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Leishmaniasis is an expanding health threat worldwide complicated by the absence of an effective vac-
cine. We investigated transcutaneous immunization (TCI) as a needle-free immunization route which
exploits the abundance of antigen presenting cells in the skin to induce both mucosal and systemic
immunity. Leishmania (L.) major soluble antigens (SLA) or recombinant Leishmania homolog of receptors
for activated C-kinase (rLACK) antigens were delivered transcutaneously together with cholera toxin (CT),
to BALB/c mice. Mice were immunized at weeks 1, 4, and 7 with PBS, CT, SLA/CT or rLACK/CT. Two weeks

f:g; ZV;Z% after the final boost, antigen-specific IgG titers, IFN-y ELISpot, and cytokine levels were assessed in half of
Transcutaneous immunization the mice anq the rgmainder were challenged with an inFradermal (ear) injection of 5 x 10* L. mgjor meta-
BALB/c cyclic parasites. Mice were monitored weekly and sacrificed after 7 weeks to assess the parasite burden
SLA and to study the ear lesion immunohistopathology. Our results show that TCI with SLA or rLACK yielded
rLACK high levels of anti-SLA, anti-rLACK and anti-CT IgG antibodies. A Th1l-type of immune response was
Thl demonstrated with a high frequency of IFN-y secreting cells, high levels of IFN-y production, and lower

levels of IL-10 resulting in a high IFN-y/IL-10 ratio in mice immunized with SLA/CT or rLACK/CT. After
parasite challenge, rLACK immunization was not associated with protection. In addition, SLA/CT immu-
nized mice had larger ear lesions and an increased parasite load in the ear. Immunohistochemistry of
ear biopsies stained for nitric oxide synthase revealed that staining intensity was diminished in the
SLA/CT group compared to the control group. This finding suggested that less parasite killing occurred
at the site of the infection.
In conclusion, despite a strong Th1 type profile induced by TCI, exacerbation of infection occurred after
challenge with L. major. This also correlated with low induction of nitric oxide.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction immunizations: recruitment of local skin immunity; ease of

administration; less risk of transmitting blood borne infections;

Leishmaniasis is a major public health problem that affects 98
countries. There are more than 350 million people at risk and an
estimated incidence of 2 million new cases per year, with cuta-
neous leishmaniasis (CL) being the most common presentation
[1]. There is no human vaccine to prevent CL, although leishman-
ization suggests that protective immunization is feasible [2,3].
Topical vaccines offer several advantages over injectable

* Corresponding author at: Uniformed Services University of the Health Sciences,
Room A3056, 4301 Jones Bridge Rd, Bethesda, MD 20814, USA.
E-mail address: ines.elakhal.naouar.ctr@usuhs.edu (I. Lakhal-Naouar).

https://doi.org/10.1016/j.vaccine.2018.11.052
0264-410X/© 2018 The Authors. Published by Elsevier Ltd.

and simplified manufacturing processes [4].

Transcutaneous immunization (TCI) is a novel needle-free
method that has great potential for increasing the adherence and
effectiveness of global vaccination programs [5,6]. The demonstra-
tion of TCI feasibility in humans using an adjuvanted patch [7,8]
and the observed protective immune responses when used for
tetanus, diphtheria, malaria, and influenza vaccinations [9-11], as
well as the resulting mucosal immunity, galvanized our interest
in testing TCI as a Leishmania vaccine strategy.

TCI utilizes co-application of the antigen with an adjuvant such
as cholera toxin (CT), an ADP-ribosylating bacterial exotoxin, and it
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elicits robust systemic and mucosal immune responses
[12,13,6,12]. Studies in animal models have also indicated a
requirement for an adjuvant in other effective Leishmania vaccines
[14]. Antibody responses against both the CT and the coadminis-
tered antigens were induced in both rodents and humans, when
CT was applied along with heterologous protein antigens. The sys-
temic toxicities attributable to the use of CT by other application
routes were not observed [6,12,15]. CT adjuvant promoted a bal-
anced T helper (Th) Th1/Th2/Th17 response independent of inter-
leukin (IL)-12 and IL-17 [16].

Apart from its ease of use, utilizing TCI for a Leishmania vaccine
offered the distinctive advantage that the vaccine can be targeted
to the skin where the Leishmania parasite establishes its presence
and presumably shapes an initial host immune response. Dermal
dendritic cells capture antigens and deliver them to the skin-
draining lymph nodes to activate naive or central memory T cells
stimulating both local and systemic immune responses [17].

The protective immune response to Leishmania infection is pre-
dominantly cell-mediated immunity, and the induction of a Th1
pro-inflammatory immune response is critical to achieve protec-
tion [18]. The outcome of infection depends upon the type of the
immune response generated. In resistant strains of mice
(C57BL/6), L. major infection induced a Th1 type of response asso-
ciated with a high level of interferon gamma (IFN-y) which acti-
vates macrophages to kill parasites via effector nitric oxide (NO)
production [19]. The lesions heal spontaneously and the animals
are then protected against further infection. In susceptible BALB/
¢ mice, L. major infection induced a Th2 response with high levels
of IL-4, IL-5, and IL-13, resulting in disseminated infection [20,21].
In murine models, it has been previously shown that Leishmania
soluble antigens (SLA) and Leishmania homolog of receptors for
activated C-kinase (rLACK) antigens conferred protection to para-
site challenge [22,23].

In this study, we show that delivering Leishmania antigens, SLA
and rLACK by TCI along with CT induced humoral and cellular
immune responses in BALB/c mice. However, despite the genera-
tion of a strong Th1 response, these antigens failed to induce pro-
tection against Leishmania parasite challenge. Furthermore, SLA/CT
exacerbated Leishmania infection.

2. Materials and methods
2.1. Mice

Six- to eight-week-old female BALB/c mice (Jackson Laboratory)
were used in the present study. The study was conducted in com-
pliance with the Animal Welfare Act, complied with the ARRIVE
guidelines and adhered to the principles in the guide for care and
use of laboratory animals. The investigators used facilities accred-
ited by the Association for Assessment and Accreditation of Labo-
ratory Animal Care International. The Institutional Animal Care
and Use Committee approved all animal experiments.

