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ABSTRACT Host immune responses are pivotal for the successful treatment of the
leishmaniases, a spectrum of infections caused by Leishmania parasites. Previous
studies speculated that augmenting cytokines associated with a type 1 T-helper cell
(Th1) response is necessary to combat severe forms of leishmaniasis, and it has been
hypothesized that the antileishmanial drug miltefosine is capable of immunomodu-
lation and induction of Th1 cytokines. A better understanding of the immunomodu-
latory effects of miltefosine is central to providing a rationale regarding synergistic
mechanisms of activity to combine miltefosine optimally with other conventional
and future antileishmanials that are currently under development. Therefore, a sys-
tematic literature search was performed to evaluate to what extent and how milte-
fosine influences the host Th1 response. Miltefosine’s effects observed in both a pre-
clinical and a clinical context associated with immunomodulation in the treatment of
leishmaniasis are evaluated in this review. A total of 27 studies were included in the
analysis. Based on the current evidence, miltefosine is not only capable of inducing
direct parasite killing but also of modulating the host immunity. Our findings sug-
gest that miltefosine-induced activation of Th1 cytokines, particularly represented by
increased gamma interferon (IFN-�) and interleukin 12 (IL-12), is essential to prevail
over the Leishmania-driven Th2 response. Differences in miltefosine-induced host-
mediated effects between in vitro, ex vivo, animal model, and human studies are
further discussed. All things considered, an effective treatment with miltefosine
is acquired by enhanced functional Th1 cytokine responses and may further be
enhanced in combination with immunostimulatory agents.
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With an estimated 678,000 cases and about 40,000 fatalities per annum worldwide,
the neglected tropical disease leishmaniasis is the second largest parasitic killer,

following malaria (1). Heterogeneity among parasite species results in different clinical
manifestations, with visceral leishmaniasis (VL) being the most severe and potentially
lethal form of Leishmania infection. In VL, parasites replicate within mononuclear
phagocytic cells, leading to infection of the spleen, liver, and bone marrow (2, 3). Other
clinical phenotypes include cutaneous (CL), post-kala-azar dermal (PKDL), and muco-
cutaneous (MCL) leishmaniasis, which are manifested by skin or mucous membrane
lesions and/or ulcers (3, 4).

T-helper (Th) cells are the core of adaptive immunity, as their activity underpins
almost every adaptive immune response, while impairments to Th cell functioning are
found in many autoimmune diseases (5). When activated, naive Th cells divide and
commit to a particular effector phenotype, including Th type 1 (Th1) or 2 (Th2). Th1 cells
secrete cytokines such as alpha interferon (IFN-�), IFN-�, IFN-�, interleukin-1� (IL-1�),
IL-6, IL-8, IL-12, IL-18, IL-27, intercellular adhesion molecule 1 (ICAM1), tumor necrosis
factor alpha (TNF-�), and TNF-�. Th1-related cytokines are particularly implicated in
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Copyright © 2019 Palić et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Semra Palić,
s.palic@nki.nl, or Thomas P. C. Dorlo,
t.dorlo@nki.nl.

Received 3 December 2018
Returned for modification 21 January 2019
Accepted 22 April 2019

Accepted manuscript posted online 29
April 2019
Published

PHARMACOLOGY

crossm

July 2019 Volume 63 Issue 7 e02507-18 aac.asm.org 1Antimicrobial Agents and Chemotherapy

24 June 2019

https://doi.org/10.1128/AAC.02507-18
https://doi.org/10.1128/AAC.02507-18
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:s.palic@nki.nl
mailto:t.dorlo@nki.nl
https://crossmark.crossref.org/dialog/?doi=10.1128/AAC.02507-18&domain=pdf&date_stamp=2019-4-29
https://aac.asm.org


clearing intracellular pathogens, such as Leishmania parasites, that invade and replicate
within reticuloendothelial cells (6, 7). Th2 cells primarily secrete IL-4, -5, -10, and -13,
cytokines that activate pathways which are implicated in clearing extracellular patho-
gens and the development of allergies. The crucial role of Th1 activation in the
treatment of VL has been demonstrated previously by the role of IFN-� in infection
clearance; e.g., IFN-� knockout mice failed to respond to an anti-IL-4 monoclonal
antibody treatment, resulting in progressive infection (8). Additionally, in mice with
genetically compromised Th1 cytokine production, a dominant Th2 response led to
exacerbated VL infection, implying that an active Th1 response is crucial in balancing
the infection-promoting Th2 response and ultimately in controlling the parasite
burden (9).

Although the Th1 versus Th2 dichotomy is typically less clear in human infection, the
importance of the Th1/Th2 balance in obtaining control over the Leishmania infection
has also been observed in clinical studies. Patients suffering from progressive VL
showed a consistent lack of Th1 cytokine production (10), whereas expression of Th2
markers was detected in PKDL lesional tissues (10, 11). In VL and diffuse CL, an increase
in Th2 activity is generally associated with infection progression, and Th1 activity has
been associated with infection clearance and establishing clinical cure (7). IFN-� has
been shown effective as an adjunct therapy in VL and diffuse CL (12–15). However, in
localized CL lesions, the balance between Th1 and Th2 cytokines appears more
complex, since even the healing lesions were shown to contain persisting levels of
circulating Th2 cytokines (16).

