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Himachal Pradesh in India is a newer endemic state with co-existence of cutaneous

and visceral leishmaniasis. The cutaneous leishmaniasis cases are on an increase in

the region and reported to be unusually caused by Leishmania donovani with limited

molecular validation. In order to molecularly characterize the causative parasite of the

cutaneous disease, parasite specific Internal-Transcribed Spacer 1 (ITS1) PCR RFLP and

sequence analysis was performed on skin lesional biopsies from cutaneous leishmaniasis

patients. Interestingly, we found the presence of Leptomonas seymouri in 38.5% (22/57)

of the patients along with L. donovani detected in all the samples. L. seymouri is a

monoxenous insect trypanosomatid, generally incapable of infecting humans. In recent

years, the parasite is also reported to co-infect humans with L. donovani in visceral

and post kala-azar dermal leishmaniasis (PKDL) cases prevalent in northeastern India.

The finding of L. seymouri-L. donovani co-infection in unusual cutaneous cases from

Himachal Pradesh is the first ever to our knowledge and imply a newer disease paradigm.

There is an urgent need to understand the biology of Leptomonas co-infection with

L. donovani and its possible role in visceral and/or dermotropic disease outcome.

Importantly, L. seymouri co-infection in cutaneous cases and previously reported visceral

and PKDL cases needs to be recognized as a newer phenomenon by the leishmaniasis

surveillance program in India.

Keywords: Leptomonas seymouri, cutaneous leishmaniasis, Leishmania donovani, Himachal Pradesh, India

INTRODUCTION

Leishmaniasis is a disease complex caused by Leishmania parasite with a digenetic life cycle
in the sandfly vector and the mammalian host. In India, visceral leishmaniasis (VL) caused by
L. donovani predominates in the northeast belt in the state of Bihar, West Bengal, Uttar Pradesh,
and Jharkhand with fewer cutaneous leishmaniasis (CL) cases by L. tropica in the hot arid western
region of the Thar Desert in Rajasthan (Thakur et al., 2018). More recently, newer endemic
pockets in the state of Kerala and Himachal Pradesh (HP) in India are exhibiting unusual disease
presentation with L. donovani causing cutaneous leishmaniasis (Sharma et al., 2005; Kumar et al.,
2015; Thakur et al., 2018). In recent years, the hilly state of Himachal Pradesh in India is coming
up with increased number of CL cases caused by L. donovani in the previously non-endemic zones
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(Sharma et al., 2005; Kumari et al., 2017). Lack of in-depth
study on the involvement of L. donovani in CL cases from HP
made us perform a comprehensive molecular analysis of the
parasite in the patients’ skin lesional specimens. In our study, we
report for the first time the presence of L. seymouri co-infection
in the unusual CL cases in Himachal Pradesh (HP) caused by
L. donovani variants (unpublished data). Classically, Leptomonas
spp. comprise insect parasite with a monoxenous life cycle and
are considered non-pathogenic to humans. Lately, adaption of
the parasite to dixenous life cycle has been reported under specific
conditions such that L. seymouri can exist as a co-infectant with
other pathogens in immunocompromised subjects (Dedet and
Pratlong, 2000; Kraeva et al., 2015; Selvapandiyan et al., 2015;
Kaufer et al., 2017). In this context, our finding re-affirms the
limited but significant emerging evidence on the newer parasitic
capability of Leptomonas sp. as an opportunistic human pathogen
in CL cases from HP. This is in line with the previous reports on
L. seymouri as a co-infectant in clinical isolates as well as direct
clinical specimens fromVL and PKDL cases from northeast India
(Srivastava et al., 2010; Ghosh et al., 2012; Singh et al., 2013).

MATERIALS AND METHODS

Study Design and Ethics
Sixty CL patients, indigenous to Sutluj river belt in Himachal
Pradesh were included in the study over the period from
2014 to 2018. Lesional skin biopsies were collected from the
patients at Department of Dermatology, Indira Gandhi Medical
College (IGMC), Shimla and Mahatma Gandhi Medical Services
Complex (MGMSC) Khaneri, Rampur, Shimla at the time of
diagnosis. Written informed consent was obtained from all the
patients. The study design was approved by the Institutional
Ethics Committee IGMC, Shimla, Himachal Pradesh, Approval
no. HFW(MS)G-5(Ethics)/2014-10886 and Central University of
Punjab, Approval no. CUPB/IEC/2016/034.

Clinical Confirmation of CL Patients:
Parasite Detection and Histopathological
Analysis
Lesional biopsy samples were processed for parasite detection
using Giemsa stained touch smears, Hematoxylin and Eosin (H
& E) stained paraffin-embedded tissue sections as per standard
protocol (Elder et al., 2001; Bain et al., 2016). A part of the lesional
biopsy from the CL cases was processed for examining CL specific
histopathological changes. The samples were processed in 10%
NBF, embedded in paraffin and processed to 4–5µm thick tissue
section. Tissue sections were stained with H&E and examined for
histopathological changes specific to cutaneous lesions.

Molecular Analysis: ITS1 PCR-RFLP
Molecular identification of the parasite was performed using skin
lesional specimens from the clinically confirmed CL patients.
Genomic DNA (gDNA) isolation from patient samples and
laboratory-grown L. donovani (Ld1S2D, LdBob) promastigote
culture was done using standard protocol (Salotra et al.,
2001). gDNA from 57 samples were used for species-specific
ribosomal Internal-Transcribed Spacer 1 (ITS1) region PCR

RFLP assay as described previously (El Tai et al., 2000).
ITS1 specific PCR amplification was done with the primer
set LITSR (5′-CTGGATCATTTTCCGATG-3′) and L5.8S (5′-
TGATACCACTTATCGCACTT-3′). Briefly 50–100 ng of gDNA
was used as template and amplified with 10 pmol of each primer
using Go Taq Green Master mix, 1X (Promega, Cat # M7122)
with an initial denaturation at 95◦C for 2min, 34 cycles of
denaturation at 95◦C for 20 s, annealing at 53◦C for 30 s and
extension at 72◦C for 1min with the final extension at 72◦C
for 6min. The PCR product of ∼ 320 bp size was subjected to
HaeIII RFLP with overnight HaeIII digestion at 37◦C and run
on 2.5% agarose gel. The amplification product of ∼320 bp and
∼400 bp were eluted using Qiagen kit and submitted for Sanger
sequencing for parasite identification.

Sequence Alignment and Phylogenetic
Analysis
Sequences corresponding to the ∼320 bp and ∼400 bp
amplification products were retrieved for the representative
samples with their accession numbers deposited in Genbank
(Table 1). Each of the sequences was analyzed using BLAST
with default parameters to identify the parasite in the cutaneous
lesions. ITS1 nucleotide query sequences were aligned with
relevant ITS1 reference sequences of standard WHO and region
specific Leishmania spp., Leptomonas spp. and Trypanosoma
spp. isolates using multiple alignment software, MUSCLE
using default parameters (Table 1) (Edgar, 2004). The sequence
alignment was done using Jalview multiple alignment editor
version 2.10.4b1 (Clamp et al., 2004).The maximum likelihood
tree from the aligned sequences was obtained with 1000
bootstraps with default parameters using the dnaml program of
the phylip package (Felsenstein, 2004). The final tree was plotted
using FigTree software (version 1.4.3).

RESULTS

Clinical and Histopathological
Confirmation of the CL Patients
In the present study, 60 patients with typical cutaneous lesions
presented as plaques, nodules and/or papules were included.
Most of the patients exhibited typical localized cutaneous lesions,
often with raised borders, serous crusting and ulceration. The
lesion number and size range in males and females is given in
Supplementary Table 1 separately for L. donovani-L. seymouri
co-infection cases and L. donovani alone infected cases with no
major difference in the two groups. It is important to mention
that all the CL cases analyzed were indigenous in nature with no
VL history or any visit to VL endemic area. In both Leptomonas
co-infected cases and L. donovani alone infected CL cases, males
and females were almost equally represented with maximum
disease frequency in the age group of 21–40 years, summarized
in Supplementary Table 1.

All the patients with characteristic CL lesions were clinically
confirmed for the presence of amastigotes in Giemsa stained
lesional touch smears and Haematoxylin/Eosin stained paraffin
embedded tissue sections (Supplementary Figures 1A,B). In
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TABLE 1 | GenBank Accession Numbers of ITS1 sequences of standard

Leishmania, Leptomonas, and Trypanosoma spp. and ITS1 test sequences from

CL patients used in phylogenetic analysis.

Species WHO code GenBank Accession

Number

Leishmania spp.

L. donovani (India) MHOM/IN/00/DEVI AJ634376

L. donovani (Sri Lanka) MHOM/LK/2002/L60c AM901447

L. donovani (Bhutan) Not Available JQ730001

L. major MHOM/SU/73/5ASKH AJ000310

L. tropica (India) MHOM/SU/60/OD EU326226

L. mexicana MHOM/MX/85/SOLIS AJ000313

L. amazonensis MHOM/BR/73M2269 HG512964

Leptomonas spp.

L. seymouri (India) ATCC 30220 EU623433

L. seymouri (India) Not Available JN848802

L. seymouri (India) Not Available KP717899

Trypanosoma spp.

T. brucei Not Available X05682

T. cruzi Not Available L22334

Accession no. of ITS1 sequences, ∼320 bp from samples showing single

band in ITS1 PCR

HPCL49 Ld MG982978

HPCL52 Ld MG982981

Accession no. of ITS1 sequences, ∼320 bp from samples showing dual

bands in ITS1 PCR

HPCL4 Ld MG982942

HPCL17 Ld MG982951

HPCL34 Ld MG982965

HPCL36 Ld MG982967

HPCL38 Ld MG982969

HPCL39 Ld MG982970

HPCL41 Ld MG982971

HPCL42 Ld MG982972

HPCL43 Ld MG982973

Accession no. of ITS1 sequences, ∼400 bp from samples showing dual

bands in ITS1 PCR

HPCL4 Ls MH537621

HPCL17 Ls MH537622

HPCL34 Ls MH537623

HPCL36 Ls MH537624

HPCL38 Ls MH537625

HPCL39 Ls MH537626

HPCL41 Ls MH537627

HPCL42 Ls MH537628

HPCL43 Ls MH537629

Country of origin of the standard strain is written in parentheses.

Giemsa stained tissue smears, 35% of the samples were
amastigote positive from the L. donovani-L. seymouri co-infected
cases while ∼65% samples were positive for amastogotes in
L. donovani alone infected cases. Interestingly, ∼ 40% of
the Haematoxylin/Eosin stained biopsy samples were parasite
positive for both the groups (Supplementary Table 1).

The CL lesion-specific histopathological analysis of biopsy
samples from both the co-infected and L. donovani alone infected
cases, showed characteristic CL lesion-specific epidermal changes
with acanthosis and papillomatosis along with granulomatous
inflammation (Supplementary Figures 2A,B). No apparent
differences in the histopathological features were observed in
the two groups with level of histopathological manifestations
varying from sample to sample.

ITS1 PCR RFLP Based Identification of the
Parasite in the CL Patients
gDNA samples from lesional skin biopsies of 57 CL patients
were used for parasite species specific identification by PCR
RFLP analysis of ITS1 region along with gDNA from standard
L. donovani (1S2D, LdBob) culture used as a positive control.
HaeIII restriction enzyme digestion of the amplified ITS1 region
between the small subunit (ssu) rRNA and 5.8S rRNA DNA
provides a Leishmania spp. specific RFLP pattern (Dávila and
Momen, 2000; El Tai et al., 2000). ITS1 specific PCR amplification
gave the expected ∼320 bp product in all the 57 CL samples
similar to the positive control while 38.5 % (22/57) samples
gave a dual band pattern with a unique ∼400 bp extra band
(Figures 1A,B, Left Panels). The ∼320 bp band in all the
samples resolved into HaeIII RFLP pattern identical to the
L. donovani control sample with 3 discrete fragments of ∼190
bp, ∼80 bp, and ∼50 bp (Figures 1A,B, Right Panels). The
extra ∼400 bp band, specific to 22 samples remained undigested
as depicted in Figure 1B, Right Panel. Our result suggests
possible co-infection of non-Leishmania trypanosomatid along
with L. donovani in the test samples, based on existing literature.
Ghosh et al reported a similar ITS1 PCR RFLP pattern in
4/29 of VL and 2/7 of PKDL specimens with the extra
∼400 bp band corresponding to L. seymouri (Ghosh et al.,
2012).

Detection of Leptomonas Co-infection
With L. donovani in the CL Patients
Sequence based identification of the ∼320 bp and ∼400 bp
amplicons was performed for the representative CL samples (2
samples with ∼320 bp band alone and 9 samples with dual
band pattern). All the sequences corresponding to ∼320 bp
band and ∼400 bp band were deposited with their accession
numbers in Genbank (Table 1). ITS1 sequences corresponding
to ∼320 bp suggested all the samples to be closest with
L. donovani with maximum identity to L. donovani isolate from
Bhutan (JQ730001) using BLAST analysis while the sequences
corresponding to∼400 bp band, showed maximum identity with
the standard L. seymouri ITS1 sequences with accession numbers
KP717899, EU623433, and JN84880 (Table 1) (Ghosh et al., 2012;
Yangzom et al., 2012; and unpublished data). A similar finding
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FIGURE 1 | Leishmania species specific ITS1 PCR on DNA isolated from lesion biopsy samples from CL patients and HaeIII PCR RFLP analysis of ITS1 region of test

samples and L. donovani culture as a positive control. (A) Left Panel: Representative patient samples with a single, Leishmania spp specific ∼ 320 bp amplification

product. Lane 1, L. donovani; Lane 2, 100 bp DNA marker; Lane 3, water control; Lanes 4–7, CL test samples. Right Panel: HaeIII ITS1 PCR-RFLP pattern for

identification of Leishmania species. Lane 1, L. donovani; Lane 3, 100 bp marker; Lane 4, water control; Lanes 5–8, CL test samples. (B) Left Panel: Representative

patient samples with dual amplification bands (∼ 320 bp and ∼ 400 bp). Lane 1; Water control, Lane 2; L. donovani positive control, Lane 3; 50 bp DNA marker,

Lanes 4–10, CL test samples. Right Panel: HaeIII ITS1 PCR-RFLP pattern of samples with dual bands. Lane 1; Water control, Lane 2; L. donovani positive control,

Lane 3; 50 bp DNA marker, Lanes 4–10, CL test samples.

with the unique ∼400 bp band representing L. seymouri specific
ITS1 sequence and ∼320 bp band specific to L. donovani ITS1
sequence has been demonstrated earlier in the VL and/or PKDL
patients (Ghosh et al., 2012).

The multiple sequence alignment of the test sequences
(∼320 bp and ∼400 bp) from the CL samples and the ITS1
sequences representing standard Leishmania, Leptomonas and
Trypanosoma isolates from GenBank was performed and used
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FIGURE 2 | Phylogenetic tree of ITS1 gene sequences from CL test samples with single and dual-band amplification patterns (∼320 bp and ∼400 bp band size test

samples, designated as HPCL_Ld series corresponding to ∼320 bp band and HPCL_Ls series corresponding to ∼400 bp band, numbered in order of their collection)

and ITS1 sequences of standard Leishmania, Leptomonas and Trypanosoma isolates from Genbank was obtained using Maximum Likelihood method with 1,000

bootstraps using dnaml program of PHYLIP package.

for phylogenetic analysis using maximum likelihood method
(Table 1). Phylogenetic analysis grouped all the HPCL isolates
into two discrete clusters corresponding to Leishmania and
Leptomonas with respect to the ∼320 bp and ∼400 bp
ITS1 sequences respectively (Figure 2). All the 11 CL test
samples clustered closely with the standard L. donovani isolates
from India, Sri Lanka and Bhutan and L. infantum with
respect to the ITS1 specific ∼320 bp sequences represented
by HPCL_L. donovani series (Figure 2, Table 1). Sequence

analysis using BLAST and phylogenetic classification, suggest
that the CL in HP is caused by L. donovani isolates closest
to the Bhutan L. donovani isolate and distinct from the
Indian and Sri Lankan L. donovani isolates (unpublished data).
Nine out of 11 CL test samples also clustered closely with
the standard L. seymouri isolates from India with respect
to the ∼400 bp sequence represented by HPCL_L. seymouri
series (Figure 2, Table 1). Interestingly, both the HPCL derived
parasite clusters representing ITS1 sequences corresponding to
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FIGURE 3 | Multiple sequence alignment of ITS1 sequences representing Leishmania specific ∼320 bp band (MG982942_HPCL4_L. donovani and

MG982978_HPCL49_L. donovani) and Leptomonas specific ∼400 bp band (MH537621_HPCL4_L. seymouri) along with standard L. donovani and L. seymouri

specific ITS1 sequences retrieved from Genbank (AJ634376_India_ L.‘ donovani, JQ730001_ Bhutan _L. donovani, AM901447_Sri Lanka_ L. donovani, KP717899_

India_L. seymouri, EU623433_India_ ATCC30220_L. seymouri and JN848802_India_L. seymouri). Sequences were aligned using the Jalview sequence alignment

program. Differences in L. donovani and L. seymouri ITS1 sequences are highlighted in red.

L. donovani and L. seymouri exhibited considerable heterogeneity
signifying sequence variation among multiple isolates analyzed.
The standard isolates representing Leishmania spp. known to
cause CL in old and new world and Trypanosoma spp clustered
independently as outgroups.

ITS1 DNA region is highly conserved among different
trypanosomatid parasite species (Dávila and Momen, 2000;
Borghesan et al., 2013). Multiple sequence alignment of the
sequences corresponding to the representative HP L. donovani,
∼320 bp and HP L. seymouri, ∼400 bp ITS1 sequences
(MG982942, MG982978, MH537621) along with the ∼320
bp ITS1 sequences of standard L. donovani isolates from
India (AJ634376), Sri Lanka (AM901447), Bhutan (JQ730001)
and ∼400 bp ITS1 sequences of standard L. seymouri
isolates from India (KP717899, EU623433, JN848802) exhibited
distinct differences in ITS1 sequences specific to L. donovani
and L. seymouri. Additional nucleotide patches unique to
L. seymouri ITS1 sequence in comparison to L. donovani
ITS1 region were apparent in the sequence alignment shown
in Figure 3.

Detection of the ITS1 sequences corresponding to the two
bands in clinical specimens clearly exhibited the presence of
L. seymouri and L. donovani co-infection in CL patients fromHP.
We report L. seymouri as a co-infecting parasite in almost 38.5%
(22/57) of the CL cases caused by L. donovani. This is the first-
ever report of L. seymouri co-infection in CL patients, typed with
unusual cutaneous manifestation by L. donovani with no visceral
features, detailed in a recent communication from our laboratory
(unpublished data).

DISCUSSION

Our study concludes another instance of L. seymouri as a
L. donovani co-infectant in leishmaniasis patients from HP, a
newer endemic region in India in line with earlier reports of
L. seymouri co-infection in VL and PKDL patients from the
northeastern VL zone (Srivastava et al., 2010; Ghosh et al., 2012;
Singh et al., 2013). Importantly, the CL patients diagnosed in our
study with L. seymouri, exhibit cutaneous manifestation caused
by L. donovani (Sharma et al., 2005; and unpublished data). A
possible role of Leptomonas co-infection in disease pathogenesis
and phenotypic outcome with viscerotropic and/or dermotropic
manifestation in VL vs. PKDL cases is not much explored.
In addition to L. seymouri co-infection detected in cutaneous
L. donovani disease in our study, the parasite has been reported
from PKDL cases and HIV patients with a diffuse cutaneous
phenotype (Dedet et al., 1995; Ghosh et al., 2012). Earlier notion
of Leptomonas spp incapable of causing infection in vertebrates
is getting blur with increasing evidence of its dixenous existence
as a real co-infecting partner rather than a culture contaminant
(Srivastava et al., 2010; Ghosh et al., 2012; Singh et al., 2013;
Kraeva et al., 2015; Selvapandiyan et al., 2015). This is evident
from the detection of L. seymouri in 22/57 clinical specimens
directly processed for the molecular detection of the parasite with
a rare chance of interim contamination.

L. seymouri is currently understood as an opportunistic
parasite in immuno-compromised hosts such as HIV and
Leishmaniasis cases (Kraeva et al., 2015; Selvapandiyan et al.,
2015). Human cases of Leptomonas co-infection have been
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underestimated due to its morphological, antigenic and genomic
similarity with Leishmania such that many of the DNA sequences
specific to L. seymouri have been assigned to L. donovani
(Nasereddin et al., 2008; Ghosh et al., 2012; Kraeva et al.,
2015; Selvapandiyan et al., 2015). In this regard a rapid
diagnostic method to detect and differentiate Leishmania and
Leptomonas in clinical samples needs to be adopted for
reliable experimentation and data inter-presentation along with
specifically understanding the clinical correlates of Leptomonas
co-infection (Ahuja et al., 2020). Interestingly, the genetic
similarity of Leptomonas with Leishmania along with few
nucleotide variations in ITS1 sequences among the two clusters
retrieved in our study raises the possibility of the existence
of genetic hybrids with heterogeneous Leishmania as well as
Leptomonas genotypes albeit with limited evidence of natural
L. seymouri infection in P. argentipe known for L. donovani
transmission in India.

Importantly, Leptomonas like parasite has been demonstrated
to naturally co-infect P. argentipes along with L. donovani in
VL endemic region of Nepal (Bhattarai et al., 2009). Also,
L. seymouri and L. donovani have been shown to co-persist in
P. argentipes experimental infection (Kraeva et al., 2015). With
the possibility of P. longiductusmediated L. seymouri-L. donovani
co-infection in HP, natural co-infection of P. longipalpis by
Leptomonas and L. donovani has been demonstrated in a focus
of kala-azar (Deane and Deane, 1954; Sharma et al., 2009).
Additionally, P. longiductus has been identified as one of the
vector in Bhutan and China (World Health Organization,
2010; Yangzom et al., 2012). Thus, the identity of sandfly
vector capable of co-transmitting Leptomonas and Leishmania
parasite needs to be further ascertained in different regions with
reports of Leptomonas co-infection in humans. The similarity
in antigenicity of the two organisms further warranties a
comparative immune-profiling of the VL and CL patients
with and without L. seymouri co-infection relevant in immune
response studies like deciphering L. donovanimediated immune-
suppression that possibly makes infected patients vulnerable to
Leptomonas co-infection and for vaccine development studies
(Selvapandiyan et al., 2015).

In conclusion, the presence of L. seymouri with L. donovani
in VL, PKDL and CL cases imply a real yet unappreciated
phenomenon with the possible implication in disease outcome.
We emphasize the emerging L. seymouri- L. donovani co-infected
CL cases in the newer Sutluj river belt in HP in addition to
co-infected VL/PKDL cases, reported in the northeast belt of
India. The finding needs to be taken as a new challenge for the

leishmaniasis surveillance and elimination program operational
in India.
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Leishmaniasis is still a serious neglected tropical disease that may cause death in

infected individuals. At present, the clinical diagnosis and treatment monitoring still rely

on parasitological culture and microscopy that needs experienced technicians. The low

sensitivity and inconvenience of microscopic examination could cause misdiagnosis and

relapse of leishmaniasis. There is an urgent need for developing a sensitive and easily

operated diagnostic method for the diagnosis and diseasemanagement of leishmaniasis.

Thus, a quantitative real-time PCR (qPCR) based on the conversed regions of kinetoplast

minicircle DNA (mkDNA) of Leishmania spp. was developed to detect different species of

Leishmania. The designed mkDNA-based qPCR was able to detect as low as one copy

of Leishmania mkDNA or DNA from single parasite. It also detected Pan-Leishmania

protozoa including Leishmania donovani, Leishmania infantum and Leishmania major

without cross-reaction with other pathogen DNAs available in our lab. This method

was clinically applied to quantitatively detect skin lesion samples from 20 cutaneous

leishmaniasis (CL) and bone marrow and/or PBMC samples from 30 current and cured

visceral leishmaniasis (VL) patients, and blood samples from 11 patients with other

infections and 5 normal donors as well. Total 20 skin lesion samples from current

CL patients and 20 bone marrow and/or PBMC samples from current VL patients

were all detected as positive with qPCR without cross-reaction with samples from

patients with malaria, brucellosis and dengue or normal donors. Two VL patients with

parasite converted to microscopically negative after treatment were detected positive

with qPCR. The patients with bigger skin lesion in CL and higher level of immunoglobulin

or splenomegaly in VL, had the higher parasite load detected by qPCR. The parasite load

was significantly reduced after treatment. In conclusion, the mkDNA-based qPCR assay

that we developed in this study can be used not only for diagnosis of both cutaneous

and visceral leishmaniasis with high sensitivity and specificity, but also for evaluating

the severity and treatment efficacy of this disease, presenting a rapid and accurate

tool for clinical surveillance, treatment monitoring and the end point determination

of leishmaniasis.

Keywords: human leishmaniasis, quantitative PCR, diagnosis, treatment efficacy, L. donovani, L. infantum,

L. major
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INTRODUCTION

Leishmaniasis is a serious neglected tropical disease caused by

the protozoan parasite Leishmania. spp. transmitted by the bite of
infected female phlebotomine sandflies (Burza et al., 2018). It has
been estimated that there are 700,000–1 million cases of human

infection with ∼26,000–65,000 death reported annually (Burza

et al., 2018). The reported cases are only small fraction of the
real infection and many of them are neglected or misdiagnosed
as other diseases, in addition to more than 350 million people
living under high infection risk (Ghorbani and Farhoudi,
2018). The infection of Leishmania spp. causes a spectrum
of diseases, including cutaneous leishmaniasis (CL), visceral
leishmaniasis (VL), and mucocutaneous leishmaniasis (MCL)
(Torres-Guerrero et al., 2017), with CL and VL representing
the most common forms. Globally, it has been estimated that
∼90% of CL cases are distributed in 10 worst affected countries
including Afghanistan, Algeria, Colombia, Brazil, Iran, Syria,
Ethiopia, North Sudan, Costa Rica, and Peru (Bailey et al.,
2017). The Leishmania parasites causing CL can be divided
into Old World species Leishmania major, Leishmania tropica,
Leishmania aethiopica, and the New World species Leishmania
amazonensis, Leishmania mexicana, Leishmania braziliensis, and
Leishmania guyanensis (de Vries et al., 2015). The symptoms
of CL usually present as nodule, patch/plaque and ulcerative
skin lesions. Generally, CL is not life-threatening, however the
parasite can spread through the lymphatic tissues, leading to
mucocutaneous leishmaniasis or so-called “diffuse CL” that could
result in extensive midfacial destruction and stigma (de Vries
et al., 2015). Visceral leishmaniasis (VL), also known as kala-azar,
is the most severe form of leishmaniasis. VL is mostly endemic
in seven countries including India, Brazil, Ethiopia, Kenya,
Somalia, Sudan, and South Sudan (Bi et al., 2018). The main
etiological agents of VL are Leishmania donovani and Leishmania
infantum (Bi et al., 2018). The main clinical presentations of
VL include irregular fever at onset, followed by splenomegaly
pancytopenia, hepatomegaly, hypergammaglobulinaemia and a
permanent loss of weight. Without effective treatment the
disease exacerbates by 2 years, typically with fatal consequences.
In China, visceral leishmaniasis caused by L. donovani used
to be seriously endemic in the central China. It has been
eliminated in most endemic regions in 1960s since national
control programs were launched in 1950s (Guan, 2009; Yang
et al., 2014). However, some sporadic cases are still reported
in the western part of China (Coordinating Office of the
National Survey on the Important Human Parasitic Diseases,
2005) with two types of visceral leishmaniasis caused by L
donovani transmitted by peridomestic Phlebotomus longiductus
or by L. infantum transmitted by Phlebotomus chinensis (Wang
et al., 2012). In recent years, leishmaniasis become re-emerging as
more imported cases of both visceral and cutaneous leishmaniasis
were reported in the major cities along east coast of China
due to the increasing travel and business activities with African
and other developing countries, which has brought more
attention and concerns to physicians regarding the clinical
diagnosis and treatment of this neglected tropical disease
(Wang et al., 2017, 2019).

In current clinical practice, definitive diagnosis of
leishmaniasis relies on a comprehensive analysis of the
clinical manifestation, travel history and epidemiology, along
with time/labor consuming laboratory tests (Aronson et al.,
2016). Misdiagnosis of leishmania to other infection diseases
is common due to the unspecific clinical manifestations
especially for VL. The parasitological examination for the
presence of the amastigote stage of the protozoa in the tissues
of patients is considered as gold standard for the definitive
diagnosis of leishmaniasis. However, it requires experienced
and trained parasitologists or technicians, and the sensitivity
of the parasitological examination of biopsy specimens by
microscopy ranges only between 60 and 95% for cases of VLs and
between 78.3 and 90.4% for cases of CL (Aronson et al., 2016; de
Morais et al., 2016; Galluzzi et al., 2018). Furthermore, parasite
can be identified by in vitro culture only in 39% VL samples
and in 64.3% CL samples (Bahrami et al., 2018). Previous
studies have shown that Leishmania antigens can be detected
in urine, however both the sensitivity (28–82%) and specificity
(49–53%) of this method were unacceptably low (Galluzzi et al.,
2018; Abeijon et al., 2019; Mondal et al., 2019). An alternative
immunological based assay is to detect antibody anti Leishmania
rK39 antigen with sensitivity of 67–100% (Pagliano et al., 2016;
van Griensven and Diro, 2019), however, this immunological
assay is unable to differentiate between current and historical
infection (Saliba et al., 2019). Regular PCR is sensitive, but
cannot be used to monitor the parasite load during medical
treatment, and so is not appropriate for ongoing patient/disease
management, or evaluating the treatment efficacy (Mesa et al.,
2020). Therefore, it is urgently needed to develop a diagnostic
method with high sensitivity and quantitative measurement of
infected parasite for clinical physicians.

In recent years molecular diagnostic tools for various
infections have been developed for clinical application. These
include PCR-based assays, which are recognized as rapid,
sensitive method with ability to reliably discriminate between
virus, bacteria, fungi, and parasites. We present here a new
diagnostic method for leishmaniasis which uses quantitative real-
time PCR (qPCR) technology to specifically detect Leishmania
kinetoplast minicircle DNA (mkDNA). The mkDNA exhibits
species-specific sequence divergence and therefore can be used
as a marker for developing DNA probe-based diagnostic test
for leishmaniasis and identification of Leishmania species that
causes the disease (Spithill and Grumont, 1984; Rogers and
Wirth, 1987). The mkDNA-based qPCR we developed in this
study showed higher sensitivity than conventional parasite
examination and high specificity for leishmaniasis. Except for
its diagnostic purpose, it also showed the advantage as a tool
to determine the disease severity and to evaluate the treatment
efficacy and prognosis of the disease.

METHODS

Ethics
This project was approved by the Ethics Committee of Beijing
Friendship Hospital (Beijing, China) with approval number
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of 2020-P2-005-01. Informed consents were obtained from all
involved patients.

Patients and Samples
The whole blood, bone marrow samples were collected from
23 clinically diagnosed current VL patients and 7 cured VL
patients (with no parasite identified) at Beijing Friendship
Hospital, Capital Medical University from July 2015 to Jan.
2020. The current VL patients presented with symptoms
such as persistent fever, splenomegaly and/or hepatomegaly,
positive in rK39 rapid diagnostic tests (RDT) and Leishmania
amastigotes found in their blood and/or bone marrow samples
under microscope. Skin lesion samples were obtained from
20 diagnosed CL patients. All patients’ skin lesion appeared
as ulcer and nodule/plaques features in which Leishmania
amastigotes were identified. All tissue samples including
skin lesion autopsy from CL patients, PBMC and bone
marrow from VL patients were stored at liquid nitrogen
till use.

In addition, 11 human blood samples were taken from patients
with other infections including five with malaria, five with
brucellosis, and one with dengue fever as non-leishmaniasis
controls. Blood from five healthy volunteers were also included
as normal control.

Primer and Probe Design
Total 25 mkDNA sequences from different species of Leishmania
parasite were collected from GenBank and aligned using
BIOEDIT software (v7.0.1, Ibis Biosciences, Carlsbad, CA, USA).
Primers and probes were designed based on the conserved
region of sequence shared by four common pathogenic species
of L. donovani, L. infantum, L. major, and L. tropica using Primer
Express 3.0.

DNA Extraction
DNA was extracted from cell and tissue samples using a
TIANGEN DNA extraction kit (TIANGEN, DP705, Beijing,
CHN) according to manufacturer’s instructions. Briefly, about
20mg lesion tissue or 200 µl of bone marrow or PBMC
were digested with 20 µl proteinase K in 300 µl buffer GHA
for 3 h at 56◦C on a plate shaker (1,500 rpm), 300 µl lysis
buffer GHL and 300 µl isopropyl alcohol were added and
vortexed. The treated tissue samples were then mixed with
magnetic beads in the kit to bind the DNA. The DNA-bound
beads were subsequently washed and dried for 15min at room
temperature. Finally, 100 µl elution buffer was added and
incubated at 56◦C for 10min to release the DNA from the
magnetic beads. The beads were removed by centrifugation
and the DNA containing supernatants were stored at −20◦C
till use.

Positive Control Plasmid Construction
The mkDNA target sequence fragment was PCR amplified
using the primers designed as above and purified with
DNA purification kit (TIANGEN, DP214, Beijing, CHN).
The amplified mkDNA fragment was ligated into plasmid
pUC19 (TAKARA, 3219, Tokyo, Japan) using EcoRI and

HindIII sites. The correct insert of target DNA in recombinant
plasmid DNA was confirmed by PCR amplification and
DNA sequencing.

Quantitative Real-Time PCR Assay
All tests were conducted using the Applied Biosystems 7500
Fast Real-Time PCR System (ABI) in 10 µl reaction volume.
The reaction mixtures contained the following; 5 µl of Promega
GoTaq R© Probe qPCR Master Mix (Promega, A6101, Madison,
WI, USA), 200 nM Forward primer KD3, 200 nM Reverse
primer KD4, 100 nM hydrolysis probes (5′FAM/3′TAMRA),
CXR reference dye (30 nM), and 1µl of template DNA (5–50 ng).
The following cycle conditions were used; 95◦C for 2min
followed by 40 cycles of 95◦C for 15 s, 60◦C for 30 s. A
water only negative control (NTC-H2O) and a positive control
using the mkDNA/pUC19 plasmid DNA were included in
all experiments.

Sensitivity and Specificity Analysis
Analytical Sensitivity
The limit of detection (LOD) for the plasmid template was
defined as the lowest number of detectable copies based on
repeated tests (n = 3), using 1,000, 100, 10, 5, and 1 plasmid
copies/reaction and the working assay precision (intra-assay SD
<0.5 and inter-assay CV <5%). For testing the LOD for the
parasite, cultured L. infantum promastigotes were enumerated
by counting under a microscope. The Leishmania parasite
suspension was then diluted in blood from healthy volunteer
as 1, 5, 10, 50, 100 parasites in 200 µl blood and the total
DNA was extracted from each dilution. The functional sensitivity
was defined from the experimentally derived assay precision
measurement (intra-assay SD <0.5 and inter-assay CV <5%).
The sensitivity of qPCR was compared with the sensitivity of
clinical diagnosis based on the typical clinical manifestation and
parasite determination under microscope.

Specificity
The genomic DNA samples previously extracted from
Plasmodium falciparum, Toxoplasma gondii, Rickettsia
tsutsugamushi, Mycobacterium leprae, and Brucella melitensis,
including DNAs extracted from 11 patients with other infections
(mentioned above) were used to test the specificity of our
developed Leishmania PCR/qPCR assay.

Clinical Sensitivity, Specificity, and Monitoring

Performance of qPCR
Total 66 clinical samples including 20 skin lesion tissues from
CL patients, 30 PBMC/bone marrow samples from VL patients,
11 blood samples from patients with other infections, and five
normal donors, were analyzed using the designed qPCR assay for
evaluating its sensitivity and specificity for leishmaniasis.

Statistical Analysis
The qPCR data analysis was performed using the ABI 7500
software 2.3. Statistical analysis was carried out using the
SPSS software version 20.0 and visualized on Graphpad
Prism version 5.0. The Mann-Whitney U-test was used to
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statistically compare between groups. P < 0.05 was considered
as statistical significance.

RESULTS

Design of a Quantitative Real-Time PCR
Assay for Pan-Leishmania Detection
Alignments of mkDNA sequences from major Leishmania
species reveals that mkDNAs of L. donovani, L. infantum, L.
major, and L. tropica share sequence identity of 89.67%. Three
regions of mkDNA sequence are conserved in all four species
of Leishmania with consensus sequence of CSB-I (GGGCGT),
CSB-II (CCCCGTTC), and CSB-III (GGGGTTGGTGTA).
Primers were designed based on these consensus regions
as forward KD3: 5′-TCCGGGTAGGGGCGTTCTG-3′

and reverse KD4: 5′-TTTACACCAACCCCCAGTTTCC-
3′. A fragment DNA sequence within the amplified
region was chosen for synthesizing probe: 5′-FAM-
TTTGAACGGGATTTCTGCACCCAT-TAMRA-3′ for qPCR
detection (Figure 1).

A PCR assay using this pair of primers was performed
to detect DNA samples extracted from cultured L. donovani
promastigote or from samples of patients infected with

L. infantum or L. major. The results showed that the PCR based
on the Leishmania mkDNA conserved sequence was able to
amplify a 114 bp fragment from both visceral (L. donovani, L.
infantum) and cutaneous Leishmania spp (L. major). However,
these primers didn’t recognize any DNA from samples of
P. falciparum, T. gondii, R. tsutsugamushi, M. leprae, and B.
melitensis (Figure 2).

Establishment of qPCR Assay for Testing
Leishmania mkDNA
Using the primers and probe described above, we established a
qPCR assay which was able to detect as little as single copy of
Leishmania mkDNA plasmid or DNA from single Leishmania
parasite with CV <5.0% (Table 1). Our results showed that the
standard curve generated using serial copy number of plasmid
DNA was linear over an 8-log range with a correlation coefficient
(R2) of 0.998 (Figures 3A,B).

The intra assay and inter assay CV of Ct values for the 20
replicates was <2%, indicating a high precision in the assay
(Table 2). Taken together, our results show that this qPCR assay
is established with high sensitivity and precision. The qPCR was
further used to test clinical specimens.

FIGURE 1 | Alignments of mkDNA sequences from major Leishmania species. Sequences were aligned using CLUSTALW and prepared for display using

BOXSHADE. Identical amino acids are shaded with different color. The consensus sequences were squared for making forward primer KD3 and reverse primer KD4,

and probe. The gray mark represents the sequence homology 100%, the pink mark represents the sequence homology ≥75%, the blue mark represents the

sequence homology ≥50%.
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FIGURE 2 | Amplification of Leishmania specific mkDNA in L. donovani, L.

infantum, and L. major using mkDNA-based PCR method without

cross-reaction with P. falciparum, T. gondii, R. tsutsugamushi, M. leprae, and

B. melitensis.

TABLE 1 | Assessment of analytical sensitivity of qPCR assay to detect

Leishmania mkDNA and parasite in blood.

Sample type Concentration Mean Cq

(standard deviation)

Inter-assay*

CV (%)

Plasmid

(copies/reaction)

1,000 30.77 (0.10) 0.86

100 34.71 (0.23) 1.28

10 36. 80 (0.16) 1.46

5 37.01 (0.48) 2.1

1 37.89 (>0.5) >5

0 undetected -

Parasite in whole blood

(parasite/reaction)

100 17.93 (0.32) 3.9

50 19.22 (0.09) 0.68

10 22.25 (0.22) 0.64

5 23.24 (0.34) 0.90

1 26.31 (0.06) 0.96

0 undetected -

CV, Coefficient of Variation.

*The inter-assay was evaluated based on triplicate reaction.

Sensitivity and Specificity of qPCR for
Detecting Leishmania Parasite in Patients
With Clinically Diagnosed Leishmaniasis
To test the sensitivity and specificity of established mkDNA-
based qPCR to diagnose leishmaniasis, total DNAs were extracted
from specimens from 50 patients with clinically diagnosed
leishmaniasis including 20 CL and 30 VL. Among the 20 patients
of CL, all are current patients with skin lesion and parasite

identified under microscope. Among the 30 patients with VL,
parasites have been identified in 21 patients either in blood or in
bone marrow through direct microscopy examination or parasite
culturing in vitro, nine patients were previously diagnosed as
leishmaniasis by parasite examination and currently determined
as cured without parasite identified in microscopic examination.
After being tested by qPCR, the skin lesion samples from 20 CL
patients were all positive. Among the 21-parasite confirmed VL
patients, 20 were positive with qPCR, one with parasite identified
only in the bone marrow (not in blood) was negative with qPCR
for detecting blood sample. For other nine clinically cured VL
patients (without parasite detected in blood and bone marrow),
two of them were detected as positive in blood samples by qPCR
(Table 3). The results indicate that the developed qPCR assay
is sensitive (sensitivity 95.6%, 22/23) and the clinical diagnosis
should combine the results of parasite detection in blood or bone
marrow with qPCR test. Even if parasite examination converts
to negative, it is still possible the trace parasite or its disrupted
DNA could be detected using qPCR. The total sensitivity and
diagnostic accuracy for all leishmaniosis can reach up to 97.6%
(42/43) and 98.5% (65/66) (Table 3). To evaluate the specificity
of qPCR for detecting Leishmania, DNAs were extracted from
blood samples of 11 patients with infection of other pathogens
including five with P. falciparum (malaria), five with B. melitensis
(brucellosis) and one with Dengue virus, and five healthy normal
people. All samples were detected as negative with the qPCR
assay, indicating mkDNA-based qPCR has no cross reaction with
other pathogens with 100% specificity for detecting Leishmania
infections (Table 3).

Correlation Between Parasite Load
Detected by qPCR With Clinical Severity of
Cutaneous and Visceral Leishmaniasis
The established Pan-Leishmania qPCR assay was able to evaluate
the severity of cutaneous or visceral leishmaniosis. Shown in
Figure 4A, the parasite load detected by qPCR was correlated
with the size of skin lesion in patients with CL. The bigger
skin lesion, the higher parasite load was detected by qPCR
(R2 = 0.794). The similar results were found in VL. The
patients with higher level of serological immunoglobulin or
bigger splenomegaly tested by ultrasonography, the common
clinical signs of visceral leishmaniosis, the higher parasite burden
was measured by qPCR (R2 = 0.823 and 0.871, respectively)
(Figures 4B,C), indicating the mkDNA-based qPCR can be used
not only for diagnosing leishmaniasis, but also for evaluating the
severity of the infection.

Assessment of the Treatment Efficacy and
Prognosis of Cutaneous and Visceral
Leishmaniasis by qPCR
After being treated with sodium stibogluconate for 1–30 weeks
(6–211 days), the parasite load was dramatically reduced in both
bone marrow and in blood (PBMC) of patients compared with
the load before treatment (P< 0.05, Figures 5A,B), accompanied
by significantly mitigated clinical manifestations. Besides, for
testing samples from VL patients, although PBMC samples were
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FIGURE 3 | Quantitative correlation between mkDNA copy number and threshold cycle of the Leishmania qPCR assay. (A) Leishmania mkDNA plasmid was diluted in

serial from 101 to 108 copies/reaction and subjected to qPCR. 1Rn = Rn (normalized reporter)—baseline. (B) Linear regression of Cq vs. lg copy number of mkDNA

plasmid. Ct, Cycle threshold.

TABLE 2 | Precision of intra and inter-assay of mkDNA-based qPCR assay.

Sample

ID

N Intra-assay N Inter-assay

Mean Cq SD CV (%) Mean Cq SD CV (%)

1 20 19.04 0.24 1.2 20 18.90 0.33 1.7

2 20 27.53 0.20 0.7 20 26.98 0.37 1.3

N, number of samples; SD, standard deviation; CV, Coefficient of Variation.

TABLE 3 | Sensitivity and specificity of parasite detection and qPCR to diagnose cutaneous leishmaniasis (CL) and visceral leishmaniasis (VL).

Type PCR Sample Parasite+/

qPCR+

Parasite–/

qPCR+

Parasite+/

qPCR–

Parasite–/

qPCR–

(Recovered)

Parasite/qPCR

Sensitivity%

Specificity% Parasite/qPCR

Accuracy%

CL

(n = 20)

Skin lesion 20 0 0 0 100% (20/20)

100% (20/20)

NA 100% (20/20)

100% (20/20)

VL

(n = 30)

Bone

marrow/PBMC

20 2 1 7 91.3% (21/23)

95.6% (22/23)

NA 93.3% (28/30)

96.6% (29/30)

Non-Leish

diseases*

(n = 11)

Bone

marrow/PBMC

0 0 0 11 NA

Normal

(n = 5)

Bone

marrow/PBMC

0 0 0 5 NA

Total

(n = 66)

Skin lesion/Bone

marrow/PBMC

40 2 1 23 95.3% (41/43)

97.6% (42/43)

100% 96.9% (64/66)

98.5% (65/66)

*Including 5 with malaria, 5 with brucellosis, and 1 with dengue fever.

easier to acquire in clinical practice than bone marrow, there was
a higher detecting rate and parasite load in bone marrow sample
than blood PBMC samples by qPCR (P < 0.05) (Figure 5B). The
results indicate that the mkDNA-based qPCR is able to monitor

and assess the treatment efficacy of visceral leishmaniosis.
For CL, the skin sample was not collected for qPCR
detection because the skin lesion was totally healed and cured
after treatment.
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FIGURE 4 | Correlation of parasite load detected by qPCR with severity of leishmaniasis. (A) Parasite load correlated with skin lesion diameter of CL. (B) Parasite load

correlated with levels of serological immunoglobulin in VL. (C) Parasite load correlated with splenomegaly tested by ultrasonography in VL.

FIGURE 5 | qPCR assessment of treatment efficacy of visceral leishmaniasis in samples of bone marrow (A) and PBMC (B). Each point shows qPCR measured

parasite number from individual patient before and after treatment. The bar presents median parasite number. *P < 0.05.

DISCUSSION

With globalization and rapid economic growth, people in

developing or developed countries increase their economic

activities and travel which significantly contribute to the
increased world-wide transmission of some infections that are
previously restricted in some specific endemic areas (Wang
et al., 2019). Leishmaniasis is such a case which was prevalent

in some endemic regions, but now identified in many other
regions/countries with no history of the disease (Sakkas et al.,
2016). The situation is further complicated by the fact that

visceral and cutaneous leishmaniasis exhibit various non-specific
clinical manifestations, making it hard to reliably diagnose and
track the treatment. The definitive diagnosis of leishmaniasis
usually replies on the identification of protozoa in the skin
lesion (SL) or in blood/bone marrow (VL) that need experienced
technicians or parasitologists. All these situations require a rapid,
accurate and reliable diagnostic tool for leishmaniasis, especially
in areas in which the disease is not endemic.

In Leishmania protozoa (genome size approximately 29–
33Mb), the kinetoplast organelle minicircle DNA (mkDNA) is
conserved among the different Leishmania species (Cantacessi
et al., 2015). This makes the mkDNA an attractive diagnostic
biomarker for molecular detection of Leishmania parasite.
Compared with other conserved sequences such as 18S rDNA,
ITS or heat shock protein 70 KDa, the PCR based on mkDNA
sequence yielded higher sensitivity and specificity than other
targets, even for testing diverse clinical sample types from
suspected leishmaniasis patients (Weirather et al., 2011; Real

et al., 2013; Zampieri et al., 2016). In this study, we designed
a new qPCR based on the mkDNA sequence regions conserved
in all Leishmania species. The qPCR detected all three major
pathogenic L. donovani, L. infantum, and L. major endemic or
imported in China without cross-reaction with other pathogens
such as P. falciparum, T. gondii, O. tsutsugamushi, L. bacillus,
and B. melitensis. The pan detection of all Leishmania species
indicates its application to detect Pan-Leishmania infections. The
qPCR assay also has high sensitivity with ability to detect as low
as one copy of mkDNA or one parasite in clinical sample.

The high sensitivity and specificity of developed Pan-
Leishmania qPCR suggests this method could be used to better
diagnose CL infected by L. major and VL infected mostly by
L. donovani and L. infantum in China. Indeed, 20 skin lesion
samples from clinically confirmed CL patients and 20 bone
marrow and/or PBMC samples from clinically confirmed VL
patients were tested by this new qPCR assay as all positive,
with 100% sensitivity which is higher than previously reported
for qPCR detection (69.23–98.53%)(Khosravi et al., 2012; El-
Beshbishy et al., 2013) or microscopy smears (90–98%) (Mesa
et al., 2020). We also confirmed the specificity of the assay
not to cross-react with 11 clinical samples from patients with
other infections with malaria, brucellosis, dengue fever and blood
samples from five healthy volunteers. For nine samples from
clinically cured VL patients infected with L. infantum (without
parasite identified by microscopy or parasite culture), two of
them were positively detected by qPCR in their blood samples,
indicating the qPCR is a more sensitive and reliable assay than
microscopy or parasite culture to diagnose leishmaniasis.
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More importantly, this qPCR assay can be used not only
to diagnose current infection of CL and VL patients, but also
to evaluate the severity and treatment efficacy of leishmaniasis.
The parasite load detected by qPCR was correlated with the
severity of infection in terms of the size of lesion (CL) or the
levels of serological immunoglobulin or splenomegaly tested
by ultrasonography in visceral leishmaniasis. The patients with
bigger skin lesion in CL and higher level of immunoglobulin or
larger splenomegaly in VL, have the higher parasite load detected
by qPCR. It is also noticed that the parasite load in PBMC/bone
marrow of VL patients detected by this qPCR was significantly
reduced after being treated with stibogluconate, accompanied
with significantly mitigated clinical manifestations. The results
indicate that the mkDNA-based qPCR is able to monitor
and assess the treatment efficacy of visceral leishmaniosis.
For CL, the skin sample was not collected for qPCR
detection because the skin lesion was totally healed and cured
after treatment.

The sensitive detection of Leishmania parasite is the key for
avoiding relapse post-treatment (Martinez-Orellana et al., 2017).
Previous studies have shown that a load of over 5–10 parasites/ml
in the peripheral blood possibly caused clinical relapse except
for other factors such as specific Leishmania strain, the immune
status of the patient and prevalence of the disease in the region
(Sudarshan et al., 2011; Sudarshan and Sundar, 2014). Thus, it is
important to accuratelymeasure the clinical therapeutic endpoint
when patients are receiving therapy. Due to the high sensitivity
and specificity, qPCR approach was strongly recommended by
a consensus of experts to test patient sample after treatment to
confirm the complete cure (Aronson et al., 2016; La Hoz and
Morris, 2019; Sereno et al., 2019). Our results clearly revealed
that this Leishmania-specific qPCR is a suitable tool not only
for accurate diagnosis but also for evaluating the severity and
prognosis of leishmaniasis. The qPCR assay is also useful for
assess the prevalence of asymptomatic carriers of Leishmania
in a specific population for better control of the infection in
the region. Further work is needed to determine the threshold
between asymptomatic and symptomatic carriage, as well as

residual parasite infection level that might lead to leishmaniasis
outbreak and relapse.

As a debilitating and potentially fatal neglected tropical
disease, leishmaniasis needs to be well-managed and controlled
in the endemic areas or non-endemic regions with potential
imported cases. Since the Pan-Leishmania qPCR assay we
developed in this study owns high sensitivity and specificity,
with advantage of quick and easy operation without necessity
of experienced technicians, it is a good tool for the control
of leishmaniasis.
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The design and development of new pharmaceutical formulations for the existing

anti-leishmanial is a new strategic alternate to improve efficacy and safety rather

than new drug discovery. Herein hybrid solid lipid nanoparticles (SLN) have been

engineered to direct the oral delivery of two anti-leishmanial drugs amphotericin B (AmB)

and paromomycin (PM). The combinatorial nanocarriers consist of conventional SLN,

antileishmanial drugs (AmB and PM) which have been functionalized with chitosan

(Cs) grafted onto the external surface. The Cs-SLN have the mean particle size of

373.9 ± 1.41 nm, polydispersity index (PDI) of 0.342 ± 0.02 and the entrapment

efficiency for AmB and PM was found to be 95.20 ± 3.19% and 89.45 ± 6.86 %,

respectively. Characterization of SLN was performed by scanning electron microscopy

and transmission electron microscopy. Complete internalization of the formulation was

observed in Caco-2 cells. Cs-SLN has shown a controlled and slow drug release profile

over a period of 72 h and was stable at gastrointestinal fluids, confirmed by simulated

gastro-intestinal fluids study. Cs coating enhanced the mucoadhesive property of

Cs-SLN. The in-vitro anti-leishmanial activity of Cs-SLN (1µg/ml) has shown a maximum

percentage of inhibition (92.35%) on intra-cellular amastigote growth of L. donovani.

Keywords: amphotericin B, oral delivery, paromomycin, visceral leishmaniasis, solid lipid nanoparticles

INTRODUCTION

Visceral leishmaniasis (VL), also known as kala-azar is a vector-borne infectious disease
caused by an obligate intracellular protozoan parasite of Leishmania species and invades the
reticuloendothelial system of spleen, liver, and bone marrow (Chappuis et al., 2007; Shrestha
et al., 2018; Herrera et al., 2019; Martínez and Ruiz, 2019). VL is a serious public health issue
in many tropical and subtropical regions of the globe and affects poor and malnourished people
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in developing and underdeveloped countries of Brazil, East
Africa, and South-East Asia. VL is the most severe form of
leishmaniasis, characterized by irregular bouts of fever, anemia,
weight loss, hepatosplenomegaly, and is fatal if untreated
(Sundar and Singh, 2016; Herrera et al., 2019). According to
World Health Organization (WHO), 50,000–90,000 new VL
cases reported globally and more than 95% of new VL cases
reported in 10 countries: Bangladesh, Brazil, China, Ethiopia,
India, Kenya, Nepal, Somalia, South Sudan, and Sudan.1 In,
Indian subcontinent, VL is highly endemic in poor rural
communities of Bihar state, which contributes nearly 80% of
global disease burden and threats about 200 million people
(Hasker et al., 2012). Although, chemotherapy is the mainstay
of therapy for VL treatment and control, the clinical application
of existing anti-leishmanial agents is limited due to serious
toxic adverse effects and long term intravenous drug treatment
options (Yadagiri and Singh, 2018). The emergence of drug-
resistant parasites, HIV-VL co-infections, non-availability of
effective proper vector control measures, and vaccine (s) against
VL further complicated the disease control and treatment
(Singh et al., 2016a; Ponte-Sucre et al., 2017). Pentavalent
antimonials (sodium stibogluconate or meglumine antimoniate),
the mainstay of therapy for VL have shown resistance and
relapse in VL-infected patients of North Bihar, India, where
VL endemicity is high (Mostafavi et al., 2019). Intravenous
administration of amphotericin B for VL causes serious adverse
effects including hypokalemia, myocarditis, and nephrotoxicity,
which necessitates long hospital stays for close monitoring
of patients and ultimately increases the cost of therapy.
Aminoglycoside antibiotic, paromomycin for VL treatment
causes nephrotoxicity and ototoxicity (Yadagiri and Singh,
2018). Several new VL treatment strategies have emerged
during the past 10–15 years, but each has its serious own
limitations. Therefore, better anti-leishmanial drug discovery
is an immediate need for saving the lives of VL-infected
people in endemic zones without showing any toxic adverse
effects (Singh et al., 2016a).

During the last decade, nanotechnology-based drug delivery
systems have been extensively used to improve the performance
of drugs in treating several diseases with improved efficacy and
safety. Some of the nanotechnology-based formulations have
been approved by the U.S. Food and Drug Administration (FDA)
for clinical application (Patra et al., 2018). Encapsulation of AmB
in novel nanocarrier systems can target specific drug delivery in
reticuloendothelial system of liver and spleen, where Leishmania
parasites reside and replicate without showing nephrotoxicity
(Gupta et al., 2012).

The need of the hour is to develop a delivery system, which
annihilates the domination and inadequacy of currently available
marketed formulations as well as deliver drug to macrophage-
specific organs (spleen and liver). Combinational therapy is an
attractive option to overcome the problems associated with the
aforementioned drugs. Combinational therapy has an extensive
array of advantages like shortening of the duration and lowering
the cost of treatment, lowering the development of resistance.
PM and antimonial used in short regimens were found more

1https://www.who.int/news-room/fact-sheets/detail/ leishmaniasis, 2019.

effective treatment as compared to conventional drugs (Monge-
Maillo and López-Vélez, 2013; Singh et al., 2016b). Kun Shi
et al. (2019) reported combinational therapy of gemcitabine
and cis-platinum via thermo-sensitive copolymer micelles to
target pancreatic cancer (Shi et al., 2019). Trinconi et al. (2014)
reported the effective role of combination therapy of tamoxifen
and AmB for cutaneous leishmaniasis gave good clinical as
well as parasitological response (Trinconi et al., 2014). Hence,
combinational therapy has ascertained to be more effective as
compared to single-drug therapies.

The oral route is the most convenient and safest route
along with the highest patient compliance, low cost, and lesser
complication in comparison to other routes of administrations.
Poor solubility and poor permeability of drugs are needed
to be considered for the enhancement of oral bioavailability.
To overcome the obstacle allied with oral drug delivery systems,
nanosized or nanoscale (NP) particles could be considered as
an excellent alternative to conventional drug delivery systems
and generally used to augment the oral bioavailability of drugs.
Solid lipid nanoparticles (SLN) have attracted the attention of
our research group to develop a formulation with enhanced oral
bioavailability of antileishmanial drugs.

SLN is a colloidal carrier (Vivek et al., 2007) which is a
classically sphere-shaped average particle size found in the range
of 50–500 nm (Chavan et al., 2013). SLN are composed of solid
lipid core matrix which can solubilize lipophilic drug. The lipid
core is become stable by surfactant (Vivek et al., 2007). SLN holds
various advantages like high drug payload, long term stability,
controlled release profile. Due to the unique characteristics of
SLN, it could be used for delivery of both hydrophilic (PM)
and hydrophobic (AmB) drugs, depending on the type of lipid,
surfactant, and method of preparation (Mendonça et al., 2020).

Chitosan (Cs) is a polycationic naturally occurring
bio-degradable, non-toxic, non-allergenic bio-polysaccharide
derived from chitin which is abundant in nature (Jain et al.,
2018). Cs is studied as the most efficient material for impending
use on account of its exemplary bio-degradability, bio-
compatibility, non-toxicity, antimicrobial activity, and is
cost-effective. Cs exhibits escalating mucoadhesive properties
that expedite and enhance the transport capacity of drug-
loaded nanoparticles, their absorption across the GI tract,
and eventually improve the drug bio-availability when
administered orally (Singh et al., 2016b; Min et al., 2018).
Surface modification of nanoformulation could have been used
for the customization of therapeutic efficiency as well as the
biodistribution profile (Jain et al., 2015).

In this study, Cs-coated SLN containing AmB and PM were
developed and characterized to be tested as oral carriers for AmB
and PM. NPs were assessed considering their physicochemical
properties, stability on simulated GI fluids, and cytotoxicity over
J774A.1 cells, cellular uptake studies, mucoadhesive property,
and anti-leishmanial activity.

MATERIALS AND METHODS

Materials
Chitosan (low molecular weight), 4′, 6-diamidino-2-
phenylindole dihydrochloride (DAPI), fluorescein isothiocyanate
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(FITC), 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma-Aldrich (USA).
AmB, glycerol monostearate (GMS), polyvinyl alcohol
(PVA), Tween 80, polyethylene glycol 400 (PEG 400), 4%
paraformaldehyde and cellulose dialysis tube (12 kDa) were
procured from HiMedia Laboratories (India). RPMI 1640, heat-
inactivated fetal bovine serum (HI-FBS), penicillin-streptomycin,
rhodamine-phalloidin, trypsin 0.25%, glass-bottom dishes
and phosphate buffer saline (PBS; pH 7.4) were purchased
from ThermoFisher Scientific (India). Sodium taurocholate,
paromomycin (PM) were obtained from SRL (India).

Parasite and Cell Line
Leishmania donovani (LEM 138) parasites were cultured inM199
medium supplemented with antibiotics (100 U/ml penicillin,
100µg/ml streptomycin) and 10% heat-inactivated fetal bovine
serum (HI-FBS), maintained at 26◦C BOD incubator. J774A.1
macrophage cells were cultured in RPMI-1640 supplemented
with penicillin (100 U/ml) and streptomycin (100µg/ml) and
HI-FBS (10%), maintained at 37◦C and 5% CO2 incubator.

Fabrication of
Unmodified/Surface-Modified
Drug-Loaded Solid Lipid Nanoparticle
AmB and PM loaded SLN (DSLN) were prepared by the emulsion
solvent evaporation method (Liu et al., 2011). Briefly, GMS
(150mg), AmB (50mg) were dispersed in 5ml of ethanol and
soy lecithin (40mg), heated to 60◦C to compose the organic
phase. The aqueous phase was formulated simultaneously by
the addition of PVA (0.5% w/v), PEG 400 (1.5% w/v), and PM
(20mg), in double-distilled water (20ml) maintained at 60◦C.
The organic phase was added drop by drop into aqueous phase
with constant stirring at 1000 rpm, leading to the formation
of an emulsion. The emulsion was then released to another
aqueous phase; 1% Tween 80 (w/v) and 1% of PEG 400 (w/v)
and stirred continuously at 4◦C allowing the solidification of
SLN. The resulting suspension was centrifuged at 11,000 rpm for
30min (Avanti JXN-30 Beckman Coulter US) to collect the pellet,
which was washed thrice with Milli-Q water. Mannitol (2% w/v)
was added as a cryoprotectant and the resulting dispersion
was freeze-dried (FDUT-12003, Republic of Korea) to get the
dried DSLN. Formulated DSLN coated with Cs (Cs-SLN) were
prepared by incubating the freeze-dried DSLN with chitosan
(0.1% w/v) solution for 2 h at room temperature (Channarong
et al., 2011; Guo et al., 2016). Plain SLN (PSLN) was prepared by
a similar method without the drugs. FITC labeled Cs-SLN were
prepared by adding FITC in the organic phase in the preparation
methodology as described above.

Encapsulation Efficiency and Drug Loading
Encapsulation efficiency and drug loading was determined
by using a previously reported indirect method. Fmoc-PM
complex was synthesized by solution-phase process for the
determination of PM, Fmoc-Cl (4mM) was added to acetonitrile
and subsequently add to PM (0.5mM) in borate buffer (pH 8.1)
and stirred in completely dark conditions for few minutes. Ethyl

acetate was used for extraction and the complex obtained was
further used for the development of formulations.

After the preparation of DSLN, the supernatant was collected
by centrifugation at 11,000 rpm for 30min and it was used to
measure the amount of Fmoc-PM complex at 315 nm by using
fluorescence spectroscopy (F-4600 spectrophotometer, Hitachi,
Japan) (Kumar and Bose, 2016) and AmB was determined using
UV-Visible spectrophotometer (Shimadzu UV-2600) at 405 nm.

The entrapment efficiency and drug loading was determined
by the following formulae.

Entrapment efficiency (%EE) = Wt −Ws/Wt∗100 (1)

Drug loading (%DL) = Wt −Ws/Wl +Wt −Ws∗100 (2)

where, Wl is the amount of lipid, Wt is the total amount of drug
used, Ws the drug remaining in the supernatant.

Characterization
Particle Size and Zeta Potential
Particle size, polydispersity index (PDI), and zeta potential of
freshly prepared Cs-SLN were determined by using photon
correlation spectroscopy (Zetasizer Nano ZSP; Model-ZEN5600,
Malvern Instruments Ltd. UK) at 25◦C. Concisely, Cs-SLN
were sufficiently diluted with Milli-Q water (1:100) and placed
in disposable cuvettes for the measurement of particle size
and in disposable folded capillary cells for determination of
zeta potential.

Morphology
Morphology of Cs-SLN was observed using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The Cs-SLN dispersion was drop-casted and then
sputter-coated with gold under vacuum (JEC- 300 FC) and
analyzed for SEM. For the TEM (JEOL 2100) analysis, the
dispersion was drop cast onto 300 mesh carbon coated-copper
grid and the surplus amount was taken off with filter paper and
negatively stained with 2% w/v phosphotungstic acid (PTA) for
contrast enhancements. Further, the samples were kept overnight
for vaccum drying. TEM images were captured at an accelerating
voltage of 200 kV, using Gatan camera software.

FTIR Spectroscopy
Fourier transform infrared spectroscopy (FTIR) was performed
to ascertain any chemical interactions present between
GMS, AmB, PM, Cs, and Cs-SLN using Bruker vertex 70v
spectrophotometer and were scanned at 400–4,000 cm−1 for at
the resolution of 4 cm−1 and 64 scans performed for all samples.

Powder X-ray Diffractometer (PXRD)
X-ray diffraction (XRD) patterns of AmB, PM, Cs, and Cs-SLN
were obtained by using Bruker, D8 advance X-ray diffractometer
outfitted with a Ni-filtered Cu Kα-radiation, λ= 1.541 Å (voltage
40 kV; current 30mA). The diffraction pattern was recorded over
a 2θ range of 10–70◦ at a scanning rate of 5◦ per min.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3 October 2020 | Volume 10 | Article 57057324

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Parvez et al. Chitosan Functionalized Nanocarrier via Oral Route for Enhanced Anti-leishmanial Activity

Cellular Uptake
Confocal microscopy was used to study the internalization of
FITC labeled Cs-SLN in Caco-2 cells to evaluate the oral uptake
efficiency of Cs-SLN. Briefly, Caco-2 cells were seeded at an
initial density of 10,000 cells per well in glass-bottom dishes in
Dulbecco’s modified Eagle’s medium (DMEM) with 20% fetal
bovine serum (FBS), 100µg/ml streptomycin and 100 IU/ml
penicillin, and placed in an incubator at 37◦C for 48 h allowing
the cells to adhere. The cells were treated with FITC labeled
Cs-SLN for 2 and 6 h. The cells were washed thrice with 1X PBS
(pH 7.4) and fixed with 4% paraformaldehyde for 20min. The
cells were washed thrice with PBS (pH 7.4) and stained with
DAPI (1µg/ml) for 4–5min. Rhodamine-phalloidin was used to
stain the cell membrane for 30min. The cells were washed and
images were acquired using a confocal laser scanning microscope
(CLSM, LSM 880 NLO, Carl Zeiss, Germany).

In vitro Cytotoxicity Study
MTT assay was used to evaluate the cytotoxicity of SLN on
J774A.1 macrophage cells. In brief, 5 × 104 cells/well were
seeded into 96 well plates and were kept at 37◦C and 5% CO2

environment, to adhere to cells for 24 h. The treatment to the cells
was given with varying concentrations (3.12µg/ml, 6.25µg/ml,
12.50µg/ml, 25µg/ml, 50µg/ml) of PSLN, Cs-SLN, and free
drugs (AmB and PM) as well as the untreated cells were used
as control. At a predetermined time, MTT reagent (20 µl of 5
mg/ml stock solution) was added followed by incubation for 4 h,
under 5% CO2 environment, and at 37◦C. After the removal of
the medium, DMSO (100 µl) was added to dissolve formazan
crystals. Cell viability was evaluated by was measuring the optical
density (OD) of solutions by using a microplate reader (Infinite
200 PRO microplate plate reader) at 570 nm as well as 630 nm
used as a reference wavelength (Khatik et al., 2014). Cell viability
was calculated by applying the formula:

Cell viability = Abss/Absc∗100 (3)

where, Abss is the absorbance of samples, and Absc is the
absorbance of control.

