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Abstract

Human Neutrophil Peptide 1 (HNP1) produced by neutrophils, is a well-known antimicrobial
peptide which plays a role both in innate as well as in adaptive immunity and is under inten-
sive investigation as a potential therapeutic agent. Previous in vitro experiments have indi-
cated the leishmaniacidal effect of recombinant HNP1 on Leishmania major (L. major)
promastigotes and amastigotes. In the current study, we further extended the idea to
explore the remedial effect of HNP1 in the two modalities of peptide therapy (folded HNP1)
and gene therapy in L. majorinfected BALB/c mice. To this end, mice in five different groups
received synthetic folded HNP1 (G1), pcDNA-HNP1-EGFP (G2), pcDNA-EGFP (G3),
Amphotericin B (G4) and PBS (G5), which was started three weeks after infection for three
consecutive weeks. Footpad swelling was monitored weekly and a day after the therapy
ended, IFN-y, IL-4, IL-10, IL-6 and nitric oxide produced by splenocytes were analyzed
together with the parasite load in draining lymph nodes. Arginase activity and dermal histo-
pathological changes were also analyzed in the infected footpads. We demonstrated that
both therapeutic approaches effectively induced Th1 polarization and restricted parasite
burden. It can control disease progression in contrast to non-treated groups. However,
pcDNA-HNP1-EGFP is more promising in respect to parasite control than folded HNP1, but
less effective than AmB treatment. We concluded with the call for a future approach, that is,
a DNA-based expression of HNP1 combined with AmB as it can improve the leishmaniaci-
dal efficacy.

Author summary

The outbreak level of cutaneous leishmaniasis is approximated between one and 1.5 mil-
lion individuals per year. Owning to several disadvantages of current therapies, special
attention to expand novel and efficient therapies has been demanded. Among Anti-
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Microbial Peptides (AMPs), Human Neutrophil Peptide 1 (HNP1) is one of the most
potential defensins. Our promising in vitro experiments have shown the leishmaniacidal
effect of recombinant HNP1. Here, we displayed the remedial effect of HNPI in two
approaches including peptide therapy and gene therapy in susceptible mice infected with
L. major. Our investigation showed that although both approaches could decrease the par-
asite load and induce Th1 immune response compared to the control group, pcDNA-
HNP1-EGEFP has a better effect compared to the folded HNP1. Hence, immunotherapy by
HNP1 can help elicit proper immunity despite the direct effect on promastigotes and
amastigotes forms of parasite.

Introduction

Leishmaniasis is as an important neglected tropical disease in poverty-stricken countries of
Africa, South America, and Asia [1,2]. Leishmaniasis has three major manifestations: Visceral
leishmaniasis, cutaneous leishmaniasis and mucocutaneous leishmaniasis [3]. Considering the
complex life cycle including promastigote (as an extracellular flagellated form) and amastigote
(as an intracellular aflagellated form) with differential protein expression, parasite elimination
is a hard task and controlling the disease is difficult [4]. Disease control still relies on chemo-
therapy and an effective prophylactic vaccine is not yet available. Nevertheless, disadvantages
of chemotherapy including toxicity and vigorous harmful response have restrained their use
[5-8], and instead a great deal of attention is drawn by new immunotherapeutic agents to pro-
mote the immune response [9]. Some studies described the in vitro leishmaniacidal effect of
AMPs [4,10-12]. In this respect, defensins derived from different innate cells like neutrophils
[13] are extremely attractive immunomodulators with promising antibacterial, anti-viral,
leishmaniacidal and anti-cancer effect [9,14-16]. In particular, defensins and cathelicidins are
among the intensely investigated antimicrobial peptides [17-19].

Our previous in vitro results clearly demonstrated the anti-leishmanial effect of recombi-
nant HNP1 against L. major promastigotes and amastigotes [15]. Due to limited knowledge
about the effect of Anti-Microbial Peptides (AMPs) on leishmaniasis, we further expanded the
idea to examine the therapeutic effect of HNP1 to treat infected BALB/c mice with L. major.

We compared the therapeutic effect of the two different approaches of HNP1 as folded syn-
thetic peptide and pcDNA-HNP1-EGFP with the AmB treatment as the current standard ther-
apy. We demonstrated that HNP1 is a potential molecule that can both modulate the immune
response and kill the parasite. So, it has the capacity to contribute as an anti-leishmaniacidal
agent for the in vivo condition in susceptible BALB/c mice and could further expand the idea
as mixed chemo- immunotherapy formulations in the near future.

Materials and methods
Chemicals, media and reagents

All solutions were prepared with apyrogenic deionized water (MilliQSystem (Millipore, Mol-
sheim, France)). The required materials for PCR reaction, enzymatic digestion and agarose gel
electrophoresis were purchased from Roche Applied Sciences (Germany). Bovine Serum Albu-
min (BSA), Diaminobenzidine (DAB) powder and acrylamide were from Merck company
(Germany). G418, Sodium dodecyl sulfate (SDS), Urea, Tris-HCL, Tris-base and Ponseu-S,
Phorbol 12 myristate 13-acetate (PMA), and 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT), M199 medium, L-glutamine, HEPES, adenosine, hemin, gentamicin
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and RPMI-1640, DMEM (used for cell culture) and kanamycin were purchased from Sigma
(Germany). Schneider insect media and Fetal Calf Serum (FCS) were from Gibco (Gibco, Life
Technologies, Germany) and Sigma (Germany), respectively. Amphotericin B (AmB) was pur-
chased (Cipla, India).

Ethical aspects

All mice experiments including maintenance, handling and euthanizing were authorized by
Institutional Animal Care and Research Advisory Committee of Pasteur Institute of Iran with
ethical code IR.RIL.REC.1395.55 (dated 2014), based on the Specific National Ethical Guide-
lines for Biochemical Research issued in 2005 by the Research and Technology Deputy of Min-
istry of Health and Medicinal Education (MOHM) of Iran. In this study, mice were
euthanized through cervical dislocation by a trained and experienced technician. The efforts
were made to minimize animal suffering within the course of our study.

Cloning pathway for constructs used in gene therapy

The HNP1 gene was amplified from pcDNA3.1(+) vector (for harboring Kozak sequence and
Sall and BamHI restriction sites) with two forward (F1; 5-GTCGACACCATGGCCTGCTA
TTGC-3’, F2; 5-CCATCTGGCTAGCGTCGACACCAT-3’) and reverse (R; 5- GATGGAT
CCGCAGCAGAATGCCCAG-3’) primers with Taqg DNA polymerase and was cloned in
Nhel, BamHI sites in pcDNA 3.1(+) and pGEM?7zf(-) vectors (Invitrogen, Germany) and
sequenced. After sequence validation, the HNP1 fragment was subcloned into the Nhel and
BamHI sites from pEGFP.N3 vector for harboring EGFP and then HNP1-EGFP was sub-
cloned into Nhel site from pcDNA3.1(+) vector for providing pcDNA-HNP1-EGFP as a thera-
peutic construct. Also EGFP was subcloned into BamHI and NotI cloning sites in pcDNA3.1
(+) vector for creating pcDNA-EGEFP as a control in therapeutic process. GFP expression in
both constructs was confirmed in COS-7 cell line and plasmids were extracted in large scale
using Endo free Mega kit (QIAGEN, Germany).

COS-7 cell transfection with PEI treatment

The COS-7 cells (ATCC TIB-202) were used for expression confirmation of HNP1-EGFP in
pcDNA-HNPI1-EGEFP. Briefly, COS-7 cells were cultured at 37°C in the presence of 5% CO,
and then transfected with PEI/DNA complexes prepared by mixing LINPEI (7 uM) with 5 ug
of each pcDNA-HNP1-EGFP, and pcDNA-EGFP (as control) [20]. 48h later fluorescent cells
were assessed by fluorescence microscopy (Nicon E200, Japan), and were also subject to west-
ern blotting with monoclonal anti GFP antibody.

Western blot analysis of gene expression

The pcDNA-HNPI1-EGFP and pcDNA-EGFP transfected COS-7 cells were trypsinized and
harvested. Cell pellets, were boiled while mixed with 2X SDS PAGE sample buffer (4.5Mm
Tris-Hcl, PH 6.8, 10% v/v glycerol, 2% w/v SDS, 5% v/v 2-mercapthoethanol, 0.05 w/v bromo-
phenol blue), and were loaded on a 17.5% polyacrylamide gel (SDS gel apparatus; Bio Rad).
The isolated bands were transferred from SDS-PAGE gel onto Protran nitrocellulose mem-
brane through a wet blotting system (Bio-Rad, USA) after blocking (PBS with 2.5% BSA and
0.1% Tween) for overnight at 4°C. The EGFP bands were developed after blotting with anti-
GFP antibody conjugated with horse radish peroxidase diluted 1:5000 (Acris Antibodies
GmbH, Herford, Germany) and Diaminobenzidine (DAB) as chromophor.
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In vitro folding of synthetic HNP1 and function assay of folded HNP1
using wild type E. colibacteria and L. major promastigotes

HNP1 was synthesized with a purity of >90% (93.17%) by Biomatik (Cambridge, Canada) (S1
Fig) and then was folded by oxido-shuffling process [21]. Briefly, the purified HNP1 peptide at
the concentration of 160 pug/ml was solubilized in folding buffer (Tris—-HCL 50mM, NaCl
100mM, EDTA 0.1mM, reduced glutathione 3mM and oxidized glutathione 0.3 mM, pH 8.5)
and kept at 4°C in rotator (40 rpm) for overnight, then diluted in 10X volume of changing
buffer and centrifuged in 3000 x g at 4°C for 30 min to precipitate aggregates.

