and,
more recently, in the murine model of disease (17).

CpG cellular targets and consequent mode of action. To further delineate the
underlying mechanisms leading to immunomodulation by CpG, we first examined the
TLR9� cells that took up APC-labeled CpG after perilesional injection. Not unexpect-
edly, macrophages, dendritic cells, and B cells in the draining lymph node and lesion
site were all highly (�90%) and proportionally equally labeled with CpG (data not
shown). Consequently, we sought to determine the effect of each TLR9-expressing
population using cellular depletion (B cell, dendritic cell, and macrophage) and in vitro
stimulation assays employing splenocytes from chronically infected mice (Fig. 5) and
examined the CpG treatment effect on IFN-�, IL-10, IL-13, and IL-17 production.

The cytokine responses without CpG (basal levels) did not significantly decrease or
change for the depleted cell cultures (B cells, dendritic cells, and macrophages)
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compared to the nondepleted cell populations in the case of the IL-10 and IFN-�
responses; in contrast, the IL-13 response was significantly diminished in B cell-deficient
cultures, while IL-17 production was reduced in the absence of either macrophages or
dendritic cells and increased in the absence of B cells. The lack of marked changes in
the basal IL-10 and IFN-� responses in cell-depleted cultures may reflect compensatory
increases in the various cells in these cultures that can produce these cytokines or
present antigen. The increased IL-17 and decreased IL-13 responses found in the
absence of B cells are consistent with observed functions of B cells (56, 57). Notably, an
investigation of Mycobacterium tuberculosis (58) demonstrated that B cells modulated
IL-17 levels and PMN recruitment during infection and Mycobacterium bovis BCG
vaccination. Further, recent studies of L. (V.) panamensis-infected patients (59) indicated
that B cells can act as APCs to induce T cell IL-13.

FIG 4 CpG treatment of chronically infected BALB/c mice results in decreased cytokine responses and the increased function of T
regulatory cells. The immune response was evaluated 2 days following the last injection of CpG 1826 treatment (4 � 50 �g/dose) of
established L. (V.) panamensis-infected BALB/c mice. Cytokine (IFN-�, IL-10, IL-13, IL-17, TNF-�, and TGF-�) production was measured by
ELISA in response to pLAg in draining lymph node cells from control (PBS)-treated and CpG 1826-treated mice (A). Chemokine and
cytokine levels were measured using Luminex as described in Materials and Methods in response to pLAg in draining lymph node cells
from control (PBS)- and CpG-treated mice (B). FACS analyses of Foxp3� cells gated on CD4� cells from the draining lymph nodes of
infected mice (control and CpG treated) (C). FACS analyses of CD4� Foxp3� T cells expressing IFN-� in draining lymph node cells from
control- or CpG-treated infected mice (D). Levels of Foxp3 expression were comparable between CD4� CD25� cells isolated from naive
and infected mice. The ability of CD4� CD25� cells from the draining lymph nodes of control- or CpG-treated infected mice to suppress
proliferation of CD4� CD25� cells from naive mice in response to anti-CD3 and irradiated APC stimulation was assessed (E). Results
represent data from two independent experiments. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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In response to TLR9 stimulation, modulations of cytokine responses were observed
that appeared to be associated with the different populations of APCs. Cultures without
B cells failed to modulate IFN-�; in fact, IFN-� levels appeared to increase in response
to CpG stimulation in the absence of B cells. In contrast, cultures depleted of either
dendritic cells or macrophages had reduced levels of IFN-� with increasing amounts of
CpG; further, the decreases in IFN-� production was more pronounced in the dendritic
cell- and macrophage-depleted populations than for the undepleted cells. These results
suggest that TLR9 stimulation of B cells is responsible for decreased IFN-� and that this
is opposed by dendritic cells and macrophages. This is consistent with other studies
that indicate that B cells stimulated with CpG can develop regulatory function (60, 61)
especially in the context of BCR signaling. Similarly, IL-17 production significantly
increases and little modulation is observed in the absence of B cells, suggesting that
these cells are important in the regulation of IL-17.