In vitro Release Study
Dialysis membrane method was used to evaluate the in vitro drug
release study. The dialysis membrane (12 kDa) was soaked in
Milli-Q water overnight and formulations were placed in dialysis
membrane closed at both the ends with the clamps, which was
then immersed in 250ml phosphate buffer saline (pH 7.4) along
with 1% Tween 80 and agitated at 150 rpm, 37 ± 1◦C for 72 h.
Aliquots were taken out at regular time intervals and replaced
with fresh buffer to maintain the sink conditions. Samples were
analyzed using UV-VIS spectroscopy (Shimadzu UV-2600) at
413 nm and by using fluorescence spectroscopy (Infinite 200 PRO
microplate plate reader) for detection of PM at 312 nm.

In vitro Simulated Gastrointestinal Fluid
Stability Study
To evaluate the in vitro stability while passing through the
GIT tract, Cs-SLN were placed in hydroxypropyl methylcellulose

(HPMC) capsule and kept in individual dissolution baskets
containing 500ml medium (simulated gastric fluid (SGF; pH
1.6) and simulated intestinal fluids (SIF; pH 6.5) maintained
at 37 ± 0.5◦C under continuous stirring at 50 rpm. The
SGF was prepared by adding sodium chloride (34.2mM),
lecithin (20µM), sodium taurocholate (80µM), pepsin (0.1
mg/ml), conc. HCl (q.s. pH 1.2) in 500ml deionised water
and SIF was prepared by adding lecithin (0.75mM), sodium
taurocholate (3mM), sodium chloride (6.18 gm), sodium di-
hydrogen phosphate (3.43 gm), and sodium hydroxide (q.s. pH
6.5) in 500ml deionised water. Samples were taken out regularly
and quantified using UV-VIS spectroscopy (Shimadzu UV-2600)
at 408 nm (Klein, 2010).

Mucoadhesive Property
Freshly prepared Cs-SLN were evaluated using the main
glycoprotein in mucus i.e., mucin at different concentrations
(0.1, 0.25, and 0.5% w/v), in 0.02M phosphate buffer pH 6.8.
Cs-SLN dispersion was incubated with mucin solutions for
30min in a shaker at 70 rpm, 37◦C. Particle size, PDI, Zeta
potential were recorded before and after the incubation period
(Pauluk et al., 2019).

In vitro Anti-leishmanial Activity of Cs-SLN
Against L. donovani Amastigotes
In vitro anti-leishmanial activity of Cs-SLN, AmBisome, and
AmB were tested against intracellular amastigotes of Leishmania
parasite. Briefly, macrophage cells (J774A.1) (2.5 × 105 cells/ml)
were resuspended in complete RPMI-1640 and seeded in
eight well Lab Teck tissue culture slides (Nunc, USA) and
incubated at 37◦C and 5% CO2 environment for 2 h for
macrophage adherence. The adherent macrophages were washed
(×3) with pre-warmed incomplete RPMI-1640 and infected with
metacyclic promastigotes in 1:10 ratio and incubated at 37◦C and
5% CO2 environment for 12 h. Non-phagocytized promastigotes
were discarded by a simple exchange of medium and the infected
macrophages were incubated with and without having the test
and reference drugs (Cs-SLN, AmBisome, and AmB) in different
concentrations (0.1–1µg/ml) in complete RPMI-1640 at 37◦C
and 5% CO2-air atmosphere for 72 h. The infected macrophages
were washed with PBS and stained with Wright’s stain to assess
the intracellular amastigote growth and intracellular amastigotes
were monitored by counting at least 100 cells per slide under the
oil immersion lens microscope (100×) (Nahar et al., 2009).

Percentage inhibition of amastigote replication was calculated
by the following formula:

PI= 100 – (AT/AC)× 100
PI: percentage inhibition of amastigote multiplication,
AT: actual number of amastigotes in treated
samples/100 macrophages;
AC: actual number of amastigotes in control
samples/100 macrophages.

Statistical Analysis Origin (version 8.6) and GraphPad Prism
(version 8.0.2) software were used to analyze the data of various
groups of experiments. Graphs represent data from an average of
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3 experiments. ∗∗∗∗P-value ≤ 0.0001, ∗∗∗P-value ≤ 0.001, ∗∗P-
value ≤ 0.01, and ∗P-value ≤ 0.05 two-way ANOVA, Tukey’s
multiple comparisons test. The data from individual groups were
presented as the mean± SD.

RESULTS AND DISCUSSION

Fabrication of Nanoparticles and
Characterization
SLN were successfully developed by using the ESE method.
Formulation and process variables were optimized based on
mean particle size and PDI. Optimized formulation has shown
a small mean particle size of 37.6± 0.38 nm with a PDI of 0.31±

0.03 (Table 1). Nanoparticles with small size and spherical shape
can be prepared by ESE (Cavallaro et al., 2015). Themean particle
size of DSLN were considerably increased to 148± 3.60 nm with
PDI 0.308 ± 0.05 and zeta potential of +1.140 ± 0.01mV as
compared to PSLN (37.6 ± 0.38 nm). Surface modifications of
formulation with Cs, further increases the mean particle size
to 373.9 ± 1.41 nm, respectively (Figures 1A,B). Structure as
well as the morphology of Cs-SLN were verified by SEM and
TEM. SLN are uniformly distributed in shape and size for both
the modifications by SEM analysis 307–410 nm (Figure 1C).
Surface modified formulations have shown spherical shape with a
smooth surface in TEMmeasurements (Figure 1D). Entrapment
efficiency (%) was found to be 95.20 ± 3.19% and 89.45 ± 6.86%
for AmB and PM, respectively. AmB can easily encapsulated

TABLE 1 | Particle size and zeta potential of surface-modified dual drug-loaded formulation. Results are presented as mean ± standard deviation (n = 3).

Formulations Mean particle PDI Zeta AmB PM

size (nm) potential

(mV)

% EE % DL % EE % DL

PSLN 37.6 ± 0.38 0.31 ± 0.03 −7 ± 0.316 NA NA NA NA

DSLN 148 ± 3.60 0.308 ± 0.05 1.14 ± 0.01 95.49 ± 2.99 23.00 ± 2.79 89.97 ± 4.06 10.5 ± 1.98

Cs-SLN 373.9 ± 1.41 0.342 ± 0.02 18 ± 0.07 95.20 ± 3.19 22.89 ± 2.67 89.45 ± 6.86 10.4 ± 1.83

FIGURE 1 | (A) Mean particle size (nm) of Cs-SLN. (B) Zeta potential (mV) of Cs-SLN. (C) SEM image of Cs-SLN (scale bar, 5 µm). (D) TEM image of Cs-SLN with

200 nm magnification.
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within SLN in the lipid matrix due to its lipophilic nature.
Lipid-based formulation of AmB has low aqueous solubility
(Battaglia et al., 2010).

FTIR Study
The characteristic peaks in FTIR spectra of GMS are present
at 2,915 and 2,852 cm−1 (C-H stretch in the -CH2 groups), at
1,733 cm−1 (C=O stretching, fatty acid ester), at 1,108 cm−1 (C-
O–C stretching), 3,300 cm−1 (O-H stretching, glycerol moiety),
1,250 cm−1 (C-O stretch), 1,457 and 718 cm−1 (C-H stretching).
The FTIR spectrum showed characteristic peaks of PM at 1,534
cm−1 (CH2 bending) at 1,626 cm

−1 (N-H bending coupled with
C-N stretch), and at 1,019 cm−1 (C-O-C) stretch are present
in spectra of PM (Khan and Kumar, 2011). The FTIR spectra
of AmB showed characteristic peaks such as 3,368 cm−1 (-OH
stretch strongly H- bond), 3,011 cm−1 (C-H stretch, polyene),
1,553 cm−1 (N-H in-plane), and 1,687 cm−1 (C=O stretching),
1,310 cm−1 (C–O stretching) shown in Figure 2A (Singh et al.,
2016b). In the FTIR spectrum of Cs-SLN peaks corresponding to
AmB and PMwere found at 3,348 cm−1, 3,011cm−1, 1,681 cm−1,
1,552 cm−1 and 1,636 cm−1, 1,534 cm−1, respectively. There was
no new peak found in the spectra of Cs-SLN which indicates
the presence of drugs in dissolved form in the lipid matrix and
no interaction was observed between the drugs and lipid matrix
(Ghadiri et al., 2011; Butani et al., 2016).

In the IR spectra of chitosan (Figure 2A) 3,367 cm−1 (O-H
stretching overlapping the N-H stretching), 2,867 cm−1 (C-
H stretching), 1,637 cm−1 (N-H bending), 1,585 cm−1 (N-H

stretching) 1,435–1,386 cm−1 (asymmetrical C-H bending of the
CH2 group) and 1,027 cm−1 (C-N stretching). In the IR spectra
of Cs-SLN the characteristic peaks of chitosan are present. Some
peaks are shifted and broadened due to overlapping of groups
and formation of nanoformulation.

Powdered X-Ray Diffraction Study (PXRD)
PXRD was performed to determine the physical state of
lipid, AmB, and PM. Lipid and AmB showed a compact
and characteristic diffraction pattern. X-ray diffractogram of
AmB has exhibited a sharp peak at 2θ scattered angle of
21.39, 14.1, and 21.78◦ indicating its crystallinity but PM
was found to be amorphous in nature. Cs-SLN showed two
peaks at 24.8 and 30.6◦ but the pattern was showing shifted,
broadened, and weaker peak as compared to GMS, which was
partially recrystallized and transformed to less ordered in SLN
formulation. Drug peaks were also absent due to complete
entrapment of drug in the lipid matrix. The less ordered and
amorphous nature would be contributing to higher drug loading.
Diffraction peaks broadening was related to particle sizes as
the broadening of Bragg’s peaks indicates the formation of
nanoparticles (Figure 2B) (Kumar et al., 2016).

Cellular Uptake Studies
Confocal laser scanning microscopy studies were performed
to FITC-tagged Cs-SLN to assess drug internalization into
Caco-2 cells. It was observed that the FITC-tagged Cs-SLN
were internalized by Caco-2 cells in the time-dependent way
as well as no toxic response was seen because there was

FIGURE 2 | (A) FTIR Spectra of GMS, PM, AmB, Cs, Cs-SLN. (B) XRD Spectra of GMS, AmB, PM, Cs, Cs-SLN.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6 October 2020 | Volume 10 | Article 57057327

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Parvez et al. Chitosan Functionalized Nanocarrier via Oral Route for Enhanced Anti-leishmanial Activity

no change observed in the morphology of the Caco-2 cells
(Figure 3). Chitosan could be used for macrophage targeting as
it causes the activation of macrophages and it enhances uptake
of NPs by kupffer cells (passive targeting). It was previously
reported that Curcumin SLN has revealed augmented uptake
in Caco2/HT-29-MTX cell monolayer up to 2 h (Guri et al.,
2013). The SLN uptake efficiency can be enhanced due to
surface coating (Costa et al., 2018). C6-labeled SLN and NLCs
showed enhanced internalization in a time-dependent manner
on HaCaT and CCC-ESF cells (Guo et al., 2015). It was
observed during initial experiments that the morphology of
the cells was not changed as well as normal doubling time
(i.e., 48 h) even in the presence of Cs-SLN. The cells were
healthy and no sign of apoptosis was observed (Vijayakumar
et al., 2017). Schipper et al. (1997) reported that chitosan acts
as an absorption enhancer for the poorly absorbable drugs
(Schipper et al., 1997).

The higher cellular uptake could be due to the cationic surface
charge of nanoparticles or might be due to the efficient binding
of Cs-SLN to the cell membrane (Ma and Lim, 2003; Wang et al.,
2016).

Chitosan is being accepted as a fascinating material for oral
route delivery, which could be used as a permeation enhancer,
mucoadhesion, and P-gp inhibition (Liu et al., 2017).

In vitro Cytotoxicity Study
The cell viability is a common assay for the assessment of
cytotoxicity of Cs-SLN, PSLN, PM, and AmB in macrophage
cell lines (J774A.1) by MTT assay. The cell cytotoxicity of
Cs-SLN, PSLN, PM were found to be less toxic when compared
to free AmB, at all equivalent concentrations (Figure 4). Cell
cytotoxicity study confirmed the safety of excipient used for the
development of nanoparticles as the PSLN were showing more
than 80% viability at all concentrations. % Cell viability reduction
was found to be dose-dependent as it was observed that cell
viability was lowest at 50µg/ml of Cs-SLN. This was reflected
from the controlled drug release pattern of AmB, which was
showing 32.6% of drug release within 24 h. The encapsulation
of AmB in SLN could be the reason for reduced toxicity and an
additional surface coating with biocompatible polymers did not
affect the cell viability (Ching et al., 1983). Ling et al. reported
that AmB slow release from the lipid matrix could be the reason

FIGURE 3 | Confocal microscopy images of Caco-2 cells after 6 h incubation at 37◦C with FITC-tagged Cs-SLN. FITC, fluorescein isothiocyanate; hrs, hours.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 October 2020 | Volume 10 | Article 57057328

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Parvez et al. Chitosan Functionalized Nanocarrier via Oral Route for Enhanced Anti-leishmanial Activity

behind lower higher cell viability of Cs coated formulation (Ling
et al., 2019). SLN formulations are granted as low- or non-toxic
because they are produced using biodegradable compounds,
which are commonly used in pharmaceuticals and cosmetics, also
called GRAS (Generally Regarded As Safe) and free from the risk
of acute and chronic toxicity (Bagde et al., 2019).

In vitro Drug Release Study
Drug release profile showed a biphasic pattern for both the
drugs released from Cs-SLN (Figure 5A). Within an initial 6 h,
27.6% AmB, and 34.4% PM was found to be released due to
the burst release. Being hydrophobic in nature AmB was present
in the lipid core and remains inside till lipid erosion or lipid

FIGURE 4 | Percent cell cytotoxicity of J774A.1 cells treated with AmB suspension, PM suspension, PSLN, Cs-SLN. Results are presented as mean ± standard

deviation (n = 3). Statistical significance was assessed using ANOVA (**p < 0.01 and ****p < 0.0001).

FIGURE 5 | (A) % Cumulative drug release study of PM and AmB for Cs-SLN. (B) In vitro simulated gastric fluid drug release study of Cs-SLN. Results are presented

as mean ± standard deviation (n = 3).
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degradation process gets initiated, apart from that PM, being
hydrophilic presents in the outer surfactant layer. The presence of
PM on the outer layer or a little erosion of chitosan coating, might
be one or both could be the reason, which leads to the higher
burst release effects. Methazolamide-chitosan-SLN dispersion
exhibited a biphasic release pattern, with an initial burst release
about 50% within the first two hours followed by a sustained
release in the following 6 h (Pozo-rodríguez et al., 2009). As
observed during the drug release study % CDR (33.9%) for AmB
and 37.21% for PM up to 72 h, revealed controlled and slow
drug release from Cs-SLN. SLN has before now acknowledged
as the controlled release drug carrier. It was previously reported
that sustained drug release could be accomplished when the
drug is uniformly dispersed in the lipid matrix (Almeida, 2017).
Percentage drug release of carbamazepine (CBZ) was observed
for a different formulation of SLN and ∼66.7% of drug was
released in 24 h. CBZ encapsulated in chitosan SLN showed a
controlled drug release (Nair et al., 2012). Surface modification
or assembly of biological polymer coating could be employed to
develop sustained release characteristics of SLN. Cisplatin-loaded
chitosan-coated SLN showed a significantly higher apoptosis in
cancer cells, which is attributed to the increased internalization
of nanocarriers and the controlled release of anticancer drugs in
the intracellular environment (Wang et al., 2016).

In vitro Simulated Gastric and Intestinal
Fluid Study
To monitor the stability of SLN, it is very important to study the
effects of gastro-intestinal fluids on the developed formulations.
AmB release was found to be negligible in SGF (pH 1.6) and
SIF (pH 6.5) as shown in Figure 5B. The chitosan coating
prevents the premature RVT release when compared to uncoated
nanoparticles (Pauluk et al., 2019). Luo and co-workers reported
that the presence of chitosan coating protects the constituent
drug from the effect of gastric enzymes (Luo et al., 2011).

Mucoadhesive properties of chitosan enhance the interaction
with the membrane as well as the absorption of compounds by
the gastrointestinal tract (Farris et al., 2017).

Mucoadhesive Property
Mucin is negatively charged owing to sialic acid and Cs-
SLN possessed positive charge before incubating with different
mucin solutions because of the presence of an amine group.
Further, a drop in the value of zeta potential was observed,
which moved toward more negative, revealed the presence of
interaction between the amine group of chitosan and mucin,
reflecting mucoadhesive property of chitosan (Figures 6A,B)
(Ling et al., 2019).

In vitro Anti-leishmanial Activity of Cs-SLN
Against L. donovani-Infected J774A.1
Macrophages
Anti-leishmanial activity of Cs-SLN, AmBisome, and AmB were
evaluated against L. donovani-infected macrophages, in vitro.
All samples were stained and intra-cellular amastigotes were
enumerated. Cs-SLN (1µg/ml) have significantly (P < 0.01)
diminished the intra-cellular amastigotes compared to free AmB
(Figure 7C). The IC50 values of Cs-SLN, AmBisome, and AmB
were observed to be 0.018422 ± 0.005928µg/ml, 0.193894 ±

0.015368µg/ml, and 0.316039 ± 0.026423µg/ml, respectively
(Figure 7B). The IC50 value of Cs-SLN, was significantly lower
than AmBisome (P < 0.05) and AmB (P < 0.01). The IC50
value of Cs-SLN was 17.5- and 10.7-fold lower than the IC50
value of free AmB and Ambisome, respectively. The enhanced
anti-leishmanial activity in macrophages is due to surface
modification with Cs, which could be accountable for enhanced
macrophage internalization. Cs can withstand the lysosomal
pH owing to its acid resistive nature. Cs is also known to
target macrophages via glucosamine-like receptors displayed on
the surface of kupffer cells, the resident liver macrophages.

FIGURE 6 | (A) Mean particle size, PDI of DSLN, Cs-SLN in the absence and presence of mucin. (B) Zeta potential of DSLN, Cs-SLN in the absence and presence of

mucin. Results are presented as mean ± standard deviation (n = 3).
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FIGURE 7 | (A) Percentage inhibition of Cs-SLN, AmBisome, and AmB against L. donovani-infected J774A.1 macrophages. (B) IC50 values of Cs-SLN, AmBisome,

and AmB against L. donovani-infected macrophages. (C) Microphotographs of Cs-SLN treated and untreated L. donovani-infected J774A.1 macrophages. Results

are presented as mean ± standard deviation (n = 3) and analyzed by Graph Pad Prism 8.0.2 software. (Cs-SLN and AmBisome) vs. AmB, **P < 0.01, *P < 0.05.

Moreover, chitosan being positively charged interact with cell
membranes easily, possessing overall negative charge therefore
expedites endocytosis (Singh et al., 2016b). Cs-SLN (1µg/ml)
showed a maximum percentage of inhibition (92.35%) on
intra-cellular amastigote growth of L. donovani (Figure 7A).
Cs coating of SLN activates macrophages to release Th 1
cytokines which in turn generates an enhanced immunological
response thereby facilitating the elimination of intracellular
parasites (Jain et al., 2014) and AmB, a gold standard for
leishmaniasis could be orally delivered by utilizing lipid-
based nanocarriers with reduced adverse effect (Thanki et al.,
2019).

CONCLUSION

Cs-SLN was successfully developed by the emulsion
solvent evaporation method and well-characterized by
FTIR, NMR, XRD, SEM, and TEM analysis. Cs-SLN
has shown complete internalization in Caco-2 cells.

Cs-SLN has shown a sustained drug release profile over
a period of 72 h and stable at gastric fluids, confirmed by
simulated gastro-intestinal fluids study. Cs-SLN (1µg/ml)
have significantly (P < 0.01) reduced the intracellular
amastigotes compared to free AmB without showing
any toxic side effects. Additionally, surface modification
could provide higher macrophage targeting and divulge an
immunotherapeutic activity.
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Precise regulation of inflammasome is critical during any pathogenic encounter. The whole
innate immune system comprising of pattern recognition receptors (PRRs) relies on its
ability to sense microbes. The fate of cellular death in infected cells depends mostly on the
activation of these inflammasome, the dysregulation of which, due to functional
manipulation by various pathogens, leads to be the cause of many human diseases.
Here, an interesting finding has been observed which is related to how Leishmania donovani
parasites exploit various host mediator molecules to cause immunosuppression. Here we
report for the first time that the parasites check pyroptosis in the infected cells in-vitro by
BLIMP-1 mediated suppression of TAK1 and p53 proteins. This might be one of the
reasons how parasites evade the pro-inflammatory response of the host cells. Further
understandings and validations are required to come upwith better therapeutic approaches
against kala-azar.

Keywords: Leishmaniasis, kala-azar, immuno-suppression, BLIMP-1, macrophage
INTRODUCTION

Macrophages are the sentinel immune cells that come in response to pathogenic encounter and
direct the innate immune response toward adaptive immune system. The innate immune system
relies on the pattern recognition receptors (PRRs) to sense any microbial infection or tissue damage
and finally initiate inflammatory reactions by activation of various inflammasomes depending upon
the types of pathogen (Newton and Dixit, 2012). Prior to its activation, priming leads to the
activation of NFkB and subsequent expression of inflammasome components and the pro-forms of
the inflammatory cytokines, IL-1b and IL-18. Apart from this, priming also modulate the post-
translational modifications (PTMs) of NLR family pyrin domain containing 3 (NLRP3), apoptosis-
associated speck like protein containing a caspase recruitment domain (ASC) and pro-caspase 1 to
facilitate the assembly of the inflammasome and thus activation (Yang et al., 2016). Among these
modifications, phosphorylation and ubiquitination are the most characterized ones in the regulation
of inflammasome signaling, catalyzed by hundreds of enzymes (Khoury et al., 2011). The highly
diverse and versatile PTMs play an important role in shaping the dynamics of inflammatory
response during pathogenic infections and thus remain an exciting area of research for the
foreseeable future. As per previous report in terms of fungal infections, NLRP3 and ASC, both
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have been reported to be phosphorylated by Syk kinase and
many other kinases (Gross et al., 2009). Recently, a threonine-
serine kinase, NIMA Related Kinase 7 (NEK7) was identified by
many independent groups to be involved in the activation of
NLRP3 inflammasome signaling (He et al., 2016). NEK7 has
been reported as NLRP3 binding protein which helps in the
regulation of NLRP3 oligomerization and activation depending
on potassium efflux. Also, intracellular reactive oxygen species
(ROS) formation from the mitochondria helps NEK7 to
efficiently bind with NLRP3. Whereas, through screening of
natural products, TGF-b activated kinase-1 (TAK1) was also
identified as a kinase regulating the NLRP3 inflammasome by
phosphorylation (Gong et al., 2010). In contrast, recent report
says, TAK1 controls NLRP3 inflammasome homeostasis by
restraining inflammation and cell death in myeloid cells
(Malireddi et al., 2018). So, the role of TAK1 in the regulation
of inflammasome is still elusive and needs further investigations.

Apart from enzymes involved in the regulation of PTMs of
NLRP3 inflammasome, the role of p53—a tumor suppressor
gene in inflammasome regulation cannot be ruled out. Sanjeev
et al., showed that caspase 1 is transcriptionally activated by p53
suggesting its role in inflammation (Gupta et al., 2001). The
involvement of p53 gene in various non-canonical cell death
pathways has also been discussed apart from apoptosis (Ranjan
and Iwakuma, 2016). There is a similar mechanistic pathway that
exists for both p53 and NFkB activation. The murine double-
minute 2 (Mdm2) or human murine double-minute 2 (hMdm2)
is an E3 ubiquitin ligase that binds to p53 molecule in normal
cells and upon stress stimuli, the degradation of Mdm2 allows
p53 stabilization, activation, and its cellular response (Moll and
Petrenko, 2003). On the other hand, NFkB subunits are held by
inhibitor of nuclear-kB (IkB) in the cytoplasm and upon
stimulation, IkB gets phosphorylated by TAK-1 mediated
inhibitor of nuclear factor-kB kinase (IKK) leading to its
proteasomal degradation (Adhikari et al., 2007). This allows
NFkB to translocate into the nucleus for transcription of
various pro-inflammatory genes involved in inflammation (Liu
et al., 2017). According to a previous report, p53 and NFkB
cross-talk antagonistically in signaling pathway even though they
have similar activation mechanism (Huang et al., 2007). But
there are reports available wherein it has been shown that both of
them co-regulate the pro-inflammatory axis of cell death
pathways in macrophages (Ryan et al., 2000; Lowe et al., 2014).
So, the interaction between p53 and NFkB is different depending
upon the type of cells and cellular microenvironment.

Here, we have reported for the very first time the cross-talk
between NEK7, TAK1, NFkB, and p53 in the context of B-cell
induced maturation protein 1 (BLIMP-1) overexpression during
Leishmania donovani infection (Montes De Oca et al., 2016).
BLIMP-1 is a zinc finger containing DNA binding transcriptional
repressor of IFN-b (Huang, 1994) and serves as a master regulator
of antibody-producing B-cells, orchestrating T-cell homeostasis
(Fu et al., 2017). The role of BLIMP-1 in regulating macrophage
pyroptosis during L. donovani infection has already been justified
previously (Saha et al., 2019a) and in this study how NEK7, TAK1,
NFkB, and p53 are cross-regulating the pyroptotic cell death
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pathway have been explored during infection. Our previous report
on the impairment of caspase 1 dependent NLRP3 inflammasome
activation during L. donovani infection (Saha et al., 2019b) has
been further justified by finding out the roles of PTM enzymes in
activation of the inflammasome. The data supports the fact that
parasites exploit BLIMP-1 upregulation to suppress the expression
of TAK1 and p53, thereby tweaking the tightly controlled NFkB-
NLRP3 signaling pathway, inhibiting the intracellular ROS
formation and evasion of pyroptosis during infection.
MATERIALS AND METHODS

Cell Culture and Other Materials
Briefly, THP-1 and J774A.1 were procured from National Centre
for Cell Sciences, Pune and cultured at 37°C and 5% CO2 in
Roswell Park Memorial Institute (RPMI-1640) media and
Dulbecco’s Modified Eagle’s Medium (DMEM) respectively
supplemented with 10% FBS, 2 mM glutamine, 100 U/ml
penici l l in, 100 µg/ml streptomycin, and 2.5 mg/ml
amphotericin B. Phorbol 12-myristate 13-acetate (PMA) was
used at a concentration of 100 ng/ml to differentiate monocytic
THP-1 cells into macrophages at 37°C and 5% CO2 overnight. L.
donovani promastigotes (Ld/BHU1081 strain) were received as a
kind gift from Shyam Sundar, Banaras Hindu University, India,
and cultured in BSL-II and maintained at 28°C in M199 liquid
media supplemented with 10% fetal bovine serum (FBS), 100 U/
ml penicillin, and 100 µg/ml streptomycin. Antibodies like NEK7
and TAK1 were procured from Santa Cruz while other
antibodies like a-tubulin, p53 and Cyt c were procured from
Bio-Bharti and Thermo, respectively.

Real-Time PCR
Total RNA was isolated using RNeasy Mini Kit (QIAGEN)
protocol and proceeded with cDNA preparation using
ProtoScript® First Strand cDNA Synthesis Kit (New England
Biolabs) after DNase treatment for 1 h at 37°C. The mRNA levels
of nek7 and tak1 were analyzed using specific primers in qRT-
PCR. For all the qRT-PCR experiments, b-actin gene was used as
endogenous housekeeping control to normalize the relative
fluorescence signal of the target genes. All the primers
sequences used are listed in Table 1.

siRNA-Mediated Knock Down
BLIMP-1 knock down was carried out using blimp-1 specific
siRNA procured alongwith a scrambled siRNA from Invitrogen.
TABLE 1 | List of primer sequences used for real-time PCR experiments.

S. No. Primer Name Sequence (5’–3’)

1 nek7_FP TGGATGAGCAATCACAAGGAAT
2 nek7_RP CCGGTCGTAAGGCCTTCTG
3 tak1_FP GCGTCGGAAACCCTTTGA
4 tak1_RP TGAACAGCCCACATGATTCG
5 b-actin_FP CTGGCACCCAGCACAATG
6 b-actin_RP GCCGATCCACACGGAGTACT
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Briefly ~2 × 105 cells (THP-1 and J774A.1) were seeded in RPMI-
1640 media and DMEM, respectively in 35-mm petri dishes and
incubated at 37°C, 5% CO2 for 24 h. PMA (100 ng/ml) was used
for THP-1 cells to differentiate into macrophages. Serum-free
Opti-MEM media was used to prepare siRNA-lipid mix and
incubated the cells for 6 h followed by addition of complete
media and finally incubated at 37°C, 5% CO2 for another 18 h.
The effect of siRNAs (30 nM) used for knock-down was validated
using western blot analysis (data not shown).

Promastigote Infection
Live L. donovani promastigotes were used to infect the
differentiated macrophage cell lines at MOI of 1:5. The cells
were counted in haemocytometer and resuspended in respective
media (RPMI-1640 for THP-1 and DMEM for J774A.1 cells) and
incubated for 24 h at 37°C, 5% CO2. For all siRNA knock down
experiments, infection was done after siRNA treatment.

Immunoblotting
Briefly, 2 × 105 cells/experimental sample of THP-1 and J774A.1
were used to lyse the cells using RIPA buffer containing 1× Protease
Inhibitor Cocktail, 1 mM PMSF, and 10 mM EDTA. An equal
amount (25 mg/lane) of cell lysates of different samples were run on
a 12% SDS-PAGE followed by transfer into a polyvinylidene
fluoride (PVDF) membrane. Blocking was done using 5%
skimmed milk for 2 h at room temperature (RT) followed by
washing with 1× TBST buffer thrice. Then, primary antibodies for
NEK7 (1:100 dilution), TAK1 (1:100 dilution), p53 (1:1,000
dilution) and Cyt c (1:750 dilution) were used for incubating the
membrane at 4°C overnight. Next, the membrane was washed
again with 1× TBST and incubated with secondary IgG antibody
conjugated with HRP at for 45 min at room temperature. The
membrane was washed with 1× TBST and chemiluminescent HRP
substrate was used for band detection under a Chemi-Doc.

Immunofluorescence Using
Flow Cytometry
Cells were trypsinized using 1× Trypsin, centrifuged and washed
with cold 1× PBS twice prior to flow cytometry analyses. Cells
were fixed with 4% paraformaldehyde for 5 min at RT and then
permealized using 0.01% Triton-X 100 for 5 min at RT. Blocking
was done with 3% bovine serum albumin (BSA) for 2 h at RT and
then was incubated with primary antibodies (TAK1 and p53) at
dilution of 1:50 at 4°C overnight. Then, cells were incubated with
secondary antibody conjugated with FITC was used (1:500
dilution) for 1 h at RT. Cold 1× PBS were used in all the
intermediate and final steps to wash the cells thrice. Cells were
resuspended finally in 1× PBS to process them in flow cytometer.
Histogram plots shown in Supplementary Figures 1 and 2.

Statistics and Densitometry Analyses
The western blot data were analyzed using densitometry using
Image J software where a normalization factor was calculated for
the loading control (a-tubulin) to normalize the signals of the
target proteins. A statistical data analysis was determined by
unpaired t-test in Sigma Plot 10 software using different
biological replicates for all the experiments and has been
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 336
represented by mean ± SEM. A “p” value of less than 0.05 has
been considered significant. All replicate blots are shown in
Supplementary Figures 3–5.

RESULTS

Downregulation of NEK7 and TAK1
During Infection
NEK7 is very crucial in phosphorylating the NLRP3 component
and thereby activating the inflammasome in the presence of
higher intracellular ROS level. On the other hand, TAK1 is a
significant kinase playing a role in activating NLRP3
inflammasome via NFkB activation. However, significant
decrease in the mRNA level of nek7 and tak1 during L.
donovani infection in both THP-1 and J774A.1 cell lines have
been found (Figure 1A). The transcriptional downregulation of
both nek7 and tak1 have been correlated with their decrease in
the protein expression level in the infected cells as compared to
control uninfected and LPS treated cells (Figures 1B–E).

Resumption of TAK1 Expression in
Blimp-1 Deficient Infected Cells
We thought of assessing the expression of both NEK7 and TAK1
in blimp-1 deficient cells infected with promastigotes since
BLIMP-1 has been found to be a key player in the
pathogenesis of kala-azar (Saha et al., 2019a). Interestingly, we
found BLIMP-1 over-expression to be involved with only TAK1
regulation as a repressor because TAK1 expression has been
resumed in blimp-1 deficient cells infected with promastigotes
(Figures 2A, B). The same has been further verified by flow
cytometry experiment where cells were stained more with TAK1
antibody in blimp-1 deficient cells infected with promastigotes as
compared to infection control (Figures 2C, D). This resumed
staining of cells is comparable with LPS treated cells and has been
shown by median fluorescence intensity (MFI) (Figures 2E, F).
On the other hand, no such resumption or changes were found in
NEK7 expression pattern in blimp-1 deficient cells infected with
the parasite and lacked consistency. Thus, we can attribute our
finding related to BLIMP-1 induced TAK-1 repression also
might be due to some indirect effect through other signaling
pathways. These findings advocate us to dig deeper into the
mechanisms of how BLIMP-1 is regulating the TAK1 mediated
pathway of NFkB activation.

BLIMP-1 Negatively Regulates
p53 Expression
Despite our vast knowledge about multifunctional role of p53, its
involvement in the host defense against pathogenic infections
remains unknown. Interestingly, we found reduced expression of
p53 level in the Leishmania infected cells and later resumed in
blimp-1 deficient cells infected with promastigotes as compared
to controls by immunoblot (Figures 3A–D). In agreement with
this, flow cytometry analyses also demonstrate that cells were
stained more with p53 antibody in blimp-1 deficient cells infected
with promastigotes as compared to infection control (Figures
3E–H). This data can be attributed with a recent finding about
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how BLIMP-1 regulates the control of cell proliferation and
survival through the negative regulation of p53 at the
transcriptional level (Yan et al., 2007).

BLIMP-1 Dependent Reduced Cytochrome
C Expression During Infection
The involvement of p53 expression in mediating non-canonical
forms of cell death has been explored and mentioned earlier
(Gupta et al., 2001). The reduced intracellular ROS level during
infection as per our previous results (Saha et al., 2019b) can also
be explained in a way that p53 induces the level of BAX protein
(pro-apoptotic) followed by increase in cytochrome c (Cyt c)
level and thereby formation of intracellular ROS by the
mitochondria which helps in either pathogen clearance or
death of infected cells (Ranjan and Iwakuma, 2016). In
contrast, there is reduced level of p53 in the infected cells
leading to decreased Cyt c formation in the infected cells
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 437
(Figures 3A–D). Moreover, the level of p53 and Cyt c has
been shown to be resumed in blimp-1 deficient cells infected
with promastigotes suggesting an antagonistic role of BLIMP-1
on p53 dependent activation of cell death (Yan et al., 2007).
DISCUSSION

Recent reports suggest that pathogens, especially those with an
intracellular life cycle, modulate the human host cell to ensure
their own survival (Eisenreich et al., 2019; Thakur et al., 2019).
However, they also need to counteract the severe damage that
infections often cause to the host in order to avoid the immediate
loss of their replicative niche. The cumulative role of NEK7 and
TAK1 in a controlled manner has been reported earlier in initiating
the activation of NLRP3 inflammasome and thereby causing
caspase 1 mediated pyroptosis (He et al., 2016; Malireddi et al.,
A

B

D E

C

FIGURE 1 | Gene expression analyses and immunoblotting of NEK7 and TAK1. (A) Transcriptional analyses of two kinases, nek7 and tak1 involved in the PTMs of
NLRP3 inflammasome have been shown in both THP-1 and J774A.1 cells infected with promastigotes at MOI of 1:5 for 24 h; Decrease in (B, C) NEK7 expression
and (D, E) TAK1 expression was found in both THP-1 and J774A.1 cells infected with promastigotes at MOI of 1:5 for 24 h. Bacterial LPS treated cells were used
as positive controls for the experiment. (Note: n = 3, where n represents three different independent experimental replicates for all the experiments; * denotes p <
0.05, ** denotes p < 0.005, *** denotes p < 0.001).
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2019). In addition, DNA damage and ROS being strong inducers of
p53-mediated apoptosis, bacterial pathogens along with few virus
and protozoan parasites have adopted various mechanisms to
escape and bypass p53 signaling to ensure host cell survival,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 538
highlighting the importance of this pathway for intracellular
pathogens (Zaika et al., 2015; Miciak and Bunz, 2016). Here, we
report for the first-time reduced level of NEK7, TAK1 and p53
expression during L. donovani infection leading to decrease in Cyt c
A

B

D

E F

C

FIGURE 2 | Quantification of TAK1 expression in blimp-1 deficient cells infected with promastigotes at MOI of 1:5 for 24 h in both THP-1 and J774A.1 cell lines
were measured using immunoblotting and flow cytometry. Bacterial LPS treated cells were used as positive controls for the experiment; (A) Western Blot,
(B) Densitometry analyses of TAK1 expression. For flow cytometry, overlaid histogram plot was shown for (C) THP-1 cells and (D) J774A.1 stained cells. Median
Fluorescence Intensity (MFI) has also been plotted for (E) THP-1 and (F) J774A.1 cells. (Note: n = 2 for (A, B) and n = 3 for (C–F), where n represents different
independent experimental replicates for all the experiments; *** denotes p < 0.001; percentage of gated cells is 100% and total event counted is 2500 for all flow
cytometry experiments).
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release wherein the expression of these mediators (TAK1, p53 and
Cyt c) except NEK7were resumed significantly and consistently in
blimp-1 deficient cells infected with promastigotes.

Transcriptional and translational downregulation of NEK7 and
TAK1 level in infected cells as compared to control was an
interesting finding which led us to design further experimentations
to validate the role of NEK7 and TAK1 regulation in host immune
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 639
surveillance during infection. In order to assess their roles, we
thought of analyzing the expression level of NEK7 and TAK1 in
blimp-1 deficient cells infected with promastigotes since we found
BLIMP-1 as a potential host molecule aiding parasite to evade the
host immune response in our previous report (Saha et al., 2019a). To
our surprise, TAK1 and not NEK7 expression level was found to be
resumed significantly and consistently in blimp-1 deficient cells
A B

D

E F

G H

C

FIGURE 3 | Quantification of p53 expression in blimp-1 deficient cells infected with promastigotes at MOI of 1:5 for 24 h in both THP-1 and J774A.1 cell lines were
measured using immunoblotting and flow cytometry. Immunoblot of p53 and Cyt c were shown in (A) THP-1 cells and (B) J774A.1 cells along with densitometry
analyses in (C) THP-1 and (D) J774A.1 cells. For flow cytometry, overlaid histogram plot for p53 was shown in (E) THP-1 cells and (F) J774A.1 stained cells.
Median Fluorescence Intensity (MFI) has also been plotted in (G) THP-1 and (H) J774A.1 cells.(Note: n = 3, where n represents three different independent
experimental replicates for all the experiments; * denotes p < 0.05, ** denotes p < 0.005, and *** denotes p < 0.001; percentage of gated cells is 100% and total
event counted is 2,500 for all flow cytometry experiments).
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infected with promastigotes as compared to controls. This data was
conclusive enough to support the fact that these parasites are
exploiting a major host molecule (BLIMP-1) in order to suppress
the pro-inflammatory environment inside the cells and thereby
inhibiting/downregulating a molecule (TAK1) upstream of NFkB
activation pathway. In addition, we found reduced level of p53 and
Cyt c in infected cells and their resumptions in blimp-1 deficient cells
infected with promastigotes as compared to controls were another
findings which can be attributed and linked with our previous
reports (Saha et al., 2019a; Saha et al., 2019b). In another report,
this fact has already been established previously that BLIMP-1
represses p53 transcription by binding to its promoter and thereby
provides a mechanistic explanation of induced p53 expression level
in BLIMP-1 depleted cells (Yan et al., 2007). So, the decrease in p53
and Cyt c level might be one of the reason behind interruption
ofcanonical as well non-canonical cell death pathways in infected
cells. Thus, we can hypothesize that the parasites actually inhibit
pyroptosis (non-canonical cell death pathway) by downregulation of
p53 which is a transcriptional activator of human caspase 1 (Gupta
et al., 2001). The reason behind the negative regulation of these
mediators by BLIMP-1 might be an indirect effect of some other
signaling pathways during infection.

Summarizing the cross-talks among all the host mediators in
NLRP3 inflammasome driven cell death pathway, we can
conclude that TAK1 induces the activation of NFkB followed
by NLRP3 inflammasome activation. This triggering of cellular
environment results in p53 stabilization which induces Cyt c
release resulting in increased production of intracellular ROS
favoring NLRP3 inflammasome activation by facilitating NLRP3
phosphorylation by NEK7. The downstream effect of NLRP3
inflammasome activation causes cells to undergo caspase 1
dependent pyroptosis, releasing IL-1b and IL-18 (Saha et al.,
2019b). The above cross-regulation of pathways gets halted
during L. donovani infection in-vitro by over-expression of
BLIMP-1 protein. This BLIMP-1 was already found to directly
repress p53 (Yan et al., 2007) whereas there might be some
indirect mechanism of how TAK1 is being repressed by BLIMP-
1 via other signaling pathways. In a nutshell, we conjecture that
the parasites control pyroptosis in the infected cells by BLIMP-1
mediated suppression of TAK1 and p53 which impairs the
NFkB – NLRP3 inflammasome signaling affecting the pro-
inflammatory response due to decreased IL-1b processing as
discussed in our early report (Saha et al., 2019a; Saha et al.,
2019b). This work is a significant contribution to understand the
poorly understood mechanism of Leishmania induced BLIMP-1
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 740
exploitation for evading the inflammatory regulation of the host
cells. Although, detailed and more experimentations on in-vivo
animal models will further enrich our knowledge on this topic.
Thus, interesting facts have been observed on how L. donovani
parasites modulate various host cell signaling pathways and
exploit mediator molecules to cross-talk between different
pathways for their survival and progression of infection.
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Leishmania donovani With Increased
Efficacy
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Sciences, Banaras Hindu University, Varanasi, India, 4 National Institute of Pharmaceutical Education & Research, Kolkata, India

Previously we have shown that long term oral treatment of tricyclic-antidepressant-drug,
imipramine, against experimental visceral leishmaniasis, results in clearance of organ
parasites, regardless of input infection, either with antimony-sensitive (SbS) or antimony-
resistant (SbR) Leishmania donovani (LD) clinical isolates. Although continuous imipramine
monotherapy for 28 days (5 mg/kg) results in significant clearance of organ parasites in
both SbR and SbSLD infected hamsters, the dose for the sterile parasite clearance from
visceral organ is comparatively higher (10 mg/kg) and shows signs of toxicity. Hence, to
reduce the toxicity, we encapsulated imipramine in squalene-phosphatidylcholine (SP)
liposome (Lip-Imi) and tested its efficacy for a short-course treatment (10 days) in the
animal model of visceral leishmaniasis. We observed a significant reduction of hepatic
toxicity coupled with sterile parasite clearance in case of this short-course treatment of
Lip-Imi, which is absent with free Imi treatment. This also correlates with significant
increase in serum availability of imipramine in case of Lip-Imi treatment due to sustained
release. Clearance of parasite was coupled with the polarization of antileishmanial immune
repertoire from Th2 to Th1 after treatment with Lip-Imi in both SbRLD and SbSLD infected
mouse models of LD infection. This study showed that imipramine is effective against both
SbSLD and SbRLD at a significantly lower dose with reduced time course of treatment
without any toxic side effects, when encapsulated in SP-liposome. Thus, the drug has the
potential to be repurposed for the treatment of Kala-azar.
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INTRODUCTION

Leishmaniasis caused by different species of protozoa of
genus Leishmania that are transmitted by Phlebotomine sandfly
vector. LD causes visceral leishmaniasis (VL) in the Indian
subcontinent, Asia, and Africa and is usually fatal if left
untreated (Lukes et al., 2007; Clem, 2010). The problem of drug
resistance is very common in treating infectious diseases and
leishmaniasis is not an exception (Sundar, 2001). Long
treatment regime, too long half-life, large drug dose, rampant
uses of drugs are the key factors that regulate resistance induction
(Croft and Coombs, 2003). Absence of effective vaccines makes
chemotherapy the only treatment option. Pentavalent antimonials
(SbV) like sodium stibogluconate (SSG) and meglumine
antimoniate remain the first line therapy for VL for over six
decades and are still in use in many parts of the world, where
resistance to SbV is not prevalent (Haldar et al., 2011). Although,
few alternative treatments like Amphotericin B (AmB),
miltefosine, paromomycin, and lipid-conjugated-formulations of
AmB are available, they also suffer from multiple limitations
(Olliaro et al., 2005; Croft et al., 2006b; Sundar and Chatterjee,
2006; Maltezou, 2010). Approaches to overcome antimonial
resistance include use of alternative drugs (Croft et al., 2006a),
short-treatment regime (Sundar et al., 2000a) and better drug
delivery system (Black et al., 1977; Valladares et al., 2001) to avoid
side effects and resistance induction. Sometimes drugs show very
less effectiveness in its tolerance level and the effective dose
becomes toxic to host. Thus, efforts are made to minimize
the above-mentioned factors which would lead to a better drug
for effective chemotherapy. Previously, we reported that
antidepressant imipramine is a potent antileishmanial agent in
hamster model (Mukherjee et al., 2012)and it has been also shown
to be effective against other Leishmania species (Andrade-Neto
et al., 2016), thus qualifying as a potential candidate it can be used
across the phylum. Interestingly, a structural study has reported
some imipramine-analogues might also be effective against LD
(Pandey et al., 2016). However, all the recommended dose-range
of imipramine associated with treating depression (100–200 mg
daily) for enuresis (10–75 mg daily) (Goodman, 1990), and for the
children (daily doses of 25–50 mg to maximum 100 mg), are
associated with some events of toxic effects (Saraf and Klein, 1971).
However, very recently its lower dose has been approved by FDA
and is already available commercially without any such event
(Fayez and Gupta, 2020). We have previously reported that oral
administration of imipramine, 5 mg/kg/day, for 10 days results in
significant organ parasite clearance in infected hamsters. However,
to obtain sterile cure of organ parasite burden we need to apply a
higher dose of 10 mg/kg/day for a time period of 4 weeks which is
a long treatment regime (Mukherjee et al., 2012). Thus, to reduce
duration, we trap imipramine in squalene-phosphatidylcholine-
liposome (Lip-Imi). Squalene a linear triterpene, has a very large
spectrum in clinical use (Kamimura et al., 1992; Kohno et al.,
1995). It is also used in the adjuvant formulations in conjunction
with some surfactants and administered along with vaccine to
stimulate the immune system (Klucker et al., 2012). Squalene
emulsion with sustained release property, shows a prolonged effect
at specific site (Fox, 2009). Phosphatidylcholine is a very
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 243
important lipid component of liposomal drug delivery system.
The liposomal formulation of AmpB, i.e., ambisome is in human
use (Hay, 1994). Liposomal formulation of antimonials are also
more effective in leishmaniasis (Alving et al., 1978; Borborema
et al., 2016). Recently, antidepressant-Sertraline delivered in
phosphatidylserine liposomes has shown effectiveness in an
experimental model of VL (Romanelli et al., 2019).

We tested the efficacy of imipramine entrapped liposome
formulation in in vitro and in vivo mouse and hamster model of
leishmaniasis. Here we showed that liposomal formulation of Lip-
Imis more potent antileishmanial candidate than imipramine alone.
We observed a drastic decrease of imipramine dose in this new
formulation to clear ∼100% organ parasite load in significant
shorter treatment regime compared to the previously reported
oral delivery, with increased T-cell proliferation, associated with
Th1 polarization, and no sign of toxicity as observed previously
with long regime of imipramine monotherapy.
MATERIALS AND METHODS

Animals
BALB/c mice (Mus musculus) and hamsters (Mesocricetus
auratus) were maintained and bred under pathogen free
conditions.Animal use was approved by the Institutional
Animal Ethics Committees of Indian Institute of Chemical
Biology, Kolkata, India. All experiments were performed
according to the National Regulatory Guidelines issued by
CPSEA (Committee for the Purpose of Supervision of
Experiments on Animals, IICB/AEC-15-2008, 10.06.2008),
Ministry of Environment and Forest, Government of India.

Parasite
Two different well characterized clinical LD isolates were used in
this investigation. The details of the patients and their treatment
profiles from whom LD parasites were derived have been
published previously (Mukhopadhyay et al., 2011). Clonal
population of LD parasite MHOM/IN/83/AG83 (AG83) is
antimony sensitive (SbS) and strain MHOM/IN/09/BHU575/0
(BHU 575) is antimony resistant (SbR). LD promastigotes
were cultured in M199 medium (Sigma Aldrich, St. Louis,
MO) supplemented with 10% heat inactivated FBS (Gibco),
100 IU/mL of penicillin, and 100 µg/mL of streptomycin
(Gibco) in a 22°C room (Mukhopadhyay et al., 2011).

Preparation of Liposomes and Drug
Solution for Drug Assays
Liposomes were formulated by addition of chloroform and
methanol (9: 1 v/v) to a mixture of phosphatidylcholine
(Avanti Polar lipids), squalene (Sigma) either with or without
imipramine. The lipid solution was dried in dry nitrogen stream
with continuous rotation. The dried mixture was then kept in
vacuum desiccator for some time and then hydrated using
rehydration buffer. Vesicles were prepared by sonicating the
hydrated mixture of 1 ml of the above buffer for 10 min in an
ice bath using a Misonix sonicator with a needle probe. The
November 2020 | Volume 10 | Article 595415
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molar ratio of squalene to phospholipid was 1:1.5. Imipramine
hydrochloride (Sigma Aldrich, St. Louis, MO) solutions were
prepared at 1 mg/ml in PBS (Sigma Aldrich, St. Louis, MO),
followed by sterile filtration using 0.22 µM filters (Millipore) as
and when required.

Size Distribution of Liposomes
The mean diameter and particle size distribution of liposomes
were determined by an optical particle size analyzer by intensity
using differential light scattering (DLS) method (López et al.,
1999). Incorporation (% entrapment) of the imipramine in the
liposome was determined with the optical density (OD)
measurement. Imipramine shows a sharp peak at 250 nm.
Analysis was performed on supernatants following PBS
washes. The percentage of entrapment was calculated as follows:

%  entrapment  =  ½(total amount of imipramine added �
amount of imipramine recovered in supernatantÞ= 

total amount of imipramine added�
� 100  (Badiee et al., 2007)

Cryo-EM
Cryo-EM was done as per protocol (Rasch et al., 2012). Briefly,
specimen was developed on C-flat holey carbon film TEM grids
with 1.2 mm diameter holes and 1.3 mm spacing. Squalene
vesicles are imaged in the holey stretch of the carbon film.

Infection, Administration of Liposomal
Imipramine, and Determination of Parasite
Burden in Mice and Hamster
Six weeks old BALB/c mice or hamsters were infected with either
BHU 575 (SbRLD) or Ag83 (SbSLD) (5 × 106 parasites in 100 mL)
via intracardiac routes (Mukherjee et al., 2012). After 6 weeks of
infection, animals were divided in six groups. Group-I received
saline, Group-II received empty liposome, Group-III-IV received
different doses of Lip-Imi (10 and 20 mg/kg) i.v.at days 1, 4, 7,
and 10 and group-V received imipramine (10 mg/kg/day) orally.
In case of mice liposome was injected through tail vein and for
hamsters, liposomes injected through cephalic veins (Fiat et al.,
1990). Two days after the completion of treatment, mice were
sacrificed to determine splenic and hepatic parasite burdens by
stamp smear method (Mukherjee et al., 2012).

Determination of Serum Imipramine Level
Blood was collected from hamsters and mice (Basu et al., 2005)
and kept overnight at 4°C; serum was prepared by centrifugation.
High-performance liquid chromatography (HPLC) methods
(Rezazadeh and Emami, 2016) were employed to extract
imipramine from serum. Extracted imipramine was quantified
by spectroscopic technique as imipramine shows a sharp peak
at 250nm.

T-Cell Proliferation Assay
Splenocytes from different experimental groups of mice
were prepared and then suspended in complete RPMI
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 344
medium. Assay was performed in presence or absence of SLA
(5 µg/ml). ConA (Sigma Aldrich, St. Louis, MO) was used to
induceproliferation, the mitogen was added at a concentration
of 5 µg/mL (Basu et al., 2005). Cells were treated with MTT (0.5
mg/mL) 4 hrs. before harvest and incubated again at the same
condition for 4 more hrs. (Mukherjee et al., 2012). MTT crystals
were then solubilized using Isopropanol-HCl mixture (0.04%)
and the absorbance at 570 nm was read at an ELISA
plate reader.

Cytokine Analysis by ELISA
Various cytokine levels in the murine splenocytes culture
supernatant were measured using a sandwich ELISA Kit (BD
Biosciences, USA) as per manufacturer’s protocol.

Liver and Kidney Function Assay
Serum levels of alanine transaminase (ALT), aspartate transaminase
(AST), alkaline phosphatase (AP) and creatinine were determined
in LD infected hamster model using the kit of Span Diagnostics Ltd.
(India) and as per manufacturer’s instruction.

Survival Kinetics
Survival kinetics was studied in hamster model as BALB/c
have been reported to able to mount an antileishmanial
cellular immune response which can control further parasite
replication whereas infection in hamster closely resembles
human disease (Melby et al., 2001). To evaluate long-term
therapeutic ability, normal hamsters, infected hamsters and
Lip-Imi (10 mg/kg) and oral Imi (10 mg/kg) treated (for 10
days) infected hamsters (10 hamsters per group) were used to
study survival kinetics (Mukherjee et al., 2012). In short, 6-week-
old hamsters were infected, and the infection was allowed to
proceed for another 6 weeks, i.e., before initiating any treatment.
Treatment (10 mg/kg Lip-Imi and 10 mg/kg Imi) was given as
mentioned earlier.

Histological Studies
Liver from the hamster were collected and fixed in 10%
formalin (Merck) and embedded in the paraffin. To study the
microarchitecture, tissue sections were stained with H&E.
Detailed structural analytic photomicrographs were taken with
a Nikon Eclipse E200 microscope.

Statistical Analysis
The in vitro cultures were set in triplicates and the animal
experiments were carried out with 5–6 mice per group unless
or otherwise mentioned. Data shown are representative of at
least three independent experiments and are expressed as mean
±SD. Student’s t-test was employed to assess the statistical
significances of differences among pairs of datasets with
only P value <0.05 considered to be significant. Values were
considered extremely significant (p < 0.001) (represented as ***),
very significant (p = 0.001–0.01) (represented as **), or
significant (p = 0.01–0.05) (represented as *) as indicated.
Error bars indicate means ± SD. Data were analyzedusing
Prism 6.0 (GraphPad Software, San Diego, CA).
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RESULTS

Quantification of Drugs Entrapment in
Liposome
The liposome formulations were heterogeneous in size and their
diameter ranging from 40 to 300 nm. Imipramine shows a sharp
peak at 250 nm. The mean diameters calculated by particle size
analyzer were 107 and 105 nm (Mean ± SD, n = 3) for Lip-Imi
and empty liposome (Figures 1A, B) respectively,with individual
Cryo-EM structure represented in Figure 1C. Thus, entrapment
of the imipramine within liposomes had no apparent effect on
the size or on the multilamellar structure. The entrapment of
imipramine in the Lip-Imi was 74 ± 4% (mean ± SD, n = 3) as
represented in the Figure 1D. The concentration of the
imipramine in the liposomes was adjusted to 1.25 mg/mL after
purification and calculation of % entrapment.

Liposomal Imipramine Resolves LD
Infection in Mice
BALB/c mice (6 weeks old, ~25 g) and hamster (6 weeks old, ~40 g)
were infected with either Ag83 (SbSLD) (Figures 2A, C) or
BHU575 (SbRLD) (Figures 2B, D) metacyclic promastigotes.
Liposomal-imipramine treatment was carried out after 6th week
of infection, with two different doses (10 and 20 mg/kg), and was
administered intermittently (Basu et al., 2005) through tail vein
at days 1, 4, 7, and 10. Two days after last drug treatment,
antileishmanial potency was assessed in terms of hepatic
andsplenic parasite burden. During the experiment, all the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 445
animals remained healthy with no marked effect on body
weight. Imipramine doses of (10 and 20 mg/kg) trapped in
liposome results in significant suppression of hepatic/splenic
parasite burden in infected mice and hamsters, irrespective of
the nature of input infection. However, no significant difference
in terms of parasite clearance was observed between the doses.
Absence of parasites in the spleen was further confirmed by
culturing spleen specimens in transformation medium (M199) at
22°C for 96 h. Notably, 10 days of continuous oral treatment with
free-imipramine (10 mg/kg) also cleared significant parasite
burden as compare to infected controls, but parasite burden
was significantly more compare to both the doses Lip-Imi
treatment (Figure 2). Importantly, serum concentration of
imipramine at the end of the experiment was found to be
significantly higher in the liposomal imipramine treated
animals (both hamster and mouse, with no significantinter
species variation), suggesting sustained release of the drug
might result in higher efficacy of parasite clearance as compare
to free-imipramine treatment (Figure 2E).

Liposomal Imipramine Treated in Infected
Mice Induces Host Protective Cytokines
From Splenocytes
To further compare the efficacy of effect of liposomal imipramine,
we compare the effect of imipramine and Lip-Imi on host immune
response. Host protective cytokine (IL-12, TNF-a, and IFN-g) and
disease promoting cytokine (IL-10 and TGF-b) productions from
the splenocytes of infected and liposomal-imipramine treated
A

B D

C

FIGURE 1 | (A, B) Measurement of size of Imipramine entrapped PC-Squalene liposomes and empty liposome by differential light scattering (DLS) method.
Liposomes are prepared, diluted and scanned under optical particle analyzer. (C) Representative figure of Cryo-EM structure of Lip-Imi (panel1) and empty Imi
(panel2). (D) Measurement of the amount of liposome entrapped imipramine by the quantification of supernatant imipramine. Set I, Set II and Set III represents %
liposomal entrapment from 6, 8, and 10 mg imipramine, respectively. Each set represents independent quantification experiment.
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infected mice was assayed. As expected splenocytes of infected
(Group-I) and empty liposome treated infected mice (Group-II)
responded poorly toward SLA stimulation and produced basal
level of host protective cytokines, although significantly higher
production was observed in case of liposome treated group. On the
other hand, splenocytes of infected mice receiving liposomal
imipramine at the dose 10 mg/kg (Group-III) and 20 mg/kg
(Group-IV) in response to SLA produced significant amount of
host protective cytokines, which plateaued at the highest
concentration of liposomal imipramine used.Splenocytes of
infected mice receiving oral imipramine (Group-V) also
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produced host protective cytokines which is significantly less to
Group-III, IV mice (Figures 3A i, ii, and iii).

In terms of disease promoting cytokine profile, Group-I mice
infected with SbRLD resulted in more than two-fold higher IL-10
production as compare to their sensitive counterparts.
Interestingly this higher level of IL-10 is also reflected
in SbRLD infected receiving only liposome (Group-II).
Mice receiving liposomal imipramine produced significantly less
IL-10 (Figure 3A, iv). Interestingly mice infected with SbRLD
induced higher IL-10 level as compared to those infected with
SbSLD as observed previously (Mukhopadhyay et al., 2011;
A B

D

E

C

FIGURE 2 | Six weeks old mice/hamsters were infected with either BHU 575 (A, C) or Ag83 (B, D) LD parasites and infection was allowed to establish for next 8 weeks.
Eight-week infected mice/hamsters received the following treatment: Saline (Group I), vesicles (Group II), Lip-Imi (10 mg/kg) (Group III), Lip-Imi (20 mg/kg) (Group IV),
respectively at days 1, 4, 7, and 10 and group V received 10 mg/kg/day of imipramine orally for 10 days. Two days after the last treatment, mice/hamsters were sacrificed,
and the hepatic and the splenic parasite load was determined by stamps-smear method and the by the limiting dilution method. Total parasite load in each organ is expressed
in LDU unit. 1 LDU = amastigote per nucleated cell × organ weight in milligram. Total concentration of imipramine in the serum of mice and hamster after the completion of
treatment of imipramine and liposomal imipramine (E). Results are presented as means ± SD, with statistical significance being determined with respect to infected control or
between Lip-Imi and oral imipramine treatment. ***p < 0.001 and **p = 0.001–0.01 and NS-representing non-significant.
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Mukherjee et al., 2012). Like IL-10, this higher frequency
was also observed in case of TGF-b production in SbRLD
infected mice and corroborates with a previous report (Guha
et al., 2014) (Mukherjee et al., 2020). TGF-b production also
decreased significantly upon liposomal-imipramine treatment
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 647
(Figure 3B, v). There was no difference noted between Group-
III &Group-IV. Oddly enough, TGF-b level remained
significantly higher in orally imipramine treated group
(Group-V) as compared to liposomal imipramine treated
groups (Group III/Group IV) (Figure 3A, v).
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C

FIGURE 3 | (A) Leishmania donovani (AG83 or BHU575)-infected and treated mice were sacrificed, and splenocytes were isolated and incubated with 5 µ/mL of
SLA for 48 h. Levels of cytokines (i) IL-12, (ii) IFN-g, (iii) TNF-a (iv) , and IL-10. (v) TGF-b in culture supernatants were determined by ELISA. Results are representative
of one of three individual experiments. (B) Imipramine treatment favors expansion of antileishmanial T-cells. Splenocytes isolated from SbSLD (B, I) and SbRLD (B, II)
LD infected (Group I), vesicles (Group II), Lip-Imi (10 mg/kg) (Group III), Lip-Imi (20 mg/kg) (Group IV), and orally 10 mg/kg for 10 day (Group V) drug treated mice
were stimulated with SLA (5 µg/mL) (○) and non-specific mitogen ConA (5 µg/mL) (□), and the resulting proliferation of splenocytes was assayed using MTT cell
viability assay. (C) The hepatic enzyme (ALT, alanine transaminase; AST, aspartate transaminase; ALP, alkaline phosphatase) and serum creatinine level in untreated
uninfected, untreated infected, and imipramine treated infected hamsters.For A, results are presented as means ± SD, with statistical significance being determined
with respect to infected control or between Lip-Imi and oral imipramine treatment. ***p < 0.001. For (B), experiments were repeated thrice one representative data is
shown. For C, results are presented as means ± SD, with statistical significance being determined with respect to normal uninfected or LD infected animals in
presence or absence of Lip-Imi treatment. *p = 0.01–0.05.
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Imipramine Treatment Favors the
Expression of Antileishmanial T-Cell
Repertoire of Infected Mice
To study the status of antileishmanial T-cell repertoire in
infected and imipramine treated infected mice, isolated
splenocytes, fixed concentrations of SLA and ConA were
used to stimulate splenocytes (Basu et al., 2005). Splenocytes of
Group-I and Group II mice failed to mount any antileishmanial
immune response but responded well to non-specific mitogen
ConA regardless of the input parasites for infection (Figures 3B,
I, II). The SLA specific proliferation was significantly improved
in Group-III and Group-IV and showed almost similar
proliferation. Group-V mice also showed moderate level of
response. The antileishmanial T-cell response was essentially
similar regardless of the phenotype of input infection. The
response to the non-specific mitogen ConA remained
unaltered in infected and in imipramine treated animals
regardless of the imipramine-dose (Figure 3B).

Hepatic Enzymes and Serum Creatinine
In terms of toxicity, treatment of naïve animals with Lip-Imi (10
and 20 mg/kg) does not resulted in any significant alteration of
liver enzyme and creatinine level as compare to normal
uninfected animals (Figure 3C), which clearly suggests that
there is no additive adverse hepatic toxicity due to Lip-Imi
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treatment. However, level of hepatic enzymes and creatinine
was significantly increased in serum in response to LD infection
as compare uninfected control. Furthermore, treatment with Lip-
Imi results in slight but significant suppression of hepatic
enzyme level as compare to infected control group. However,
serum creatinine level remained unaltered throughout the
treatment course as compare to infected control group.

Infected Hamsters Treated With Liposomal
Imipramine Survives for Long Run
Survival and evolution of granuloma formation was compared in
Lip-Imi and free-Imi treated infected hamsters. It was observed
infected hamsters started dying around 107 days p.i. and all were
dead by 240 days, i.e., termination of the experiment. As
compare to oral Imi-treatment, Lip-Imi treated hamsters were
completely protected and found to be survived throughout the
experiments just like uninfected hamsters (Figure 4A). Hamsters
treated orally with Imi for days, started showing mortality
around 211 days. Increased survival rate of Lip-Imi treated
hamsters also corroborates with high frequency of lymphocyte
infiltration in periportal area and the presence of fair number of
mature and uniform granuloma (Figure 4B, right panel), as
oppose to only Imi-treated hamsters where presence of few
parasitized immature granuloma could still be detected (Figure
4B, left panel).
A
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FIGURE 4 | (A) Long term survival of normal, BHU 575 infected, oral 10 days imipramine treated and Lip-Imi (10 mg/kg) treated infected hamsters in terms of %
survival. 20 hamsters from each group were used for the study. (B) Photographic representation (×40), of enhanced granuloma development (black arrow, right
panel) in Lip-Imi (10 mg/kg) treated hamsters as opposed to immature granuloma (black arrow, left panel) formation in Imi (10 mg/kg) treated hamsters following
infection with BHU575.
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DISCUSSION

Efficient short-course treatment of leishmaniasis is a basic research
question now a day (Gradoni et al., 1995) due to its cost
effectiveness and low impact in resistance development. The
major obstacle of the existing treatment options for VL are the
emergence of drug-unresponsive strains (Sundar and Murray,
1996; Sundar et al., 2000b) and cost of the treatment (Faraut-
Gambarelli et al., 1997; Thakur et al., 2004). Miltefosine and
AmpB is the current drug of choice with high cure rate, but
high toxicity in combination with other adverse side effects and
emergence of relapse cases are against these drugs have restrict
their use (Pandey et al., 2009; Burza et al., 2014). Previously we
have reported that imipramine, a tricyclic antidepressant, is highly
effective against antimony-unresponsive clinical LD isolates in
vitro and in vivo in experimental hamster model in full time 28
days oral treatment (Mukherjee et al., 2012). It was also shown
that, imipramine acts by generation of leishmanicidal reactive
oxygen species (ROS) and nitric oxide (NO) in LD infection and
modulates histone deacetylase 11 to increase the IL-12/IL-10 ratio
in infectedmacrophages (Mukherjee et al., 2012) (Mukherjee et al.,
2014).It also interferes with sterol synthesis of another leishmania
species (L. amazonensis) (Andrade-Neto et al., 2016).However, the
amount of imipramine needed for ~100% parasite clearance was
140 mg/kg, whereas 50 mg/kg dose clears 90% parasite. Thus, to
increase the efficacy of the 10-day short-course imipramine-
treatment, we need to deliver increased amount of imipramine
within this short span without adverse toxicity, and for this
purpose, we used a liposomal formulation of imipramine. In this
study, we evaluated the efficacy of liposomal-imipramine against
SbR and SbSLD in vivo as oppose to free-Imipramine

Our result showed that formulation of liposomal-imipramine
increase antileishmanial activity at low concentration. It is to be
noted that this strategy of increasing efficacy and reducing
toxicity of anti-leishmanial drug has already showed great
promise for polyene antibiotic Amphotericin B and has been
commercialized in lipids or liposomal formulations (Barratt and
Bretagne, 2007). The superior antileishmanial efficacy of
liposomal-imipramine at much lower concentration with 4-day
parental treatment as compared to continuousfree-imipramine
treatment showed better organ parasite clearance compared to
oral alone. Lip-Imi were found to suppress spleen and liver
parasite burden almost completely in both mouse and infected
hamster model (Figure 2).

