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The presence of the endogenous Leishmania RNA virus 1 (LRV1)
replicating stably within some parasite species has been associated
with the development of more severe forms of leishmaniasis and
relapses after drug treatment in humans. Here, we show that the
disease-exacerbatory role of LRV1 relies on type I IFN (type I IFNs)
production by macrophages and signaling in vivo. Moreover, infect-
ing mice with the LRV1-cured Leishmania guyanensis (LgyLRV1−)
strain of parasites followed by type I IFN treatment increased lesion
size and parasite burden, quantitatively reproducing the LRV1-
bearing (LgyLRV1+) infection phenotype. This finding suggested
the possibility that exogenous viral infections could likewise in-
crease pathogenicity, which was tested by coinfecting mice with
L. guyanensis and lymphocytic choriomeningitis virus (LCMV), or the
sand fly-transmitted arbovirus Toscana virus (TOSV). The type I IFN
antiviral response increased the pathology of L. guyanensis infection,
accompanied by down-regulation of the IFN-γ receptor normally re-
quired for antileishmanial control. Further, LCMV coinfection of
IFN-γ–deficient mice promoted parasite dissemination to secondary
sites, reproducing the LgyLRV1+ metastatic phenotype. Remarkably,
LCMV coinfection of mice that had healed from L. guyanensis infec-
tion induced reactivation of disease pathology, overriding the pro-
tective adaptive immune response. Our findings establish that type I
IFN-dependent responses, arising from endogenous viral elements
(dsRNA/LRV1), or exogenous coinfection with IFN-inducing viruses,
are able to synergize with New World Leishmania parasites in both
primary and relapse infections. Thus, viral infections likely represent
a significant risk factor along with parasite and host factors, thereby
contributing to the pathological spectrum of human leishmaniasis.
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Protozoan parasites of the genus Leishmania are transmitted as
unicellular promastigote forms by sand flies to their mammalian

host (humans and dogs). In the skin, Leishmania parasites are
phagocytized by tissue resident macrophages, where they survive in-
tracellularly and proliferate as amastigotes. Infection with Leishmania
parasites may lead to the development of leishmaniasis, affecting over
12 million people worldwide (1, 2). Leishmaniasis may have different
outcomes, ranging from localized cutaneous leishmaniasis to visceral
leishmaniasis (1, 2). Infection with Leishmania guyanensis (Lgy) or
Leishmania braziliensis (Lbr) principally leads to simple cutaneous
lesions; however, up to 10% of patients develop disseminated or
mucocutaneous leishmaniasis (DCL or MCL). These latter, more
severe, forms of the disease are characterized by the dissemination of
the parasites from the primary infection site. Another complication of
Lgy or Lbr infection can be relapse, which may occur months to years
after the healing of the primary lesion, or after a first-line drug
treatment (3, 4). Recently, we correlated the development of these

more severe forms of leishmaniasis with the presence of Leishmania
RNA virus (LRV1) within different species of Leishmania (3–6).
Discovered in the 1980s (7, 8), and since then for a long time
neglected, Leishmaniavirus is a genus of double-stranded RNA
viruses belonging to the Totiviridae family. Like most other viruses in
this family, LRV1 is neither shed nor infectious, and thus can be
seen as a persistent, endogenous viral element (9). Two species of
LRV have been identified. The LRV1 species is principally found in
South America within Lgy and Lbr (10, 11), and the LRV2 species
is found within Leishmania major and Leishmania aethiopica in the
Old World (6, 12). The increasing reports of LRVs in different
Leishmania species could imply a wider role in determining the fate
of infection in humans. However, in some instances, metastasis and
relapse after drug treatment also occur in the absence of LRV1
(13). The basis for these discrepancies is of considerable interest;
the hypothesis put forward includes the significance of the presence
of other parasite species, microbial or host factors that are known to
play an important role in the development of MCL (14–16).
The disease-exacerbatory role of LRV1 relies principally on its