Although dendritic cells and macrophages can instruct and induce T cell production
of IL-13, B cells in the murine model of L. (V.) panamensis infection also appear to be
important for the modulation of IL-13; in the absence of B cells, little IL-13 is produced.
These results are consistent with other studies showing the importance of B cells in
IL-13 production (56, 57, 62). However, only in cultures that contained B cells was IL-13
significantly downmodulated, suggesting that targeting this cell population could be
critical to reductions of this cytokine.

In the case of IL-10, cultures without B cells behaved similarly to undepleted cells,
showing increased IL-10 production with increasing CpG stimulation, whereas cultures
depleted of dendritic cells or macrophages produced significantly less IL-10 in response
to CpG. These results suggest that macrophages and/or dendritic cells are responsible
for the increased IL-10 observed with increasing CpG stimulation. Consequently, dif-
ferent cells appear to act to regulate different cytokines during infection. The impor-
tance of each cell population in relation to specific immunomodulation of cytokines
affecting disease may provide for selective targeting and might be directed to improve
treatment.

FIG 5 CD19� B cells are critical targets of CpG immunomodulation. Pooled splenocytes (whole or CD19, CD11b, or CD11c cell
depleted) from L. (V.) panamensis chronically infected mice were cultured with CpG 1826 at the given concentrations and
leishmanial antigen (pLAg) for 72 h. Cytokine (IFN-�, IL-10, IL-13, and IL-17) production was measured in culture supernatants by
ELISA. Data are representative of those from 3 independent experiments. *, P � 0.05 compared to the value for cells incubated
in the absence of CpG; #, P � 0.05 compared to the value for nondepleted cells incubated with the same concentration of CpG.
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DISCUSSION

A hyperimmune (mixed Th1-Th2) response is associated with a more severe disease
outcome in Leishmania (Viannia) infections (13, 37–40, 63–65). Recently, it has been
found in human L. (V.) panamensis infection that increased Treg capacity correlates with
healing (18). In the murine model of L. (V.) panamensis, the transfer of Tregs or their
induction through the use of IL-2–anti-IL-2 complexes leads to significant disease
amelioration and reduction of parasite burden and cytokine responses (Th1/Th2) (17).
However, Treg transfer and IL-2 complex treatment are expensive and not practical
treatment approaches for leishmaniasis. Consequently, the development of alternate
methods for modulating the immune response is of interest.

CpG treatment has been shown to induce a regulatory response (34, 41, 66) when
relatively high levels of CpG (�50 �g/mouse) are employed (41). Initiation of the Treg
response is reportedly due to the induction of indoleamine 2,3-deoxygenase (IDO) (34,
41, 66) and the regulatory cytokines IL-10 (31) and TGF-� (67). The high-dose-mediated
regulatory effects of CpG have been ascribed to TRIF/TRAF6-dependent signal trans-
duction in dendritic cells (67). Thus, high-dose CpG might have immunotherapeutic
potential for local treatment of cutaneous leishmaniasis caused by L. (V.) panamensis
infection. Previous studies have utilized CpG alone (15) or in combination with other
adjuvants or L. major antigen for both treatment and prevention of experimental
leishmaniasis (68). However, therapeutic treatment by CpG alone of L. major is contro-
versial, and both healing and the absence of an effect have been reported (14, 15);
where healing was observed, however, this was accompanied by a Th1 response. In the
current study, we employed a high dose of CpG, administered locally after the devel-
opment of lesions, which induces a regulatory response and effectively ameliorates L.
(V.) panamensis infection. As different species of Leishmania establish distinct inflam-
matory milieu in the host (69), it is not surprising that the effects of CpG may be
dependent on the inherently different environments created by infection. Not only are
opposing immune responses elicited by CpG with different species of Leishmania but
also both activating and regulatory effects of CpG have been observed during different
inflammatory disease states, including asthma, infectious disease, and cancer models
(20, 70, 71). Thus, CpG ligation of TLR9 may have different downstream effects during
steady state and in the presence of inflammation. The mechanism behind this deserves
further exploration, as it could provide insight into CpG mechanistic responses and also
the Leishmania species-specific interactions with the host immune system.