Leishmania infection is associated with decreased IL-12,
TNF-a, and IFN-g production, upregulation of suppressive
cytokines like IL-10 and TGF-b, and depressed antigen-specific
T-cell response. Macrophage activation occurs through Th1
cytokine response, and IFN-g plays most important role in it.
IFN-g was found to be significantly elevated in Lip-Imi treated
infected mice. According to previous reports, IL-10 surge is
higher for infection with SbRLD as compare to sensitive
counterparts. Interestingly Liposomal-imipramine treatment
was associated with decrease in IL-10 production irrespective
of the nature of the input infection (Figure 3A, III). It has been
recently reported that IL-6 plays an important role in rendering
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protective immune response against SbRLD mediated infection
by lowering IL-10 level (Dey et al., 2020). In the present work, we
have also observed that there is a strong suppression of IL-10
level, which might result from increased IL-6 level, as oral
imipramine treatment increased IL-6 level in SbRLD mediated
infection, and this in all probability will be further enhanced with
liposomal imipramine treatment as observed in the increased
suppression level of IL-10 in presence of liposomal-imipramine
(Figure 3A, iv)

Liposomal-imipramine was also found to be highly active to
mount anti-SLA specific T-cell expansion compared to oral-
imipramine delivery (Figure 3B). Thus, treatment with Lip-Imi
resulted in clearance of both antimony-susceptible and -resistant
strains of LD by switching from release of disease-promoting
Th2 (IL-10 and TGF-b) cytokines to disease-resolving Th1 (IL-
12 and TNF-a) cytokines coupled with antileishmanial T-
cell expansion.

Imipramine is available for chemical use for more than 60
years now. Although it has been associated with toxic side effects
including bowels, dizziness, dryness of mouth, headache, etc.
with a prolonged treatment at high doses, low dose of
imipramine does not exhibit these adverse side effects, and is
currently available as prescribed medicine even for children
(Saraf and Klein, 1971; People, 2010; Fayez and Gupta, 2020).
The liver enzyme levels show decreased liver damage and
liposomal imipramine treatment resulted in no significant
changes in the hepatic enzyme level as compared to naïve,
uninfected animals. Taken together, our observations clearly
suggestindicate that the liposomal imipramine formulation has
low in vivo liver toxicity (Figure 3C), although it should be
mentioned, which it might take considerable amount of time to
bring down hepatic enzyme levels for Leishmania infected
animals to a comparable level as normal uninfected ones.

The clearance of organ parasite assures better life expectancy
of the infected animals. Survival kinetics study showed SbRLD
infected hamsters treated with 10 mg/kg of imipramine-liposome
remains healthy similar to uninfected animals until the
termination of the experiment although all infected hamsters
died before the time span (Figure 4).

From our work we conclude that liposomal formulation of
imipramine is more potent antileishmanial candidate than free-
imipramine alone. Treatment with liposomal-imipramine
lowered the hepatic/splenic parasite load in both hamster and
mice. Furthermore, this formulation promotes the production of
host protective cytokines in in vivo scenario. In vivo testing
reported no noticeable toxicity, and levels of the liver enzymes
were decreased in mice treated with both imipramine-liposomes
compared with mice treated with empty liposomes or free
imipramine (Figure 3C).
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Visceral leishmaniasis (VL) caused by parasites of the Leishmania donovani complex can
be fatal in susceptible individuals. Understanding the interactions between host and
pathogen is one way to obtain leads to develop better drugs and for vaccine development.
In recent years multiple omics-based approaches have assisted researchers to gain a
more global picture of this interaction in leishmaniasis. Here we review results from studies
using three omics-based approaches to study VL caused by L. donovani in India: (i) chip-
based analysis of single nucleotide variants in the first genome-wide association study of
host genetic risk factors for VL, followed by analysis of epitope binding to HLA DRB1 risk
versus protective alleles; (ii) transcriptional profiling demonstrating pathways important in
Amphotericin B treated compared to active VL cases, including demonstration that anti-
interleukin-10 unleashes a storm of chemokines and cytokines in whole blood responses
to soluble leishmania antigen in active cases; and (iii) a meta-taxonomic approach based
on sequencing amplicons derived from regions of 16S ribosomal RNA (16S rRNA) and
18S rRNA genes that allowed us to determine composition of both prokaryotic and
eukaryotic gut microflora in VL cases compared to endemic controls. Overall, our omics-
based approaches demonstrate that global analyses of genetic risk factors, host
responses to infection, and the interaction between host, parasite and the microbiome
can point to the most critical factors that determine the outcome of infection

Keywords: leishmaniasis, omics, genome-wide association study, transcriptional profiling, meta-taxonomics
INTRODUCTION

Visceral leishmaniasis (VL) caused by parasites of the Leishmania donovani complex can be fatal in
susceptible individuals. The number of new cases of VL caused by L. donovani sensu strictu was
93,660 between 2014 and 2018, with most cases found in India, Sudan, South Sudan, Ethiopia and
Somalia (WHO, 2020). Vaccines are not available for leishmaniasis and we still rely on old toxic
drugs requiring impractical expensive modes of administration poorly designed for the
communities within which they are required to work. Understanding the interactions between
host and pathogen is one way to obtain leads to develop better drugs and for vaccine development.
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Through classical immunological studies it is has been shown
that a Leishmania-specific cellular immune response correlates
with control of infection in asymptomatic individuals, which
could be measured as proliferation of lymphocytes following
antigen stimulation of peripheral blood mononuclear cells
(PBMC) (Sacks et al., 1987). PBMC from active VL cases are
unresponsive to soluble Leishmania antigen (SLA) in these assays
(Sacks et al., 1987). However, in whole blood assays active VL
cases are able to make antigen-specific interferon-g (IFN-g) and
tumor necrosis factor (TNF) cytokine responses produced by
CD4+ T cells (Singh et al., 2012; Kumar et al., 2014). These pro-
inflammatory cytokines are crucial for activation of macrophages
to kill L. donovani parasites (Murray et al., 1983; Roach et al.,
1991). These findings suggest that in human VL unfavorable
clinical outcome is not related to an intrinsic defect in Th1
response. Instead, it was hypothesized that immunosuppressive
or mechanisms of immune evasion could contribute to the
pathogenesis of VL. Further studies comparing active with
cured patients suggest that there is a balance between the pro-
inflammatory cytokines TNF and IFNg, and anti-inflammatory
interleukin-10 (IL-10), with significantly elevated circulating
levels of IL-10 in active compared to cured cases (Nylen and
Sacks, 2007).

In recent years omics-based approaches have been harnessed
to gain a more global picture of the interaction between host and
pathogen, including in leishmaniasis [e.g. (Novais et al., 2015;
Kong et al., 2017; Ashwin et al., 2018)]. Here we review results
from studies using three different omics-based approaches to
study VL caused by L. donovani in India: (i) chip-based analysis
of single nucleotide variants used to carry out the first genome-
wide association study (GWAS) of VL to identify host genetic
risk factors (Fakiola et al., 2013); (ii) chip-based transcriptional
profiling used to compare active with cured cases (Fakiola et al.,
2019), including the influence of anti-IL-10 on whole blood
responses to soluble leishmania antigen (SLA) (Singh et al.,
2020); and (iii) a meta-taxonomic approach based on
sequencing amplicons derived from regions of 16S ribosomal
RNA (16S rRNA) and 18S rRNA genes that allowed us to
determine composition of both prokaryotic and eukaryotic gut
microflora in VL cases compared to endemic controls (Lappan
et al., 2019).
FIRST GWAS IDENTIFIES HLA DRB1 AS
MAIN GENETIC RISK FACTOR FOR VL

When complex segregation analysis of Brazilian families
containing cases of VL caused by L. chagasi was performed it
was found that genetic models for disease susceptibility provided
the best fit to the data, with all single locus models providing a
better fit than polygenic or multifactorial models (Peacock et al.,
2001). Although it seemed unlikely that polymorphisms at a
single locus could control a complex parasitic infectious disease,
the first GWAS of VL (Fakiola et al., 2013) (Figure 1A) did find a
single major peak of genome-wide significance (Pcombined=2.76 ×
10−17; odds ratio=1.41; 95% confidence interval = 1.30–1.52 over
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 253
three cohorts) at HLA-DR-DQ. Importantly, this association was
replicated across three independent cohorts that crossed
geographical continents and etiological parasite species,
L. infantum/chagasi in Brazil and L. donovani in India.
The results of this GWAS thus demonstrated that the
strongest genetic risk factor for VL was at the core of
generating a CD4+ T cell response. Based on these findings,
further genetic and functional studies focused on determining
the molecular interaction between antigen presentation by HLA
class II molecules and antigenic molecules of the parasite. By
undertaking more refined mapping it was possible to
demonstrate that HLA-DRB1*1501 was the most protective
risk allele, while DRB1*1404/DRB1*1301 were the most
significant risk alleles (Singh et al., 2018). Furthermore, we
demonstrated that specific residues at amino acid positions 11
and 13 were unique to protective alleles (Singh et al., 2018). In
silico and in vitro experiments were used to analyze epitopes that
bind to risk versus protective DRB1 alleles. Epitopes and binding
affinities were mapped across 49 Leishmania vaccine candidates
using NetMHCIIPan2.1 (Nielsen et al., 2010). Similar analysis
was undertaken for protein antigens identified by capturing
peptide epitopes from dendritic cells treated with Leishmania
antigen (Singh et al., 2018). Details of these protein antigens are
provided in the original manuscript. What was of particular
interest was what we learned about epitopes within the proteins
and how they bind to different DRB1 molecules. Across both
data sets we demonstrated that sequence motifs for 9-mer core
epitopes that bind to risk DRB1 alleles (*1404/*1301) showed
greater peptide promiscuity compared to those that bind to
protective (*1501) DRB1 alleles. We also observed (Singh et al.,
2018) a higher frequency of basic AAs in DRB1*1404-/*1301-
specific epitopes compared to hydrophobic and polar AAs in
DRB1*1501-specific epitopes (Figure 1B) at anchor residues P4
and P6 which interact with residues at DRB1 position 11 and 13
(Figure 1C). Whole blood cytokine assays were then used to
measure cytokine responses to 20-mer peptides that were
synthesized to match the sequences of epitopes captured from
risk versus protective alleles. Patients which had cured from VL
made strong IFN-g, TNF, and IL-10 responses, with peptides
based on DRB1*1501-captured “protective” epitopes showing a
bias towards IFN-g over IL10 in response ratios compared to
peptides based on DRB1*1301-captured “risk” epitopes. The
initial GWAS study followed by more detailed fine mapping
and functional experiments have thereby given us a high
resolution molecular insight into interactions between parasite
antigenic epitopes and HLA Class II antigen-presenting cell
molecules that drive the immune response towards either a
protective or a disease-associated response.
TRANSCRIPTIONAL PROFILING OF VL

Our interest in undertaking transcriptional profiling studies of
VL in India was two-fold: (i) to obtain a global picture of changes
in host response in infected but asymptomatic individuals, in
active VL cases, and in treated VL cases, compared to healthy
November 2020 | Volume 10 | Article 590888
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endemic controls; and (ii) to similarly profile the response of
active cases to SLA in whole blood assays, and to determine what
effect neutralizing anti-IL-10 would have on this response.

For the first arm of this study we used chip-based
transcriptomics to study expression profiles in whole blood
from active VL cases, Amphotericin B treated VL cases,
asymptomic individuals, and healthy unaffected endemic
controls (Fakiola et al., 2019). Interestingly, no differentially
expressed genes (DEGs) were identified when comparing a
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 354
group of individuals who had asymptomatic infection as
determined by high IgG or positive Quantiferon responses
compared to healthy endemic controls who were negative by
these assays (Figure 2A). Further analysis of the data therefore
focused on comparisons between active cases and healthy
controls, and between active cases and two groups of treated
cases receiving either liposome-encapsulated or non-liposomal
Amphotericin B. Results of particular interest included
demonstration that active cases were enriched for gene sets
A

B C

FIGURE 1 | Provides a summary of studies which follow the story of how the first GWAS for VL led onto refined genetic and functional experiments that have given
us a high resolution molecular insight into interactions between parasite antigenic epitopes and HLA Class II antigen-presenting cell molecules that drive the immune
response towards either a protective or a disease-associated response. In (A) we show the original Manhattan plot resulting from meta-analysis of the GWAS data
across 3 independent cohorts of VL caused by L. donovani in India and L. infantum/chagasi in Brazil (Fakiola et al., 2013). In (B) we show plots for sequence motifs
that characterize 9-mer cores for epitopes binding preferentially to the protective DRB1*1501 compared to the DRB1*1401 risk allele (Singh et al., 2018). In these
plots polar amino acids are shown in green (G, S, T, Y, C) or purple (Q, N), basic amino acids are blue (K, R, H), acidic amino acids are red (D, E), and hydrophobic
amino acids are black (A, V, L, I, P, W, F, M). The size of the letter indicates the frequency with which the amino acid is found in this position of core 9-mers, and the
overall peak height on the y-axis indicates the degree of conservation for specific epitopes at this location. From the plot we observe that there is more promiscuity
(i.e. a greater range of different amino acids) and a higher frequency of basic amino acids in DRB1*1401-specific epitopes, compared with hydrophobic and polar
amino acids in DRB1*1501-specific epitopes, at anchor residues P4 and P6. This was particularly important as these are the residues that interact with residues at
DRB1 positions 11 and 13. In (C) we provide a model of how pathogen antigen epitopes bind to the DRA/DRB alpha/beta dimer. This shows the specific interaction
between amino acids at positions 4 and 6 in the 9-mer cores of Leishmania antigenic epitopes that bind to pockets 4 and 6 created by amino acids at positions 11
and 13 in the DRB1 molecule. Elements of this figure are redrawn with permission from the original publications (Fakiola et al., 2013; Singh et al., 2018).
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associated with erythrocyte function and cell cycle compared to
healthy controls, and that IFNG was the major hub gene (Figure
2B) when comparing active cases with healthy controls or with
treated cases. Similarly, that interleukin signaling (IL-1/3/4/6/7/
8) and chemokine (CXCL10/9/11) signaling were prominent
pathways identified when comparing active cases with treated
cases. One novel observation was that Aryl Hydrocarbon
Receptor (AHR) signaling was a significant canonical pathway
activated in VL cases. Also important was our demonstration of
more effective cure, as determined by degree of return to “healthy
endemic” baseline at day 30 post-treatment, when comparing a
single dose of liposomal encapsulated amphotericin B with
multi-dose non-liposomal amphotericin B treatment given over
30 days.

In association with IFNG as a hub gene multiple cytokine
signaling pathways were perturbed. This included IFNG, IFNA,
IL-1, IL-6, and TNF. Each of these cytokine pathways had DEG
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 455
signatures that included CXCL10/11/9. This resulted in
“pathogenesis of multiple sclerosis” (Sawcer et al., 2011) being
identified as the top disease-related canonical pathway. This fits
with the concept that a proinflammatory response contributes to
disease pathology in active VL. In previous studies of spleen
tissue and splenic macrophages in L. donovani infected hamsters
(Kong et al., 2017), “Pathogenesis of multiple sclerosis” was also
identified as a top canonical pathway. The authors of this
hamster study also noted that high expression of IFN-g was
ineffective in activating macrophages to kill the parasite. The 3
chemokines CXCL10/11/9 are all induced by IFN-g. They all
bind to CXCR3 and play multiple roles in promoting T cell
adhesion and in the chemoattraction of monocytes and
macrophages, T cells, NK cells, and dendritic cells. In our
study we also identified GBP1 (Fakiola et al., 2019) as one of
10 top genes induced in active compared to treated VL cases.
This gene encodes the interferon-g-induced guanylate binding
A B

C

FIGURE 2 | Summary of differential gene expression identified from transcriptional profiling of whole blood from active cases, asymptomatic individuals, and cases
treated with Amphotericin B. In (A) we show a heatmap based on expression levels of the 500 most variable probes seen in one experiment (Fakiola et al., 2019).
Columns represent individual samples and rows individual probes. Dendrograms based on hierarchical clustering are shown on the top and left side of the heatmap.
Experimental groups are color-coded across the top of the heatmap. Keys show color coding for active (=case) and treated (=treated) cases, asymptomatics
(=Quantiferon or HighAb positive individuals), and endemic healthy controls (=EHC). In (B) we show a gene network produced using Ingenuity Pathway Analysis for 254
DEGs identified in a comparison of active cases with healthy controls. Genes are represented by nodes. Genes in red have increased expression and genes in green
have decreased expression when comparing active cases with healthy controls. The more intense the color the larger the fold change values. (C) Key to functional class
of molecules encoded by genes at the nodes in (B). Elements of this figure are redrawn with permission from the original publication (Fakiola et al., 2019).
November 2020 | Volume 10 | Article 590888

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Blackwell et al. Omics and Visceral Leishmaniasis
protein GBP1. Of interest, three genes identified in our study,
CXCL9, IFNG, and GBP1, were also identified as part of a
signature of 26 genes found to be upregulated in blood, spleen
and liver across the course of experimental VL in mice (Ashwin
et al., 2018) and may thus be strong biomarkers that could
contribute to a signature for VL disease in humans. In this
murine study, Cxcl9 and Gbp1 were also reported as hub genes
from a STRING analysis (Ashwin et al., 2018).

Two observations made during our study were novel and
interesting. One was the predominance of gene sets associated
with erythroid cells and function that were enriched when
comparing active VL cases and healthy controls. In a
systematic review Goto and co-workers (Goto et al., 2017) had
found that anemia has an overall prevalence >90% in VL. They
noted that pathogenesis of anemia based on clinical observations
includes the presence of anti-erythrocyte antibodies, dysfunction
in erythropoiesis, and hemophagocytosis in spleen or bone
marrow. They considered that, of these, hemophagocytosis was
the most likely cause of anemia in VL cases (Goto et al., 2017).
However, in our studies we saw differential regulation of gene
sets associated with abnormal erythrocyte morphology,
erythropoiesis, erythrocyte physiology, erythrocyte osmotic
lysis, along with decreased hematocrit, spherocytosis and
reticulocytosis. Hence, we concluded that the mechanisms
associated with anemia in VL cases likely extend beyond just
hemophagocytosis. Importantly, we propose that the erythoid-
related gene sets identified by us could be used to monitor
clinical cure. An example of this was that erythroid related
genes had not returned to baseline following multi-dose
Amphotericin B treatment compared to more effective
treatment with single dose of liposomal Amphotericin B
(Fakiola et al., 2019). Monitoring erythroid-related gene signals
may this provide useful biomarkers for successful cure from VL.

The second novel observation of specific interest in our study
was our demonstration that AHR signaling was the top canonical
pathway when comparing active VL cases with either healthy
controls or treated cases. AHR ligands have been shown to
induce IL-10 secretion and inhibit IL-1b and IL-6 production in
dendritic cells, and to promote IL-10 production and suppress IL-
17 expression in CD4+ T cells (Wei et al., 2014a; Wei et al., 2014b;
Wei et al., 2014c). IL-17 is also known to enhance recruitment and
activation of neutrophils. Evidence from murine models
(Goncalves-de-Albuquerque et al., 2017) shows roles for IL-17
and neutrophils in parasite clearance from liver and spleen, while
both IL-10 and IL-17 cytokines are elevated in the serum of active
VL patients (Duthie et al., 2014). IL-22 is another cytokine that is
higher in Leishmania antigen stimulated peripheral blood
mononuclear cells from active VL cases stimulated with
Leishmania antigen compared to cases that have received
treatment (Nateghi Rostami et al., 2016). Activation of AHR also
inhibits inflammation by upregulating IL-22 (Monteleone et al.,
2011). We therefore hypothesize that activation of AHR in VL
cases could contribute to regulation of pro- and anti-inflammatory
responses, both during active disease and in response to treatment.
One interesting finding is that ligand-specific activation of AHR
can lead to differentiation of inflammatory T helper 17 cells, or
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 556
alternatively to modulation of regulatory T cells (Quintana et al.,
2008). These authors showed that this ligand-specific activation
could either exacerbate or suppress autoimmune disease. Hence we
suggested (Fakiola et al., 2019) that such ligand-specific activation
of AHR could be used as a therapeutic intervention to regulate the
pathogenesis of VL.

In the second arm of our transcriptional studies we used
similar chip-based profiling in whole blood assays to study
response to SLA in active VL cases with/without inclusion of
neutralizing anti-IL-10 (Figure 3A). SLA stimulation alone
identified only 28 DEGs, 17/28 in a single network with TNF
at the hub and IFNG and TREM1 as top upstream regulators.
This response was muted compared to the response uncovered
when anti-IL-10 antibody was included with SLA. The
neutralization of endogenous IL-10 unleashed a storm of
chemokine/cytokine responses, with key pro-inflammatory
cytokines TNF, IFNG, NFKBIA, IL6, and IL1B as major hubs
in a network of hundreds of DEGs (Figure 3B). AHR was also
noted as a hub gene, suggesting that IL-10 modulates the Aryl
Hydrocarbon Receptor signaling pathway which, as we observed
above, is activated following Amphotericin B treatment in VL
patients (Fakiola et al., 2019). TREM1 signaling remained the top
canonical pathway, with TNF and IFNG as top upstream
regulators in the SLA plus anti-IL10 response. TREM1, the
product of which is expressed on CD14+ monocytes,
macrophages and neutrophils (Colonna, 2003), stands for the
“triggering receptor expressed on myeloid cells 1”. It frequently
acts together with TOLL-like and NOD-like pattern recognition
receptors, acting to amplify inflammatory responses triggered by
pathogens to stimulate the release of pro-inflammatory
chemokines and cytokines.

One novel observation not noted in the comparison of
unstimulated whole blood from active and treated VL patients
(Fakiola et al., 2019) was identification of ACOD1 as the top
upregulated gene across all SLA stimulated groups. ACOD1, also
known as IRG1 (immune-responsive gene 1), encodes Aconitate
Decarboxylase 1 which catalyzes production of the metabolite
itaconic acid by decarboxylating cis-aconitate (Michelucci et al.,
2013). Itaconic acid is known to inhibit isocitrate lyase, which is a
key enzyme of the glyoxylate shunt pathway. The growth of
isocitrate lyase-expressing bacteria such as Salmonella enterica and
Mycobacterium tuberculosis is inhibited by itaconic acid (Michelucci
et al., 2013), now recognized as a mammalian antimicrobial
metabolite (Cordes et al., 2015). Although isocitrate lyase and
malate synthase, which are the two key enzymes of the glyoxylate
cycle, have not been annotated in Leishmania genomes,
spectrophotometrically assayed isocitrate lyase activity has been
reported (Hernandez-Chinea et al., 2017). Hence, it is unclear
whether ACOD1 could contribute directly to anti-leishmanial
activity through production of itaconic acid. Daniels et al.
(Daniels et al., 2019) demonstrated that IRG1 led to antiviral
activity through itaconate inhibition of succinate dehydrogenase,
generating a metabolic state that suppressed Zika viral genome
replication. Another role of ACOD1/IRG1 is as a negative regulator
of TLR-mediated inflammatory innate responses in sepsis-
associated immunosuppression (Li et al., 2013). IRG1 is highly
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upregulated in PBMC from septic patients, and suppresses TLR-
triggered proinflammatory responses through elevated reactive
oxygen species stimulating TNF-induced TNFAIP3 (A20; also
seen as a top DEG in our study (Singh et al., 2020)) expression
(Li et al., 2013). This compromises the ability of sepsis patients, who
may survive the early uncontrolled over-activation of the innate
pro-inflammatory response, to later deal with opportunistic co-
infections. Clearly a balance must be achieved between stimulation
of pro-inflammatory antimicrobial responses to control infection
while avoiding hyperinflammation that can lead to organ failure
and death. Our data provide valuable new knowledge that could
inform the application of IL-10–directed immuno-therapeutics for
the treatment of VL.
META-TAXONOMIC STUDY OF
PROKARYOTIC AND EUKARYOTIC GUT
MICROFLORA IN VL

Recent interest has focused on the possible interaction between
human hosts and their microbiome in determining the outcome of
parasitic infections. For example, people who are at risk of VL are
also at risk of other neglected tropical diseases (NTDs) such as soil
transmitted helminths. Helminths of the intestine are very strong
regulators of immune responses in their hosts and can ameliorate
inflammatory diseases (Zaiss et al., 2015), sometimes mediated
through cross-talk with gut microbiota. As a background to our
study there was not much information on how L. donovani
infections interact with other NTDs. In a study of L. donovani in
mice with established Schistosoma mansoni infection it was shown
(Hassan et al., 2006) that mice failed to control L. donovani even
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though they had had made a strong L. donovani-specific T helper 1
response. Similarly, when mice chronically infected with the
intestinal nematode Heligmosomoides polygyrus were infected with
L. donovani they had higher numbers of parasites in liver and spleen
compared to worm free mice (Classon et al., 2019). A factor which
limits large-scale analysis of pathogens in the gut is the time-
consuming microscopic identification of parasites. Recent studies
have shown that multiplex PCR for fecal DNA samples can be
applied successfully in large-scale studies of specific helminth and
protozoan gut pathogens (Llewellyn et al., 2016). However, this does
not provide data on the influence these pathogens might have on
the broader gut microflora. We therefore undertook a study to
evaluate the use of amplicon-based sequencing of 16S ribosomal
RNA (16S rRNA) gene regions to identify prokaryotic flora and 18S
rRNA gene regions to identify eukaryotes using a meta-taxonomic
approach (Lappan et al., 2019).

In this small scoping study we examined 16S rRNA and 18S
rRNA profiles in 23 active cases of VL compared to 23
geographically matched healthy endemic controls from Bihar
State India. Using QIIME software (Caporaso et al., 2010; Bolyen
et al., 2018) to analyze the amplicon sequence libraries (Figure 4)
the most abundant bacterial taxa identified across all fecal samples
were Prevotella (37.1%), Faecalibacterium (11.3%), Escherichia-
Shigella (9.1%), Alloprevotella (4.5%), Bacteroides (4.1%),
Ruminococcaceae UCG-002 (1.6%), and Bifidobacterium (1.5%)
(Lappan et al., 2019). It was of interest to compare these results to
previous reports of the composition of gut microflora across India.
For example, a study from urban and semi-urban districts in West
India (including Mumbai) also found gut microflora dominated by
Prevotella (34.7%), Bacteroides (15.2%), and Faecalibacterium
(5.6%) (Kulkarni et al., 2019). Notable, however, were additional
prominant species of Megasphaera (4.7%) and Dialister (3.9%)
A B

FIGURE 3 | Summary of differential gene expression identified from transcriptional profiling of whole blood from active VL cases stimulated with SLA with/without anti-
IL10 or isotype control. In (A) we show a heat map of z-score normalized gene expression values for probes representing the top 10 DEGs from the SLA plus anti-IL10
versus unstimulated blood analysis for all individuals across all experimental groups. Columns represent individuals and rows represent individual probes. Experimental
groups are color-coded in the keys and upper part of the graph. (B) Ingenuity Pathway Analysis gene network for DEGs observed when whole blood was stimulated with
SLA in the presence of anti-IL10. The network shows that 292 DEGs belong to a single network, with TNF, IFNG, NFKBIA, IL6 and IL1B as the major hub genes in
concert with a remarkable chemokine/cytokine storm. Genes annotated in red have increased expression, genes annotated in green have decreased expression, when
comparing SLA plus anti-IL10 stimulated with unstimulated blood. The more intense the color the larger the fold change values. The key to molecular functions for genes
at the nodes is as presented in Figure 2C. Elements of this figure are redrawn with permission from the original publication (Singh et al., 2020).
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(Kulkarni et al., 2019) not seen in our data. Prevotella (4.5%) and
Megasphaera (8.5%) were also dominant genera found in gut
microflora in Delhi in the North and Pune in the West (Bhute
et al., 2016), the authors of this study suggesting that these two
genera were a distinctive feature of Indian gut microflora compared
with western cultures. Prevotella was also the dominant genus in
North-Central India where residents eat a predominantly plant-
based diet compared to omnivorous populations in Southern India
where more prominent associations with Bacteroides,
Ruminococcus, and Faecalibacterium were observed (Dhakan
et al., 2019). This was in concordance with previous classification
of human gut microbiome enterotypes (Arumugam et al., 2011).
North-Central populations were associated with enterotype-2
(73.5%) driven by Prevotella whereas in Southern India (54%
enterotype-2) enterotype-1 (30.3%) driven by Bacteroides and
enterotype-3 (16.1%) driven by Ruminococcus were also prevalent.
In our study (Lappan et al., 2019), bacterial taxa (e.g. Dialister,
Megasphaera, Mitsuokella, Lactobacillus) normally characteristic of
Indian gut microbiomes (Bhute et al., 2016; Dhakan et al., 2019;
Kulkarni et al., 2019) occurred at <1%. Hence this population from
Bihar in North-East India did not fall within the criteria previously
identified as being characteristic of Indian populations.

Our study was unique in identifying Eukaryotic taxa (Lappan
et al., 2019). We observed Blastocystis (57.9%), Dientamoeba
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(12.1%), Pentatrichomonas (10.1%), Entamoeba (3.5%),
Ascaridida (0.8%), Rhabditida (0.8%), and Cyclophyllidea
(0.2%). The latter 3 helminth identifications were concordant
with Ascaris, Strongyloides, and Hymenolepis identified by
microscopy. The study was successful in demonstrating that
eukaryotic gut flora and pathogens, including helminths, could
be detected using 18S rRNA gene region sequencing. Our sample
size was not sufficiently powered to test for statistical associations
between VL and helminth infections, but other interesting
observations were made relating to eukaryotic pathogens as
outlined below.

For both prokaryotic and eukaryotic gut flora, diversity
indices that provide a global measure of differences in
composition of gut flora, did not differ significantly according
to disease status (i.e. VL case or healthy endemic control), or by
age, sex, geographic subdistrict. That is, we did not find evidence
for global differences or dysbiosis in eukaryotic or prokaryotic
gut flora in comparing VL cases with endemic controls in this
region of India. However, some taxon-specific associations were
observed (Lappan et al., 2019) which we show here in Figure 5.
Firstly, we observed that Ruminococcaceae UCG- 014 and
Gastranaerophilales_uncultured bacterium were enriched in
endemic controls compared to VL cases (Figure 5A). Secondly,
we found that Pentatrichomonas hominis was more abundant in
A B

FIGURE 4 | Shows 16S rRNA-determined prokaryotic gut microbial profiles in VL cases and endemic controls. In (A) we show bar plots that indicate the relative
abundance of 16S rRNA taxa separated for VL cases and endemic control groups, each ordered by relative abundance of taxa color coded as per key shown on
the right of the plot. In (B) we provide bar plots for prokaryotic mock control samples that were used in the experiment. Elements of this figure are redrawn with
permission from the original publication (Lappan et al., 2019).
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VL cases than in endemic controls, whereas the trend was
reversed for Entamoeba (Figure 5B). When we looked at the
cohort as a whole we found that high Escherichia-Shigella was
associated with reduced bacterial diversity, whereas high
Blastocystis was associated with high bacterial diversity and low
Escherichia-Shigella. In individuals that had high Blastocystis
counts, we observed low Bacteroidaceae and high Clostridiales
vadin BB60. In contrast, those with low Blastocystis had high
Bacteroidaceae and low Clostridiales. In the literature it is
generally considered that Bacteroides are friendly commensals
in the gut (Wexler, 2007). They are associated with fermentation
of carbohydrates thus producing volatile fatty acids. These
volatile fatty acids contribute to the daily energy requirement
of the host (Hooper et al., 2002). In our study high Blastocystis
seemed to put Bacteroides at a disadvantage. Hence, we
hypothesized that Blastocystis was influencing gut flora
homeostasis. Although high Blastocystis was negatively
correlated with Escherichia-Shigella in our study, we concluded
that it may contribute to overall dysbiosis of gut microflora and
to the low prevalence of enterotype-1 normally characterized by
high Bacteroides.

In brief, our meta-taxonomic analysis of gut microflora
provides novel data on both prokaryotic and eukaryotic gut
microflora for a population in India that is endemic for VL. We
observed dysbiosis related to pathogenic prokaryotic and
eukaryotic species that influenced global measures of bacterial
diversity in the gut. We also observed some important
associations between the eukaryotic pathogen P. hominis and
VL. Our data provide a useful baseline upon which a broader
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 859
analysis of pathogenic enteric microflora and their influence on
gut microbial health and NTDs generally can be developed.
CONCLUSIONS

Together our genetic and transcriptional profiling studies have
provided important evidence to support the importance of
antigen presentation to CD4+ T cells and the role of IFNg in
the pathogenesis of L. donovani infection. In a more recent
GWAS for cutaneous leishmaniasis in Brazil (Castellucci
et al., 2020) we were able to carry out integrated post-GWAS
annotation that related genetic risk loci to public domain data on
expression quantitative trait loci as well as disease-specific
transcriptional data that allowed us to focus in on the most
plausible genetic risk loci. Application of this type of integrated
analysis might highlight additional genetic risk loci for VL that
were not apparent in our meta-analysis of VL caused by
L. donovani in India compared to L. chagasi in Brazil. Others
have also demonstrated that polymorphisms in human genes
can be associated with signatures of microbiomes, for
example the esophageal microbiome that influences esophageal
adenocarcinoma (Deshpande et al., 2018). Hence, while
our separately undertaken omics-based approaches have
demonstrated that global analyses of genetic risk factors, host
responses to infection, and meta-taxanomic analysis of the
microbiome can point to critical factors that determine the
outcome of infection, a more integrated approach might yet be
more fruitful in future studies.
A B

FIGURE 5 | Taxon-specific differences in gut microbes observed in active VL cases compared to endemic controls (EC) using meta-taxonomics. In (A) we show box
plots derived using a program called ANCOM that showed that EC have higher abundance of Gastranaerophilales and Ruminococcaceae prokaryotic taxa than VL
cases. In (B) we show box plots that compare log10 counts for Pentrichomonas and Entamoeba in EC versus VL cases. From this plot we see that VL cases have
higher counts for Pentatrichomonas but not for Entamoeba. Elements of this figure are redrawn with permission from the original publication (Lappan et al., 2019).
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Visceral Leishmaniasis (VL) is the most fatal form of disease leishmaniasis. To date, there are
no effective prophylactic measures and therapeutics available against VL. Recently, new
immunotherapy-based approaches have been established for the management of VL.
Cytokines, which are predominantly produced by helper T cells (Th) and macrophages,
have received great attention that could be an effective immunotherapeutic approach for
the treatment of human VL. Cytokines play a key role in forming the host immune response
and in managing the formation of protective and non-protective immunities during infection.
Furthermore, immune response mediated through different cytokines varies from different
host or animal models. Various cytokines viz. IFN-g, IL-2, IL-12, and TNF-a play an
important role during protection, while some other cytokines viz. IL-10, IL-6, IL-17, TGF-
b, and others are associated with disease progression. Therefore, comprehensive
knowledge of cytokine response and their interaction with various immune cells is very
crucial to determine appropriate immunotherapies for VL. Here, we have discussed the role
of cytokines involved in VL disease progression or host protection in different animal models
and humans that will determine the clinical outcome of VL and open the path for the
development of rapid and accurate diagnostic tools as well as therapeutic interventions
against VL.

Keywords: visceral leishmaniasis, animal models, human, cytokine response, immunotherapy
INTRODUCTION

Visceral leishmaniasis (VL) is mainly caused by three species L. donovani, L. infantum, and
L. chagasi. These species are obligate intracellular parasites that mostly target the visceral organs of
the host. The clinical manifestations of the disorder show the severity of the disease, which could be
highly fatal in its advanced stage. VL is a vector-borne infection communicated by female sandflies;
it is known as a disease of poor people because of its high prevalence in developing countries or
malnourished populations around the world. It mainly affects the tropical and subtropical countries.
Symptoms of VL include enlargement of the liver and spleen, fever, extreme weight loss,
hypergammaglobulinemia, as well as the low count of RBCs, WBCs, and platelets. The parasite
resides within the hostile environment of the macrophages of the spleen, liver, and bone marrow of
the host. The immune system of the host is also compromised during disease progression. There are
50,000 to 90,000 new cases of VL reported worldwide annually, while the mortality rate in untreated
VL patients is over 95% (https://www.who.int/news-room/fact-sheets/detail/leishmaniasis).
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The establishment of VL infection is mainly associated with
host immune response where T helper type 1 (Th1) and T helper
type 2 (Th2) cytokines play an important role in VL (Saha et al.,
2007; Mondal et al., 2010; Nylén and Gautam, 2010). The Th1
response is known to protect from VL infection, whereas the Th2
immune response is responsible for parasite growth and disease
progression. Th1 type immune response is mainly associated
with the production of interleukin (IL)-12, interferon-g (IFN-g),
nitric oxide (NO), and reactive oxygen species (ROS) (Kaye and
Scott, 2011), while the secretion of Interleukin (IL)-4, IL-10 and
transforming growth factor-beta (TGF-b) is mainly associated
with Th2 immune response. Several other cytokines viz IL-3, IL-
5, IL-6, IL-8, IL-9, IL-13, IL-15, IL-18, IL-23, and IL-27 also play
a critical role during disease progression or protection (Table 1).
(Elliott et al., 1989; Barral-Netto et al., 1991; Milano et al., 2002;
Chamizo et al., 2005; Murray et al., 2006b; Stäger et al., 2006; de
Lima et al., 2007; Maroof and Kaye, 2008; Murray, 2008; Zhu
et al., 2010; Menezes-Souza et al., 2011; Ghosh et al., 2013b;
Hajilooi et al., 2015; Pérez-Cabezas et al., 2016; Quirino et al.,
2016; Ramos et al., 2016; Costa and Gomes, 2020; Lamberet et al.,
2020; Moravej et al., 2020)

Recent reports indicate the immune response against VL
behaves differently in various organisms (Dayakar et al., 2019).
During the past few decades, most of the studies have been done
in the mouse model of VL. The murine model was broadly used
for the study of the host immune response against VL infection
(Murphy et al., 2001; Murray, 2001; Kaye et al., 2004;
Sakthianandeswaren et al., 2009). Mice having different genetic
backgrounds showed different immune responses. For example,
BALB/c and C57BL/6 mice are susceptible, while SV/129 is
considered resistant. However, the mouse model does not
appear to exhibit a high susceptibility to VL infection since
intravenous injection of visceral Leishmania results in a self-
healing chronic infection. In addition, cytokine phenotypes
exhibited in the mouse model by viscerotropic Leishmania are
not characteristic of a Th2-type response (Papadopoulou et al.,
2002). Apart from mice, the hamster model for VL infection is
widely accepted for immunological studies (Melby et al., 2001;
Garg and Dube, 2006; Aslan et al., 2013). The cytokine response
in the hamster is pretty much similar to humans against VL
infection. Currently, the Syrian Golden hamster is accepted
worldwide to test various prophylactic and therapeutic
measures. A major drawback of visceral models is that only
large doses of antimony in the prime visceral disease model will
eliminate known lesions (the hamster model). The model has
also been used in vaccination research (Sharma et al., 2003;
Sharma et al., 2004). However, the molecular mechanisms for
this high degree of vulnerability are uncertain, and there are
limited immunological studies applicable to this model due to
the lack of available reagents.

Since all rodent models have the disadvantage of having
different drug metabolisms and pharmacokinetics from
humans, secondary testing in higher models such as dogs and
monkeys with responses similar to humans will further validate
primary screening and help in selecting the most promising
molecules/epitopes for the development of a vaccine. A canine
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 263
model of VL, such as dog, is now being considered for secondary
testing of novel drug molecules and vaccine candidates against
VL infection (Alvar et al., 2004; Baneth et al., 2008). Dogs share a
highly similar immune response to humans. They are the major
reservoir in the Middle East, the Mediterranean region, and
South America. However, the nature of the infection is quite
unpredictable, which has been a serious concern in the creation
of canine VL experimental models but seems to demonstrate the
spectrum of clinical responses seen during natural infections
(Garg and Dube, 2006). The non-human primate (NHP) models
are now being used to study the immunological responses and to
validate host-parasite interactions against VL and considered as a
model for tertiary testing due to their similarities to humans with
respect to physiological and immunological characteristics
(Alvar et al., 2004; Baneth et al., 2008). In VL infection, non-
human primates Aotus trivirgatus (owl monkeys) and Saimiri
sciureus (Squirrel monkeys) are currently being used in the New
and Old World (André et al., 2020). They have shown all clinical
and immunopathological characteristics found in human VL
(Singh and Sivakumar, 2003). The Asian rhesus macaques
(Macacamulatta) and the Indian langurs are also susceptible to
VL infection and have also been used for preclinical studies
(Misra et al., 2001). However, the disadvantage is that the
primates are costly laboratory animals that are hard to
procure and treat and also immunological black boxes. In
human visceral leishmaniasis, the Th1/Th2 cytokine balance has
been well documented either for pathogenesis or host protection
(Dayakar et al., 2019). During the parasitic disease, various micro-
RNAs (miRNAs) play an important role in the proliferation,
differentiation, and production of CD4+ T cells (Arora et al.,
2017; Chapman et al., 2017; Budak et al., 2018). However, the
differentiation of naive CD4+ T cells into Th1/2 cytokines is
strictly regulated in leishmaniasis, L. donovani infection can
induce differential miRNA expression in CD4+ T cells and
macrophages (Tiwari et al., 2017; Kumar et al., 2020). Further,
silencing the microRNA-21 (miR-21) resulted in an augmented
induction of IL-12 in L. donovani-infected mouse dendritic cells
(Gannavaram et al., 2019). L. donovani infection also
downregulates microRNA-122 (miR-122) and genes involved in
cholesterol biosynthesis in infected mouse livers (Ghosh et al.,
2013a). The differentiation of naive CD4+ T cells to the Th1/2
phenotype includes various pathways viz. the JAK-STAT pathway,
notch protein-associated pathway, and MAPK signaling pathways
(Radtke et al., 2010). Notch 3, JAK1/2, ZAP70, STAT1, and
STAT4 are the transcription factors involved in these pathways,
which helps CD4+ T cells to differentiate into Th1 subtype, while
Th2 phenotypes differentiation occurs using Notch 1/2, STAT5,
STAT6, GATA3 transcription factors (Radtke et al., 2010). It has
been well documented that the upregulated miRNAs (miR-7a-1-
3p, miR-574-5p, miR-690, miR-7017-5p, and miR-7235-5p)
target the notch 3 gene. Notch 3 has a prominent role in the
immune response of Th1, such as the development of IFN-g.
However, miRNA inhibits the notch 3 gene in leishmaniasis and
impairs the development of IFN-g, thereby providing an ideal
environment for parasite survival. Moreover, STAT 4 and STAT1
have a main function in JAK-STAT signalling for IFN-g
February 2021 | Volume 11 | Article 624009
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TABLE 1 | Role of various cytokines in experimental models and humans for the management of VL.

Host Cytokine Functions in leishmaniasis Possible outcome References

Mouse IL-10 Inhibits the production of iNOS, IFN-g, IL-12, and TNF-a production and
suppresses parasite killing by inhibiting Th1 cellular response

Immunosuppression
and disease
progression

(Murphy et al., 2001; Murray et al.,
2002; Mesquita et al., 2018)

IL-12 Triggers parasite specific Th1 response and controls Th2
expansion and IL-4 production

Host protection (Heinzel et al., 1995; Murray et al.,
1997; Antoine et al., 2004)

IFN-g Activate Th1 response Host protection (Tsagozis et al., 2005)
IL-2 Induction of IFN-g Host protection (Murray et al., 1992)
TNF-a Induces granuloma response and wound healing process Host protection (Murray, 2000)
TGF-b Shows marginal effect on the parasite load and IFN-g dependent host resistance,

shows the biphasic kinetics; promotes as well as inhibits the inflammation and
impairs the rate of disease cure in murine models

Disease progression (McCartney-Francis and Wahl, 1994;
Wilson et al., 1998; Gantt et al.,
2003; Murray et al., 2005)

IL-17 Proinflammatory cytokine Host protection (Ghosh et al., 2013b)
IL-23 Shows IL-12 independent protection against visceral infection Host protection (Murray, 2000)
IL-27 Increases susceptibility and affects the IL-17/neutrophil influx axis Disease progression (Quirino et al., 2016)
IL-33 Suppresses Th1 responses in the livers Disease progression (Rostan et al., 2013)
IL-4 Induces humoral immune response Disease progression (Pérez-Cabezas et al., 2019)
IL-6 Induces an immunosuppressive effect on parasite infected liver Disease progression (Murray, 2008).
IL-3 Induces MCCP formation in bone marrow and spleen Disease progression (Saha et al., 2004)
IL-18 Required for anti-parasite activity Host protection (Murray et al., 2006a)
IL-13 Participates in granuloma assembly Host protection (Murray et al., 2006b)

Hamster IL-12 Drives Th1 response and IFN-g production Host protection (Melby et al., 2001)
IFN-g Activates macrophages to release ROS. Host protection (Melby et al., 2001)
TNF-a Activates the macrophages to kill amastigotes Host protection (Melby et al., 2001)
TGF-b Suppresses expression of inducible NO synthase and IFN-g, and suppresses Th1

and Th2 cell development.
Disease progression (Gantt et al., 2003)

IL-4 Deactivation of macrophages and suppression of Th1 cells Disease progression (Samant et al., 2009)
IL-10 Deactivation of macrophages and suppression of Th1 cells Disease progression (Samant et al., 2009)

Canine IFN-g Involved in the activation of macrophages and the killing of the intracellular
amastigotes in collaboration with TNF-a

Host protection (Vouldoukis et al., 1996)

IL-2 Activation of iNOS Host protection (Vouldoukis et al., 1996)
IL-12 and
IL-15

Upregulate T-bet expression and downregulate the expression of programmed cell
death protein-1 (PD-1) in lymphocytes.

Host protection (Costa and Gomes, 2020)

IL-6 Hypergammaglobulinaemia Disease progression (de Lima et al., 2007)
TGF-b Inhibits T-cell proliferation, M8 activation, iNOS expression, TNF-a and IFN-g

functions and acts synergistically with IL-10
in disease progression

Disease progression (Dayakar et al., 2019)

Non-
Human
Primates

IFN-g Clearance of intracellular parasites Host protection (André et al., 2020)

Human IL-8 Increases neutrophil infiltration in VL patients Disease progression (Barral-Netto et al., 1991)
IL-10 Blocks the activation of Th1 cells by down-regulating the production of IFN-g and

IL-12
Disease progression (Bogdan et al., 1991)

IL-12 Restores IFN-g production and cytotoxic responses in visceral leishmaniasis. Host protection (Bacellar et al., 1996)
IL-4 Inhibits human macrophage activation by TNF, GMCSF, and IL-3, Produces from

PBMCs of cured VL patients in response to L. donovani crude or purified gp63
antigen stimulation

Both protection and
disease progression

(Ho et al., 1992; Kurtzhals et al.,
1994)

IFN-g Activates macrophages and monocytes to release oxygen radicals and TNF-a, IL-l,
and IL-6 secretion

Host protection (Hart et al., 1989)

TGF-b Macrophage deactivation, suppress healing responses and avoid host parasite
clearance

Disease progression (Bogdan et al., 1991)

TNF-a Activation of effector immune response Host protection (Zwingenberger et al., 1991)
IL-6 Inhibits production of TNF-a in the early stage of infection Disease progression (Costa et al., 2013; Dos Santos

et al., 2016)
IL-17 Affects neutrophils function, reduces apoptosis, induces the production of pro-

inflammatory cytokines and tissue damaging molecules at inflammatory foci
Disease progression (Dragon et al., 2008)

IL-27 Increases the Th1 response and dampens the production of IL-17 mediated
neutrophil infiltration

Host protection (Quirino et al., 2016)

IL-1 Impaired production of IL-1 from human PBMCs with L. donovani-antigen
stimulation and successful therapy recovers IL-1 levels

Host protection (Ho et al., 1992)

IL-3 Enhances oxidative burst stimulation and secretion of TNF-a in human
macrophages, thus protects parasite replication

Host protection (Elliott et al., 1989)

IL-15 Increases the IL-12 and reduces the IL-4 secretion Host protection (Milano et al., 2002)
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production, and miR-574 and miR-6994-5p regulate these genes.
In addition, it has also been stated that downregulated miRNAs
dominated the differentiation of naive CD4+ T cells into the Th2
phenotype. IL-4, a major Th2 cytokine secreted by CD4+ T cells, is
the target of miR-340-5p. IL-2 and IL-13 are major CD4+ T cell-
secreted Th2 cytokines (Murray et al., 1993; Murray et al., 2006b),
but their regulation is carried out by downregulated miRNA (miR-
3473f and let 7j). It has been also reported that downregulated
miRNAs control the differentiation of naive CD4+ T cell to Th2
phenotype. Further research is therefore required to understand
their function in Leishmania-induced Th2 immune responses.
The STAT 5 and STAT 6 genes are targeted by miRNA-93-3p and
486a-3p, and act as the major transcription factors in Th2
differentiation. As these two miRNAs were found to be
downregulated in infected CD4+ T cells, it is hypothesized that
these miRNAs may have a potential role in the management of T
cell proliferation, differentiation and Th1/Th2 dichotomy in
Leishmania pathogenesis. Notch 1/2 and GATA 3 are
prominent genes that are involved in the differentiation of CD4+

T cells from the Th2 phenotype (Gilmour and Lavender, 2008). It
is further concluded that the above transcription factors are
targeted by downregulated miRNAs (miR-93-3p, let 7j, 486a-3p,
and miR-3473f) and the downregulation of these miRNAs
contribute to the differentiation of CD4+ T cells into the Th2
phenotype in the case of Leishmania infection (Kumar
et al., 2020).

Here, we have summarized the cytokine-based immune
response events occurring in various experimental animal
models e.g., mouse, hamster, canine, non-primates, and human
against VL infection (Figure 1). This review highlights the in-
depth analysis of various cytokines in disease progression and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 465
host protection that could be used for the development of an
effective immune-therapeutic tool against VL.
CYTOKINE RESPONSE IN VARIOUS
ANIMAL MODELS AND IN HUMAN
AGAINST VL

Cytokine Response in Mice
The mouse model of VL is an extensively studied disease model.
VL infection in mice is established through metacyclic
promastigotes or amastigotes form of L. infantum and
L. donovani (Murray, 2001; Kaye et al., 2004). Mice having
different genetic backgrounds showed susceptibility or
resistance against VL infection. Various studies investigated the
evasion of host immune response by Leishmania parasites and
genes associated with innate and acquired immunity against VL
(Kirkpatrick et al., 1985; Kaye et al., 2004; Wegner et al., 2004;
Lipoldova and Demant, 2006; Marquis and Gros, 2007; Stanley
and Engwerda, 2007; Huynh and Andrews, 2008). For example,
in the resistant mouse strains CBA, the functional involvement
of Slc11a1 induced macrophage activation. The slc11a1 gene
encodes a membrane protein on macrophages and increases
nitric oxide (NO) production mediated by the induction of the
inducible nitric oxide synthases (iNOS) and finally inhibiting the
parasite growth (Blackwell et al., 2001). These mice are resistant
to the early growth of the Leishmania parasite. Similarly, SV/129
mice strain is considered to be resistant. This may be due to the
significant upregulation of IL-10 producing CD4+ T cells, which
could indicate an effective anti-parasitic response (Pérez-Cabezas
FIGURE 1 | Pathogenic and protective cytokine response in experimental and human VL.
February 2021 | Volume 11 | Article 624009
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et al., 2019). On contrary, the susceptible strains like BALB/c and
C57BL/6 have non-functional Slc11a1gene and thus early growth
of Leishmania is not inhibited in them (Kaye et al., 2004). The
development of susceptibility and resistance to the Leishmania
parasite also depends on the development of Th1 and Th2 type
cellular response. During L. infantum and L. donovani infection
in murine models, the Th1/Th2 paradigm is not influential like
in other models in which the Th1 response is suppressed by
TGF-b and IL-10 (Tripathi et al., 2007). The BALB/c and C57BL/
6 mice are susceptible strains to L. donovani visceral infection.
The self-healing C57BL/6 mouse displays an early Th1 response
after infection, while the non-healing BALB/c mouse strain
displays an early Th2 response leading to disease progression
(Figure 2) (Garg and Dube, 2006).

In active VL, the membrane cholesterol of macrophages also
plays a crucial role in promoting parasite internalization (Asad
et al., 2015). Interestingly, L. donovani extracts membrane
cholesterol from macrophages and disrupts lipid rafts, leading
to their inability to stimulate T cells (Ghosh et al., 2012). The
conformation of a large number of membrane proteins is
considered to be dependent on membrane cholesterol.
Cholesterol is reported to be essential in maintaining MHC-II
protein conformation and peptide-MHC complex stability,
whereas Leishmania parasites can alter membrane cholesterol
and modify MHC-II protein conformation, leading to defective
T-cell stimulation in leishmaniasis (Roy et al., 2016).

The BALB/c mice strain is the most explored mouse model in
VL. The immune response to VL in BALB/c mice varies between
the liver and spleen within the same mice. The spleen is an initial
site for the production of cell-mediated immune response but
finally becomes a site for parasite persistence causing
splenomegaly, tissue damage, and immunocompromising the
host (Faleiro et al., 2014). The parasites entering the spleen are
driven out by marginal zone (MZ) macrophages and dendritic
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 566
cells (DCs). However, to some extent, the DC acquired
Leishmania antigens are derived from phagocytosis of infected
macrophages or by their fragments in MZ (Bankoti and Stäger,
2012). The DCs retain parasite antigens at MZ and then migrate
to periarteriolar lymphoid sheath (PALS) where they secrete IL-
12 and present antigen to NK cells and T cells (Ato et al., 2006).
The L. infantum infection induces IL-12 secretion by splenic DCs
within the PALS but not macrophages at the MZ (Gorak et al.,
1998). Also, the macrophages have reduced capacity for the
generation of anti-leishmanial molecules like reactive oxygen
intermediates (ROIs) and NO required for killing of the
pathogen (Awasthi et al., 2004). The primed T cells from the
spleen migrate to the liver and generate a granuloma response
(Figure 2). At the same time during granuloma formation, the
fusion of infected macrophages to form multinucleated cells
contributes to the production of inflammatory cytokine
(Murray, 2001). The inflammatory environment of target organs
influences parasite elimination or persistence (Rodrigues et al.,
2016). The failure in generating an efficient granuloma response
and low expression of MHC II on the macrophage surface and
defect in the generation of anti-leishmanial molecules against the
parasite all contribute to the failure of an immune response to
eradicate VL (Stanley and Engwerda, 2007). Upon infection, the
Leishmania parasites enter the liver and invade macrophages and
DC. These cells start secreting chemokines like C-X-C motif
chemokine ligand 10 (CXCL10), chemokine C-C motif ligand 2
(CCL2), and chemokine C-C motif ligand 3 (CCL3) for
recruitment of granulocytes and monocytes (Gupta et al., 2009;
Nieto et al., 2011). The persistence of parasite infection is mediated
by the macrophages either by irregular antigen presentation or by
upregulation on interfering prostaglandin (Nylén and Gautam,
2010). The infection of BALB/c mice with L. donovani parasite
resulted in increased intercellular adhesion molecule 1 (ICAM-1)
and B7-1 (CD80) expression by infected macrophages. While in
FIGURE 2 | Organ-specific cytokine response in a mouse model of VL.
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C57BL/6 mice, no significant changes were observed in the level of
ICAM-1 and CD80. Furthermore, Leishmania infected
macrophages are not able to generate co-stimulatory signals to
T- helper cells mediated by prostaglandins, and inhibition in the
synthesis of prostaglandin recovered this defect (Saha et al., 1995).
Even after the activation of the innate immune response during
early-stage infection, the parasite persists in the liver in the absence
of activated T cells and a trace amount of inflammatory cytokines.
However, during the later stage of infection, the parasite burden
decreases in the liver with the acquisition of granulomatous
response (Stanley and Engwerda, 2007; Nieto et al., 2011). Few
studies have suggested that before migrating into the liver, the T-
cells are pre-activated in the spleen (Engwerda and Kaye, 2000).
Once the activated T-cells reach the liver, they interact with
infected DCs and secrete IL-12, thereby triggering a parasite-
specific Th1 response (Antoine et al., 2004). The activated DCs can
induce IFN-g and natural killer (NK) cell cytotoxicity (Schleicher
et al., 2007). On the contrary, IL-12 production is obstructed in
parasite-infected macrophages, which leads to an impaired CD4+

T cell response (Soong, 2008). Hence, the interaction of DCs, and
parasite-specific CD4+ T cells in the liver provides an appropriate
inflammatory environment required for granuloma formation
leading to acquired hepatic immune response associated with
the production of IL-2, IL-12, tumor necrosis factor (TNF)-a,
and IFN-g (Murray et al., 1992; Wilson et al., 2005).
L. infantum regulates its local environment by TGF-b activation
(McMahon-Pratt and Alexander, 2004). In L. infantum infected
BALB/c mice, the acquired resistance depends upon granuloma
development (Nieto et al., 2011) and an increased granuloma
maturation indicates successful vaccination for VL (Carter et al.,
2007). Different cytokines play crucial roles in parasite killing by
granuloma formation. IL-12 produced by Kupffer macrophages
(liver resident macrophages) induces IFN-g by lymphoid cells
associated with granuloma enhancing the leishmanicidal property
of Kupffer cells (Murray et al., 1992; Stanley and Engwerda, 2007).
Both L. infantum and L. donovani inhibits the host macrophage
response against IFN-g (McMahon-Pratt and Alexander, 2004).
One of the crucial factors for assembly and maturation of
granuloma is TNF (Kaye et al., 2004). In addition, lymphotoxin-
a, a TNF-associated cytokine, promotes leukocyte migration
towards Kupffer cells (Engwerda et al., 2004). IL-13, a Th2
cytokine is responsible for granuloma assembly and IFN-g
secretion. In L. donovani infected IL-13–/– mice with BALB/c
background, the granuloma assembly, and IFN-g secretion was
significantly impaired in the liver (Murray et al., 2006b). The
CD8+ T cells also play a crucial role in different models of VL
comprising both secretions of chemokines, cytokines, and
cytotoxic activity (Tsagozis et al., 2003). The CD8+ T cells are
involved in controlling VL infection in BALB/c mice, which are
nonself-curing mice, as this is a T-cell immunodeficient strain that
manifests systemic visceral leishmaniasis (Howard et al., 1980). In
BALB/c mice, the CD8+ T cells displayed cytotoxicity against cells
displaying parasite antigens. This cytotoxic activity was mediated
by both Fas/Fas pathway and perforin. They also upregulated the
mRNA levels of TNF-a, IFN-g, RANTES, and macrophage
inflammatory protein-1a (MIP-1a), which plays a major part in
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 667
anti-parasite function (Tsagozis et al., 2003). IL-27 is mainly
secreted by the DC in mouse model of VL (Pérez-Cabezas et al.,
2016). In L. infantum infected BALB/c mice, IL-27 was
upregulated but not in resistant C57BL/6 mice (Pérez-Cabezas
et al., 2016). The neutralization of IL-27 decreased IL-10
production, and administration of recombinant IL-27 (rIL-27)
increased IL-27 in C57BL/6 mice as compared to control animals
(Pérez-Cabezas et al., 2016). Furthermore, treatment of rIL-27
significantly reduced the level of IL-12 and IFN-g in C57BL/6
mice. Neutralization of IL-27 in acutely infected BALB/c led to
decreased parasite burdens and a transient increase in IFN-
g+ splenic T cells, while administration of IL-27 to C57BL/6
promoted parasite infection. The rIL-27 prevented neutrophil
infiltration in the spleen of C57BL/6 mice. IL-27 neutralization
increased IFN-g producing CD4+ and CD8+ T cells, but rIL-27 did
not affect cytokine profile in splenic T cells of C57BL/6 mice
(Pérez-Cabezas et al., 2016). IL-27 mediates susceptibility to
L. infantum infection in the murine model by suppressing the
IL-17 driven neutrophil response. IL-27–/– mice displayed better
parasite control and upregulated IL-17 leading to increased
neutrophil influx. This in turn, aids the parasite control in the
target organ. Thus, the secretion of IL-27 in L. infantum infection
increases susceptibility and affects the IL-17/neutrophil influx axis
(Quirino et al., 2016).

Both IL-18 and IL-23 are required for a late-acting anti-
parasite response in the mouse model of VL (Murray et al.,
2006a). The splenic DCs secrete IL-23 after the parasitic
infection, which, along with other cytokines (TGF-b, IL-6, or
IL-1b), promotes Th17 differentiation (Maroof and Kaye, 2008;
Zhu et al., 2010). The IL-17-producing Th17 cells are crucial
elements of anti-parasitic activity in the mouse model, however,
their role is different in VL. IL-17 in synergy with IFN-g
promotes parasite clearance in C57BL/6 mice. The 17R–/– mice
with C57BL/6 backbone has an increased susceptibility to
L. infantum infection and reduced parasite clearance and
infiltration of IFN-g producing cells. This leads to increased
IL-10 producing CD4+ T cells. Also, IL-17 in association with
IFN-g mediates NO production in infected macrophages, thus
performing the anti-parasite activity (Nascimento et al., 2015).
The BALB/c model of L. donovani induced VL was utilized to
study the potential of curdlan, (a gel-forming polysaccharide)
against VL (Ghosh et al., 2013b). The curdlan treatment
significantly increased the Th17 cytokines (IL-23 and IL-17)
levels in mice (Ghosh et al., 2013b). Another compound
astrakurkurone induces IL-17 and IFN-g production in the
BALB/c mouse model of VL (Mallick et al., 2016) suggesting a
protective role of IL-17 in VL. On the contrary, IL-17 is also
reported to increase susceptibility to murine VL by modulating
IFN-g response (Terrazas et al., 2016). Different studies have
reported the role of IL-33 and ST2 receptor in VL. The ST2
deficient mice showed better parasite control in the liver by early
Polymorphonuclear leukocytes (PMN) infiltration and polarized
Th1 immune response. Whereas the addition of recombinant IL-
33 in BALB/c mice leads to a repressed Th1 response (Rostan
et al., 2013). Another study suggested the upregulation of IL-33
and ST2 in both BALB/c and in C57BL/6 infected with
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L. donovani. However, the level of expression in BALB/c mice
was twice that of the C57BL/6 mice. Treatment with
recombinant IL-33 increased the parasite burden in the mouse
spleen. IL-33 treatment in BALB/c mice resulted in immune
exhaustion and downregulation of splenic Th1 cytokines (IL-12
and IFN-g) accompanied by an upregulation in Th2 cytokines
(IL-13, IL-5, and IL-4). In IL-33–/– mice, the parasite load was
reduced, and the Th1 response increased, as compared to theWT
mice (Lamberet et al., 2020).

In self-curing mouse model C57BL/6, CD8+ T lymphocytes
do not appear to play a primary role in parasite control but the
IFN-g-mediated Th1 response plays a crucial role in parasite
control and prevention of disease during L. infantum infection
(Tsagozis et al., 2005). IL-6 is mainly produced by the antigen-
presenting cells of the immune system. In L. donovani infected
C57BL/6 mice, IL-6 was involved in pathogenesis. In IL-6–/–

mice, the rate of parasite killing and infection control was higher
as compared to WT mice. Also, an increased Th1 response was
observed in IL-6 –/– mice (Murray, 2008). IL-6 thus induces an
immunosuppressive effect on the parasite-infected liver and can
be a potential target for therapeutic blockade (Murray, 2008). In
another L. donovani infected C57BL/6 mice, IL-6 in association
with IL-12 mediated protective immune response and
independently regulated IL-10+ CD4+ T cell expansion (Stäger
et al., 2006). During Leishmaina infection, the susceptible BALB/
c mice displayed more IL-3 producing T cells than the resistant
C57BL/6 mice (Saha et al., 1999). There is an increase in mast cell
committed progenitors (MCCP) in the spleen and bone marrow
during the parasite infection via IL-3 (Saha et al., 2004). These
findings suggest that a similar mechanism is also reported in
L. donovani infection and lower MCCP in resistant mice due to
the downregulation of IL-3 (Saha et al., 2004).

IL-10 is a key immunosuppressive factor in VL. The study
performed on wild type C57BL/6 mice and transgenic pMT-10
on C57BL/6 background mice infected with L. donovani parasite
was used to demonstrate the involvement of increased IL-10
production in the early stage of VL infection rather than the later
stage (Mesquita et al., 2018). Another study on IL-10 deficient
BALB/c and C57BL/6 mouse model of VL (Murphy et al., 2001;
Murray et al., 2002) showed that the BALB/c IL-10–/– and
C57BL/6 IL-10–/– mice were resistant to L. donovani infection.
The parasite burden in the liver was reduced by 10 folds while the
production of IFN-g and nitric oxide increased in BALB/c IL-
10–/– mice. The susceptibility to L. donovani infection increased
after in vivo treatment with IL-12 and IFN-g neutralizing
antibodies (Murphy et al., 2001). Also, treatment with an anti-
IL-10 receptor (IL-10R) monoclonal antibody (mAb) promoted
the killing of parasites by macrophages through the upregulation
of IFN-g, IL-12 protein, and iNOS synthesis (Murray et al.,
2002). Altogether these results imply the immunosuppressive
role of IL-10 in VL. Finally, IL-10 suppresses parasite killing by
inhibiting the Th1 cellular response (Murphy et al., 2001; Murray
et al., 2002).