modulation of the innate immune system via its dsRNA genome
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(5). We recently showed that LRV1-dependent IL-17 promotes
the dissemination of the parasite and the consequent formation of
metastatic lesions (17). Moreover, we demonstrated that LRV1
increases the life span of Lgy-infected macrophages through a
Toll-like receptor 3 (TLR3) and Akt-dependent pathway (18).
Further, LRV-containing parasites promote TLR3-dependent
secretion of proinflammatory cytokines and chemokines, in-
cluding IFN-β (5). Interestingly, ablation of LRV1 using the par-
asite RNAi machinery, or by treatment with compounds selectively
inhibiting LRV1, completely abrogated the production of proin-
flammatory cytokines by infected macrophages (19, 20).
The induction of TLR3-dependent IFN-β production follow-

ing infection with LRV1+ parasites suggested a potential role in
the pathway leading to elevated pathogenicity. Type I interferons
(type I IFNs) are mainly known for their antiviral activity, and
IFN therapy is currently used to treat several viral infections, in-
cluding hepatitis B and C and herpes virus (21–23). The role of
type I IFNs in bacterial and parasitic infection is less clear, as they
are known to protect mice from Plasmodium falciparum infection,
but on the other hand, can promote infection pathology with
Listeria monocytogenes, Toxoplasma, and Trypanosoma (24–27).
During parasite infection, type I IFNs show more variable effects,
being either protective or detrimental for the host, depending on
the dose, timing of administration, and the parasite species (28,
29). For L. major, type I IFNs have been associated with control
(30–32), whereas for other species, especially the New World
species L. amazonensis and L. braziliensis, IFN-β has been asso-
ciated with promotion of parasite survival and/or disease (33–35).
The potential significance of IFN signaling during infections

with Leishmania parasites bearing endogenous dsRNA viruses
raises the intriguing possibility that coinfections with exogenous
viruses inducing type I IFNs could also worsen the disease out-
come. Such coinfections could occur at the site of infection by sand
flies carrying both Leishmania parasites and Phleboviruses [e.g.,
Toscana virus (TOSV)], or by another virus inducing systemic
production of type I IFNs. Thus far, little is known about coin-
fection with Leishmania and viruses, with the exception of HIV
and the phenotypic change due to its impairment of the adaptive
immune response (16, 36).
In this study, we investigated the disease-exacerbatory role of

viral-induced type I IFNs in Lgy infection, not only with LRV1-
bearing Lgy (LgyLRV1+), but also by coinfecting mice with
LRV1-cured Lgy (LgyLRV1−) and lymphocytic choriomeningitis
virus (LCMV), or TOSV.

Results
Type I IFNs Exacerbate LgyLRV1+ Infection. We first analyzed
whether type I IFNs could modulate the pathogenicity of Lgy.
C57BL/6 wild-type (WT) or type I IFN receptor deficient (ifnar−/−)
mice were infected with LgyLRV1− or LgyLRV1+ parasites. Two
weeks postinfection, WT mice began to develop lesions that grew
until reaching a maximal size at week 5, which then healed 4 wk
later, with LgyLRV1+ infection inducing significantly larger lesions
compared with LgyLRV1−-infected mice (Fig. 1A). In contrast,
LgyLRV1+-infected ifnar−/− mice developed significantly smaller
lesions, similar to those developed by ifnar−/− and WT mice in-
fected with LgyLRV1− (Fig. 1A). Parasite numbers were also sig-
nificantly increased in WT mice infected with LgyLRV1+

compared with the LgyLRV1−-infected counterpart (Fig. 1B).
Again, no difference was observed between ifnar−/− mice, inde-
pendent of the presence of LRV1 in the infecting parasite, as the
parasite load was similar to LgyLRV1−-infected WT mice. Thus,
the deleterious effect of type I IFNs includes worsening of lesion
pathology and increased parasite numbers.
To further confirm the deleterious role of type I IFNs, WT

mice were injected with recombinant IFN-β at early time points
post-Lgy infection, to mimic the antiviral response induced by the
endogenous dsRNA LRV1 virus (5). In LgyLRV1−-infected mice,