2.2. Parasite culture

Leishmania major strain expressing luciferase used in this study
was a gift from Dr. M. Wilson, (University of lowa, lowa City, IA)
[24]. Parasites were cultured at 26 °C in Schneider’s medium con-
taining 2 mM L-glutamine, 100 U of penicillin/ml, 100 pg of strep-
tomycin/ml, and 10% heat-inactivated fetal calf serum (Hyclone).
The stationary phase was reached after 6 days of culture, and
metacyclic parasites were then purified by using a Ficoll density
gradient (Sigma) as previously described [25].

2.3. Antigen preparation

SLA were prepared from the stationary phase culture as
described previously [26]. Briefly, parasites were lysed, sonicated,
and subjected to ultracentrifugation.

2.4. Expression and purification of recombinant LACK protein in
Escherichia coli

Recombinant LACK protein was produced and purified as previ-
ously described [27] using E. coli M15 cells harboring the recombi-
nant plasmid PQE-30-LACK (gift from Dr. ]. Blackwell).

2.5. Immunization of mice and parasite challenge

Female BALB/c mice (five animals per group) were immunized
by TCI by directly placing the antigens onto their shaved back
[6]. The antigen doses determined separately in a dose ranging
experiment were 50 pg of SLA or rLACK mixed with 5 pg of CT (List
Biological Laboratories) adjuvant in a total volume of 50 p.l. Control
groups received only CT or PBS. Each mouse received three TCI
treatments administered at 3-week intervals on weeks 1, 4, and
7. Mice were bled on weeks 0, 3, 6, and 9. The sera were stored
at —20 °C until analyzed. Two weeks after the last immunization,
5 x 10* metacyclic L. major promastigotes diluted in 10 pl PBS
were inoculated in the right ear of mice. After challenge, lesion
development was monitored at weekly intervals by measuring
ear thickness with a metric caliper (Mitutoyo), and the lesion size
was calculated by subtracting the size of the contralateral unin-
fected ear. Lesion development was also monitored by in vivo
imaging using a Carestream system (Bruker Corporation) [24].
The net intensity of bioluminescence was determined using the
Carestream Molecular Imaging Software by drawing regions of
interest (ROI) and computation. The entire experiment was
repeated 3 times for SLA and 2 times for rLACK.

2.6. Antibody measurement by enzyme-linked immunosorbent assay
(ELISA)

Serum samples collected from immunized mice were analyzed
by ELISA for the presence of IgG antibodies specific to rLACK and
SLA, as previously described [27]. Individual samples were ana-
lyzed in triplicate at each time point and results plotted as an
absorbance at 450 nm (OD at 450 nm) for SLA and rLACK. The CT
titer was determined as previously described with some modifica-
tions [28]. Briefly, plates were coated with CT, washed and blocked
in phosphate buffered saline (PBS) containing 0.5% gelatin (Sigma
Aldrich) for 1 h at 37 ©C. After incubation with diluted sera for
2 h, plates were washed and incubated in the presence of horserad-
ish peroxidase (HRP) conjugated goat anti-mouse total
immunoglobulin G (IgG) at a 1:5000 dilution. Plates were then
washed and incubated in the presence of the substrate, 3,3',5,5'-Tet
ramethylbenzidine (TMB) for 30 min. The reaction was stopped by
the addition of stop solution and OD was read at 450 nm with a
correction at 630 nm. The results are plotted as OD at 450 nm
(for SLA and rLACK) or as end point titers (for CT) and represents
the inverse of the highest serum dilution that was greater than
twice the background.

2.7. Enzyme-Linked ImmunoSpot (ELISpot) and cytokine
quantification

Two weeks after the second TCI boost (week 9), groups of mice
were sacrificed and the spleen and popliteal lymph nodes (LN)
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were harvested. Single-cell suspensions from spleen and LN were
made using a 70 um cell strainer. For the ELISpot assay, cells
(5 x 10%/ml) were plated in 96-well plates (50 pl per well) coated
with anti-IFN-y antibody (BD Biosciences) in complete tissue
culture medium (RPMI supplemented with 10% FBS, 5 x 107> pM
2-ME, 2 mM I-glutamine, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin) and stimulated with 20 pg/ml SLA or rLACK for 72 h at
37 °C, 5% CO,. The ELISpot was performed following the instruc-
tions provided in the kit (Mouse IFN-y ELISpot set, BD Biosciences).
Spots were enumerated using the Immunospot Microanalyzer (Cel-
lular Technology Limited) and plotted as number of IFN-vy secreting
cells in the presence of SLA or rLACK minus the number of spots
without the stimulus. For cytokine induction measurements, cells
(2 x 10%/ml) were plated in 24-well plates (500 pl per well), stim-
ulated with the same antigens as described above and incubated at
37 °C for 48 h (for IL-10, TNF-o and IL-4) or 72 h for [FN-y [29]. Cul-
ture supernatants were assayed for cytokines using ELISA (Ready
Set Go Kkits, E-Biosciences).

2.8. Parasite quantification

Parasite load was quantified by a limiting-dilution technique
adapted from the work of Titus et al. [30]. The excised ear or ipsi-
lateral cervical lymph nodes were homogenized, and serial 10-fold
dilutions were plated in triplicate in 96-well flat-bottom microtiter
plates containing Schneider’s medium supplemented with 100 U of
penicillin/ml, 100 pg of streptomycin/ml, 2 mM t-glutamine, and
10% heat-inactivated fetal calf serum. Plates were incubated for
10 days at 26 °C. Then the number of viable parasites (motile)
was determined microscopically, calculated from the reciprocal
of the highest dilution at which promastigotes could be detected.