The antibacterial effect was examined in comparison with unfolded HNP1 on E. coli (gift
strain from Microbiology Dept. Pasteur Institute of Iran). The antibacterial activity was ana-
lyzed according to established protocol by Paziger and Lubkowski [22]. Briefly, the mid log
phase (optical density 0.4-0.5 at 600 nm absorbance) of wild type E. coli was diluted in chang-
ing buffer (Tris-CL 10 Mm, Nacl 100 mM) to 10° Colony Forming Unit (CFU; viable number
of bacteria in sample). Then, different concentration of folded HNP1 (2.5 pug/ml to 40 pg/ml;
two fold serial dilution) were used and incubated for 3h at 37°C. Finally, the serially diluted
and cultured on LB agar plates for 24h at 37°C. Each concentration of HNP1 at least repeated
in three independent experiments and reported in CFU/ml of bacteria culture.

The efficacy of folded HNP1 with different concentrations from 5ug/ml to 35ug/ml for
leishmaniacidal effect of 2x10° logarithmic phase promastigotes was assessed in comparison
with AmB (0.15 pg/ml to 2.5 pg/ml; two fold serial dilution) and susceptibility of selected con-
centration were analyzed by MTT assay [23], followed by determination of ICs, (the concen-
tration of HNP1 and AmB where the viable promastigotes growth is reduced by half).

Parasite rescue assay and determination of EC5q

The THP-1 cells were pretreated with PMA to form adherent cells and incubated at 37°C, for
efficacy evaluation of folded HNP1 on L. major infected cells using parasite rescue assay [24].
Briefly, 5x10° L. major promastigotes at stationary phase was incubated with 5x10° human
macrophage THP-1 at a ratio of 10 parasites to 1 THP-1 cells. After 24h, extracellular parasites
were washed out, then different concentrations of folded HNP1 (17 pg/ml to 53 ug/ml) were
added. Meanwhile, AmB (0.15 pg/ml to 2.5pg/ml; two fold serial dilution) was used as positive
control. After 48h, amastigotes were released by 0.05% SDS treatment and Schneider medium
contained 10% inactivated FCS was added. Plates were incubated at 26°C for amastigote to
promastigote transformation. Eventually, the ECs, (the concentration of HNP1 and AmB
where the viable amastigotes growth is reduced by half) was determined using MTT assay [23].

Dose determination of folded HNP1 peptide

Female BALB/c mice (n = 3) were infected by IP injection of stationary phase L. major promas-
tigotes. Total of 5 x 10® in 500 uL serum free RPMI per mouse was administrated. Twenty four
hours after infection, animals were treated with different concentration of HNP1 (30, 60 and
90 pg/ml) and two control groups of animals were also assigned as mice treated with Ampho-
tericin B (8 mg/kg) and infected mice without any treatment (non-treated). After 24 hrs, para-
site rescue assay and MTT test were assessed as described earlier.

Mice infection

Six weeks old female BALB/c mice with an average weight of 20 g each (20 + 3 g) were pur-
chased from the breeding stock facilities at the Pasteur Institute of Iran. All mice were main-
tained under standard condition in proper cages, standard condition of light and diet. L. major
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Table 1. Routes, timelines and therapeutic doses in different groups.

Groups Route of injection Amount of injection Number of injection Duration of treatment
G1 (Folded HNP1) s.c.* 30ug/mouse Once a week Three weeks

G2 (pcDNA-HNP1-EGFP) S.C. 50ug/50ul Twice a week Three weeks

G3 (pcDNA- EGFP) s.C. 50ug/50ul Twice a week Three weeks

G4 (AmB) i.p.** 8mg/kg 10 days 10 days

G5 (PBS s.C. 50 pl Twice a week Three weeks

*s.c: sub cutaneous
**.p: intra peritoneal

https://doi.org/10.1371/journal.pntd.0006123.t001

(MRHO/IR/75/ER) was isolated from lymph node of infected mice and transferred to M199
media supplemented with10% FCS. Stationary phase metacyclic promastigotes were harvested
on Ficoll 400 as described previously [24]. Then 2x10° parasites in 50ul PBS (1X) buffer were
injected to left hind footpad. Furthermore, the same parasite culture (10® parasites/ml) was
used for Frozen and Thawed (F/T) antigen preparation in liquid nitrogen and 37°C water
bath, respectively [25] and protein concentration was further determined by bicinchoninic
acid (BCA, PIERCE) test.

Treatment schedule

Three weeks after infection, treatment was started for all five study groups (15 mice per
group). Group 1 (G1) received folded HNP1 (30 pg/mouse) (S2 Fig), Group 2 (G2) received
pcDNA-HNPI1-EGFP (50 pg /mouse), Group 3 (G3) received pcDNA-EGFP (50 pug /mouse),
Group 4 (G4) received AmB (8mg/ kg), and Group 5 (G5) received PBS (50pl). All the injec-
tions were carried in footpad at three consecutive weeks except than AmB which was injected
intra peritoneal, for ten consecutive days (Table 1). Starting one week after infection, footpad
swelling was monitored weekly until six weeks post infection by means of metric caliper. Swell-
ing size was reported as the thickness of injected footpad after subtraction of the non-injected
footpad as control.

Lymph node parasite quantification by real time PCR

Six weeks after infection, five mice of each group were sacrificed, then the lymph nodes were
excised and homogenized. Genomic DNA extraction was carried out using manufacture’s
instruction (GF-1 kit Vivantis, Malaysia). DNA concentration was measured by Nanodrap
(Nanodrop, ND-1000, USA) and real time PCR (Applied Biosystem 7500) was fulfilled based
on absolute copy number by two sets of primers for kinetoplastid minicircle region named
RV1 (forward: 5-CTTTTCTGGTCCCGCGGGTAGG-3’), and RV2 (reverse: 5-CCACCTG
GCCTATTTTACACCA-3’) [26]. To draw standard curve, genomic DNA of 3x107 L. major
parasites was used in 10 fold dilution up to seven folds. For quantification of parasite in lymph
nodes, 30 ng of extracted DNA was used in RT-PCR reaction including 5 pmol of each prim-
ers, 1uM Quantifast SYBR Green (Qiagen, Germany) master mix in a final volume 20 pl. PCR
program were as follows: 95°C for 5 min; 40 cycles containing from 95°C for 15 s, 58°C for
30s,and 72°C for 40 s.

Cytokine assay

Level of IFN-v, IL-4, IL-10 and IL-6 were measured six weeks after infection in different
groups. For this purpose, individual spleens of five mice in each group were treated with ACK
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lysis buffer (NH,CL 0.15M, KHCO; 1mM, Na,EDTA 0.1mM) to remove erythrocytes of sple-
nocyte suspension. Then, 3.5 x 10° RBC free splenocytes were seeded per well in 48 culture
plate and stimulated with L. major F/T Ag (10 ug/ml), or concanavalin A (Con A, 5ug/ml) as
positive control. Plates incubated at 37°C and 5% CO2. The supernatants were collected after
24 and 72h for evaluation of IL-6 and IL-4 levels, respectively. Meanwhile supernatants col-
lected after five days were analyzed for IL-10 and IFN-y production. Cytokine assay by ELISA
kit was according to manufacturer’s instructions (DuoSet, R&D System). Briefly, ELISA plates
were coated with capture antibody (each pertinent cytokine antibody) and incubated over-
night at room temperature (RT). After washing, plates were blocked by 1% BSA at RT. Then
dilutions of standard and supernatants in reagent diluent were added as duplicate. After two
hours, the plates were washed and were incubated with detection antibody (biotin conjugated
anti-cytokine Ab). Finally, the reaction was revealed by adding streptavidin conjugated Horse
Radish Peroxidase (HRP) and then peroxidase substrate system (KPL, ABTS). The optical den-
sity (OD) was measured at 405nm with ELISA reader (TECAN, USA) and calculated with con-
centration according to standard curve.

Measurement of arginase activity in infected footpad

In this study, the injected footpad was cut into two different pieces. One piece from five mice
in each group was homogenized for further arginase activity assay. The arginase activity was
followed as previously described [27]. Briefly, 25 ul of supernatant from each homogenized
footpad after centrifugation was mixed with lysis buffer (0.1% Tris-HCL 50 uM, MnCl,

100 uM Triton 0.1%) and were incubated for 7 min at 56°C to activate arginase. Arginine
hydrolysis was carried out by incubating L-arginine (0.5 M) with mentioned lysate at 37°C for
60 min. The reaction was stopped in presence of H,SO,4, H;PO,, and H,O (1/ 3/7, v/v/v). After
adding isonitrosopropiophenone (ISPF, Sigma) and heating at 100°C for 45 min, Urea concen-
tration as the product of arginase activity on arginine substrate was determined at 540 nm
using an automatic micro plate spectrophotometer (TECAN, USA). One unite is defined as
the amount of enzyme that hydrolyze the formation of one uM of urea per minute [28,29].