In the mouse model, the role of IL-13 or IL-10 in L. (V.) panamensis infection
development has been established (16) using genetically deficient mice. However, IL-10
does not likely sustain infection primarily via Tregs, as Treg expansion or transfer (17)
led to disease amelioration and concomitant reduction in IL-10 as well as IL-13, IFN-�,
and IL-17. These cytokines were also reduced in CpG-treated mice, which likely con-
tributed to the disease resolution observed. In addition to a reduction in these
cytokines, CpG treatment led to a reduction in GM-CSF and MIP-1� (CCL3). GM-CSF is
important for the development and regulation of granulocytic and monocytic cells and
their activation (72); PMNs and macrophages act as host cells for Leishmania, which is
critical for parasite persistence. MIP-1� is broadly chemotactic (granulocytes, myeloid
dendritic cells [mDC], M�, memory T cells, Th1 cells, Tregs, NK cells, and pDC) and has
been implicated in both disease exacerbation and healing in leishmaniasis, dependent
upon the infective species (73, 74). L. (V.) panamensis induces MIP-1� production by
infected macrophages, which is associated with parasites causing chronic disease and
suggestive of a role in disease exacerbation.

The alteration in cytokines and chemokines was not a global downregulation of
immune responses by CpG but rather a more balanced modulation of responses, with
an increase in RANTES (CCL5) and MCP-1 (CCL2). RANTES is associated with the
recruitment of T cells, basophils, and eosinophils. Studies with RANTES neutralization
suggest that the chemokine may ameliorate disease caused by L. major, although other
studies indicate that CCR5, the RANTES receptor, is critical for Treg homing and parasite
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persistence (74–76). The role of RANTES in infection caused by L. (V.) panamensis
remains to be determined; however, it has been noted that RANTES/CCL5 levels are
reduced in macrophages infected with L. (V.) panamensis parasites causing chronic
disease (77), while infection with parasites isolated from self-healing lesions do not
modulate RANTES expression. MCP-1/CCL2 has been linked to monocyte, NK cell, DC,
and T cell recruitment and has been reported to induce macrophage-mediated killing
of Leishmania (78, 79). However, in genomic studies of human leishmaniasis caused by
L. (V.) braziliensis, mucocutaneous disease was correlated with higher MCP-1 expression
(80), although the chemokine was found to have little impact on cutaneous disease.
Further, macrophages infected with L. (V.) panamensis have been demonstrated to
express higher levels of MCP-1 when infected with parasites from chronic versus acute
infection (77, 81), suggesting that MCP-1 expression may facilitate the inflammation
associated with disease. The recruitment and activation of innate immune cells would
enable the activation of adaptive immune cell responses, potentiating chronic inflam-
mation and immunopathology; however, this could be counterbalanced by the role of
RANTES in recruitment of Treg cells. Presently, it is not clear what precise impact
increases in specific chemokines might have on the outcome of L. (V.) panamensis
infection; further work is required to determine their role in L. (V.) panamensis infection.

High-dose CpG, injected perilesionally, is nonpreferentially taken up by cells in the
feet and dLNs. We examined the contribution of TLR9-expressing cell types to the CpG
response by ex vivo cell depletion. Although it is known that there are interactions
between these various potential APCs and some effects could in part be indirect, the
approach taken was to examine the effect of depleting one of these populations on the
overall ongoing immune response as a method for approximating which cells (if any)
might be useful CpG targets to elicit a healing response. Overall, these data show the
complexity of the immune response to infection in the case of L. (V.) panamensis and
also demonstrate a critical role of B cells in the modulation of the immune response
with CpG treatment. The roles of B cells in leishmaniasis are not fully understood and
can vary dependent upon the strain and species (69, 82). B cell-derived antibody may
either exacerbate (83, 84) or ameliorate (85) disease; B cell-derived IL-10 (82) is related
to disease progression. Further, B cells can be key antigen-presenting cells during
disease (59, 86). Notably, B cell levels in lesions of L. (V.) panamensis have been
correlated with disease severity (87). Further, it is of interest that B cells as well as pDC
have been shown to be important in the regulation and maintenance of T regulatory
cells (88–90). Selective targeting of CpG to B cells in principle would potentially result
in lowered IFN-�, IL-10, and IL-13 as well as IL-17, a response observed in this study and
previously (17) to result in amelioration of disease. In future studies, it would be of
interest to examine the selective targeting of B cells in the treatment of disease.