IFN-β showed a dose-dependent effect in increasing the lesion size
and the parasite load at the peak of infection. In fact, injection of
100 units of IFN-β showed a moderate increase in lesion size and
no effect on parasite load, whereas injection of 500 or 1,000 units
caused greater increase of both lesion size and parasite burden,
quantitatively reproducing the phenotype of LgyLRV1+ infection
(Fig. 1 C and D). In contrast, little effect from IFN-β treatment
was seen in LgyLRV1+-infected mice, (Fig. 1 E and F). Similar
results were obtained with IFN-α treatment (Fig. S1).

Viral Coinfection Increases the Severity of Lgy Leishmaniasis. The
data above, in combination with previous findings (5), suggest that
the endogenous dsRNA virus LRV1 acts to promote Lgy virulence
through TLR3 and type I IFN signaling. This evidence alluded to
the possibility that other agents triggering type I IFN responses
might act similarly to promote Leishmania virulence, such as
coinfections with other viruses. To test this possibility, we coin-
fected mice with LgyLRV1− parasites and LCMV Armstrong, an
arenavirus, which induces a potent type I IFN response (37). Two
different sites of injection were used: i.p. injection for LCMV and
s.c. in the footpad for Lgy.
Infection with LCMV Armstrong was shown to be cleared in

8 d by C57BL/6 WT mice with a robust T-cell response (38).
Viral titration in mouse serum, following i.p. inoculation, showed
only transient and very low viremia (39). As previously reported

Fig. 1. Type I IFNs increased the severity of Lgy infection. (A and B) WT or
ifnar−/− mice were infected in the hind footpads with 3 × 106 stationary
phase Lgy promastigotes. (C–F) At 6, 24, and 48 h postinfection (p.i.), WT
mice were injected with the indicated amount of IFN-β into the footpad. (A,
C, and E) Footpad thickness was measured weekly. (B, D, and F) Parasite
burden was quantified 5 wk p.i. in vivo by measuring parasite bio-
luminescence. Results of one representative of three independent experiments
were expressed as mean ± SEM (n = 5). Statistical significance was assessed by
repeated measure ANOVA (A, C, and E), two-way ANOVA (B), or Student’s
t test (D and F). *P < 0.05, **P < 0.01, ***P < 0.001; ns, nonsignificant.
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(40), the presence of Leishmania parasites did not increase
LCMV infection (Fig. S2). Similarly, the concentration of type I
IFNs in the serum after 24 h of LCMV infection was comparable
between mice infected or not with Lgy (Fig. S3). These data
demonstrated that the development of the LCMV infection was
not affected by the presence of Lgy parasites. Interestingly, type I
IFNs were not detected in mouse blood following single infection
with LgyLRV1+, suggesting that in this particular case the type I
IFN response is only local (Fig. S3).
We subsequently investigated whether LCMV-induced type I

IFNs stimulated gene expression at the site of Leishmania in-
fection. We observed that genes known to be stimulated by type I
IFNs (oas1a, oas2, oasl2, or pkr) were significantly up-regulated in
mice infected with LgyLRV1+ or with LgyLRV1− coinfected with
LCMV, compared with LgyLRV1−-infected mice (Fig. S3).
We then tested the effect of LCMV coinfection on the pro-

gression of leishmaniasis. LCMV injection in LgyLRV1−-infected
mice significantly worsened the outcome of leishmaniasis, in-
creasing both pathology and parasite burden, which were very
similar to the phenotype induced by LgyLRV1+ infection (Fig. 2 A
and C). The LCMV aggravation of Lgy-induced leishmaniasis
completely relied on type I IFNs, as no difference was observed
when LCMV was injected into LgyLRV1−-infected ifnar−/− mice,
neither with regard to footpad swelling nor parasite burden. ifnar−/−

mice failed to rapidly clear the virus due to the absence of a
proper type I IFN response (Fig. S2) (41). Moreover, this effect
could again be related to the type I IFN level, because, as already
shown in the type I IFNs injection experiment, no significant effect
was observed when LCMV was injected in LgyLRV1+-infected
mice (Fig. 2 B and D).
We furthermore asked whether another virus could similarly af-