A spontaneous recessive lymph node T cell (plt) mutation
results in loss of functional chemokine (C-C motif) ligand 21
(CCL21) and chemokine (C-C motif) ligand 19 (CCL19) genes
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and an abnormally formed lymphoid T cell zone (Nakano and
Gunn, 2001). Due to the lack of these chemokines in plt/plt mice,
the migration of T cells gets tampered resulting in a reduced
recruitment of DCs and naive T cells at secondary lymphoid
organs (Förster et al., 1999; Gunn et al., 1999). A study
performed on CCL21/19 plt/plt mice with C57BL/6 mice
background showed increased susceptibility to L. donovani
infection as compared to normal mice (Ato et al., 2006). The
activation of DC is inadequate after infection, along with reduced
migration of DC from MZ to PALS. Altogether, the tampered
DC activation in plt/plt mice leads to increased susceptibility and
upregulated IL-10 mRNA. In the liver, the effector CD4+T and
CD8+T cell migration was delayed with granuloma formation
indicating a crucial role of chemokines in DC and T cell-
mediated defense against L. donovani infection (Ato et al.,
2006). During the VL, neutrophils also perform a key role.
These are the major leukocytic cell effectors of the innate
immune response, as neutrophils are the first cells quickly
deployed to the parasite inoculation site in the process of VL,
where they perform an important role in the early identification
and removal of the parasites (Oualha et al., 2019). Neutrophils
exude lytic enzymes and nitric oxide, causing various pathogens
to die, thereby engaging in phagocytosis, which is regulated by
the Toll-like receptor family, opsonins, and lipopolysaccharides
to kill microorganisms. BALB/c mice infected with L. donovani
and deficient in neutrophils display a rise in the parasite burden
from the spleen and bone marrow and a decrease in the
development of liver granulomas, with a decrease in the
synthesis of nitric oxide (Cecıĺio et al., 2014). In the absence of
neutrophils, the immune response against the parasite is changed
with elevated IL-10 and IL-4 in the serum and spleen and less in
IFN generating CD4+ T and CD8+ T cells, indicating that the
Th1-type immune response is impaired in the absence of
neutrophils (McFarlane et al., 2008). Furthermore, Leishmania
may utilize the neutrophil as an escape mechanism when
phagocytised in non-lytic compartments that presents
endoplasmic reticulum markers and are unable to integrate
with lysosomal organelles. The genes lpg1 and lpg2, which
express phosphoglycans of Leishmania, are directly implicated
in the parasite’s ability to stay in these compartments, preventing
their destruction and slowing the apoptosis of neutrophils to
extend their cell existence (Gueirard et al., 2008).

The humoral immune response to VL is mainly associated
with the IgG1 isotype and is mediated by IL-4 (Pérez-Cabezas
et al., 2019). The IgG specific response to L. infantum was
evaluated in three different strains of mice model e.g., BALB/c,
C57BL/6, and SV/129 mice, Interestingly it was observed that
SV/129 mice had higher serum IgG levels specific for L.
infantum as compared to BALB/c and C57BL/6 mice during
the early phase of infection but with time, the level of IgG
remarkably reduced, which is an indication of parasite clearance
in SV/129 mice. However, BALB/c and C57BL/6 mice showed a
prevalent IgG1 response that increased with the course of
infection (Pérez-Cabezas et al., 2019). Further, it has also been
reported that in the BALB/c mice model, IgM is responsible for
disease exacerbation, and polyclonal B cell activation is an early
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and intrinsic characteristic of VL (Deak et al., 2010). Therefore,
B-cell-derived immunoglobulins (IgM and IgG) potentially may
contribute to disease and parasite persistence throughout
infection. These findings also proved why SV/129 strain is
resistant to VL while BALB/c and C57BL/6 are considered to
be susceptible to L. infantum and L. donovani parasites.

Cytokine Response in Hamster
The Syrian golden hamster is considered an appropriate model for
VL studies due to high susceptibility—a similarity with human
pathology and unaffected parasite growth in the liver, spleen, and
bone marrow (Miao et al., 2019). The immunopathology of VL in
hamsters includes increased parasite burden, splenomegaly,
cachexia, and hypergammaglobulinemia (Melby et al., 2001;
Garg and Dube, 2006; Aslan et al., 2013). The expression profile
of different Th1 (IL-12, IFN-g and, TNF-a) and Th2 cytokines
(TGF-b, IL-4, and IL-10) in L. donovani infected hamsters were
well documented. The reports suggested an increased mRNA
profile of Th1 cytokines such as IFN-g and IL-12 during the
early phase of infection while, a lower IL-12 mRNA level after 7
days post-infection was observed close to IFN-g level (Melby et al.,
1998; Melby et al., 2001). The increased mRNA level of IFN-g
during disease progression correlated with defective macrophage
effector function. The NOS activity in spleen and liver tissues of L.
donovani infected hamsters was not detected at any time of
infection. Thus, the loss of this crucial anti-parasite activity in
hamsters explains its inability to restrict parasite growth and high
susceptibility (Melby et al., 2001; Perez et al., 2006). In the case of
the Th2 cytokine, the expression of IL-4 in infected hamsters was
almost at basal level and the same as observed in uninfected
hamsters (Melby et al., 1998). The splenic expression of
macrophage deactivator Th2 cytokine IL-10 increased over the
first 4 weeks of infection, indicating the role of IL-10 in disease
progression (Melby et al., 2001). Altogether there was a
suppression of Th1 response and elevation of Th2 response
during L. donovani infection in the hamster. A similar
observation was made by another study where NO synthesis
was absent in the spleen and liver of the hamster. The mRNA
level of IL-4 was absent while IL-10 occurred during the later
phase of infection. The mRNA expression of TGF- b was at a basal
level while the protein form increased during the later phase. This
irregularity between mRNA and protein TGF- b was due to the
presence of Cathepsin B in L. infantum and L. donovani that
promoted the growth of parasites within macrophages and
activated TGF-b (Somanna et al., 2002; Goto and Lindoso,
2004). It is evident from the above information that a Th2
dominant immune response is associated with VL infection in
hamsters. Treatment with miltefosine in Leishmania infected
hamster suppressed the Th2 response and enhanced Th1
cytokine production, resulting in the cure of the animals from
disease (Gupta et al., 2012). VL infection in the hamster is also
characterized by the diminishing of the proliferative response to
Leishmania specific antigens (Lorıá-Cervera and Andrade-
Narváez, 2014). The VL in hamsters is generally induced by
injecting parasites intracardially, intravenously, and intra-
peritoneally. However, none of them mimic the effects of the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 869
sandfly bite, the natural mode of transmission. As the major
antigen-presenting cells (APCs), the macrophages are not only
the shelter of Leishmania but also the primary cells engaged in
Leishmania inhibition. It has been demonstrated that in
vitro infection of macrophages by Leishmania makes them
immune to apoptosis (Moore and Matlashewski, 1994). Further,
it is also reported in L. chagasi infected hamsters, macrophage
apoptosis was conferred during the early phase of the infection
(Moore and Matlashewski, 1994). Apoptosis of macrophages,
however, vanishes from both the liver and spleen as the
infection continues to grow, indicating defense of macrophages
by Leishmania infection (JAL, 2001). Macrophage-mediated
immune suppression is documented to lead to increased growth
of the parasite and to be associated with either impaired
presentation of antigen, suppression of MHC class I and II
molecule expression, or regulation by prostaglandin-like
substances (Murray et al., 1986; Reiner, 1987; Saha et al., 1995).
In hamsters infected with L. donovani, adherent splenic cells have
been found to be essential in lymphoproliferation suppression and
in the presentation of defective antigens (Rodrigues Júnior et al.,
1992). TGF-b developed by adherent antigen-presenting cells from
infected hamsters were involved in immunosuppression because
when the Leishmania antigen-induced lymphoproliferative
response was interrupted, a high level of TGF-ß was recorded in
the cell culture supernatant (Rodrigues et al., 1998).

Further, L. donovani infection in hamster causes impairment
in parasite antigen proliferation due to the inability of APCs to
induce a specific T cell response, downregulation of protein
kinase C and production of TGF-b leading to lymphocytes
apoptosis (Rodrigues Júnior et al., 1992; Mookerjee et al., 2003;
Banerjee et al., 2011). TGF-b secreted by macrophages is
upregulated in infected hamsters. Neutralizing TGF-b with
antibody reduced the lymphocyte apoptosis. The apoptosis of
lymphocytes by TGF-b is mediated by the upregulation of
tyrosine phosphatase activity (Banerjee et al., 2011). A protein
LJM19 was identified that protected the hamsters from severe
outcomes. The hamsters immunized with LJM19 displayed a low
parasite burden, increased iNOS production, and a high IFN-g/
TGF-b ratio even after 5 months post-infection. Also, delayed-
type hypersensitivity (DTH) associated with IFN-g over-
expression was observed in hamsters after 48 hours of biting of
an uninfected sand fly. Activation of IFN-g response at the site of a
bite leads to protection in the viscera of immunized hamsters by
direct killing of parasites or by priming the anti-parasite immune
response (Gomes et al., 2008).

The hamsters infected via an intracardiac route with L.
donovani amastigotes developed low parasite-specific antibodies
while an increased serum immunoglobulin due to B cell polyclonal
activation (Campos-Neto and Bunn-Moreno, 1982). The humoral
response to VL in hamsters is mainly mediated by IgG. This was
evident from a study that analyzed the quantity of IgG, IgA, and
IgM antibodies in the hamster model of VL. The serum level of
infected hamsters showed a six-fold increase in IgG2 as compared
to uninfected hamsters. Similarly, the levels of IgG1 and IgA
increased two to three-fold while the levels of IgG3 and IgM were
comparatively the same in infected and uninfected hamsters
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(Melby et al., 2001). IgG deposit was observed in lung capillary
walls and increased until day 30 post-infection and later declined.
The parasite burden and anti-parasite antibody titer increased in
the liver and spleen of infected hamsters (Mathias et al., 2001).
This study suggested that antibodies are associated with increased
lesions and disease severity in infected hamsters instead of
imparting a protective immune response (Mathias et al., 2001).
Although the hamster model shows significant similarity with
human VL pathology, less focus has been given due to the
unavailability of key reagents like antibodies and cytokines.

Cytokine Response in Canine
In murine models, experimental data for VL in bulk is developed,
but very little work has been reported on leishmaniasis using the
dog as an animal model. Compared to mice and hamsters, the
mechanism of the immune response to Leishmania infection in
canines is not well documented yet due to the unavailability of
standardized immunological reagents for the characterization of
canine immunology (Carrillo and Moreno, 2009). However, the
dog genome data bank has provided some information regarding
DNA sequences of some cytokines (Lorıá-Cervera and Andrade-
Narváez, 2014). Wild and domestic canines (dogs) are the
primary reservoirs of the L. infantum, which causes zoonotic
VL. In recent years, the dog model of VL is gaining importance
for the investigation of immune response and identifying
Leishmania antigens in canine visceral leishmaniasis (CVL)
that are involved in protective immunity. Because of the few
studies on CVL, interpreting the profile of cytokine expression in
CVL is a tough challenge. Lack of appropriate clinical symptoms,
secretion of a low amount of anti-leishmanial antibodies, less of a
parasite burden, and good in-vitro lymphoproliferative response
or positive DTH response to Leishmania skin antigens have been
correlated with the defensive response in dogs (Barbiéri, 2006).
Previously it has been reported that in CVL, the cellular immune
response is linked with the overexpression of IL-2, IFN-g, and
TNF-a (Maia and Campino, 2012). Active disease, on the other
hand, is characterized by a significant humoral response, specific
parasite immunosuppression, and the occurrence of a full
spectrum of clinical manifestations, whose severity in different
tissues and organs is in line with the density of the parasite (Reis
et al., 2006). Thus the pattern of cytokines observed in this
condition is a mixed Th1/Th2 response (Santos-Gomes et al.,
2002). The exposure of L. infantum infected macrophages to
PBMCs isolated from dogs immunized with L. infantum antigens
resulted in IFN-g- and NO-mediated killing of parasites, thus
inducing a protective immune response (Holzmuller et al., 2005).
Further, the Th1-type cytokines, e.g., IL-2, IFN-g, and TNF-a,
induced NO production and diminished infectivity of L.
infantum in immunized dogs (Panaro et al., 2001). However,
the over-expression of IFN-g mRNA in naturally infected dogs
could be linked with humoral (IgG1) but not a cell-mediated
immune response. On the other hand, infected dogs with
substantially more serious symptoms, demonstrated over-
expression of IL-4 (Quinnell et al., 2001).

Further, infected dogs also showed elevated levels of IL-10
and IFN-g mRNA in the splenic macrophages, which manifest a
balanced Th1 and Th2 cytokine production (Lage et al., 2007).
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Likewise, non-symptomatic naturally infected dogs also showed
increased levels of IFN-g, TNF-a, and IL-13 cytokines, which is
an indication of mixed type Th1 and Th2 cytokines responses
(Menezes-Souza et al., 2011). In L. infantum infected
asymptomatic dogs, both Th1 and Th2 cytokines are secreted,
but a predominant Th1 response aids protective immune
response (Chamizo et al., 2005). Stimulation of PBMC with
Leishmania antigen upregulated the production of IL-10, IL-6,
IL-4, IL-8, IL-2, IFN-g, and TNF-a. In healthy dogs, the
expression of IL-4, IL-2, IFN-g, and IL-10 was lower, while IL-
6 was higher (Chamizo et al., 2005). IL-6 is suggested as a disease
marker for canine VL (de Lima et al., 2007). Further, increased
anti-leishmanial antibody titers (hypergammaglobulinaemia) in
CVL are usually associated with high levels of IL-6 (de Lima
et al., 2007). The antigen-stimulated PBMCs in asymptomatic
dogs had higher IFN-g and IL-4 levels than non-stimulated cells
(Chamizo et al., 2005). Also, IL-12 in association with IL-15 aids
the cellular immune response in CVL. In vitro stimulation of
PBMCs isolated from VL infected canines with recombinant IL-
12 and IL-15 upregulated T-bet expression and downregulated
the expression of programmed cell death protein-1 (PD-1) in
lymphocytes. These findings suggest a crucial role of IL-12 and
IL-15 in canine VL (Costa and Gomes, 2020). In CVL, the mixed
responses of Th1- and Th2-type cytokines have been described in
peripheral blood mononuclear cells (PBMCs) of experimentally
infected but asymptomatic dogs by the surge of IL-2, IFN-g, and
IL-10 mRNA levels. However, the overexpression of IFN-g and
IL-2 in asymptomatic dogs during L. infantum infection could
not be linked to the overexpression of IL-10 (Chamizo
et al., 2005).

Cytokine Response in Non-human
Primates
Non-human primates (NHPs) have similar anatomy, physiology,
and close phylogenetic relationships with humans, so NHP could
provide appropriate animal models for human VL. Several NHP
models have been developed to study human VL. Various old
world monkeys including sykes, baboons, as well as the Indian
Langur monkey (Presbytis entellus) (Garg and Dube, 2006), and a
few New World monkeys, including Aotus monkeys (Chapman
et al., 1981; Chapman et al., 1983), squirrel monkeys (Chapman
and Hanson, 1981), and marmosets (Marsden et al., 1981), are a
well-established model for VL. Further, macaques are also
reported to a good animal model for VL (Porrozzi et al., 2006).
These animals developed a systemic disease and mimic the
symptoms of human VL such as fever, diarrhea, frequent weight
loss, anemia, hypergammaglobulinemia, and hepatosplenomegaly.
Cytokine response in NHPs against the VL is not well
documented. However, L. major infected Macaques developed
Th1 mediated immunity by expressing IFN- g, TNF-a, and IL-12
(Amaral et al., 2001; Gicheru et al., 2001; Freidag et al., 2003). In
addition, an elevation in the number of splenic CD8+ T cells has
also been demonstrated in macaque infected with L. infantum
(André et al., 2020). During VL, IFN-g plays an important role in
parasite killing and elimination however, the importance of
effector cytotoxic molecules not yet very clear. Interestingly, the
cytotoxic molecule granulysin, which mimics the function of
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IFN-g in the clearance of intracellular parasites, is reported to be
absent in the mouse model (Dotiwala et al., 2016), but granulysin
is reported to be well expressed in NHP models so this model
could be a more accurate model of VL (Laforge et al., 2018).

Cytokine Response in Human
In humans, Leishmania infection is typically subclinical and
parasites can continue to survive through various escape
mechanisms for the lifetime of the host (Dayakar et al., 2019).
Various immune cells play a significant role in host defense
during active VL for example, a drastic reduction in IL-8
secretion from neutrophils and reduced number of IFN-g+ and
IL-12+ eosinophils are observed in active VL patients; however,
the number of IL-4+ neutrophils and IL-10+ eosinophils are
reported to be augmented (Peruhype-Magalhães et al., 2005;
Elshafie et al., 2011). Revival from VL is dependent entirely on T-
cell immunity induction, particularly the Th1 response, which is
primed by IL-12+ DCs and macrophages (Nylén and Gautam,
2010). The importance of Th1 type cellular immune responses in
protecting against Leishmania infection is well known in human
leishmaniasis. In humans, there is strong evidence to suggest that
IFN-g is involved in regulating Leishmania infection. It has been
reported that the L. chagasi infection is tackled by the elevated
level of IFN-g in Leishmania antigen-stimulated PBMCs from
the blood of children from endemic regions, whereas children
with the low level of IFN-g susceptible to VL infection (Carvalho
et al., 1992). These findings strongly suggest that the lack or
lower production of IFN-g is a marker of vulnerability to VL. It is
quite possible that many mechanisms are likely to be involved in
the inability to produce IFN-g by lymphocytes during VL (Kima
and Soong, 2013). The first possible mechanism is that the IFN-g
concentration may not be adequately wide or the period of
the IFN-g production may not be maintained sufficiently
enough to reach other infected or distant bystander cells. Many
in vitro studies at the single-cell level support this possibility
(Vargas-Inchaustegui et al., 2008; Vargas-Inchaustegui et al.,
2009; XIN et al., 2011; Macedo et al., 2012). According to the
second possible mechanism, in bystander cells, IFN-g receptor
expression may not be high enough to react to IFN-g. There have
been records of impaired expression of the IFN-g receptor in
infected cells. (Ji et al., 2003). Another Th1 cytokine IL-8 is
mainly associated with neutrophil infiltration in VL patients. The
increased serum level of IL-8 in VL patients suggests the
involvement of IL-8 in disease progression (Barral-Netto et al.,
1991). In PBMC samples from pediatric VL, the frequency of IL-
9+CD4+T cells was higher during infection, which gradually
decreased upon the treatment, thereby implying the role of
these cells in VL pathogenesis (Moravej et al., 2020).

It is well documented that during active human VL the
production of IL-4 and IL-10 is elevated and production of IL-
2 and IFN-g is reduced (Murphy et al., 2001; Buxbaum and Scott,
2005; Thomas and Buxbaum, 2008; Bhowmick et al., 2009;
Castellano et al., 2009). The lymphocytes of active VL patients
are reported to express more IL-4 mRNA (Karp et al., 1993;
Carvalho et al., 1994), and, similarly, the serum of VL patients
has elevated levels of IL-4 (Zwingenberger et al., 1990). So far,
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there is no information that IL-4 is engaged in downregulating
the Th1 type immune response in human leishmaniasis. For
example, the in vitro addition of monoclonal antibody (mAb) to
IL-4 did not resume the proliferative response of lymphocytes or
the development of IFN-g in L. chagasi stimulated PBMCs from
VL patients (Carvalho et al., 1994). In subjects cured of
leishmaniasis, IL-4 also did not inhibit lymphocyte proliferative
response or IFN-g production. VL-infected patients also showed
an increased level of IL-10 in the bone marrow, lymph nodes, and
PBMCs supernatant stimulated with L. chagasi (Ghalib et al., 1993;
Karp et al., 1993; Carvalho et al., 1994). It has been documented
that in VL patients, IL-10 neutralization stimulates the clearing of
parasites (Gautam et al., 2011). In VL, PBMCs are also unable to
produce IL-12 (Ghalib et al., 1995), and the development of IFN-g
and lymphocyte proliferative response restoration can be achieved
by the addition of IL-12 (Ghalib et al., 1995; Bacellar et al., 1996).
Another cytokine, IL-15, can induce Th1/Th2 proliferation. In L.
infantum infected patients, the blood level of IL-15 was higher in
infected individuals as compared to cured ones. Also, the secretion
of IL-15 in response to Leishmania antigen was higher in PBMCs
isolated from infected individuals as compared to uninfected and
healed. Furthermore, IL-15 significantly increased IL-12 and
reduced IL-4 secretion upon in vitro stimulation Leishmania
antigen (Milano et al., 2002). Altogether these findings suggest
the protective role of IL-15 in human VL.

The demonstration that IL-10 evades the effect of IL-12 in
inducing IFN-g production in L. chagasi stimulated PBMC from
VL patients indicates that IL-10 is the main cytokine that leads
Leishmania infection to visceral disease (Bacellar et al., 1996). IL-
10 blocks the activation of Th1 cells by downregulating the
production of IFN-g and IL-12, thereby displaying a cytotoxic
response. Furthermore, as IL-10 also prevents activation of
macrophage, it reduces the Leishmania killing property of
these cells (Bacellar et al., 2000). In humans, IL-10 and TGF-b
have been shown to suppress healing responses and avoid host-
parasite clearance (Buxbaum and Scott, 2005; Thomas and
Buxbaum, 2008; Castellano et al., 2009). Patients suffering
from VL have been reported to have increased IL-10
production (Bhowmick et al., 2009) along with increased IL-6
(Ramos et al., 2016). A decrease in the level of IL-10 in the
treated patients indicates that IL-10 is a susceptibility factor for
VL (Murphy et al., 2001; Saha et al., 2007). A complication of VL
is another disease called post-kala-azar dermal leishmaniasis
(PKDL). It is characterized by increased T-cell response
resulting in the upregulation of both Th1 and Th2 cytokines
after stimulation of PBMCs with parasite antigen. The plasma
level of IL-10 is upregulated in PKDL patients, and the plasma
and skin levels of IL-10 can be correlated with disease
progression and severity (Katara et al., 2012; Zijlstra, 2016).

Furthermore, there is an important association between
circulating antigen-specific TGF-b levels and parasite burden
in VL patients, indicating its involvement in parasite proliferation
and progression of disease in humans (Bhattacharya et al., 2016).
The latest finding on human splenic aspirates indicates that
blockade of IFN-g and TNF-a elevates the production of IL-4,
which is not responsible for replication of parasites, and IL-10
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production. The biological role of IL-4 in the target organ of human
VL remains an outstanding issue (Singh and Sundar, 2018).
Moreover, another cytokine IL-6 is also linked with the severity
and death during human VL, which is due to the inhibition of TNF-
a in the early stage of infection and consequently by inhibiting the
Th1 responses (Costa et al., 2013; Dos Santos et al., 2016). Further,
during active VL, an increased level of IL-27 was also reported in
human plasma and as compared to post-treatment tests, splenic
mRNA levels of IL-27 and IL-21 were elevated in pre-treated
biopsies (Ansari et al., 2011). IL-27 secretion enhances the
response of Th1 but also weakens IL-17 development, which
reduces the recruitment of neutrophils to target organs (Quirino
et al., 2016). Furthermore, the reduced level of IL-1 has also been
found to be associated with L. donovani infection of the human
circulatory monocyte population (Reiner, 1987; Reiner et al., 1990).
Likewise, during acute VL, human PBMCs failed to develop IL-1 in
response to the stimulation of the Leishmania antigen in vitro.
Although, IL-1 and TNF-a levels are typically recovered after anti-
leishmanial therapy, which corresponds with clinical cure (Ho et al.,
1992). Further, IL-3 also protects the host from VL. Together with
macrophage colony-stimulating factor (M-CSF), granulocyte-
macrophage colony-stimulating factor (GMCSF), and IFN-g, IL-3
demonstrates the enhancing effect of oxidative burst stimulation
and TNF-a secretion on humanmacrophages to prevent replication
and development of the Leishmania (Elliott et al., 1989).
CYTOKINE PRODUCTION AND T CELL
POLARIZATION IN VL

The cellular immune response bridges the gap between innate and
adaptive immune responses. The different T cell subsets play an
important role in cytokine secretion during leishmaniasis. In VL,
the CD4+ T cells secrete pro-inflammatory cytokines such as TNF-
a and IL-12, providing immunity against the parasite (Jawed et al.,
2018); however, this is not observed in all conditions. In the hamster
model ofVLduring the active phase of the disease, the splenicCD4+

T cells displayed mixed expression of Th1 and Th2 cytokines
(Medina-Colorado et al., 2017). Also, the splenic CD4+ T cells
had upregulation of the PD-1 receptor. Blocking of PD-1 decreased
arginase-1 production, decreasing the parasite burden in the spleen
(Medina-Colorado et al., 2017). In anothermurinemodel ofVL, the
infection-induced IFN-g secreting CD4+ T cells are related to
damage to bone marrow function (Pinto et al., 2017). Altogether
thesefindings imply that the presence of a large populationofCD4+

T cells is not enough for a protective immune response against VL.
The polarization of CD4+ T cells for inducing an inflammatory
response is crucial for anti-parasitic functions (Jawed et al., 2019).
CD8+ T cells are a different subset of T cells involved in protective
VL immune response. This immune response is mainly mediated
by IFN-g, granzyme, and perforin secretion. The vaccine-induced
CD8+ T cells decrease organ parasite burden in a CXCL-10-
dependent manner (Majumder et al., 2012). The recovered VL
patients have upregulated CD8+ T cell levels that aid granzyme-B-
mediated parasite resistance (Kaushal et al., 2014). In human VL,
there is an event of CD8+ T cell exhaustion that decreases the anti-
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1172
parasite activity mediated by CD8+ T cells, thereby facilitating the
parasite persistence and disease progression (Gautam et al., 2013).

The Th17 subsets of T cells also aid a protective immune
response against VL. This protection is mainly mediated by the
secretion of IL-17 and neutrophil infiltration (Gonçalves-de-
Albuquerque et al., 2017). IL-1b, IL-6, and IL-23 primarily
regulate the Th17 differentiation. However, the role of IL-17 in
VL is contradictory. It aids the anti-parasitic activity by
neutrophil infiltration. The VL patients with increased serum
IL-17 levels displayed reduced parasite burden and rapid
recovery (Tiwananthagorn et al., 2012). Also, DC stimulated
with parasite antigen and peptidoglycan induces IL-17 secretion
and aids protection from parasite infection (Jawed et al., 2016).
On the contrary, IL-17 was also reported to increase
susceptibility to L. donovani via downregulation of IFN-g
secretion and neutrophil migration (Terrazas et al., 2016).
Thus, the detrimental effects of Leishmania infection are not
solely contributed by IL-17, but other cytokines regulation of
pathophysiology can reverse the effect (Jawed et al., 2019). Treg
cells are extensively explored in experimental and human VL and
are associated with increased VL susceptibility due to
upregulated TGF-b and IL-10 levels (Rai et al., 2012). Treg
cells induce IL-10 expression that, in turn, affects the IL-10
producing CD4+ T cells, leading to further immune suppression
in the host (Leveque et al., 2009). The interconversion between
Treg and Th17 cells is IL-2 dependent. IL-2 aids increased Th17
cells and reduced Treg cells (Karmakar et al., 2012). Besides,
another study reported that CD4+ Foxp3+ Treg cells increase the
susceptibility to Leishmania infection (Tiwananthagorn
et al., 2012).
DISCUSSION

Currently, the development of prophylactic and therapeutic
measures has proven a challenging task due to the complex
natureof the immuneresponse.Effectiveparasiteclearancecanonly
be achieved with strong coordination of the innate and adaptive
immune system. Cytokines are the major players that connect the
bridge between cell mediate and humoral response needed for any
successful therapy. Rodentmodels are being considered as primary
testingmodels for screening of drug or vaccine candidates although
they have certain disadvantages due to eliciting different immune
responses compare to human beings against VL. Dogs and non-
human primates are considered for secondary testing models, and
their immune response closely resemble that of humans. It is
important to understand how the host can respond to a particular
infection. Immune response mediates by different cytokines may
vary in different hosts which also help to establish the concept of the
dichotomy between resistance and susceptibility. In the case of VL,
the debate between resistance and susceptibility is still unsolved.
Here, we tried to summarize cytokines response in different
organisms of VL infection (Table 1). In the mouse model of VL,
we looked up mainly the three most studied mice strain such as
BALB/c, C57BL/6, and SV/129. VL inmice is chronic but not fatal,
even the most susceptible mouse strain- BALB/c is also able to
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control the infection. The immune response inmurineVL is organ-
specific with the spleen being the initial site of infection. The
parasites later migrate to the liver where, after 4 weeks, an
effective Th1 immune response is triggered, resulting in parasite
clearance. It has recently been reported thatT cell cytokine response
plays a crucial role to justify resistant vs. susceptible phenotypes in
mice strains. IL-10, a Th2 cytokine promotes the VL infection in
BALB/c at 8 weeks post-infection (Nylén and Gautam, 2010) while
C57BL/6 mice did not upregulate IL-10 level. In contrast, the
resistant strain SV/129 mice upregulate IL-10 expression after
infection in CD4+ T cells only 8 weeks post-infection. The role of
the Thl/Th2 paradigm that is closely associated with resistance vs.
susceptibility inVL infection is not completely understood (Wilson
et al., 2005; Tripathi et al., 2007). BALB/c mice are prevalent in the
Th2-like response while it is not in the case of C57BL/6 (Watanabe
et al., 2004) or in SV/129 mice. The Syrian golden hamster
(Mesocricetus auratus) is susceptible to VL infection and it was
used to understand the mechanisms of immunosuppression.
Elevated mRNA levels of Th1 cytokines were observed after the
1st week post-infection and, later on, as was a low level of IL-12 and
IFN-g transcript, while the Th2 cytokine IL-4 did not elevate in L.
donovani-infected hamsters. However, IL-10 expression was
increased during infection supporting disease progression.
Remarkably, among all rodent models of VL infection, the Syrian
hamster (M. auratus) closely resembles the clinicopathological
features of human VL and unbiased immune response makes it
the best rodentmodel. In contrast to themousemodel, in a hamster
model of VL, the parasite replication is uncontrolled leading to
death. The progression of disease occurs even after the activated
Th1 response. The failure of APCs to trigger the antigen-specific T
cells andapoptosisofTcells byTGF-b inductionaremajor events in
the failure of the protective immune response. Adding to this, the
effectorNOproduction ofmacrophages is also impaired in infected
hamsters. Altogether, even after a prominent Th1 response, the
disease becomes fatal due to the failure of key anti-
parasitic elements.

Furthermore, due to limited research, understanding the
cytokine expression profile in CVL is a difficult task. Protection
is manifested through macrophage activation by IFN-g and TNF-
a to clear intracellular amastigotes through the L-arginine nitric
oxide pathway. While the detectable level of IL-4 mRNA in
infected dogs indicates disease progression (Quinnell et al.,
2001). Also, a mixed cytokine profile of Th1 and Th2 was
shown (Chamizo et al., 2005). Similarly, the immune response
to the infection of VL in non-human primates is little
understood, but they are often used as models of VL. IFN-g, a
key cytokine inhibiting the development of intracellular
amastigotes in VL but the exact mechanism is still unclear.

The importance of protective Th1 immune response in
experimental and human leishmaniasis is well established. In
humans, the development of IFN-g is correlated with infection
control in L. chagasi-infected children. Further, lack of IFN-g and
increased level of IL-4 and IL-10 (Th2 cytokines) in antigen-
stimulated PBMCs was also reported during VL. In addition, IL-
12 restores the production of IFN-g and improves the cytotoxic
response. IL-10 suppresses IFN-g secretion and anti-IL-10 mAb
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1273
recovers the production of IFN-g and lymphoproliferative response
during in vitro condition. (Panaro et al., 2001; Gautam et al., 2011).
Further other cytokines also play a promising role in VL e.g. IL-1,
IL-3, IL-5, IL-6, IL-8, IL-9, IL-13, IL-15, IL-18, IL-23, and IL-27.

As discussed above, the Th1 cytokines especially IFN-g are
crucial for the protective immune response against human VL.
Although experimental murine models of VL do not allow exact
extrapolations with subclinical infection in humans they have
been useful to identify genes and predict their functional roles in
the protective immune response. Genetically resistant mice have
the functional Slc11a1 gene, which is involved in macrophage
activation (Blackwell et al., 2009). The Slc11a1 gene encodes a
protein expressed on the membrane of infected macrophages
and exerts an enhanced effect on iNOS expression and
generation of NO, restricting intracellular Leishmania
multiplication (Blackwell et al., 2001). In this context, visceral
infection in BALB/c mice provides a good model for the
evaluation of immunotherapy and vaccine candidates.

Recently, a newly emerging branch based on immunotherapy
has been shown promising results to control various ailments
including VL. For example, IL-15 could be a potential therapeutic
agent in acute VL since it upregulates IL-12 and in combination
with IFN-g may increase the efficacy of conventional antimonial
therapy for VL (reviewed in Dayakar et al., 2019). Similarly,
targeting the IL-10 and other immunosuppressive factors by
neutralizing antibodies could also demonstrate therapeutic
benefits (reviewed in Singh and Sundar, 2014). Cytokines are
important for immunotherapy against experimental and human
VL so it is quite essential to explore their role in detail. The
expression profile of various cytokines during disease progression
as well as in host protection could give a clue for the development
of new diagnostic tools and therapeutic measures against VL.
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Nitric oxide (NO) is an anti-microbial effector of the innate immune system which plays
major role in non-specific killing of various pathogens including protozoan parasites.
However, due to subversion of the host’s immune processes by pathogens, suboptimal
production of NO is frequently found in many infection models. Previous studies have
shown suppressed NO production during Leishmania donovani infection, the causative
agent of visceral leishmaniasis (VL). Availability of L-Arginine, a semi-essential amino acid is
required for inducible nitric oxide synthase (iNOS) mediated NO production. However,
arginase is another enzyme, which if expressed concomitantly, may strongly compete for
L-Arginine, and suppress NO production by iNOS. In the present study, plasma nitrite and
arginase levels were measured in VL patients before and after successful drug treatment,
endemic and non-endemic healthy donors. We observed significantly lower NO levels in
the plasma of VL patients as compared to endemic controls, which improved significantly
post-treatment. Significantly elevated arginase activity was also observed in the plasma of
VL patients, which may be associated with NO deficiency. VL patients also showed
significantly higher levels of IL-10 and TGF-b, which are known to regulate expression of
arginase in various immune cells. In vitro studies with human peripheral blood
mononuclear cells (PBMCs) further corroborated the role of IL-10 and TGF-b in
arginase mediated suppression of NO production.

Keywords: nitric oxide, visceral leishmaniasis, arginase, IL-10, TGF-beta
INTRODUCTION

Leishmaniasis represents a complex of diseases with a spectrum of severity ranging from
cutaneous non-healing lesions to a potentially fatal visceralizing phenotype, depending upon
the species of the Leishmania parasite involved and host-parasite interaction (Roberts, 2005).
Visceral Leishmaniasis (VL, also known as Kala Azar), which the most severe and the visceralizing
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TABLE 1 | Demographic and clinical details of the study participants.

Variables VL EC

N 55 25
Age (years) 27.74 ± 17.00 (26)a 34.5 ± 12.5 (27)
Sex (M/F) 34/21 15/10
Duration of illness (days) 45.11 ± 38.38 (30) N/A
WBC (D-0) 3718.87 ± 1569.18 (3400) N/D
WBC (D-Dis) 10133.33 ± 4335.18 (9300) N/D
Hb (D-0) 8.00 ± 1.78 (8) N/A
Hb (D-Dis) 9.73 ± 1.61 (10) N/A

N/A, not applicable; ND, not done; D-0, Day of admission; D-Dis, Day of discharge. aMean
values ± SD of aggregated data are shown, and median values are in parentheses.

Kupani et al. Arginase Mediated Suppression of NO in Human VL
form is endemic in over 60 countries, out of which Bangladesh,
Brazil, India, Nepal, and Sudan account for almost 90% of
total incidences. In India, the state of Bihar reports majority
of the cases, however, there has been a significant drop in
the number of reported cases in last several years (Sundar
and Agarwal, 2018; Kumar et al., 2020). The clinical outcome
of these infections may depend upon several non-specific
innate immune responses (Gurung and Kanneganti, 2015)
and two functionally discrete immune responses, i.e., a pro-
inflammatory T-helper (Th) type1 and an anti-inflammatory
Th2 response (Miralles et al., 1994; Sundar et al., 1997). A
robust Th1 response is a prerequisite for parasite elimination,
while disease progression is invariably associated with
differential activation and proliferation of the Th2 subset
over Th1 as shown in murine infection models (Miralles
et al., 1994). However, in human VL, a mixed Th1-Th2
phenotype is reported and despite presence of Th1 cytokines
in the patients, a major role of the regulatory cytokines in VL
etiology has been reported. Several studies have implicated
IL-10 and TGF-b in VL pathogenesis (Sundar et al., 1997). In
fact, past studies from our group and others have shown a
direct role of IL-10 in the pathogenesis of human VL (Caldas
et al., 2005; Gautam et al., 2011). Earlier thought to be a Th2
cytokine, IL-10 is produced by CD4+ FoxP3+ CD25+
regulatory T cells (Treg) as well as IFN- g producing Treg
cells (Tr1 cells) in humans (Moore et al., 2001; Spellberg and
Edwards, 2001; Nylen et al., 2007; Chihara et al., 2016).

Nitric oxide (NO) is an innate immune effector which plays
a crucial role in mediating killing of intracellular Leishmania
parasites (Green et al., 1990). NO is produced by the activity of
an enzyme, inducible nitric oxide synthase (iNOS/NOS2), the
expression of which is commonly induced following pathogenic
infections (Bogdan et al., 2000). Most commonly, activation of
MAP kinases downstream of pattern recognition receptors like
Toll-Like Receptors (TLRs) leads to a signaling cascade
resulting in expression of the NOS2 protein (Jenner and
Young, 2005; Pautz et al., 2010). Downstream of TLRs,
transcription factor NFКb is known to regulate induction
of the NOS2 protein (Jenner and Young, 2005; Pautz et al.,
2010). However, several other signaling cascades, if activated
concomitantly, may cause significant repression of NOS2
expression even in the presence of its classical inducers and
pathogens are known to exploit these mechanisms for their
benefit. NO production is also known to be affected by arginase,
an enzyme, which competes with NOS2 directly at the level of
its substrate, L-arginine (Munder, 2009). NO production is
strongly impaired in the presence of arginase, the expression of
which is known to be induced by several immunosuppressive
cytokines including IL-10 and TGF-b (Osorio et al., 2012).
Based on previous studies about critical role of NO in
controlling the expansion of the Leishmania parasites and
providing tissue wide immunity in animal models
(Olekhnovitch et al., 2014; Olekhnovitch and Bousso, 2015),
we sought to investigate the status of NO response in human
VL. We further examined the level of arginase activity and if it
affected NO production in VL patients.
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METHODS

Study Subjects
Clinically confirmed cases of VL were recruited at the Kala-
Azar Medical Research Center (KAMRC) in Muzaffarpur,
Bihar State, India. The diagnosis was based on the clinical
symptoms and detection of amastigotes in the splenic aspirates
and/or positive serology for antibodies to the recombinant
antigen, rK39 using a commercially available strip test
(InBios Kala Azar Detect Rapid Test, USA). All patients
included in the study were HIV negative, over 12 years of age
and responded to Amphotericin B. Low hemoglobin, platelet
count less than 40,000/ml and prothrombin time <5 s were
additional criteria for exclusion. The endemic controls (EC)
recruited into the study were serologically (rk39 dipstick) negative
household contact of VL patients and were not asymptomatic.
The patient and EC details have been summarized in (Table 1).
Non-endemic healthy controls (NEHC) were from Varanasi and
New Delhi and belonged to the age group 24–35 years.

Ethics Statement
The protocols used in this study were approved by the institutional
human ethics review committees of the Institute of Medical
Science, Banaras Hindu University, Varanasi. Written informed
consents were obtained from the patients or their guardians.

Human Peripheral Blood Sample
Preparations
Five ml of venous blood was collected of heparinized tubes.
Peripheral blood mononuclear cells (PBMCs) were isolated on a
Ficoll-Hypaque density gradient as described earlier (Sharma
et al., 2016). PBMCs were cultured in RPMI-1640 supplemented
with L-glutamine, penicillin (100 U/ml), streptomycin (100 mg/
ml), 10% heat-inactivated FBS and 1% human serum. Plasma
was isolated by centrifuging 1 ml of blood at 2000 rpm for 10 min
and was frozen at -80°C until subsequent use.

Plasma Conditioning Experiments and
Neutralization Assay
PBMCs were cultured at a density of 1X106 cells/ml in 96 well
flat-bottom culture plates (Nunc) at 37°C in 95% humidified air
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with 5% CO2. For plasma conditioning experiments, PBMCs
were incubated in the RPMI-1640 medium containing 10% VL/
EC or NEHC plasma for 12 h and subsequently treatments were
performed. For neutralizing IL-10 and TGF-b in the VL plasma,
monoclonal antibodies against human IL-10/TGF-b or
corresponding isotype matched control immunoglobulin G
(IgG) were added to a final concentration of 10 mg/ml. R&D
systems, anti-IL-10 mouse IgG2b Clone # 23738 or anti- TGF-b
mouse IgG1 clone # 1D11 and corresponding matched isotype
controls, mouse IgG2B clone # 20116 or mouse IgG1 kappa clone
# 11711 were used. All the experiments were performed in
triplicates and the average value was taken.

Enzyme Linked Immunosorbent Assay
Concentrations of the cytokines IL-10 or active TGF-b in the
plasma or the cell-free culture supernatants were determined by
commercially available ELISA kits as per the manufacturer’s
instructions. (eBioscience, Cat. No. 88-7126; BioLegend, Cat.
No. 437707).

Measurement of Nitrite Production
The concentration of nitrite, the stable end-product of NO, in
culture supernatants or plasma was determined by Griess’ reaction
as described by Biswas et al. (2001) with slight modifications.
Briefly, plasma was incubated with trichloroacetic acid before
addition of the Griess’ reagent and centrifuged to collect the
supernatant. The cell-free supernatant obtained from plasma or
PBMC cultures were incubated with equal volume of Griess’
reagent for 30 min at 37°C. Readings were taken at 540 nm in a
microplate reader (µQuant, BioTek Instruments Inc., VT, USA).
Nitrite content was quantified by extrapolation from a sodium
nitrite standard curve.

Determination of Arginase Activity
Arginase activity in plasma and in the PBMC cultures was estimated
as described earlier (Abebe et al., 2013). Briefly, PBMCs were lysed
(0.1%TritonX-100, 25mMTris-HCl, 10mMMnCl2) and subjected
to heating at 56°C for 10 min to activate the enzyme. The processed
lysate was incubated with 0.5 M L-arginine at 37°C for 30 min. The
hydrolysis reaction was stopped with an acidified solution (H2SO4/
H3PO4/H2O in a volumetric ratio 1:3:7). The concentration of urea,
which is a product of L-arginine hydrolysis, wasmeasured at 540 nm
after addition of a-isonitrosopropiophenone (dissolved in 100%
ethanol) and subsequent heating at 95°C for 30 min. For estimating
arginase activity in the plasma, L-arginine hydrolysis was performed
by directly incubating plasma with 0.5 M L-arginine and 10 mM
MnCl2. The remaining stepswere common to the protocol described
for the PBMC lysates. The enzyme activity was defined in terms of
units where one unit of enzyme corresponded to the amount of
enzyme that catalyzes the generation of 1 mmol urea/min.

Statistical Analyses
Data were analyzed using non-parametric two-tailed Mann-
Whitney test. Wilcoxon signed rank test was applied to analyze
paired samples. For correlation analysis the data were checked for
Gaussian distribution using D’Agostino and Pearson omnibus
normality test and subsequently subjected to Pearson rank test.
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Data are expressed as mean ± SD, and a p-value <0.05 was
considered statistically significant. The analysis was performed
using GraphPad Prism, version 5.01 (GraphPad, San Diego, CA).
RESULTS

Human VL Patients Show Deficient NO
Production During Active Phase
of Disease
Nitric oxide is a potent microbicidal molecule produced by the
activity of the enzyme inducible nitric oxide synthase (iNOS) in
response to infection (Bogdan et al., 2000). It is known to have
strong anti-leishmanial activity. The levels of NO were measured
in the plasma of VL patients at presentation (pre-treatment) and
on the day of discharge (post-treatment) as well as in the plasma
of healthy household contacts of the patients (ECs) and non-
endemic healthy controls (NEHC). Plasma samples from a total
of 45 VL patients, 20 ECs, and 10 NEHCs were estimated for NO.
NEHCs as expected showed negligible levels of NO (2.6 ± 2.319
mM), however, no significant increase in the level of NO was
observed in the plasma of VL patients, which ranged between 0
to 8mM (3.33 ± 2.558 mM). On the other hand, ECs showed
slightly higher NO levels (5.75 ± 3.782 mM) as compared to VL
patients (p=0.0031) (Figure 1A). Further, plasma samples
collected from 38 VL subjects, pre- and post-treatment showed
significant increase in the level of NO (2.947 ± 2.536 mM vs.
8.947 ± 2.567 mM; p<0.0001) (Figure 1B).

VL Plasma Contains Factors Suppressing
NO Production
The above described results showed a generalized deficiency of
nitrites in the plasma of VL patients (Figure 1A). We therefore
hypothesized that PBMCs from the VL patients would be
deficient in iNOS expression/activity. To test our hypothesis,
PBMCs from NEHCs, ECs, and VL patients were incubated in
medium alone or containing IFN-a (500 U/ml) and nitrite level
was estimated as a measure of iNOS activity in cell-free
supernatants after 48 h. IFN-a has been shown to induce NO
production by human monocytes, and therefore was used as a
stimulant for NO production (Sharara et al., 1997). PBMCs from
NEHCs and ECs were found to produce comparable levels of
nitrite (29.9 ± 7.622 vs. 30.9 ± 7.203 mM; p= 0.7302), however
PBMCs from VL patients produced significantly lower nitrites as
compared to either NEHCs (13.7 ± 3.199 vs. 29.9 ± 7.622 mM;
p< 0.0003) or ECs (13.7 ± 3.199 vs. 30.9 ± 7.203 mM; p< 0.0002)
(Figure 2A). To check the possibility that soluble factors in the
VL plasma may be responsible for conditioning PBMCs towards
low IFN-a responsivity in terms of NO production, PBMCs from
NEHCs were isolated and conditioned with plasma from 15 VL
patients, collected pre- and post-treatment. PBMCs from
NEHCs were incubated with paired VL plasma for 12 h and
then the PBMCs were stimulated with IFN-a for 48 h; cell-free
supernatant was collected and assayed for nitrite level.
Significantly higher level of NO was produced by PBMCs pre-
incubated with plasma collected from VL patients post
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treatment, as compared to pre-treatment VL plasma (26.20 ±
5.797 vs. 11.67 ± 1.952 mM; p=0.0007) (Figure 2B).

High Arginase Activity in the VL Plasma
Accounts for Deficient NO Response
Arginase is a competitive inhibitor of iNOS and interferes with
NO generation when induced concomitantly (Rath et al., 2014).
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Moreover, arginase induction has been shown to mediate
development of disease during L. major infection in a mouse
model (Iniesta et al., 2005; Kropf et al., 2005). To investigate the
possibility of arginase activity being a cause of deficient NO
response in VL patients, arginase activity was measured in the
patient plasma. Significantly higher arginase activity was found
in the plasma of VL patients as compared to NEHC (35.60 ±
A B

FIGURE 2 | PBMCs derived from VL patients show reduced IFN-a-responsiveness for NO production. (A) PBMCs were derived from the VL patients (n=10), ECs
(n=10) and non-endemic healthy controls (n=10) were incubated with or without IFN-a in complete RPMI medium for 48 h. Nitrite concentrations were measured in
the cell-free supernatant. (B) PBMCs derived from NEHCs were incubated with before treatment (n=15) or after treatment VL plasma (n=15) for 12 h and
subsequently activated with IFN-a (500 U/ml) for 48 h. Nitrite levels were measured in the cell-free supernatant. Data in panels A and B were analyzed using two-
tailed Mann-Whitney test and Wilcoxon signed rank test respectively; **p<0.01, ***p<0.001; NS, not significant; PBMC, peripheral blood mononuclear cell; VL,
visceral leishmaniasis; EC, endemic control; NEHC, non-endemic healthy control.
A B

FIGURE 1 | Nitrite levels in the VL plasma show improvement upon treatment. (A) Nitrite concentration in the plasma from VL patients (n=45) (circles), ECs (n=25)
(squares), and NEHCs (n=10) (triangles) was determined by Griess’ assay. A two-tailed Mann-Whitney test was performed to compare the statistical differences
between groups. (B) Same as in panel A, but a before and after plot for paired VL plasma samples (n=38), i.e., VL patients at presentation (circles) and after
completion of treatment (squares). Wilcoxon signed rank test was applied for statistical significance. The data were earlier confirmed for Gaussian distribution
(D’Agostino and Pearson omnibus normality test). **p < 0.01, ***p < 0.001; NS, not significant; VL, visceral leishmaniasis; EC, endemic control; NEHC, non-endemic
healthy control.
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15.86 vs. 12.83 ± 2.295 mU/ml; p=0.0002) or EC plasma (35.60 ±
15.86 vs. 15.39± 3.775 mU/ml; p<0.0001) (Figure 3A). Upon
pair-wise comparison (pre vs. post-treatment), statistically
effective pairing for the samples was observed (Spearman
rs=0.8031; p<0.0001) and plasma samples from treated patients
showed highly significant reduction of arginase activity (36.46 ±
17.17 vs. 17.72 ± 6.201 mU/ml; p=0.0001) (Figure 3B). However,
despite notable diminution of the arginase activity, plasma from
treated patients still exhibited significantly higher arginase
activity as compared to NEHCs (17.72 ± 6.201 vs. 12.83 ±
2.295 mU/ml; p=0.047) (Figure 3C). To further check if
arginase inducing activity in the VL plasma accounted for the
observed suppression of NO generation, PBMCs isolated from
NEHCs were incubated for 12 h with VL plasma alone or in the
presence of Nor-NOHA, an arginase inhibitor. Nitrite level was
measured after 48 h of IFN-a treatment. Inhibition of the
arginase activity in the VL plasma significantly restored the
IFN-a -induced nitrite generation (13.40 ± 4.147 vs. 20.25 ±
1.07 mM; p=0.0001) (Figure 3D). However, arginase inhibition
alone failed to restore the nitrite concentration to the control
levels as the PBMCs incubated with arginase-inhibited VL
plasma still produced significantly lesser nitrites upon IFN-a
challenge as compared to control cells (20.25 ± 4.789 vs. 33.10 ±
3.843 mM; p<0.0001) (Figure 3D). With the observation of high
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levels of arginase activity in the VL plasma and deficiency of
nitrite levels, we further explored if nitrite levels showed any
empirical relationship with arginase activity. We plotted arginase
activity in the VL plasma against corresponding nitrite values
and performed a correlation analysis. A significant negative
correlation was observed between arginase activity and nitrite
levels (Pearson r=-0.7668; p<0.001) (Figure 3E).
IL-10 and TGF-b in the VL Plasma
Regulate NO Production via
Arginase Induction
IL-10 and TGF-b are known to mediated arginase induction in
several models (Schreiber et al., 2009; Gordon and Martinez, 2010;
Stempin et al., 2010; Makita et al., 2015). With an intention to
account for the arginase inducing activity in the VL plasma, levels
of IL-10 and active TGF-b were measured. Plasma from VL
patients as compared to healthy controls showed significantly
higher titers of IL-10 (63.5 ± 19.06 vs. 5 ± 7.071 pg/ml; p<0.0001)
(Figure 4A) and TGF-b (29.10 ± 14.47 vs. 6.9 ± 6.402 pg/ml;
p=0.0001) (Figure 4B). To ascertain if either of these cytokines
mediated arginase induction, neutralization experiments were
performed, where VL plasma was neutralized for IL-10 or TGF-
b using functional-grade neutralizing antibodies. PBMCs isolated
A

B

D

E

C

FIGURE 3 | Arginase activity levels in the plasma of VL patients, ECs and NEHCs. (A) Whole blood was centrifuged to collect plasma from VL patients (VL; n=38)
(circles), endemic controls (EC; n=20) (squares) or non-endemic healthy controls (NEHC; n=6) (triangles). Arginase activity in the plasma was measured by a
colorimetric assay as detailed in the Methods section. A two-tailed Mann-Whitney test was performed to compare the statistical differences between groups.
(B) Same as in panel A, but a before and after plot for paired VL plasma samples (n=38), i.e., VL patients at presentation (circles) and after completion of treatment
(squares). Wilcoxon signed rank test was applied for statistical significance. (C) Comparison of arginase activity in the VL patients post-treatment with those of
NEHCs. (D) PBMCs were isolated from the blood of NEHCs and incubated with VL plasma alone or in the presence of an arginase inhibitor, Nor-NOHA (n=20) for
12 h. Nitrite concentration was estimated in the cell-free supernatant after stimulation of the cells with IFN-a (500 U/ml) for 48 h as described in the Methods section.
A two-tailed Mann-Whitney test was performed to compare the statistical differences between groups. (E) A correlation plot between arginase activity and plasma
nitrite concentration. Mann-Whitney test; *p < 0.05, ***p < 0.001; NS, not significant; PBMC, peripheral blood mononuclear cell; VL, visceral leishmaniasis; EC,
endemic control; NEHC, non-endemic healthy control.
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from NEHCs were incubated with VL plasma/VL plasma
neutralized for IL-10 or TGF-b or both IL-10 and TGF-b for
48 h. Neutralization of either of these cytokines in the VL plasma
resulted in significantly reduced arginase activity when compared
with VL plasma alone (IL-10 neutralization: 8.8 ± 1.687 vs. 6.2 ±
2.201 mU/mg; p=0.012; TGF-b neutralization: 8.8 ± 1.687 vs. 6.6 ±
2.503 mU/mg; p=0.05), however the differences became
statistically non-significant when values from isotype matched
IgG control was used as reference (IL-10 neutralization: p=0.12;
TGF-b neutralization: p=0.23) (Figure 4C). Further, when the VL
plasma was neutralized for both IL-10 and TGF-b simultaneously,
statistically significant reduction in the level of arginase activity
was observed as compared to the isotype control (7.8 ± 2.20 vs.
2.67 ± 1.633 mU/mg; p=0.02) (Figure 4C), identifying both IL-10
and TGF-b as potential arginase inducing factors in the VL
plasma. These results suggested that IL-10 and TGF-b present in
the VL plasma mediated arginase induction. To further investigate
if the reduced arginase activity upon IL-10/TGF-b neutralization
also resulted in higher NO production, cells after plasma
conditioning were further incubated with IFN-a for 48 h and
nitrite level was measured in the cell-free supernatant. PBMCs
conditioned with VL plasma produced significantly lesser nitrites
as compared to those conditioned with NEHC plasma (11.3 ±
5.908 vs. 27 ± 8.233 mM; p=0.02) (Figure 4D). Conditioning with
VL plasma neutralized for TGF-b alone did not show any
significant increase in the nitrite levels as compared to PBMCs
conditioned with VL plasma (12.0 ± 2.749 vs. 11.3 ± 5.908 mM;
p=0.11). However, PBMCs conditioned with VL plasma
neutralized for both IL-10 and TGF-b showed appreciable
increment in the nitrite levels (17.6 ± 4.088 vs. 11.3 ± 5.908 mM;
p=0.0011). Interestingly, PBMCs with VL plasma neutralized for
IL-10 alone also produced marginally higher nitrite level which
was borderline significant (13.3 ± 3.653 vs. 11.3 ± 5.908 mM;
p=0.0474) (Figure 4D).
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DISCUSSION

NO is an important effector molecule of the innate immune
system and aids in the clearance of invading pathogens including
protozoan parasites (James, 1995; Bogdan et al., 2000). Effective
mounting of a regulated NO response can significantly limit the
growth and spread of the pathogen. However, in the infected
host, absence of a detectable NO response may favor rapid
growth and spread of the pathogens (Olekhnovitch and
Bousso, 2015). Animal models of Leishmania infection have
demonstrated that NO is not only critical in restricting the
growth of the parasite and providing tissue wide immunity but
also in limiting the tissue damage due to infection (Olekhnovitch
et al., 2014). With this background, we sought to look at the
status of NO response in human VL. Nitrite estimation, which is
classically used as a measure of NO expression, demonstrated very
poor to almost non-existent NO expression in the VL patients
during active phase of the disease. However, there was a marginal
but statistically significant increase in the plasma nitrite levels
post-treatment. On the other hand, ECs showed slightly higher
plasma nitrite levels as compared to either NEHCs or VL patients.
It must be noted that ECs were healthy household contacts of the
VL patients recruited in the study and were serologically negative.
Therefore, we could not attribute marginally higher nitrite levels in
the plasma of ECs to an asymptomatic L. donovani infection.
When the PBMCs isolated from VL patients were treated with
IFN-a, they expressed significantly lower levels of NO as
compared to the PBMCs either from ECs or NEHCs. We
hypothesized that the PBMCs were probably conditioned or
reprogrammed by certain soluble factors expressed at effectively
higher titers in the VL patients as compared to ECs or NEHCs. To
explore this possibility, plasma conditioning experiments were
performed where PBMCs isolated from the NEHCs were
incubated in the VL plasma and then treated with IFN-a.
A B DC

FIGURE 4 | IL-10 and TGF-b in the VL plasma mediate arginase induction in PBMCs. (A) IL-10 cytokine levels were measured in the plasma of NEHCs (n=10) and VL
patients (n=20) using an enzyme linked immunosorbent assay. (B) same as in A, but for active TGF-b. (C) PBMCs obtained from NEHCs were incubated with NEHC (n=5)
or VL plasma, parental or neutralized either for IL-10 (anti-IL-10 mAb, 10 mg/ml) (n=10) or TGF-b (anti-TGF-b mAb, 10 mg/ml) (n=10) or both IL-10 and TGF-b (n=10) for
24 h and arginase activity in the whole cell lysates was estimated using a protocol detailed in the Methods section. (D) PBMCs conditioned with plasma, same as in (C),
were activated with IFN-a (500 U/ml) for 48 h and nitrite concentration in the cell-free supernatant was measured. Statistical significance was determined using Mann-
Whitney test; *p<0.05, **p<0.01, ***p<0.001; NS, not significant; PBMC, peripheral blood mononuclear cell; VL, visceral leishmaniasis; NEHC, non-endemic healthy control.
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PBMCs incubated with plasma from ECs or NEHCs were used as
controls. These experiments partially validated the hypothesis as
PBMCs conditioned with VL plasma mounted significantly
weaker NO response upon IFN-a treatment. It is noteworthy
that VL patients produced extremely poor levels of NO despite
having significantly higher levels of IFN-g which is a potent
inducer of NO. In a previous report, BALB/c derived peritoneal
macrophages infected with Leishmania donovani showed
impaired IFN-g signaling due to deficient IFNgR1/R2 pairing
(Sen et al., 2011). It is possible that such impairment of the
IFN-g signaling may contribute towards the absence of a robust
NO response in human VL as well. Concomitant induction of
arginase activity is one of the most common causes of a deficient
NO response (Munder, 2009). Arginase is an enzyme which
competes with NOS2 at the level of the common substrate,
L-arginine. With this information in mind, we explored the
possibility if the VL plasma either had high levels of arginase
activity, factors with high arginase-inducing potential, or a
combination of both. Plasma from VL patients showed
significantly increased arginase activity during active phase of
the disease which was brought down significantly upon treatment.
However, plasma from VL subjects showed significantly higher
arginase activity even after cure of the disease. It is important to
mention that a small fraction of VL patients later develop post kala
azar dermal leishmaniasis (PKDL), a sequel to VL (Singh et al.,
2012). It may be worthwhile investigating if the residual arginase
activity in the subjects upon cure of VL predisposed them to
PKDL. Conditioning of the PBMCs isolated from NEHCs with
VL plasma induced significantly higher levels of arginase
activity. Interestingly, local increase of arginase activity has also
been observed in the lesions of the patients of cutaneous
leishmaniasis in Ethiopia (Abebe et al., 2012). Moreover,
increased level of arginase activity has been shown to correlate
with disease severity in HIV seropositive patients (Cloke et al.,
2010). These findings were further corroborated using nor-
NOHA, a commonly used arginase inhibitor. Cells conditioned
with VL plasma produced significantly higher levels of NO when
arginase activity was blocked with nor-NOHA. IL-10 and TGF-b
are commonly associated with induction of arginase expression
(Schreiber et al., 2009; Gordon and Martinez, 2010; Stempin et al.,
2010; Makita et al., 2015), therefore we checked the level of these
two cytokines in the VL plasma. In the hindsight, from our
previous studies, we already knew that IL-10 is a strong
susceptibility factor for human VL and neutralization of IL-10
through anti-IL10 antibody aids in resolution of the disease
(Gautam et al., 2011). Both the cytokines were found to be
expressed at significantly higher levels in the VL plasma.
Neutralizing both IL-10 and TGF-b simultaneously led to highly
significant reduction in the arginase inducing potential of the VL
plasma, however, neutralization of IL-10 or TGF-b individually
caused slight but statistically insignificant reduction, indicating
role of both IL-10 and TGF-b in the regulation of arginase
induction. Protein energy malnutrition is a major risk factor for
VL (Malafaia, 2009), and is characterized by deficiency of essential
amino acids. L-arginine is a semi-essential amino acid and apart
from being a cellular building block, it is also required for NO
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 786
production (Bogdan et al., 2000). In a mouse model of
Trypanosoma brucei infection with a background of high
arginase activity, L-arginine injection was shown to restore NO
production and parasite killing (Gobert et al., 2000). Majority of
the VL subjects included in the study were from financially poor
households lacking means for proper nutrition. In the background
of high arginase activity, relative deficiency of L-arginine in the
diet may further predispose individuals to VL.

In summary, VL patients showed a generalized lack of NO
production, which can be attributed to significantly increased
arginase activity. IL-10 and TGF-bexpressed at significantly
higher levels in the patients might suppress NO production by
inducing arginase activity. Inhibition of arginase activity or
neutralization of IL-10 and TGF-b caused significant
restitution of the NO response.
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With the Visceral Leishmaniasis/Kala-azar Elimination Program in South Asia in its
consolidation phase, the focus is mainly on case detection, vector control, and
identifying potential sources of infection. Accordingly, emphasis is presently on curbing
transmission, which is potentially achievable by identification and elimination of potential
reservoirs. The strongest contenders for being the disease reservoir are cases of Post
Kala-azar Dermal Leishmaniasis (PKDL) which occurs in a minor proportion of individuals
apparently cured of Visceral Leishmaniasis (VL). The demonstration of parasites in tissue
aspirates despite being a risky and invasive process is the gold standard for diagnosis of
VL, but is now being replaced by serological tests e.g., rK39 strip test and direct
agglutination test. However, these antibody based tests are limited in their ability to
diagnose relapses, detect cases of PKDL, and monitor effectiveness of treatment.
Accordingly, detection of antigen or nucleic acids by polymerase chain reaction has
been successfully applied for monitoring of parasite kinetics. This review article provides
updated information on recent developments regarding the available antibody or antigen/
nucleic acid based biomarkers for longitudinal monitoring of patients with VL or PKDL and
emphasizes the need for availability of studies pertaining to quantification of treatment
response or relapse.

Keywords: anti-leishmanial antibodies, biomarkers, HIV-VL, kinetoplast DNA kDNA, molecular diagnosis, Post
Kala-azar Dermal Leishmaniasis PKDL, Visceral Leishmaniasis VL
INTRODUCTION

Worldwide, an estimated 50,000 to 90,000 new cases of kala-azar or Visceral Leishmaniasis (VL),
caused by the parasite Leishmania donovani occur annually, with the contribution of Bangladesh,
India, and Nepal being around 67% (https://www.who.int/news-room/fact-sheets/detail/
Leishmaniasis last accessed on 4th December, 2020). In a joint VL elimination initiative launched
by the Governments of India, Bangladesh, and Nepal in 2005, the target for elimination by 2020 was
aimed at reduction of the annual incidence of VL to below 1/10,000 persons at an upazilla level in
Bangladesh, sub-districts [(block public health centre (PHC)] level in India and district level in Nepal
(Sundar et al., 2018). This elimination was considered feasible owing to the defined and limited
geographical spread of VL, absence of an animal reservoir, a single vector Phlebotomus argentipes,
availability of an effective diagnostic test, use of an oral drug miltefosine which was later replaced by a
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single dose of liposomal amphotericin B (AmBisome), along with
a strong political commitment (Hirve et al., 2017; Alves et al.,
2018; Gedda et al., 2020).

The Kala Azar Elimination Programme (KAEP) consists of four
consecutive phases and began with a “preparatory phase” which
involved development/review of national policy, strategic and
advocacy plans, operational plans to implement the national plan
for elimination, development, and adoption of technical guidelines
(Sundar et al., 2018). This was followed by a multiprolonged
“attack phase” that included integrated vector management with
indoor residual spraying for 5 years in affected areas along with
active surveillance, early diagnosis and complete treatment. Till
date, the number of VL cases in India, Nepal, and Bangladesh have
declined steadily from over 77,000 reported cases in 1992 to fewer
than 7,000 cases in 2016 (Rijal et al., 2019) and further reduced to
3,128 in 2019 (World Health Organization, 2020).

The KAEP has since moved into the consolidation phase,
where ongoing active surveillance is aimed at detecting and
treating potential disease reservoirs, namely asymptomatic
cases of VL and patients with Post-kala-azar dermal
Leishmaniasis (PKDL), the latter being a dermal aftermath in
individuals apparently cured of VL. This consolidation phase will
end when three years of active surveillance demonstrates no
increase in the incidence rate at district/subdistrict/upazila levels
in the endemic countries. Finally, a maintenance phase will be
undertaken to ensure the case incidence is sustained at less than 1
per 10,000 population (World Health Organization, 2020).

As PKDL cases harbor parasites in dermal lesions that are
easily accessible to the sandfly, it makes them key players in the
transmission cycle, and bears the burden of being a major factor
potentially capable of jeopardising the success of the KAEP
(Duthie et al., 2019). However, tracking patients with PKDL is
a formidable challenge owing to its low morbidity and practically
no mortality. This accounts for their poor health seeking
behavior, and ultimately translates into PKDL being a potent,
mobile reservoir (Zijlstra et al., 2017; Burza et al., 2018).
Furthermore, identifying biomarkers in PKDL is hampered by
the lack of adequate studies along with a considerable
heterogeneity, reiterating the need for well-designed trials to
assess diagnostic accuracy (Adams et al., 2013). In addition, as
the pathophysiology of PKDL is different from VL or other
cutaneous leishmaniases and even differs based on geographical
locations, one cannot extrapolate from existing biomarkers of
Leishmania infection (Kip et al., 2015; Zijlstra et al., 2017).

With the availability of effective diagnostic tools and
treatments for VL and PKDL cases as also integrated vector
management, countries have progressed towards the elimination
goal. A lingering concern is that this lowering of case numbers
can lead to a decreasing awareness within the communities and
health care providers, and result in cases of VL and PKDL being
ignored or missed, resulting in resurgence. It is important that
such a scenario be averted, emphasizing the need for objective
quantification of the infection burden. The availability of
molecular based tools could facilitate development of rapid and
high throughput approaches to detect parasites. Accordingly, this
review focuses on the recent developments regarding antibody or
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 290
antigen/nucleic acid based biomarkers with potential for
longitudinal monitoring of patients with VL or PKDL, and
highlights the limited availability of studies pertaining to
quantification of treatment response and/or relapse.

Ethics
Written informed consent was obtained from the individual(s)
and/or minor(s)’ legal guardian/next of kin for the publication of
any potentially identifiable images or data included in this article.