Nitric Oxide (NO) analysis

Nitrite production by F/T Ag re-stimulated splenocyte was analyzed in supernatants (n = 5)
collected after five days. In summary, same volume of supernatant was mixed with Griess
reagent [0.1N (1-napthyl) ethylenediamine dihydrochloride, 1% sulfanil amide in 5% H;PO,]
and incubated for 10 min at RT. Then OD was measured at 550 nm with ELISA reader
(TECAN, USA) and the concentration was determined using standard curve obtained from
sodium nitrite serial dilution (1-300 uM).

Histopathological examination

In this study, the injected footpad was cut into two different pieces. One piece from two mice
in each group was fixed by 10% formalin. After dehydration by increasing ethanol (from 70 to
100%), paraffin blocks were prepared (4 mm) and stained by Hematoxylin and Eosin (H&E).
Dermal histopathological changes were analyzed in a blind manner. The presence of parasite,
plasma cell, and granuloma were assessed in different scales; Not Seen (NS), 1+ (rare; occa-
sionally seen in high-power-field), 2+ (minor; easily seen in each HPF), 3+ (moderate; easily
seen in low power field) and 4+ (severe; full of cells in each field). In addition, the degree of
inflammation was evaluated as limited or diffused.
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Statistical analysis

Mean (standard deviation: SD) values for normal variables and median (interquartile range)
for skewed variables were reported based on their group status. Data among five groups were
compared using one-way ANOVA and Kruskal-Wallis based on distribution of the variables.
Pairwise Comparison of characteristics between participants in various groups was fulfilled by
student’s t-test for normal variables and Mann-Whitney U test for skewed variables. Bonfer-
roni correction was performed in case of multiple comparison tests (i.e. we adjusted signifi-
cance level as o/n, n is equal to number of comparison). All P-values were two-tailed and those
smaller than 0.05 were considered statistically significant. Statistical analyses carry out using
software Graph-Pad Prism (Inc. 2007, San Diago, USA). Meanwhile, all indicated data are rep-
resentative of two rounds of experiment.

Results
HNP1-EGFP expression in COS-7 cells

COS-7 cells were transfected by the pcDNA-HNP1-EGFP construct to confirm HNP1 produc-
tion by fluorescence detection of EGFP in fluorescence microscopy and by the anti-GFP Ab in
western blotting. COS-7 cells transfected by pcDNA-EGFP and the untransfected COS-7 cells
were used as positive and negative controls, respectively. The expression of EGFP in pcDNA-
HNP1-EGFP and pcDNA-EGFP was confirmed by fluorescence microscopy as shown in Fig
1A. By western blotting, the immunoreactive band (34.5 kD) was detected in COS-7 transfected
by pcDNA-HNP1-EGFP and COS-7 transfected with pcDNA-EGFP (31 kD) (Fig 1B).

Effect of folded HNP1 on E. coli, L. major promastigotes (ICso) and
infected macrophage (ECsq determination)

In this study, synthetic HNP1 was purchased and folded by oxido-shuffling method. To further
evaluate the efficacy of folding, the killing activity was analyzed against E. coli. The colony
forming unit (CFU) was lower in the folded HNP1 concentration as compared to the unfolded
HNP1 with the highest inhibiting concentration of 5ug/ml. As demonstrated in S1 Table, the
ratio of unfolded to folded HNP1 confirmed our observation. Based on the bacterial acquired
concentration, the killing potency of the folded HNP1 was determined on logarithmic phase
promastigotes (ranging from 5 to 35ug/ml). Besides, the AmB (0.15 to 2.5ug/ml) was used as
an internal control [30]. The ICs, results indicated that the folded HNP1 inhibits promasti-
gotes growth at 27 pg/ml compared to AmB with much lower effective dose of about 0.33 pg/
ml. Based on these results the EC5, concentration was determined and indicated that amasti-
gotes were inhibited by the folded HNP1 at 29 ug/ml compared to AmB with an inhibitory
about 0.48 pg/ml (Fig 2).

Footpad swelling measurement and quantification of the parasite burden
in the lymph node of treated and control groups

To evaluate the therapeutic effects of HNP1 with two different approaches, BALB/c mice were
infected with stationary phase promastigotes in different groups. Footpad swellings were mon-
itored weekly (started one week after and continued up to six weeks post infection). The statis-
tical analysis at six weeks after infection showed significant difference in footpad swelling in
the folded HNP1 group (G1, with determined dose as shown in S2 Fig) with the non-treated
group (G5, P <0.0001) and the pcDNA-HNP1-EGFP (G2) with the pcDNA-EGFP (G3) and
the G5 (P<0.0001) (Fig 3A). What is noteworthy is that the pcDNA-HNP1-EGEFP treated
group was able to control the footpad swelling similar to AmB (P = 0.1) which was more
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A aAa

HNP1-EGFP
X

3 EGFP

Fig 1. Confirmation of HNP1-EGFP transfection in COS-7 cells by fluorescence microscopy and
western blot analysis. (A) COS-7 transfection confirmation by fluorescent microscopy 48h after transfection.
A-1; Untransfected COS-7, A-2; COS-7 transfected with pcDNA-EGFP, A3; COS-7 transfected with
pcDNA-HNP1-EGFP. (B) Confirmation of EGFP expression by western blot analysis in COS-7 transfected
with pcDNA-HNP1-EGFP and pcDNA-EFGP; lane 1: untransfected COS-7, lane 2: COS-7 transfected with
pcDNA-EFGP, lane 3: COS-7 transfected with pcDNA-HNP1-EFGP.

https://doi.org/10.1371/journal.pntd.0006123.g001

effective than the folded HNP1 (G, P = 0.0031). Furthermore, the parasite burden was per-
formed in homogenized lymph node of five mice in each group by quantitative real time PCR.
As shown in Fig 3B, the treatment with either HNP1 folded peptide or pcDNA-HNP1-EGFP
reduced the parasite load in the lymph node in comparison to the non-treated (G5) group
(P<0.0001) quite in line with the footpad swelling. The pcDNA-HNP1-EGFP treated group
controlled parasite loads better than the folded HNP1 (P = 0.0091) (similar to footpad swell-
ing). However, the AmB treatment was more effective and significantly controlled parasite
propagation in contrast to both G1 (P<0.0001) and G2 (P = 0.001). S2 and S3 Tables summa-
rized the P-values and statistical differences among groups.

Immunotherapy approaches induce Th1 response

Given that the Thl immune response is necessary against Leishmania infection [31], we ana-
lyzed the level of IFN-y, IL-4 and, IL-10 in splenocytes re-stimulated with L. major F/T as the
re-call antigens. Six weeks after infection, five mice from each group were sacrificed and
spleens were dissected and homogenized for different cytokine measurements. As shown in
Fig 4, both therapeutic approaches folded HNP1 (G1) and pcDNA-HNP1-EGFP (G2),
induced high levels of IFN-y, P<0.0001 and low levels of IL-4 (P = 0001 and P = 0002 respec-
tively) compared to the non-treated group (G5). Meanwhile, there was a difference between
G2 and pcDNA-EGFP (G3) groups so far as IFN-y and IL-4 were concerned (P<0001). Higher
IFN-y/IL-4 ratio and lower IL-4 and IL-10 in both the groups demonstrated the Th1 polarized
immune response by these two approaches (G1, G2) while the ratio was too low in G5 and G3
groups.
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Fig 2. Anti promastigote and amastigote effects of folded HNP1. After HNP1 folding by oxido-shuffling method, the leishmaniacidal
effect of folded HNP1 was analyzed (A); the inhibitory effect of folded HNP1 on L. major promastigotes (B); the inhibitory effect of AmB on L.
major promastigotes (C); effective dose of folded HNP1 on infected THP1 with L. major (D); effective dose of AmB on infected THP-1 with L.

major.

https://doi.org/10.1371/journal.pntd.0006123.g002

Comparing the results between the pcDNA-HNP1-EGFP treated group and the folded
HNPI one, it is clear that the pcDNA-HNP1-EGFP treatment induced significantly higher lev-
els of IFN-y/IL-4 and lower levels of IL-4 and IL-10 as shown in Fig 4A, 4B, 4C and 4D. Inter-
estingly, the AmB (G4) similar to G1 and G2 treated groups, produced comparable high levels
of IFN-y and IFN-y/IL-4 and low levels of IL-4 and IL-10 cytokine. In this study, the level of
IL-6 was also analyzed as a pro-inflammatory cytokine. Both folded HNP1 and pcDNA-HN-
P1-EGFP showed significantly lower levels of IL-6 in comparison to the non-treated group
(P<0001). IL-6 level was significantly higher in the AmB treated group compared to the folded
HNP1 (P = 0.0007) and no significant difference was seen in respect to the pcDNA-HN-
P1-EGFP treated group (P = 0.02). IL-6 production in both HNP1 and pcDNA-HNP1 groups
(G1 and G2) were statistically non-significant (P = 0.4). S2 and S3 Tables summarize all P-val-
ues and statistical differences between groups

Decreased arginase activity and increased NO generation in mice
treated with folded HNP1 and pcDNA-HNP1-EGFP