fect the course of leishmaniasis. We focused on TOSV, a phlebo-
virus transmitted to humans by the same insect vector as
Leishmania parasites (42). Mimicking the likely biological route of
concomitant infection, TOSV was inoculated together with Lgy
parasites s.c. into the footpad. As observed with LCMV, LgyLRV1−/
TOSV coinfection highly increased footpad swelling and parasite
burden at the peak of infection (Fig. 2 E and F). ifnar−/− mice were
susceptible to TOSV infection, with over 50% of mortality after
2 wk of infection, precluding further tests on the type I IFN de-
pendency in this coinfection model.

Viral Coinfection Modulates Macrophage Responsiveness to IFN-γ
Through Type I IFNs. The data above suggested that coinfection
with exogenous RNA viruses resulted in worsening of leish-
maniasis, quantitatively similar to that seen by parasites bearing
endogenous LRV1. We thus focused on defining potential
mechanisms responsible for these exacerbated phenotypes. The
immune system efficiently clears intracellular Leishmania
through the production of IFN-γ (43), and type I IFN responses
are known to down-modulate IFN-γ responses (24). The early
IFN-γ response is fundamental for the determination of the
outcome of Leishmania infection (44), consistent with our find-
ing showing that injection of type I IFNs in the first hours of
infection is crucial for the development of disease (Fig. 1 C and
D). As LRV1 or LCMV coinfection did not modulate early IFN-
γ production (Fig. S4), we wondered whether IFN-γ signaling
was modulated during coinfections. To this end, we first mea-
sured IFN-γ receptor (R) surface expression on bone marrow-
derived macrophages. Infection with LgyLRV1+ parasites in-
duced a significant down-regulation of IFN-γR compared with
LgyLRV1−, in a type I IFN-dependent manner (Fig. S5). In this
in vivo model of coinfection with LCMV and Leishmania, the
pathogens were inoculated at two different sites, lowering the
chances for the same cell to be infected by both pathogens and
arguing for a systemic production of type I IFNs. Thus, in in vitro
experiments, we replaced LCMV coinfection by treating the cells
with increasing doses of recombinant IFN-α or IFN-β subsequent

to LgyLRV1− infection. Both type I IFNs induced IFN-γR down-
regulation in a dose-dependent manner, with IFN-β showing
somewhat higher potency (somewhat greater than twofold; Fig.
S5D). Subsequently, we confirmed these results during in vivo
infection. Flow cytometric analysis 48 h postinfection showed that
macrophages from LgyLRV1+-infected or LgyLRV1−/LCMV-
infected mice, expressed significantly lower levels of surface
IFN-γR, compared with infections by LgyLRV1− alone (Fig. 3A).
No significant difference was observed in ifnar−/− mice (Fig. 3B);
however, the down-regulation of IFN-γR expression was observed
when mice were infected with LgyLRV1− and injected with IFN-α
or IFN-β (Fig. 3C). This finding confirmed that the effect
depended on type I IFNs.

LCMV–Lgy Coinfection Accelerates Parasite Dissemination. The im-
portance of IFN-γ was further demonstrated as a critical com-
ponent of our murine model for metastatic leishmaniasis, where
IFN-γ−/− mice failed to control Lgy infection, causing multiple
metastatic lesions, usually located on the tail (17). In this model,
metastases were accelerated in the presence of the endogenous
LRV1 within Lgy parasites. Interestingly, IFN-γ−/−mice coinfected
with LgyLRV1−/LCMV developed metastasis earlier than those
infected with LgyLRV1− alone, thus reproducing the phenotype of