Due to the decreasing and disappointing efficacy of various antileishmanial drugs as
monotherapy, including miltefosine, implementation of combination therapies is war-
ranted. This is especially needed in East Africa, where antileishmanial drugs show lower
efficacy rates systemically (17). To use new and existing therapies in the most optimal
synergistic way, more knowledge on the direct and indirect mechanisms of action of
antileishmanial compounds is required, e.g., through stimulation of the host immune
system (18, 19). Miltefosine is an alkylphosphocholine agent (20), which is currently the
only oral drug available on the market for the treatment of leishmaniasis and is widely
used in the treatment of both CL and VL (21). Various direct and indirect antileishmanial
mechanisms of action have been suggested for miltefosine, including disruption of
(membrane) lipid metabolism, apoptosis-like cell death, induction of mitochondrial
dysfunction, and also immunomodulatory effects involving Th1 cell response (20).
Following the observation of the effects on Th cells in leishmaniasis, miltefosine has
also been investigated in the treatment of other immune-mediated diseases, such as
cancer, inflammatory bowel disease, and atopic dermatitis, showing promising preclin-
ical results (22). Given the observed relationship between Th1/Th2 balance and control
over the Leishmania infection, the potentiation of Th cell activation through the use of
immunomodulators in addition to conventional chemotherapy has been hypothesized
as a future therapeutic option for leishmaniasis (23, 24). Preclinical studies have, e.g.,
suggested that adding Th1-directed immunotherapy to chemotherapy could decrease
Leishmania-associated suppression of the immune system and result in a more rapid
parasite clearance (25–27). There is limited knowledge, however, about the translational
and predictive value of immune effects from in vitro and various animal models for
humans, which is complicated by intrinsic immunopathological differences between
available murine and hamster models (28).

A better understanding of the immunomodulatory effects of miltefosine is central in
providing a rationale regarding synergistic mechanisms of activity to combine milte-
fosine optimally with other conventional and future antileishmanials that are currently
under development and immunotherapeutic interventions. Also, in principle, this may
aid the understanding of the translational value of the immunomodulatory effects
observed in preclinical models for other antileishmanial drugs. Therefore, our objective
was to systematically review how miltefosine affects markers of the host Th1 response
associated with its immunomodulatory effect in the treatment of leishmaniasis in vitro,
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in animal models, and in human and to what extent the host-mediated effects in these
different models are in congruence.

RESULTS

A complete search on 29 September 2017 yielded 56 hits in PubMed (MEDLINE), 94
hits in Embase (OVID), and 132 hits in Scopus. This search was repeated on 15 January
2018, resulting in 9 new hits, and again on 21 November 2018, resulting in 8 more new
hits. After removal of the duplicates, 184 unique articles were identified in total.

Our search identified in total 6 in vitro, 3 ex vivo, 13 animal, and 5 human studies
which investigated Th1 cytokine activity after miltefosine treatment of leishmaniasis
(Fig. 1). In total, 4 in vitro studies were available for VL (Leishmania donovani) and 1 for
CL (Leishmania braziliensis and Leishmania major), as well as 2 ex vivo studies for VL (L.
donovani) and 1 for CL (L. braziliensis). In animal studies, 12 identified studies investi-
gated miltefosine effects in VL and 1 in CL, while in human studies, 3 studies were
identified for VL and 2 for PKDL. Finally, a total of 27 studies were included in this
systematic review: 23 meeting the inclusion and eligibility criteria from the primary
search results and 4 studies identified through secondary sources. Results from all these
studies in the various leishmaniasis disease models are discussed below.

Studies in vitro and ex vivo. In vitro studies (Table 1) were the first to propose and
demonstrate that miltefosine induces a Th1 response via various immunological path-
ways. Applying miltefosine to Leishmania-infected splenocytes resulted in an induction
of a Th1 response shown primarily by increased IFN-� (19, 29–31). IFN-� enables class
switching from immunoglobulin G1 (IgG1) to IgG2. Analysis of IgG isotypes elucidated
that IgG1 and IgG3 are significantly higher in patients with active VL, as well as in active
lesions in CL, than control reference values in areas of endemicity (32, 33). IgG1 was
proposed as a marker of relapse in Indian VL (32). Still, whether certain subclasses of IgG
antibodies, such as IgG2, may have a protective role in VL and PKDL has not been
clearly established. On the other hand, the levels of present antibody subtypes may
illustrate the level of activation of cellular Th response (16). For instance, prior vacci-

FIG 1 Flow chart of the studies identified, screened, and included in this review.
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nation of mouse to increase IgG2 levels was associated with a 5-fold-higher IFN-� level
posttreatment (24). Furthermore, IL-12 and IFN-� were significantly increased in
miltefosine-treated cells ex vivo (Table 2), suggesting miltefosine-driven stimulation of
Th1 cytokines (34). One mechanism proposed for the observed miltefosine immuno-
modulatory effects was the inhibition of phosphatidylinositol 3-kinase (PI3K)-
dependent phosphorylation in macrophages and the simultaneous increase in the
protein kinase C dependence, which in turn triggers the production of Th1 cytokines
(30, 35). Another proposed mechanism of IFN-� induction by miltefosine is that
miltefosine may increase the expression of IFN-� receptor, which further promotes
signal transducer and activator of transcription 1 (STAT-1) signaling. In VL, STAT-1
phosphorylation is impaired by Leishmania-driven sphingosine-1-phosphate (SPH-1)
activity. Miltefosine-mediated increases in IFN-� responsiveness cause a decrease in
SPH-1 activation, which in turn also leads to an increase in STAT-1 phosphorylation (30).

In addition, infections with L. major and L. donovani are known to suppress the
activation of p38 mitogen-activated protein kinases (p38MAPK), which is required for
the production of proinflammatory Th1 cytokines (36). Miltefosine was able to increase
the levels of p38MAPK activation in BALB/c-derived peritoneal macrophages, which in
turn increased IL-12 levels in a dose-dependent manner within 48 h posttreatment (19,
29, 30). Moreover, miltefosine treatment of isolated peripheral blood mononuclear cells
(PBMCs) derived from monocytes of VL patients resulted in an 8-fold rise in IL-12 levels
(37). Also, PBMCs isolated from patients with advanced VL showed increased Th1
cytokines after ex vivo miltefosine treatment, further illustrating miltefosine-driven
immunomodulation (38). Additionally, a functional role of miltefosine in the synthesis
of TNF-� has been shown in vitro (29, 39, 40). BALB/c mouse-derived macrophages with
a knockout platelet aggregation factor (PAF) receptor function displayed a complete
lack of response to miltefosine, indicated by diminished miltefosine-induced parasite
killing (29). Downregulation of the PAF receptor was also found to enhance IL-4
production, and suppress IFN-� levels, resulting in progressive VL infection (29). Milte-
fosine is a structural analogue of PAF, and it was found that miltefosine activation of the
PAF receptor led to increased IL-12 and TNF-�, while no effect was observed for PAF
receptor-deficient macrophages (29, 41). Similar results were obtained based on CL
patient-derived PBMCs (37).