Strategy for Literature Search
The potential biomarkers for VL and PKDL were identified via
the PubMed database pertaining to publications after 2000 and
restricted to the English language, using the following key words:
“(((Visceral Leishmaniasis-[title]) or Kala -azar[title]) or PKDL
[title]) and (((((((((biomarker) or biomarkers) or marker) or
diagnosis) or markers) or level) or levels) or concentration) or
activity) or profile) or Leishmania antigen/antibody based test)”.
The date last searched was 30th September, 2020 and publications
that did not focus on the identification or evaluation of
biomarkers as a diagnostic approach were excluded (Figure 1).
Additionally, secondary literature was included based on
references included in the identified primary literature.

Evaluation Criteria
The translational potential of serological and nucleic acid
biomarkers was based on five criteria: (i) Assay sensitivity, the
marker’s quantification in patients at disease presentation (ii)
specificity, in relation to co-endemic infectious diseases, such as
malaria, tuberculosis, enteric fever and HIV for VL, and in case
of PKDL, diseases like leprosy, psoriasis and vitiligo, (iii)
advantages, (iv) limitations/disadvantages, and (v) ability to
monitor responses to anti-leishmanial therapy
RESULTS AND DISCUSSION

Literature Search
The primary literature search identified 264 studies for which the
titles were screened and assessed for relevance based on key
words “(((Leishmaniasis-[title]) or Kala -azar[title]) or PKDL
[title]) and (((((((((biomarker) or biomarkers) or marker) or
diagnosis) or markers) or level) or levels) or concentration) or
activity) or profile) or PCR) or qPCR)”, Figure 1. Abstracts (n =
210) were considered as non-relevant (Figure 1) and thereafter,
full texts of the remaining studies were assessed for their
relevance. This translated into 54 publications being included
in this review. Additionally, 35 more studies were identified
following a secondary literature search, i.e., using the search
keywords as the specific biomarker(s) in combination with
“Leishmaniasis” and/or “Kala-azar”, accounting for a total of
89 studies. The biomarkers studied in these patients with VL and
PKDL were sub-grouped based on (i) circulatory markers or (ii)
nucleic acid markers. Accordingly, for VL and PKDL, nine and
six circulatory markers respectively were identified (Tables 1, 4).
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In case of nucleic acid based markers, eight and five were
identified for VL and PKDL, respectively (Tables 2, 5).

Monitoring of VL
Circulatory Biomarkers
In Leishmaniasis, the cytokine microenviroment stimulating
polyclonal B cell activation lead to an enhanced isotype
switching to IgG1 and IgG3 (Chatterjee et al., 1998; Anam
et al., 1999; Bhattacharyya et al., 2014). In addition, soluble
lymphokines secreted by T-cells regulate human B cell
proliferation and differentiation, along with a predominant
Th2 presence that translates into an enhanced presence of
anti-leishmanial antibodies (Mukhopadhyay et al., 2012). This
has been exploited to develop serological tests for VL with a view
to replace invasive procedures for demonstration of parasites in
giemsa stained tissue aspirates from spleen, bone marrow, or
lymph nodes (Sundar and Rai, 2002).

ELISA based assays using crude or soluble antigens sourced
from promastigotes or axenic amastigotes have been used for
serodiagnosis of VL, with the rK39-Immunochromatographic
test (ICT) being the most robust (Sundar et al., 2006 and
references therein; Table 1). Additionally, the heightened anti-
leishmanial IgG and its subclasses have helped identify active VL,
and furthermore, reduction of IgG1 titres was associated with
successful treatment (Saha et al., 2005; Ansari et al., 2008;
Bhattacharyya et al., 2014). However, the ICT/ELISA technique
failed to detect HIV/VL co-infected cases, possibly owing to their
immunosuppressed status (Medeiros et al., 2017). Another
limitation was that the ICT showed positivity in a significant
proportion of apparently healthy individuals in endemic regions
as also remained positive for long periods after cure from VL
(Das et al., 2020). Other Leishmania specific coating antigens are
recombinant GP63 (rGP63), recombinant cysteine protease A
(rCPA), and soluble leishmania antigen (SLA, Ejazi et al., 2016).

To circumvent the false positivity in patients cured from VL
most likely due to the presence of anti-leishmanial antibodies,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 391
detection of antigen in urine is an excellent alternative and can be
expected to broadly correlate with the parasite load. Till date,
target antigens tested by the ELISA method (Table 1) include
recombinant GP63 (rGP63), recombinant cysteine protease A
(rCPA) and SLA (Ejazi et al., 2016). A major advantage of this
approach is its potential to be implemented in a field setting.
However, these antigen based tests have shown moderate
sensitivity (Table 1), and efforts should therefore be focussed
on improving their sensitivity, as also evaluate their potential as a
“test of cure”.

Nucleic Acid Markers in VL
Nucleic acid based methods are gaining popularity, especially for
monitoring treatment effectiveness, a point very relevant for
ensuring success of the Leishmaniasis elimination program.
Till date, several molecular based assays such as PCR or
quantitative PCR (qPCR) have been validated and serve as
reference tools for diagnosis of Leishmaniasis (Salotra et al.,
2003; Sundar et al., 2018). The widespread availability of these
tests at peripheral health centres to diagnose VL could have a
great impact on disease management.

To enable Leishmania detection, a molecular target should
have high abundance and this criteria is best achieved by (i)
kinetoplast mini-circle DNA (kDNA), present as 1,000s copies
per cell in all Leishmania sp (Salotra et al., 2001; Mary et al.,
2004; Mary et al., 2006; Verma et al., 2010) and (ii) 18s rRNA
(Deborggraeve et al., 2008; Mehrotra et al., 2011; Srivastava et al.,
2011). As a diagnostic tool for VL, the kDNA based qPCR or
real-time PCR (Table 2) has stood the test of time (Mary et al.,
2006; Verma et al., 2010; Sudarshan et al., 2011; Abbasi et al.,
2013; Sudarshan et al., 2015; Hossain et al., 2017). However, its
assessment for quantification of relapse or treatment response
remain limited (Mary et al., 2006; Verma et al., 2010; Sudarshan
et al., 2011; Sudarshan et al., 2015). It is essential that these qPCR
approaches be applied to address the last mile challenges of the
South Asia Leishmaniasis elimination program (Table 2).
FIGURE 1 | Flow diagram of the studies included.
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TABLE 1 | Antigen/Antibody Markers of VL.

ensitivity
(%)

Specificity
(%)

Reference

87 99 Sundar et al., 2006
73.5 94 Sundar et al., 2007
75 100 Salam et al., 2011

1.7–73.4 84.3 Diro et al., 2007
51.4 98.3 Ben-Abid et al., 2017
80 88.3 -do-
88 93.5 Akhoundi et al., 2013
88 91 -do-
96 79 Chava et al., 2002

IgG = 96 IgG = 96.4 Datta et al., 2015
gG1 = 50 IgG1 = 100 -do-
gG2 = 29 IgG2 = 100 -do-
G3 = .33.3 IgG3 = .100 -do-

ND ND Ansari et al., 2008

ND ND -do-

ND ND -do-

ND ND -do-

90 ND Bhattacharyya et al., 2014
75 ND -do-

84.2 ND -do-
52.6 ND -do-

IgG1: 90 IgG: 77.2 Freire et al., 2019
IgG3: 75 ND -do-
IgG: 77 ND -do-
92.5 60–95.2 Didwania et al., 2020
96.2 10–100 -do-
98.1 65–100 -do-
90 88.8–100 -do-

84 55.5–94.7 -do-

96 94.4–100 -do-
6.3–99.6 75.0–88.3 Machado de Assis et al.,

2012
85.7 86 Hosseini Farash et al.,

2020
95 96–100 Kumar et al., 2012
96.8 93.8% Rezaei et al, 2019

83–100 92.3–99 Duarte et al., 2017
5.1–99.8 62.4–83.9 -do-
7.2–72.8 92.3–99.6 -do-
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Methods Target Biological source Pre T/tAbsorbances/titres Post T/
tAbsorbances/titres

Latex agglutination (KAtex) Carbohydrate antigen Urine, n = 382 (Pre); n = 273 (Post) 332/382 (86.9%) 8/273: (3%)
Urine, n = 230 169/230 (73.5%) ND
Urine, n = 36 27/36 (75%) ND
Urine, n = 49 28/49 (57.1%) ND
Urine, n = 35 18/35 (51.4%) ND
Oral fluid, n = 35 28/35 (80%) ND

A2 amastigote antigen (A2 LAT) Blood, n = 43 38/43 (88%) ND
Promastigote antigen (Pro LAT) -do- 38/43 (88%) ND

RBC ELISA 9-O-acetylated sialic acids Blood, n = 56 54/56 (96.4%) ND
PEG ELISA Leishmania promastigote

(IgG and IgG subclasses
containing Immune complex)

Blood, n = 24 (as confirmed by rk39) IgG: 23/24: 1.73 ± 0.11 ND
-do- IgG1:12/24: 0.32 ± 0.05 ND
-do- IgG2:7/24: 0.44 ± 0.06 ND
-do- IgG3:8/24: 0.69 ± 0.04 ND Ig

Enzyme-linked
Immunosorbent Assay
(ELISA)

Leishmania promastigote
(IgG subclasses)

Blood, n = 38
(Adults, n = 24 & Children, n = 14)

IgG: Adults, 1.58 ± 0.61
Children: 1.44 ± 0.61

ND

-do- IgG1, Adults: 0.61 ± 0.31;
Children: 0.61 ± 0.25

ND

-do- IgG3, Adults: 0.16 ± 0.11
Children 0.28 ± 0.14

ND

-do- IgG4, Adults: 0.15 ± 0.06
Children 0.25 ± 0.02

ND

Blood, n = 66 (Pre); n = 49 (Post) IgG1: 60/66 (90.9%) IgG1:7/49 (14%)
-do- IgG3: 50/66 (75.7%) IgG3: 7/49 (14%)
n = 54 (Relapsed) NA Relapsed VL

IgG1:45/54 (83.3%)
IgG3:29/54 (53.7%)

n = 80 as confirmed by rk39 IgG1: 72/80 (90%) ND
-do- IgG3:60/80 (75%) ND
-do- IgG: 66/80 (82.5%) ND

Gp63, EF1a, and cysteine
protease C (CPC)

Blood, n = 54 (Pre and Post t/t) Gp63:50/54 (92.5%) No significant changes
found-do- EF1 a: 52/54 (96.2%)

-do- CPC: 53/54 (98.1%)
Urine, n = 50 (Pre and Post t/t) Gp63:45/50 (90%) Levels declined

sharply at
-do- EF1 a: 42/50 (84%) 6 months post

treatment
-do- CPC: 48/50 (96%)

rK39 Blood, n = 285 284/285 (99.9%) ND

Blood, n = 84 72/84 (85.7%) ND

BHUP1 Blood, n = 108 103/108 (95.3%) ND
Li-rK39
(Leishmania infantum rK39)

Blood, n = 100 96/100 (96%) ND

rEnolase Blood, n = 30 30/30 (100%) ND
rA2 -do- 28/30(94%) ND
SLA -do- 15/30(50%) ND
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TABLE 1 | Continued

ensitivity
(%)

Specificity
(%)

Reference

88.5 97.3 Dhom-Lemos et al., 2019
100 100 Santos et al., 2019

99.6 94.7–100 Vaish et al., 2012
4.7–`100 93.8–100 Dias et al., 2018

68 ND Zhang et al., 2018

100 ND Machado et al., 2020
100 ND -do-
33.3 ND Abeijon et al., 2020
45.8 ND -do-
29.1 ND -do-
41.6 ND -do-
29.1 ND -do-
0 ND -do-

44.2 ND Abeijon et al., 2019
28.8 ND -do-
66.2 60 Fonseca et al., 2014
58.2 50 -do-
67.9 77.7 -do-
100 96.7 Portela et al., 2018
100 96.7 -do-
100 96.7 -do-
70 96.7 -do-
33.3 96.7 -do-
53 96.7 -do-
46.7 96.7 -do-
100 75 Kip et al., 2018
ND ND Vijayamahantesh et al.,

2016
99.3 89 Sundar et al., 2006
95.3 62.7 Diro et al., 2007
99 95 Boelaert et al., 2008
100 87 Mandal et al., 2008
98 100 Singh et al., 2009
91 93 Matlashewski et al., 2013
72.4 99.6 Moura et al., 2013
95.8 98.7 Gao et al., 2015
67 85 Mondal et al., 2019

83 ND Freire et al., 2019
83–94 90.5–98.8 Sanchez et al., 2020
4.3–94.6 96.5–100.0 -do-
65–80.3 89.5–98.0 -do-

80 82 Chappuis et al., 2003
8.0–95.4 95.7–100 Mukhtar et al., 2015

(Continued)
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Methods Target Biological source Pre T/tAbsorbances/titres Post T/
tAbsorbances/titres

S

rKDDR Blood, n = 84 74/84 (88.5%) ND
rEF1b Blood, n = 30

Cut off level rEF1b >0.4135
30/30 (100%) ND

rk28 Blood, n = 252 251/252 (99.6%) ND
rLiHyS Blood, n = 23 23/23 (100%) ND
40S ribosomal protein S12
antigen

PBMC, n = 14 confirmed by rk39
and PCR

9/14 (64.3%) ND

LiHyC and PeptC Blood, n = 30 LiHyC = 30/30 (100%) ND
-do- PeptC = 30/30 (100%) ND

Li-isd1, Li-txn1, Li-ntf2, Ld-
mao1, Ld-ppi1, and Ld-mad1

Urine, n = 24 Li-isd1 8/24 ND
-do- Li-txn1 11/24 ND
-do- Li-ntf2 7/24 ND
-do- Ldmao 10/24 ND
-do- Ld-ppi1 7/24 ND
-do- Ld-mad1 0/24 ND

Ld-mao1 and Ld-ppi1 Urine, n = 45 Ld-mao1 20/45 ND
-do- Ld-ppi1 13/45 ND

C1, C8, and C9 Blood, n = 80 C1 = 53/80 (66.2%) ND
-do- C8 = 47/80 (58.2%) ND
-do- C9 = 54/80 (67.9%) ND

rHRF, rLiHyD, rLiHyT, rLiHyV,
rLiHyp6, rA2, or SLA

Blood, n = 30 rHRF = 30/30 (100%) ND
-do- rLiHyD = 30/30 (100%) ND
-do- rLiHyt = 30/30 (100%) ND
-do- rLiHyV = 21/30 (70%) ND
-do- rLiHyp6 = 10/30(33.3%) ND
-do- rA2 = 16/30 (53%) ND
-do- SLA = 14/30(46.7%) ND

Neopterin Blood, n = 96 (Pre & Post t/t) 96/96 (100%) 4/96 (4%)
Adenosine Deaminase (ADA) Blood, Pre, and Post t/t; n = 39 Significantly higher than

healthy controls
Significantly reduced

by 3-fold
Immuno chromatographic
test (ICT)

rK39 Blood, n = 150 149/150 (99.3%) ND
Blood, n = 49 46/49 (93.8%) ND
Blood, n = 100 99/100 (99%) ND
Blood, n = 94 94/94 (100%) ND
Blood, n = 100 (Pre); n = 50 (post) 98/100 (98%) 25/50 (50%)
Blood, n = 624 251/624 (40.2%) ND
Blood, n = 145 105/145 (72.4%) ND
Blood, n = 231 204/231 (88.3%) ND
Blood, n = 38 25/38 (65.8%) VL Relapsed, 10/10
VL Relapsed, n = 10 (100%); T/t Failure, 4/7
T/t Failure, n = 7 (57.1%)
Blood, n = 51 49/51 (96.1%) ND
Blood, n = 128 115/128 (89.8%) ND
-do- 116/128 (90.6%) ND
Saliva, n = 128 94/128 (73.4%) ND
Blood, n = 98 73/98 (74.5%) ND
Blood, n = 200 189/200 (94.5%) ND
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TABLE 1 | Continued

Pre T/tAbsorbances/titres Post T/
tAbsorbances/titres

Sensitivity
(%)

Specificity
(%)

Reference

82/87 (94.3%) ND 94.3 87.1–97.2 Ghosh et al., 2016
85/87 (97.7) ND 97.7 91.9–97.2 -do-

186/219 (84.9%) ND 77 96 da Silva et al., 2018
104/131 (79%) ND ND ND Mbui et al., 2013
191/200 (95.5%) ND 92–98 91–100 Vaish et al., 2012
107/186 (57.5%) ND 91.2 95.3 Freire et al., 2018
cut-off titre (1:400)
139/184 (75.5%)

ND 97 ND Chappuis et al., 2003

≥1:1,600.
147/150 (98%)

ND 96 96.5 Singh et al., 2005

≥1:1,600; 12/15 (80%) ND 94–97 85 Adams et al., 2012
≥1:3,200: 11/15 (73.3%) ND 99 100 -do-
≥1:800; 109/110 (99.1%) ND 60 ND Oliveira et al., 2013
No cut off stated: 246/405

(60.7%)
ND 93–95.2 97.5 Bangert et al., 2018

≥1:3,200; 46/49 (93.8%) ND 97 62–65.3 Diro et al., 2007
252/285 (88.4%) ND 84.1–92.0 89.2–98.1 Machado de Assis et al.,

2012
449/463 (96.9%) ND ND ND Ejazi et al., 2019

Ejazi et al., 201693/97 (95.8%) ND 95.8 100
ND do
ND do
ND do

20/24 (83.3%) ND 90 96–100 Humbert et al., 2019
114/405 (28.1%) ND 79.4 99 Bangert et al., 2018
103/104 (99%) ND 100 99 Cañavate et al., 2011
251/285 (88.5%) ND 84.0–92.0 75.0–88.2 Machado de Assis et al.,

2012
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94
Methods Target Biological source

rk28 Urine, n = 87
Blood, n = 87
Blood, n = 219

rKE16 Blood, n = 131
Blood, n = 200

rK39 (IgG/IgM) Blood, n = 186
DAT Parasite promastigote Blood, n = 184

Blood, n = 150

Blood, n = 15
-do-
Blood, n = 110
Blood, n = 405

Blood, n = 49
Blood, n = 285

Dipstick test LAg Blood, n = 463
LAg Urine, n = 97
rGP63
rCPA
SLA

Lateral Flow Device b-tubulin and LiHyp1 Blood, n = 24
IFAT IgG Blood, n = 405

Blood, n = 104
Blood, n = 285
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TABLE 2 | Nucleic Acid Markers of VL.

nsitivity
(%)

Specificity
(%)

References

96 96 Salotra et al., 2001

96.5 100 Mary et al., 2004
95 100 Mary et al., 2006;
ND ND Verma et al., 2010

100 ND Sudarshan et al., 2011
100 ND Sudarshan et al., 2015

100 ND Hossain et al, 2017

ND ND Abbasi et al., 2013

92.1 99.64 Deborggraeve et al., 2008
92.9 94.60
87.8 99.64 Srivastava et al., 2011
83 90.56 Mehrotra et al., 2011
96.4 88.8 Basiye et al., 2010
96.2 90 Saad et al., 2010
96.8 90 -do-
96.9 90 -do-
79.8 100 Basiye et al., 2010
96.2 100 Saad et al., 2010
96.8 100 -do-
95.3 100 -do-
90.7 100 Khan et al., 2012
100 98.5 Verma et al., 2013a
97.65 99.01 Mukhtar et al., 2018
92 100 Adams et al., 2018
96.4 98.5 Verma et al., 2013a
93.6 100 Ghasemian et al., 2014
97 100 Abbasi et al., 2016
96.9 100 Verma et al., 2017
98.32 96.59 Dixit et al., 2018
93.06% 100 Dixit et al., 2018

100 ND Mondal et al., 2016

91
69

100
100

Hu et al., 2000
-do-

ND ND Pita-Pereira et al., 2012
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Methods Target Biological material Parasite load Pre T/t (%
+ve)

Parasite load Post t/t Se

PCR followed by Southern
Blotting

Leishmania kDNA Blood (n = 51) n = 49/51 (96%) ND

qPCR Leishmania kDNA Blood, n = 51 *837 parasites/ml *LAmB, 1 parasite/ml (day 60)
Blood, n = 147 *70,560 parasites/ml *LAmB, 1 parasite/ml (day 5)
Blood, n = 31 *8,372 parasites/ml *AmphoB, 1 parasite/ml (day 30)

*SAG: 290 parasites/ml (day 28)
*LAmB, 72 parasite genomes/ml

(day 7)
Blood, n = 46 *894 parasite genomes/ml *8 parasite genomes/ml (day 30)
Blood, n = 40 *574.5 parasites

genomes/ml
ND

Blood, n = 40 *192.69 parasites/ml *LAmB, 0.1 parasites/ml (days
not stated)

Blood, n = 59 n = 13/59 (22%) ND
1–10 parasites/ml
n = 23/59 (39%)

10–100 parasites/ml
n = 19/59 (32%)
1,000 and above

parasites/ml
PCR 18s rRNA Blood, n = 140 129/140 (92.1%) ND

Bone Marrow, n = 170 158/170 (92.9%) ND
Blood, n = 500 439/500 (87.8%) ND
Buccal swab, n = 148 123/148 (83.1%) ND

OligoC- Test Blood, n = 84 81/84 (96.4%) ND
Blood, n = 79 76/79 (96.2%) ND
Splenic Aspirate, n = 31 30/31 (96.8%) ND
Bone Marrow, n = 64 62/64 (96.9%) ND

Nucleic acid sequence-based
amplification oligochromatography

Blood, n = 84 67/84 (79.8%) ND
Blood, n = 79 76/79 (96.2%) ND
Splenic Aspirate, n = 31 30/31 (96.8%) ND

(NASBA-OC) Bone Marrow, n = 64 61/64 (96.4%) ND
Loop Mediated Isothermal Leishmania kDNA and 18s rRNA Splenic aspirate, n = 75 68/75 (90.7%) ND
Amplification
LAMP

Splenic aspirate, n = 15 53/55 (96.3%) ND
Buffy Coat, n = 84 80/84 (95.2%) ND
Buffy Coat, n = 50 46/50 (92% ND
Blood, n = 55 53/55 (96.4%) ND
Blood, n = 47 44/47 (93.6%) ND
Blood, n = 38 35/38 (92.1%) ND
Blood, n = 66 64/66 (96.9%) ND
Blood, n = 179 176/179 (98.3%) ND

Direct Blood Lysis-
LAMP

Leishmania kDNA and 18s rRNA Blood, n = 72 67/72 (93%) ND

Recombinase Polymerase
Amplification Assay

Leishmania kDNA Blood, n = 23 23/23 (100%) ND

Gene sequencing Leishmania kDNA Bone marrow, n = 22
Blood, n = 16

20/22 (90.9%)
11/16 (68.7%)

ND
ND

PCR-High resolution
melting HRM

Leishmania kDNA Bone Marrow, n = 30 28/30 (90.9%) ND
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Moulik et al. Biomarkers in VL and PKDL
Taken together, it is reasonable to propose that PCR methods
could perhaps replace the conventional microscopic detection of
LD bodies in giemsa stained tissue aspirates for monitoring of VL,
the latter approach being fraught with limitations that include
invasiveness and low sensitivity, especially post treatment.
However, molecular tests carry the burden of cost, time, necessity
for specialized personnel and equipment, as also a stable cold chain
to minimize chances of denaturation of reagents and samples. It
can be envisaged that following the COVID-19 pandemic,
upgrading of the government funded molecular diagnostic
facilities could potentially be harnessed for control programs
pertaining to Neglected Tropical Diseases such as VL and PKDL.

An emerging option translatable to a field scenario is the
Loop-mediated isothermal amplification (LAMP) assay (Table
2), which includes a quick and easy DNA extraction method, such
as “boil and spin” (Notomi et al., 2000). However, the main issue
with LAMP is false positivity as also the assay requires the use of
six primers which increases the possibility of a primer-dimer
formation. Bst DNA polymerase is commonly used in LAMP
because they have strong strand displacement activity (required
for isothermal techniques), but being unstable >70°C, it cannot be
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 896
used in conventional PCR where the denaturation step is close to
90°C (Vink et al., 2018; Nzelu et al., 2019). Considering its field
applicability, studies pertaining to the efficacy of LAMP assay in
monitoring treatment should be undertaken.

Another promising approach is the recombinase polymerase
amplification (RPA) assay used for detection of VL, developed in
the format of a mobile suitcase laboratory and could be effective
in a resource limited setting (Table 2). However, the test needs
validation on a larger sample pool, as also its ability to monitor
treatment outcome needs to be evaluated.

Circulatory and Nucleic Acid Biomarkers in HIV-VL
Co-Infection
The detection of anti-leishmanial antibodies in HIV-VL co-infected
patients is challenging as the associate immunological dysfunction
accounts for the lowered sensitivity of serological tests (Cota et al.,
2012). In resource limited settings, DAT and immunoblotting as
compared to ELISA and the immunofluorescence antibody test
have shown moderate sensitivity (81 and 84%, respectively, Salotra
et al., 1999; ter Horst et al., 2009, Table 3). The low antibody titres
could be augmented using recombinant polypeptides, but requires
TABLE 3 | Antibody and Nucleic Acid Markers of HIV-VL.

Methods Target Biological Material Disease Presentation Post t/t (period of follow up)
and relapses detected

References

DAT Crude Leishmania
antigen

Blood, n = 91 Cut off titre: 1:800; 84/91
(92.3%)

ND Hailu and Berhe, 2002

Blood, n = 11ss Cut off titre : ≥1:51,200; 6/
11 (54.5%)

ND Abass et al., 2015

Blood, n = 76 Cut off titre: ≥1:3,200; 69/
76 (90.7%)

ND Bangert et al., 2018

ELISA rk39 Blood, n = 11 9/11 (81.8%) ND Abass et al., 2015
Blood, n = 55 28/55 (51%) ND Deniau et al., 2003

rKLO8 Blood, n = 11 4/11 (36.3%) ND Abass et al., 2015
Blood, n = 77 24/77 (31.1%) ND Freire et al., 2019

Immunoblotting leishmanial antigens
14 and 16 kDa

Blood, n = 28 14/28 (50%) ND Fisa et al., 2002

leishmanial antigens
63 to 66 kD

Blood, n = 35 14/35 (40%) ND Santos-Gomes et al.,
2000

IFAT Soluble leishmania
antigen (SLA)

Blood, n = 55 30/55 (54.5%) ND Deniau et al., 2003
Blood, n = 76 61/76 (80.2%) ND Bangert et al., 2018
Blood, n = 77 36/77 (46.7%) ND Freire et al., 2019
Blood, n = 18 11/18 (61.1%) ND Antinori et al., 2007
Blood, n = 38 19/38 (50%) ND Cruz et al., 2002

ICT rk39 Blood, n = 11 9/11 (81.8%) ND Abass et al., 2015
Blood, n = 31 21/31 (67.7%) ND da Silva et al., 2018
Blood, n = 76 51/76 (67.1%) ND Bangert et al., 2018
Blood, n = 77 38/77 (49.3%) ND Freire et al., 2019
Blood, n = 55 9/55 (16.3%) ND Deniau et al., 2003

rKE16 Blood, n = 11 7/11 (63.6%) ND Abass et al., 2015
PCR 18SSU-rRNA Blood, n = 19 6/19 (31.58%) T/t not stated (till 3 years): Relapse, n = 6 Lachaud et al., 2000

Blood, n = 17 17/17 (100%) LAmB, (till 1 year): Cured, n = 11; Relapse,
n = 6

Antinori et al., 2007

Blood, n = 27 9/27 (33.33%) AmphoB with HAART (till 4 years): Cured,
n = 2; Relapse, n = 2; Death, n = 5

Buorgeois et al., 2008

Ln-PCR 18SSU-rRNA Splenic Aspirate, n = 30 26/30 (86.67%) SAG, (till 1.5 years): Cured, n = 5; Relapse,
n = 21

Cruz et al., 2002

Blood, n = 20 15/20 (75%) SAG or LAmB, (till 2 years): Cured, n = 6;
Relapse, n = 9

Riera et al., 2004

qPCR Leishmania kDNA Bone Marrow, n = 37 50 parasites/ml LAmB, (till 4 months): Relapse, n = 25, 40
parasites/ml

Molina et al., 2013
February 2021 | Volu
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TABLE 4 | Antigen/Antibody Markers of PKDL.

Post t/t Sensitivity
(%)

Specificity
(%)

Reference

ND 100 100 Verma et al., 2013a
ND 91 100 Salotra et al., 2003
ND
ND 67 85 Mondal et al., 2019
ND 100 100 Mathur et al., 2006
ND 100 100 Topno et al., 2018
ND 96 100 Das et al., 2007

ND 1:400: 98.5 1:400: 84.2 Singh et al., 2005
) 1:800: 98.5 1:800: 96 -do-
) 1:1,600:

94.2
1:1,600: 100 -do-

1:3,200:
77.2

1:3,200: 100 -do-

ND ND ND Verma et al., 2015

4/15

ff OD = ND IgG = 100 IgG = 96; Saha et al., 2005

off OD IgG1 = 91 IgG1 = 96.7; -do-

off OD IgG2 = 45.5 IgG2 = 93.3; -do-

ff OD = IgG3 = 81.8 IgG3 = 83 -do-

.92], Poly : IgG1 and IgG3 ND ND Mukhopadhay
et al., 20126],

0.87] decreased significantl
0.01 and

ND ND -do-
1]
–0.16] p < 0.001 ND ND -do-
2]
0.61] Mac: neither IgG1 nor

levels decreased
ND ND -do-

(Continued)
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levels

y (p <

IgG3
Methods Target Biological
source

PKDL Variants Pre t/t

ICT rk39 Blood All types, n = 50 50/50 (100%)
-do- Polymorphic, n = 74 70/74 (91%)

Macular, n = 14 11/14 (78.6%)
-do- All types, n = 32 30/32 (93.7%)
-do- All types, n = 6 6/6 (100%)
-do- All, n = 35 35/35 (100%)
-do- Polymorphic, n = 20 19/20 (95%)

Macular, n = 5 5/5 (100%)
DAT Leishmania Promastigote Blood Polymorphic, n = 46 ≤1:6,400

-do- Macular, n = 22 Poly: 40/46 (86.9%
Mac: 13/22 (59.1%

Polymorphic, n = 20
Macular, n = 25
papuloerythematous
n = 15

1:800–1:12,800
Poly: 19/20 (95%
Mac: 21/25 (84%

Papuloerythematous:
(93.3%)

Subclass ELISA
(IgG, IgG1, IgG2,
and IgG3)

Leishmania Promastigote Blood Polymorphic, n = 20 IgG: 23/23 (100%), cut o
0.27

Macular, n = 3 IgG1: 21/23 (91.3%), cu
= 0.48

IgG2: 10/23 (43.5%), cu
= 0.45

IgG3: 19/23 (82.6), cut o
0.25

Blood Polymorphic, n = 41
n = 22 (end of t/t)

IgG: Poly: 0.62 [0.27–
Mac: 0.36 [0.17–0.5

IgG1: Poly: 0.41 [0.26
Mac: 0.33 [0.12–0.

Macular, n = 16 pr
n = 6post (end of t/t)

IgG2: Poly: 00.08 [0.00
Mac: 0.11 [0.04–0.

IgG3: Poly: 0.55 [0.20
Mac: ND
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optimization (Lindoso et al., 2018). In studies where confirmation
of VL infection was done by microscopy, the antibody tests showed
varied sensitivity (Mathur et al., 2006; Redhu et al., 2006; Sinha
et al., 2006), emphasizing the need for molecular based assays. Till
date, PCR has often been applied as the primary method of
detection (Cota et al., 2012), and amplification of 18s rRNA and
kDNA regions have proven to be the best option. Real-time PCR
has been adopted for diagnosis of HIV-VL co-infected patients
(Table 3), where a high parasite burden was reported, but the study
population was relatively small (Molina et al., 2013). Further
studies are required to monitor the treatment efficacy of these
HIV-VL cases.

Monitoring of PKDL
Clinical Biomarkers
As the confirmatory diagnosis of PKDL requires a skin biopsy, it
is often not performed, and decisions are made based on clinical
assessment and a past history of VL (Ganguly et al., 2010). Based
on the lesion types, cases with hypopigmented macules are
considered as macular PKDL, whereas cases with an assortment
of papules, nodules, macules, and/or plaques are termed as
polymorphic PKDL (Zijlstra et al., 2003). Irrespective of the
geographic region, the differential diagnosis of PKDL includes
leprosy, vitiligo, pitryasis alba, and miliaria rubra (Zijlstra, 2019).
This can lead to misdiagnosis especially in cases where there is no
previous history of VL (Das et al., 2011; El Hassan et al., 2013;
Ramesh et al., 2015a). In Africa (mainly Sudan), maculopapular
rashes are commonest (90% of cases) and in advanced cases, the
papules coalesce to form nodules or plaques that can be confused
with leprosy, vitiligo, pityriasis versicolor, tinea corporis, tinea
barbae, pityriasis alba (Zijlstra, 2019). Presently, a major
challenge is the inability to detect LD bodies in macular cases,
which in recent studies have been shown to constitute a
substantial component of the burden of PKDL (Zijlstra et al.,
2017; Sengupta et al., 2019). Furthermore, in macular cases as
hypopigmentation persists even after parasite clearance, it
endorses the need for developing an objective and quantifiable
“test of cure”.

Circulatory Biomarkers
Among the serological tests for PKDL, the rK39 ICT is the most
sensitive, rapid, field applicable, and cost-effective tool. However,
it is not completely reliable, since a positive ICT could be
attributed to a past episode of VL. Similarly, DAT has also
been found to be applicable in field conditions, but shares the
same disadvantage as ICT (Table 4). Another challenge is the
microscopic detection of parasites in PKDL lesions (Singh et al.,
2015) especially the macular variant (Mondal et al., 2010;
Nasreen et al., 2012; Verma et al., 2013a; Bhargava et al., 2018;
Ghosh et al., 2018).

Nucleic Acid Biomarkers
A confirmed diagnosis of PKDL is necessary for clinical trials,
and is currently based on the detection of Leishmania parasites
by microscopy in a slit skin smear. Generally, parasites are
present in most papulonodular lesions but in macular lesions,
the positivity rate can be as low as 20–40% (Ramesh et al., 2015a;
T
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TABLE 5 | Nucleic Acid Markers of PKDL.

Sensitivity
(%)

Specificity
(%)

Reference

93.8 100 Salotra et al., 2001
96.0 100 Salotra et al., 2003
ND ND Srivastava et al., 2011
100 ND Ramesh et al., 2011

d, 100 100 Verma et al., 2013a

ND ND -do-

ND ND Ramesh et al., 2015b

77 ND Bhargava et al., 2018

ND ND -do-

A

ND ND Moulik et al., 2018

100 100 Mondal et al., 2016
85 100 Hossain et al., 2017

50.6 100 Ghosh et al., 2018
91.2 100
ND ND Mondal et al., 2010

93 ND Sreenivas et al., 2004

94.5 ND Nasreen et al., 2012

52.5 100 Hossain et al., 2017
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Methods Target Tissue
source

PKDL variant +ve at disease presentation,par-
asite load, (% +ve)

Parasite loadPost T/t

PCR kDNA Skin biopsy n = 48 45/48 ND
Skin biopsy n = 25 24/25 ND

PCR 18s rRNA Skin biopsy n = 25 24/25 ND
qPCR Leishmania kDNA Skin biopsy Macular, n = 2 Pooled, n = 26 Miltefosine (Day 84)

Indurated, n = 11 667 (3–240,000)/mg gDNA ; Pooled, n = 15
Polymorphic, n = 13 All were -ve

Slit aspirate Nodular, n = 26 9,790 parasites/ml slit aspirate SAG or Miltefosine (Day 30); Pool
n = 19;Papular/Macular, n = 24 427 parasites/ml slit aspirate

Skin Biopsy Nodular, n = 26 38,205 parasites/mg of tissue DNA 17/19 (89.5%) were negative
Papular/Macular, n = 20 599 parasites/mg of tissue DNA

Slit aspirate Polymorphic, n = 59
Macular, n = 14
1 month post t/t

62/73 (84.9%): 2,302 parasites/ml
slit aspirate
11/73 (15%): 11,842 parasites/ml slit
aspirate
-ve, n = 26/30 (86.7%)
Residual parasites in 2/30 (6.7%),
cured
n = 2/30 (6.7%), relapsed

<10 parasites/ml slit aspirate
<10 parasites/ml slit aspirate

12 months post t/t Relapsed: n = 3/73 (4.1%)
18 months post t/t Relapsed: n =11/73 (15%)

Slit Aspirate Macular, n = 4 60 parasites/ml ND
Papular, n = 20
Nodular, n = 26

Skin Biopsy Macular, n = 4 502 parasites/mg gDNA ND
Papular, n = 17
Nodular, n = 26

Skin biopsy Macular, n = 91 3,665 (615–21,528)/mg gDNA Miltefosine (day 84):
Macular, n = 17, <10/mg gDNA
Polymorphic, n = 21, <10/mg gDN
LAmB (day 21)
2,128 (544–5,763)/mg gDNA
2,541 (650–9,073)/mg gDNA

Polymorphic, n = 93 18,620 (1,266–93,934)/mg gDNA

Leishmania REPL
repeats
(L42486.1)

Skin biopsy All types, n = 20 20/20 (100%) ND
Skin biopsy Macular, n = 38 34/40 (85%) Miltefosine (day 84)

qPCR: n = 3 +vePapular, n = 2 295.46 (1.38–4,065.89) parasites/mg
gDNA

Skin biopsy Macular, n = 91 83/91 (91.21%) ND
Blood Macular, n = 91 Negative (n = 91) ND

Ln-PCR SSU-rRNARegion Blood, buffy
coat

Macular, n = 28 14/28 (50%) ND

Leishmania kDNA Skin biopsy Popymorphic, n = 21 27/29 ND
Macular, n = 8

Skin biopsy Macular, n = 74 69/74 (93.2%) ND
Papular, n = 33 32/33 (97%) ND
Nodular, n = 3 3/3 (100%) ND

Skin biopsy Macular, n = 38 21/40 (52.5%) Miltefosine (day 84)
Ln-PCR: n = 1 +vePapular, n = 2
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Verma et al., 2015). Several target sequences have been used for
the PCR like ribosomal RNA genes, kinetoplast DNA (kDNA),
mini-exonderived RNA (med RNA) genes and genomic repeats,
the b-tubulin gene region, glycoprotein 63 (gp63) gene locus,
internal transcribed spacer (ITS) regions and has been endorsed
as a more sensitive method (Salotra et al., 2003 and references
therein). Previously, a standardized real time PCR assay, based
on Taqman chemistry that targeted the conserved REPL-repeat
region of the Leishmania genome was used to assess the
infection/disease dynamic in asymptomatic L. donovani-
infected individuals (Mondal et al., 2016, Table 5). Although
kDNA based qPCR or real-time PCR has allowed for detection
and quantification of the number of parasites at disease
presentation (Table 5), it is equally important that longitudinal
studies be performed to evaluate the qPCR as a tool to quantify
the parasite clearance post-treatment (Ramesh et al., 2011;
Verma et al., 2013a; Ramesh et al., 2015b; Bhargava et al.,
2018; Moulik et al., 2018). Accordingly, we propose an
algorithm for monitoring parasite kinetics (Figure 2).

Patients are enrolled if they present with clinical features
suggestive of PKDL either by active case detection and
reporting at a medical camp, or presenting in the Dermatology
outpatient departments (OPD) of Govt. Medical Colleges. The
suspected cases should be examined, and the rK39 strip test
performed and if positive, a confirmation by ITS-1 PCR should be
performed using a 4mm skin biopsy (Das et al., 2011). In cases
where rk39 is negative, but the patient provides a history of VL
and/or clinical features are strongly suggestive of PKDL, ITS-1
PCR should be performed using DNA isolated from a skin
biopsy. In cases that are ITS1-PCR positive, a kDNA based
qPCR should be performed for determination of parasite load
at disease presentation (Moulik et al., 2018). After completion of
treatment as per guidelines of the National Vector Borne Disease
Control Programme (NVBDCP), the parasite load should again
be quantified by kDNA based qPCR (Moulik et al., 2018).
Patients with a parasite load <10 parasites/µg genomic DNA
may be considered as cured, and clinically followed up for
possible reappearance of lesions. However, in patients with >10
parasites/µg genomic DNA, they should be monitored closely up
to 1 year and if the skin lesions increase, a repeat qPCR done. The
parasite load that constitutes complete parasitological clearance
remains a pertinent, yet unanswered question and it may be
anticipated that implementation of such an algorithm may
provide this information (Figure 2).

The nested PCR method targeted at minicircle kDNA of
Leishmania proved to be highly effective and useful for detecting
L. donovani genes in skin biopsy specimens from patients with
PKDL (Nasreen et al., 2012). In PKDL, Mondal et al. (2016)
demonstrated the diagnostic potential of the recombinase
polymerase amplification (RPA) assay. This test was performed
using a mobile suitcase laboratory approach, which endorsed its
applicability in field settings (Table 5). However, its potential for
monitoring the treatment outcome is warranted. Another field-
friendly adaptation for DNA-based detection for PKDL cases is the
(closed tube) loop-mediated isothermal application (LAMP,Verma
et al., 2013b; Verma et al., 2017) but like the RPA assay, its efficacy
for monitoring treatment remains to be assessed.
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The availability of biomarkers and “test of cure” tools for
Leishmaniasis will facilitate not only monitoring of active VL
cases but also provide important epidemiological data.
Therefore, it is necessary to establish an algorithm that can
potentially differentiate between patients progressing to active
VL vis-a-vis those that remain asymptomatic. Similarly,
identification of biomarkers that can predict which cases of VL
are likely to develop PKDL would be a value addition for the
elimination program.

Xenodiagnosis in VL and PKDL
Xenodiagnosis is the classical approach for quantifying
transmissibility from a host to an insect species with a view to
distinguish infectious from non-infectious hosts (Singh et al.,
2020). This method when applied can help define the
characteristics of L. donovani transmission and provide key
epidemiological evidence to guide the program. During
xenodiagnosis of human VL caused by L. infantum, successful
transmission to sand flies was confirmed in 6/6 (100%) VL–HIV
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13101
co-infected patients (Molina et al., 1999). Similarly, in a study in
Brazil, 11/44 (25%) VL patients were established as transmitters
and importantly, no infections were detected in sand flies
allowed to feed on 147 “asymptomatic” subjects (Costa et al.,
2000). In an Indian study by Mukhopadhyay and Mishra (1991),
one sandfly out of 183 (0.5%) that fed on VL patients during the
day time was infected, whereas in sandflies fed similarly at
midnight, 4/75 (5%) were infected, suggesting a periodicity for
blood or tissue parasitemia.

In order to find a correlation, if any, between sandfly infection
rates and parasite load, qPCR was performed using skin and blood
sourced from patients with PKDL (Molina et al., 2017). It was
further expanded to larger cohorts in Bangladesh wherein the
infectiousness was higher in the polymorphic variant (17/21 81%)
vs. macular (9/35, 35%) cases (Mondal et al., 2019); similarly, a
substantial proportion of VL cases (10/15, 67%) were also able to
transmit to sandflies (Mondal et al., 2019). Taken together, as
tracking of the Leishmania parasite in sandflies provides key
information regarding the infectiousness of VL and PKDL cases
FIGURE 2 | Proposed algorithm for diagnosis of PKDL.
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(Singh et al., 2020), application of molecular tools could provide
information regarding the reservoir competence.
DISCUSSION

The availability and accessibility of new biomarkers and diagnostic
tests for Leishmaniasis can facilitate not only the confirmation of
active VL and PKDL cases, but also allow for epidemiological
studies to be undertaken, identification of asymptomatic
individuals, assess the degree of infectiousness to sand flies, and
last but certainly not the least, monitor treatment efficacy in an
objective and precise manner. It is necessary to establish an
algorithm that differentiates between patients progressing to
active VL vis-a-vis those that remain asymptomatic. Another
aspect is the availability of markers for recognising patients with
VL who develop PKDL, as this may have a considerable impact on
disease control. The biggest hurdle so far is the monitoring of anti-
leishmanial therapy and longitudinal studies are necessary to
understand the parasite dynamics.
CONCLUDING REMARKS

In Leishmaniasis (particularly VL and PKDL), the biomarkers
detailed in this review have been primarily used as diagnostic
tools, and many of them have proven to be fairly robust and
reproducible. In order to sustain the gains achieved via the kala-
azar elimination program, the last mile strategies should include
(1) validation of tools for monitoring anti-leishmanial therapy,
(2) promoting epidemiological surveillance in the post-
elimination phase for detection of potential outbreaks, along
with (3) supporting research focussed on identification of proxy
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 14102
markers for detecting sandfly infectivity (National Vector Borne
Disease Control Programme, 2020).
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Glutamine synthetase (GS) is one of the most important metabolic enzymes which
catalyzes ligation of glutamate and ammonia to form glutamine. Previous studies from
our lab had revealed significant differences in parasite and host GS enzyme which
warranted us to further work on its relevance in parasite. To analyze glutamine
synthetase function in Leishmania, we generated GS overexpressors and knockout
mutants and evaluated their ability to grow in vitro in monocyte differentiated
macrophage and in vivo by infections in BALB/c mice. GS knocked out strain showed
significant growth retardation with delayed cell cycle progression and morphological
alteration. Null mutants exhibited attenuated infectivity both in in vitro and in vivo
experiments and the effect was reverted back when infected with GS complemented
parasites. This indicated that the alterations in phenotype observed were indeed due to
GS knockout. GS knockout also made the parasite increasingly sensitive to Miltefosine.
Detailed investigation of mode of parasite death upon Miltefosine treatment by dual
staining with Annexin-V conjugated FITC and propidium iodide, pointed towards
apoptotic or necrotic mode of cell death. This is the first report to confirm that GS is
essential for the survivability and infectivity of Leishmania donovani, and can be exploited
as a potential drug-target.

Keywords: leishmaniasis, glutamine synthetase, knockout, essentiality, infectivity
INTRODUCTION

Leishmaniasis is a major worldwide public health problem, with approximately 0.7 to 1.0 million
new cases yearly and mortalities of around 20,000 to 30,000 annually (Burza et al., 2018; Valero and
Uriarte, 2020). Visceral leishmaniasis (VL) is the most fatal form of leishmaniasis, caused by
Leishmania donovani and Leishmania infantum. (Ready, 2014; Torres-Guerrero et al., 2017). VL is
difficult to eradicate from the endemic areas as the vector control and chemotherapy have several
limitations. The presently available treatment options are costly, have less efficacy, toxic to humans,
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have complex administration regimes and are faced with the
challenge of resistance. (Uliana et al., 2018). Hence, it is
necessary to look out for novel potential molecular or
biochemical markers and design more specific and effective
inhibitors based on the knowledge of molecular mechanisms
employed by the parasite for its survival.

Glutamine synthetase (GS) is a key metabolic pathway enzyme
that uses substrate glutamate and ATP to generate glutamine.
Glutamine is a part of several metabolic processes which promote
cell growth and proliferation. It also helps in the maintenance of
acid-base homeostasis. Glutamine has been found to be important
in cellular signaling pathways. It also supports infectivity of various
pathogens (Newsholme et al., 2003; Haber et al., 2017; Cruzat et al.,
2018). GS and its catalytic product glutamine are involved in
regulation of several different enzymes such as tryptophan
transaminase, asparagine synthetase, glucosamine synthetase,
carbamoyl-phosphate synthetase, glutaminyl-tRNA synthetase,
glutamate dehydrogenase and ornithine decarboxylase (Fisher,
1999; Burbaeva et al., 2005; Forde and Lea, 2007). In bacteria
Mycobacterium tuberculosis and protozoan parasite Plasmodium
falciparum, in silico methods identified GS as a viable drug target
(Fatumo et al., 2009; Crowther et al., 2010). GS is essential for
replication and survival of intracellular forms of Trypanosoma cruzi
(Crispim et al., 2018). In Leishmania chagasi, GS stimulates the
proliferation of T cells which results in elevation of interferon
gamma (Martins et al., 2006). Inhibition of either TCA cycle or
glutamine synthetase strongly inhibited amastigote growth and
viability in vitro and in infected macrophages in Leishmania
mexicana (Saunders et al., 2014). GS acts as a moonlighting
protein in Bacillus subtilis and is involved in gene regulation in
addition to its enzymatic function (Fisher, 1999). GS is functionally
important in many pathogens and thus its viability as a drug target
has been extensively explored. Implication of glutamine synthetase in
pathogenesis and several metabolic processes makes it an attractive
target for drug discovery.

L. donovani glutamine synthetase (LdGS) exists as a single
copy gene and the enzyme is expressed in promastigotes as well
as in amastigote form (Kumar et al., 2017). Earlier studies from
our lab had identified LdGS as potential drug target for VL
infections based on structural differences between the host and
parasite enzyme indicating possibility of target based drug
designing (Kumar et al., 2020). We had also reported the
antileishmanial efficacy of methionine sulfoximine (MSO) and
phosphinothricin (PPT, Glufosinate) which are well-known
glutamine synthetase inhibitors (Kumar et al., 2017).

The current study focuses to explore the essentiality of the GS
gene for parasite survival and infectivity. For this we performed
targeted gene replacement of LdGS to generate knockout strains
and also generated GS overexpression strains. We report that LdGS
is vital to growth, in vitro and in vivo parasite infectivity and in cell
cycle progression. Apart from this, deletion of GS from the parasite
resulted in increased sensitivity to standard antileishmanial drug,
miltefosine. The current study validates GS as an enzyme essential
for parasite. Hence, targeting this important enzyme could be a
promising approach for developing much-needed new inhibitor
aimed at controlling Leishmania infection.
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MATERIALS AND METHODS

Materials
Gel extraction and plasmid isolation kits, RPMI 1640 medium
without L-glutamine, ampicillin, phleomycin, streptomycin
sulfate, Anti-Rabbit IgG antibody conjugated with alkaline
phophatase were procured from Sigma-Aldrich, St. Louis, MO,
USA. Rabbit was used for raising the customized antibody-
polyclonal anti-LdGS (Abgenex, Bhubaneswar, India).
Hygromycin B and Geneticin (HiMedia), propidium iodide,
Pure Link genomic DNA and RNA isolation Kit (Invitrogen™),
Annexin V-FITC apoptosis detection kit (Roche) and Poly-L-
lysine coated coverslips was from Corning® BioCoat™. The other
chemicals used in the study were available commercially and were
of analytical grade.

Plasmids and Strains
L. donovani wild type (MHOM/IN/80/Dd8) promastigotes were
used in the present study. Vector psp72ahygroa was a kind gift
from Prof. Rentala Madhubala, Jawaharlal Nehru University,
New Delhi, India. Leishmania specific expression vectors (pXG
B3318, pXG B1288 and pXG B3324), were kindly provided by
Dr. Stephen M. Beverly, Washington University Medical School,
USA. These vectors were used for making knockout and
complementation constructs.

Culture Conditions of Parasite and
Mammalian Cells
The promastigotes were grown in RPMI-1640 (pH-7.2) media
supplemented with 10% Fetal Bovine Serum. It contained
antibiotics- penicillin G, Streptomycin, Gentamycin (100 µg/ml
each) and 0.2% sodium bicarbonate. They were cultured at 24°C.
The monocytes THP-1 were maintained at 37°C, 5% CO2

environment in the same media.
For selection of the knockout, overexpressor and vector

control, parasites were grown in complete RPMI media
supplemented with respective antibiotics, i.e. Geneticin G418
(80 mg/ml), Hygromycin B (100 mg/ml) and Phleomycin
(25 mg/ml). THP-1 monocytes were also maintained in RPMI
1640 media supplemented with 10% FBS in the humidified
atmosphere with 5% CO2 and constant temperature of 37°C.

Generation of Molecular Constructs for GS
Gene Overexpression, Knockout and
Complementation Studies
LdGS open reading frame (Accession No. KT907048) was cloned
in Leishmania specific episomal vector psp72ahygroa between
XbaI and HindIII restriction site using gene specific primers H
and I as mentioned in (Table S1). Positive clones were confirmed
by colony PCR and double digestion of clones. The construct
generated was verified by automated DNA sequencing (1st BASE,
Axil Scientific Pvt. Ltd, Singapore).

Knockout constructs were generated by cloning the upstream
(5′ UTR of ~737 bp) and downstream (3′ UTR of ~785 bp)
flanking regions of LdGS present on chromosome number 6.
The regions upstream and downstream of the gene were selected
February 2021 | Volume 11 | Article 622266
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and specific primers were designed for the amplification of
selected regions. The sequences selected as UTR regions are
provided in Supplementary Figure S1. The vectors used for
the overexpression and knockout studies are provided in
Supplementary Figure S2. The single knockout construct
(SKO) was generated by cloning 5′ UTR and 3′ UTR regions in
pXG Hygro vector. The restriction enzyme site of NheI and XhoI
was selected for cloning of 5′UTR-LdGS upstream of hygromycin
resistance cassette using primers A and C (as mentioned in
Supplementary Table S1) to generate 5′ UTR-LdGS-pXG
Hygro construct. The confirmed construct (5′ UTR LdGS-pXG
Hygro) was further used to clone ~785 bp of 3′ UTR LdGS using
primers D and E (as mentioned in Supplementary Table S1) in
between restriction sites of NsiI and BamHI respectively to
generate SKO construct. The double knockout construct (DKO)
was generated using pXG-Neo vector. The primers used to
amplify the 5′ UTR LdGS had SalI and XhoI restriction sites.
For 3′ UTR, the restriction sites were NsiI and BamHI for cloning
in pXG-Neo vector to generate complete DKO construct.

To restore LdGS in the knock out parasites complementation
construct was generated, the LdGS gene was amplified using sense
and antisense primers F and G respectively (Supplementary
Table S1) with BstEII restriction enzyme site. The gene was
cloned into pXG Phleo vector. To confirm the orientation and
sequence, the constructs were subjected to automated sequencing.

Generation of Genetically Manipulated
Parasites
L. donovani GS knockout parasite was generated by transfection
of all the constructs with a Bio-Rad Gene Pulsar apparatus and
conditions used to electroporate the parasite were at 443 V, 500 µF
capacitance, ∞ ohm resistance and 16 ms time constant (Cruz
et al., 1991). The harvested cells were washed with PBSG buffer
twice. This buffer consisted of 10 mM NaH2PO4, 10 mM
Na2HPO4, 145 mM NaCl and 2% glucose. The cells were
washed with electroporation buffer containing 21 mM HEPES,
137 mMNaCl, 5 mMKCl, 0.7 mMNa2HPO4, 6 mM glucose. The
final resuspension of cells was done in 400ml electroporation
buffer to which about ~12 µg of gene replacement SKO cassette
linearized with NheI and BamHI (5′UTR LdGS-pXG Hygro-3′
UTR) was added along with the cells in the cuvette (2mm). It
was kept in ice for 10 minutes and then electroporated. The
cells were transferred to 5 ml of RPMI medium with 20% FBS
and maintained at 24°C. Antibiotics were added 48 h post
transfection for selection of transgenic parasites expressing
respective antibiotic resistance gene (Dolai et al., 2008).

LdGS heterozygous mutant (LdGS+/−) were maintained in
100 mg/ml of hygromycin B. The LdGS heterozygous mutant was
transfected with LdGS-pXG Phleo vector for episomal expression
of GS gene to generate LdGS complementation mutant (LdGS+/
−/+) which were maintained in 100 mg/ml of hygromycin along
with 25 mg/ml of phleomycin. The LdGS(+/−) and LdGS(+/−/+)

mutants were selected for the second round of transfection with
BamHI linearized DKO construct 5′ UTR-LdGS-Neo-3′-UTR to
replace second allele for null mutant (LdGS−/−) and add back
mutant generation (LdGS−/−/+). LdGS(−/−) mutants were
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maintained in presence of 100 mg/ml of hygromycin and 50 mg/ml
of G148 (Genetecin). Add back null mutants (LdGS−/−/+) were
maintained in 50 mg/ml of G148 (Genetecin), 100 mg/ml of
hygromycin B and 25 mg/ml of phleomycin. The strategy for
GS gene knockout is illustrated in Supplementary Figure S3A.
GS null mutant failed to grow inmedia deprived with L-glutamine
and could grow only when transferred to RPMI complete media
supplemented with L-glutamine.

For overexpression of GS in Leishmania promastigotes
(LdGS++/++) transfection of the ~10 µg LdGS psp72ahygroa
construct was done through electroporation by same protocol.
After selection, the mutant parasites were maintained under
constant selection pressure of suitable antibiotic.

Genotypic Confirmation of GS Knockout
by PCR
Knockout strains were confirmed by isolating genomic DNA
from wild type and all mutant transgenic parasites and PCR
based strategy was employed to show that the gene replacement
cassettes had integrated in the genome of the parasite.
The primers used are mentioned in Supplementary Table S2
and primer orientation is schematically represented in
Supplementary Figure S3B. Correct integration of the hygror

or neor gene cassette in heterozygous and null mutant strains was
confirmed by PCR of genomic DNA using combination of Neo
or Hygro specific sense and antisense primer and the primers for
5′ or 3′ untranslated regions were also used. The genomic DNA
of the mutant parasites was subjected to PCR to confirm the
presence of the following events: presence of hygror gene, neor

gene, knockout of LdGS, using primer combination of P3 + P4,
P5 + P6, P1 + P8 and P7 + P2. While integration of 5′UTR to
hygror gene, 3′UTR integration to hygror gene, 5′UTR integration
to neor gene, integration neor gene and 3′UTR, phleor in episomal
construct was confirmed by using primer combination of P1 +
P4, P3 + P2, P1 + P6, P5 + P2 and P9 + P10, respectively in
separate reaction using genomic DNA as template from all
mutant strains keeping wild type genomic DNA as control.
Confirmation of complementation and replacement of LdGS
gene was also done by PCR.

Reverse Transcriptase PCR of GS
Knockouts
The total RNA from wild type and mutant parasites was isolated
using Pure Link RNA isolation kit (Invitrogen) and Prime Script™

one step RT-PCR Kit was used to perform RT-PCR. Primers
used to perform RT-PCR are represented in Supplementary
Table S3. To remove DNA contamination, the RNA was treated
with DNAse I enzyme (Thermo Scientific). The expression of
LdGS in wild type parasites was considered as the reference for
normalization and Ld-actin was taken as control.

Preparation of Crude Lysate and
Determination of GS Enzyme Activity
The promastigotes were centrifuged at 3000g and the pellet
was washed with PBS (pH -7.4) Cells were resuspended in lysis
buffer (20 mM Tris (pH 7.8), 1 mM PMSF, 0.5 µg/ml each of
February 2021 | Volume 11 | Article 622266
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aprotinin and leupeptin). The cells were lysed using repeated
freeze-thawing (Padmanabhan et al., 2005). The lysate was
centrifuged at 13,000g, 30 min at 4°C. The protein was
estimated using Bicinchoninic acid method (BCA) taking BSA
(bovine serum albumin) as standard (Smith et al., 1985). To
determine the specific activity and to perform western blot, the
above cell lysate was used. LdGS enzyme activity was performed
by inorganic phosphate (Pi) determination method (Gawronski
and Benson, 2004).

Briefly, for measuring the enzyme activity of GS in crude lysate,
the reaction mixture containing 5 mM MgCl2, 5 mM NH4Cl, 3
mM ATP and 20 mM L-glutamate in 20 mM Tris-HCl (pH 7.8)
and 10 mg of lysate was kept for 20 min at temperature of 37°C.
Reactionmixture without crude cell lysate was taken as blank. Blue
colored phosphomolybdate complex formation was recorded at
655 nm according to the protocol described previously. Percentage
change in specific enzyme activity of all mutant strains were
calculated keeping wild type enzyme activity as control.

Immunoblotting of LdGS
The total cell protein was quantified by bicinchoninic acid
method and 75 µg protein was run on 10% SDS PAGE and the
resolved protein was transferred onto nitrocellulose membrane
and blocked with 5% BSA and the membrane was probed with
anti-LdGS antibody (1:4000 dilution). The membrane was
further incubated with anti-rabbit alkaline phosphatase
conjugated secondary antibody (1:7500). The visualization was
done using BCIP and NBT (Sigma) as substrate and densitometric
analysis was carried out by using Image J software. Alpha tubulin
was taken as endogenous control.

Determination of Growth Rate and
Infectivity
To analyse growth rate, 1 × 106 cells/ml stationary phase cells were
inoculated in 25 cm2

flasks containing RPMI complete medium
without addition of particular antibiotic. Cells were maintained at
24°C and cell count of the flask were analyzed at fixed time interval
of 24 h by cell counting using Neubauer hemocytometer under a
compound microscope for a period of 5 days.

The THP-1 monocyte cells were differentiated into adherent
macrophages using phorbol 12-myristate 13-acetate (PMA).
Infection was performed taking the ratio of 1:10 (macrophage:
parasites) of cells. Infection of stationary stage parasites (WT and
mutant) was done for 24 hours to perform parasite rescue
transformation assay (Jain et al., 2012). 2×105 THP-1 cells were
plated per well of a 96 well plate and differentiated using PMA at
37°C in CO2 incubator with 5% CO2 for 48 h. The adhered
monocyte derived macrophage cells were infected with parasite
as mentioned above. The non-internalized promastigotes were
removed and infected adhered macrophages was washed with
serum free media. After cell lysis, RPMI-1640 complete medium
was added to each wells and kept at 24°C for 48 h so that the
promastigotes would be transformed from amastigotes. Finally,
MTT assay was performed as per the previous protocol and
absorbance was recorded at 540 nm (Mosmann, 1983). The
percentage infectivity was calculated relative to wild type.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4110
Cell Cycle and Scanning Electron
Microscopy (SEM) Analysis
L. donovani promastigotes were synchronized using hydroxyurea as
per the protocol described earlier with minor modification (Pal
et al., 2017). Briefly, 4×106 cells/ml late exponential phase
promastigotes were incubated in serum-deprived RPMI-1640
medium containing 100 µg/ml hydroxyurea (HU) for 8 h. After
8 h of cell synchronization, hydroxyurea was removed by low
speed centrifugation at 1300g and washed with serum-free media
and cultured in RPMI-1640 media (10% FBS) for 12 h and then
washed with ice cold PBS. The pellet was resuspended by
adding PBS, 300 ml followed by addition of 700 ml of chilled
ethanol. and incubated at 20°C overnight. Ethanol was removed
by centrifugation at 1300g and cells were washed with ice cold PBS.
Next, samples were incubated for 15 min on ice with 500 µl solution
containing 0.05% Triton X-100 and 100 mg/ml RNase A prepared in
PBS. Propidium iodide (50 mg/ml) was used to stain the cells for 30
minutes and subjected to flow cytometry on FACS Aria Fusion (BD
Biosciences)… At last, collection of 20,000 events, separately for
each sample was done. The distribution of cells thus obtained were
scrutinized using Flow Jo software. This was used to determine the
percentage cells in each phase of cell cycle- G0/G1, S and G2/M.

To observe the effect of GS overexpression and deletion on the
parasite morphology, SEM was used. 1x 106 promastigote parasites
were harvested and washed with ice-cold PBS. Cells were fixed in
2.5% glutaraldehyde (EM-grade glutaraldehyde, Sigma-Aldrich)
containing 4% (w/v) paraformaldehyde in 0.1 M phosphate
buffer. Cell suspension was added on L-lysine-coated coverslips
(Corning® BioCoat™) and incubated for 6 h at room temperature.
Unadhered cells were removed and coverslip was washed with
sterile filtered water to remove any buffer salts. To dehydrate, graded
series of ethanol (v/v) 30%, 50%, 70%, and 90% were added in
ascending order. The drying of samples was done at critical point,
followed by their mounting on metallic stubs using bioadhesive
carbon tape. Sputter coating of gold and palladium was done. The
scanning electron microscope imaging was done using S-3400N,
(Hitachi, Japan) (Gluenz et al., 2015; Soumya et al., 2017).

Drug Sensitivity Assays
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide) assay was performed to assess the drug susceptibility for
Miltefosine (standard anti-leishmanial drug) in wild type parasite
and GS mutants (Mosmann, 1983). In a 96-well plate, 2×105 cells
were plated in each well followed by 48 h incubation at 24°C. Then,
10-100 µM ofMiltefosine was added and incubated for 48h followed
by addition of 20 µl MTT reagent of concentration 5mg/ml. The
plate was incubated for 4 h at 37°C and then centrifuged at 3000g,
10 min. After the removal of supernatant, 100 µl of 100% DMSO
was used to dissolve the formazan crystal. The absorbance was
measured at 540 nm. The untreated cells were taken as control and
IC50 value was calculated relative to it.

Annexin V-FITC/PI Dual Staining for
Determination of Apoptosis or Necrosis
In the event of early apoptosis, the phospholipids on the cell
membrane are altered which leads to exposed phosphatidylserine
February 2021 | Volume 11 | Article 622266
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on the surface of cell. In normal parasites, phosphatidylserine
are not exposed, while in cells undergoing apoptosis
phosphatidylserine are exposed to the cell surface (Mukherjee
et al., 2018). 1 x 106 cells/ml were plated in each well of a 24 well
plate and kept at 24°C for 24 h. The late apoptotic cells bind to
both AnnexinV/FITC and PI. The double positive population
contains necrotic cells and can also have late apoptotic cells.
Also, PI single positive events may represent pure nucleic acid
aggregates. The promastigotes were treated with miltefosine and
to detect apoptosis, AnnexinV-FLUOS kit (Roche) was used
following the manufactures protocol. They were analysed using
flow cytometry. All the knockout strains along with wild type
cells (1 x 106/ml) were seeded in 24 well plate and incubated
at 24°C. After 24 h, untreated cell lines along with cells treated
with IC50 concentration of miltefosine and N-acetyl cysteine
preincubated cells treated with IC50 concentration of miltefosine
were washed with cold PBS (pH 7.4) at 1300g. The resulting
pellets were resuspended in 500 ml of staining buffer and
incubated with annexin V-FITC first for 10 min followed by
addition of PI. Cultures incubated at 45°C for 2 h were used as
positive death controls. Prior to being subjected to flow
cytometry, the samples were kept in ice (in dark) for 15
minutes and analyzed by flow cytometry (FACS Aria™ Fusion,
Becton Dickinson) with BD FACS Diva™ software. Argon laser
(excitation wavelength 488 nm) and 561 nm yellow-green laser
was used for detection of Annexin V-FITC stained (early
apoptotic) cells in (FITC; 530/30 band pass) filter and PI
stained (late apoptotic or necrotic) cells in (PE/PI; 582/15 band
pass) filter. 30 000 events in total had been taken for analysis.
FITC log (x axis, FITC-fluorescence) versus PI/PE log (y axis, PI)
were used for data acquisition. Data was analysed by FlowJo
software, Ver. 10.3.1.