Here, we have demonstrated the utility of in vitro evaluation of the immunomodu-
lator CpG to assess an in vivo immune responses to L. (V.) panamensis infection. By
employing both patient samples and the mouse model, we have shown evidence that
the TLR9 ligand CpG ameliorates the disease-associated mixed-cytokine response as
well as disease and parasite burden in vivo in the mouse model of infection. The
downregulation in vivo corresponded to increased Treg percentages, with improved
suppressive capacity and downregulation of both Th1 and Th2 responses. In vitro
analyses in the mouse model indicated an important role of B cells as APCs during
infection; these are consistent observations of the responses in human patients (59). For
in vivo experiments, a local rather than systemic route of administration of CpG was
used, and this resulted in disease amelioration. Cutaneous leishmaniasis is well suited
for topical treatment, and this approach has been recently undertaken in various drug
formulations (91). Development of topical treatments would potentially minimize the
need for health center visits required for administration of injections, minimize drug
side effects (particularly of systemically delivered drugs), and enhance adherence to
treatment. Further, the use of immunomodulators in conjunction with topical drugs has
the potential to reduce the amount of drug required to achieve healing. Lipid-based or
other transcutaneous delivery systems have been reported for administration of CpG
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and may have potential for treatment in patients (48, 49, 92). CpG may prove to be an
effective alternative treatment or coadjuvant that could be used either independently
or in combination with lower doses of standard chemotherapeutic drugs for the
treatment of cutaneous leishmaniasis caused by L. (V.) panamensis.

MATERIALS AND METHODS
Patient samples and analyses. Peripheral blood samples (100 ml) were obtained from cutaneous

leishmaniasis patients from the southwestern region of Colombia (departments of Valle del Cauca and
Nariño). Participants included 9 males and 1 female 22 to 54 years of age (median � 32 years) who had
typical cutaneous leishmaniasis lesions that had been parasitologically diagnosed by smear, culture, or
biopsy and had not received antileishmanial treatment before enrollment. Parasites were isolated from
6 of these 10 patients; all strains were typed as L. (V.) panamensis. All subjects had negative serology for
HIV and human T cell leukemia virus type 1 (HTLV-1) and provided written informed consent. The study
protocol, consent forms, and all procedures were approved by the Centro Internacional de Entre-
namiento e Investigaciones Médicas (CIDEIM) Institutional Review Board.

Analysis of the immune response of human PBMCs. Peripheral blood mononuclear cells (PBMCs)
were isolated by centrifugation over Histopaque-1077 (Sigma-Aldrich, St. Louis, MO). Promastigote
Leishmania antigen (pLAg) was prepared by suspending promastigotes of L. (V.) panamensis strain
MHOM/COL/03/3594 at a concentration of 1 � 107/ml, followed by 6 cycles of freezing in liquid nitrogen
and thawing at 37°C. Cells were suspended in RMPI 1640 (Sigma-Aldrich) with 10% fetal bovine serum
(FBS; GIBCO, Carlsbad, CA), 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 mg/ml). A
total of 4 � 105 PBMCs were distributed in 96-well plates in 200 �l per well with or without pLAg (8 �l
to reach a parasite/cell ratio of 0.2:1) and/or 0.04, 0.2, 1, and 5 �M CpG ODN 2006 (InvivoGen, San Diego,
CA; human class B). The cells were incubated for 5 days at 37°C with 5% CO2. Cytokines were measured
in culture supernatants using a Luminex screening assay (R&D Systems, Minneapolis, MN). Luminex
assays were performed using 50-�l volumes of culture supernatants in duplicate according to the
manufacturer’s specifications.