Studies in animals. Various animal studies (Table 3) focused on the effects of
miltefosine on IFN-� production in both murine and hamster models of VL (42–49).
Following miltefosine administration, all studies reported substantially increased IFN-�
levels in macrophages of Leishmania-infected animals in contrast to control groups
(42–49). Several studies also showed that increases in IFN-� levels were proportional to
the dose of miltefosine administered and were accompanied by suppression of Th2-
associated cytokine levels, together inducing the killing of parasites (43, 45, 50). As
indicated by in vitro studies, IFN-� activates macrophages, and miltefosine was shown
to enhance the expression of IFN-� in macrophages of BALB/c mice infected with L.
donovani (42–44) Moreover, miltefosine was even able to upregulate IFN-� levels in
T-cell-deficient mice (46). In addition, control groups of mice and hamsters which were
not treated with miltefosine demonstrated increased or unchanged parasite levels in
comparison to those treated with subcurative and curative doses of miltefosine (50). Up
to a 9-fold increase in Th1 cytokines was measured in mouse splenocytes 4 days
posttreatment with miltefosine alone, which was boosted to a 13-fold increase when
miltefosine was combined with immunostimulatory compounds such as pyrazolopyri-
dine derivatives (45). These results indicate that the immune response shift toward Th1
is likely due to treatment-induced immunomodulation (51, 52).

Studies in mice have also documented a dose-proportional increase in IL-12 after
standard miltefosine treatment. The host immune system requires IL-12 in order to
stimulate the differentiation of Th1 cells, further maintain Th1 responses, and overall
stimulate the production of IFN-� (42, 43). A few studies argued that miltefosine-
mediated immunomodulatory effects are more advanced when miltefosine is admin-
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istered in combination with compounds that stimulate Th1 polarized cytokines (50, 53).
As already postulated by in vitro studies, an increase in IgG2 antibodies contributed to
the development of an effective Th1-mediated immune response (45, 51, 53). Increases
in IgG2 expression, as well as consequent suppression of IgG1 dominance, were more
appropriately illustrated in hamster models, since mice lack the distinct subclasses
among IgG antibodies (54). In hamster VL (L. donovani) models, upon successful
miltefosine treatment, complete cure is reached at day 45, where IFN-�, IL-12, and
TNF-� levels were identified as indicators of treatment outcome (48, 49). Furthermore,
two studies evaluated the effects of miltefosine in the treatment of dogs naturally
infected with VL (L. infantum). A 28- or 45-day treatment with oral miltefosine admin-
istered daily (100 to 200 mg/day) increased IFN-� in peripheral blood up to 2-fold at day
180 after start of treatment (52). Subsequent relapse in these dogs was associated with
decreased IFN-� and reoccurrence of Th2 cytokine production. Relapses were primarily
associated with increases in IL-4 and IL-10, which is typically observed at the time of
diagnosis (52). Dogs treated with a combination of miltefosine and allopurinol showed
a more prolonged increase of IFN-� in peripheral blood, with 90% survival at 9 months
(55). Lastly, a single study investigating the immune effects of miltefosine on CL in
BALB/c, CBA/J, and C57BL/6 mouse models infected with either L. major or Leishmania
mexicana showed that IFN-� was elevated in lymph nodes directly during and after 5
weeks of miltefosine treatment. For L. major infection in BALB/c mice, the most
significant increase in IFN-� was 3.1-fold at 3 weeks after the 5-week miltefosine
treatment, while the increases in IFN-� for CBA/J and C57BL/6 mice were 2.8- and
1.9-fold, respectively (47). Differences in IFN-� receptor expression were observed
among the various murine species. Miltefosine treatment of L. mexicana infection in
mice was ineffective and did not result in increased levels of Th1 cytokines, resulting in
9 out of 12 disease relapses (47). However, a relatively low miltefosine dose was
administered, and thus an optimal exposure might not have been achieved (47). Taken
together, preclinical studies show the importance of immune cross talk in both infec-
tion development and clearance. Miltefosine immunomodulation in the animal models
appears to be exerted through two major pathways (Fig. 2): stimulation of Th1 cytokine
production that will further drive macrophage activation and activation of the tran-
scription factors within the infected macrophages, which will in addition prime mac-
rophages to increase Th1 cytokine secretion and eventually counterbalance anti-
inflammatory cytokines.

Studies in human. Although very limited results from studies in human (Table 4)
are available to date, these appear to be in line with findings from in vitro and animal
studies. Production levels of IFN-� and IL-12 were also found elevated after miltefosine
treatment of VL (56). Additionally, in patients with inborn errors in the genes encoding
IL-12, miltefosine was shown ineffective and VL reoccurred multiple times (57). These
patients were also more susceptible to other infections, such as tuberculosis. This
indicates that impaired IFN-� functioning does not only hamper normal immune
function but also limits miltefosine’s action to stimulate macrophage-driven Th1 cyto-
kine production. The importance of restoring the host immunity in VL is particularly
demonstrated in immunosuppressed patients, such as those who are coinfected with
human immunodeficiency virus (HIV), where VL is even more challenging to treat and
results in more episodes of relapse and even death (58). Furthermore, neopterin, a Th1
immune marker, has been recently evaluated in VL patients after treatment with
miltefosine alone or in combination with amphotericin B (59). Neopterin is exclusively
produced by macrophages, which are activated by IFN-γ upon treatment (60, 61). As
such, a decline in neopterin levels due to miltefosine treatment may directly reflect a
decline in macrophages loaded with parasites.