2.9. Histopathological analyses and immunohistochemistry

Mice were euthanized 7 weeks post-Leishmania infection; their
ears were further evaluated. A subset of the ear tissues was
formalin-fixed and processed as previously described [31]. Hema-
toxylin and eosin (H&E) staining as well as immunostaining for
iNOS (Inducible Nitric Oxide Synthase), MHC-II (Major Histocom-
patibility Complex 2), macrophage (mph) and IL-10 were per-
formed by Histoserv (Gaithersburg, MD). The slides were
analyzed by a dermatopathologist at the Walter Reed National Mil-
itary Medical Center.

2.10. Statistical analysis

Previous data indicated that the coefficient of variation for the
IFN-v/IL-10 ratio is about 0.35. ANOVA has an 80% power to detect
a 2-fold increase with 5% two-sided significance level if the sample
size is 5 animals per group. At a minimum, challenge experiments
were performed twice in our study. Statistical significance was
analyzed using PRISM7 (GraphPad Software, CA). The data are
expressed as the mean + SD. Differences were tested using an
unpaired Student’s t-test or the Mann-Whitney test for samples
with non-parametric distributions, p <0.05 was regarded as
significant.

3. Results

3.1. Administration of SLA and rLACK by the transcutaneous route
resulted in high antibody levels

SLA and rLACK were prepared (Supplemental Fig. S1) and eval-
uated for immunogenicity after TCI. Serum samples were collected
before immunization (pre-bleed) and every 2 weeks after each

immunization. Individual serum samples from each group were
analyzed for the presence of IgG antibodies specific to SLA, rLACK,
and CT by ELISA. The data from two or three independent experi-
ments are combined in Fig. 1. The antibody responses to SLA
(Fig. 1A) and rLACK (Fig. 1B) increased over time and were highest
at the terminal bleed (week 9). At the final time point, the antibody
response to SLA was significantly stronger compared to the rLACK
antibody response (p =0.0007, further elucidated with endpoint
titers (Supplemental Fig. S2) High levels of anti-CT titers were seen
after the first immunization and the titers peaked two weeks after
the second boost (Fig. 1C). No differences in immunoglobulin sub-
classes IgG1 and IgG2a were found between the groups (Supple-
mental Fig. S3).

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.vaccine.2018.11.
052.

3.2. Association of SLA and rLACK immune response with a Th1 profile

A high frequency of IFN-y secreting cells was seen after TCI
immunization with CT-adjuvanted SLA or rLACK antigens (median
of 224 and 109.3 spot forming cells/million splenocytes, respec-
tively) (Fig. 2A). SLA/CT or rLACK/CT immunization resulted in high
levels of IFN-y (6224 pg/ml and 7252 pg/ml, respectively) com-
pared to control mice (5 pg/ml for PBS and 1 pg/ml for CT) in the
supernatants of antigen-stimulated splenocytes, as measured by
ELISA (Fig. 2B). Cells from SLA or rLACK immunized mice produced
approximately 10-fold lower amounts of IL-10 compared to IFN-y
(Fig. 2C). This resulted in a high IFN-y/IL-10 ratio of 15.3 and 55,
respectively for SLA and rLACK antigens (Fig. 2D). Very low levels
of IL-4 (Supplemental Fig. S4) and TNF-a (data not shown) were
observed.

3.3. Durability of Th1 immune response

To assess if the above profile was maintained over time, some
mice were not sacrificed until 2 months after the third immuniza-
tion. An elevated antibody response to SLA (Fig. 3A), a high fre-
quency of IFN-y secreting cells (266 spot forming cells/ million
splenocytes) (Fig. 3B), and production of high levels of IFN-y
(6200 pg/ml) from the supernatants of antigen-stimulated spleno-
cytes (Fig. 3C) were seen at 8 weeks after the last boost. Thus, the
IFN-y response persisted for over 2 months. The long term
response to rLACK delivered through TCI was not assessed in our
study.

3.4. Lack of protection of TCI-immunized BALB/c mice against L. major
challenge

Groups of five age-matched female mice were immunized three
times with CT-adjuvanted SLA or rLACK antigens. Control mice
received PBS or CT. Mice were challenged 2 weeks after the last
TCI boost with an intradermal injection into the right ear
(5 x 10* metacyclic stage L. major parasites). Lesion development
was monitored for up to seven weeks after challenge. The experi-
ment was repeated three times for SLA-CT and two times for
rLACK-CT with reproducible findings. We observed no difference
in the disease course between mice in the control groups and mice
that received rLACK/CT (Fig. 4A). However, there was a significant
increase in lesion size and ulceration (documented also in pho-
tographs, Supplemental Fig. S5) as well as ear thickness measure-
ments in the group immunized with SLA/CT, starting from week
three. This suggested that not only did CT-adjuvanted SLA admin-
istered by TCI fail to protect against a Leishmania challenge, but it
led to disease exacerbation (Fig. 4A). Infection was also monitored
over time by detecting the parasite bioluminescence in the whole
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Fig. 1. Kinetics of antibody response. (A, B) Mice (n = 15 for PBS and CT, n = 20 for SLA/CT and rLACK/CT) were immunized three times at 3-week intervals and bled 15 days
after each immunization. The levels of (A) anti-SLA and (B) anti-rLACK specific antibodies in individual mouse serum at a dilution of 1:100, over time following TCI were
analyzed by ELISA, and the values at OD 450 nm are plotted. (C) Cholera toxin specific IgG antibody titers. Serum was analyzed for CT specific IgG by ELISA as described in the
Materials and Methods. The end point titer is defined as the reciprocal of the highest dilution, which is twice the background value. The results obtained from three
independent experiments for PBS, CT, and SLA/CT groups and from two experiments performed with rLACK/CT are plotted. The star indicates statistical significance (p < 0.05).
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Fig. 2. Cellular responses to SLA and rLACK vaccination. (A) Determination of the frequency of IFNy-secreting cells two weeks after the third TCI boost (before infection).
Splenocytes were prepared from each group of mice, plated in triplicate on IFN-y antibody coated plates and stimulated with L. major SLA antigens for 72 h. IFN-y-secreting
spots were enumerated and plotted after subtracting the non-specific spots from unstimulated wells. (B-D) Cytokine analysis of supernatants from splenocytes of mice.
Splenocytes were prepared from the each group of mice and stimulated with L. major SLA antigens. Culture supernatants were collected after 48 h (for IL-10) or 72 h (for IFN-
7v) of stimulation, and cytokines were measured by ELISA. (B) IFN-v, (C) IL-10, and (D) ratio of IFN-y/IL-10. Data are representative of 2 independent experiments (n = 10 for
PBS, CT and SLA/CT, n =5 for rLACK/CT). The star indicates statistical significance (p < 0.001).