Fig. 2. Viral coinfection increased the severity of leishmaniasis through
type I IFNs. (A–F) WT or ifnar−/− mice were infected in the hind footpads
with 3 × 106 stationary phase Lgy promastigotes. (A–D) Leishmania-in-
fected mice were injected simultaneously with 2 × 105 pfu of LCMV
Armstrong or the same volume of PBS as vehicle control intraperitoneally.
(E and F ) Alternatively, Leishmania-infected mice were simultaneously
inoculated with 5 × 105 pfu of TOSV s.c. into the footpad. (A, B, and E )
Footpad thickness was measured weekly. (C, D, and F ) Parasite burden was
measured 5 wk p.i. by measuring parasite bioluminescence or by RT-qPCR.
Results of one representative of three independent experiments were
expressed as mean ± SEM (n = 5). Statistical significance was assessed by
repeated measure ANOVA (A, B, and E ) or two-way ANOVA (C, D, and F ).
**P < 0.01, ***P < 0.001; ns, nonsignificant.
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LgyLRV1+ parasites. Therefore, exogenous viral coinfection was
equally capable of synergizing parasite virulence and metastasis
(Fig. 4 A–C).

LCMV Infection Induces Reactivation of Leishmaniasis. We then
asked whether viral infection could lead to reactivation of leish-
maniasis following healing, a pathological situation often observed
in humans (45). LCMV injection subsequent to lesion healing in-
duced reactivation of the disease, with a reappearance of both le-
sion pathology and increased parasite numbers, overriding the
protective adaptive immune response essential in C57BL/6 mice
reinfected with Lgy (Fig. S6). Once reactivated, pathology and

parasite burden progressed very similarly to that seen in concomi-
tant LgyLRV1−/LCMV infections, with the lesion pathology and size
peaking around 5 wk post-LCMV injection and healing a few weeks
later (Fig. 5A). Further, at the peak of LCMV infection, we found
higher parasite burden, a sign of reactivation of parasite pro-
liferation (Fig. 5B). The mechanism of relapse relied on type I IFNs,
because no footpad swelling or increase in parasite load was ob-
served in ifnar−/− mice infected with either LgyLRV1− or LgyLRV1+

(Fig. 5 A and B). As seen with simultaneous infections, the sub-
sequent delayed posthealing LCMV injection in LgyLRV1−-infected
mice induced down-regulation of IFN-γR surface expression on
macrophages in a type I IFN-dependent manner (Fig. S7A).
Interestingly, LgyLRV1+-infected WT mice developed only

small lesions with low parasite number compared with their
LgyLRV1− counterparts, thus reversing the phenotype observed in
simple Lgy infection. Indeed, when LgyLRV1−-infected mice were
injected with type I IFNs during the first 2 d of infection, they
developed less severe relapses when subsequently coinfected with
LCMV (Fig. 5C). This result suggests that early type I IFN pro-
duction could significantly prevent the reactivation of the disease
in mice previously infected with LgyLRV1+, thus explaining the
difference between the LgyLRV1+ and LgyLRV1− relapsing phe-
notype. Accordingly, the down-regulation of IFN-γR was not
observed in LgyLRV1+-infected, nor in LgyLRV1−/ type I IFN-
injected mice (Fig. S7B), suggesting that early type I IFN signal-
ing may inhibit the effect of a subsequent LCMV coinfection.

Discussion
In this study we confirmed in an in vivo murine model of leish-
maniasis that the detrimental role of LRV1 borne by Lgy was due
to the antiviral response triggered by viral dsRNA recognition,
which culminated in type I IFN production. Further, we demon-
strated that injection of recombinant type I IFNs during the
initial days of infection was sufficient to worsen the outcome of

Fig. 3. Lgy–LCMV coinfection modulated IFN-γR expression on macro-
phages through type I IFNs. (A) WT or (B) ifnar−/− mice were infected in the
hind footpads with 3 × 106 stationary phase Lgy promastigotes. At the same
time, where indicated, mice were injected intraperitoneally with 2 × 105 pfu
of LCMV Armstrong. (C) Alternatively, at 6 h p.i., LgyLRV1−-infected WT
mice were injected with 1,000 units of IFN-α or IFN-β s.c. into the footpad.
Forty-eight hours p.i., popliteal lymph node (LN) cells were recovered and
IFN-γ receptor expression at the surface of macrophages was measured by
flow cytometry. Results of one representative of three independent exper-
iments were expressed as mean ± SEM (n = 5). Statistical significance was
assessed by two-way ANOVA (A and B) or Student’s t test (C). *P < 0.05,
**P < 0.01, ***P < 0.001.