Additionally, somewhat different immunological responses were observed in PKDL,
where both Th1 and Th2 cytokines were found to be present. Since PKDL patients have
already been treated for VL, infection is no longer systemic, as the result of treatment-
associated increased Th1 cytokine levels. However, Th2 cytokines are still present in the
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skin, most likely remaining since the primary VL infection (11). One of the case studies
identified describes a decrease of IFN-� in a patient’s lesional tissue after treatment with
miltefosine (10). Measured CD40 levels were also found enhanced and probably
contributed to the evoked Th1 signaling. However, TNF-� levels were found decreased,
which may be explained by the concomitant treatment of rheumatoid arthritis with the
immunosuppressant hydroxychloroquine and by previous mistreatment of leprosy with
clofazimine, both known to interact with Th signaling (10). In addition, Mukhopadhyay
et al. (62) reported that miltefosine significantly increased the secretion of Th1 cyto-
kines and decreased the anti-inflammatory Th2 responses in PKDL patients. As with
scenarios observed in cases of VL, elevated levels of TNF-�, IL-1�, IL-6, and IL-8 in
peripheral blood were also accompanied by higher levels of serum nitrate, which are
known to drive proinflammatory monocyte responses in PKDL (62). Development of
PKDL has been reported after treatment of VL with various antileishmanials, including
miltefosine, amphotericin B, stibogluconate, and paromomycin, but the rates of occur-
rence of PKDL after any of the treatments have not been studied to date (63, 64).
Understanding immunological responses during VL treatment is therefore of crucial
importance for advancing our knowledge about infection reappearance in some pa-
tients during asymptomatic intervals.

DISCUSSION

In the current review, we have systematically evaluated and summarized the
proposed immunomodulatory effects in the treatment of various leishmanial infections
in vitro, ex vivo, in animal, and in human. To the best of our knowledge, this is the first
systematic review of the host-mediated activity of miltefosine through immunomodu-
lation. Several general mechanisms were identified to support miltefosine-mediated

FIG 2 Proposed mechanisms of action for miltefosine. The proposed mechanisms include direct killing of Leishmania parasites and several
immunomodulatory effects, which are exerted via (i) platelet aggregation factor (PAF) receptor, increasing production of interleukin
(IL)-12, (ii) enhancement of interferon gamma (IFN-�) receptor, which in turn lowers the production of T-helper (Th) cell type 2 cytokines
(such as IL-4, -5, -10, and -13), (iii) activation of IFN-�, reversing sphingosine-1-phosphate (SPH-1) inhibition of signal transducer and
activator of transcription 1 (STAT-1), which is translocated to the nucleus and involved in stimulation of the host cellular immunity, (iv)
activation of p38 mitogen-activated protein kinase (p38MAPK), which is initially inhibited by Leishmania, and (v) inhibition of PI3 kinase
phosphorylation of protein kinase B (Akt), which is initially stimulated by the parasite. Red lines indicate an inhibitory effect, while green
arrows indicate a stimulatory effect.
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immunomodulation. Leishmania parasites drive the Th2 response during the course of
infection in VL, and miltefosine was found capable of reversing these infection-driven
effects, especially demonstrated in VL subjects (49, 65). Leishmania reduces the respon-
siveness of IFN-� receptors within infected cells, while miltefosine has been found to
restore the functioning of IFN-� receptors (66). In having such a direct effect on IFN-�
receptors, miltefosine is able to activate a proinflammatory immune response, along
with parasite killing (67, 68). IFN-� alone appears insufficient to drive a dominant Th1
response; IL-12 also has an important role in sustaining this Th1 response (51, 69). In
vivo studies showed that miltefosine induced IL-12 in a dose-dependent manner (30).
Animal studies further demonstrated that a complete cure at the end of the treatment
was associated with a rise in IFN-�, IL-12, and TNF-� levels, suggesting that these
cytokines may indicate an initial treatment response (48, 49). Essentially, increased
concentrations of proinflammatory cytokines will lead the shift in macrophage pheno-
type from M2, which is dominated by Th2 cytokine expression, to M1, which is driven
by Th1 cytokines and ultimately needed to clear the intracellular pathogen. Several
studies further reported higher concentrations of Th1 cytokines when miltefosine was
combined with compounds known to stimulate the host immunity. It has been long
hypothesized that various antileishmanial drugs, including miltefosine, amphotericin B,
paromomycin, and antimonials, exert immunomodulatory effects. However, to our
knowledge, only a single in vitro study made a direct comparison between different
antileishmanials and IL-12 levels, where it was reported that miltefosine, amphotericin
B, and sodium antimony gluconate-treated macrophages produce increased IL-12
levels but not macrophages treated with paromomycin (19). It remains difficult to
evaluate to what extent miltefosine immunomodulatory effects might be different from
those of other antileishmanials, or whether observed effects result from decreasing
parasite levels or rather direct effects on Th1 cell signaling. However, in contrast to
other antileishmanials, immunomodulatory effects have been reported only for milte-
fosine in immune-mediated disorders such as rheumatoid arthritis, chronic urticaria, or
malignant disease (22). Taken together, these findings illustrate that besides the direct
killing of the parasite, miltefosine is also able to affect the host immune system by
targeting Th1. These observations not only indicate the mechanisms of miltefosine
immunomodulation but also highlight the importance of Th1 cytokine activation for
the clearance of Leishmania in VL. Moreover, in spite of the fact that only a few human
studies were identified in our review of the available literature, the studies that were
identified support the role of Th1 cytokine activation by miltefosine in the treatment of
VL. This is corroborated by IL-12-deficient VL patients in which miltefosine was nonef-
ficacious. However, a contrasting change in levels of neopterin is observed upon
miltefosine treatment in VL patients. While most Th1 cytokines reflect cascades taking
place outside, or at the surface, of macrophages that are needed for its activation,
neopterin reflects an activated macrophage response, whose decline therefore is
attributed to a decline in macrophage parasite level.