L-Arg is metabolized either by arginase or iNOS based on the signal from the micro-environ-
ment. Th1 milieu promotes the expression of iNOS and NO generation while the Th2
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Fig 3. Footpad swelling measurement and determination of L. major parasite quantification in lymph node of treated and control
groups. Footpad swelling measurement, started one week after challenge, was fulfilled weekly by metric capilar (B) Real time PCR was
performed in 30 ng of DNA (n =5). The G1-G5 represents the results from folded HNP1 (G1), pcDNA-HNP1-EGFP (G2), pcDNA-EGFP (G3),
AmB (G4) and non-treated group (G5), respectively. The stars indicate significant difference and n.s displays not significant.

https://doi.org/10.1371/journal.pntd.0006123.g003

cytokines increase the expression of arginase enzyme [32]. As shown in Fig 5, both the thera-
peutic approaches (G1 and G2) significantly increase the anti-Leishmania nitric oxide level
compared to the non-treated group G5, respectively. This is in line with the increased IFN-y
production and the induced Thl milieu by both the folded HNP1 (G1) and the pcDNA-HN-
P1-EGFP (G2). As expected, arginase activity was inversely reduced in both the treated groups
(G1 and G2) when compared to the non-treated group (P = 0.0006 and P = 0.0002, respec-
tively). Furthermore, there was no significant difference between nitrite production and argi-
nase activity of both the treated groups when compared with each other (P = 0.149 and 0.72
respectively). The same result was observed in both the therapeutic approaches (G1 and G2)
with AmB in nitrite production (P = 0.75 and P = 0.1 respectively) and the arginase activity
was compared to the AmB (P = 0.013 and P = 0.76) treated group, which means that both the
approaches were able to induce Th1 milieu comparable to AmB as a current therapy. Our
results showed that G5 had the highest arginase activity and the G3 group, the lowest NO pro-
duction. S2 and S3 Tables summarize all P-values and statistical differences between groups.

HNP1 treatment leads to partial improved histopathology in BALB/c mice

In this study, histopathological changes were analyzed directly in the inflamed footpad. The
parasite load for each footpad was graded from; Not Seen (NS) to 4(+) as illustrated in Fig 6A
and 6B. The folded HNP1 treated group (G1) was graded from rare to minor the pcDNA-HN-
P1-EGFP (G2) group was graded from not seen to rare in respect to parasite load. These results
were likely for the AmB treated group in parasite load. Instead, the non-treated group (G5)
was graded as severely indicating a remarkable number of parasites (Table 2). Interestingly, in
all the folded HNP1, pcDNA-HNP1-EGFP and AmB treated groups limited inflammation was
present in the injection site in contrast to the diffused inflammation in the non-treated group
(Table 2). Plasma cells (Fig 6C) and immature granuloma (Fig 6D) were only seen in the non-
treated group. Fig 6E and 6F represent in limited and diffused inflammation, respectively.
There was no significant difference in neutrophil infiltration in different groups. In our

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006123 December 18, 2017 10/20


https://doi.org/10.1371/journal.pntd.0006123.g003
https://doi.org/10.1371/journal.pntd.0006123

©O'PLOS

NEGLECTED
TROPICAL DISEASES

HNP1 and immunotherapeutic effect in leishmaniasis

IFN-y (pg/ml)

A , B
I * T n.sl 1% L I
. I nst .80 r
2500- T8l 1 1200+ I T iE i
1000+
20004
E 800+
15004 ~
g 600“ EEEELTE
-t 425555%;
tiy % a0] —
— 7%
500+ 200 —
0 0
G1 G4 G5 Gl G2 G3 G4 G5
C D
204 | ¥ st 1% 300094 \
: *1 * T {* L mn.sl n.st i
-~ I * | n.sl i
T 15-
2 T E 2000 i
3 E:
g_ 10 £
E T 3
L 1 1000+
£ 5 = -
-]
(1] L i 0 I I
G1 G2 G3 G4 G5 G1 G2 G4 G5
E
2500+ L '
' n.sl =1 1*
2000- A T
E. 15004
)
&
‘j 1000+
- T
5004 _
LT
G1 G2 G4 G5

Fig 4. Cytokine production by splenocytes stimulated with F/T L. major antigen in treated and control mice. Five mice per group

were sacrificed and their spleens were dissected and stimulated by F/T antigen in order to measure IFN-y (A), IL-4 (B), IFN-y/IL-4 ratio (C),
IL-10 (D) and IL-6 (E) cytokine production by ELISA system. The G1-G5 represents the results from folded HNP1 (G1),
pcDNA-HNP1-EGFP (G2), pcDNA-EGFP (G3), AmB (G4) and non-treated group (G5), respectively. The star represents significant
difference and n.s illustrates not significant.

https://doi.org/10.1371/journal.pntd.0006123.g004

experiment, the major histopathological alteration was related to the G5 group and after that,
the G3 group regarding highest parasite load and diffused inflammation. Table 2 summarizes
all histopathological changes observed in different treated and control groups.
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Fig 5. Evaluation of arginase activity and NO production in mice treated with different HNP1 modalities. Arginase activity (mU/ml)
and nitrite production were determined in footpad and spleen (n = 5), respectively. Arginase activity (A) was performed by micro method test
and NO (B) was fulfilled by Griess test. In both tests, the G1-G5 represents the results from folded HNP1 (G1), pcDNA-HNP1-EGFP (G2),
pcDNA-EGFP (G3), AmB (G4) and non-treated group (G5), respectively. The star displays significant difference and n.s indicates not
significant.

https://doi.org/10.1371/journal.pntd.0006123.g005

Discussion

Despite several efforts for providing a proper vaccine against leishmaniasis, there is no
approved vaccine for humans yet [33]. At the moment, the only approach for parasite control
is chemotherapy [8]. Increased antibiotic resistance and high toxicity to first and second line
drugs have forced the use of more effective drugs with less toxicity. Besides, some of drugs
such as miltefosin are limited because they are not cost effective [31,34]. Various study showed
the role of Th1 response in leishmaniasis recovery, so the researchers have applied the immu-
nomodulators and effective cytokines to boost immune response for leishmaniasis healing
[33,35]. Several pieces of evidence demonstrated the role of defensins, particularly HNP1, in
innate (as an alarmin molecule) and adoptive immunity (i.e. increase of dendritic cell matura-
tion) [36,37], but there are a few reports of antimicrobial peptide effects on Leishmania spp
[4].

In this study, we aimed to evaluate the therapeutic effect of HNP1 as an antimicrobial pep-
tide with immunoregulation potential and direct killing activities. To this end, the synthetic
HNP1 was compared to the AmB as current therapy and also the pcDNA expressing system.
HNPI is a 30- amino-acid-long peptide which is fully active when properly folded by covalent
bindings between cysteine. So, folding is the pre-requisite of HNP1 action produced syntheti-
cally or in recombinant form. Here, we used the oxido-shuffling (the suitable method for fold-
ing of cysteine rich peptides) and analyzed the in vitro killing activity against Leishmania
parasite (both promastigote and amastigote) before starting the treatment in mice. The in vivo
concentration of AmB for parasite killing was higher than in vitro leishmaniacidal effect of
amphotericin B. It may have caused the in vitro killing of AmB limited to resident infected
macrophages, while in vivo leishmaniacidal effect of AmB depends on Th1 cell type network
[38]. In different studies, AmB is used in combination with immunomodulators such as HNP1
and IL-12 in candidiasis and visceral leishmaniasis, respectively [38,39]. Murray et al. showed
that the killing effect of AmB is 7.5-fold more when combined with IL-12 against visceral leish-
maniasis in mice model [38]. Here, we showed similar action for the two HNP1 approaches
and they are almost similar to the AmB but not for the lymph node parasite load. Opposite the
highlighted role of the AmB in free radical production resulted in autoxidation and binding to
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Fig 6. Histopathological changes in different mice groups. Histopathological changes were analyzed directly on the infected footpads (A
and B) Presence of parasites in the footpad lesion which represent; A: No parasite, B: parasite 4(+) (C) Presence of plasma cell in non-treated
group (G5) (D) Immature granuloma reaction. Inflammation assessment (E): restricted area inflammation in treated group with HNP-1 and (F):
diffuse inflammation in non-treated group was observed. (H&E, 400 HPF for Fig A, B, C. 250 for Fig D and 40 for Fig E and F).

https://doi.org/10.1371/journal.pntd.0006123.g006
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Table 2. Dermal changes in the infected footpad of BALB/c mice in treated and control groups.

Group Parasite Plasma cell Granuloma Inflammation
G1-1 N.S * - - 0-1 (limited)
G1-2 2(+) - - 0-1 (limited)
G2-1 N.S - - 0-1 (limited)
G2-2 1(+) - - 1-2 (limited)
G3-1 2(+) - - 2(+) (limited)
G3-2 2(+) - - 3(+) (diffuse)
G4-1 2(+) - - 2(+) (limited)
G4-2 2(+) - 1G** 2(+) (limited)
G5-1 4(+) IG 4(+) (diffuse)
G5-2 4(+) + IG 4(+) (diffuse

Two mice were euthanized at six weeks post infection and their lesions were fixed in formalin for histopathological analysis. G1: folded HNP1, G2:
pcDNA-HNP-EGFP, G3: pcDNA-EGFP, G4: AmB, G5: non-treated.