animal using the Carestream in vivo Imaging System. This tech-
nique allows the estimation of parasite loads longitudinally and
in contrast to ear thickness measurements, is unaffected by inflam-
mation at the site of infection. The net intensity of the parasite bur-
den was graphed at various time points post-infection (Fig. 4B).
Both ear thickness measurement and Carestream in vivo imaging
yielded similar results; confirming that SLA TCI led to disease
exacerbation.

Parasites infiltrating the ear at the inoculation site and in the
draining ipsilateral cervical lymph nodes were enumerated by lim-
iting dilution assay at the end of the observation period (week 7
post-infection) (Fig. 5A). The increase in parasite load measured
in the ears of mice immunized with SLA/CT and rLACK paralleled
the increase in the ear thickness and in vivo imaging biolumines-
cence (Fig. 4A-B). The parasite load in the cervical lymph nodes
did not correlate with lesion size (Fig. 5B). Quantitative PCR with
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a kinetoplast target confirmed a higher parasite load in the ears of
mice immunized with SLA/CT (data not shown).

3.5. CL exacerbation was associated with decreased iNOS expression

Infected ear lesions from mice in the PBS and SLA/CT immu-
nized group (2 mice/group) were subjected to immunohistochem-
istry analysis. The cellular distribution of antigen presenting cells
(macrophages and MHC-II expressing cells) and cells secreting IL-
10 and iNOS (inducible nitric oxide synthase) were analyzed.
Infected ears from immunized mice contained similar number of
macrophages and cells expressing MHC-II and IL-10 as PBS non-
immunized mice (compare Fig. 6E, D and C with Fig. 6], [ and H).
Interestingly, expression of iNOS was much lower in the lesions
of mice immunized with SLA/CT compared to PBS non-
immunized mice (compare Fig. 6B with Fig. 6G).

4. Discussion

To date, no vaccine against leishmaniasis is available for use in
humans. Development of an effective Leishmania vaccine for CL
depends significantly on a variety of factors. To achieve better pro-
tection, the selection of effective antigen and adjuvant combina-
tions and the choice of delivery system must be considered [32].
The topical application of antigen-adjuvant to the abraded skin
surface by TCI offered an attractive needle-free vaccination route
as compared to the commonly used injection route because of
the skin’s ease of administration, accessibility and immunocompe-
tence [33,34].

Skin is an important part of the body’s defense against invasion
by infectious organisms [35] and may also be a target of chronic
infections such as vector bite-inoculated Leishmania where the par-
asites establish their presence through avoidance of the immune
system [36]. The skin has professional antigen presenting cells
(APC) such as dendritic cells (DC) in the dermis, and Langerhans
cells, macrophages, and sentinel T cells [37] in the epidermis,
which can activate both in vitro and in vivo primary immune
responses [38]. As for local immune responses in the skin following
Leishmania infection, cure was associated with the production of
IFN-v only, while IL-10 was present in persisting lesions [20].

TCI requires the co-application of an adjuvant with an antigen
to elicit robust systemic and mucosal immune responses
[6,12,13,15]. TCI also yields potent cellular immunity, such as
antigen-specific CD4* and CD8" T cell responses [6,39]. This is crit-
ical in leishmaniasis vaccine development as studies in mice
showed that protective immunity to Leishmania required the

iNOS
S

PBS

SLA/CT

IL-10

development of parasite-specific Th1 responses, as characterized
by IFN-y and TNF-a production [40]. These inflammatory cytokines
were required for the generation of reactive oxygen and nitrogen
species by infected macrophages; these species (such as NO)
enabled the killing of intracellular parasites. Conversely, a Th2
immune response was associated with susceptibility to leishmani-
asis [41].

In this study, we used TCI as a route for vaccine delivery of two
Leishmania antigens, namely SLA and rLACK, in combination with
CT as an adjuvant, and assessed the degree of protection against
parasite challenge in a murine CL model. As a proof of concept
we tested SLA [42], a total parasite antigen, and rLACK, a recombi-
nant protective antigen in BALB/c mice [23]. When used with
appropriate adjuvants, SLA has been shown to induce protection
[22]. Vaccination with rLACK antigen in the presence of recombi-
nant IL-12 evoked CD4" T cell-induced protection in mice against
L. major infection. This protection correlated with an increase in
IFN-y and a reduction of IL-4 [23]. We demonstrated that TCI
induced a strong humoral response to CT as well as to SLA and
rLACK, with the antibody response to SLA being higher that the
antibody response to rLACK (Fig. 1A), suggesting that TCI was a
suitable route to deliver Leishmania antigens. TCI also elicited
strong Th1-like responses characterized by high levels of IFN-v,
low levels of IL-10, and negligible TNF-o. and IL-4 production.
These results suggested that our vaccine preparations might have
the potential to achieve protection against murine CL because a
high ratio of IFN-y/IL-10 is considered a strong pre-challenge indi-
cator of leishmaniasis vaccine success [43]. However, after parasite
challenge TCI was not associated with protection and was even
associated with exacerbation of the infection. SLA-TCI vaccinated
mice had large skin lesions with severe local tissue injury, and a
high number of parasites, which persisted at least 7 weeks post-
infection. The observed absence of protection (with rLACK espe-
cially) could be explained by the fact that the immune responses
to the same antigen induced by various immunization strategies
could be different and sometimes even contrasting [44].