As mentioned, the immunomodulatory effects of miltefosine have also been dem-
onstrated in the treatment of other immune-mediated disorders, such as inflammatory
bowel disease (IBD) and chronic urticaria (22). In a mouse model of IBD, miltefosine was
shown to block the proliferation of Th2 cytokines, subsequently increasing Th1 cyto-
kines, which resulted in the decline of inflammation and less severe colitis (70).
Moreover, in patients with chronic spontaneous urticaria who do not respond to
treatment with antihistamines, miltefosine was able to relieve symptoms such as the
number of weals and the intensity of pruritus (71). Additionally, miltefosine-induced
immunomodulation may particularly be important for patients who are coinfected with
HIV. In this immunocompromised patient population suffering from both HIV and VL,
the immune responses are heavily dominated by Th2 cytokine activity, and combined
with antiretroviral treatment, miltefosine was proven to have relatively high efficacy
(58, 72).

Taken collectively, the identified in vitro, ex vivo, animal, and human studies suggest
the therapeutic importance of miltefosine-driven activation of Th1 cytokines in the
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treatment of VL, diffuse CL, and PKDL (30, 45, 73). A direct translation between the
various test systems and the corresponding therapeutic effects nevertheless may not
be easily derived. Underlying reasons are the complex physiological and immunological
factors that are known to result in different pathophysiologies and immunopathologies
between species (74). For example, untreated VL in hamster models typically results in
mortality, while in murine models, the parasite is cleared and infected subjects recover
even in the absence of treatment (75). Moreover, murine VL models usually reflect
acute infections in spleen and liver that may be resolved, and parasite clearance from
these organs does not necessarily represent immune sterilization (23). This is contrast
to human infection, where the stage of leishmanial infection may not be obvious and
patients may suffer from concomitant diseases or infections that may also compromise
the immune system (76). In addition, some immunological aspects observed in human
patients could not be accurately reproduced in mice. For example, glucocorticoid-
induced tumor necrosis factor receptor family-related protein (GITR) was found in-
creased in VL patients. Pharmacological blockage of its receptor did not induce
antiparasitic immunity and even restored IL-10 levels that were initially inhibited by
IFN-� (77, 78). In mice, however, due to contrasting humoral and cellular immune
responses, these effects were not observed (75, 77).

Furthermore, differences in activation between Th1 and Th2 cytokines appear more
obvious in mice; therefore, the initial distinction between these cytokines has been
derived based on studies in mice. However, studies in human showed that a strict
distinction between Th1 and Th2 cytokines is too simplistic, as both the disease and the
treatment will drive the balance between these cytokines through inhibitory and
positive feedback loops (7, 79). In PKDL specifically, Th17 cytokines such as IL-17 and
TNF-� are found upregulated compared to the control. Th17 cytokines are known to
recruit neutrophils to induce tissue inflammation and link the innate to adaptive
responses. Therefore, different leishmanial infections in human appear to drive distinct
T cell differentiation, which suggests that immunomodulation between parasite species is
also different (78, 79). In essence, in vitro studies provide crucial information on how the
parasite and separate immune cells respond to the drug. However, these studies may often
lack the power to illustrate how the complete host immune system may respond to
treatment (63). Therefore, in order to translate findings between preclinical and clinical
studies, we highlight the need of implementing translational pharmacokinetic-
pharmacodynamic (PK-PD) modeling. PK-PD modeling and simulation have already
shown superiority over classical extrapolation and translation of preclinical to clinical
findings and have demonstrated particular benefits in the development and evaluation
of dosing regimens in special patient populations such as children or pregnant women
(80, 81).

According to the identified studies, miltefosine is able to actively influence the host
immunity through the stimulation of production of Th1 cytokines that participate in
Leishmania clearance. In line with this, several preclinical studies also proposed that a
combination treatment with immunostimulatory agents may enhance miltefosine’s
immunomodulation and result in a more favorable treatment outcome, especially in
cases where infections are advanced or where the immune system is further compro-
mised by the presence of additional coinfections (39, 42, 50). In conclusion, while
targeted immunotherapy in the treatment of VL is still lacking, given its modulatory
effects, we emphasize the potential of miltefosine in synergy with future antileishma-
nial compounds.

MATERIALS AND METHODS
Search strategy. A systematic search of the literature was performed in PubMed (MEDLINE), Embase

(OVID), and Scopus on 29 September 2017 and repeated on 15 January 2018 and 21 November 2018. The
sensitivity of the search was accomplished by including the following terms: “Miltefosine” AND “Leish-
maniasis” AND (“Th1-cells” OR “Cytokines” OR “Chemokines” OR “Intercrines” OR “Interleukins”). All terms
were searched in MeSH terms (or equivalent in other databases), title, and abstract. The full search
strategies are shown in Data File SI in the supplemental material. Deduplication of the articles was done
according to the method of Bramer et al. (82).
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Study identification and selection. No limits were used in the search strategy. Inclusion and
exclusion of found literature were performed in accordance with PRISMA guidelines (Data File SII) (83).
Secondary sources were identified through the referenced literature of the primary identified studies and
through additional querying of PubMed using the search terms “Miltefosine” AND (“Immunity” OR
“Immunomodulation” OR “Immunomodulatory”). Language restrictions were not applied in the selection
of studies. Studies with only titles or abstracts available were not included. Eligible studies had to
describe the effects of miltefosine on Th1 activity, demonstrating a change in the levels of any of the
following, since these markers have been associated with cellular immunity and subversion of intracel-
lular pathogens: IFN-�, IFN-�, IFN -�, IL-1, IL-6, IL-8, IL-12, IL-18, IL-27, ICAM1, neopterin, TNF-�, and
TNF-�. Therefore, studies focusing on other immunological factors such as changes in Th2 cytokines
and alterations in Toll-like receptor expression were not included. Only original research articles and
treatment-relevant patient case reports (focused on Th1 response) were included. Therefore, reviews,
editorials, commentaries, posters, conference reports, and nonimmunological case reports, etc., were
excluded. We aimed to evaluate the effects observed in both a preclinical and clinical context; hence, we
included all in vitro, animal, and human studies. The literature identified by the search strategy was
screened independently by two authors (S.P. and T.P.C.D.) for the eligibility criteria mentioned above.
Disagreements were resolved by discussion between the two authors.