*N.S: Not Seen

**|G: Immature Granuloma

https://doi.org/10.1371/journal.pntd.0006123.t002

sterol and pore formation [40,41], the immunoregulation of HNP1 as an AMP member is
highlighted [10]. Meanwhile, some studies described that the in vitro MIC (minimum inhibi-
tory concentration) of the AMP against microbes are higher than the effective concentrations
found in vivo [9]. However, we showed that the in vitro and in vivo doses of HNP1 on L. major
parasites were almost equal. Although this peptide has anti-protease activity, there is little
knowledge about it [42]. Besides, the folding process is very difficult and providing the folded
peptide is not cost effective. Here, to further explore more applicable options, the DNA
expressing HNP1 as an immunotherapeutic vaccine was used concurrently with the folded
HNPI.

It is worth mentioning that we used pcDNA as a therapeutic tool due to safety, easy produc-
tion with high purity, non-replication and prolonged expression of encoded gene. DNA-based
vaccines have been considered as impressive remedial procedures for malignancies [43,44].
Besides, these vectors contain CpG motifs as adjuvant that induces Toll-like receptor (TLR-9)
[45]. Unlike common adjuvants (oil based) which can elicit Th2 response, CpG oligodeoxy
nucleotide (ODN) can elicit mostly Th1 response by generating IgG2a and IFN-v in spleno-
cytes, [46-49]. This plasmid can enter the APC and stimulate the CTL response as well as the
Th1 response. Furthermore, multiple plasmid DNA administrations do not stimulate anti-
plasmid autoimmunity, so multiple delivery is well tolerated [50]. The induced immunity by
pcDNA-HNP1-EGFP showed that this approach can stimulate Th1 immune response like the
folded HNP1 with higher IFN-y and IFN-y/IL-4 and even it was better than the AmB in IFN-y
production and the IFN-y/IL4 ratio. This result is in agreement with other reports in LL-37/
hCAP18 which said gene delivery has more effect compared to synthetic peptide [51,52].
Jacobsen et al. showed that hCAP-18/LL-37 adenoviral delivery in infection due to P. aurogo-
nisa after burn wounds could be up to 1,000-fold stronger compared to the therapeutic effect
of synthetic LL-37 peptide [51]. Besides, in their last studies, they concluded that EGFP cannot
stimulate immune response and it is seen that this response is related to pcDNA [53].

Our in vivo results showed that both the approaches effectively reduced the parasite load
much more than the non-treated group. However, it is more pronounced in pcDNA-HN-
P1-EGFP compared to the folded HNP-1. Our data illustrated that, the folded HNP1 and the
pcDNA-HNP1-EGFP can induce IFN-y and nitric oxide generation as a credible Thl immune
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response in comparison to the non-treated group. It is completely clear that the killing of Leish-
mania parasite was not only dependent on superoxide but also NO, production which was gen-
erated by M1 macrophages [54,55]. In this experiment, decrease of parasite load associated with
IFN-y and NO generation (as cellular immune response) can help heal leishmaniasis[56]. Our
results, showed that the highest arginase activity and IL-4 and IL-10 production was in the non-
treated group compared to other groups. In various infectious, diseases such as leishmaniasis,
trypanosomiasis and viral infection, are concordance with IL-4 as well as IL-10 production (as
Th2 cytokines) and L-Arg increased catabolism in M2 macrophages [57,58]. The IFN-y/IL-4
ratios in folded HNP1 and pcDNA-HNP1-EGFP were manifold higher than the non-treated
group. Our findings are in agreement with other studies describing the IL-4 production driven
Th2 response which has been demonstrated to facilitate non-healing response [59,60].

The severity of cutaneous leishmaniasis depends on the rate of parasite load and the diffused
inflammatory reaction at the site of infection. So, tissue pathology is an important evaluation
in order to precisely determine the effect of therapy on the infected site. BALB/c mice are very
susceptible where widespread damage, inflammation and parasite replication are commonly
observed. In our study, the visualization of high rate of parasites was associated with the unorga-
nized granuloma and plasma cell observation only in the non-treated group. This reflected
uncontrolled (diffuse) inflammation in contrast to limited and controlled inflammation in all
the treated groups (G1, G2 and G4) [61,62]. These results are in tandem with other studies. This
implies that immature granuloma was seen in patients whose CL initial diagnosis without ther-
apy and with immature granuloma was directly detected with parasite load [62]. In the non-
treated group, plasma cell infiltration and immature granuloma are the reflection of the Th2
response. This is consistent with the high rates of parasites (G3 and G5). On the contrary, the
limited inflammation as well as the low level of parasite, and the lack of plasma cell can antici-
pate Th1 response and parasite elimination as seen in G1, G2 and G4 [62]. In both the HNP1
formulation, there were decreased parasite and inflammation in pathological analysis similar to
the AmB treated group. Furthermore, the investigation revealed low rate of IL-6 production in
both HNP1 formulations compared to the non-treated group. IL-6 is an important pleiotropic
cytokine in the expansion of Th1 or Th2 immune response [63]. IL-6 activity at a low level is
essential to balance both Th17 and Treg functions [64]. In the AmB treated group, increased
footpad inflammation was consistent with the IL-6 level. Anyway, the highest rate of inflamma-
tion in the non-treated group correlated well with the highest IL-6 level in this group.

Nowadays, it is clear that immunotherapies have emerged as a powerful treatment option
in different clinical manifestations such as cancer in two fundamental aspects such as long
term immunity against tumor and to prevent cancer recurrence [65]. Nevertheless, immuno-
therapy is a new term for neglected diseases such as leishmaniasis. It is necessary to re-evaluate
the chemotherapy approaches and combine this approach with other immunotherapeutic
approaches such as antimicrobial peptides. Despite the hallmark characteristics of antimicro-
bial peptides, there are few in vivo experiments about the effect of antimicrobial peptides on
leishmaniasis [4]. In this study, we showed that in both treatment modalities by HNP1, the
Th1 response potentially controls the infection compared to the non-treated group, despite
parasite match with AmB. HNP1, as an immune-enhancer, can probably lower the effective
dose of AmB by raising the potential immune response. The folding of this peptide is a hard
task to achieve, researchers have examined the truncated analogs without disulfide bonds
which can raise the potential of HNP1 for therapeutic application [66]. Besides, some studies
presented a combinatory gene therapy, which stimulated synergistic effect by activating several
pathways of the immune system. This could be considered in further experiments [67-69]. In
our study, the pcDNA-HNP1-EGFP was a potential contributor to the combinatorial therapy
with AmB.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006123 December 18, 2017 15/20


https://doi.org/10.1371/journal.pntd.0006123

@' PLOS NEGLECTED
2] ’ TROPICAL DISEASES HNP1 and immunotherapeutic effect in leishmaniasis

Supporting information

S1 Table. Antibacterial activity of folded HNP1 peptide as compared to its unfolded form.
The ratio is represented of unfolded to folded HNP1 activity against E. coli.
(DOCX)

S2 Table. P values differences of clinical and immunological tests between G1 and other
groups.
(DOCX)

S3 Table. P values differences of clinical and immunological tests between G2 and other
groups.
(DOCX)

S1 Fig. The purity degree of commercialized HNP1 synthesis.
(TIF)

S2 Fig. In vivo dose determination of folded HNP1 in different concentration.
(TIF)
Acknowledgments

We thank Dr. Majid Golkar (Molecular Parasitology Laboratory, Department of Parasitology,
Pasteur Institute of Iran) for helpful advice in peptide folding, and Mr. Alizadeh (Departmant
of immunotherapy and Leishmania vaccine research, Pasteur institute of Iran) for his technical
assistance.

Author Contributions

Conceptualization: Sima Rafati.

Formal analysis: Alireza Badirzadeh, Safoora Gharibzadeh.
Funding acquisition: Sima Rafati.

Investigation: Zahra Abdossamadi, Farnaz Zahedifard, Tahereh Taheri, Mohammad Vasei,
Sima Rafati.

Methodology: Zahra Abdossamadi, Farnaz Zahedifard, Tahereh Taheri, Yasaman Taslimi,
Hossein Montakhab-Yeganeh, Alireza Badirzadeh, Mohammad Vasei.

Project administration: Negar Seyed, Sima Rafati.

Software: Tahereh Taheri.

Supervision: Sima Rafati.

Validation: Zahra Abdossamadi, Farnaz Zahedifard, Safoora Gharibzadeh, Sima Rafati.
Writing - original draft: Zahra Abdossamadi.

Writing - review & editing: Negar Seyed, Sima Rafati.