Fig. 4. Lgy–LCMV coinfection promoted disease dissemination. (A–C) IFN-γ−/− mice were infected in the hind footpads with 3 × 106 stationary phase Lgy
promastigotes. At the same time, where indicated, mice were injected intraperitoneally with 2 × 105 pfu of LCMV Armstrong. (A) Footpad thickness was
measured weekly. (B) Number of metastatic lesions per mouse at week 7, 8, and 9 p.i. (C) Photographic image of representative mice showing metastatic
lesions on the tail at week 8 postinfection. Results of one representative of three independent experiments were expressed as mean ± SEM (n = 5). Statistical
significance was assessed by repeated measure ANOVA (A) or two-way ANOVA (B). *P < 0.05, **P < 0.01.
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leishmaniasis. Despite the fact that type I IFNs are mainly known
for their antiviral role, increasing evidence attests to the in-
volvement of type I IFNs in bacterial and parasitic infection (24–27,
29). Our findings are consistent with earlier reports suggestive of a
disease-exacerbatory role for type I interferons in New World
Leishmania species (33–35).
Here, we showed that LgyLRV1+ infection, or LgyLRV1− plus

LCMV coinfection, induced the down-regulation of IFN-γR on
macrophages, in a type I IFN-dependent manner. In this model,
both type I IFNs demonstrated activity, with IFN-β showing
greater potency in vitro. The importance of IFN-γ production
during the first days of infection with Leishmania parasites has
been widely described (44). In our model of coinfection, we did
not observe differences in early IFN-γ production, nevertheless
the lower expression of the IFN-γ receptor likely acts to pro-
mote the development of disease. Recently we have shown that
infection with LgyLRV1+ highly increased macrophage survival
in vitro (18). This result, combined with the down-regulation of
IFN-γR, suggests that the presence of viral coinfection in-
creased the persistence of Leishmania parasites. Whereas the
down-regulation of IFN-γR was quantitatively modest, this was
also observed in studies of the exacerbatory role of type I in-
terferons in Listeria infections (24). Our studies, however, do
not rule out other mechanisms of disease exacerbation induced
by type I IFNs.
Significantly, exogenous viral coinfection with LCMV or

TOSV worsened the outcome of murine leishmaniasis caused by
LgyLRV1−, reproducing the phenotype of LgyLRV1+-infected mice
(Fig. 2). It was recently reported that mice infected with LCMV
present increased lesions when subsequently infected with L. major

(46). This phenotype was due to an increased inflammatory re-
sponse induced by memory T cells not accompanied by an increased
parasite burden. Similar results were observed when mice were first
infected with L. major and only 2 wk later coinfected with LCMV
(40). In this latter case, a transiently decreased anti-Leishmania
immune response was observed 1 wk following LCMV coinfection.
In our experiments, mice were infected at the same time with
parasites and LCMV, leading not only to increased footpad lesions,
but also to higher parasite burden, compared with infection with
parasites alone. This finding suggests that there was a decrease of
macrophage antiparasitic activity, consistent with the lower IFN-γR
expression on macrophages; this observation, however, did not ex-
clude other possible systemic effects of LCMV. Interestingly,
LCMV coinfection was able to promote the metastatic phenotype
in LgyLRV1−-infected IFN-γ–deficient mice (Fig. 4). Further, we
showed that disease exacerbation of LRV1 and LCMV coinfection
depended completely on type I IFNs (Fig. 2 A and B).
These findings may explain why the tight correlation between