Animals. Female BALB/c mice were obtained from the National Cancer Institute (Frederick, MD) and
housed at Yale School of Medicine animal facilities under the approval of the American Association for
Accreditation of Laboratory Animal Care. All mouse procedures were performed in compliance with the
Guide for the Care and Use of Laboratory Animals (93) and were approved by the Yale University
Committee for the Care and Use of Animals.

Leishmania culture, infection, and parasite burden analysis. L. (V.) panamensis (MHOM/1995/CO/
1989) was cultured in Schneider’s Drosophila medium supplemented with 20% heat-inactivated fetal calf
serum (FCS) and 17.5 �g/ml of gentamicin. Infective parasites were isolated from low-passage-number
late-stationary-phase cultures off the 45%/60% Percoll gradient interface, as previously described (16).
Parasites (5 � 104) were injected intradermally into the hind foot of a mouse. Lesion development was
monitored by measuring the thickness of the infected and uninfected feet using a dial gauge caliper
(Starrett Thickness Gauge). At the termination of experiments, parasites were quantified by the limiting-
dilution assay as previously described (94).

CpG treatment in vivo. Mice with established lesions were injected subcutaneously, adjacent to the
lesion (perilesionally), with 50 �g of CpG 1826 (mouse class B [Trilink Biotechnologies, San Diego, CA] or
oligonucleotide synthesized by Keck Center, Yale University), or phosphate-buffered saline (PBS) as a
vehicle control, twice a week for 2 weeks for a total of four doses. Two days following the final treatment,
analysis of cytokines, as well as the percentages of CD4� Foxp3� cells and IFN-� intracellular cytokine
production, was carried out for the dLNs. Parasite load was calculated at the termination of the
experiment, as previously described (94). Lesion size was monitored as described above.

CpG treatment in vitro. For in vitro experiments, PBMCs or dLN cells (5 � 106 per ml) from L. (V.)
panamensis-infected mice were cocultured with CpG 1826 at the doses indicated for the respective
experiments, in the presence of pLAg (equivalent to 1 � 106 or 5 � 106 organisms/ml) for 3 to 5 days
prior to cytokine analysis.

Mouse model cytokine analyses. For the analysis of mouse cytokine production, PBMCs or
single-cell suspensions made from the dLNs were cultured at 5 � 106 cells/ml in RPMI medium
supplemented with 10% FCS in the presence of pLAg for 72 h. Supernatants were collected and IFN-�,
IL-10, IL-13, IL-17, IL-6, TNF-�, and TGF-� were measured by enzyme-linked immunosorbent assays
(ELISAs) according to the manufacturer’s protocol (eBioscience) or using the Luminex system employing
either R&D Systems or EMD Millipore specific cytokine/chemokine sets.

For intracellular cytokine analysis following pLAG incubation, cells were cultured for an additional 4
h in the presence of brefeldin A (BD Golgi Plug), Fc receptors were blocked (anti-CD16/CD32; BD
Pharmingen), and surface markers were stained with anti-CD3 (145-2C11; BD Biosciences) and anti-CD4
(RM4-5; BD Biosciences). Cells were permeabilized with a Foxp3/transcription factor staining buffer set
(eBioscience) and stained with anti-Foxp3 (FJK-16S; eBioscience) and anti-IFN-� (XMG1.2; BD Pharmin-
gen). Fluorescence-activated cell sorting (FACS) data were acquired on an LSRII flow cytometer (BD
Biosciences), using FACSDiva software, and collected data were analyzed on FlowJo software (Tree Star,
Inc.).