Determination of Parasite Infectivity by the
Mutant Parasites, In Vivo
For this experiment, male BALB/c mice were procured from
Imgenex India, Bhubaneswar. They were kept at 25°C ± 2°C and
subjected to a 12 h light dark cycle. They were fed ad libitum
(Mukherjee et al., 2020). The experimental groups (5 animals in
each group; 4-6 weeks age; weighing approximately 20g) were
infected, i.v., with 2 × 107 promastigotes of LdGS(+/+), LdGS(+/−),
LdGS(+/−/+), LdGS(−/−), LdGS(−/−/+), LdGS(++/++), and Ld: psp (Vc).
Four-week post-infected animals were sacrificed, amastigotes were
calculated from the spleen and liver Giemsa-micrographs under
phase contrast microscope (Zeiss Axioscope), and parasite burden
was extrapolated using Stauber’s formula as described earlier (Dey
et al., 2020). The survival percentage of promastigotes maintained
under specific antibiotic surveillance was monitored in the flow
cytometer (BD FACS Verse) using 7-Aminoactinomycin D (7-
AAD) before in vivo infection (Sultana et al., 2018).

As we have focused on the capacity of proliferation
and survivability of LdGS(−/−) mutants’ inside the host cells,
the time dependent infectivity of LdGS(−/−) parasites was
investigated and compared with the LdGS(+/+), in vivo, at day
15 and day 30 post infection. The mRNA was extracted from the
spleens of the infected animals and converted to cDNA. The
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5111
expression of kinetoplast DNA (kDNA) was evaluated by semi-
quantitative PCR (L. donovani kDNA; Forward: 5′-AAATCG
GCTCCGAGGCGGGAAAC-3′ and Reverse: 5′- GGTACACTC
TATCAGTAGCAC-3′), normalized against equal expression
of house-keeping gene GAPDH (murine GAPDH; Forward:
5´-GAGCCAAACGGGTCATCATC-3´ and Reverse: 5´-CCTG
CTTCACCACCTTCT TG-3´) (Dey et al., 2020). The
densitometric quantification was analyzed by Image Lab
software and represented as mean ± SE from 3 animals per
group. The differences in means among various groups were
considered significant as per the one-way analysis of variance
using GraphPad Prism v 6.0 software, *p < 0.038 and **p < 0.032.
ETHICS STATEMENT

The experiments involving animals had been approved by the
institutional Animal Ethics Committee, WBSU, Barasat [File no.
WBSU/IAEC/2019-20/8(CP), dated 20.05.2019]. IAEC
registration no. 1394/GO/Re/S/10/CPCSEA, dated 09/12/2016).
The institutional guidelines for animals had been followed in
performing this study.
STATISTICAL ANALYSIS

The data obtained from indicated number of experiments has
been interpretated as mean ± S.D. values. Student’s unpaired t-
test was performed in Graph-Pad Prism software (GraphPad,
San Diego, CA, USA) for statistical data analysis. The data that
showed differences from groups were verified by ANOVA and p
values of ≤ 0.05 were considered statistically significant. The
levels of statistical significance were indicated as follows: *p ≤
0.05, **p<0.01, ***p<0.001, **** p ≤ 0.0001 whereas for in vivo
animal experimental data analysis only p value of ≤ 0.05 were
considered significant.
RESULTS

Generation of LdGS-psp72ahygroa
Construct for Overexpression of LdGS in
L. donovan is (LdGS++/++) and Functional
Characterization of GS Overexpressors
GS overexpressors were generated as described in methodology
section. Western blot analysis of whole cell lysate indicated ~1.9
fold increased GS expression in LdGS overexpressor [LdGS(++/++)]
compared to wild type [LdGS(+/+)] and Ld: psp vector control
(Vc). A poncaeu stained blot was kept as the loading control
(Figures 1A, B). The ~1.87 fold higher enzyme specific activity
by LdGS(++/++) over LdGS(+/+) and Vc confirmed the GS
overexpression in the parasites (Figure 1C).

The growth of wild type [LdGS(+/+)], Ld: psp vector control
(Vc) and LdGS overexpressor [LdGS(++/++)] promastigotes were
followed over five days. Counting of viable cells was done to
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monitor the growth rate of all transgenic cell lines. (Figure 1D).
At 48 h, the parasite cell number was found to be 4 x 106 in both
the LdGS(+/+) and Vc however, LdGS(++/++) showed 6 x 106

parasites. At 72 h, the cell number was found to be 24 x 106, 22 x
106 and 31 x 106 respectively for the parasites. At 96 h, the
LdGS(++/++) reached a cell density of 41 x106 cells/ml whereas,
LdGS(+/+) and Vc reached at a cell density of 29 x106 cells/ml and
27.5 x106 cells/mL respectively. No difference in growth was
observed in LdGS(+/+) and Vc parasites up to 120 h. It was clearly
observed that though there was no change in growth of LdGS(+/+)

and Vc parasites yet the GS overexpressing parasites exhibited
higher growth rate compared to the control parasite. The
replication rate was observed higher in case of LdGS(++/++)

promastigotes, indicating the involvement of GS in growth of
Leishmania, at least, in vitro.

Next, to check the consequences of LdGS gene overexpression
on robustness of the over expressors in infecting host macrophages
in vitro, the parasite rescue and transformation assay was performed
with wild type [LdGS(++)], vector control (Vc) and LdGS
overexpressor [LdGS(++/++)] promastigote parasites. Phorbol-12-
myristate-13-acetate (PMA) differentiated THP-1 cells were
infected with wild type, vector control and GS overexpressor
promastigotes for 24 h. Non internalized cells were removed and
infected macrophages were washed with serum free media. Infected
monocyte differentiated macrophage cells were lysed and incubated
in complete media for 48 h at 24°C for performing the
transformation assay. It was observed that there was no change in
the intracellular survival of amastigotes in case of LdGS(++) and Vc.
However, LdGS(++/++) parasites exhibited almost ~ 1.8 fold
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6112
enhanced replication of intracellular amastigotes indicating
the role of LdGS in facilitating parasite replication within
macrophages (Figure 1E). Thus, LdGS overexpressor parasites
exhibited higher infectivity rate to macrophages compared to wild
type and vector control parasite. The result clearly indicated that GS
affects infective ability of parasites.

Nutritional Assessment of the L. donovani
GS Mutant
The amino acid glutamine is an important component of several
biochemical pathways such as protein synthesis. After glucose, it
is also a source of energy for the cell. Comparing the growth rate
of all knockout strains it was found that GS null mutant failed
to grow in absence of glutamine, while growth rate of wild
type and complementation mutant parasites was almost similar
in glutamine or glutamine deficient media (Supplementary
Figure S4). Add back null mutant growth rate was also very
slow in glutamine deficient media. Indeed, when the mutant cells
were transferred to glutamine supplemented media, even though
impairment in in vitro growth was observed in case of null
mutants but we were able to get sufficient cells to functionally
characterize the role of GS gene in parasite.

Genotypic Characterization of LdGS
Knockout Strains
The genotype of GS knockout strains was confirmed by performing
PCR using different sets of primers (Supplementary Table S2). The
template used in the PCR analysis was the genomic DNA of WT
parasites with combination of Hygro, Neo and LdGS gene specific
A B

D E

C

FIGURE 1 | Confirmation of LdGS overexpressor (LdGS++/++) (A) Confirmation of LdGS overexpression by western blotting. Top panel; Lane M: prestained broad
range marker (Bio-Rad); Lane 1: crude cell extract of Wild type (WT) promastigote; Lane 2: crude cell extract of vector control (Vc); Lane 3: crude cell extract of GS
overexpressor (LdGS++/++); Lane 4: purified recombinant LdGS protein. Bottom panel; The membrane is stained using Ponceau-S as a loading control; (B) The bar
graph represents the densitometric analysis of the western blot represented in A; (C) Percentage GS activity was measured in total cell lysate Vc (Ld:psp) and
LdGS(++/++) compared to wild-type LdGS(+/+), (D) Effect of LdGS overexpression on parasite growth rate. Analysis of the growth rates of wild type, psp and
overexpression promastigotes. (E) Influence of GS gene overexpression on the infectivity of L. donovani parasites in vitro. Data represents mean ± SD of three
independent experiments. p values of ≤ 0.05 were considered statistically significant and levels of statistical significance were indicated as follows: **p ≤ 0.01 and
***p ≤ 0.001.
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primers to show the absence of hygror and neor gene in wild type
genomic DNA. Primers 1 and 4 amplified ~2189 bp region of 5′
UTR GS and hygror gene while primers 2 and 3 covered the region
of 3′UTR and hygror gene with an amplified product of length
~2961 bp from genomic DNA of all mutant promastigotes. No
amplified product was obtained fromwild type genomic DNA using
same set of primer combination which confirmed the integration of
the hygromycin cassette in LdGS(+/−). Primers 1 and 6
encompassing 5′UTR and neomycin resistance gene internal
region gave an amplified product of ~2001 bp size. Similarly,
integration of neor gene to 3′UTR LdGS was confirmed using
primers 2 and 5 which gives an amplified product of ~2775 bp
size with LdGS(−/−) and LdGS(−/−/+) genomic DNA, while no
amplified product was observed with wild type and LdGS(+/−/+)

genomic DNA. This confirmed the replacement of second allele of
GS gene by neomycin resistance cassette in LdGS(+/−). PCR analysis
of the double antibiotic resistant strain with primers 1 and 8 along
with 2 and 7 gave no amplified product with GS null mutant, while
wild type genomic DNA showed amplified product of ~1,559 bp
and ~ 1,500 bp respectively. This revealed that both hygro and neo
cassettes replaced both the alleles of GS gene and also got integrated
at the appropriate locus [Figure 2A (I–IX)]. P3 (Hygro sense) and
P4 (Hygro antisense) pair of primer combination was used to show
the presence of hygror gene in LdGS (all GS mutants except wild
type) while other set P5 +P6 (Neo sense + neo antisense)
combination was used to show the presence of Neo gene in null
and add back null mutant cell line. A band of ~538 bp was obtained
using primers P9 and P10 which are phleo specific internal primers
thus confirming the presence of episomal LdGS-pXG Phleo in the
add-back null mutant cell line (Figure 2A X).

Alteration in Expression of LdGS mRNA
in GS Knockout Strains by Reverse
Transcriptase PCR
To confirm the expression of GS at the mRNA level, gene-specific
sense internal primers were designed. Amplification was seen at
~398 bp in RT-PCR using gene specific internal primer as
mentioned in methodology section. Negative control for each
reaction did not contain any RNA template, which was included
to show that the reaction system was not contaminated
(Supplementary Table S3 and Figure 2B top panel).
Transcription of LdGS gene was quantified by densitometric
analysis of cDNA amplified product from all transgenic strains by
Image J software (Figure 2B bottom panel). The results revealed
significant reduction in GS mRNA levels of LdGS(+/−) and LdGS(−/
−/+) strains. LdGS(++/++) showed ~ 20% higher level of mRNA
expression while LdGS(+/−) mutant showed ~45.3% reduction and
LdGS(−/−/+) mutant showed significantly higher level of 57.7%
reduction in level of mRNA expression compared to LdGS(+/+).
Null mutant (LdGS(−/−)) showed no amplification. Reaction without
RNA template also showed no amplified product.

Confirmation of GS Gene Knockout by
Western Blot Analysis
To check the alteration in LdGS expression in all cell types: LdGS
heterozygous mutant, LdGS complementation mutant, LdGS
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7113
null mutant and LdGS add back null mutant western blot
analysis was performed keeping expression of GS in wild-type
as control. The NC membrane was incubated with the
customized anti-GS antibody. Expression of GS in all
transgenic promastigotes was observed by Western blot: wild
type expressed endogenous levels of enzyme while LdGS(+/−)

mutant showed reduction in GS expression by 38%, The protein
expression in LdGS complementation was similar to WT cells
which implies the restoration of gene expression. Alpha tubulin
was taken as endogenous control (Figure 2C I). Western blot
analysis confirmed the almost complete loss of GS protein
expression (~98%) in LdGS null mutant promastigotes.
Surprisingly, LdGS(−/−/+) add back mutant showed 67%
reduction in protein expression compared to the wild type
parasites (Figure 2C II).

Functional Characterization of GS Mutant
Cell Lines
To confirm the level of LdGS protein expression in mutant cell
line, enzyme activity was performed with crude cell lysate of the
Leishmania cell lines using inorganic phosphate (Pi)
determination method as discussed in methodology section.
Higher specific activity of GS in the LdGS(+/+) parasites (311.2 ±
12.4 µmol.min-1.mg-1) was seen in comparison to mutants.
LdGS(−/−) showed ~82% reduction in specific activity whereas
LdGS(−/−/+) showed almost two fold (~46%) reduction in enzyme
activity as compared to the LdGS(+/+) (Figure 3A).

Growth curve analysis of the five populations at different selected
time interval of 24 h was performed for complete five days. During
exponential phase of growth at 96 h time point, LdGS(+/−) showed
~1.9 fold reduction in growth. It was observed that in case of
LdGS(+/−/+) mutant the parasite numbers was almost same for all
selected time point and restored to the levels comparable to that of
wild type. LdGS(−/−) failed to grow in media without L-glutamine so
was provided with exogenous supplementation of glutamine and
showed ~7.0 fold reduction in growth rate compared to wild type
cells. LdGS(−/−/+) showed compromised growth pattern but only
~2.2 fold reduction in growth was observed at 96 h time point which
indicated recovery of growth (Figure 3B).

It was observed that LdGS(+/−) mutant parasites exhibited
almost ~43% reduced in vitro infectivity compared to LdGS(+/+).
Complete reversal of effect was not observed in LdGS(+/−/+)

mutant cell line which showed ~28% reduction in infection.
While, LdGS(−/−) mutant showed ~95% reduction of in vitro
infectivity and replication of intracellular amastigotes compared
to wild type [LdGS(+/+)] promastigotes. LdGS(−/−/+) mutant
parasite showed ~73% reduction in infectivity to macrophages
relative to the wild type control. These results indicated that the
GS mutant parasites showed impairment in infectivity and
survival inside the macrophages and the effect was reversed by
complementing with GS expression (Figure 3C).

Role of GS Deletion in Parasite Infectivity
In Vivo
The impact of the deletion of GS in Leishmania has been verified
for the capacity of its infection, in vivo, as only amastigotes are
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the pathogenic morphs in mammalian hosts. LdGS(−/−) were
found most incompetent in infecting the hosts. As evidenced, a
reduced parasite-burden was found by 96.4 ± 3.38% (P<0.001)
and 77.83 ± 3.52% (P<0.001) in the spleen and liver, respectively,
in comparison to the wild type L. donovani (MHOM/IN/1980/
Dd8) infection. However, the LdGS(+/−) were more infective and
the proliferation restriction was found by 47.2 ± 11.69%
(P<0.002) and 56.80 ± 8.36% (P<0.003) in the spleen and liver,
respectively. Complete reversal of the effect was not achieved
in infected animals by LdGS(+/−/+) [inhibition in the spleen by
55.5 ± 2.50% (P<0.001) and liver 67.86 ± 6.89% (P<0.001)] and
LdGS(−/−/+) [inhibition in spleen by 39.67 ± 6.26% (P<0.009) and
liver 62.03 ± 5.03% (P<0.002)]. The role of GS was further
verified for its importance in parasite survival, in vivo, by
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8114
overexpressing it in L. donovani. LdGS(++/++) were found
efficient over both LdGS(−/−) and LdGS(+/−) as evidenced in
comparison to the wild type parasite infection at one-month
post infected animals [inhibition only by 23.5 ± 15.05% and
23.97 ± 16.21% in the spleen and liver, respectively] as
-represented in (Figure 3D I and II). The presence of
Leishmania-kDNA in respect to Mf-GAPDH determined the
degree of infection, in vivo (Dey et al., 2020). Expression of
kDNA further confirmed the result that LdGS(−/−) parasites had
low infection rate, in vivo, as evidenced from the significantly
reduced expression of Leishmania-kDNA in LdGS(−/−) infected
animals in comparison to LdGS(+/+) at both 15 days and 30 days
post infection against normalized equal expression of Mf-
GAPDH (Figure 3E).
A

B

C

FIGURE 2 | Continued
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FIGURE 2 | Confirmation of GS knockout. (A) Genotypic analysis of genetically manipulated promastigotes by PCR. Template for PCR analysis were the genomic
DNA of the following: 1. wild type, LdGS(+/+); 2. heterozygous mutant, LdGS(+/−); 3. null mutant, LdGS(−/−); 4. complementation mutant, LdGS(+/−/+); 5. add back null
mutant, LdGS(−/−/+) (I) Primers encompassing complete LdGS ORF was used in the amplification of GS gene (~1137 bp) (II) The amplified product of primer P3+P4
to show presence of hygromycin resistance gene (~1030 bp) (III) primer P5+P6 to show presence of neomycin resistance gene (~804 bp) (IV)) primer P1+P4 to
show integration of 5′ flanking sequence to hygromycin gene(~2189 bp). (V) primer P2+P3 to show integration of hygromycin to 3′ flanking sequence (~2961 bp).
(VI) primer P1+P6 to show integration of 5′ flanking sequence to neomycin gene (~2001 bp) (VII) primer P2+P5 to show integration of neomycin to 3′ flanking
sequence (~2775 bp). (VIII) Genomic DNA from GS null mutant cells were taken as PCR template. Internal primers specific to hygro, neo and wild type were used to
validate the recombination. The specificity of recombination event was checked with Hygro, Neo and LdGS (WT) gene specific internal primers. M: indicates the DNA
molecular size marker in kb. Lane 1: amplified product of P1+P4; Lane 2: amplified product of P3+P2; Lane 3: amplified product of P1+P6; Lane 4: amplified
product of P5+P2; Lane 5: amplified product of P1+P8 (5′UTR-LdGS sense and LdGS internal antisense primer); Lane 6: amplified product of P7+P2 LdGS internal
sense and 3′UTR-LdGS antisense primer; Lane 7: negative control without DNA template (IX) Genomic DNA from wild type promastigotes was used as a template
for PCR analysis with Hygro, Neo and LdGS gene specific primer. M: denotes 1 Kb DNA ladder. molecular size marker in kb. Lane 1: amplified product of P1+P4;
Lane 2: amplified product of P2+P3; Lane 3: amplified product of P1+P6 primer; Lane 4: amplified product of P2+P5; Lane 5: amplified product of P1+P8; Lane 6:
amplified product of P2+P7 primer (X) PCR analysis of add back null mutant parasites using genomic DNA. To validate the recombination event, primers specific to
hygro, neo, wild type and phleo were used., M: represents the DNA ladder. Lane 1-6: same set of primers in respective lane as represented in IX; Lane 7: amplified
product of phleo gene to show presence of episomal construct using primer set P9+P10. (B). RT-PCR of total cell RNA from genetically manipulated parasites. (I)
Expression analysis of LdGS mRNA in wild type (LdGS+/+), GS heterozygous (LdGS+/−), complementation mutant (LdGS+/−/+), null mutant (LdGS−/−), add-back null
mutant (LdGS−/−/+) and LdGS overexpressor (LdGS++/++) in L. donovani promastigotes using semi-quantitative reverse transcription PCR. Internal primer specific for
the gene were used.(lanes have been marked as ‘+’). The negative control reactions are marked as ‘−’. The product sizes of (~398 bp) is indicated. As an
endogenous control of L. donovani Actin gene was also amplified (1131bp). The bar graph shows the relative expression of GS using densitometric analysis of each
sample. The house keeping actin gene was the control. The expression of GS in wild type was consider as standard for data normalization. The significance
differences in expression are marked using asterisks. Two independent experiments were performed and the erroe bars show the mean ± SD value. (C) Analysis of
LdGS protein expression using immunoblots. (I) Lane M: prestained broad range marker (Bio-Rad); Equal amount of total cell proteins (100 mg) from Wild type (Lane
1), LdGS(+/−) (Lane 2), LdGS(+/−/+) (Lane 3); LdGS(−/−) (Lane 4); LdGS(−/−/+) (Lane 5) detected using anti-LdGS antibody. Alpha tubulin was used as loading control. (II)
A bar graph representing the densitometry analysis of the western blot is represented in (C) Data represents mean ± SD of two independent experiments. p values
of > 0.05 were considered statistically non significant and levels of statistical significance were as follows: *p ≤ 0.05, ***p ≤ 0.001 and ****p ≤ 0.0001.
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FIGURE 3 | Characterization of knockout strains. (A) Confirmation of LdGS gene knockout strains by enzyme activity. GS enzyme activity measured in total cell
lysate extracted from wild type and different GS mutant cell lines by inorganic phosphate (Pi) determination method, (B) Comparative Growth profile of wild type with
GS heterozygous promastigotes, LdGS(+/−), complementation, LdGS(+/−/+), Null LdGS(−/−) and LdGS(−/−/+) add back null mutant promastigotes, (C) Effect of GS gene
knockout on parasite infectivity. the percentage infectivity was analyzed for LdGS mutant cells compared to wild type promastigotes. The Data has been calculated
from three independent experiments and represented as mean± SD, (D) Effect of GS gene knockout on the infectivity of L. donovani amastigotes, in vivo: Burden of
parasite in spleen and liver of the infected BALB/c mice with different mutant strains of L. donovani Dd8, in vivo. Data are representative of Mean ± SE from three
independent experiments with 5 animals per group (*p < 0.002, **p < 0.001, ***p < 0.009, vs WT-infected control. (E) Leishmania-kDNA expression against the
normalized equal expression of Mf-GAPDH in spleens of LdGS(+/+)and LdGS(−/−) infected animals at day 15 and day 30, post infected. The densitometric
quantification was analyzed by Image Lab software and represented as mean ± SE from 3 animals per group. The differences in means among various groups were
considered significant as per the one-way analysis of variance using GraphPad Prism v 6.0 software. *p < 0.038 and **p < 0.032.
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Effect of GS in Parasite Cell Cycle
Regulation and Morphology
Propidium iodide (PI) was used to analyse the DNA content of
the cells. The resulting distribution of cells was analyzed by
FlowJo software to determine the percentage of cells in G0/G1, S
and G2/M phases of the cell cycle. Result suggested that parasites
synchronized in the G1/S cell cycle phase were able to proceed
through cell cycle, except null mutant but percentage of cells in
G2/M phases was less compared to wild type promastigotes.
LdGS(+/−) mutant showed ~1.25 fold less percentage of cells
whereas LdGS(+/−/+) mutant showed cell percentage in G2/M
phases almost similar to LdGS(+/+). LdGS(−/−) mutants were able
to complete cell division at a very slow rate and most of the cell
population (~70%) was stuck to G0/G1 phase with entry to S (~
6.1%) and G2/M phases (~17%) of the cell cycle at very low rate.
Null mutant showed ~2.1 fold decreased cell population
compared to wild type while add back null mutant showed
~1.31 fold decreased cell percentage as demonstrated by flow
cytometric analysis (Figure 4A I and II).

SEM analysis of LdGS(+/+) and LdGS(++/++) cells showed
normal parasite morphology. They had a longer flagellum. The
outline was slender and cell surface looked normal (Figure 4B).

Removal of LdGS Gene Increases the
Sensitivity of Parasite to Drug, Ultimately
Leading to Apoptotic or Necrotic
Cell Death
Data suggested increase in sensitivity of knockout cells to
standard drug. LdGS(++/++) showed ~1.3 fold increase in IC50

value of miltefosine (IC50:15.1 ± 0.17 µM) compared to LdGS(+/+)

cells (IC50:11.5 ± 0.70 µM). LdGS(−/−) mutants showed ~2.4 fold
decrease in IC50 value (IC50: 4.8 ± 0.21µM) compared to LdGS(+/+).
LdGS(−/−/+) mutant showed reduction in IC50 value (IC50: 5.6 ±
0.61 µM) comparable to GS heterozygous mutant (Figure 5A).
The data suggested that GS gene deletion is rendering
parasite sensitive to miltefosine and the effect is reversed
upon complementation with GS gene. We had tested other
antileishmanial drug (Amphotericin B) in our study. DKO and
the other knockout strains were not able to sustain the drug
selection pressure so further detailed study could not be carried
out (data not shown).

Percentage of early apoptotic cells were increased in LdGS(+/−)

mutant (27.5%) and LdGS(−/−/+) mutant cells (28.6%) upon
treatment with IC50 concentration of miltefosine compared to
wild type (9.42%) and complementation mutant (LdGS+/−/+)
cells (10.1%) in FACS analysis performed with Annexin V-
FITC and PI. LdGS(−/−) mutants undergo late apoptosis or
necrosis upon treatment with similar concentration of
miltefosine and the percentage of late apoptotic cells or
necrotic cells was found to be 26.5% (Figure 5B).
DISCUSSION

Extensive study of the metabolic pathways in L. donovani has
been done however the knowledge regarding the amino acid
metabolizing enzymes in Leishmania promastigotes and
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10116
amastigotes including regulation of the amino acid metabolism
throughout the course of infection of the host, is rudimentary. A
more detailed knowledge of amino acid metabolic network
including uptake, degradation and biosynthesis is quiet
essential to enrich our knowledge of Leishmania biology.
Exploring the kinetoplastid amino acid metabolism may open a
new array of therapeutic targets. One such amino acid metabolic
pathway enzyme which has been explored in Leishmania parasite
in this study is glutamine synthetase. It is a vital metabolic
enzyme facilitating many biochemical reactions. It exists in all
kingdoms of life including prokaryotes, extra thermophilic
archeons, fungi, protozoans, plants as well as in humans.

Previous reports from our lab had identified GS from
Leishmania and in silico analysis had provided structural
aspects of variations in host and parasite enzyme. The
biochemical and structural studies had pointed towards its
potential as antileishmanial drug target (Kumar et al., 2020).
The present study provides molecular and functional evidence
of the role of glutamine synthetase in growth and infectivity of
L. donovani and its essentiality for the parasites. Two strategies
were designed to study glutamine synthetase expression by
gene replacement and by episomal gene over expression. GS
Overexpression was confirmed by immunoblotting and enzyme
activity. Overexpression studies revealed increase in growth and
infective ability of the parasites. Confirmation of LdGS knockout
in transgenic strains at genomic level was done by PCR and
changes in LdGS expression at the transcriptional and
translational level was studied by RT-PCR, western blot and
enzyme activity. Null mutants were generated which could
survive only when exogenously supplied with glutamine. In
LdGS mutants, the parasite grows slowly and was less infective.
Here we show that glutamine limitation hinders the growth
of LdGS null mutant, but can be rescued by nutrient
supplementation under in vitro conditions. Our observations
further strengthens the fact that media composition is an
important parameter which influences the study of gene
knockout of metabolic pathway enzymes (Boitz et al., 2017).
There is no evidence till date that Leishmania can use host
L-glutamine (taken as dietary supplement) for their growth and
survivability, however it has been reported that carbon skeletons
of the amino acids, especially in promastigotes acts as an energy
source. In promastigotes more amino acid utilization is seen than
in amastigotes. Glutamine is synthesized using environmental
glutamate by interlinked pathway through glycosomal GMP
synthase, finally utilized for synthesis of trypanothione (Glew
et al., 1988; Subramanian and Sarkar, 2017).

The effect of GS gene deletion on in vitro infectivity of
monocyte differentiated macrophage was observed. Among GS
knockouts, heterozygous mutant parasite [(LdGS (+/−)] had
almost 56% reduction in infectivity while null mutant [(LdGS
(−/−)] showed ~93% of drastic reduction in infectivity to
macrophage as compared to wild type cells. On episomal
expression of GS gene in heterozygous mutants [(LdGS
(+/−/+)] parasite infectivity was restored almost comparable to
wild type. Unlike null mutant, GS add back null mutant [(LdGS
(−/−/+)] parasites showed less alteration in the growth pattern
and infectivity as compared to null mutants. Therefore, it may be
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said that the knockout parasite attempts to recover when
episomal complementation is done. However, complete
recovery is not seen. Residual LdGS activity of null mutant is
probably due to the fact that, apart from GS there are several
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11117
other ATP dependent enzymes in total cell lysate that catalyzes
dephosphorylation of ATP which results in formation of blue
color phosphomolybdate complex. GS first needs ATP to get
active catalytic confirmation which facilitates binding of
A

B

FIGURE 4 | Role of GS in parasite cell cycle and morphology. (A) (I) Analysis of DNA content in the wild type and Knockout L. donovani parasites after cell
synchronization. Fraction of cells in each phase are depicted using histograms. II. Bar graph showing the percentage of cells post synchronization and nutrient
supplementation in G0/G1, S and G2/M phases of the cell cycle for wild type and all GS mutant promastigote cell lines. Data represents the mean ± S.D from three
independent experiments compared to wild type. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 and ****p ≤ 0.0001. (B) Morphological alterations of GS mutant promastigotes
observed under SEM micrographs (i) SEM micrograph of wild type promastigotes (LdGS(+/+)) showing a slender and elongated structure with a healthy flagella, (ii) image
of LdGS(+/−) showing cell morphology almost similar to LdGS(+/+) but with shortened flagella, (iii) LdGS+/−/+) complementation mutant cellular morphology almost similar
to wild type, (iv) image of null mutant, LdGS(−/−) demonstrating a much altered morphology and a shorter flagella (v) add back null mutant, LdGS(−/−/+) show shrinking
morphological alteration (vi), LdGS(++/++) mutants show similar healthy appearance like LdGS(+/+) promastigotes and typically more elongated than LdGS(+/+) cells.
February 2021 | Volume 11 | Article 622266

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Kumar et al. Deletion of Glutamine Synthetase Gene From L. donovani
Glutamate that finally result in release of inorganic phosphate
and Glutamine. Glutamine has been known to modulate
immune response and play essential role for the control of
L. donovani infection to macrophages. The gene of glutamine
metabolism have been found to be upregulated in macrophages
infected by L. donovani, as revealed by transcriptomic analysis
(Ferreira et al., 2020). It is known that the protein expression
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12118
is more when the gene integration happens in the genome,
as compared to episomal addition. This data correlates with
previously reported result in case of T. cruzi where GS was
reported to be responsible for host-cell invasion establishment of
infection (Crispim et al., 2018). In T. cruzi, GS facilitates cellular
replication and infection to host cell by helping it escape
parasitophorous vacuole. This established the link between GS
A B

FIGURE 5 | Sensitivity of L. donovani glutamine synthetase knockout and overexpressing promastigote parasite to standard drug miltefosine. (A) Promastigote
growth in the presence of increasing concentration of miltefosine and IC50 value of miltefosine was calculated. Data represents the mean ± S.D. from three
independent experiments. *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001. (B) Mode of cell death due to action of standard drug in Leishmania GS knockout promastigotes.
The cells treated with IC50 of miltefosine and had been subjected to annexin V-FITC and propidium iodide (PI) staining prior to cell sorting The cells which had not
been miltefosine treated but had been dual stained were used as negative control. Flow cytometric data of wild type (LdGS+/+), GS heterozygous mutant (LdGS+/−),
complementation mutant (LdGS+/−/+), null mutant (LdGS−/−) and add back null mutant (LdGS−/−/+) treated with miltefosine followed by 24 h incubation.
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activity and how the parasite grows and establishes infection
inside host (Crispim et al., 2018). GS is involved in pathogenesis
of M. tuberculosis, S. typhimurium, S. suis, S. pneumoniae and S.
enterica (Klose and Mekalanos, 1997; Harth et al., 2000;
Hendriksen et al., 2008; Si et al., 2009; Aurass et al., 2018).
Also glnA-1 mutant strain of M. tuberculosis has less ability to
infect THP-1 cells (Tullius et al., 2003). Glutamine has been
found to regulate virulence gene expression responsible for
invasion of host cell by T. gondii and L. monocytogenes (Lee
et al., 2014; Haber et al., 2017). Similar result was obtained in in
vivo infection with knockout strains in mice. Parasite burden was
checked in spleen and liver of infected mice. However, low
parasitic burden in LdGS (+/−/+) mutant than LdGS (+/−)
mutant was observed. The parasites that overexpress LdGS are
more infective and grow better in vitro, but in vivo, mice infected
with parasites that overexpress the enzyme do not present
increased parasite load compared to animals infected with WT
parasites. The outcomes of infectivity, in vitro and in vivo may
vary due to the presence of different cytokine milieu that can
affect infection vividly. Active segregation of episomal vectors
does not take place and so, the daughter cells do not inherit equal
copy number of the constructs. All transfected parasites do not
have the same number of copies due to which their expression
varies from cell to cell. Therefore, if the copy number is too high,
it may be toxic to parasite. If the copy number is too low, it may
not be enough to complement gene deletion. Episomal vectors
lack active segregation mechanisms so possibly distribution
between daughter cells is not always equal. Furthermore, the
gene expression level from an episome cannot be controlled and
fluctuates among transfected parasites depending upon the copy
number of episome. Thus, the target protein expression may be
low and insufficient for rescue or too high and have deleterious
effects on parasite growth (Kushnir et al., 2011; Roberts, 2011).
Cell cycle experiment with synchronized cells shows that
glutamine is essential and is required for progression through
the restriction point in mid-to late G1 and through S phase into
cell division (G2/M). For cell cycle progress to mid to late G1,
glucose and glutamine both are essential. But only glutamine is
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13119
required for transition through S phase (Colombo et al., 2011).
Amino acid metabolism plays an important role in critical life
processes of parasites such as pathogens and resistance to stress
inside the host. In critical biological processes during the life
cycle of these parasites, such as the establishment of infection
within the mammalian and insect hosts, differentiation,
modulation of the cell cycle and resistance to extreme stress
conditions metabolism of amino acid play very important role
(Marchese et al., 2018). Morphological changes were observed in
GS mutant cells which can be inferred to the fact that either
LdGS maintains the cell morphology or mutating the gene
pushes the cells under biochemical and oxidative stress which
in turn affects the morphology.

GS knockout made L. donovani parasites more sensitive to
standard drug miltefosine andmode of cell death was evaluated by
annexin V-FITC/PI staining. Wild type parasites were unstained
whereas IC50 treated cells showed less population of early
apoptotic cells stained with annexin V-FITC (externalization of
phosphatidylserine). Assessment of flow cytometric data of null
mutants treated with similar drug concentration showed
significant population of cells undergoing late apoptosis or
necrosis which were stained by both annexin V and PI. GS null
mutant pre-treated with NAC (N -acetyl cysteine) showed
recovery of cells with a smaller number of both annexin V and
PI-stained cells indicating role of oxidative stress leading to
apoptotic signals (externalization of phosphatidylserine) in GS
null mutants compared to wild-type cells. Glutamine synthetase is
also essential for combating oxidative stress as the GS null
mutants upon miltefosine treatment were observed to have
higher sensitivity to miltefosine as compared to wild type cells.
Treatment time with miltefosine vary in case of both cell based
study and FACS data. It was 48 h in case of cell-based study while
in case of FACS based analysis cells were incubated with drug for
24 h. Incubating cells with drug for 48 h resulted in cellular
morphological alteration and large number of dead cells specially
in case of null mutants which made the comparative analysis of
data with different cell lines difficult. The hypothetical model of
miltefosine sensitivity of LdGS mutants is depicted in Figure 6.
FIGURE 6 | Hypothetical model explaining sensitivity of LdGS knockout strains to Miltefosine. Based on experimental results a model was proposed to understand
the link between GS expression and miltefosine sensitivity.
February 2021 | Volume 11 | Article 622266

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Kumar et al. Deletion of Glutamine Synthetase Gene From L. donovani
Overall findings of our data provide the role of GS gene
overexpression and deletion of alleles leading to alteration in the
growth pattern and infectivity of promastigotes. This work deals
with the impact of GS deletion of L. donovani on the survivability
and infectivity of the parasites, in vitro and in vivo conditions.
The GS null mutant parasites failed to grow in glutamine
deprived media and could survive only when maintained in
glutamine supplemented media, pointing towards the essential
role of this gene in Leishmania parasites. Hence, experimental
results indicate that LdGS is pivotal to cell survival and its
metabolic regulation. The above studies validate the conserved
glutamine synthetase as promising therapeutic target and can be
used for Leishmania specific designing of new drug candidates.
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Visceral leishmaniasis (VL) is a potentially deadly parasitic disease. In the Indian sub-
continent, VL is caused by Leishmania donovani and transmitted via the bite of an infected
Phlebotomus argentipes female sand fly, the only competent vector species in the region.
The highest disease burden is in the northern part of the Indian sub-continent, especially in
the state of Bihar. India, Bangladesh, and Nepal embarked on an initiative, coordinated by
World Health Organization, to eliminate VL as a public health problem by the year 2020.
The main goal is to reduce VL incidence below one case per 10,000 people through early
case-detection, prompt diagnosis and treatment, and reduction of transmission using
vector control measures. Indoor residual spraying, a major pillar of the elimination
program, is the only vector control strategy used by the government of India. Though
India is close to its VL elimination target, important aspects of vector bionomics and sand
fly transmission dynamics are yet to be determined. To achieve sustained elimination and
to prevent a resurgence of VL, knowledge gaps in vector biology and behavior, and the
constraints they may pose to current vector control methods, need to be addressed.
Herein, we discuss the successes and failures of previous and current vector-control
strategies implemented to combat kala-azar in Bihar, India, and identify gaps in our
understanding of vector transmission towards development of innovative tools to ensure
sustained vector control in the post-elimination period.

Keywords: visceral leishmaniasis, Kala-azar, Phlebotomus argentipes, vector control, Bihar, India, elimination
INTRODUCTION

Visceral leishmaniasis (VL) caused by two species of the protozoan parasite Leishmania,
L. donovani and L. infantum, is the most severe form of leishmaniasis. VL is transmitted by the
bite of an infected female phlebotomine sand fly. In the Indian sub-continent (ISC), L. donovani is
the causative agent and is transmitted exclusively by Phlebotomus argentipes; Phlebotomus papatasi,
the only other human-biting sand fly species present in the region, lacks vectorial capacity for
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L. donovani (Singh et al., 2013). The disease is characterized by
prolonged fever, anemia, and splenomegaly and nearly always
results in death if no treatment is provided (Burza et al., 2018;
WHO, 2020).

Elimination of VL in the ISC is considered possible because
the disease has no known animal reservoir (Singh et al., 2013),
and the only proven disease vector, Ph. argentipes, remains
susceptible to pyrethroid insecticides (WHO, 2005; WHO, 2012
;Chowdhury et al., 2016). In 2005, a collective VL elimination
framework supported by theWorld Health Organization (WHO)
was launched by the governments of India, Bangladesh, and
Nepal with an initial target date of 2015, later postponed to 2020
(WHO, 2005). The goal of the current program is “elimination as
a public health problem”, defined as maintaining incidence at the
block level of less than one VL case per 10,000 population per
year. This goal is not equivalent to “elimination” as the term is
used for polio, onchocerciasis, or dracunculiasis, for example.
Elimination in those programs is defined as cessation of
transmission in a region, such that interventions are no longer
needed after an end date defined by the transmission cycle of the
pathogen (Dowdle, 1998). By contrast, the current VL
elimination program in the ISC does not aim to stop
transmission entirely, only to keep VL incidence below a
publically accepted threshold; in the absence of interruption of
transmission, some interventions may be needed in perpetuity
(Lockwood et al., 2014).

In India, the VL program target was reached in 70% of
endemic blocks by 2015 (WHO, 2015). Nevertheless, VL
remains a major public health concern in 2020, particularly in
the impoverished states of Bihar and Jharkhand that account for
more than 90% of the Indian case load (Boelaert et al., 2009;
National Vector Borne Disease Control Programme, 2017;
National Vector Borne Disease Control Programme, 2020).
The pillars of the program include systematic surveillance,
early case-detection and effective treatment, and transmission
reduction through vector control (National Vector Borne
Disease Control Programme, 2017; Burza et al., 2018; WHO,
2020). Vector control in the ISC depends primarily on indoor
residual spraying (IRS) (WHO, 2005; WHO, 2012). This strategy
may not be sufficient, especially in India. Conventionally, Ph.
argentipes has been assumed to be almost exclusively endophilic
and endophagic (Chowdhury et al., 2016). However, recent
reports from Bihar highlight its exophilic and exophagic
behavior, suggesting that to be effective, vector control must
also encompass outdoor sand fly populations, especially in places
where many residents sleep outdoors (Poche et al., 2011; Poche
et al., 2012; Poche DM et al., 2017; Govil et al., 2018; Poche
et al., 2018b).

This review focuses on Bihar, India, its current vector control
practices, and major knowledge gaps in vector biology.
Understanding these gaps will be critical to achieve and sustain
the VL framework target. Additionally, we will discuss the
importance of developing epidemiological tools to assess the
efficiency of vector control strategies, to evaluate VL risk, and to
support outbreak management after the target incidence
is achieved.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2124
EFFICACY OF VECTOR CONTROL
EFFORTS IN BIHAR, INDIA

Indoor Residual Spraying
In the 1950s and 1960s, widespread blanket IRS using
Dichlorodiphenyltrichloroethane (DDT) was implemented as
the principle modality of the National Malaria Eradication
Programme in India. As a collateral benefit, IRS is thought to
have decreased sand fly populations and to have led to the near
disappearance of VL cases from Bihar state (Sanyal et al., 1979;
Thakur, 2007; Ostyn et al., 2008). After DDT spraying was halted
in 1964, an explosive resurgence in VL cases followed within a
decade (Sen Gupta, 1975; Sanyal et al., 1979). Epidemic cycles
comprising hundreds of thousands of VL cases occurred in the
late 1970s and early 1990s (Courtenay et al., 2017). In response to
the epidemic of the early 1990s, IRS with DDT (5%) was
implemented; although direct data are lacking, the subsequent
decline in VL cases was attributed to this intervention plus the
wider use of sodium stibogluconate (SSG) treatment (Thakur,
2007; Ostyn et al., 2008). In the early 2000s, the third epidemic
cycle since the end of the malaria eradication era began, with
annual reported VL cases rising from 12,000 in 2001 to 44,000 in
2007 (Alvar et al., 2012). When the VL resurgence was
recognized in the early 2000s, the same vector control strategy
was adopted. Unfortunately, by this time clinical resistance to
SSG had emerged (Sundar et al., 2000). From the above, it is
important to emphasize that low incidence periods of 15 to 20
years follow the natural cycle of epidemics and must be taken
into account when evaluating the impact of interventions
(Courtenay et al., 2017). Additionally, severe underreporting of
VL cases prior to the initiation of the elimination program
should also be considered when examining early VL incidence
data (Singh et al., 2006; Singh et al., 2010b).

Quality of insecticide application, household coverage and
sand fly susceptibility can all alter the effectiveness of IRS on
targeted vector populations. Several studies identified issues
which could decrease the effectiveness of vector control
practices in India. These include poor training of spray workers
in fundamental skills such as mixing of chemicals, and limited
coverage ranging from 12 to 63.9% at the household level during
spraying of active foci (Huda et al., 2011; Hasker et al., 2012). As a
result, DDT residue levels on walls varied from 66 to 90% of the
recommended concentration at the village level and varied from
9.1 to 330% at the house level (Chowdhury et al., 2011b).

Until 2015, DDT was the only insecticide used by the Indian
VL control program. Evidence of DDT resistance has been
mounting in India for decades (Mukhopadhyay et al., 1990;
Dhiman et al., 2003; Dinesh et al., 2010; Singh and Kumar,
2015). In one recent study conducted in three VL endemic
states in India, sand fly mortality rates ranged from 31 to 89%
(Singh et al., 2012). Beginning in 2015, the national program
began to shift from DDT to a synthetic pyrethroid (SP),
alphacypermethrin (5%) (Coleman et al., 2015). In 2015, both
SP and DDT were used; by 2016 all IRS utilized SP (Figure 1).

WHO guidelines recommend two spray rounds per year,
targeted to the two annual peaks of sand fly density
March 2021 | Volume 11 | Article 641632
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(WHO, 2010). This recommendation has been further refined to
time the rounds based on seasonal vector density data gathered
by the VL control program. Currently, timed to precede peak
vector densities, the first round of spraying is usually scheduled
from March to April, and the second round from August to
September. As of 2017, IRS is recommended inside all human
dwelling rooms, inside cattle sheds and walls of open verandahs
to cover all the rooms used for sleeping. In India, spraying is
targeted to villages that have reported at least one VL case in the
previous 3 years.

As part of the VL elimination program, a series of quality
improvements have been implemented or are planned. Modern
hand compression pumps (HCP) were introduced instead of
conventional stirrup pumps (Coleman et al., 2015; Kumar et al.,
2020). A systematic IRS monitoring program was initiated in
2014 to provide IRS household coverage data via regular sample
surveys. Estimated household coverage in targeted villages was
51% in 2014 and increased rapidly to 72% in 2015 and >80% in
all subsequent years (CARE-India, 2020). SP was discontinued in
2018 when insecticide quality was found to be below standards,
and was reintroduced in limited areas for the first round of 2019,
and in all areas from the second round of 2019 onwards. For
2020, the first round of SP-based IRS in Bihar state was
conducted during April–May where 5,842 villages were
sprayed in 33 districts. However, delays have resulted from the
COVID-19 pandemic in 2020. The pandemic has also affected
health services and had an adverse impact on case detection and
thus the reported VL incidence. These disruptions add to the
challenges of interpreting the impact of IRS on VL incidence.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3125
No formal large-scale evaluation of the impact of IRS on VL
incidence has ever been conducted in India, and data for IRS
program impact on entomological parameters showmixed results.
Some focal studies demonstrated a reduction in sand fly
populations 15 days after SP-IRS that was more pronounced
than with earlier DDT-based IRS (Kumar et al., 2020). Other,
more extensive evaluations failed to find substantial reductions in
sand fly density in sprayed compared to unsprayed villages (Poche
et al., 2018a). In surveillance data from Bihar, 82% of the reduction
in VL incidence from the peak of 2007 to 2018 was achieved by
2013, when IRS coverage was patchy and did not exceed 40% of
targeted households. Only 18% of the total reduction in incidence
was seen during 2013 to 2018, when IRS coverage more than
doubled to reach >80% of targeted households.

Other interventions, most crucially reservoir reduction
through earlier diagnosis and more effective treatment of both
VL and post-kala-azar dermal leishmaniasis (PKDL), were
implemented over the same period of time (Singh et al., 2016).
Notable changes included provision of rapid diagnostic tests and
newer treatment drugs at the primary health clinic level. SSG was
phased out and replaced by miltefosine between 2008 and 2012;
miltefosine was replaced by single dose liposomal amphotericin
B for VL treatment by the end of 2015 (Figure 1). After this date,
miltefosine was reserved for PKDL treatment. Moreover,
systematic active case detection was implemented starting in
2017, which substantially reduced the time from illness onset to
diagnosis and treatment (CARE-India, 2020).

Thus, current data leave a large degree of uncertainty
regarding the effectiveness of IRS as the sole vector control
FIGURE 1 | Association of indoor residual spray (IRS) coverage with visceral leishmaniasis (VL) case incidence in Bihar, 2007–2018. The incidence curve shows no
sign of ‘bending’ either with increased IRS coverage or with the introduction of synthetic pyrethroids (SP) and liposomal amphotericin B (LAmB). Miltefosine, first
introduced in 2008, replaced Sodium Stibogluconate as the first line of treatment by 2012. The transition from Miltefosine to LAmB began at the end of 2014 and
was completed by the end of 2015. Assessment of IRS coverage, expressed as a percentage (%) of targeted households (HH) sprayed during one round of
insecticide application, was conducted from 2014 onwards, through large-scale household surveys conducted by specially constituted measurement teams of CARE
India, independently of program implementers, after each round of IRS. IRS coverage before 2014 (lighter shaded columns) is extrapolated from available data at 30–
40%, and based on observations of all components of IRS operations during that period. R1 and R2 refer to the first and second rounds of spraying during the year.
Data sources: CARE India IRS coverage surveys; Kala-azar Management Information System (KAMIS), National Vector Borne Disease Control Program (NVBDCP).
March 2021 | Volume 11 | Article 641632

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Garlapati et al. Vector Control of Phlebotomus argentipes
strategy. An evidence-based strategy directed at long-term
control of VL cases and sand fly populations is needed to
improve the likelihood that VL incidence can be maintained at
the current low levels going forward.

Insecticide Treated Bed Nets
Insecticide treated nets (ITNs) combine the individual protection
of a bed net with the effect of an insecticide, and represent
another vector control measure to complement IRS (Joshi et al.,
2009). Long-lasting insecticide nets (LLINs) are a class of ITNs
with the insecticide incorporated into the material of the net by
the manufacturer. ITNs, including LLINs, have been shown to be
effective against malaria and cutaneous leishmaniasis in other
parts of the world (Wilson et al., 2014). However, in the only
controlled trial of LLINs in the ISC, no significant impact on
reduction of either VL incidence or vector density was
demonstrated. The KalaNet trial was a cluster randomized
controlled trial of LLINs conducted in India and Nepal (Picado
et al., 2010b). Only a 25% reduction in Ph. argentipes density was
reported for houses in intervention villages compared to controls
(Picado et al., 2010a). More importantly, there was no difference
in the rate of seroconversion over 24 months in residents of
intervention villages compared to those in control villages,
suggesting that LLINs were not sufficient to decrease the
incidence of infection in these communities. The authors
hypothesized that outdoor transmission might explain this
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4126
negative result (Picado et al., 2010b). In contrast, a study
conducted in Bangladesh reported a 66.5% reduction in VL
incidence after insecticide impregnation of existing bed nets
already in use by village inhabitants (Mondal et al., 2013).
Potential explanations for these discrepancies include
differences in study design and human behavior, and the
possibility that, due to DDT application in the face of falling
susceptibility, Ph. argentipes in India had become more exophilic
and exophagic (Figure 2) than the same species in Bangladesh,
where no systematic IRS occurred prior to 2012. In fact, sand fly
abundance in traps placed in vegetation and the outskirts of
endemic villages support the contention that Ph. argentipes in
Bihar are now exophilic (Poche et al., 2018b).

Other factors that may influence ITN effectiveness include
adherence to net use and sleeping location. Adherence was not
directly measured in either study. In a study in one of the most
endemic districts of Bihar, 95% of residents were said to sleep
outside during the warm months of the year (Perry et al., 2013).
By contrast, in an epidemiological study in the most highly
endemic sub-district of Bangladesh, fewer than 5% of
participants reported ever sleeping outdoors (Bern et al., 2005).
These factors may have influenced the observed differences but
have not been directly compared. Sleeping outdoors, however,
does not preclude the use of ITNs but may require certain
adaptations to promote their use, exemplified in some
distribution programs in Sudan (Ritmeijer et al., 2007). These
FIGURE 2 | Potential role of indoor residual spraying (IRS) in controlling transmission of visceral leishmaniasis by Phlebotomus argentipes sand flies. Arrows indicate
all possible scenarios of visceral leishmaniasis transmission taking into consideration the change in Ph. argentipes behavior from endophilic and endophagic to
exophilic and exophagic. The accepted peridomestic transmission cycle assumes that Phlebotomus argentipes has an endophagic-endophilic behavior (red-solid
lines); in this scenario indoor residual spraying is effective (green tick). Sand flies with an exophagic–endophilic behavior (orange-dotted lines) may rest inside the walls
of IRS-sprayed houses and cattle sheds after taking a blood meal outdoors; in this scenario IRS is also effective. Other suspected scenarios of sylvatic transmission
include a change in Ph. argentipes behavior from endophilic to exophilic, where a sand fly would rest outdoors after taking a blood meal indoors (endophagic–
exophilic:blue-dotted lines), or outdoors (exophagic–exophilic:green-solid lines); in these two scenarios IRS is not effective (red cross).
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data suggest that adaptation of the net and the bed frame may
improve ITN usage.

Environmental Modification
Environmental modification (EVM) comprises changes to the
home or surrounding environment by covering or filling in
cracks and crevices in walls and floors of the houses where
sand flies rest. Dwellings in VL-affected areas of India are
frequently made of mud, thatch and brick with or without
plaster, and have mud/earthen, brick, or cement floors (Perry
et al., 2013; Malaviya et al., 2014). Cracks and crevices are
prevalent in these structures and provide dark, humid refuges
for sand flies. Palpable dampness in the earthen floors of such
houses has also been shown to be associated with VL risk (Bern
et al., 2010). Most local houses are suited to habitation by Ph.
argentipes, but thatched homes with mud floors contain a higher
number of sand flies (Malaviya et al., 2014).

When compared to IRS and ITNs, data are limited for EVM
as a VL control modality. A study conducted in 15 homes in an
endemic village of Bihar used a mud and lime plaster mix to seal
cracks in homes and cattle enclosures reducing sand fly numbers
from 11.5 to 2.0 per man hour collections within a month of
sealing (Kumar et al., 1995). The study by Joshi et al. conducted
to compare the efficacy of IRS, ITNs and EVM in India, Nepal,
and Bangladesh also found an average decline in sand fly
abundance of 42% for all study sites observed over five months
after the walls of homes and cattle enclosures were plastered with
a mixture of mud and lime (Joshi et al., 2009). Interestingly,
another study in Bangladesh found no significant difference in
sand fly densities in treated compared to control sites when
crevices were filled with mud alone (Chowdhury et al., 2011a). It
was hypothesized that lime decreases sand fly populations due to
high pH or moisture-limiting properties, potentially inhibiting
indoor breeding of Ph. argentipes (Kumar et al., 1995; Joshi et al.,
2009). In Vaishali district, Bihar, EVM by cement plastering of
the walls of 300 houses from two villages showed a 60.2%
reduction in sand fly density when compared to the control
village (Dinesh et al., 2017).

The 2009 report by Joshi et al. is the only study which
compared village-wide use of IRS, LLINs, and EVM in India,
Nepal, and Bangladesh (Joshi et al., 2009). Overall, IRS,
LLINs, and EVM reduced sand fly density by 72.4, 42.0, and
43.7%, respectively, for at least 5 months irrespective of wall
materials or presence of cattle in the house. IRS was effective for
sand fly reduction in all three sites, whereas LLINs were only
effective in Bangladesh and India. Notably, in India, the LLIN
results in this study were contrary to those of the KalaNet trial
conducted around the same time period (Picado et al., 2010a),
and IRS was effective despite utilizing DDT. Lime plastering
resulted in a significant reduction of sand fly numbers in India
and one of two Nepali study sites (Joshi et al., 2009). This study
was conducted under research conditions in which incentives
were provided for participation in plastering, and where
community helpers visited weekly for inspection and
households treated with IRS were asked not to re-plaster
their walls. As such, some of these approaches may not be
applicable on a large scale by national vector control programs.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5127
EVM, IRS, and ITN generally target endophilic populations of
sand flies. Populations that are exophilic and reside in outdoor
enclosures and vegetation would remain a risk factor for VL
(Figure 2).
KNOWLEDGE GAPS UNDERPINNING
FAILURES IN VECTOR CONTROL
EFFORTS IN BIHAR, INDIA

Vector Biology of Ph. argentipes
Recently, major gaps have been exposed in our understanding of
Ph. argentipes sand fly bionomics and behavior that have
important implications for effectiveness of vector control tools
(Cameron et al., 2016). Ph. argentipes has traditionally been
considered a poor flier that mainly feeds and rests indoors, a
main factor in favoring IRS for the elimination of VL in the ISC
(Chowdhury et al., 2016). However, a series of studies of Bihari
villages have demonstrated that Ph. argentipes is more exophilic
and exophagic than previously believed (Poche et al., 2011; Poche
et al., 2012; Poche DM et al., 2017; Poche et al., 2018b). Ph.
argentipes sand flies, including blood fed females, were found in
higher numbers in peri-domestic and semi-sylvatic vegetation
niches such as banana plants and female palmyra palm trees than
in cattle sheds and dwellings and were collected from tree
canopies at 18.4 m high, contradicting the conventional belief
that they remain within 6 ft of the ground (Poche et al., 2011;
Poche et al., 2012; Poche DM et al., 2017; Poche et al., 2018b). The
high numbers of female sand flies consistently captured in banana
plants and female palmyra palm trees may be due to the sugar-
rich sap they produce (Poche et al., 2012; Poche DM et al., 2017;
Poche et al., 2018b). Moreover, despite the dogma that adult sand
flies seldom travel more than 100 m from their breeding site
(Dinesh et al., 2009), adult females travelled further than males
and were found up to 300m from their breeding sites (Poche et al.,
2011; Poche et al., 2012; Poche et al., 2018b). Of note, a recent
study found that Ph. sergenti, Ph. mongolensis, Ph. orientalis and
Lutzomyia longipalpis, major vectors of leishmaniasis from the
Old and NewWorld, preferentially feed on Cannabis sativa plants
(Abbasi et al., 2018). Cannabis sativa is abundant in VL endemic
villages in Bihar and yet its importance as a sugar source for Ph.
argentipes has not been investigated to date. Importantly, in these
Bihari villages, a high proportion of Ph. argentipes were found to
have fed on humans (41%), followed by cattle (20%), and a mix of
human–cow (17%), and human–buffalo (5%) blood (Garlapati
et al., 2012). Similarly, a large scale-study involving 24 villages
from Bihar state found that the majority of Ph. argentipes sand
flies fed on human (81%) and/or bovine blood (60%) (Poche et al.,
2018a). Altogether, these studies establish that Ph. argentipes sand
flies readily feed on humans and may be exophilic and even
exophagic. Clearly, these characteristics would diminish the
efficacy of interventions that target only endophilic sand fly
populations (Figure 2). Vector control tools targeting both
exophilic and endophilic sand fly populations are required, and
there is a need for in-depth studies to fully understand what
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factors account for this shift in behavior, and the extent to which it
is specific to Bihar (Cameron et al., 2016). In addition,
fundamental entomological investigations designed to establish
the longevity, feeding preferences, oviposition sites, and resting
behavior of Ph. argentipes are urgently indicated to inform an
evidence-based strategy for effective long-term vector control.

Reservoirs of L. donovani
In anthroponotic VL, humans form the infection reservoir. PDKL,
in particular, is considered the major interepidemic reservoir
because such patients can have skin lesions for years without
being systemically ill (Zijlstra et al., 2017). Recent studies of kala-
azar and PKDL patients confirm historical data on their
infectiousness (Molina et al., 2017; Mondal et al., 2019; Singh
et al., 2021). Overall, 55.3% of enrolled PKDL patients had a
positive direct xenodiagnosis result after sand flies fed on
patients’ lesions; the proportion was highest for those with
nodular lesions but macular PKDL patients also infected sand
flies at a substantial rate (Mondal et al., 2019). A mathematical
model that fitted data from CARE India and KalaNet studies of
endemic districts in Bihar, India, predicted that the VL elimination
campaign threshold would be met for India by 2020, but that low-
level disease transmission will still continue (Le Rutte et al., 2017).
The model assumes that, in addition to VL and PKDL patients,
asymptomatic carriers play a role in VL transmission, though with
a much lower rate of infectiousness (Le Rutte et al., 2017). Studies
that provide quantitative data needed to establish the potential of
asymptomatic individuals as reservoirs for parasite transmission to
vector populations are in progress (Singh et al., 2014; Tiwary et al.,
2017; Singh et al., 2021). Non-human reservoir hosts have been
sought but never proven to play a role in leishmanial transmission
in the ISC (Singh et al., 2020). The paucity of definitive studies adds
an extra challenge for the elimination program and highlights
the need to understand all potential scenarios of disease
transmission, particularly as VL incidence has fallen to
unprecedentedly low levels (Cameronet al., 2016; Singhet al., 2020).

Human Behavior
Human behavior affects the likelihood of exposure to sand flies
(Figure 2). In India, sleeping outdoors in the warm months is
extremely common, reported at 95% in one study (Perry et al.,
2013) and 50.1% in another (Govil et al., 2018). Some people
(usually adult men or boys) may sleep in the cattle shed with
their animals, potentially increasing sand fly exposure (Singh
et al., 2010a; Poche et al., 2011). However, the effect of cattle on
VL risk may be mixed, since their presence may increase vector
density but attract feeding sand flies away from humans (Bern
et al., 2010). Another behavioral habit that may be relevant to
vector-transmission of L. donovani by Ph. argentipes in India is
open defecation, which was associated with significantly elevated
risk of VL in a recent investigation in Bihar (Priyamvada et al.,
2021). Despite government campaigns to change it, open
defecation is still common in India, and represents one of the
highest rates in the world. In 2015–2016, the Demographic and
Health Survey estimated that 39% of Indians practice open
defecation (National Family Health Survey, 2017). Importantly,
it is frequently practiced in peridomestic vegetation at dawn and
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dusk when sand flies are most active (Dinesh et al., 2009). Such
behavior may also provide organic matter suitable for sand fly
breeding and could promote a semi-sylvatic transmission cycle
which would remain untouched by IRS.
INNOVATIVE TOOLS TO SUSTAIN
VECTOR CONTROL AFTER ACHIEVING
THE ELIMINATION TARGET

Better integrated vector control strategies and alternative tools
are clearly needed to sustain the elimination target threshold and
to control VL outbreaks.

Biomarkers of Vector Exposure
One of the major limitations to the evaluation of vector control
programs is having accurate estimates of the rates of human
exposure to sand fly bites to assess risk of disease transmission.
Currently, surveillance tools to estimate sand fly prevalence in
endemic areas are limited to indoor sand fly catches by aspiration
or light traps (Dinesh et al., 2008). However, these entomological
methods do not directly evaluate whether implemented vector
control strategies reduce human exposure to vector bites.

During a blood meal, sand flies deposit a repertoire of salivary
proteins into the host. Humans living in endemic areas are
constantly exposed to sand fly bites and elicit a strong
antibody response specific to sand fly salivary proteins
(Andrade and Teixeira, 2012). Importantly, multiple studies
have proposed sand fly salivary proteins as biomarkers of
human exposure to the bite of several Leishmania vectors
(Clements et al., 2010; Souza et al., 2010; Gidwani et al., 2011;
Marzouki et al., 2011; Marzouki et al., 2015; Mondragon-Shem
et al., 2015; Carvalho et al., 2017; Sumova et al., 2018).

The idea of a marker of exposure to Ph. argentipes bites was
first evaluated against total Ph. argentipes saliva pre- and post-
intervention in a cohort of people living in Bihar, India, and in
control households of the KalaNet trial in Nepal (Clements et al.,
2010; Gidwani et al., 2011). These studies revealed that Ph.
argentipes saliva contained immunogenic proteins that induce
a robust antibody response. Furthermore, anti-saliva antibodies
dropped 30 days after VL patients were maintained in a hospital
under supervised conditions, with no sand fly exposure, then
increased above baseline 6 months after leaving the hospital,
likely due to re-exposure to sand fly bites (Clements et al., 2010).
Similar observations by Gidwani et al. showed a drop of anti-
saliva antibodies at 12 and 24 months post-intervention when
compared to baseline values (Gidwani et al., 2011). These studies
suggest that persistence of antibodies to Ph. argentipes saliva
without further exposure is limited, and reinforces the usefulness
of this tool to monitor changes in vector-human contact over
time. However, significant cross-reactivity was observed against
saliva of Ph. papatasi, the other human-biting sand fly species
found in the area (Clements et al., 2010; Gidwani et al., 2011). In
addition, substantial variability between preparations, and labor
constraints, limit the usefulness of total saliva for large-scale field
applications. Finding immunodominant and species-specific
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recombinant sand fly salivary proteins can overcome these
limitations. Recombinant salivary proteins from other sand fly
species have been validated as good biomarkers to assess human-
vector exposure in leishmaniasis endemic areas (Souza et al.,
2010; Teixeira et al., 2010; Marzouki et al., 2012; Marzouki et al.,
2015; Carvalho et al., 2017; Sumova et al., 2018). Identification of
appropriate recombinant salivary proteins that function as
specific markers of exposure to Ph. argentipes will facilitate
reliable long-term assessment of the intensity of the human-
vector contact over time during the post-VL elimination era and
how it might correlate with the occurrence of disease outbreaks.
More studies are also needed to assess the persistence of Ph.
argentipes salivary antibodies under various conditions. A recent
study demonstrated the absence of a humoral response to sand
fly saliva in cold climate leishmaniasis-endemic areas with short
sand fly seasons (Oliveira et al., 2020). This indicates that
antibodies against vector saliva can be transient, and that their
durability is likely to be dependent on the level of exposure and
length of the sand fly season. As such, it will be informative for
vector control programs to study the fluctuation in levels of anti-
saliva antibodies throughout different seasons of L. donovani
transmission in India.

Biological Control of Ph. argentipes
Biological alternatives to insecticide spraying have been explored
for the control of vector-borne pathogens, either by suppressing
vector populations or by eliminating their capability to transmit
pathogens. Studies have recently linked gut microbiota to
survival of Leishmania in the sand fly midgut (Kelly et al.,
2017; Louradour et al., 2017). Moreover, mature infections
with Leishmania significantly reduced the diversity of gut
microbiota favoring the persistence of some bacterial families
over others (Kelly et al., 2017; Louradour et al., 2017). This opens
up the possibility that elimination of distinct microbiota
positively associated with parasite growth and development
may adversely affect vector competence. Another study
identified Bacillus megaterium and Brevibacterium linens as
non-pathogenic commensals in midgut microbiota of field-
collected Ph. argentipes (Hillesland et al., 2008). The authors
proposed a para-transgenic approach to adversely affect vector
competence of Ph. argentipes by transforming these bacteria to
express anti-leishmania molecules (Hillesland et al., 2008).
Further, Wolbachia, an intracellular symbiont bacterium that
has been previously used for effective control of mosquitoes
(Moreira et al., 2009; Walker et al., 2011; Caragata et al., 2016;
Dutra et al., 2016; O’Neill, 2018; Pereira et al., 2018), has been
recently reported from sand flies (Da Silva Goncalves et al., 2019;
Vivero et al., 2019). In-depth knowledge of the composition of
gut microbiota from field-collected Ph. argentipes sand flies, how
it varies by biotope and, most importantly, after infection by L.
donovani, is needed. Such studies would shed light on the
feasibility of designing new strategies and tools to prevent
disease transmission by manipulating vector competence.

Other Proposed Tools for Vector Control
Poche et al., published a series of papers on the effectiveness of
treating cattle with a systemic insecticide, fipronil, as an effective
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tool for control of sand fly populations (Poche et al., 2013; Poche
et al., 2020). In a controlled study, 100% mortality was observed
in both adult sand flies and larvae that fed on cattle treated orally
with one dose of 4 mg fipronil/kg, or their feces, respectively
(Poche et al., 2013). The same group then used a series of
simulations and showed that if 50% of sand flies fed on cattle
treated with fipronil over 12 months, the intervention would be
52–62% effective in reducing sand fly numbers (Poche et al.,
2020). This probability increased to 89–97% if the model also
assumed that more than 50% of sand flies also oviposited in feces
of treated cattle (Poche et al., 2020). Though promising, the use
of fipronil in cattle needs to be tested in a large-scale field study,
as it was only tested on a small number of animals per group in a
controlled environment (Poche et al., 2013). Moreover, potential
opposition by household members to frequent administration of
fipronil to their cattle may pose an additional barrier and
limitation to the wide application of this tool in the field. An
additional concern regards the potential for contamination of
milk used for human consumption. This aspect needs to be
thoroughly addressed prior to implementation of this control
strategy. Worth noting, this tool has been shown to be effective
against mosquitoes, so it may be possible to target both vectors
simultaneously (Fankhauser et al., 2015; Poche et al., 2015; Poche
RM et al., 2017).