References

1. Bethony JM, Cole RN, Guo X, Kamhawi S, Lightowlers MW, et al. (2011) Vaccines to combat the
neglected tropical diseases. Immunol Rev 239: 237-270. https://doi.org/10.1111/j.1600-065X.2010.
00976.x PMID: 21198676

2. Rafati S, Modabber F (2014) Cutaneous Leishmaniasis in Middle East and North Africa. Neglected
Tropical Diseases-Middle East and North Africa: Springer. pp. 117-139.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006123 December 18, 2017 16/20


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006123.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006123.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006123.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006123.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0006123.s005
https://doi.org/10.1111/j.1600-065X.2010.00976.x
https://doi.org/10.1111/j.1600-065X.2010.00976.x
http://www.ncbi.nlm.nih.gov/pubmed/21198676
https://doi.org/10.1371/journal.pntd.0006123

@ PLOS | TRSHEA Biseases

HNP1 and immunotherapeutic effect in leishmaniasis

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Zandieh M, Kashi T, Taheri T, Zahedifard F, Taslimi Y, et al. (2015) Assessment of protection induced
by DNA and live vaccine encoding Leishmania MHC class | restricted epitopes against L. major chal-
lenge in Balb/c mice model. Journal of Microbial & Biochemical Technology 2015.

Abdossamadi Z, Seyed N, Rafati S (2016) Mammalian host defense peptides and their implication on
combating Leishmania infection. Cell Immunol 309: 23-31. https://doi.org/10.1016/j.cellimm.2016.10.
001 PMID: 27729107

Musa AM, Noazin S, Khalil EA, Modabber F (2010) Immunological stimulation for the treatment of leish-
maniasis: a modality worthy of serious consideration. Trans R Soc Trop Med Hyg 104: 1-2. https://doi.
org/10.1016/j.trstmh.2009.07.026 PMID: 19712953

Lynn MA, Kindrachuk J, Marr AK, Jenssen H, Pante N, et al. (2011) Effect of BMAP-28 antimicrobial
peptides on Leishmania major promastigote and amastigote growth: role of leishmanolysin in parasite
survival. PLoS Negl Trop Dis 5: e1141. https://doi.org/10.1371/journal.pntd.0001141 PMID: 21655347

Mohapatra S (2014) Drug resistance in leishmaniasis: Newer developments. Trop Parasitol 4:4-9.
https://doi.org/10.4103/2229-5070.129142 PMID: 24754020

Légaré D, Ouellette M (2014) Drug Resistance in Leishmania.

Lai Y, Gallo RL (2009) AMPed up immunity: how antimicrobial peptides have multiple roles in immune
defense. Trends in immunology 30: 131-141. hitps://doi.org/10.1016/;.it.2008.12.003 PMID: 19217824

Lewies A, Wentzel JF, Jacobs G, Du Plessis LH (2015) The potential use of natural and structural ana-
logues of antimicrobial peptides in the fight against neglected tropical diseases. Molecules 20: 15392—
15433. https://doi.org/10.3390/molecules200815392 PMID: 26305243

Torrent M, Pulido D, Rivas L, Andreu D (2012) Antimicrobial peptide action on parasites. Current drug
targets 13: 1138-1147. PMID: 22664071

Kulkarni MM, McMaster WR, Kamysz E, Kamysz W, Engman DM, et al. (2006) The major surface-
metalloprotease of the parasitic protozoan, Leishmania, protects against antimicrobial peptide-induced
apoptotic killing. Molecular microbiology 62: 1484-1497. https://doi.org/10.1111/j.1365-2958.2006.
05459.x PMID: 17074074

Dutta P, Das S (2016) Mammalian antimicrobial peptides: promising therapeutic targets against infec-
tion and chronic inflammation. Current topics in medicinal chemistry 16: 99—129. PMID: 26139111

DongH, Lv Y, Zhao D, Barrow P, Zhou X (2016) Defensins: The Case for Their Use against Mycobacte-
rial Infections. J Immunol Res 2016: 7515687. https://doi.org/10.1155/2016/7515687 PMID: 27725944

Dabirian S, Taslimi Y, Zahedifard F, Gholami E, Doustdari F, et al. (2013) Human neutrophil peptide-1
(HNP-1): a new anti-leishmanial drug candidate. PLoS Negl Trop Dis 7: €2491. https://doi.org/10.1371/
journal.pntd.0002491 PMID: 24147170

Suarez-Carmona M, Hubert P, Delvenne P, Herfs M (2015) Defensins: "Simple" antimicrobial peptides
or broad-spectrum molecules? Cytokine Growth Factor Rev 26: 361-370. https://doi.org/10.1016/j.
cytogfr.2014.12.005 PMID: 25578522

Wang G, Li X, Wang Z (2009) APD2: the updated antimicrobial peptide database and its application in
peptide design. Nucleic Acids Res 37: D933-937. https://doi.org/10.1093/nar/gkn823 PMID: 18957441

Alba A, Lopez-Abarrategui C, Otero-Gonzalez AJ (2012) Host defense peptides: an alternative as anti-
infective and immunomodulatory therapeutics. Biopolymers 98: 251-267. PMID: 23193590

Mansour SC, Pena OM, Hancock RE (2014) Host defense peptides: front-line immunomodulators.
Trends Immunol 35: 443-450. https://doi.org/10.1016/}.it.2014.07.004 PMID: 25113635

Bolhassani A, Zahedifard F, Taghikhani M, Rafati S (2008) Enhanced immunogenicity of HPV16E7
accompanied by Gp96 as an adjuvant in two vaccination strategies. Vaccine 26: 3362—3370. https://
doi.org/10.1016/j.vaccine.2008.03.082 PMID: 18471945

Allahyari M, Mohabati R, Babaie J, Amiri S, Siavashani ZJ, et al. (2015) Production of in-vitro refolded
and highly antigenic SAG1 for development of a sensitive and specific Toxoplasma IgG ELISA. J Immu-
nol Methods 416: 157—166. https://doi.org/10.1016/}.jim.2014.11.012 PMID: 25437069

Pazgier M, Lubkowski J (2006) Expression and purification of recombinant human alpha-defensins in
Escherichia coli. Protein Expr Purif 49: 1-8. https://doi.org/10.1016/j.pep.2006.05.004 PMID:
16839776

Dutta A, Bandyopadhyay S, Mandal C, Chatterjee M (2005) Development of a modified MTT assay for
screening antimonial resistant field isolates of Indian visceral leishmaniasis. Parasitol Int 54: 119-122.
https://doi.org/10.1016/j.parint.2005.01.001 PMID: 15866473

Heidari-Kharaji M, Taheri T, Doroud D, Habibzadeh S, Badirzadeh A, et al. (2016) Enhanced paromo-
mycin efficacy by solid lipid nanoparticle formulation against Leishmania in mice model. Parasite immu-
nology 38: 599-608. https://doi.org/10.1111/pim.12340 PMID: 27213964

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006123 December 18, 2017 17/20


https://doi.org/10.1016/j.cellimm.2016.10.001
https://doi.org/10.1016/j.cellimm.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27729107
https://doi.org/10.1016/j.trstmh.2009.07.026
https://doi.org/10.1016/j.trstmh.2009.07.026
http://www.ncbi.nlm.nih.gov/pubmed/19712953
https://doi.org/10.1371/journal.pntd.0001141
http://www.ncbi.nlm.nih.gov/pubmed/21655347
https://doi.org/10.4103/2229-5070.129142
http://www.ncbi.nlm.nih.gov/pubmed/24754020
https://doi.org/10.1016/j.it.2008.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19217824
https://doi.org/10.3390/molecules200815392
http://www.ncbi.nlm.nih.gov/pubmed/26305243
http://www.ncbi.nlm.nih.gov/pubmed/22664071
https://doi.org/10.1111/j.1365-2958.2006.05459.x
https://doi.org/10.1111/j.1365-2958.2006.05459.x
http://www.ncbi.nlm.nih.gov/pubmed/17074074
http://www.ncbi.nlm.nih.gov/pubmed/26139111
https://doi.org/10.1155/2016/7515687
http://www.ncbi.nlm.nih.gov/pubmed/27725944
https://doi.org/10.1371/journal.pntd.0002491
https://doi.org/10.1371/journal.pntd.0002491
http://www.ncbi.nlm.nih.gov/pubmed/24147170
https://doi.org/10.1016/j.cytogfr.2014.12.005
https://doi.org/10.1016/j.cytogfr.2014.12.005
http://www.ncbi.nlm.nih.gov/pubmed/25578522
https://doi.org/10.1093/nar/gkn823
http://www.ncbi.nlm.nih.gov/pubmed/18957441
http://www.ncbi.nlm.nih.gov/pubmed/23193590
https://doi.org/10.1016/j.it.2014.07.004
http://www.ncbi.nlm.nih.gov/pubmed/25113635
https://doi.org/10.1016/j.vaccine.2008.03.082
https://doi.org/10.1016/j.vaccine.2008.03.082
http://www.ncbi.nlm.nih.gov/pubmed/18471945
https://doi.org/10.1016/j.jim.2014.11.012
http://www.ncbi.nlm.nih.gov/pubmed/25437069
https://doi.org/10.1016/j.pep.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16839776
https://doi.org/10.1016/j.parint.2005.01.001
http://www.ncbi.nlm.nih.gov/pubmed/15866473
https://doi.org/10.1111/pim.12340
http://www.ncbi.nlm.nih.gov/pubmed/27213964
https://doi.org/10.1371/journal.pntd.0006123