Data extraction. The following information was retrieved and extracted from each included study:
clinical presentation of the leishmaniasis infection (VL, CL, or PKDL), parasite subspecies, number of
subjects, population age range, male-to-female ratio, and geographical region, which were applicable
only to human studies, and miltefosine dose, route of administration, dosing frequency, treatment
duration, sampling schedule, sampling matrix, measured cytokine(s), and direction of observed effects.
Where applicable, we also included the dosing schedule of comedication, the presence of comorbid
diseases or conditions, the follow-up period, and whether a correlation was observed between the
immunological markers of interest and treatment outcomes, such as initial treatment response, relapse,
or final cure.
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Palić et al. Antimicrobial Agents and Chemotherapy

July 2019 Volume 63 Issue 7 e02507-18 aac.asm.org 14

https://doi.org/10.1093/cid/cit102
https://doi.org/10.1093/jac/dkt262
https://doi.org/10.1093/jac/dkt262
https://doi.org/10.1093/jac/dks275
https://doi.org/10.1093/jac/dks275
https://doi.org/10.1007/s00430-003-0201-2
https://doi.org/10.1007/s00430-003-0201-2
https://doi.org/10.1124/jpet.113.212654
https://doi.org/10.1124/jpet.113.212654
https://doi.org/10.1371/journal.pntd.0004415
https://doi.org/10.1016/j.ejmech.2017.08.030
https://doi.org/10.1016/j.ejmech.2017.08.030
https://doi.org/10.4049/jimmunol.1401890
https://doi.org/10.4049/jimmunol.1401890
https://doi.org/10.4049/jimmunol.0803859
https://doi.org/10.4049/jimmunol.0803859
https://doi.org/10.1016/j.cyto.2017.10.005
https://doi.org/10.1016/j.cyto.2017.10.005
https://doi.org/10.1371/journal.pntd.0003273
https://doi.org/10.1007/s12026-008-8074-5
https://doi.org/10.1007/s12026-008-8074-5
https://doi.org/10.1016/j.intimp.2012.02.002
https://doi.org/10.1016/j.intimp.2012.02.002
https://doi.org/10.1586/eri.12.17
https://doi.org/10.1155/2010/109189
https://doi.org/10.1371/journal.pntd.0003820
https://doi.org/10.1371/journal.pntd.0003820
https://doi.org/10.3389/fmicb.2016.00312
https://doi.org/10.1111/pim.12346
https://doi.org/10.1016/j.actatropica.2015.06.024
https://doi.org/10.1016/j.actatropica.2015.06.024
https://doi.org/10.1016/j.trstmh.2006.03.009
https://doi.org/10.1007/s00436-012-2868-z
https://doi.org/10.1007/s00436-012-2868-z
https://doi.org/10.1016/j.exppara.2012.05.007
https://doi.org/10.1016/j.exppara.2012.05.007
https://doi.org/10.1371/journal.pntd.0001741
https://doi.org/10.1371/journal.pntd.0001741
https://doi.org/10.1021/acs.jmedchem.6b01447
https://doi.org/10.1021/acs.jmedchem.6b01447
https://doi.org/10.1086/315268
https://doi.org/10.1016/S0035-9203(99)90192-X
https://doi.org/10.1371/journal.pone.0108556
https://doi.org/10.1371/journal.pone.0108556
https://doi.org/10.1093/jac/dkr485
https://doi.org/10.1371/journal.pone.0094596
https://doi.org/10.1371/journal.pone.0094596
https://doi.org/10.1016/j.phymed.2016.11.012
https://doi.org/10.1016/j.phymed.2016.11.012
https://aac.asm.org


52. Andrade HM, Toledo VP, Pinheiro MB, Guimaraes TM, Oliveira NC, Castro
JA, Silva RN, Amorim AC, Brandao RM, Yoko M, Silva AS, Dumont K,
Ribeiro ML Jr, Bartchewsky W, Monte SJ, Ribeiro ML Jr, Bartchewsky W,
Monte SJ. 2011. Evaluation of miltefosine for the treatment of dogs
naturally infected with L. infantum (�L. chagasi) in Brazil. Vet Parasitol
181:83–90. https://doi.org/10.1016/j.vetpar.2011.05.009.

53. Sane SA, Shakya N, Haq W, Gupta S. 2010. CpG oligodeoxynucleotide
augments the antileishmanial activity of miltefosine against experimen-
tal visceral leishmaniasis. J Antimicrob Chemother 65:1448 –1454.
https://doi.org/10.1093/jac/dkq164.

54. Sharma M, Chauhan K, Shivahare R, Vishwakarma P, Suthar MK, Sharma
A, Gupta S, Saxena JK, Lal J, Chandra P, Kumar B, Chauhan PM. 2013.
Discovery of a new class of natural product-inspired quinazolinone
hybrid as potent antileishmanial agents. J Med Chem 56:4374 – 4392.
https://doi.org/10.1021/jm400053v.

55. Manna L, Reale S, Picillo E, Vitale F, Gravino AE. 2008. Interferon-gamma
(INF-gamma), IL4 expression levels and Leishmania DNA load as prog-
nostic markers for monitoring response to treatment of leishmaniotic
dogs with miltefosine and allopurinol. Cytokine 44:288 –292. https://doi
.org/10.1016/j.cyto.2008.08.017.