Genetic strategies such as CRISPR-Cas have also been
proposed for manipulation of sand fly vectors, and could be
potentially applied for the generation and release of sterile males
in the field (Jeffries et al., 2018; Martin-Martin et al., 2018;
Louradour et al., 2019). However, low survival rates of embryos
after manipulation of eggs or adult females present challenges to
the use of this technology in sand flies.
CONCLUSION

Efforts to fill our knowledge gaps in vector biology are necessary.
Ideally, studies should integrate clinical data with entomological
data in longitudinal large-scale studies to establish the true
nature of L. donovani transmission; unfortunately, studies
frequently focus on one or the other. Moreover, entomological
studies should assess the density of Ph. argentipes sand flies in
nearby peri-domestic and semi-sylvatic vegetation as well as in
houses and cattle sheds to accurately assess the effect of
interventions on both endophilic and exophilic sand fly
populations. Additionally, geographic spatial analysis of the
distribution of VL cases, and structured questionnaires for
inhabitants of endemic villages, where sleeping and other social
and behavioral activities are taken into consideration, are
necessary to complement the entomological data. This would
address important questions regarding the importance of
outdoor populations of Ph. argentipes in transmission of
L. donovani, their contribution to indoor populations, and
their interaction with humans.

The initial assumptions on which the VL elimination
program is based need to be revisited. This includes the use of
IRS that solely targets indoor sand fly populations as the only
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implemented vector control tool. Additionally, studies
addressing all possible transmission cycle scenarios and the
human behavior that supports them will begin to overcome
what is at present a major limitation to the success of the
elimination campaign.
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Background: Visceral leishmaniasis (VL) is on the verge of being eliminated as a public
health problem in the Indian subcontinent. Although Post-kala-azar dermal leishmaniasis
(PKDL) is recognized as an important reservoir of transmission, we hypothesized that VL
patients co-infected with Human Immunodeficiency Virus (HIV) may also be important
reservoirs of sustained leishmania transmission. We therefore investigated to what extent
cases of PKDL or VL-HIV are associated with VL incidence at the village level in Bihar, India.

Methods: VL, VL-HIV, and PKDL case data from six districts within the highly VL-endemic
state of Bihar, India were collected through the Kala-Azar Management Information
System for the years 2014–2019. Multivariate analysis was done using negative
binomial regression controlling for year as a fixed effect and block (subdistrict) as a
random effect.

Findings: Presence of VL-HIV+ and PKDL cases were both associated with a more than
twofold increase in VL incidence at village level, with Incidence Rate Ratios (IRR) of 2.16
(95% CI 1.81–2.58) and 2.37 (95% CI 2.01–2.81) for VL-HIV+ and PKDL cases
respectively. A sensitivity analysis showed the strength of the association to be similar
in each of the six included subdistricts.

Conclusions: These findings indicate the importance of VL-HIV+ patients as infectious
reservoirs for Leishmania, and suggest that they represent a threat equivalent to PKDL
patients towards the VL elimination initiative on the Indian subcontinent, therefore
warranting a similar focus.

Keywords: visceral leishmaniasis, VL-HIV coinfection, post-kala-azar dermal leishmaniasis, transmission,
elimination, Indian subcontinent
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INTRODUCTION

Visceral Leishmaniasis (VL) - also called kala-azar (KA) - is a
potentially fatal parasitic disease. in the Indian subcontinent, the
vast majority of cases is caused by Leishmania donovani,
although also L. tropica has been isolated from VL cases in this
region (Khanra et al., 2012; Thakur et al., 2018). Fifteen years
after a Memorandum of Understanding was signed by the
governments of India, Nepal and Bangladesh committing to its
elimination as a public health problem, the goal is on the verge of
being achieved. However, with the regional incidence of VL
decreasing, understanding the role of potentially highly
infectious subgroups in maintaining refractory Leishmania
transmission is becoming increasingly important.

Post-kala-azar dermal leishmaniasis (PKDL) is a cutaneous
sequel that follows VL in an estimated 5%–10% of treated cases
in Asia, typically 1–3 years following completion of therapy (Zijlstra
et al., 2003; Zijlstra et al., 2017). Because patients with PKDL usually
do not have any symptoms other than painless skin lesions, a
minority of these patients actively seek medical care, while the
condition is often misdiagnosed as leprosy or vitiligo (Ramesh et al.,
2015; Zijlstra et al., 2017). PKDL, however, is infectious towards the
sand fly vector and, if left untreated, can remain symptomatic for
several years (Das et al., 2014; Garapati et al., 2018). Following the
near elimination of VL from the Indian subcontinent in the 1970s,
PKDL was suspected to have been the interepidemic reservoir
responsible for triggering a new VL outbreak years after the last
VL case had been reported in West Bengal (Addy and Nandy,
1992). As such PKDL is considered a largely hidden but persistent
reservoir of infection, and remains a major threat to the
sustainability of the elimination initiative.

In Bihar, the most endemic state for VL in India, an estimated
2%–7% of VL cases are co-infected with HIV (Directorate
National Vector Borne Disease Control Programme India,
2017; Mathur et al., 2006; Burza et al., 2014a), although this is
most likely an underestimation of the true burden (Akuffo et al.,
2018). Data from other settings in the Indian subcontinent are
limited, in part due to a lack of routine testing of HIV among VL
patients (Akuffo et al., 2018). VL patients co-infected with HIV
have been shown to be highly infectious towards sand flies
(Molina et al., 2003). HIV infection and leishmaniasis share an
immunopathological pathway that enhances replication of both
pathogens and accelerates the progression of both VL and HIV
(Tremblay et al., 1996; Alvar et al., 2008; Mock et al., 2012). A
concomitant HIV infection increases the risk of developing
active VL by between 100 and 2,320 times (World Health
Organization ; Lopez-Velez et al., 1998). Diagnosing VL in
HIV-co-infected patients also poses a major challenge, as VL
symptoms are less typical and existing diagnostic tools less
accurate (Singh, 2014). In addition, VL-HIV+ patients
experience a lower therapeutic success rate for VL, experience
greater drug related toxicity and relapse more frequently than
patients not infected with HIV (Alvar et al., 2008; Cota et al.,
2011; Burza et al., 2014b). With each new episode of VL
becoming increasingly difficult to treat (van Griensven et al.,
2014), these patients are likely to remain infectious Leishmania
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2135
reservoirs for prolonged periods of time. However, their exact
contribution to transmission of VL has yet to be determined.

We hypothesized that with the overall decrease in VL cases
reported in the Indian subcontinent, PKDL and VL-HIV+ cases
act as important reservoirs of Leishmania transmission. We
therefore investigated to what extent the presence of patients
with PKDL or VL-HIV is associated with VL incidence at the
village level in Bihar, India.
METHODS

Study Site
The state of Bihar is located in northern India and is
characterized by a very dense population of approximately 120
million, of which over a third live below the poverty line (The
World Bank, 2016). In 2019, Bihar reported 77% of all VL cases
in India (National Vector Borne Disease Control Programme I).
At the same time it carries the second highest number of new
HIV infections in the country, and is one of the seven Indian
states where reported AIDS related deaths continue to rise
(National AIDS Control Organization, India). Estimates of the
proportion of reported VL patients co-infected with HIV in
Bihar state are between 2% and 7%, although in districts where
reliable HIV screening was present up to 20% of adults diagnosed
with VL were HIV positive (Directorate National Vector Borne
Disease Control Programme India, 2017; Akuffo et al., 2018). Six
districts within Bihar state were selected for this study on the
basis of having the highest VL burden and being geographically
contiguous; Darbhanga, Muzaffarpur, Samastipur, Saran, Siwan,
and Vaishali (Figure 1).

Data Sources
Routinely collected program data – including the date of
diagnosis and the village of residence - on incident VL, PKDL,
and VL-HIV coinfected cases between January 2014 and
December 2019 were collected for the six selected districts.
These data were retrieved through the Kala-azar Management
Information System (KAMIS) – an online reporting tool
centralizing case reports of leishmaniasis from all VL endemic
states within India - with permission of the National Vector
Borne Disease Control Program (NVBDCP), India. Information
on causative Leishmania species was not available for
consideration in the analysis. The national 2011 population
census was used as a basis for the population size per village,
and adapted to a 2.5% population growth per year. A village level
spatial GIS dataset for these districts was made available through
the KalaCORE consortium.

Data Cleaning
The initial database included data on 7,886 patients. Double
entries – identified based on date of diagnosis, sex, age, and place
of residence - were removed from the database, as were patients
for whom the village of residence could not be matched with any
of the villages available through the census dataset. VL patients
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for whom no HIV test result was recorded (n = 2,287) were
assumed to be HIV negative. 2,357 villages with less than 1,000
inhabitants were attributed to the nearest larger village, using the
‘distance matrix’ module in Quantum Geographical Information
Systems (QGIS). One block (= subdistrict) with no reported cases of
VL during the study period was considered to be non-endemic for
leishmaniasis and was therefore excluded from the analysis. None of
the villages (agglomerates) with a population > 50,000 (n = 9)
reported any VL cases; they were therefore excluded from
further analysis.
Statistical Analysis
Data analysis was performed with Stata 14 [StataCorp, Texas,
USA]. In a first step we assessed whether VL incidence in a village
differed by the presence or absence of VL-HIV+ or PKDL cases.
For this we calculated the mean VL incidence in villages with
and without:

a. VL-HIV+ cases in the same year,
b. PKDL cases in the same year,
c. VL-HIV+ cases in the previous year, and
d. PKDL cases in the previous year, and compared both values

using Kruskal-Wallis test (non-normal distribution).

In a next step, we assessed to what extent presence of VL-HIV+
or PKDL cases was associated with VL incidence at village level, by
building a multivariate model using negative binomial regression.
The VL-HIV+ cases themselves were excluded from the outcome
variable (VL incidence). As PKDL can be both cause and effect of
VL, we evaluated PKDL in the previous year as a potential predictor
for VL incidence (instead of PKDL in the same year). Year of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3136
reporting and block (= subdistrict) were assessed as potential
confounders, block as random effect and year as fixed effect.

Ethical Considerations
Ethical clearance for this study was obtained from the Institutional
Review Board of the Institute of Tropical Medicine, Antwerp,
Belgium. The retrospective analysis of routinely collected
programme data was supported and approved by the National
Vector Borne Disease Control Programme (NVBDCP), Ministry of
Health and Family Welfare, India.
RESULTS

Descriptive Statistics
A total of 7,497 cases were included in the analysis; 6,515 cases of
VL, 397 cases of VL-HIV, and 585 cases of PKDL. 5.7% (397/
6,909) of all VL cases were co-infected with HIV at the time of
diagnosis. 37.8% (2,247/5,938) of the included villages reported ≥
1 case of VL during the study period; while 5.4% (322/5,938) and
7.3% (434/5,938) of the villages reported ≥ 1 VL-HIV+ case and
≥ 1 PKDL case respectively. Exact distribution of VL, VL-HIV+,
and PKDL cases per year and per district is graphically
represented in Figure 2; underlying numbers are available in
S1 Table and S2 Table.

Comparison of VL Incidence at Village
Level
The overall mean annual VL incidence of all villages between
2014 and 2019 was 0.59/10,000 population per year. The mean
annual VL incidence rate was significantly higher in villages with
FIGURE 1 | Geographical location of the six study districts within Bihar state, India.
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VL-HIV+ or PKDL cases present in the same or the previous
year (Table 1). Cumulative incidence per year and per district
can be found in S3 Table and S4 Table.

Developing the Negative Binomial Model
In the bivariate (unadjusted) analysis, both presence of VL-HIV
in the same year and presence of PKDL in the previous year were
found to be strong predictors for VL incidence at the village level,
with Incidence Rate Ratios (IRR) of 4.07 (95% CI 2.94–5.63) and
4.63 (95% CI 3.30–6.49) respectively. The year of reporting was
identified as a confounder.

A multivariate model was then built, with VL incidence as
outcome, and the presence of VL-HIV+ cases in the same year as
well as presence of PKDL cases in the previous year as predictors,
while controlling for year as a confounder and using block as a
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4137
random effect to adjust for contextual confounding. The model
was further explored by adding an interaction term for VL-HIV
(same year)*PKDL(previous year), but no interaction was found
to be present. Our final model can therefore be summarized as
follows: VL incidence ~ VL-HIV (same year) + PKDL (previous
year) + year + block(random effect). In summary, presence of
VL-HIV in the same year and of PKDL in the previous year both
remained strong predictors for VL incidence at village level, with
an adjusted IRR of 2.16 (95% CI 1.81–2.58) and 2.37 (95% CI
2.01–2.81) respectively. Results of the bivariate (unadjusted) and
multivariate (adjusted) negative binomial regression model can
be found in Table 2.

Sensitivity Analysis
A sensitivity analysis was done fitting the final multivariate
negative binomial model for each of the districts separately. As
shown in Figure 3, this consistently showed an increased VL
incidence in the presence of current VL-HIV+ cases or PKDL
cases in the previous year in all districts, though for PKDL this
difference was not significant in one district (underlying
numbers and confidence intervals are detailed in S5 Table).
DISCUSSION

This study suggests that presence of either VL-HIV or PKDL is
associated with a greater than twofold increase in VL incidence at
village level (IRR 2.16 and 2.37 for VL-HIV and PKDL
respectively). A similar effect of VL-HIV and PKDL was found
in all six districts; though not statistically significant in all,
demonstrating a consistent trend supports causality as an
explanation. The use of PKDL in the previous year (in contrast
to PKDL in the same year) as predictor for the outcome of VL,
further reinforces causality as an explanation. Although the case
for focus on PKDL identification and treatment is widely
accepted as an important strategy in achieving sustainable
elimination (Zijlstra et al., 2017), these findings indicate the
importance of VL-HIV+ patients as infectious reservoirs for
Leishmania, and that a lack of equivalent focus on this cohort
may represent a similar level of threat to the VL elimination
initiative in the Indian subcontinent.

This is the first study that attempts to quantify the impact of
VL-HIV+ patients on population-level transmission within
endemic areas. The main strength of this analysis is that our
model takes into account the chronological hierarchy between
VL and PKDL, excluding as a predictor the PKDL cases which
might have developed in a VL case reported earlier in the same
year, which would artificially have increased the association.

There are a number of limitations in this study. Routinely
collected programme data will likely be an underestimation of the
real disease burden, not only of VL but also of VL-HIV co-
infections and PKDL, the latter two of which are difficult to
identify. Despite active case finding and numerous information,
education and communication (IEC) initiatives implemented as
part of the elimination strategy, PKDL patients tend not to seek
medical care unless for cosmetic reasons, as they do not feel
FIGURE 2 | Number of VL, VL-HIV+, and PKDL cases reported per year and
per district.
TABLE 1 | Mean VL incidence per 10,000 population per year, comparing
villages with and without presence of VL-HIV+ or PKDL cases in the same or the
previous year.

Mean VL incidence/10,000/year on village
level

present (SD) absent (SD) p-value c2

VL-HIV in the same year 2.32 (5.70) 0.58 (2.77) 0.0001
PKDL in the same year 4.98 (9.98) 0.53 (2.54) 0.0001
VL-HIV in the previous year 1.70 (4.70) 0.68 (3.10) 0.0001
PKDL in the previous year 2.67 (5.68) 0.67 (3.07) 0.0001
The reported p-value was calculated using Kruskal Wallis chi square test (non-normal
distribution).
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unwell. Simultaneously, the recommendation for routine testing
for HIV of all patients diagnosed with VL in India was only made
in 2014, and has taken time to be implemented. Meanwhile, there
is no routine screening for VL in patients with HIV living in VL
endemic areas in India, despite national recommendations,
primarily because of the lack of tools to enable this (Directorate
National Vector Borne Disease Control Programme India, 2017).
Information on the causative Leishmania species was not
available for the included patients. Although the vast majority
of VL patients are assumed to be caused by L. donovani on the
Indian subcontinent, L. tropica has also been isolated from VL
patients in the northeast of India (Khanra et al., 2012; Thakur
et al., 2018). It is yet unknown to what extent potential presence of
different causative Leishmania species in the included patients
might have influenced our findings.

Additionally, in the analysis, VL patients for whom no HIV test
result was recorded were assumed to be HIV negative. Zero
reporting of results in health care surveillance systems remains
uncommon, so although this assumption will most likely be correct
for most of the patients, some VL cases may have been incorrectly
considered as HIV negative, which might have led to either over- or
underestimation of the association.

Several published xenodiagnosis studies - in which a vector
was allowed to feed on a host in order to verify whether or not
they get infected - have shown both PKDL and VL-HIV+
patients to be infectious toward the sand fly vector. A recent
study from Bangladesh showed that PKDL (caused by L.
donovani) is only slightly less infectious than VL, with 57% of
PKDL patients infecting at least one sand fly compared to 67% of
VL patients (Mondal et al., 2019). Through the same technique,
patients with VL-HIV have also been shown to be highly
infectious, with even asymptomatic cases infecting vectors,
albeit with a different Leishmania species (L. infantum) and in
a different context (Ferreira et al., 2018). However no such study
on VL-HIV+ pat i ents has been publ i shed in the
Indian subcontinent.

Evidence on the relative contributions of PKDL and VL-HIV
to the transmission of Leishmania is still evolving. While a 2016
longitudinal study from India reported no evidence of increased
transmission in households with PKDL patients over an 18-
month follow-up period compared to control households (Das
et al., 2016), mathematical modeling suggests an increasingly
important role for PKDL in the years to come (Le Rutte et al.,
2019). VL-HIV+ cases on the other hand are traditionally not
included in mathematical models, and the results of this study
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5138
suggest that this be an important area of consideration for modelers.
While the necessity to include PKDL in the elimination efforts has
by now been widely accepted, this study suggests that the VL-HIV+
reservoir warrants an equivalent focus in operational strategies if
sustainable elimination is to be achieved. The results of this study
would a-priori also support the recent recommendation of the use
of long lasting insecticidal nets in patients diagnosed with PKDL
and VL-HIV from the 7th WHO-SEARO Regional Technical
Advisory Group for Kala Azar.

There remain major gaps in the diagnosis and management of
both PKDL and VL-HIV+ patients in the Indian subcontinent.
PKDL remains for the most part a clinical diagnosis, with the
potential for mis-identification and missed treatment remaining a
major issue. Meanwhile, treatment of PKDL remains challenging,
with a 12-week course of oral Miltefosine, a teratogenic oral drug
with poor compliance and significant side effects, being the only
currently recommended treatment (Pijpers et al., 2019).
Meanwhile, there remains little evidence on the sensitivity or
specificity of existing non-invasive tests for VL in HIV positive
patients, and considering the case definition of VL remains the
same for co-infected and immunocompetent patients, it is likely
that a substantial number of co-infected patients are missed. In
addition, management of co-infected patients remains fraught
with challenges (Cota et al., 2013; Akuffo et al., 2018). New tools
and strategies are urgently required to improve case detection and
FIGURE 3 | Tornado chart graphically representing the results of the
sensitivity analysis of the final model for the different districts. On the
horizontal axis, the adjusted Incidence Rate Ratio is displayed for VL-HIV in
the same year and PKDL in the previous year respectively.
TABLE 2 | Results of bivariate (crude) and multivariate (adjusted) analysis using negative binomial regression.

Crude Adjusted

IRR 95% CI P-value IRR 95% CI P-value

Presence of VL-HIV in the same village in the same year No Ref. Ref.
Yes 4.07 (2.94–5.63) <0.001 2.16 (1.81–2.58) <0.001

Presence of PKDL in the same village in the previous year No Ref. Ref.
Yes 4.63 (3.30–6.49) <0.001 2.37 (2.01–2.81) <0.001

Interaction term VL-HIV(same year)*PKDL(previous year) NA 0.795
M
arch 2021 |
 Volume 11 | Article
Incidence rate ratios (IRR) for VL are presented, including 95% confidence intervals (95% CI) and p-values. Statistically significant associations (p-values < 0.05) are highlighted in bold.
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management of both entities to reduce their infectious potential
towards sand flies. This will both improve the chances, and
indeed capitalize on the substantial investment, of sustainable
elimination in the subcontinent.
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Institute of Medical Sciences, Banaras Hindu University, Varanasi, India, 4 Department of Biomedical Sciences, Institute of
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Background: In the endgame of the elimination initiative of visceral leishmaniasis (VL) on
the Indian subcontinent, one of the main questions remaining is whether asymptomatically
infected individuals also contribute to transmission. We piloted a minimally invasive
microbiopsy device that could help answer this question. While the potential of this
device has been previously illustrated in Ethiopia, no such information is available for the
setting of the Indian subcontinent. In this proof of concept study we aimed to assess 1) to
what extent skin parasite load obtained with the new microbiopsy device correlates with
disease status, 2) to what extent skin parasite load correlates with blood parasite load in
the same subject, and 3) to what extent the skin parasite load obtained from different
sampling sites on the body correlates with one another.

Methods: We performed a pilot study in Bihar, India, including 29 VL patients, 28 PKDL
patients, 94 asymptomatically infected individuals, 22 endemic controls (EC), and 28 non-
endemic controls (NEC). Presence of infection with L. donovani in the blood was assessed
using Direct Agglutination Test, rK39 ELISA, Whole Blood Analysis measuring IFN-g and
qPCR. A skin sample was collected with the microbiopsy device on two different locations
on the body. PKDL patients provided a third skin sample from the edge of a PKDL lesion.
Parasite load in the skin was measured by qPCR.

Findings: We found a clear correlation between the skin parasite load obtained with the
microbiopsy device and disease status, with both higher skin parasite loads and higher
proportions of positive skin samples in VL and PKDL patients compared to
asymptomatics, EC, and NEC. No clear correlation between skin parasite load and
blood parasite load was found, but a moderate correlation was present between the skin
parasite load in arm and neck samples. In addition, we found four positive skin samples
among asymptomatic individuals, and 85% of PKDL lesions tested positive using this
microbiopsy device.
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Conclusions: In line with previous pilot studies, our results from an Indian setting suggest
that the microbiopsy device provides a promising tool to measure skin parasite load, and –

if validated by xenodiagnosis studies – could facilitate much needed larger scale studies
on infectiousness of human subgroups. In addition, we advocate further evaluation of this
device as a diagnostic tool for PKDL.
Keywords: Leishmaniasis, skin parasites, infectiousness, innovative tools, India, proof of concept study
INTRODUCTION

Visceral Leishmaniasis (VL), caused by the parasite Leishmania
donovani, is a Neglected Tropical Disease which is currently on
the verge of being eliminated as a public health problem (target
annual incidence <1/10,000 population on (sub-)district level) in
the Indian subcontinent (World Health Organization ROfS-EA,
2005). In this endgame, however, new challenges arise, the main
question being whether elimination of transmission – in contrast
to elimination of the disease - in the region is technically feasible.

One of the main issues remaining is whether asymptomatically
infected individuals contribute to the spreading of this disease.
Asymptomatically infected individuals are those with positive
immunological or parasitological markers of L. donovani while
not showing any signs or symptoms of VL. The currently available
tools, however, do not allow large scale studies on this topic. The
golden standard for assessing infectiousness is xenodiagnosis, in
which laboratory-bred sand flies feed upon a suspectedly infected
individual and are examined for infection some hours to days
later. This is a very cumbersome method, with major practical,
budgetary and ethical constraints that limit its use in humans to
small scale, highly controlled laboratory studies (Singh et al.,
2020a). Therefore parasite load in the blood, measured by
qPCR, is often used as a proxy for infectiousness in humans.
Several studies, however, suggest that skin parasite load is a better
proxy for infectiousness to sand flies than blood parasite load
(Courtenay et al., 2014; Doehl et al., 2017). This is not unexpected,
because sand flies are telmophages, meaning they feed on blood
pools they create by lacerating the sskin. Normal skin biopsies,
however, are too painful and ethically unacceptable to be used on
a large scale to survey asymptomatic individuals.

Recently, Lin et al. developed a microbiopsy (MB) device that
may provide an alternative for a standard skin biopsy (Lin et al.,
2013). This device takes minimally invasive and virtually painless
skin samples that mimic the amount and the composition of the
tissue ingested by a sand fly. Two studies performed in Ethiopia
have illustrated the potential of this MB tool to take up
Leishmania DNA (L. ethiopica and L. donovani) in both
patients and a part of asymptomatically infected individuals
(Kirstein et al., 2017; Churiso et al., 2020). We set out to pilot
this microbiopsy device in an Indian setting. In this proof of
concept (phase 1) study, we aimed to evaluate this new
diagnostic tool on different population subsets based on disease
status and compare the outcomes of the parasite skin load as
measured with this MB device with parasitemia as measured with
standard molecular tools. The objectives of this study were to
assess 1) to what extent skin parasite load obtained with the new
gy | www.frontiersin.org 2142
microbiopsy device correlates with disease status (symptomatic
versus asymptomatic, PKDL and non-endemic subjects), 2) to
what extent skin parasite load correlates with blood parasite load
in the same subject, and 3) to what extent the skin parasite loads
obtained from different sampling sites on the body correlate with
one another.
MATERIALS AND METHODS

Study Site and Participants
Recruitment of participants took place between August 2018 and
January 2019. VL and PKDL patients were recruited at the Kala-
Azar Medical Research Center (KAMRC) in Muzaffarpur, Bihar,
India. VL and PKDL diagnosis were confirmed as per hospital
guidelines, using clinical presentation in combination with a
positive rK39 Rapid Diagnostic Test (RDT) for VL, and clinical
presentation in combination with either microscopy or PCR on a
skin slit smear for the diagnosis of PKDL. All patients were tested
for HIV, and VL-HIV coinfected patients were excluded from
this study.

A blood sample was taken from residents of highly endemic
VL villages within Bihar state, and tested for signs of infection,
using rK39 ELISA, Direct Agglutination Test (DAT), Whole
Blood Analysis (WBA), and qPCR (details on all tests are
provided below). Individuals positive on any of these tests were
categorized as asymptomatically infected with L. donovani. In
absence of any positive test, individuals were categorized as
endemic controls.

Students residing at Banaras Hindu University (BHU) in
Varanasi, Uttar Pradesh, India, were approached as potential
non-endemic controls. They provided a 5 ml blood sample to
be tested for L. donovani infection (using the same four tests,
namely rK39 ELISA, DAT, WBA, and qPCR), and were excluded
in case of any positive finding. Additional exclusion criteria for
non-endemic controls were a) any episode of fever in the last
month, b) skin lesions resembling PKDL, c) previous episode of
VL or PKDL in the participant or a household member, and d)
overnight stay in the last six months in a VL endemic area.

Skin samples were taken from all participants from two
different sampling sites which are considered to be among the
preferred spots for sand fly bites; the lower arm and the nape of
the neck. For PKDL patients one additional sample was taken
from the edge of one of the PKDL lesions. The time interval in
between blood and skin sampling was no more than 14 days (for
DAT and rK39 ELISA), 2 months (for WBA), and 1 h (for
March 2021 | Volume 11 | Article 645121
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qPCR). Laboratory results were entered on pre-printed paper
sheets, using barcodes to ensure participant protection during
analysis. Data underwent double data entry in an Access
database at BHU. Data analysis and graphical presentation was
performed with R Studio version 3.6.2.

Microbiopsy Devices and Skin Sampling
The microbiopsy device (MB) used was a single use prototype
device [Trajan Scientific and Medical, Ringwood, Australia,
described by Lin et al. (2013)]. It was developed to mimic the
bite of a sand fly, penetrating the skin to the level of the dermis
(200 µm) and taking up both blood and skin tissue. The tip of the
device consists of two pointed outer plates and a central
bifurcated one, creating a chamber volumetric size of 0.003
mm3 for sampling.

The skin of the participant was disinfected with 70% alcohol,
after which the spring-loaded tip of the sampling device was
released, while continuously pressing it against the skin for 30 s.
Presence of blood was confirmed by the eye to ensure that a
sample was taken. If blood was present, the microblade
containing the sample was removed from the spring device
with a sterile forceps, and stored in a dry sterile tube at −80°C
until further analysis. All samples from symptomatic cases were
taken prior to receiving any treatment.

Laboratory Tests
Leishmania Infection in Blood
For the detection of antibodies against L. donovani we used DAT
and rK39 ELISA. DAT was carried out using a kit from the
Institute of Tropical Medicine, Antwerp, as described elsewhere
(Jacquet et al., 2006). A cut-off titer ≥ 1:1,600 was used to define
infection (Hasker et al., 2013). rK39 ELISA was performed as
described previously, using the same cut-off titer of ≥ 14
percentage point positivity (pp) to define a positive test as
identified in the paper of Hasker et al. (mean value for a
healthy non-endemic control plus three standard deviations)
(Hasker et al., 2013). Whole Blood Analysis (WBA) was
performed as described elsewhere (Singh et al., 2021). In short,
antigen-specific IFN-g levels produced in response to soluble
Leishmania antigen (SLA) stimulation were determined by
subtracting background levels measured in the non-stimulated
samples. The result was considered positive when the IFN-g
concentration in the antigen wells was 52.28 pg/ml or higher
(Singh et al., 2021).

Parasite Load in Blood
Blood samples for determining parasite load in the blood
(through qPCR) were taken within 1 h of the skin samples to
assure maximum correlation in time with the parasite load in the
skin samples. DNA was extracted using the QIAamp DNA blood
mini kit according to the instructions of the manufacturer (www.
qiagen.com). DNA samples were eluted in 80 µl of AE elution
buffer. Leishmania kinetoplast minicircle DNA was amplified by
the TaqMan-based qPCR assay. It was conducted in duplicate in
a final 20 µl volume comprising of 10 µl TaqMan® Universal
Master Mix II with UNG (Applied Biosystems, Carlsbad, CA,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3143
USA), 4 µl DNA template, 0.1 mg/ml of Acetylated BSA (AcBSA-
Promega), 0.6 µM of each primer, and 0.4 µM of FAM labeled
probe (Integrated DNA Technologies, Coralville, IA, USA) from
Mary et al. (2004). PCR and cycling conditions were 2 min at 50°
C for UNG incubation and 10 min at 95°C and 40 cycles at 95°C
for 15 s and 60°C for 1 min. The DNA was quantified by
comparison to a standard curve derived from a microscopically
quantified promastigote culture (L. donovani LEM 138), ranging
from 1,000 down to 0.01 parasite genomes per PCR, in steps of
10. The limit of the linear dynamic range was 3.75 PGE per ml
blood, whereby 1 PGE (parasite genome equivalent) corresponds
to the amount of kDNA minicircles in a single parasite.
Quantifying PGE/ml was only possible when surpassing the
threshold of the linear dynamic range; values below this
threshold were scored the average value of the unquantifiable
range (1.875 PGE/ml) for further analysis, or 0 PGE/ml if no
PCR amplicon was detected. The cut-off value for defining
positivity was set at 37.5 PGE/ml blood, corresponding to one
PGE per PCR, and was higher than the maximum value in any
technical (no-template) control in order to avoid false positives.
Parasite Load in Skin
DNA was extracted from the microblades (MB) using the
QIAamp DNA micro kit in accordance with the manufacturer’s
instructions (www.qiagen.com). Per MB, 1 µg carrier RNA was
added, and DNA was eluted in 20 µl buffer AE, both provided by
the manufacturer as part of the kit. Amplification and
quantification of Leishmania kDNA minicircles was performed
on the same way as described for blood samples. The cut-off value
to define positivity was set at one PGE per PCR, corresponding to
5 PGE per MB. This cut-off was higher than the maximum value
in any technical negative (no-template) control in order to avoid
false positives. Quantification was possible only down to 0.5
PGE/MB (limit of the linear dynamic range); values below this
threshold (< 0.5 PGE/MB) were scored the average value of the
unquantifiable range (0.25 PGE/MB), or negative when no PCR
amplicon was detected.

To evaluate the quantity of human DNA in all samples,
amplification of the RNase P gene (Applied Biosystems,
Catalogue number: 4403326) was used as an internal reference
of genomic human DNA. Four microliters of extracted DNA was
added to 20 ml of PCR mastermix and amplification was
performed on the same ABI 7500 Real-Time PCR machine
[Applied Biosystems (ABI), Carlsbad, CA, USA]. Quantification
of the RNase P gene copies present in each sample was achieved
by comparing the observed threshold cyclic (Ct) of the sample to
the Ct values of the standard curve with known concentrations of
human DNA, Promega (Catalogue number: G3041/G304A).

Data Analysis
Skin and blood parasite loads were summarized by median and
interquartile range (IQR). Proportions of positive samples were
compared using a chi-square test. Results were summarized per
disease status and per skin sampling location (arm, neck, and
lesion). Parasite burden in skin samples per disease category were
graphically represented using boxplots. Differences in parasite
March 2021 | Volume 11 | Article 645121
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load between different disease groups were assessed using the
Mann-Whitney U test. The correlation between skin parasite
load and blood parasite load was graphically represented by
scatter plots and quantified by (non-parametric) Kendall tau’s
correlation coefficient, using the average skin parasite load (of all
two or three available skin samples per individual). For the
calculation of the chance corrected agreement (kappa index)
between presence of parasite DNA in skin and blood, a person
was considered positive for skin parasites if at least one skin sample
was positive. The correlation between the parasite load of skin
samples from different skin sampling sites was presented by scatter
plots and Kendall tau’s correlation coefficient, and chance corrected
agreement was calculated using kappa index. Jitter method,
allowing minimal freedom to the results, was used in all scatter
plots, in order to optimize visualization of overlapping points.

Ethical Considerations
Ethical approval for all study procedures was obtained both in
Belgium (from the Institutional Review Board of the Institute of
Tropical Medicine, Antwerp, and from the Ethics Committee of
the Antwerp University hospital) and in India (from the
Institutional Review Board of Banaras Hindu University).
Informed consent was obtained from all participants before
inclusion. Children (<18 years) were excluded from this study.
RESULTS

Participant Characteristics
A total of 201 participants were included in this study; 29 VL
patients, 28 PKDL patients, 94 asymptomatically infected
individuals, 22 endemic controls, and 28 non-endemic
controls. Median age of participants was 36 years (IQR 26–48),
with 58% (116/201) of participants being male. Median age was
significantly higher among asymptomatically infected
individuals and significantly lower in non-endemic controls
compared to the other groups. Sixty-one percent (17/28) of
PKDL patients had nodular PKDL, 39% (11/28) had the
macular form. Main characteristics of participants are shown
in Table 1.
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Correlation Between Skin Parasite Load
and Disease Category
Four skin samples in which no human DNA was found were
excluded from analysis as this suggested that no DNAwas isolated.
A total of 422 skin samples were included for analysis; 197 arm
samples, 199 neck samples, and 26 samples from a PKDL lesion.
Overall, the skin parasite load found in VL and PKDL patients was
significantly higher than in asymptomatics, EC and NEC. Figure 1
illustrates the skin parasite load found per sampling site and
disease status. The mean skin parasite load per disease status and
the skin parasite load of the sample with the highest parasite load
TABLE 1 | Summary of demographic characteristics and blood test results of the included participants per disease category.

VL PKDL Asymptomatics EC NEC

Demographic characteristics
Prop. Males 59% (17/29) 75% (21/28) 41% (39/94) 50% (11/22) 100% (28/28)
Median age (years)
(IQR)

35
(21–45)

33
(30–45)

40
(30–55)

32
(24–46)

28
(22–34)

Blood results
DAT positive (%) – – 69% (65/94) 0% (0/22) 0% (0/28)
ELISA positive (%) – – 88% (83/94) 0% (0/22) 0% (0/28)
WBA (%) 69% (20/29) 61% (14/23) 53% (50/94) 0% (0/22) 0% (0/28)
Blood qPCR positive (%) 76% (22/29) 0% (0/28) 0% (0/88) 0% (0/22) 0% (0/28)
Median blood parasite load in PGE/ml (IQR) 594.00

(154.0–4,180.00)
<3.75

(0.00 –<3.75)
0.00

(0.00–0.00)
0.00

(0.00–0.00)
0.00

(0.00–0.00)
Total participants 29 28 94 22 28
March 2
021 | Volume 11 |
PGE, Parasite Genome Equivalent; IQR, interquartile range; EC, endemic controls; NEC, non-endemic controls.
FIGURE 1 | Boxplot of the parasite load of each skin sample [log10(PGE/MB
+1)] per disease status. The body of the boxplot represents the median and
IQR; whiskers reach 1.5× IQR. PGE = Parasite Genome Equivalent. MB,
microbiopsy device; IQR, interquartile range; AS, asymptomatic individuals.
The red dotted line represents the cut-off value to identify positive skin
samples. The red dotted line defines the lower limit of the linear dynamic
range (values above zero but below this line cannot be quantified).
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per disease status can be found in Supplementary Figures 1 and 2.
55% of VL patients and 86% of PKDL patients had at least one
positive skin sample, while none of the endemic or non-endemic
controls had any skin sample positive (Table 2). Interestingly, four
skin samples from three different asymptomatic individuals were
positive. These individuals were contacted two years after
sampling had been carried out, but had not developed
symptoms of VL by then. Characteristics of these three
asymptomatic individuals are provided in Supplementary Table
1. The parasite load on the PKDL lesion was significantly higher in
patients with nodular PKDL (median 1645 PGE/MB, IQR 667–
8348 PGE/MB) than in those with macular PKDL (median 26
PGE/MB, IQR 6–56 PGE/MB), but no such difference was found
between arm and neck samples.
Correlation Between Skin Parasite Load
and Blood Parasite Load
A weak positive correlation was found between blood and
(mean) skin parasite load, with a correlation coefficient of 0.41
(Supplementary Figure 3) (graphical presentation of correlation
using the skin sample with the highest skin parasite load can be
found in Supplementary Figure 4). Figure 2 illustrates the
correlation between blood and skin parasite load for the
different sampling sites on the skin. The correlation between
blood and skin parasite load was higher for arm and neck
samples than for lesion samples (Kendall tau t = 0.38, 0.36,
and 0.23 respectively).

Similarly, chance corrected agreement between blood and
skin parasite load was low, with a kappa index of 0.30 (p<0.001)
as illustrated in Table 3. Agreement between blood and skin was
higher for neck samples (k=0.40; p<0.001) than for arm samples
(k = 0.21; p = 0.004), though remained low for both. No
agreement was found between blood and lesion samples (all
blood samples from PKDL patients were negative).
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Correlation Between Different Skin Samples
As illustrated in Figure 3, parasite loads in arm and neck samples
were moderately correlated (Kendall tau t = 0.51; p-value <0.001),
with similar proportions of positive results in both (11.2% (22/197)
versus 12.6% (25/199) respectively). Also on a binary scale (positive
versus negative), chance corrected agreement between arm and
TABLE 2 | Summary results of skin samples obtained per disease category.

VL PKDL Asymptomatics EC NEC

Skin results
Median (IQR)
Parasite load in arm samples 1.08

(<0.5–9.75)
3.48

(<0.5–50.33)
<0.5

(0.00–<0.5)
0.00

(0.00–<0.5)
<0.5

(<0.5–<0.5)
Parasite load in neck samples 4.23

(<0.5–14.50)
0.89

(<0.5–11.50)
<0.5

(0.00–<0.5)
0.00

(0.00–0.00)
<0.5

(0.00–<0.5)
Parasite load in lesion samples – 803.50

(39.78–3595.00)
– – –

Parasite load of skin sample with highest parasite load 5.98
(1.14–23.40)

566.50
(32.50–2545.00)

<0.5
(<0.5–<0.5)

0.00
(0.00–<0.5)

<0.5
(<0.5–<0.5)

Mean parasite load of all samples per individual combined 4.13
(0.70–13.28)

188.96
(11.33–1159.64)

<0.5
(<0.5–<0.5)

0.00
(0.00–0.00)

<0.5
(<0.5–<0.5)

Proportion positive (%) (n)
Arm 30% (8/27) 39% (11/28) 2% (2/92) 0% (0/22) 0% (0/28)
Neck 49% (13/29) 36% (10/28) 2% (2/93) 0% (0/21) 0% (0/28)
Lesion – 85% (22/26) – – –

At least one overall skin sample 55% (16/29) 86% (24/28) 3% (3/94) 0% (0/22) 0% (0/28)
Mean parasite load 45% (13/29) 82% (23/28) 1% (1/94) 0% (0/22) 0% (0/28)
Total participants 29 28 94 22 28
March 2021
 | Volume 11 | Art
PGE, Parasite Genome Equivalents; MB, microbiopsy device; IQR, interquartile range; EC, endemic controls; NEC, non-endemic controls.
FIGURE 2 | Scatter plot of skin parasite load (log10(PGE/sample + 1)) versus
blood parasite load (log10(PGE/ml blood + 1)) per sampling site. The red
dotted line represents the cut-off value used to identify positive samples.
Empty dots represent values that were not quantifiable (outside of the linear
dynamic range of the standard curve).
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neck samples was moderate (kappa = 0.47, p<0.001) (Table 4). The
parasite load found in PKDL lesions was significantly higher than
the parasite load found in arm and neck samples, with 85% (22/26)
of lesion samples testing positive. Correlation between the parasite
load in arm or neck samples and lesion samples was weak ( = 0.36
(p = 0.01) and 0.24 (p = 0.11) respectively).
DISCUSSION

In this proof of concept study, we found a clear correlation
between the skin parasite load obtained with the microbiopsy
device and disease status, with both higher skin parasite loads and
a higher proportion of positive skin samples in VL and PKDL
patients compared to asymptomatics, EC, and NEC. No clear
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6146
correlation between skin parasite load and blood parasite load was
found, but a moderate correlation was present between the skin
parasite load in arm and neck samples. In line with previous pilot
studies, our results from an Indian setting suggest that the
microbiopsy device provides a promising tool to measure skin
parasite load in the Indian setting, and – if validated by
xenodiagnosis studies – could facilitate much needed larger scale
studies on infectiousness of human subgroups.

The main strength of this study is that it is the first study to
our knowledge that pilots the use of the microbiopsy device in
the setting of the Indian subcontinent, and only the third to pilot
this on different disease/infection subgroups for leishmaniasis
worldwide (Kirstein et al., 2017; Churiso et al., 2020). An
additional strength of this study lies in the fact that four
different tests (DAT, rK39 ELISA, WBA, and blood parasite
load) were used to identify asymptomatically infected
individuals. Asymptomatic infection is not uniformly defined,
with different studies using different markers to identify
infection. As different markers might point to different
subgroups of infection—e.g. early versus late infection, etc.—
we attempted to identify a broad spectrum of asymptomatically
infected individuals by combining several tests.
TABLE 3 | Agreement between a positive skin result and its associated blood
sample (Kappa index = 0.30 (p<0.001)).

Skin positive - n(%) Skin negative - n(%)

Blood positive - n(%) 13 (7%) 9 (5%)
Blood negative - n(%) 30 (15%) 143 (73%)
A B

C

FIGURE 3 | Scatter plots illustrating the correlation between the parasite loads of (A) arm and neck, (B) arm and lesion, and (C) neck and lesion samples. Parasite
loads are expressed as log10(PGE/sample +1). The red dotted line represents the cut-off value used to identify positive samples. Empty dots represent values that
were not quantifiable (outside of the linear dynamic range of the standard curve).
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This study had several limitations. First, the relatively small
sample size of this pilot study was chosen based on feasibility
within the limited time frame rather than based on calculations.
Secondly, non-endemic controls were selected among students
attending Banaras Hindu University, Varanasi, which is based
within the VL endemic state of Uttar Pradesh, although the city
of Varanasi itself is assumed to be non-endemic for VL. As
students originate from different states across India, it cannot be
excluded that some originate from an area where VL is endemic,
and should therefore have been categorized as endemic controls
rather than non-endemic controls.

We used the microbiopsy device as described by Lin et al.
(2013). This device was used for the first time in the context of
leishmaniasis by Kirstein et al., 2017 (Kirstein et al., 2017), who
found positive skin samples in all VL, PKDL and CL patients
(total n = 10), as well as in almost half (48.4% = 121/250) of the
asymptomatically infected individuals. Several factors may have
contributed to the higher proportions of skin positives among
the different groups in the Kirstein et al. study compared to ours.
First, the cut-off used by Kirstein et al. to define positivity in the
skin was much lower; 1 PGE/ml (corresponding to +– 0.003PGE/
device) versus 1 PGE/PCR (corresponding to 5 PGE/device) in
our study. Our choice for a cut-off titer was based on the highest
parasite load found in negative (no-template) controls (cfr
paragraph on laboratory analyses). Secondly, a large group of
asymptomatically infected individuals in Kirstein’s study were
recovered VL cases, which might reflect a higher chance of
lingering parasite DNA in both blood and skin.

At present, the most widely accepted alternative for
xenodiagnosis as a marker for infectiousness is blood parasite
load, usually measured by qPCR (Miller et al., 2014). A recent
study, however, suggested only a moderate correlation between
blood parasite load measured by microscopy and by qPCR,
highlighting the fact that molecular methods capture mainly
naked circulating DNA attributed to recently dead parasites from
other tissues (Silva et al., 2016). Several studies found that skin
parasite load on the other hand was actually a better marker for
infectiousness than blood parasite load (Courtenay et al., 2014;
Doehl et al., 2017). This hypothesis is supported by several
authors stating that the parasite load measured by microscopy
in the blood is too low to account for the findings in
xenodiagnosis studies, while the parasite load in the skin is
much higher, suggesting skin and not blood to be the source of
infection (Silva et al., 2016; Doehl et al., 2017). An important
hurdle to prove this hypothesis, however, is the fact that parasite
load in the skin is not a uniformly defined parameter, but is
rather heterogeneously distributed throughout the skin (Doehl
et al., 2017). This patchy distribution of parasites in the skin
might reduce the number of sand flies taking up parasites, but
also increases the parasite load in those feeding on a patch,
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optimizing their potential for onward transmission, which might
be of particular importance in individuals with low overall
parasite loads, such as asymptomatic individuals (Doehl et al.,
2017). Patchiness of parasites in the skin has been linked to
persisting parasites after an infectious bite. As also documented
for other vector-borne diseases such as malaria and dengue
(Frischknecht, 2007; Ménard et al., 2013), Aslan et al. (2016)
illustrated that L. infantum parasites were accessible to sand flies
at the site of an infectious bite in dogs up to one year later. If sand
flies would demonstrate preferred biting sites in humans – as is
the case in several animals – this could mean an important
advantage towards transmission potential, although this has yet
to be established. This heterogeneity most likely also explains
why we only found a moderate correlation between the skin
parasite loads in arm and neck samples, with only half of the
individuals who presented with a positive (arm or neck) sample
providing also a second positive (arm or neck) sample.

While the potential of diseased individuals to transmit
Leishmania parasites to sand flies is firmly established
(Swaminath et al., 1942; Costa et al., 2000; Vergel et al., 2006;
Molina et al., 2017; Mondal et al., 2019), human xenodiagnosis
studies have never been able to illustrate transmission from
asymptomatic individuals - although it needs to be noted that
the number of studies on this topic is limited (Costa et al., 2000;
Singh et al., 2021). There are, however, some signs pointing in
this direction, such as the presence of live L. donovani
amastigotes in the blood of asymptomatically infected
individuals in a VL endemic Indian village (Sharma et al.,
2000). In addition, mathematical modeling strongly suggests
that asymptomatic infections indeed play a role in maintaining
transmission (Stauch et al., 2011). Asymptomatic animals on the
other hand have been reported to transmit Leishmania parasites.
While results from individual studies are sometimes conflicting
(Guarga et al., 2000; Travi et al., 2001; Michalsky et al., 2007; da
Costa-Val et al., 2007; Verçosa et al., 2008), a meta-analysis on
transmission potential of dogs asymptomatically infected with L.
infantum concluded that asymptomatic animals indeed
contribute to transmission, albeit to a lesser extent than
symptomatic animals (Quinnell and Courtenay, 2009). While
fewer asymptomatic dogs seem to infect sand flies, the
proportion of sand flies infected after feeding upon an
infectious asymptomatic dog were found to be similar or even
higher than for symptomatic dogs (Quinnell and Courtenay,
2009; Laurenti et al., 2013). Similar results were found for
transmission of other parasite species in animals, including L.
tropica and L. major (Svobodová et al., 2006; Sadlova et al., 2015).

Interestingly, we found four skin samples from asymptomatically
infected individuals taken with the microbiopsy device to be positive
with parasite DNA. It must be noted here, however, that presence of
parasite DNA does not automaticallymean the presence of a whole –
TABLE 4 | Agreement between skin samples from different sampling sites.

Arm + n(%) Arm - n(%) Arm + n(%) Arm - n(%) Neck + n(%) Neck - n(%)

Neck + 12 (6%) 12 (6%) Lesion + 10 (38%) 12 (46%) Lesion + 9 (35%) 13 (50%)
Neck – 9 (5%) 162 (83%) Lesion – 1 (4%) 3 (12%) Lesion – 1 (4%) 3 (12%)

kappa = 0.47 (p<0.001) kappa = 0.10 (p=0.45) kappa = 0.07 (p=0.55)
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potentially infective – parasite. Whenever we mention parasite load,
we actually refer to the number of PGE per ml blood or microbiopsy
sample. However, PCR can also detect DNA debris, as evidenced by
samples containing less than one PGE. Even when a 200 µl blood
sample or 2–3 µl microbiopsy does not contain a single parasite, it is
thus still possible to detect more than one PGE in it. Studies directly
linking the results of this microbiopsy tool to those of xenodiagnosis
would be able to shed light on the association between parasite DNA
presence in the skin and infectiousness to sand flies.

A study assessing the microbiopsy device as an alternative for
slit skin smears for the diagnosis of CL was recently published
(Churiso et al., 2020). The authors found the microbiopsy device
to outperform routine skin slit sampling in the Ethiopian setting,
identifying it as a promising alternative for CL diagnosis.
Although no CL lesions were included in our study, 85% (22/
26) of PKDL lesions tested positive with the microbiopsy device.
While the sensitivity was higher for nodular PKDL (94% = 15/
16) than for the macular form (70% = 7/10), this could be further
optimized by identifying the most accurate diagnostic cut-off
value for this aim. In addition, contrary to the current diagnostic
tools such as skin slit smear or skin biopsy, the MB device would
have the advantage that samples can more easily be taken in field
conditions, requiring no anesthesia nor specialized care – a trait
which is especially interesting with the increasing focus on PKDL
patients as long-term reservoirs for transmission. We therefore
advocate further evaluation of the MB device as a diagnostic tool
for PKDL.
CONCLUSIONS AND FUTURE RESEARCH

In line with previous pilot studies, our results from an Indian
setting suggest that the microbiopsy device provides a promising
tool to measure skin parasite load, and – if validated by
xenodiagnosis studies – could facilitate much needed larger
scale studies on infectiousness of human subgroups. In
addition, it could provide an alternative diagnostic tool for
PKDL lesions, with advantages over the current diagnostic
tools for use in field settings.
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Leishmaniasis includes a spectrum of diseases ranging from debilitating cutaneous to fatal
visceral infections. This disease is caused by the parasitic protozoa of the genus
Leishmania that is transmitted by infected sandflies. Over 1 billion people are at risk of
leishmaniasis with an annual incidence of over 2 million cases throughout tropical and
subtropical regions in close to 100 countries. Leishmaniasis is the only human parasitic
disease where vaccination has been successful through a procedure known as
leishmanization that has been widely used for decades in the Middle East.
Leishmanization involved intradermal inoculation of live Leishmania major parasites
resulting in a skin lesion that following natural healing provided protective immunity to
re-infection. Leishmanization is however no longer practiced due to safety and ethical
concerns that the lesions at the site of inoculation that can last for months in some people.
New genome editing technologies involving CRISPR has nowmade it possible to engineer
safer attenuated strains of Leishmania, which induce protective immunity making way for a
second generation leishmanization that can enter into human trials. A major consideration
will be how the test the efficacy of a vaccine in the midst of the visceral leishmaniasis
elimination program. One solution will be to use the leishmanin skin test (LST) that was
also used for decades to determine exposure and immunity to Leishmania. The LST
involves injection of antigen from Leishmania in the skin dermis resulting in a delayed type
hypersensitivity (DTH) immune reaction associated with a Th1 immune response and
protection against visceral leishmaniasis. Reintroduction of novel approaches for
le ishmanizat ion and the le ishmanin skin test can play a major ro le in
eliminating leishmaniasis.
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HIGHLIGHTS

Newer technologies have made the live leishmanization vaccine
and the leishmanin skin test safer and re-introduction of these
interventions can support the elimination of leishmaniasis.

INTRODUCTION

Leishmaniasis includes a spectrum of diseases ranging from
disfiguring cutaneous to fatal visceral infections. This disease is
caused by the parasitic protozoa of the genus Leishmania that is
transmitted by infected sandflies. Over 1 billion people are at risk
of leishmaniasis with an annual incidence of over 2 million cases
throughout tropical and subtropical regions in close to 100
countries. Strategies to eliminate Visceral Leishmaniasis in the
Indian subcontinent, that has a current goal of reducing the
incidence of VL to below 1/10,000 of population by the year
2020, is centered on rapid detection and treatment of VL to reduce
the number of human reservoirs, and vector control using indoor
residual spraying (Sundar et al., 2018). Such elimination programs
in endemic areas have yet to achieve lasting impact, and the need
for appropriate diagnostic, treatment and prevention methods
against VL to ensure long term sustainability and prevent
reemergence of VL is recognized (Sundar et al., 2018). Extensive
studies characterizing the immune response in resistant and
outbred experimental animal models have illuminated the
immune mechanisms of protection in cutaneous and visceral
leishmaniasis (Kaye and Scott, 2011). Yet, very few vaccines
against leishmaniasis have reached clinical trials (Moafi et al.,
2019). Leishmaniasis is the only human parasitic disease where
vaccination has been successful through a procedure known as
leishmanization that has been widely used for decades in the
Middle East (Khamesipour et al., 2005). Thus there is an increased
recognition that a safer Leishmanization strategies may yield
efficacious vaccines and help achieve elimination targets. A brief
but not exhaustive review of the immune responses reported in
experimental animal models and human studies and the
vaccination strategies pursued so far against Leishamaniasis are
discussed in the following sections. A discussion on the utility of
Leishmanin skin test (LST) as a surrogate for measuring vaccine
response in the future clinical trials is also included.

IMMUNE RESPONSES IN LEISHMANIASIS

Leishmaniasis is a parasitic disease that affects more than 12
million people in the word and is caused by the intracellular
protozoa of the genus Leishmania (Centers for Disease Control
and Prevention (CDC), 2020). There are over 20 species of
Leishmania parasites which are transmitted to the host by the
bite of female phlebotomine sandflies (World Health
Organization (WHO), 2020). The main clinical manifestations
of leishmaniasis are the cutaneous leishmaniasis (CL), and
visceral leishmaniasis (VL) (Centers for Disease Control and
Prevention (CDC), 2020). Generation of an effective immune
response during both CL and VL requires the coordinated action
of numerous cell types. A critical first step is the activation of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2151
cells of the innate immune system, including neutrophils,
macrophages and dendritic cells. Neutrophils are the first
responders against Leishmania, but they are also the first
reservoir for the parasite before they reach their final host, the
macrophages. Macrophages are the major host cell targeted by
Leishmania parasites, which survive and replicate within these
cells by manipulating their antimicrobial effector activity. The
clearance of parasites by macrophages depends on activation of
an appropriate immune response, which is usually initiated by
dendritic cells (DCs). Recent evidence also suggests that innate
cells modulate the adaptive immune response through the release
of chemokines and cytokines necessary to activate T cells.
CUTANEOUS LEISHMANIASIS

Cutaneous leishmaniasis (CL) is caused mainly by the parasites
L. major and L. tropica in the Old World and L. amazonensis, L.
mexicana, and L. brazilensis in the New World. These parasites
cause painless skin ulcers that can be self resolve [localized
cutaneous leishmaniasis (LCL)] or turn into chronic lesions
present in different parts of the body [diffuse cutaneous
leishmaniasis (DCL)], depending on the causative species and
immune response (Scott and Novais, 2016). For the purposes of
brevity, this review focuses solely on Old World Leishmania
species. The immunopathogenesis of New World leishmaniasis,
caused by infection with parasites such as L. braziliensis and L.
amazoniensis is distinct from that caused by L. major in
significant ways including sensitivity to IFN-b and TNF
(Khouri et al., 2009; Novais et al., 2009). The immunological
characteristics between the different CL causing species are out of
the scope of this review.

A protective immune response against CL is characterized by
activation of antigen presenting cells (APCs), such as DCs, and
subsequent induction of T helper 1 (Th1)-polarized responses
associated with IFN-g production (Martıńez-López et al., 2018).
Innate immune cells that are recruited to the dermis following a
sand fly bite also contribute to innate immunity. Clinical studies
have found that low levels of macrophage chemotactic factor
(MCP-1/CCL2) have been associated with DCL, while high levels
have been found in LCL patients (Ritter et al., 1996). A previous
study has shown that L. major promastigotes induce maturation
in human dendritic cells (DCs), resulting in the increase of
MHC-II and co-stimulatory molecules. These mature DCs also
display increased production of IL-12p70 in a CD40L-dependent
manner, which in turn can elicit a Th1 response characterized by
interferon (IFN)-g in autologous T cells derived from sensitized
individuals (Marovich et al., 2000).

While a Th1 immune response is protective in murine models
of CL, a Th2-polarized response, characterized mainly by IL-10,
IL-4, and IL-13, confers susceptibility (Martıńez-López et al.,
2018). Although this dichotomy has been well documented
throughout the years, there is a growing body of evidence
suggesting that this paradigm might not be as clear-cut (Kaye
and Scott, 2011). One study found that T-regs from the lesions of
CL patients produce IL-10 and TGF-b. These cytokines reduce
March 2021 | Volume 11 | Article 639801

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Pacheco-Fernandez et al. Leishmanization and Leishmanin
Th1 and macrophage activity, fostering a permissive
environment for the growth of Leishmania parasites. Tregs also
suppress proliferation and IFN-g production of PBMCs-derived
allogeneic CD4+ T cells in vitro (Mougneau et al., 2011; Gupta
et al., 2013). Lastly, Th17 cells can play a role in balancing the pro
and anti-inflammatory responses in experimental models as well
as in patients (Gonçalves-de-Albuquerque et al., 2017). The
recruitment of the adaptive immune cells to the site of
infection by the coordinated action of various APCs that
secrete different chemokines in healed CL lesions (Geiger et al.,
2010). Similarly, a high expression of CXCR3, a chemokine
receptor involved in the recruitment of Th1 cells, was also
found in the early stages of CL localized lesion in human
patients (Campanelli et al., 2010). A preclinical study showed
that multi-functional Th1 cells thus recruited produce IFN-g, IL-
2, and TNF-a, shown to mediate protection as suggested in pre-
clinical studies (Darrah et al., 2007).

In addition to cytokines, other factors such as Micro RNAs
(miRs) that have been shown to regulate the expression of several
immunologically relevant gene products, affect the immune
response against CL. miRs are small non coding RNA
molecules that play a role in silencing and post transcriptional
regulation. Higher levels of miR-7, miR-146b, miR-133a, miR-
223, and miR-328, predicted to regulate inflammasome genes,
were found in the plasma of CL patients compared to healthy
controls (Mendonça et al., 2020). miR-182 and miR-10a on the
other hand, have been shown to regulate Th1- or Th2-associated
Treg cells, respectively, and modulate their stability and
suppressor functions in an L. major murine model (Kelada
et al., 2013). Lemaire et al. (2013) reported an extensive
analysis of the expression profiles of 365 miRs in human
primary macrophages infected with L. major. They identified
64 miRs involved in macrophage fate during infection.While the
earlier studies focused on the miRs as biomarkers of various
disease states, understanding and modulating the different miRs
involved can aid the development of new treatments as was
shown by the therapeutic interventions targeting miR-21 in such
conditions as cardiac hypertrophy, SLE, and psoriasis (Sheedy,
2015). Simiarly, miRs may hold potential as therapeutic targets
against all form of Leishmaniasis including CL.

Studies with healed CL mouse models revealed that during the
first stage of CL infection, both protective CD4+ T effector (TEFF)
and CD4+ T central memory (TCM) cell pools are generated
concurrently (Colpitts and Scott, 2010). Immunization with non‐
persistent DHFR-TS null mutant parasites has been shown to
protect against Leishmania infection in suceptible mouse models
where the protection was mediated by TCM poulations. TCM

populations persist after the antigen is cleared and are
sequestered in the lymph nodes where they can differentiate into
effector cells and proliferate upon re-infection (Zaph et al., 2004;
Glennie and Scott, 2016). Effector memory T cells (TEMs) require
parasitic persistence andmigrate to peripheral sites where they can
produce both Th1 and Th2 cytokines. Studies in susceptible
murine models such as Balb/C showed that immunization with
avirulent and non-persistent phosphomannomutase‐deficient
L. major parasites induced protection that was mainly mediated
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3152
by suppression of IL-10 and IL-13 but without significant
difference in CD44+ CD62Lhi memory precursor populations
compared to non-immunized controls (Kedzierski et al., 2008).
A combination of TCM and TEM have been identified in patients
who have healed from cutaneous lesions, suggesting a role for
these two T cell subsets in long term protective immunity (Valian
et al., 2013). Similarly, patients with active cutaneous lesions
showed high levels of CD4+ (TEM) and CD8+ (TEMRA,

CD45RA+ T effector memory cells) effector memory T cells; in
particular, the numbers of TEMRA were higher in individuals with
active disease compared to the healed and asymptomatic group,
although TEMRA from cured patients displayed a more robust
response. Cured patients also had increased levels of IFN-g-
producing Th1 cells showing cytotoxic properties (Egui et al.,
2018). A comprehensive understanding of the subpopulations of
memory T cells at play in human leishmaniasis is crucial for the
design of an effective vaccine. A non-live vaccine, for instance, will
not be able to persist in the host, leading to the production of TCM

but not TEM (Gollob et al., 2005). It has been shown that chronic
parasite infection maintains Ly6C+CD4+effector T cells, and upon
challenge with wild type L. major parasites, these are essential for
IFN-g production that mediates protection (Peters et al., 2014).
Our studies in CL showed that upon challenge with wild type
parasites, mice immunized with LmCen−/− parasites produced
similar percentages of CD4+Ly6C+IFN-g+ effector T cells to the
healed mice (Zhang et al., 2020).

Healed CL models revealed that in addition to TCM and TEM,
tissue resident memory T cells (TRM) play crucial role in
protection against leishmaniasis (Carvalho et al., 2013). TRM

are generated during the early stages of infection and can migrate
pervasively through the skin, where they produce protective
cytokines such as IFN-g and recruit TEFF upon re-stimulation.
Due to the isotropic distribution of TRM populations in skin and
their capacity to respond quickly, TRM populations are of great
interest as mediators of protection. Unlike TCM populations that
are sequestered in secondary lymphoid organs following lesion
resolution and thus require additional chemokine and cytokines
cues to arrive at the site of re-infection after chemokine and
cytokines gradients are produced at the infection site by the
activities of tissue resident macrophages and neutrophils
patrolling the organs, TRM populations can swing into action
more readily due to their indefinite presence in the skin likely at
the site of reinfection. Due to the kinetics of recruitment and
activity of TRM populations precede that of TCM populations, the
former are investigated with great interest (Glennie et al., 2017;
Ismail et al., 2020). Both TCM and TRM have been shown to
transfer immunity to naïve animals (Glennie et al., 2015; Mackay
and Carbone, 2015; Glennie and Scott, 2016). However, several
pre-clinical studies show that this immunity can be partially or
completely lost once the primary infection is cleared (Peters
et al., 2014). In a murine leishmanization model, a subset of IFN-
g producing CD4+ T cells gathered at the site of sand fly
challenge was shown to provide protection against L. major re-
infection (Peters et al., 2009). More recently, studies showed that
a short-lived IFN-g producing TEFF pool that are not derived
from memory T cells confer significant protection and can be
March 2021 | Volume 11 | Article 639801
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used as a protection biomarker (Peters et al., 2014; Hohman and
Peters, 2019). These observations highlight that IFN-g producing
CD4+ T cells generated from TCM, TRM or TEM all play critical
roles in mediating protective immunity against re-infection and
that these populations need to be maintained in the host to
induce protection.
VISCERAL LEISHMANIASIS

The visceral manifestation of leishmaniasis, also called kala-azar,
is caused by the Leishmania species L. donovani and L. infantum/
L. chagasi (Centers for Disease Control and Prevention (CDC),
2020). Even though most cases of leishmania infections are sub-
clinical, or even asymptomatic, there is a high percentage of
fatality (95%) in untreated patients who develop VL
(Chakravarty et al., 2019; World Health Organization (WHO),
2020). If it is not treated, the infection can extend to lymph
nodes, spleen and liver, leading to the clinical manifestations of
VL: hepatomegaly, splenomegaly, fever, weight loss, fatigue,
anorexia, anemia, and finally, death (Saha et al., 1991; Soong
et al., 2012; Kumar et al., 2019, Centers for Disease Control and
Prevention (CDC), 2020).

Similar to CL, a Th1 polarization over a Th2 immune
response and, most recently recognized, the balance of the
Th17 response, are key factors for the development of
resistance against VL (Dayakar et al., 2019). IFN-g production
by T cells is elicited by APC-derived IL-12, described above in the
CL section (Ghalib et al., 1995; Nylén and Sacks, 2007). In vitro
antigen stimulation of PMBCs from subjects healed from L.
chagasi infection causes an increase of IL-12 concentration and
elicits lympho-proliferation (Bacellar et al., 2000). Similarly,
culture supernatants of PBMCs of from active VL patients in
VL endemic regions showed significantly higher stimulation of
IFN-g in response to L. donovani (Ld1S) parasite antigen
stimulation (Avishek et al., 2016). Moreover, IFN-g production
seems to be a determining factor for severity of the disease, as
asymptomatic patients show higher numbers of IFN-g producing
cells compared to those patients who develop VL (Hailu et al.,
2005). In fact, low levels of IFN-g lead to the development of VL
in patients with subclinical infection (Soong et al., 2012).

Together with the Th1 immune response, recent data suggest
an important role for the Th17 immune response. A study of the
Sudanese population following a VL outbreak, showed that
the re-exposure of PBMCs to L. donovani antigen caused the
production of IL-1b, IL-23, and IL-6; leading to the increase of
IL-17 and IL-22 and the maintenance of Th17 cells. Interestingly,
increased IL-17 production in these subjects correlates with
protection and resistance against VL. (Pitta et al., 2009). A
murine L. donovani infection model shows that IL-17 supports
parasite clearance by enhancing IFN-g and NO production;
suggesting that both Th17 and Th1-mediated responses are
necessary for the protection against VL (Ghosh K., et al.,
2013). In contrast, another study reported that IL-17A-/- mice
infected with L. donovani showed an increase in IFN-g
production by CD4+ T cells and better resistance against
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4153
infection, suggesting that IL-17 promotes susceptibility to L.
donovani infection. These mice also showed a reduced
accumulation of neutrophils in the spleen and liver in the
chronic phase of infection, and a decreased production of IL-4
and granuloma formation in spleen (Terrazas et al., 2016). In
contrast, IL-17 was shown to contribute to the development of
Th1 mediated protective imunity following immunization.
Neutralization of IL-17 abrogated protective immunity
indicating that IL-17 may have dual roles in pathogenesis and
protection (Banerjee et al., 2018). The paradoxical roles of IL-17
and interaction between neutrophils, Th17, and Th1 response in
VL and CL are reviewed elsewhere (Gonçalves-de-Albuquerque
et al., 2017).