@ PLOS | TRSHEA Biseases

HNP1 and immunotherapeutic effect in leishmaniasis

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

Saljoughian N, Taheri T, Zahedifard F, Taslimi Y, Doustdari F, et al. (2013) Development of novel
prime-boost strategies based on a tri-gene fusion recombinant L. tarentolae vaccine against experimen-
tal murine visceral leishmaniasis. PLoS Negl Trop Dis 7: e2174. https://doi.org/10.1371/journal.pntd.
0002174 PMID: 23638195

Lachaud L, Marchergui-Hammami S, Chabbert E, Dereure J, Dedet JP, et al. (2002) Comparison of six
PCR methods using peripheral blood for detection of canine visceral leishmaniasis. Journal of Clinical
Microbiology 40: 210-215. https://doi.org/10.1128/JCM.40.1.210-215.2002 PMID: 11773118

Takele Y, Abebe T, Weldegebreal T, Hailu A, Hailu W, et al. (2013) Arginase activity in the blood of
patients with visceral leishmaniasis and HIV infection. PLoS Negl Trop Dis 7: e1977. https://doi.org/10.
1371/journal.pntd.0001977 PMID: 23349999

Badirzadeh A, Taheri T, Taslimi Y, Abdossamadi Z, Heidari-Kharaji M, et al. (2017) Arginase activity in
pathogenic and non-pathogenic species of Leishmania parasites. PLOS Neglected Tropical Diseases
11: e0005774. https://doi.org/10.1371/journal.pntd.0005774 PMID: 28708893

Badirzadeh A, Taheri T, Abedi-Astaneh F, Taslimi Y, Abdossamadi Z, et al. (2017) Arginase activity of
Leishmania isolated from patients with cutaneous leishmaniasis. Parasite Immunology.

Sadeghi S, Seyed N, Etemadzadeh M- H, Abediankenari S, Rafati S, et al. (2015) In vitro infectivity
assessment by drug susceptibility comparison of recombinant Leishmania major expressing enhanced
green fluorescent protein or EGFP-luciferase fused genes with wild-type parasite. The Korean journal
of parasitology 53: 385. https://doi.org/10.3347/kjp.2015.53.4.385 PMID: 26323836

Kedzierski L, Evans KJ (2014) Immune responses during cutaneous and visceral leishmaniasis. Parasi-
tology: 1-19.

Wanasen N, Soong L (2008) L-arginine metabolism and its impact on host immunity against Leishmania
infection. Immunologic research 41: 15-25. https://doi.org/10.1007/s12026-007-8012-y PMID:
18040886

Okwor |, Uzonna JE (2009) Immunotherapy as a strategy for treatment of leishmaniasis: a review of the
literature. Immunotherapy 1: 765—776. https://doi.org/10.2217/imt.09.40 PMID: 20636022

Perea A, Manzano JI, Castanys S, Gamarro F (2016) The LABCG2 transporter from the protozoan par-
asite Leishmania is involved in antimony resistance. Antimicrobial agents and chemotherapy 60: 3489—
3496. https://doi.org/10.1128/AAC.02813-15 PMID: 27021316

Taslimi Y, Zahedifard F, Rafati S (2016) Leishmaniasis and various immunotherapeutic approaches.
Parasitology: 1-11.

Grigat J, Soruri A, Forssmann U, Riggert J, Zwirner J (2007) Chemoattraction of macrophages, T lym-
phocytes, and mast cells is evolutionarily conserved within the human alpha-defensin family. J Immunol
179: 3958-3965. PMID: 17785833

Martin L, van Meegern A, Doemming S, Schuerholz T (2015) Antimicrobial Peptides in Human Sepsis.
Front Immunol 6: 404. https://doi.org/10.3389/fimmu.2015.00404 PMID: 26347737

Murray HW, Brooks EB, DeVecchio JL, Heinzel FP (2003) Immunoenhancement combined with
amphotericin B as treatment for experimental visceral leishmaniasis. Antimicrobial agents and chemo-
therapy 47:2513-2517. https://doi.org/10.1128/AAC.47.8.2513-2517.2003 PMID: 12878513

Tanida T, Okamoto T, Ueta E, Yamamoto T, Osaki T (2005) Antimicrobial peptides enhance the candi-
dacidal activity of antifungal drugs by promoting the efflux of ATP from Candida cells. Journal of Antimi-
crobial Chemotherapy 57: 94—103. https://doi.org/10.1093/jac/dki402 PMID: 16291868

Paila YD, Saha B, Chattopadhyay A (2010) Amphotericin B inhibits entry of Leishmania donovani into
primary macrophages. Biochemical and biophysical research communications 399: 429-433. https://
doi.org/10.1016/j.bbrc.2010.07.099 PMID: 20678487

Purkait B, Kumar A, Nandi N, Sardar AH, Das S, et al. (2012) Mechanism of amphotericin B resistance
in clinical isolates of Leishmania donovani. Antimicrobial agents and chemotherapy 56: 1031-1041.
https://doi.org/10.1128/AAC.00030-11 PMID: 22123699

Selsted ME, Harwig SS, Ganz T, Schilling JW, Lehrer RI (1985) Primary structures of three human neu-
trophil defensins. J Clin Invest 76: 1436—1439. https://doi.org/10.1172/JCI112121 PMID: 4056036

Gurunathan S, Klinman DM, Seder RA (2000) DNA vaccines: immunology, application, and optimiza-
tion*. Annu Rev Immunol 18: 927-974. https://doi.org/10.1146/annurev.immunol.18.1.927 PMID:
10837079

Khallouf H, Grabowska AK, Riemer AB (2014) Therapeutic Vaccine Strategies against Human Papillo-
mavirus. Vaccines (Basel) 2: 422—-462.

Shirota H, Klinman DM (2014) Recent progress concerning CpG DNA and its use as a vaccine adju-
vant. Expert Rev Vaccines 13:299-312. https://doi.org/10.1586/14760584.2014.863715 PMID:
24308579

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006123 December 18, 2017 18/20


https://doi.org/10.1371/journal.pntd.0002174
https://doi.org/10.1371/journal.pntd.0002174
http://www.ncbi.nlm.nih.gov/pubmed/23638195
https://doi.org/10.1128/JCM.40.1.210-215.2002
http://www.ncbi.nlm.nih.gov/pubmed/11773118
https://doi.org/10.1371/journal.pntd.0001977
https://doi.org/10.1371/journal.pntd.0001977
http://www.ncbi.nlm.nih.gov/pubmed/23349999
https://doi.org/10.1371/journal.pntd.0005774
http://www.ncbi.nlm.nih.gov/pubmed/28708893
https://doi.org/10.3347/kjp.2015.53.4.385
http://www.ncbi.nlm.nih.gov/pubmed/26323836
https://doi.org/10.1007/s12026-007-8012-y
http://www.ncbi.nlm.nih.gov/pubmed/18040886
https://doi.org/10.2217/imt.09.40
http://www.ncbi.nlm.nih.gov/pubmed/20636022
https://doi.org/10.1128/AAC.02813-15
http://www.ncbi.nlm.nih.gov/pubmed/27021316
http://www.ncbi.nlm.nih.gov/pubmed/17785833
https://doi.org/10.3389/fimmu.2015.00404
http://www.ncbi.nlm.nih.gov/pubmed/26347737
https://doi.org/10.1128/AAC.47.8.2513-2517.2003
http://www.ncbi.nlm.nih.gov/pubmed/12878513
https://doi.org/10.1093/jac/dki402
http://www.ncbi.nlm.nih.gov/pubmed/16291868
https://doi.org/10.1016/j.bbrc.2010.07.099
https://doi.org/10.1016/j.bbrc.2010.07.099
http://www.ncbi.nlm.nih.gov/pubmed/20678487
https://doi.org/10.1128/AAC.00030-11
http://www.ncbi.nlm.nih.gov/pubmed/22123699
https://doi.org/10.1172/JCI112121
http://www.ncbi.nlm.nih.gov/pubmed/4056036
https://doi.org/10.1146/annurev.immunol.18.1.927
http://www.ncbi.nlm.nih.gov/pubmed/10837079
https://doi.org/10.1586/14760584.2014.863715
http://www.ncbi.nlm.nih.gov/pubmed/24308579
https://doi.org/10.1371/journal.pntd.0006123

@ PLOS | TRSHEA Biseases

HNP1 and immunotherapeutic effect in leishmaniasis

46.

47.

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Chu RS, Targoni OS, Krieg AM, Lehmann PV, Harding CV (1997) CpG oligodeoxynucleotides act as
adjuvants that switch on T helper 1 (Th1) immunity. The Journal of experimental medicine 186: 1623—
1631. PMID: 9362523

loannou X, Gomis S, Karvonen B, Hecker R, Babiuk L (2002) CpG-containing oligodeoxynucleotides, in
combination with conventional adjuvants, enhance the magnitude and change the bias of the immune
responses to a herpesvirus glycoprotein. Vaccine 21: 127-137. PMID: 12443671

loannou XP, Griebel P, Hecker R, Babiuk LA, van Drunen Littel-van den Hurk S (2002) The immunoge-
nicity and protective efficacy of bovine herpesvirus 1 glycoprotein D plus Emulsigen are increased by
formulation with CpG oligodeoxynucleotides. J Virol 76: 9002-9010. https://doi.org/10.1128/JV1.76.18.
9002-9010.2002 PMID: 12186884

Lau YE, Bowdish DM, Cosseau C, Hancock RE, Davidson DJ (2006) Apoptosis of airway epithelial
cells: human serum sensitive induction by the cathelicidin LL-37. Am J Respir Cell Mol Biol 34: 399—
409. https://doi.org/10.1165/rcmb.2005-01700C PMID: 16340000

Klinman DM, Takeshita F, Kamstrup S, Takeshita S, Ishii K, et al. (2000) DNA vaccines: capacity to
induce auto-immunity and tolerance. Dev Biol (Basel) 104: 45-51.