56. Das S, Pandey K, Rabidas VN, Mandal A, Das P. 2013. Effectiveness of
miltefosine treatment in targeting anti-leishmanial HO-1/Nrf-2-mediated
oxidative responses in visceral leishmaniasis patients. J Antimicrob Che-
mother 68:2059 –2065. https://doi.org/10.1093/jac/dkt162.

57. Parvaneh N, Barlogis V, Alborzi A, Deswarte C, Boisson-Dupuis S, Migaud
M, Farnaria C, Markle J, Parvaneh L, Casanova JL, Bustamante J. 2017.
Visceral leishmaniasis in two patients with IL-12p40 and IL-12R�1 defi-
ciencies. Pediatr Blood Cancer 64:e23632. https://doi.org/10.1002/pbc
.26362.

58. Adriaensen W, Dorlo TPC, Vanham G, Kestens L, Kaye PM, van Griensven
J. 2017. Immunomodulatory therapy of visceral leishmaniasis in human
immunodeficiency virus-coinfected patients. Front Immunol 8:1943.

59. Kip AE, Wasunna M, Alves F, Schellens JHM, Beijnen JH, Musa AM, Khalil
EAG, Dorlo T. 2018. Macrophage activation marker neopterin: a candi-
date biomarker for treatment response and relapse in visceral leishman-
iasis. Front Cell Infect Microbiol 8:181. https://doi.org/10.3389/fcimb
.2018.00181.

60. Mildvan D, Spritzler J, Grossberg SE, Fahey JL, Johnston DM, Schock BR,
Kagan J. 2005. Serum neopterin, an immune activation marker, inde-
pendently predicts disease progression in advanced HIV-1 infection. Clin
Infect Dis 40:853– 858. https://doi.org/10.1086/427877.

61. Eisenhut M. 2013. Neopterin in diagnosis and monitoring of infectious
diseases. J Biomark 2013:196432.

62. Mukhopadhyay D, Das NK, Roy S, Kundu S, Barbhuiya JN, Chatterjee M.
2011. Miltefosine effectively modulates the cytokine milieu in Indian
post kala-azar dermal leishmaniasis. J Infect Dis 204:1427–1436. https://
doi.org/10.1093/infdis/jir551.

63. Pandey K, Das VNR, Singh D, Das S, Lal CS, Verma N, Bimal S, Topno RK,
Siddiqui NA, Verma RB, Sinha PK, Das P. 2012. Post-kala-azar dermal
leishmaniasis in a patient treated with injectable paromomycin for
visceral leishmaniasis in India. J Clin Microbiol 50:1478 –1479. https://doi
.org/10.1128/JCM.05966-11.

64. Pandey K, Singh D, Forwood C, Lal C, Das P, Das V. 2013. Development
of post-kala-azar dermal leishmaniasis in AmBisome treated visceral
leishmaniasis: a possible challenge to elimination program in India. J
Postgrad Med 59:226. https://doi.org/10.4103/0022-3859.118046.

65. Baumer W, Wlaz P, Jennings G, Rundfeldt C. 2010. The putative lipid raft
modulator miltefosine displays immunomodulatory action in T-cell de-
pendent dermal inflammation models. Eur J Pharmacol 628:226 –232.
https://doi.org/10.1016/j.ejphar.2009.11.018.

66. Dasgupta B, Roychoudhury K, Ganguly S, Kumar Sinha P, Vimal S, Das P,
Roy S. 2003. Antileishmanial drugs cause up-regulation of interferon-
gamma receptor 1, not only in the monocytes of visceral leishmaniasis
cases but also in cultured THP1 cells. Ann Trop Med Parasitol 97:
245–257. https://doi.org/10.1179/000349803235001714.

67. Murray HW, Montelibano C, Peterson R, Sypek JP. 2000. Interleukin-12
regulates the response to chemotherapy in experimental visceral leish-
maniasis. J Infect Dis 182:1497–1502. https://doi.org/10.1086/315890.

68. Das S, Rani M, Rabidas V, Pandey K, Sahoo GC, Das P. 2014. TLR9 and
MyD88 are crucial for the maturation and activation of dendritic cells by
paromomycin-miltefosine combination therapy in visceral leishmaniasis.
Br J Pharmacol 171:1260 –1274. https://doi.org/10.1111/bph.12530.

69. Khademvatan S, Gharavi MJ, Yousefi E, Saki J. 2011. INOS and IFNgamma
gene expression in Leishmania major-infected J774 cells treated with
miltefosine. Int J Pharmacol 7:843– 849. https://doi.org/10.3923/ijp.2011
.843.849.

70. Verhaar AP, Wildenberg ME, Te Velde AA, Meijer SL, Vos ACW, Dui-
jvestein M, Peppelenbosch MP, Hommes DW, van den Brink GR. 2013.
Miltefosine suppresses inflammation in a mouse model of inflammatory
bowel disease. Inflamm Bowel Dis 19:1974 –1982. https://doi.org/10
.1097/MIB.0b013e3182917a2b.

71. Magerl M, Rother M, Bieber T, Biedermann T, Brasch J, Dominicus R,
Hunzelmann N, Jakob T, Mahler V, Popp G, Schäkel K, Schlingensiepen R,
Schmitt J, Siebenhaar F, Simon JC, Staubach P, Wedi B, Weidner C,
Maurer M. 2013. Randomized, double-blind, placebo-controlled study
of safety and efficacy of miltefosine in antihistamine-resistant chronic
spontaneous urticaria. J Eur Acad Dermatol Venereol 27:e363– e369.
https://doi.org/10.1111/j.1468-3083.2012.04689.x.

72. Ritmeijer K, Dejenie A, Assefa Y, Hundie TB, Mesure J, Boots G, Den Boer
M, Davidson RN. 2006. A comparison of miltefosine and sodium stibo-
gluconate for treatment of visceral leishmaniasis in an Ethiopian popu-
lation with high prevalence of HIV infection. Clin Infect Dis 43:357–364.
https://doi.org/10.1086/505217.