Additionally, we had considered whether TCI might change the
local skin microbiome thus potentiating CL. It was recently shown
that Leishmania infection induced a change in the skin microbiota
and a pre-existing skin microbiome can influence the outcome of
the infection or the disease [45]. Interestingly, intradermal immu-
nization of BALB/c with SLA/CT led to the same exacerbation
(results not shown), which suggests that the route of administra-
tion was not the determining factor. Exacerbation of disease was
demonstrated in other studies, but the etiology of exacerbation
was not clearly understood [46]. Two Leishmania antigens, Imd29
and 584C, lost their exacerbatory phenotype in BALB/c mice

MC-II Mph

Fig. 6. Inmunohistochemical analysis of the ear lesions 7 weeks post L. major infection. Mice were injected with SLA/CT (lower panels) or PBS (upper panels) by TCI.
Seven weeks later, ear samples were fixed in 10% neutral formalin and paraffin embedded. Four- to 5-mm sections were cut and stained (A, F) with H&E; or with antibodies
specific to (B, G) iNOS; (C, H), IL-10; (D, I) MHC-II; and (E, ]J) macrophages. Brown color demonstrates respective Ab-stained cells. Original magnification: 200x.
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rendered resistant by disruption of genes encoding classical Th2
cytokines, indicating a role for IL-4 and IL-10 in vaccine-induced
exacerbation [47]. Another factor contributing to disease exacerba-
tion could be the presence of a high anti-SLA IgG before parasite
challenge. It was demonstrated that IgG antibody not only failed
to provide protection against Leishmania, but contributed to
disease progression [48].

It has been shown that direct antigen presentation by specific B
cells was involved in susceptibility of BALB/c mice to infection with
L. major LV39 and B cell function led to disease exacerbation [49].
In murine visceral leishmaniasis, disease exacerbation was a direct
result of circulating immunoglobulins (IgM and/or IgG) [50] and
mice lacking B cells were found to be less susceptible to L. donovani
infection [51]. Additionally, IgG immune complexes exacerbated
infection by inducing IL-10 production in macrophages [48]. IL-
10 promoted B cell survival, and plasma cell proliferation, and also
an IgG isotype switch toward IgG1 and IgG3 [52]. In the mouse,
antibodies of the IgG1 isotype were produced mainly during a
Th2 immune response, and IgG2a antibodies were produced
mainly during Th1 immune responses [53]. In our study, despite
no difference seen in Ig isotypes and induction of low levels of
IL-10 before challenge, an exacerbation of the disease was
observed. We speculated that antibody-antigen complexes were
probably detrimental to the host.

In Leishmania vaccine trials, as in human leishmaniasis, the
immune response is complex and either Th1 or Th2 phenotypic
cells can develop. The biological phenotype of the immune
response is determined by the predominance of one cell type over
the other, not merely by the presence or absence of Th1 or Th2 type
immune cells [54]. Our results confirmed the observations made
by Campos-Neto that antigens stimulating a Th1 response during
the disease showed no protective effect as a vaccine, while anti-
gens associated with an early Th2 response were protective if a
Th1 response to them was generated before infection [46]. This
lack of correlation with protection was also observed with eight
other leishmanial antigens that have been discovered and selected
on the basis of the Th1/Th2 paradigm using peripheral blood
mononuclear cells from cured leishmaniasis patients as immuno-
logical readouts [55,56].

Based on the observed exacerbation with SLA/CT delivered
through TCI, we investigated the role of inflammatory cells after
infection. Inflammatory cells and soluble mediators recruited to
the site of infection are important in the lesion healing response
versus disease progression [31]. No differences in macrophages,
APC, or cells secreting IL-10 were observed between the SLA-
vaccinated or control mice. However, lower levels of iNOS were
expressed at the site of infection in the SLA group. Nitric oxide
(NO) production by the inducible NO synthase (iNOS or NOS2) rep-
resents one of the major microbicidal mechanisms of murine
macrophages [57]. In the presence of NO, parasites were less
metabolically active, resulting in reduced proliferation [58]. L.
major infection can be reactivated in chronically infected healthy
C57BL/6 mice following iNOS inhibitor treatment [59]. The expres-
sion of iNOS prevented uncontrolled parasite replication and
reduced the level of T cell activity [59], suggesting an association
between iNOS expression and leishmaniasis outcome. The lower
expression of iNOS in SLA/CT vaccinated mice could explain the
lesion exacerbation seen, resulting in the host’s inability to contain
the parasites. We also examined the arginase activity as a mecha-
nism of local T cell hyporesponsiveness in the ear. High arginase
activity, a hallmark of nonhealing leishmaniasis, has shown to be
primarily expressed locally at the site of pathology. It causes local
depletion of L-arginine, which impairs the capacity of T cells in the
lesion to proliferate [60]. Arginase-mediated L-arginine depletion
induces down-regulation of CD3 zeta, the main signaling chain of
the TCR, and functional T cell hyporesponsiveness [61]. In our

study, no differences were seen in the ears immunostained with
anti arginase antibody (data not shown) between the PBS and
SLA/CT groups. In conclusion, we demonstrated that despite the
presence of a strong Th1 response before challenge, TCI with either
SLA or rLACK was not associated with protection. We suggest that
the high humoral response seen before challenge, especially in the
SLA TCI treated group, as well as the low iNOS expression impacted
the disease outcome. In mice, NO is considered essential for con-
trolling Leishmania, as iNOS-deficient mice are susceptible to L.
major infection even though they develop a greater Thil-type
response compared with wild-type mice [62].

5. Conflict of interest

No competing interests to declare

6. Disclaimer

The views expressed in this article are those of the authors and
do not necessarily reflect the official policy or position of the
Department of the Army, Department of Defense, nor the U.S.
Government. All authors have approved the final article.

7. Funding

This work was supported by an intramural Uniformed Services
University (USUHS) grant administered through the Henry M. Jack-
son Foundation. The funding agency did not have any role in study
design; in the collection, analysis and interpretation of data; in the
writing of the report; and in the decision to submit the article for
publication.