Jacobsen F, Mittler D, Hirsch T, Gerhards A, Lehnhardt M, et al. (2005) Transient cutaneous adenoviral
gene therapy with human host defense peptide hCAP-18/LL-37 is effective for the treatment of burn
wound infections. Gene therapy 12: 1494—1502. https://doi.org/10.1038/sj.gt.3302568 PMID:
15973442

Steinstraesser L, Lam MC, Jacobsen F, Porporato PE, Chereddy KK, et al. (2014) Skin electroporation
of a plasmid encoding hCAP-18/LL-37 host defense peptide promotes wound healing. Molecular Ther-
apy 22:734-742. https://doi.org/10.1038/mt.2013.258 PMID: 24394186

Seif S, Kazemi F, Gholami E, Seyed N, Taslimi Y, et al. (2016) EGFP reporter protein: its immunogenic-
ity in Leishmania-infected BALB/c mice. Applied microbiology and biotechnology 100: 3923-3934.
https://doi.org/10.1007/s00253-015-7201-1 PMID: 26685673

Assreuy J, Cunha FQ, Epperlein M, Noronha-Dutra A, O’Donnell CA, et al. (1994) Production of nitric
oxide and superoxide by activated macrophages and killing of Leishmania major. Eur J Immunol 24:
672-676. https://doi.org/10.1002/eji. 1830240328 PMID: 8125136

Horta MF, Mendes BP, Roma EH, Noronha FS, Macedo JP, et al. (2012) Reactive oxygen species and
nitric oxide in cutaneous leishmaniasis. J Parasitol Res 2012: 203818. https://doi.org/10.1155/2012/
203818 PMID: 22570765

Alexander J, Bryson K (2005) T helper (h) 1/Th2 and Leishmania: paradox rather than paradigm. Immu-
nology letters 99: 17-28. https://doi.org/10.1016/j.imlet.2005.01.009 PMID: 15894106

Munder M (2009) Arginase: an emerging key player in the mammalian immune system. Br J Pharmacol
158: 638—651. https://doi.org/10.1111/1.1476-5381.2009.00291.x PMID: 19764983

Das A, Hoare M, Davies N, Lopes AR, Dunn C, et al. (2008) Functional skewing of the global CD8 T cell
population in chronic hepatitis B virus infection. J Exp Med 205: 2111-2124. https://doi.org/10.1084/
jem.20072076 PMID: 18695005

Hurdayal R, Brombacher F (2014) The role of IL-4 and IL-13 in cutaneous Leishmaniasis. Immunology
letters 161: 179-183. https://doi.org/10.1016/j.imlet.2013.12.022 PMID: 24412597

Lazarski CA, Ford J, Katzman SD, Rosenberg AF, Fowell DJ (2013) IL-4 attenuates Th1-associated
chemokine expression and Th1 trafficking to inflamed tissues and limits pathogen clearance. PloS one
8: €71949. https://doi.org/10.1371/journal.pone.0071949 PMID: 23991011

Nylén S, Eidsmo L (2012) Tissue damage and immunity in cutaneous leishmaniasis. Parasite immunol-
ogy 34:551-561. https://doi.org/10.1111/pim.12007 PMID: 23009296

Safaei A, Motazedian MH, Vasei M (2002) Polymerase chain reaction for diagnosis of cutaneous leish-
maniasis in histologically positive, suspicious and negative skin biopsies. Dermatology 205: 18—24.
PMID: 12145429

Rogers KA, DeKrey GK, Mbow ML, Gillespie RD, Brodskyn ClI, et al. (2002) Type 1 and type 2
responses to Leishmania major. FEMS microbiology letters 209: 1—7. PMID: 12007646

Kimura A, Kishimoto T (2010) IL-6: Regulator of Treg/Th17 balance. European journal of immunology
40: 1830-1835. https://doi.org/10.1002/eji.201040391 PMID: 20583029

Holay N, Kim Y, Lee P, Gujar S (2017) Sharpening the Edge for Precision Cancer Immunotherapy: Tar-
geting Tumor Antigens through Oncolytic Vaccines. Frontiers in Immunology 8: 800. https://doi.org/10.
3389/fimmu.2017.00800 PMID: 28751892

Lundy FT, Nelson J, Lockhart D, Greer B, Harriott P, et al. (2008) Antimicrobial activity of truncated a-
defensin (human neutrophil peptide (HNP)-1) analogues without disulphide bridges. Molecular immu-
nology 45: 190-193. https://doi.org/10.1016/j.molimm.2007.04.018 PMID: 17548109

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006123 December 18, 2017 19/20


http://www.ncbi.nlm.nih.gov/pubmed/9362523
http://www.ncbi.nlm.nih.gov/pubmed/12443671
https://doi.org/10.1128/JVI.76.18.9002-9010.2002
https://doi.org/10.1128/JVI.76.18.9002-9010.2002
http://www.ncbi.nlm.nih.gov/pubmed/12186884
https://doi.org/10.1165/rcmb.2005-0170OC
http://www.ncbi.nlm.nih.gov/pubmed/16340000
https://doi.org/10.1038/sj.gt.3302568
http://www.ncbi.nlm.nih.gov/pubmed/15973442
https://doi.org/10.1038/mt.2013.258
http://www.ncbi.nlm.nih.gov/pubmed/24394186
https://doi.org/10.1007/s00253-015-7201-1
http://www.ncbi.nlm.nih.gov/pubmed/26685673
https://doi.org/10.1002/eji.1830240328
http://www.ncbi.nlm.nih.gov/pubmed/8125136
https://doi.org/10.1155/2012/203818
https://doi.org/10.1155/2012/203818
http://www.ncbi.nlm.nih.gov/pubmed/22570765
https://doi.org/10.1016/j.imlet.2005.01.009
http://www.ncbi.nlm.nih.gov/pubmed/15894106
https://doi.org/10.1111/j.1476-5381.2009.00291.x
http://www.ncbi.nlm.nih.gov/pubmed/19764983
https://doi.org/10.1084/jem.20072076
https://doi.org/10.1084/jem.20072076
http://www.ncbi.nlm.nih.gov/pubmed/18695005
https://doi.org/10.1016/j.imlet.2013.12.022
http://www.ncbi.nlm.nih.gov/pubmed/24412597
https://doi.org/10.1371/journal.pone.0071949
http://www.ncbi.nlm.nih.gov/pubmed/23991011
https://doi.org/10.1111/pim.12007
http://www.ncbi.nlm.nih.gov/pubmed/23009296
http://www.ncbi.nlm.nih.gov/pubmed/12145429
http://www.ncbi.nlm.nih.gov/pubmed/12007646
https://doi.org/10.1002/eji.201040391
http://www.ncbi.nlm.nih.gov/pubmed/20583029
https://doi.org/10.3389/fimmu.2017.00800
https://doi.org/10.3389/fimmu.2017.00800
http://www.ncbi.nlm.nih.gov/pubmed/28751892
https://doi.org/10.1016/j.molimm.2007.04.018
http://www.ncbi.nlm.nih.gov/pubmed/17548109
https://doi.org/10.1371/journal.pntd.0006123

@' PLOS NEGLECTED
2] ’ TROPICAL DISEASES HNP1 and immunotherapeutic effect in leishmaniasis

67. Chaudhry Ul, Kingham TP, Plitas G, Katz SC, Raab JR, et al. (2006) Combined stimulation with inter-
leukin-18 and CpG induces murine natural killer dendritic cells to produce IFN-gamma and inhibit tumor
growth. Cancer Res 66: 10497—-10504. https://doi.org/10.1158/0008-5472.CAN-06-1908 PMID:
17079471

68. LiQ, Carr AL, Donald EJ, Skitzki JJ, Okuyama R, et al. (2005) Synergistic effects of IL-12 and IL-18 in
skewing tumor-reactive T-cell responses towards a type 1 pattern. Cancer Res 65: 1063—-1070. PMID:
15705908

69. StaggJ, Wu JH, Bouganim N, Galipeau J (2004) Granulocyte-macrophage colony-stimulating factor
and interleukin-2 fusion cDNA for cancer gene immunotherapy. Cancer Res 64: 8795-8799. https://
doi.org/10.1158/0008-5472.CAN-04-1776 PMID: 15604233

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006123 December 18, 2017 20/20


https://doi.org/10.1158/0008-5472.CAN-06-1908
http://www.ncbi.nlm.nih.gov/pubmed/17079471
http://www.ncbi.nlm.nih.gov/pubmed/15705908
https://doi.org/10.1158/0008-5472.CAN-04-1776
https://doi.org/10.1158/0008-5472.CAN-04-1776
http://www.ncbi.nlm.nih.gov/pubmed/15604233
https://doi.org/10.1371/journal.pntd.0006123