73. Ansari NA, Ramesh V, Salotra P. 2006. Interferon (IFN)–�, tumor necrosis
factor-�, interleukin-6, and IFN -� receptor 1 are the major immunolog-
ical determinants associated with post-kala azar dermal leishmaniasis. J
Infect Dis 194:958 –965. https://doi.org/10.1086/506624.

74. Nylén S, Sacks D. 2007. Interleukin-10 and the pathogenesis of human
visceral leishmaniasis. Trends Immunol 28:378 –384. https://doi.org/10
.1016/j.it.2007.07.004.

75. Mears ER, Modabber F, Don R, Johnson GE. 2015. A review: the current
in vivo models for the discovery and utility of new anti-leishmanial drugs
targeting cutaneous leishmaniasis. PLoS Negl Trop Dis 9:e0003889.
https://doi.org/10.1371/journal.pntd.0003889.

76. van der Greef J, Adourian A, Muntendam P, McBurney RN. 2006. Lost
in translation? Role of metabolomics in solving translational problems
in drug discovery and development. Drug Discov Today Technol
3:205–211. https://doi.org/10.1016/j.ddtec.2006.05.003.

77. Parish CR. 1971. Immune response to chemically modified flagellin. II.
Evidence for a fundamental relationship between humoral and cell-
mediated immunity. J Exp Med 134:21– 47. https://doi.org/10.1084/jem
.134.1.21.

78. Katara GK, Ansari NA, Singh A, Ramesh V, Salotra P. 2012. Evidence for
involvement of th17 type responses in post kala azar dermal leishman-
iasis (pkdl). PLoS Negl Trop Dis 6:e1703. https://doi.org/10.1371/journal
.pntd.0001703.

79. Kaiko GE, Horvat JC, Beagley KW, Hansbro PM. 2008. Immunological
decision-making: how does the immune system decide to mount a
helper T-cell response?. Immunology 123:326 –338. https://doi.org/10
.1111/j.1365-2567.2007.02719.x.

80. De Cock RFW, Piana C, Krekels EHJ, Danhof M, Allegaert K, Knibbe C.
2011. The role of population PK-PD modelling in paediatric clinical
research. Eur J Clin Pharmacol 67:5–16. https://doi.org/10.1007/s00228
-009-0782-9.

81. Agoram BM, Martin SW, Van Der Graaf PH. 2007. The role of mechanism-
based pharmacokinetic-pharmacodynamic (PK-PD) modelling in trans-
lational research of biologics. Drug Discov Today 12:1018 –1024. https://
doi.org/10.1016/j.drudis.2007.10.002.

82. Bramer WM, Giustini D, de Jonge GB, Holland L, Bekhuis T. 2016.
De-duplication of database search results for systematic reviews in
EndNote. J Med Libr Assoc 104:240 –243. https://doi.org/10.3163/1536
-5050.104.3.014.

83. Moher D, Liberati A, Tetzlaff J, Altman DG, Group TP. 2009. Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA
Statement. PLoS Med 6:e1000097. https://doi.org/10.1371/journal.pmed
.1000097.

Immunomodulation by Miltefosine in Leishmaniasis Antimicrobial Agents and Chemotherapy

July 2019 Volume 63 Issue 7 e02507-18 aac.asm.org 15

https://doi.org/10.1016/j.vetpar.2011.05.009
https://doi.org/10.1093/jac/dkq164
https://doi.org/10.1021/jm400053v
https://doi.org/10.1016/j.cyto.2008.08.017
https://doi.org/10.1016/j.cyto.2008.08.017
https://doi.org/10.1093/jac/dkt162
https://doi.org/10.1002/pbc.26362
https://doi.org/10.1002/pbc.26362
https://doi.org/10.3389/fcimb.2018.00181
https://doi.org/10.3389/fcimb.2018.00181
https://doi.org/10.1086/427877
https://doi.org/10.1093/infdis/jir551
https://doi.org/10.1093/infdis/jir551
https://doi.org/10.1128/JCM.05966-11
https://doi.org/10.1128/JCM.05966-11
https://doi.org/10.4103/0022-3859.118046
https://doi.org/10.1016/j.ejphar.2009.11.018
https://doi.org/10.1179/000349803235001714
https://doi.org/10.1086/315890
https://doi.org/10.1111/bph.12530
https://doi.org/10.3923/ijp.2011.843.849
https://doi.org/10.3923/ijp.2011.843.849
https://doi.org/10.1097/MIB.0b013e3182917a2b
https://doi.org/10.1097/MIB.0b013e3182917a2b
https://doi.org/10.1111/j.1468-3083.2012.04689.x
https://doi.org/10.1086/505217
https://doi.org/10.1086/506624
https://doi.org/10.1016/j.it.2007.07.004
https://doi.org/10.1016/j.it.2007.07.004
https://doi.org/10.1371/journal.pntd.0003889
https://doi.org/10.1016/j.ddtec.2006.05.003
https://doi.org/10.1084/jem.134.1.21
https://doi.org/10.1084/jem.134.1.21
https://doi.org/10.1371/journal.pntd.0001703
https://doi.org/10.1371/journal.pntd.0001703
https://doi.org/10.1111/j.1365-2567.2007.02719.x
https://doi.org/10.1111/j.1365-2567.2007.02719.x
https://doi.org/10.1007/s00228-009-0782-9
https://doi.org/10.1007/s00228-009-0782-9
https://doi.org/10.1016/j.drudis.2007.10.002
https://doi.org/10.1016/j.drudis.2007.10.002
https://doi.org/10.3163/1536-5050.104.3.014
https://doi.org/10.3163/1536-5050.104.3.014
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1371/journal.pmed.1000097
https://aac.asm.org

	RESULTS
	Studies in vitro and ex vivo. 
	Studies in animals. 
	Studies in human. 

	DISCUSSION
	MATERIALS AND METHODS
	Search strategy. 
	Study identification and selection. 
	Data extraction. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