Acknowledgments

We would like to thank Dr. Jenefer Blackwell for providing the
PQE-30-LACK plasmid and Dr. Mary Wilson for the genetically
modified L. major.

References

[1] Goto H, Lindoso JA. Current diagnosis and treatment of cutaneous and
mucocutaneous leishmaniasis. Expert Rev Anti-Infect Therapy 2010;8:419-33.

[2] Handman E. Leishmaniasis: current status of vaccine development. Clin
Microbiol Rev 2001;14:229-43.

[3] Khamesipour A, Dowlati Y, Asilian A, Hashemi-Fesharki R, Javadi A, Noazin S,
et al. Leishmanization: use of an old method for evaluation of candidate
vaccines against leishmaniasis. Vaccine 2005;23:3642-8.

[4] Czerkinsky C, Holmgren J. Topical immunization strategies. Mucosal Immunol
2010;3:545-55.

[5] Levine MM. Can needle-free administration of vaccines become the norm in
global immunization? Nat Med 2003;9:99-103.

[6] Glenn GM, Scharton-Kersten T, Alving CR. Advances in vaccine delivery:
transcutaneous immunisation. Expert Opin Invest Drugs 1999;8:797-805.

[7] Glenn GM, Taylor DN, Li X, Frankel S, Montemarano A, Alving CR.
Transcutaneous immunization: a human vaccine delivery strategy using a
patch. Nat Med 2000;6:1403-6.

[8] Matsuo K, Hirobe S, Okada N, Nakagawa S. Frontiers of transcutaneous
vaccination systems: novel technologies and devices for vaccine delivery.
Vaccine 2013;31:2403-15.

[9] Hirobe S, Matsuo K, Quan YS, Kamiyama F, Morito H, Asada H, et al. Clinical
study of transcutaneous vaccination using a hydrogel patch for tetanus and
diphtheria. Vaccine 2012;30:1847-54.

[10] Matsuo K, Hirobe S, Yokota Y, Ayabe Y, Seto M, Quan YS, et al. Transcutaneous
immunization using a dissolving microneedle array protects against tetanus,
diphtheria, malaria, and influenza. ] Controlled Release: Off J Controlled
Release Soc 2012;160:495-501.

[11] Hirobe S, Azukizawa H, Hanafusa T, Matsuo K, Quan YS, Kamiyama F, et al.
Clinical study and stability assessment of a novel transcutaneous influenza
vaccination using a dissolving microneedle patch. Biomaterials 2015;57:50-8.

[12] Glenn GM, Rao M, Matyas GR, Alving CR. Skin immunization made possible by
cholera toxin. Nature 1998;391:851.


http://refhub.elsevier.com/S0264-410X(18)31577-9/h0005
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0005
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0010
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0010
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0015
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0015
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0015
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0020
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0020
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0025
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0025
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0030
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0030
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0035
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0035
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0035
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0040
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0040
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0040
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0045
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0045
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0045
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0050
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0050
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0050
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0050
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0055
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0055
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0055
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0060
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0060

I. Lakhal-Naouar et al. /Vaccine 37 (2019) 516-523 523

[13] Himes R, Lee S, McMenigall K, Russell-Jones G. The influence of molecular
adjuvants in the cutaneous response to antigen after topical vaccination.
Vaccine 2011;29:5393-8.

[14] Mutiso JM, Macharia JC, Gicheru MM. A review of adjuvants for Leishmania
vaccine candidates. ] Biomed Res 2010;24:16-25.

[15] Glenn GM, Scharton-Kersten T, Vassell R, Mallett CP, Hale TL, Alving CR.
Transcutaneous immunization with cholera toxin protects mice against lethal
mucosal toxin challenge. ] Immunol 1998;161:3211-4.

[16] Mattsson ], Schon K, Ekman L, Fahlen-Yrlid L, Yrlid U, Lycke NY. Cholera toxin
adjuvant promotes a balanced Th1/Th2/Th17 response independently of IL-12
and IL-17 by acting on Gsalpha in CD11b(+) DCs. Mucosal Immunol
2015;8:815-27.

[17] Clark RA. Skin-resident T cells: the ups and downs of on site immunity. ] Invest
Dermatol 2010;130:362-70.

[18] De Luca PM, Macedo AB. Cutaneous leishmaniasis vaccination: a matter of
quality. Front Immunol 2016;7:151.

[19] Bogdan C, Rollinghoff M, Diefenbach A. The role of nitric oxide in innate
immunity. Immunol Rev 2000;173:17-26.

[20] Belkaid Y, Hoffmann KF, Mendez S, Kamhawi S, Udey MC, Wynn TA, et al. The
role of interleukin (IL)-10 in the persistence of Leishmania major in the skin
after healing and the therapeutic potential of anti-IL-10 receptor antibody for
sterile cure. ] Exp Med 2001;194:1497-506.

[21] Sacks D, Noben-Trauth N. The immunology of susceptibility and resistance to
Leishmania major in mice. Nat Rev Immunol 2002;2:845-58.

[22] Golali E, Jaafari MR, Khamesipour A, Abbasi A, Saberi Z, Badiee A. Comparison
of in vivo adjuvanticity of liposomal PO CpG ODN with liposomal PS CpG ODN:
soluble Leishmania antigens as a model. Iran ] Basic Med Sci
2012;15:1032-45.

[23] Gurunathan S, Sacks DL, Brown DR, Reiner SL, Charest H, Glaichenhaus N, et al.
Vaccination with DNA encoding the immunodominant LACK parasite antigen
confers protective immunity to mice infected with Leishmania major. ] Exp
Med 1997;186:1137-47.

[24] Thalhofer CJ, Graff JW, Love-Homan L, Hickerson SM, Craft N, Beverley SM,
et al. In vivo imaging of transgenic Leishmania parasites in a live host. J Vis
Exp: JoVE 2010.

[25] Spath GF, Beverley SM. A lipophosphoglycan-independent method for
isolation of infective Leishmania metacyclic promastigotes by density
gradient centrifugation. Exp Parasitol 2001;99:97-103.