In vitro murine macrophage-Leishmania killing assays. Bone marrow-derived BALB/c mouse
macrophages were generated in vitro by culturing cells harvested from mouse femurs and tibiae in L
cell-conditioned medium (RPMI 1640 supplemented with 30% L929 cell supernatant, 20% heat-
inactivated FBS, and 1% penicillin-streptomycin) for 4 days. On the fourth day, cell cultures were
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replenished with L cell-conditioned medium; on day 6, BMMs were then harvested, counted, and used
for experiments. Macrophages were cocultured at a 20 to 30 to 1 ratio with late-stationary-phase L. (V.)
panamensis promastigotes (isolated from Percoll gradients as indicated above) for 4 h, washed, and then
incubated for 24, 48, or 72 h with (i) CpG 1826 (1 and 5 �M), (ii) miltefosine (20 �M, positive control;
Sigma), (iii) 72-h culture supernatants from dLN cell cultures (as described above), or (iv) 72-h culture
supernatants from dLN cell cultures together with CpG 1826 (1 and 5 �M). Following staining with
Wright-Giemsa SureStain (Fisher Scientific, Pittsburgh, PA), the number of parasites per macrophage and
the percentage of parasitized macrophages were calculated by counting 100 macrophages per sample,
in triplicate per determination.

T regulatory cell analysis. CD4� CD25� and CD4� CD25� cells were isolated from the spleens or
draining lymph nodes of BALB/c mice using the CD4� CD25� regulatory T cell isolation kit (MACS
Miltenyi Biotec) according to the manufacturer’s protocol. Isolated CD4� CD25� cells were of �90%
purity. For suppression assays, 5 � 104 isolated naive CD4� CD25� cells (Teffs) were labeled with 5 �M
carboxyfluorescein succinimidyl ester (CFSE; eBisoscience) and cocultured with CD4� CD25� cells (Tregs)
and 2 � 105 T cell-depleted irradiated splenocytes as APCs. Cells were stimulated with 0.5 �g/ml of
anti-CD3 (145-2C11; eBioscience). Treg suppressive capacity was assessed by examining CFSE dilution
using flow cytometry. The percent suppression was calculated as (percent proliferation of Teffs alone �
percent proliferation of Tregs and Teffs)/percent proliferation of Teffs. Levels of Foxp3 expression were
comparable between CD4� CD25� cells isolated from naive and infected mice. For Treg quantification,
cells were isolated from the dLNs and directly stained, as described above, without prior stimulation.
FACS data were acquired on a Stratedigm flow cytometer (Stratedigm Inc.), using CellCapTure software,
and collected data were analyzed on FlowJo software (Tree Star, Inc.).

In vitro cell depletion studies. Pooled spleens from infected mice were made into single-cell
suspensions, and Fc receptors were blocked (anti-CD16/CD32; eBioscience) and labeled with APC-labeled
antibodies (eBioscience) against CD19 (MB19-1), CD11c (N418), or CD11b (M170). CD19, CD11c, or CD11b
cells were depleted using anti-APC magnetic microbeads and column separation (MACS Miltenyi Biotec).
Depletion efficacy was evaluated by flow cytometry at �98% depletion for the specific cell populations.
Further, FACS analysis indicated that CD19 or CD11c depletion removed only the selected cell popula-
tions; however, CD11b depletion also depleted 65% of CD11c cells. Nondepleted, CD19-depleted,
CD11c-depleted, and CD11b-depleted cells were plated at 5 � 106/well in 24-well plates and cultured
with pLAg and 0, 40, 200, 1,000, or 5,000 nM CpG 1826 for 72 h. IFN-�, IL-10, IL-13, and IL-17 levels were
measured in the culture supernatant using a multiplex mouse cytokine kit (R&D Systems).

Statistical analyses. Statistical analyses were conducted using the Student t test for comparison
between two groups. One-way analysis of variance (ANOVA), with Dunnet’s test or Dunn’s test (according
to the parametric or nonparametric distribution of data) correcting for multiple comparisons, was used
to establish statistical differences from the control group when comparing among three or more groups
and the control group. For parasite burden analysis, data were log transformed prior to the t test. P values
of �0.05 were considered significant.
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