disease severity and metastasis with LgyLRV1+ in animal models
(5) may be more variable in humans (13, 17, 47, 48). Potentially,
coinfection with viruses or other pathogens inducing a sufficient
amount of type I IFNs could increase the severity of Lgy infection,
contributing to the development of more severe disease manifes-
tations. Certainly, many viral diseases are found in Leishmania
endemic regions, which could contribute to increased disease se-
verity (49). A number of arboviruses are transmitted by the sand
fly vectors also transmitting Leishmania, including the Massilia
and TOSV phleboviruses (50, 51). Coinfection was reported in
dogs, whereas seropositivity to TOSV was associated with Leish-
mania infantum in humans (52, 53); however, the clinical rele-
vance of the coinfection is unknown. As our results suggest that
events early in infection were crucial to determine the fate of the
disease (Fig. 1 C and D), having the virus transmitted simulta-
neously with Leishmania (Viannia) could magnify the impact of
coinfection. However, i.p. LCMV infections which induce a sys-
temic type I IFN response strongly exacerbated disease, suggesting
that coinfections do not require the same entry site.
Finally, we showed that LCMV infection following the resolution

of the primary lesion induced relapses of leishmaniasis, overriding
the memory immune response of the host. Surprisingly, relapses
were more severe in LgyLRV1−-infected mice compared with
LgyLRV1+. This result correlated with a type I IFN-dependent
down-regulation of IFN-γR observed in LgyLRV1−-infected mice
compared with LgyLRV1+, confirming the role of IFN-γR in de-
termining the outcome of the disease. Identification of the mech-
anism(s) underlying this difference will require future investigation.
In humans, relapses are observed following infection with different
species of Leishmania and can have varying outcomes, ranging from
a simple cutaneous lesion, to DCL orMCL in the case of Lgy or Lbr
infection, or postkala-azar dermal leishmaniasis, in the case of
Leishmania donovani infection (3, 54, 55). Here, we suggest that
viral coinfection and prior exposure to type I IFNs not only could be
a risk factor for relapses of leishmaniasis, but could be the trigger of
parasite reactivation.
In total, our findings establish a major role for simultaneous or

subsequent viral infection in determining the severity of Leishmania
(Viannia) infection in animal models and that viral coinfections
could contribute toward metastasis and relapse in human patients
suffering from leishmaniasis.

Materials and Methods
For additional information please refer to SI Text.

Mice. C57BL/6 WT mice were purchased from Harlan Laboratories; ifnar−/−

mice were obtained from M. Aguet, Swiss Institute of Experimental Cancer
Research, Epalinges, Switzerland; IFN-γ−/− mice were purchased from The
Jackson Laboratory. Experimentation procedures were undertaken with
strict adherence to ethical guidelines set out by the Swiss Federal Veterinary

Fig. 5. LCMV late coinfection induced the relapse of leishmaniasis. (A and
B) WT or ifnar−/− mice were infected in the hind footpads with 3 × 106 sta-
tionary phase Lgy promastigotes. (C) At 6, 24, and 48 h p.i., LgyLRV1−-infected
WT mice were injected with 1,000 units of IFN-α or IFN-β. Following healing,
mice were injected intraperitoneally with 2 × 105 pfu of LCMV Armstrong.
(A and C) Footpad thickness was measured weekly. (B) Parasite burden was
measured at week 17 p.i. by RT-qPCR, measuring kmp11 gene expression.
Results of one representative of three independent experiments were
expressed as mean ± SEM (n = 5). Statistical significance was assessed by
repeated measure ANOVA (A and C) or Student’s t test (B). *P < 0.05, **P <
0.01, ***P < 0.001.
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Office and under inspection by the Department of Security and Environment
of the State of Vaud, Switzerland.

Parasites and Viruses. Matched LgyLRV1+ and LgyLRV1− parasites expressing
luciferase obtained following limited treatment with anti-LRV1 inhibitors
were used in all studies (20). In vivo parasites were quantified by luciferase
bioluminescence imaging as described previously (17).

LCMV and TOSV were provided by D.Z. and M.G.C., respectively.

Macrophages. Bone marrow-derived macrophages were generated as de-
scribed previously (18).
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