[26] Scott P, Pearce E, Natovitz P, Sher A. Vaccination against cutaneous
leishmaniasis in a murine model. II. Immunologic properties of protective
and nonprotective subfractions of soluble promastigote extract. ] Immunol
1987;139:3118-25.

[27] Lakhal-Naouar I, Ben Achour-Chenik Y, Boublik Y, Meddeb M, Aamouri A,
Fattoum A, et al. Identification and characterization of a new Leishmania major
specific 3’nucleotidase/nuclease protein. Biochem Biophys Res Commun
2008;375:54-8.

[28] Scharton-Kersten T, Glenn GM, Vassell R, Yu ], Walwender D, Alving CR.
Principles of transcutaneous immunization using cholera toxin as an adjuvant.
Vaccine 1999;17(Suppl 2):S37-43.

[29] Lakhal-Naouar I, Boussoffara T, Meddeb-Garnaoui A, Ben Achour-Chenik Y,
Louzir H, Chenik M. Cellular and humoral responses to Leishmania major
virulence factors in healed cutaneous leishmaniasis and Mediterranean
visceral leishmaniasis patients. Clin Vaccine Immunol: CVI 2009;16:956-8.

[30] Titus RG, Marchand M, Boon T, Louis JA. A limiting dilution assay for
quantifying Leishmania major in tissues of infected mice. Parasite Immunol
1985;7:545-55.

[31] Dey R, Natarajan G, Bhattacharya P, Cummings H, Dagur PK, Terrazas C, et al.
Characterization of cross-protection by genetically modified live-attenuated
Leishmania donovani parasites against Leishmania mexicana. ] Immunol
2014;193:3513-27.

[32] Duthie MS, Reed SG. Not all antigens are created equally: progress, challenges,
and lessons associated with developing a vaccine for leishmaniasis. Clin
Vaccine Immunol: CVI 2017:24.

[33] Marshall S, Sahm LJ, Moore AC. The success of microneedle-mediated vaccine
delivery into skin. Human Vaccines Immunotherap 2016;12:2975-83.

[34] Bal SM, Ding Z, van Riet E, Jiskoot W, Bouwstra JA. Advances in transcutaneous
vaccine delivery: do all ways lead to Rome? ] Controlled Release: Off ]
Controlled Release Soc 2010;148:266-82.

[35] Bos JD. The skin as an organ of immunity. Clin Exp Immunol 1997;107(Suppl
1):3-5.

[36] Gupta G, Oghumu S, Satoskar AR. Mechanisms of immune evasion in
leishmaniasis. Adv Appl Microbiol 2013;82:155-84.

[37] Adam L, Rosenbaum P, Cosma A, Le Grand R, Martinon F. Identification of skin
immune cells in non-human primates. ] Immunol Meth 2015;426:42-9.

[38] Kaurav M, Minz S, Sahu K, Kumar M, Madan ], Pandey RS. Nanoparticulate
mediated transcutaneous immunization: myth or reality. Nanomed
Nanotechnol Biol Med 2016;12:1063-81.

[39] Seid Jr RC, Reinisch C, Schlegl R, Moehlen M, Meinke A, Lundberg U. A
nonadjuvanted transcutaneous tetanus patch is effective in boosting anti-
tetanus toxoid immune responses. Clin Vaccine Immunol: CVI 2014;21:253-5.

[40] Kumar V, Bimal S, Singh SK, Chaudhary R, Das S, Lal C, et al. Leishmania
donovani: dynamics of L. donovani evasion of innate immune cell attack due
to malnutrition in visceral leishmaniasis. Nutrition 2014;30:449-58.

[41] Heinzel FP, Sadick MD, Mutha SS, Locksley RM. Production of interferon
gamma, interleukin 2, interleukin 4, and interleukin 10 by CD4+ lymphocytes
in vivo during healing and progressive murine leishmaniasis. PNAS
1991;88:7011-5.

[42] Stacey K], Blackwell JM. Immunostimulatory DNA as an adjuvant in
vaccination against Leishmania major. Infect Immun 1999;67:3719-26.

[43] Schwarz T, Remer KA, Nahrendorf W, Masic A, Siewe L, Muller W, et al. T cell-
derived IL-10 determines leishmaniasis disease outcome and is suppressed by
a dendritic cell based vaccine. PLoS Pathog 2013;9:e1003476.

[44] Azeredo-Coutinho RB, Matos DC, Armoa GG, Maia RM, Schubach A, Mayrink W,
et al. Contrasting human cytokine responses to promastigote whole-cell
extract and the Leishmania analogue receptor for activated C kinase antigen of
L. amazonensis in natural infection versus immunization. Clin Exp Immunol
2008;153:369-75.

[45] Gimblet C, Meisel JS, Loesche MA, Cole SD, Horwinski J, Novais FO, et al.
Cutaneous leishmaniasis induces a transmissible dysbiotic skin microbiota
that promotes skin inflammation. Cell Host Microbe 2017;22(13-24):e4.

[46] Campos-Neto A. What about Th1/Th2 in cutaneous leishmaniasis vaccine
discovery? Brazil ] Med Biol Res = Revista Brasileira de Pesquisas Medicas e
Biologicas 2005;38:979-84.

[47] Roberts MT, Stober CB, McKenzie AN, Blackwell JM. Interleukin-4 (IL-4) and IL-
10 collude in vaccine failure for novel exacerbatory antigens in murine
Leishmania major infection. Infect Immun 2005;73:7620-8.

[48] Miles SA, Conrad SM, Alves RG, Jeronimo SM, Mosser DM. A role for IgG
immune complexes during infection with the intracellular pathogen
Leishmania. ] Exp Med 2005;201:747-54.

[49] Ronet C, Voigt H, Himmelrich H, Doucey MA, Hauyon-La Torre Y, Revaz-Breton
M, et al. Leishmania major-specific B cells are necessary for Th2 cell
development and susceptibility to L. major LV39 in BALB/c mice. ] Immunol
2008;180:4825-35.

[50] Deak E, Jayakumar A, Cho KW, Goldsmith-Pestana K, Dondji B, Lambris JD,
et al. Murine visceral leishmaniasis: [gM and polyclonal B-cell activation lead
to disease exacerbation. Eur J Immunol 2010;40:1355-68.

[51] Smelt SC, Cotterell SE, Engwerda CR, Kaye PM. B cell-deficient mice are highly
resistant to Leishmania donovani infection, but develop neutrophil-mediated
tissue pathology. ] Immunol 2000;164:3681-8.

[52] Caldas A, Favali C, Aquino D, Vinhas V, van Weyenbergh ], Brodskyn C, et al.
Balance of IL-10 and interferon-gamma plasma levels in human visceral
leishmaniasis: implications in the pathogenesis. BMC Infect Dis 2005;5:113.

[53] Stevens TL, Bossie A, Sanders VM, Fernandez-Botran R, Coffman RL, Mosmann
TR, et al. Regulation of antibody isotype secretion by subsets of antigen-
specific helper T cells. Nature 1988;334:255-8.

[54] Alexander J, Bryson K. T helper (h)1/Th2 and Leishmania: paradox rather than
paradigm. Immunol Lett 2005;99:17-23.

[55] Campos-Neto A, Webb JR, Greeson K, Coler RN, Skeiky YA, Reed SG.
Vaccination with plasmid DNA encoding TSA/LmSTI1 leishmanial fusion
proteins confers protection against Leishmania major infection in
susceptible BALB/c mice. Infect Immun 2002;70:2828-36.

[56] Probst P, Stromberg E, Ghalib HW, Mozel M, Badaro R, Reed SG, et al.
Identification and characterization of T cell-stimulating antigens from
Leishmania by CD4 T cell expression cloning. ] Immunol 2001;166:498-505.

[57] Sharma U, Singh S. Immunobiology of leishmaniasis. Indian ] Exp Biol
2009;47:412-23.

[58] Muller AJ, Aeschlimann S, Olekhnovitch R, Dacher M, Spath GF, Bousso P.
Photoconvertible pathogen labeling reveals nitric oxide control of Leishmania
major infection in vivo via dampening of parasite metabolism. Cell Host
Microbe 2013;14:460-7.

[59] Stenger S, Donhauser N, Thuring H, Rollinghoff M, Bogdan C. Reactivation of
latent leishmaniasis by inhibition of inducible nitric oxide synthase. ] Exp Med
1996;183:1501-14.

[60] Modolell M, Choi BS, Ryan RO, Hancock M, Titus RG, Abebe T, et al. Local
suppression of T cell responses by arginase-induced L-arginine depletion in
nonhealing leishmaniasis. PLoS NeglTrop Dis 2009;3:e480.

[61] Kropf P, Baud D, Marshall SE, Munder M, Mosley A, Fuentes JM, et al. Arginase
activity mediates reversible T cell hyporesponsiveness in human pregnancy.
Eur J Immunol 2007;37:935-45.

[62] Wei XQ, Charles IG, Smith A, Ure ], Feng GJ, Huang FP, et al. Altered immune
responses in mice lacking inducible nitric oxide synthase. Nature
1995;375:408-11.


http://refhub.elsevier.com/S0264-410X(18)31577-9/h0065
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0065
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0065
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0070
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0070
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0075
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0075
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0075
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0080
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0080
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0080
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0080
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0085
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0085
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0090
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0090
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0095
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0095
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0100
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0100
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0100
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0100
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0105
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0105
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0110
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0110
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0110
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0110
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0115
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0115
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0115
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0115
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0120
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0120
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0120
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0125
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0125
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0125
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0130
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0130
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0130
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0130
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0135
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0135
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0135
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0135
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0140
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0140
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0140
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0145
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0145
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0145
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0145
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0150
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0150
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0150
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0155
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0155
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0155
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0155
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0160
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0160
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0160
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0165
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0165
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0170
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0170
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0170
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0175
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0175
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0180
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0180
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0185
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0185
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0190
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0190
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0190
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0195
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0195
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0195
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0200
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0200
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0200
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0205
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0205
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0205
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0205
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0210
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0210
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0215
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0215
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0215
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0220
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0220
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0220
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0220
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0220
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0225
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0225
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0225
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0230
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0230
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0230
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0235
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0235
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0235
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0240
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0240
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0240
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0245
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0245
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0245
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0245
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0250
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0250
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0250
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0255
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0255
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0255
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0260
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0260
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0260
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0265
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0265
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0265
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0270
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0270
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0275
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0275
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0275
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0275
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0280
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0280
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0280
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0285
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0285
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0290
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0290
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0290
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0290
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0295
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0295
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0295
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0300
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0300
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0300
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0305
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0305
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0305
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0310
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0310
http://refhub.elsevier.com/S0264-410X(18)31577-9/h0310

	Transcutaneous immunization using SLA or rLACK skews the immune response towards a Th1 profile but fails to protect BALB/c mice against a Leishmania major challenge
	1 Introduction
	2 Materials and methods
	2.1 Mice
	2.2 Parasite culture
	2.3 Antigen preparation
	2.4 Expression and purification of recombinant LACK protein in Escherichia coli
	2.5 Immunization of mice and parasite challenge
	2.6 Antibody measurement by enzyme-linked immunosorbent assay (ELISA)
	2.7 Enzyme-Linked ImmunoSpot (ELISpot) and cytokine quantification
	2.8 Parasite quantification
	2.9 Histopathological analyses and immunohistochemistry
	2.10 Statistical analysis

	3 Results
	3.1 Administration of SLA and rLACK by the transcutaneous route resulted in high antibody levels
	3.2 Association of SLA and rLACK immune response with a Th1 profile
	3.3 Durability of Th1 immune response
	3.4 Lack of protection of TCI-immunized BALB/c mice against L. major challenge
	3.5 CL exacerbation was associated with decreased iNOS expression

	4 Discussion
	5 Conflict of interest
	6 Disclaimer
	7 Funding
	Acknowledgments
	References