Distinct from CL, a mixed Th1/Th2 response has been
reported in multiple human VL studies. For example, IL-27 is
increased in the plasma of VL patients, and it is necessary for the
development of IL-10 producing T cells (Ansari et al., 2011). It
has been observed that IL-12-dependent IFN-g production is
inhibited by the addition of IL-10 into PMBCs cultures from the
patients; while TGF-b does not seem to have a direct effect on
IFN-g inhibition (Bacellar et al., 2000; Caldas et al., 2005).
Furthermore, IL-10 can make macrophages unresponsive to
activation signals and decreases their TNF-a and NO
production, allowing for amastigote replication (Nylén and
Sacks, 2007). Recent data suggest that early increase in IL-10
inhibits host anti-Leishmania response; and the decrease of the
IFN-g/IL-10 ratio is associated with VL susceptibility (Mesquita
et al., 2018). These data are supported by several studies in VL
patients, where high levels of IL-10 were found in the plasma,
sera, and lesion tissue from patients with active VL and correlate
with parasitic load (Caldas et al., 2005; Hailu et al., 2005; Ansari
et al., 2006; Kurkjian et al., 2006; Nylén et al., 2007; Verma et al.,
2010). It is important to point out that IL-10 production by CD4+
T cells and DCs prevents the disruption of splenic architecture,
even when it is associated with a poorer control of parasitic growth
(Bunn et al., 2018).

Other Th2 anti-inflammatory cytokines, such as IL-4 and IL-
13 have been shown to have a protective role in VL immunity,
which is not related to the inhibition of IFN-g (Satoskar et al.,
1995; Murray et al., 2005). Mouse and hamster VL models
infected with L. donovani have shown an increased expression
of IL-4 (Moulik et al., 2020), which does not correlate with an
increase of parasitic burden (Alexander et al., 2000). In humans,
IL-4 has been related to patients with pre-clinical or
asymptomatic infections; whereas it is rarely detected in
patients with VL (Babaloo et al., 2001; Hailu et al., 2005). It is
been demonstrated that, together with IL-13, IL-4 modulates the
formation of mature granulomas in the liver by regulating
collagen disposition (Stäger et al., 2003). Both, IL-13 and IL-4
thus are necessary for the efficacy of anti-leishmania
chemotherapy (Alexander et al., 2000; McFarlane et al., 2011).

The Th1/Th2 balance is also regulated by miRs, and the
expression profile is different between the leishmania strains L.
major and L. donovani (Geraci et al., 2015). In the case of VL,
miR155 favors the development of the Th1 response and IFN-g
production by targeting Th1 suppressors. Another study identified
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the miRs miR-29-b, miR-29a as suppressors of Th1 response. It has
been shown that miR-135, miR-1272 and miR-155 act as
suppressors of the response to IL-4 and IL-13 (Pandey et al.,
2016). L. donovani infection has been shown to alter miR-122
which influences the cholesterol biosynthetic pathways in the host,
that was previously shown to be critical for controlling the liver and
splenic parasite burdens (Ghosh J., 2013). Other studies have
analyzed large number of miRs to identify the changes in
pathways related to T cell polarization. MiRs profile differences
have been identified between post-kala-azar dermal leishmaniasis
and VL (Kumar et al., 2020); as well as between L. major and L.
donovani models (Geraci et al., 2015). In L. donovani infection,
macrophages increase the expression of miRs such as mir-3620,
mir-6385, mir-6973a, mir-6996, mir-328, mir-763, mir-6540, mir-
1264, mir-3473f, and mir-8113 that permit parasite survival by
downregulating the immune effector functions of host macrophages
(Tiwari et al., 2017). Studies in murine and ex vivo human infections
of DCs and macrophages with L. donovani showed that miR-21
expression was sigificantly induced upon infection and attenuates
IL-12 mediated induction of Th1 immunity. Further, exosomes
released from such infected cells similarly attenuated IL-12
expression and CD4 T cell proliferation indicating the role of
miR-21 in shaping early immunity (Gannavaram et al., 2019).
The identification of the miRs responsible for the regulation of
the immune response has made it possible to design therapies that
target specific signaling pathways to avoid setting a permissive
environment during VL (Pandey et al., 2016).
VACCINATION STRATEGIES AGAINST
LEISHMANIASIS

The immunological mechanisms of Leishmania pathogenesis as
outlined in the previous sections have guided the development of
several experimental vaccines against leishmaniasis. The
vaccination strategies explored against leishmaniasis ranged
from recombinant antigens, DNA vaccines, salivary gland
proteins, killed parasites, and live attenuated parasites. The rich
history of anti-leishmanial vaccines has been covered extensively
in previous review articles on this theme (Kedzierski, 2011; Iborra
et al., 2018; Kaye et al., 2020; Zabala-Peñafiel et al., 2020). For the
purpose of brevity, a discussion on all the experimental vaccines is
not being attempted in this article. Of all types of anti-leishmanial
vaccines, only a handful of the candidate vaccines for dogs and
humans entered clinical trials. The characteristics of these vaccines
such as Leishvaccine, ALM, Leishmune, Canileish, GALM,
LEISH-F1, LEISH-F2, LESH-F3, Leish-Tec, SMT+NH, and
ChAd63-KH have been reviewed recently (Moafi et al., 2019).
The choice of antigen and the adjuvant have been shown to greatly
impact the vaccine response (Duthie and Reed, 2017). Studies with
pre-clinical experimental models indicated that the recombinant
antigen vaccines such as LEISH-F3+GLA-SE adjuvant could elicit
IFN-g, TNF-a, and IL-2 response in Phase-I studies in humans
(Coler et al., 2015). The most recent iteration of this series of
recombinant antigen vaccines is a variant of LEISH-F3 to which a
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third antigen derived from cysteine protease (CPB) was added
based on the observation that this antigen was recognized by
individuals with latent Leshmania infection (Duthie et al., 2017).
The ability of viral vectors to rapidly generate strong T cell
responses and thus the possibility of inducing potent CD8+ T
cell responses was recently exploited in studies that utilized virus-
Like Particles (VLP) loaded with three different recombinant
proteins, KMP11 and LeishF3+, LJL143 from Lutzomyia
longipalpis saliva in combination with an adjvant, GLA-SE, a
TLR4 agonist (Cecıĺio et al., 2017). Results revealed that
immunization with these VLP vaccines induced highly
protective IFN-g and TNF-a cytokines and subdued IL-10, IL-4
responses (Cecıĺio et al., 2017). Similarly, studies that included
RNA encoding Leishmania antigens in addition to protein
antigens in the immunization schedule generated MHCI-
restricted T cell responses. Immunization with LEISH-F2-
expressing RNA vaccine followed later by subunit vaccine
afforded protection against challenge with Leishmania donovani
(Duthie et al., 2018). Adeno viral vector mediated delivery of
Leishmania antigens containing CD8 T cell epitopes has been
explored based on the hypothesis that lack of appropriately
targeted cell mediated immunity, including CD8+ T cell
responses leads to the progression of VL and PKDL. An
immunogencity study using adenoviral vectors expressing KMP-
11 and HASP-B antigens showed strong induction of IFN-g, TNF-
a and IL-2 in an endemic cohort indicating that the viral vectors
could be potent delivery agents as Leishmania vaccine antigens
(Osman et al., 2017). Several of the anti-leishmanial vaccines
evaluated the immunogenicity of the vaccines by measuring the
induction of multifunctional CD4 and CD8 T cells based on the
landmark report that described multifunctional Th1 responses
were the best correlate of protection in experimental vaccines
against cutaneous Leishmaniasis (Darrah et al., 2007).
Accordingly, several of the aforementioned vaccine studies
routinely measured multifunctional T cell responses as part of
pre-clinical evaluation and in clinical studies. Vaccines that
showed strong protection against needle challenge failed to
protect when subjected to sandfly mediated challenge (Peters
et al., 2009). This study highlighted the importance of
incorporating sandfly challenge as part of evaluation of
Leishmania vaccine efficacy which was not routinely performed
in previous vaccine studies. Thus, the working group on research
priorities for development of Leishmania vaccines put together by
NIH/NIAID to deliberate on the target product profiles of
Leishmania vaccines highlighted the role of sand fly vector in
the vaccine development (Costa et al., 2011).

While the subunit vaccines against Leishmaniasis highlighted
thus far were based on the highly successful vaccines against
bacterial and viral agents, the empirical evidence with
Leishmanization, deliberate inoculation with Leishmania
parasites as a mean of acquiring protection against cutaneous
leishmaniasis, overwhelmingly supports that a safer
leshmanization method, if developed, would be an effective
strategy (Figure 1). Earliest studies with inoculation of
Leishmania tropica have shown that a lesión persisted for 3.5
to 13.5 months and upon follow up for two years, subjects that
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developed takes (scars developed at the site of immunization)
showed strongest protection (80%) in a hyper endemic area of
Iran (Nadim et al., 1983). Similarly, in a more recent study in
Iran with inoculation of live Leishmania major showed that
induced lesions persisted for up to 285 days with an induction of
IFN-g although in this limited cohort study such induction was
highly variable (Khamesipour et al., 2005). Another study from
Iran showed that leishmanization was found to reduce the
incidence of the disease between one sixth and one eighth of
its original level in a hyper-endemic region of Iran and thus was
recommended for people at high risk of contacting the disease
(Mohebali et al., 2019). Leishmanization was used in Israel, Iran,
and Uzbekistan and showed to be effective to protect against
future lesion development. A more detailed historical account of
the ancient practice of Leishmanization is described in a previous
review article (Mohebali et al, 2019). Results from these studies
are corroborated by the experiments in resistant C57Bl/6 mice
models that also enabled understanding of the immune
mechanisms of protection. In studies with pre-clinical animal
models, the immune response induced concomitant with the
resolution of the cutaneous lesions has been shown to be most
effective against sand fly mediated challenge (Peters et al., 2012).
Further studies using this healed CL animal models revealed that
the drivers of protection including the presence of effector CD4 T
cell populations that secrete IFN-g almost instantaneously
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6155
following challenge infection, and that these Ly6C+CD4+
effector T cell populations are indefinitely maintained by the
residual parasites following healing (Figure 1) (Peters et al.,
2014; Hohman and Peters, 2019). In addition, parasite-
independent memory T cells, including central memory T cells
(TCM) and skin-resident T cells (TRM) have recently been
described in leishmaniasis (Figure 1) (Colpitts and Scott, 2010;
Glennie et al., 2015; Glennie and Scott, 2016; Glennie et al.,
2017). Since the TRM cells are skin resident, their isotropic
distribution confers a distinct advantage in mediating
protection due to their capacity to respond almost immediately
upon challenge. Since maintaining a pool of effector T cells may
not be feasible through vaccination such as recombinant vaccines
that would not enable maintenance of persistent infection,
strategies that boost the TRM responses may be better achieved
through vaccination (Scott, 2020). So far, the induction of TRM

cell populations was only shown in healed CL mice models
indicating that Leishmanization, an analogous vaccination
strategy may be similarly potent in inducing TRM populations.

Despite the early promise, the practice of leishmanization was
discontinued due to major complications including non-healing
skin lesions, exacerbation of skin diseases, and the potential
impact of immunosuppression (Seyed et al., 2018). The advent of
more precise genetic manipulation methods in Leishmania
enabled the development of genetically attenuated parasite
FIGURE 1 | Leishmanization, immunization with live attenuated parasites and use of LST. Wild type L. major promastigotes (1) or live attenuted parasites (2) are
injected intradermally through the skin. Wild type L. major parasites cause a skin lesion that can be controlled by radiofrequency-induced heat therapy (3). Injection
with live attenuated parasites has shown no risk of skin lesions in pre-clinical models, however, radiofrequency-induced heat therapy can be used to mitigate this risk
in clinical studies (3). Promastigotes transform into amastigotes and are internalized by dendritic cells, which travel to the draining lymph nodes to present the antigen
to T cells (4). Different populations of effector and memory T cells are generated upon antigen presentation (5). Due to low parasitemia, these populations persist in
the body and provide long term protection against sand fly challenge with virulent leishmania parasites (6). The leishmanin skin test (LST) can be used to evaluate
cellular immunity and memory (7).
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strains that could be deployed as a surrogate for Leishmanization
(Figure 1). Early iterations of the Leishmania gene deletion
mutants showed promise in inducing strong protection against
homologous and heterologous challenge (Silvestre et al., 2008).
However, none of the genetically attenuated parasites were
advanced to clinical trials due to unknown safety characteristics.
Nevertheless, the potential of live attenuated Leishmania parasites
vaccines is increasingly being recognized in recent analyses (Costa
et al., 2011; Hohman and Peters, 2019). The ease of whole genome
sequencing and the attendant capacity to monitor genome
stability, phenotyping of attenuation of virulence, ability to
propagate Leishmania parasites in bioreactors have significantly
reduced the barriers towards large scale production and testing the
genetically attenuated Leishmania parasites as candidate vaccines.
Availability of FDA approved treatment methods such as
radiofrequency-induced heat therapy have further provided tools
for mitigating the risk if Leishmanization with live attenuated
dermotropic Leishmania parasites were to result in unacceptable
lesions (Figure 1) (Bumb et al., 2013). Our recent study showed
that such genetically modified live attenuated Leishmania parasites
with centrin gene deletion show comparable immune response as
induced in a Leishmanization animal model (using virulent
parasites) following a healed response, including the
Ly6C+CD4+IFN-g+ T cell (T effector cells) populations
indicating that Leishmanization with such parasites could be a
potent prophylactic while circumventing the safety issues
associated with Leishmanization with live virulent parasites
(Figure 1) (Zhang et al., 2020). Immunization with live
Leishmania parasites has also shown potential with L donovani
parasites (McCall et al., 2013; Karmakar et al., 2020). Inoculation
with a dermotropic strain of L donovani isolated from Sri Lanka
has shown that an immune response indicative of protection is
induced, analogous to studies with L major parasites indicating a
broader convergence of protective immune responses in both the
species of parasites. To advance the live attenuated L. major
parasites, further considerations of biomarkers of protection
would be necessary. While the clinical studies with recombinant
subunit vaccines provided an appropriate roadmap for clinical
studies, a simpler method to test the immunogenicity would be
helpful in rolling out live attenuated Leishmania parasite vaccines
in clinical studies. Studies with vaccines against tuberculosis and
DTH reaction against tuberculin reagent to monitor cell-mediated
immunity provided a guide for developing similar method for
evaluation of immunogenicity of Leishmania vaccines
(Kaufmann, 2013).
ALTERNATIVE METHODS FOR
DETERMINING THE EFFICACY OF A
LEISHMANIA VACCINE

kAlthough there is a need for vaccination against both VL and CL,
the priority should be VL since this is the fatal form of the disease.
With respect to a vaccine for VL, India currently has among the
highest number of new VL cases in the world (World Health
Organization (WHO), 2020). Nevertheless, because of its dense
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population, the incidence rate in the highest endemic states such as
Bihar is less that 1 case per 10,000 in themajority of endemic blocks.
At this incidence rate, it would be impossible to perform a clinical
phase 3 trial with a sufficient number of vaccinated and placebo
individuals to determine the efficacy of any VL vaccine. With
respect to CL, the countries with the highest numbers include
Afghanistan, Brazil and Iran with an incidence of 8–10 times higher
than VL. It may be more feasible to conduct an efficacy study in
these countries if an appropriate site can be identified. It is
nevertheless necessary to identify an alternative approach to
determine whether a vaccine can generate a protective immune
response. One approach may be to consider a controlled human
infection model (CHIM) that could provide a pathway for
accelerated vaccine development and to identify correlates of
protection. Recently, L. major strains have been developed under
GMP conditions and characterized for potential use in CHIM
studies that can be used in CL vaccine trials (Ashwin et al., 2021).
CHIM trials would not however be possible for VL due to the risk
from challenge infections with a visceral disease causing Leishmania
species such as L. donovani. It is reasonable to suggest however, that
successful protection following vaccination in a L. major CHIM
would provide evidence for immunity against VL (Zijlstra et al.,
1994; Khalil et al., 2002). For VL, a potential approach is to use a
surrogate marker of immunological protection such as the
leishmanin skin test (LST).
THE LEISHMANIN SKIN TEST AS A
MARKER FOR CELLULAR IMMUNITY

The Leishmanin skin test (LST) involves a delayed-type
hypersensitivity (DTH) skin reaction to antigen that is an
indicator for cell-mediated immunity (Figure 1). Antigen induced
DTH is used in epidemiologic investigations to determine exposure
to pathogens such as Mycobacterium tuberculosis (MTB) and
Leishmania (reviewed in (Vukmanovic-Stejic et al., 2006). The
LST is similar to the tuberculin skin test (TST) and involves
injection of antigen from Leishmania in the skin dermis resulting
in a DTH reaction that is visually apparent.

The LST was then introduced in 1926 by Montenegro in the
field of leishmaniasis as a diagnostic test for CL (Montenegro,
1926). During the DTH skin test, a small quantity of antigen is
injected intradermally resulting in a local immune response that
includes induration, swelling and inflammation within 24–72 h
at the site of injection. The DTH is due to a Th1 type memory T
cell response stimulating the release of IFN-g, a potent stimulator
of infiltrating macrophages resulting in the raised nodule/
induration (Poulter et al., 1982; Cher and Mosmann, 1987).

It is noteworthy that in the case of a Leishmania exposure, the
Th1 response in the skin occurs at the site of parasite inoculation by
the sandfly. Like a latent MTB infection, a positive leishmanin skin
test (LST) is concomitant with prior exposure to Leishmania and is
positive after recovery from cutaneous leishmaniasis (CL) and
visceral leishmaniasis (VL) (Figure 1). The ability to react
positively to an LST lasts for many years following infection,
unlike the antibody response that is transient lasting only several
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months. Notably, however, LST is negative in people with active VL
disease indicating the absence of cell-mediated immunity against L.
donovani and therefore the LST is not used as a diagnostic test for
VL. Following successful treatment of VL, individuals convert to
LST-positive and are immune for life. In the absence of
symptomatic leishmaniasis, a positive LST indicates prior
asymptomatic exposure to Leishmania and is strongly associated
with immunological protection against developing visceral
leishmaniasis in the future (see below). In the case of VL, most L.
donovani infections remain asymptomatic and only about 10% of
infections progress to symptomatic disease (Burza et al., 2018).
LEISHMANIN SKIN TEST POSITIVITY
FOLLOWING NATURAL INFECTION:
EVIDENCE FOR THE LEISHMANIN SKIN
TEST AS A SURROGATE BIOMARKER
FOR VACCINE EFFICACY

One study followed the migration of a cohort population from
Western Sudan to Eastern Sudan a region endemic for L. donovani
(Zijlstra et al., 1994). Most of the migrating population were LST-
positive due to previous CL infections caused by L. major in Darfur.
During a three-year follow-up, none of the LST-positive cohort (610
people) developed VL where 13 of the LST-negative cohort (172
people) did develop VL. Of the resident people in Eastern Sudan
who had not migrated but were LST-positive due to successful
treatment of VL (58 people), none developed VL compared to 17
new VL cases from 337 LST-negative people in the same cohort.
Taken together, all 30 cases of VL (migrate or resident) were LST-
negative and there were no cases in the LST-positive group. This
provided strong evidence that LST-positivity resulting from L.
major or L. donovani infection resulted in immunological
protection against the development of VL caused by L. donovani
in Sudan.

In a subsequent study performed in Eastern Sudan, during a 2-
year longitudinal study comparing LST-positive and LST-negative
cohorts, there were no cases in 109 LST-positive people compared
to 55 cases out of 368 LST-negative people (Khalil et al., 2002). In a
separate region, also in eastern Sudan during the same follow-up
period, there were again no cases in a cohort of 192 LST-positive
people compared to 7 cases in out of 529 LST-negative people. This
corroborated the results from the earlier Zijlstra study in 1994 that
people who have developed cellular immunity as demonstrated by a
positive-LST were immune to developing VL in a highly endemic
region of Eastern Sudan. Furthermore, the study showed that
generation of LST-positivity due to an L. major infection
provided protective immunity against VL caused by L. donovani.
This is highly relevant, since it supports the notion that LmCen-/-

attenuated vaccine derived from L. major will provide protection
against VL as discussed above in preclinical studies (Zijlstra, el-
Hassan, Ismael and Ghalib 1994).

In Bangladesh, like in Sudan, VL is caused by infection with L.
donovani and following successful treatment, people are generally
immune for life and convert to LST-positive (Bern et al., 2006).
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People infected with L. donovani that do not develop symptoms
(asymptomatic infections) are also LST-positive in the Indian
subcontinent including Bangladesh, India, and Nepal. In 2002, of
the 1,532 people tested for LST in the highly endemic district of
Fulbaria, Bangladesh, 530 (35%) had a positive response of which 53
had been previously treated for VL (Bern et al., 2006). Only 1 of the
476 LST-positive cases developed VL during the following up
compared to 43 from the 956 LST-negative developed VL. The
observations from Bangladesh support the conclusion from the
Sudan studies that a positive LST result confirms protective
immunity against VL supporting that argument that the LST
represents a biomarker for vaccine efficacy against VL.

Studies described above demonstrate that a positive LST is
concomitant with pre-exposure to Leishmania and protection
against VL. Currently however, the LST is no longer used in VL
studies and Leishmania surveillance studies now involve
detection of parasite DNA by molecular amplification methods
or detection of antibodies using a DAT or the rK39 ELISA and
rapid diagnostic test. These approaches, however, cannot
effectively determine whether an individual has been previously
exposed to the parasite since DNA may no longer be present
following cure and the antibody response is transient. As the
number of VL cases decline from the Indian subcontinent due to
government elimination programs, it becomes increasingly
difficult to measure efficacy in vaccine trials without a
surrogate marker. Vaccine trial participants could therefore be
subjected to the LST after vaccination to determine whether the
vaccine has induced a protective immune response.
SOURCE OF THE LEISHMANIN ANTIGEN
FOR THE LEISHMANIN SKIN TEST

Currently, there is no source of GMP grade leishmanin antigen
available anywhere in the world and this is the major reason it is no
longer used. One solution is that the same Biopharmaceutical
facilities (Gennova Biopharmaceuticals, Pune, India) used to make
GMP LmCen-/- vaccine discussed above can also be used to produce
a GMP grade leishmanin antigen. Further, this leishmanin antigen
can be tested in available animal models including vaccinated mice
(Zhang et al., 2020) and hamsters (Karmakar et al., 2020). GMP
grade leishmanin can also be tested on VL cured subjects (Karmakar
et al., 2020) that provides a source of immune VL cases for
validation prior to using it as a biomarker in vaccine studies. As
facilities for culturing GMP grade live attenuated Leishmania
vaccine is now advancing to phase 1 trial, this provides a unique
opportunity to use the same facilities and regulatory processes to
make a GMP grade leishmanin antigen for validation and
widespread introduction into the field. Taken together, there is
strong justification for re-introducing the LST into the field of
leishmaniasis for surveillance and future vaccine trials.

In summary, leishmanization and the LST have been used
successfully for decades but are no longer practiced. Newer
technologies to make a safer second generation leishmanization
vaccine and a more defined LST now justify the return of these
interventions to support the elimination of leishmaniasis.
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(2018). Phenotypic and Functional Profiles of Antigen-Specific CD4+ and CD8+ T
Cells Associated with Infection Control in Patients with Cutaneous Leishmaniasis.
Front. Cell. Infect. Microbiol. 8, 393. doi: 10.3389/fcimb.2018.00393

Gannavaram, S., Bhattacharya, P., Siddiqui, A., Ismail, N., Madhavan, S., and Nakhasi,
H. L. (2019). miR-21 Expression Determines the Early Vaccine Immunity Induced
by. Front. Immunol. 10, 2273. doi: 10.3389/fimmu.2019.02273
March 2021 | Volume 11 | Article 639801

https://doi.org/10.1002/1521-4141(200010)30:103.0.CO;2-Q
https://doi.org/10.1002/1521-4141(200010)30:103.0.CO;2-Q
https://doi.org/10.1016/j.clim.2006.01.017
https://doi.org/10.4049/jimmunol.1003588
https://doi.org/10.1038/s41467-020-20569-3
https://doi.org/10.1038/s41467-020-20569-3
https://doi.org/10.1038/srep33059
https://doi.org/10.1016/S0035-9203(01)90344-X
https://doi.org/10.1006/cyto.2000.0694
https://doi.org/10.4049/jimmunol.1700674
https://doi.org/10.4269/ajtmh.2006.75.744
https://doi.org/10.1111/bjd.12205
https://doi.org/10.4049/jimmunol.1701582
https://doi.org/10.1016/S0140-6736(18)31204-2
https://doi.org/10.1186/1471-2334-5-113
https://doi.org/10.1016/j.humimm.2010.09.002
https://doi.org/10.1186/1471-2334-13-529
https://doi.org/10.1186/1471-2334-13-529
https://doi.org/10.1371/journal.pntd.0005951
https://www.cdc.gov/parasites/leishmaniasis/index.html
https://www.cdc.gov/parasites/leishmaniasis/index.html
https://doi.org/10.1371/journal.pntd.0007216
https://doi.org/10.1038/cti.2015.6
https://doi.org/10.4049/jimmunol.1000483
https://doi.org/10.4049/jimmunol.1000483
https://doi.org/10.1371/journal.pntd.0000943
https://doi.org/10.1038/nm1592
https://doi.org/10.3389/fimmu.2019.00670
https://doi.org/10.1128/CVI.00108-17
https://doi.org/10.1038/s41541-017-0025-5
https://doi.org/10.3389/fimmu.2018.02420
https://doi.org/10.3389/fcimb.2018.00393
https://doi.org/10.3389/fimmu.2019.02273
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Pacheco-Fernandez et al. Leishmanization and Leishmanin
Geiger, B., Wenzel, J., Hantschke, M., Haase, I., Ständer, S., and von Stebut, E.
(2010). Resolving lesions in human cutaneous leishmaniasis predominantly
harbour chemokine receptor CXCR3-positive T helper 1/T cytotoxic type 1
cells. Br. J. Dermatol. 162, 870–874. doi: 10.1111/j.1365-2133.2009.09573.x

Geraci, N. S., Tan, J. C., and McDowell, M. A. (2015). Characterization of micro
RNA expression profiles in L eishmania-infected human phagocytes. Parasite
Immunol. 37, 43–51. doi: 10.1111/pim.12156

Ghalib, H. W., Whittle, J. A., Kubin, M., Hashim, F. A., El-Hassan, A. M.,
Grabstein, K. H., et al. (1995). IL-12 enhances Th1-type responses in human
Leishmania donovani infections. J. Immunol. 154, 4623–4629.

Ghosh, J., Bose, M., Roy, S., and Bhattacharyya, S. N. (2013). Leishmania donovani
targets Dicer1 to downregulate miR-122, lower serum cholesterol, and facilitate
murine liver infection. Cell Host Microbe 13, 277–288. doi: 10.1016/
j.chom.2013.02.005

Ghosh, K., Sharma, G., Saha, A., Kar, S., Das, P. K., and Ukil, A. (2013). Successful
therapy of visceral leishmaniasis with curdlan involves T-helper 17 cytokines.
J. Infect. Dis. 207, 1016–1025. doi: 10.1093/infdis/jis771

Glennie, N. D., and Scott, P. (2016). Memory T cells in cutaneous leishmaniasis.
Cell. Immunol. 309, 50–54. doi: 10.1016/j.cellimm.2016.07.010

Glennie, N. D., Yeramilli, V. A., Beiting, D. P., Volk, S. W., Weaver, C. T., and Scott, P.
(2015). Skin-resident memory CD4+ T cells enhance protection against Leishmania
major infection. J. Exp. Med. 212, 1405–1414. doi: 10.1084/jem.20142101

Glennie, N. D., Volk, S. W., and Scott, P. (2017). Skin-resident CD4+ T cells
protect against Leishmania major by recruiting and activating inflammatory
monocytes. PloS Pathog. 13, e1006349. doi: 10.1371/journal.ppat.1006349

Gollob, K. J., Antonelli, L. R., and Dutra, W. O. (2005). Insights into CD4+
memory T cells following Leishmania infection. Trends Parasitol. 21, 347–350.
doi: 10.1016/j.pt.2005.06.007
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Background: India has made major progress in improving control of visceral
leishmaniasis (VL) in recent years, in part through shortening the time infectious patients
remain untreated. Active case detection decreases the time from VL onset to diagnosis
and treatment, but requires substantial human resources. Targeting approaches are
therefore essential to feasibility.

Methods: We analyzed data from the Kala-azar Management Information System
(KAMIS), using village-level VL cases over specific time intervals to predict risk in
subsequent years. We also graphed the time between cases in villages and examined
how these patterns track with village-level risk of additional cases across the range of
cumulative village case-loads. Finally, we assessed the trade-off between ACD effort
and yield.

Results: In 2013, only 9.3% of all villages reported VL cases; this proportion shrank to
3.9% in 2019. Newly affected villages as a percentage of all affected villages decreased
from 54.3% in 2014 to 23.5% in 2019, as more surveillance data accumulated and overall
VL incidence declined. The risk of additional cases in a village increased with increasing
cumulative incidence, reaching approximately 90% in villages with 12 cases and 100% in
villages with 45 cases, but the vast majority of villages had small cumulative case numbers.
The time-to-next-case decreased with increasing case-load. Using a 3-year window
(2016–2018), a threshold of seven VL cases at the village level selects 329 villages and
yields 23% of cases reported in 2019, while a threshold of three cases selects 1,241
villages and yields 46% of cases reported in 2019. Using a 6-year window increases both
effort and yield.
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Conclusion: Decisions on targeting must consider the trade-off between number of
villages targeted and yield and will depend upon the operational efficiencies of existing
programs and the feasibility of specific ACD approaches. The maintenance of a sensitive,
comprehensive VL surveillance system will be crucial to preventing future VL resurgence.
Keywords: visceral leishmaniasis, surveillance, epidemiology, India, disease control
INTRODUCTION

India has made major strides in the control of visceral
leishmaniasis (VL, also known as kala-azar) over the past 8
years. Annual incidence has fallen from over 20,000 cases in 2012
to 3,143 in 2019, the lowest level in six decades (National Vector
Borne Disease Control Programme, 2020a). As of 2019, 596 of
633 endemic blocks reported case-loads below the kala-azar
elimination program target of one case per 10,000 population
per year. When CARE India began providing support to the
national VL program in 2013, research publications estimated
that reported VL incidence represented a four- to eight-fold
underestimate (Singh et al., 2006; Singh et al., 2010). In response,
assessments of VL reporting completeness were conducted, first
in eight districts of Bihar in 2013 (Das et al., 2016), then in the 33
affected districts of Bihar and four affected districts of Jharkhand
in 2015. These assessments revealed that approximately 85% of
VL cases were eventually detected by passive surveillance (Dubey
et al., in press).

These assessments shaped the design and implementation of
the Kala Azar Management Information System (KAMIS), the
electronic surveillance system used by the national kala-azar
elimination program. Bihar and Jharkhand reached virtually
universal implementation of KAMIS in 2017, and recent cases
are listed in close to real-time. All known, traceable cases since
2013 are listed in KAMIS. West Bengal reached universal usage
of KAMIS by 2018 and Uttar Pradesh in 2019. These four states
are the only states in which kala-azar has been endemic for well
over twenty years.

The 2013 and 2015 situation assessments (Dubey et al., in
press) also provided the foundation for active case detection
(ACD) methods that have been utilized by CARE field teams
since 2017 and are mentioned in the recently issued national
guidelines for active case detection as index case-based approaches
(National Vector Borne Disease Control Programme, 2020b). A
recent analysis showed that around 40% of VL cases are detected
by these relatively light-touch methods, which currently target
villages with at least one case in the previous year, and that ACD is
associated with a significantly shorter time to diagnosis compared
to passive case detection during the same time period (Dubey
et al., in press).

The well-documented clustering of VL cases at the village and
sub-village levels provides the basis for developing ACD targeting
strategies (Bulstra et al., 2018; Chapman et al., 2020; Priyamvada
et al., 2021). It is not possible to cover all villages in the affected
districts of the affected states using any ACD method, particularly
the more intensive ones such as house-to-house searches, since
Bihar alone has more than 43,000 villages in 33 endemic districts.
gy | www.frontiersin.org 2162
A targeting strategy based on reliable predictions of villages with
future cases is therefore essential. Because VL cases cluster in time
and space, villages with cases in recent years are known to be at risk
for more cases in the near future (Courtenay et al., 2017; Bulstra
et al., 2018; Chapman et al., 2020). However, development of
specific targeting strategies requires a quantitative expression of this
clustering. Two quantitative components are combined to produce
the strategy, the village-level case threshold that triggers ACD and
the period of time over which these cases are counted. This article
explores a range of case thresholds and time windows within
KAMIS data from 2013 to 2019 to refine our strategy for village-
level targeting of ACD and other public health interventions.
METHODS

As implemented in India since 2017, ACD is launched in a village
as soon as a new VL case is confirmed. ACD includes two major
search mechanisms: 1) case identification based on the index
case’s knowledge of other known VL cases and searches in
nearby houses (snowballing); and 2) sustained contact over
time with a range of local informants and private providers,
both formal and informal. Contacts with key village informants,
for example, community level health workers, occur fortnightly
throughout the period of ACD, with the aim of detecting cases
early in the course of illness.

The initial village targeting strategy was derived from
observations related to the indoor residual insecticide spraying
(IRS) program for VL, which is closely supported by CARE
India. The list of villages targeted for a given round of IRS
comprises villages that have reported at least one VL case in the
previous three years. In 2017, the IRS list contained over 8,500
villages, which was not a practical target for ACD. It was
observed that these villages accounted for around 75% of the
subsequent year’s cases, but the largest proportion came from
villages affected in the preceding one year. To provide the best
balance of feasibility and expected yield, the implemented ACD
targeting strategy focused on villages with at least one VL case in
the previous year. The current analysis reviews VL surveillance
data generated since 2013 to evaluate the full range of options for
targeting ACD.

Data Source
The current analysis utilizes surveillance data from KAMIS,
which maintains a live line list of VL and PKDL cases reported
since 2013. Line listings are available for download by external
users from the KAMIS application only as deidentified data.
Personal identifiers are held confidentially in a limited-access,
March 2021 | Volume 11 | Article 648847
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password-protected database. While the case lists are incomplete
for earlier years, they are increasingly accurate for later years,
with each case having been traced to their home and verified
several times over the years. In addition, all village names in each
affected block, as in use by the block health authorities, are
included in the master list of villages in the online application,
based on ground-verified names, locations, and estimated
populations. Village center geolocation data are linked to each
case. This permits accurate analysis of village-level case incidence
patterns over time. The remaining two affected states, West
Bengal and Uttar Pradesh, have used KAMIS in a similar
manner since 2017 and 2019, respectively. In all, over 50,000
VL and PKDL cases are available in the database as of 2020.

The availability of accurately localized case data over nearly
eight years permits detailed analysis of VL occurrence in time
and space to advance understanding of disease transmission,
improve predictions of the likely location of future cases, and
improve targeting of ACD efforts. Such analyses, repeated several
times over the last four years, have helped refine ACD strategies
to monitor outcomes closely. The analysis presented here is
based on line-list data downloaded from KAMIS on 12 October
2020. Since Bihar constitutes the large majority of reported VL
cases in the country and since completeness and quality of data
are more consistent over time, the current analysis is limited to
Bihar. However, the patterns appear to be similar for the four
affected districts of Jharkhand as well. The main variables from
the KAMIS case line-list used for these analyses were village, type
of disease (VL or PKDL), and date of diagnosis.

Statistical Analyses
Our analyses tested past patterns of VL incidence at the village
level as predictors of future incidence. We examined the risk of
additional cases in villages reporting any case compared to those
with no cases reported in previous years and tested the impact of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3163
using differing past time windows to define affected villages. To
assess the kinetics of case appearance, we also computed the time
in days between diagnosis of one VL case in a village and that of
the next VL case in that same village and graphed the median
times to the next case across all affected villages for every
consecutive pair of cases (for instance, first to second case,
second to third, and so on). We examined these patterns in
parallel with the village-level risk of additional VL cases across
the range of cumulative village case-loads. Finally, we analyzed
the trade-off between ACD effort (number of targeted villages)
and yield (new cases detected), as it varied by village-level
cumulative case-loads using different past time windows (for
instance, cases cumulated across past 3 versus past 5 years). Data
were analyzed using Excel version 16.0, Python version 3.6.7,
Pandas version 0.25.3, and NumPy version 1.17.4.
RESULTS

The KAMIS master list includes 43,880 villages in Bihar, of
which 10,494 (23.5%) reported VL cases between 2013 and 2019.
In addition, 314 villages reported cases of PKDL but no cases of
VL. Thus, in total, 10,808 (24.6%) villages were ‘ever affected’ in
this time window. Although the number ‘ever affected’ will
increase each year, the growth is likely to be very slow as long
as current low VL incidence continues: as of October 2020, only
181 ‘new’ villages had been added in 2020, barely 0.4% of the
state denominator. Nevertheless, this tiny number accounts for
17% of all cases in 2020.

Figure 1 shows the breakdown of cases in KAMIS by ‘new’
villages with cases, and ‘previously affected’ villages with and
without cases each year. Since no village-level VL case data were
available prior to 2013, all affected villages that year are
considered to be ‘new’. As the case incidence fell over this time
FIGURE 1 | Occurrence of visceral leishmaniasis cases in previously affected and unaffected villages each year. The stacked bars show the number of ‘new’ villages
and ‘previously affected’ villages with and without cases from 2013 to 2019. Since no village-level VL case data were available prior to 2013, all affected villages that
year are considered to be ‘new’.
March 2021 | Volume 11 | Article 648847

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Bindroo et al. Targeting Village-Level Active Case Detection
period, the proportion of villages with cases in a given year
decreased. In 2013, the year with the highest annual caseload,
9.3% (4063/43,880) of villages were affected, and this proportion
shrank to 3.9% in 2019 and to 2.1% in 2020 up to October. The
proportion of ‘new’ villages among each year’s affected villages
decreased from 54.3% in 2014 to 23.5% in 2019. At the same
time, the proportion of ‘previously affected’ villages without cases
rose steadily each year over the time period. In 2019, 8600/10494
(82%) of known ‘previously affected’ villages did not report
any cases.

From the vantage point of the present, past village-level data
may provide predictive power for where cases are likely to occur
in the near future. Figure 2 shows the proportion of VL cases in
each year that came from ‘previously affected’ villages. The lines
represent the cumulative proportion of all cases diagnosed in
each of the last seven years that came from villages with cases in
the historical time windows on the horizontal axis. The
proportion of each year’s cases coming from previously
affected villages increased with increasing length of the
historical time window. Approximately 55% of cases each year
came from villages with cases reported in the previous year,
around 65% from villages with cases in either or both of the
previous two years, and so on. The remaining cases came from
‘new’ villages with no record of past cases in KAMIS. For the
three longest time windows (5, 6, and 7 years), the proportion of
cases coming from ‘new’ villages was consistently less than 20%,
suggesting that in the timescales that the cumulated KAMIS data
represents, the contribution to current cases of villages affected
any longer than five years ago is likely to remain small. Given the
limitation of available data, it is not clear what proportion comes
from villages truly unaffected in the past.

At the village level, the risk of additional VL cases beyond the
first case, and the time interval to their occurrence, vary with the
cumulative case-load. Figure 3 shows the median time in days
from one VL diagnosis to the next (dark blue line) and risk of
additional cases in a given village (red line) as functions of the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4164
cumulative number of known cases in that village throughout the
study period. As shown on the right-hand vertical axis, 23.9% of
villages reported one or more cases during this period. Of these
villages, 56% had at least one more case, and 68% of those, in
turn, had a third case or more, and so on. The risk of additional
cases, indicated by the red line, increases steeply with increasing
cumulative incidence in the village, reaching approximately 90%
in villages with 12 cases and 100% in villages with 45 cases.
Above 45 cases, additional cases are virtually inevitable, and the
level of risk effectively remains at 100%. Clearly, villages with
high cumulative case-loads should be targeted for ACD as they
are virtually guaranteed to yield more cases. However, the vast
majority of villages at risk have case-loads of 1–15, and there is
considerable variation in risk of additional cases for villages in
this range. Decisions about adding villages to be targeted from
this range of cumulative case-loads must balance expected yield
with attendant effort and available resources.

As shown by the dark blue line, the increasing risk of
additional cases with increasing cumulative case-loads manifests
as a progressively decreasing interval between the diagnoses of
consecutive cases. Given the limitations of data availability in
earlier years, the true ‘index’ case in a village cannot be identified
with certainty. However, after the first reported case, the median
time to the second case was 206 days, from the second to the third
170 days, and from the third to the fourth 122 days, and so on.
The decline in the median time to the next case slows down as the
cumulative number of cases in the village increases, and it reaches
30 days after about 30 cases. As might be expected, given
variations in transmission, incubation periods and diagnosis
effort, the variation around the median is large, as shown by the
inter-percentile ranges in light (25th to 75th) and medium (35th to
65th) blue shading. For instance, the median time from the second
to the third case was 122 days, with 25th, 35th, 65th, and 75th

percentiles of 34, 63, 238, and 342 days, respectively.
Based on these analyses, decisions on targeting of villages

for ACD can consider the trade-off between effort (number of
FIGURE 2 | Proportion of visceral leishmaniasis cases each year coming from previously affected villages, 2013 to 2020 (up to September). The lines represent the
cumulative proportion of all cases diagnosed in each of the last seven years that came from villages with cases in the historical time window on the horizontal axis.
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villages targeted) and VL case yield. As seen in Figure 2, 82%
of the cases of 2019 came from villages that reported cases in
the 6-year time window from 2013 to 2018. However,
capturing these cases through ACD would have required
targeting all 9,910 villages known to have had cases up to the
end of 2018. As shown in Figure 3, more severely affected
villages produce more subsequent VL cases and produce them
more rapidly, but this relationship is steepest at the lower end
of the case-load, with very little further increase in risk past
around 15 cases.

Graphing the relationship between ACD effort and the
resulting yield thus provides a tool for programmatic decision
making. Based on cumulative village case-loads for 2013–2018
and the range of targeting thresholds, Figure 4 shows the
potential yield as a proportion of the cases of 2019, indicated
by the blue curve. The effort, expressed as the number of targeted
villages, is shown by the green curve. Using the full 6-year time
window (2013–2018), a threshold of seven (or more) cases
during this period selects 1,241 villages and potentially yields
approximately 41% of the cases of 2019, whereas a threshold of
three (or more) cases corresponds to 3,624 villages and a
potential yield of 62% of the cases of 2019 (Figure 4A). If the
past time-window is shortened, the overall yield of cases is lower
for a given threshold, although the number of cases per targeted
village is higher. For instance, using a 3-year window (2016–
2018), a threshold of seven VL cases selects 329 villages and
yields 23% of the cases of 2019, while a threshold of three cases
selects 1,241 villages and yields 46% of cases of 2019 (Figure 4B).
Thus, in 2019, targeting villages having three or more cases
during the previous three years would have yielded twice
as many cases as targeting villages having seven or more
cases, but would have required nearly four times the effort
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5165
(number of villages where ACD will have to be implemented).
Understanding the nature of this trade-off will be crucial to
operational decisions about deployment of limited resources.
DISCUSSION

India has now achieved lower annual VL case-loads than at any
time in the past five decades (Sanyal et al., 1979; Sanyal, 1985;
Rijal et al., 2019). A precise assessment of how close the
subcontinent came to interruption of VL transmission during
the blanket DDT spray campaigns for malaria elimination in
1955–1964 is impossible due to the lack of systematic VL
surveillance during that time period (Sanyal et al., 1979;
Sanyal, 1985). However, Leishmania donovani genetic data
show a tight bottleneck at the corresponding time period
suggesting elimination of a large proportion of the parasite
population in the Indian subcontinent (Downing et al., 2011;
Imamura et al., 2016). Nevertheless, a resurgence of VL
transmission was already evident to informed observers by the
mid-1970s and had increased to more than 60,000 reported cases
in 1978 (Sen Gupta, 1975; Sanyal, 1985). Undetected cases of
post-kala-azar dermal leishmaniasis (PKDL) have been
suggested as a major interepidemic reservoir (Addy and
Nandy, 1992). Two subsequent VL epidemic cycles, with peaks
in 1992 and 2007, followed that resurgence (Courtenay et al.,
2017). To ensure that any future resurgence is detected early, a
sustainable plan for VL surveillance and early case detection is
crucial. An estimated 90% of PKDL cases occurs after apparently
successful treatment of VL (Islam et al., 2013); thus the most
efficient ACD method for PKDL consists of systematic follow-up
of treated VL patients (Dubey et al., in press).
FIGURE 3 | Time-to-next-case and risk of additional visceral leishmaniasis (VL) cases in affected villages. The horizontal axis shows the cumulative number of known
VL cases at the village-level from January 2013 to September 2020. The red line shows the risk of additional VL cases (scale on right-hand vertical axis). The dark blue
line shows the median interval in days to the next VL diagnosis in the village (scale on left-hand vertical axis). The light and medium blue shading indicates the ranges
from the 25th to 75th percentiles and 35th to 65th percentiles, respectively. The horizontal axis is truncated at 70 cases and the left-hand vertical axis at 300 days.
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Our analyses have limitations related to the nature of
routinely collected surveillance data. The major limitation is
the lack of data at the local level prior to 2013. A large proportion
of the villages defined as “newly affected” in 2013 were almost
certainly previously affected; we can only analyze the patterns for
the downward slope of the most recent epidemic cycle. A related
limitation is the incompleteness of line list data from earlier years
in the KAMIS database, particularly prior to 2017; thus, the
interpretation of patterns as presented should not be read as
being highly precise, but as being closely indicative. The other
fundamental element enabling such analysis, which required a
huge effort over several years, has been the establishment of a
verified master-list of villages categorized by health subcenter
and block within KAMIS. Once this was in place, and once every
case had been accurately mapped to his or her resident village in
the master-list, village-level analysis of case patterns over the
entire endemic zone of Bihar became possible for the first time.

Our analyses demonstrate that the location of the majority of
future cases is predictable and that the most recently affected
villages are most vulnerable to further case incidence. However,
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‘new’ villages appear each year and will continue to surprise the
elimination program unless other methods of prediction, for
example spatiotemporal modeling (Mandal et al., 2018;
Nightingale et al., 2020), prove effective and applicable at a
program level. The finding that risk increases and the time to
the next case decreases with every additional case in a village is
revealing, but epidemiologically intuitive. Higher case density is
expected to lead to increased transmission in a vicious cycle.
These findings highlight the value of examining cumulative case-
loads over prolonged periods. However, as with all augmentation
of data for prediction, there is a trade-off between the effort
required and maximizing yield per unit effort (in this case,
villages targeted for ACD). Explicit analyses of these trade-offs,
which might change as VL case-loads and incidence patterns
change, can guide programmatic decisions on investment in
ACD and other interventions.

The observed patterns of “time-to-next-case” provide a potential
evidence-based approach to defining outbreaks. Conceptually, cases
occurring faster than expected in a given community constitute an
outbreak (Murhekar et al., 2009). In the current analyses, the time
A

B

FIGURE 4 | Visceral leishmaniasis case yield in 2019 from village-level targeting of active case detection activities (A) based on cumulative case-load during a 6-year
window (2013–2018) or (B) the most recent 3-year window (2016–2018). The graphs can be used to assess the operational impact of selecting different thresholds
of cumulative village case-load from the chosen time window (horizontal axis). The potential yield, defined by the proportion of the cases of 2019 potentially detected,
is shown by the blue curve (right-hand vertical axis). The number of targeted villages is shown by the green curve (left-hand vertical axis).
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to each additional case diminished with increasing cumulative case-
load, suggesting that an outbreak definition of a fixed number of
cases occurring per unit of time may be inappropriate. Graphs of
cumulative case-load and timing, as in Figure 3, could be made
interactive, such that when the interval to diagnosis of a new case in
a village falls some distance below the median line, it would be an
indication that the new case has appeared faster than expected and
might be the harbinger of more cases. In the context of a live
electronic database such as KAMIS, an algorithm could be
implemented to alert the appropriate users instantaneously when
a newly reported case triggers a potential outbreak alert. Given the
many small and large outbreaks in the eight-year time window of
KAMIS data, an appropriate threshold could be empirically derived
and then prospectively tested. To date, initiation of outbreak
investigations has required reporting of case clusters by astute
local staff (Priyamvada et al., 2021).

Another application of time-to-next-case curves could be the
evaluation of different interventions to decrease VL transmission.
Effective vector control should potentially move the median to the
right, prolonging the time to the next case by reducing efficiency of
transmission. Interestingly, ACD, where the primary purpose is to
reduce time to diagnosis, should move the median downwards (to
the left) in the immediate period, but in the long run will lengthen
the median time-to-next-case, as the shortened interval that VL
patients remain untreated and therefore infectious translates into
decreased transmission in that community.

In conclusion, the foregoing analysis suggests the efficiency of
ACD can be optimized by prioritizing recently affected villages
and those with higher cumulative case-loads. As innovations are
made in ACD methods, these can be incorporated into the
surveillance system (Khatun et al., 2014). While it is impossible
to predict the location of every future case in advance, it is clear
from the analyses presented that it is possible to predict the
location of a large proportion of future cases (around 82% for
2019, for instance). The trade-off between ACD effort (numbers
of villages targeted) and yield (in additional cases detected) can
be computed to provide an accurate estimate of cost and
efficiency. Such detailed data over the range of options can
provide decision-makers with the information to choose a
balance of investment, in human resource and economic
terms, versus the projected level of case detection through such
effort. In practice, the decision will depend upon the operational
efficiencies of existing programs and the feasibility of
implementation of a given ACD approach. The maintenance of
a sufficiently sensitive, comprehensive VL surveillance system
into the future will be crucial for the early detection of case
clusters and potential VL resurgence.
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As India moves toward the elimination of visceral leishmaniasis (VL) as a public health
problem, comprehensive timely case detection has become increasingly important, in
order to reduce the period of infectivity and control outbreaks. During the 2000s, localized
research studies suggested that a large percentage of VL cases were never reported in
government data. However, assessments conducted from 2013 to 2015 indicated that
85% or more of confirmed cases were eventually captured and reported in surveillance
data, albeit with significant delays before diagnosis. Based on methods developed during
these assessments, the CARE India team evolved new strategies for active case detection
(ACD), applicable at large scale while being sufficiently effective in reducing time to
diagnosis. Active case searches are triggered by the report of a confirmed VL case,
and comprise two major search mechanisms: 1) case identification based on the index
case’s knowledge of other known VL cases and searches in nearby houses (snowballing);
and 2) sustained contact over time with a range of private providers, both formal and
informal. Simultaneously, house-to-house searches were conducted in 142 villages of 47
blocks during this period. We analyzed data from 5030 VL patients reported in Bihar from
January 2018 through July 2019. Of these 3033 were detected passively and 1997 via
ACD (15 (0.8%) via house-to-house and 1982 (99.2%) by light touch ACD methods). We
constructed multinomial logistic regression models comparing time intervals to diagnosis
(30-59, 60-89 and ≥90 days with <30 days as the referent). ACD and younger age were
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associated with shorter time to diagnosis, while male sex and HIV infection were
associated with longer illness durations. The advantage of ACD over PCD was more
marked for longer illness durations: the adjusted odds ratios for having illness durations of
30-59, 60-89 and >=90 days compared to the referent of <30 days for ACD vs PCD were
0.88, 0.56 and 0.42 respectively. These ACD strategies not only reduce time to diagnosis,
and thus risk of transmission, but also ensure that there is a double check on the
proportion of cases actually getting captured. Such a process can supplement passive
case detection efforts that must go on, possibly perpetually, even after elimination as a
public health problem is achieved.
Keywords: active case detection, visceral leishmaniasis, visceral leishmaniasis elimination, evaluation of active
case detection, India, surveillance
INTRODUCTION

Complete and timely case detection has become increasingly
crucial as India moves toward elimination of visceral
leishmaniasis (VL) as a public health problem, defined as a
target incidence of less than 1 case per 10,000 population per year
at the sub-district level (Rijal et al., 2019). Households with high
VL attack rates disproportionately come from the most
disadvantaged segments of Indian society (Boelaert et al.,
2009). People living in high-risk areas often have limited
knowledge about the disease (Hirve et al., 2010; Khatun et al.,
2014; Govil et al., 2018). Lack of knowledge impedes treatment-
seeking behavior, while poverty and societal disadvantage may
lead patients to consult local unqualified practitioners before
applying to public health clinics, thereby delaying appropriate
treatment (Hasker et al., 2010; Khatun et al., 2014; Boettcher
et al., 2015). The longer the delay in receiving effective treatment,
the higher the likelihood of onward community transmission
(Medley et al., 2015).

When CARE began providing support to the VL program in
eight of the affected districts of Bihar in 2013, VL cases were
found primarily through passive case detection (PCD) (Huda
et al., 2012). In the years leading up to that point, research studies
covering localized populations claimed that reported VL
incidence represented 8-fold and 4-fold underestimates for the
years 2003 and 2006, respectively (Singh et al., 2006; Singh et al.,
2010). These findings posed a serious potential problem to the
elimination program, since IRS, the main strategy for prevention
and control, was mandated to cover all villages affected by VL
cases in the previous three years; accurate targeting required
comprehensive VL case data.

To more accurately estimate the extent of under-reporting,
CARE conducted broad evaluations in 8 endemic districts of
Bihar in 2013, followed by similar evaluations in all 33 endemic
districts of Bihar and the 4 endemic districts of Jharkhand in 2015.
This article presents the methodology and results of these
evaluations, and the way they were used to develop new strategies
for active case detection (ACD) of VL applicable at large scale. We
then used VL surveillance data generated since the implementation
of these ACD activities to evaluate the effectiveness of the strategy.
In the effectiveness analysis, we focus on time to diagnosis rather
gy | www.frontiersin.org 2170
than discovery of additional cases, because the 2013-2015
assessments indicated that the vast majority of cases were
eventually captured by the public health system.
METHODS

Study Area
Bihar and Jharkhand are among the poorest states in India.
According to the census of India 2011, Bihar had a population of
104 million, population density of 1106 per square km, 61.8%
literacy, 88.7% rural population, and 1.3% and 15.9% of the
population belonging to scheduled tribes (STs) and scheduled
castes (SCs) respectively. Of Bihar’s 38 districts, 33 are
considered endemic for VL. Bihar accounted for approximately
72% of total VL cases in 2017.

Jharkhand came into existence as the 28th state of India in
2000 when its 24 districts were separated from Bihar. In the
census of India 2011, the state had a population of 33 million,
population density of 414 per square km, 66.4% literacy, 75.9%
rural population, and 26.2% and 12.1% of the population
belonging to scheduled tribes (STs) and scheduled castes (SCs)
respectively. The four endemic districts of Jharkhand accounted
for approximately 24% of the total VL burden in 2017.
Methods for the 2013 and 2015
Assessments
The assessment methodology used in 2013 and 2015 built upon
the lessons from a previous study commissioned by the World
Bank and the National Vector Borne Disease Control Program
(NVBDCP), which sought to develop a practical alternative to
house-to-house surveys for accurately estimating annual VL
incidence at the block level. The sample sizes for attaining a
reasonably precise estimate of the very low, clustered incidence
of VL in a house-to-house survey verged on being equal to the
universe of villages in a block. Such surveys were too expensive
and virtually impossible to carry out in multiple blocks with
fidelity. The proposed alternative was the snowballing technique,
previously used to estimate incidence of even rarer events like
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maternal mortality (Singh et al., 2007). This method was
expected to work for VL, since the existence of undetected VL
cases, either alive or dead, would be widely known to others in
the same village as someone who had suffered a prolonged
illness. Once such a ‘suspect’ was identified, the concerned
family could be approached for details and evidence of
diagnosis and/or treatment.

The results of the World Bank/NVDBCP study that
compared snowballing to house-to-house surveys were
available in 2013, although not published until 2016 (Siddiqui
et al., 2016), and suggested that snowballing could detect most
VL cases not reported to the program, particularly if augmented
by other commonsense approaches. For instance, in the initial
study, field investigators were blinded to known VL cases to
avoid bias, but field experience suggested that VL patients often
know about other VL cases. Thus, index VL cases could act as
useful starting points, along with other potentially
knowledgeable local informants, such as resident village health
workers such as Accredited Social Health Activists (ASHA) and
Anganwadi Workers (AWW), informal and formal private
providers serving the village, local leaders and shopkeepers.
These lessons informed the methodology adopted by CARE in
the assessments of VL incidence in 2013 and 2015.
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The 2013 Assessment
This assessment aimed to estimate VL incidence and under-
reporting from January 2012 to June 2013, in all 137 blocks
of 8 districts of Bihar (Figure 1). All available VL case line lists
were obtained from the state program office and multiple
government facilities across the affected districts, and
reconciled to eliminate duplicates. These cleaned lists
constituted the index cases. CARE field teams, trained for the
purpose, then attempted to trace and interview each index case at
home. Those found were queried about patients with recognized
VL or PKDL, persons known to have had prolonged illness, and
those who had died from known VL or other prolonged illnesses
during the reference period. Field investigators then walked to
each distinct hamlet in the village and asked potential local
informants about possible VL cases, alive or dead, using a
standardized set of probe questions. Houses in the immediate
neighborhood of the index case were visited to ask similar
questions, after an introduction to explain that there were
known cases of kala-azar in the village and the study was aimed
at uncovering additional cases. These questions were asked
regarding any such individuals known to the interviewees,
whether in the same village or elsewhere. All suspects found in
this manner were listed along with contact details in a common
FIGURE 1 | Districts included in the 2013 and 2015 assessments of visceral leishmaniasis under-reporting. The 33 visceral leishmaniasis-endemic districts of Bihar
are shown in blue, while the 4 endemic districts of Jharkhand are in yellow. Districts in darker blue were included in both assessments.
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roster format. If suspected cases belonged to the same village, an
attempt was made to contact them immediately and interview
them for evidence of VL diagnosis and treatment during the
reference period. Each was also asked whether they knew about
other VL cases, and these names and details were added to the
roster. This continued until no further leads remained to be
followed up in that village.

Lists of suspects belonging to other villages were added to a
district level compilation, and if necessary, to a central
compilation. Lists sorted by address were sent to the field
teams in charge of the corresponding geographies to be
similarly followed up. While this approach covered all villages
where traceable index cases resided, these constituted a minority
of all villages of the 137 blocks. Leads obtained from these
villages also led to other villages not previously known to be
affected. In addition, lists were made of all private labs,
pharmacies, doctors and hospitals in each block and district
headquarters town, and to the extent possible, a team member
visited each of them and requested information regarding any
VL case known to them in the reference period. Rural health
practitioners (RHPs), including those without formal
qualifications, were included if they had a sizeable clientele.
Names of possible cases obtained in this manner were added
to the list of suspects. All listed suspects from all sources were
tracked until found or abandoned as untraceable after a
reasonable effort. The entire exercise took over three months
to complete.

For the purposes of analysis, a confirmed VL case was defined
as a case that was found in any of the line lists maintained by a
public facility, having a date of diagnosis within the reference
period and traced to his/her residence in one of the 137 blocks;
or, in the case of additional cases found, as a case having
documentary evidence of diagnosis by any laboratory method,
or a prescription for a drug known to be used in the treatment of
kala azar, with a date of testing or treatment within the reference
period and residence in any of the 137 blocks. The number of
additional cases found was expressed as a percentage of the total
cases found. Upper and lower error limits of these numbers were
computed based on the possible errors in case identification, and
under-reporting was expressed as a percentage range.
The 2015 Assessment
By 2015, CARE had moved forward to support the kala-azar
elimination program in all 33 affected districts in Bihar and
the four affected districts of Jharkhand. An assessment was
conducted covering all 37 districts, to find and trace unreported
cases and to identify villages left out of interventions. Field
experiences from the 2013 study were utilized to refine
interview tools and operational details in tracking. The
questions used for identifying suspects in the field and the case
definitions remained the same. Detailed case interviews primarily
aimed to understand care-seeking patterns, to inform refinements
to case-finding methods and to evolve strategies to reduce time to
diagnosis. The reference period for this assessment was July 2013
to December 2014, and under-reporting ranges estimated using
the same method as in the 2013 assessment.
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Active Case Detection Methods
Implemented in 2017
Since 2016, Kala-Azar Block Coordinators (KBCs) deployed by
CARE have been responsible for facilitating appropriate VL
diagnosis and treatment at the nearest public health facility
(PHC), and for coordinating ACD efforts in their respective
blocks (subdistricts). The ACDmethod evaluated here represents
a refinement of those developed in the 2013 and 2015 VL
assessments. Active case searches are triggered by the report of
a confirmed VL case, and follow two major search mechanisms:
1) case identification based on the index case’s knowledge of
other known VL cases and searches in nearby houses with the
help of knowledgeable local informants (snowballing); and 2)
sustained contact over time with a range of private providers,
both formal and informal (Figure 2). The methods were
modified to enable application at high frequency while
remaining scalable in program settings.

As currently conducted, the KBC visits the village within
seven days of a new VL case confirmation, interviews the patient
and identifies key informants. Key informants in the village
include ASHAs, AWWs, RHPs, other willing community
members, and members of Community Based Organizations.
In addition, selected Private Practitioners (PP), chemists and
diagnostic labs in the block or district headquarters town are
identified. All informants are oriented at the outset about
symptoms of VL and PKDL, using simple communications
material and requested to maintain watch for such patients.
The KBC maintains fortnightly contact with key informants via
mobile phone and/or personal visits for 12 months after the last
case in a targeted village, and perpetually with identified health
care providers in towns. Since January 2017, the described ACD
activities have been conducted across all affected blocks, targeting
villages that had reported a case in the previous 12 months. In
addition to the light-touch methods described here, house-to-
house searches were conducted during the same time period by
ASHAs trained for the purpose, using standardized data
collection and reporting protocols.

Methods for 2018-2019 ACD Effectiveness
Evaluation
Data Sources
KBCs maintain a suspect VL case registry book listing contact
details, date on which the patient was first reported as a suspect,
and the referral source; this registry was the data source for the
‘suspect’ date. The diagnosis date was extracted from Kala-azar
Management Information System (KAMIS), the official
reporting mechanism for health care facilities that perform
confirmatory diagnostic testing for VL. As part of routine
surveillance activities, KBCs interview all VL patients using the
Case Details Form (CDF) as soon as they are confirmed by the
PHC and reported to KAMIS. The CDF is a structured validated
questionnaire that includes demographic information, caste,
occupation, house type, migration for work, and detailed
histories of symptoms and treatment seeking. The KAMIS ID,
a unique patient identifier assigned at the time of diagnosis and
verified through internal data checks, was used to merge the
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three data sets (suspect case register, KAMIS, CDF).
Inconsistencies, duplication, and missing values in the data
were reconciled by repeated field validations. Data quality was
assured through spot checks and back checks.

ACD Case Definitions and Data Analysis
A patient whose reporting date in the suspect register was on or
before the date of diagnosis in KAMIS was classified as having
been identified through ACD. Patients not listed in the suspect
register and those for whom the date of diagnosis preceded the
date listed in the suspect case register were classified as PCD. VL
patients detected by ACD in the house-to-house surveys
conducted during the study period were not distinguishable in
the CDF data, but the number of such cases was available by
month of report.

Analyses were performed using days from fever onset to
diagnosis classified in four categories (<30 days, 30-59 days,
60-89 days and ≥90 days). Variables potentially associated with
time from illness onset to diagnosis were tested first in
univariable multinomial logistic regression models, and finally
combined in a multivariable model. An additional multivariable
logistic regression model was constructed for the binary outcome
of illness duration ≥180 days vs <180 days to test factors
associated with very prolonged illness. Multivariable models
were constructed in a forward stepwise manner, including age
categories and sex in all models and using p<0.05 as the
threshold for maintaining other variables in the model. SAS
version 9.4 was used for all statistical procedures.
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RESULTS

The 2013 Assessment
A total of 5770 VL cases were identified in patient lists derived
from public health care facilities in the eight districts assessed,
with dates of diagnosis in the reference period of Jan 2012 to June
2013 (Figure 3). Of these, 4962 cases were successfully traced to
their residence. Records of 1119 VL cases were obtained from
private facilities, through snowballing and from other local
informants. Following removal of duplicate listings, 5432
eligible cases were identified, including 589 cases not
previously identified in any data system. The extent of under-
reporting of VL cases estimated to fall between 9.5% and 10.8%.

The 2015 Assessment
In Bihar, public sector facility line lists contained 12,450 patients
diagnosed within the reference period of July 2013 to December
2014 (Figure 4). Of these, 8166 were traced; 753 of these were
found to be duplicate listings, yielding 7413 unique valid VL
cases (90.8% of those traced). We were unable to trace 4284 of
the listed patients; if the duplicate rate was equivalent for these
cases, an additional 3889 cases might have occurred. A total of
2983 suspected cases were listed from all other sources of
information tapped; 1621 were traced and 1362 were not
traceable. Of the 1621 traced cases, 102 were duplicates, 810
did not meet the criteria for a valid VL case, yielding 709 (43.7%)
confirmed cases from these sources. If the rate of validation was
equivalent for the untraced cases, this would yield an estimated
FIGURE 2 | Schematic of the steps involved in active case detection linked to the Kala-azar Management Information System (KAMIS). Active case searches
are triggered by the report of a new confirmed visceral leishmaniasis case. Searches employ snowballing based on information from the index case and
knowledgeable local informants regarding other nearby case, periodic follow-up of the index case, and repeated contacts over time with local private health
care providers.
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596 additional cases. Using confirmed but previously unreported
cases to calculate the lower limit and confirmed plus estimated
unreported cases to calculate the upper limit of under-reporting,
this yields between 5.9 and 15% under-reporting during this
period of time. The same method yields an estimate of between
5.9 and 10.8% under-reporting for Jharkhand (Figure 5).

The inference from these evaluations was that more than 80%
of all VL cases were sooner or later getting captured and reported
by the elimination program, and that underreporting was much
less than that projected by the localized studies performed a
decade earlier (Singh et al., 2006; Singh et al., 2010).

2018-2019 ACD Effectiveness
We included data from the first 19 months of full ACD
implementation in Bihar, comprising VL patients diagnosed
between January 1, 2018 and July 31, 2019. A total of 5281 VL
patients were recorded in KAMIS during the study period. Case
details form (CDF) data were missing for 251 (4.8%) patients.
There was no difference in age distribution for included vs
excluded patients, but males were slightly more likely than
females to have missing data (Supplemental Table S1). Those
from marginalized castes were slightly less likely to have missing
CDF data. Although the numbers of each were small, those with
HIV infection or a history of prior VL treatment were
significantly more likely to have missing CDF data, possibly
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because they were more likely to be treated at referral centers
rather than within the main network of government primary care
facilities. Completeness increased significantly in more recent
time periods compared to earlier ones, from 93% in the first half
of 2018 to more than 98% in 2019.

The analysis dataset included 5030 VL patients. Males
outnumbered females (57.9% vs 42.1%), 30.7% of patients were
younger than 15 years and previous VL treatment was
uncommon (8.7%) (Table 1). Close to 35% of patients came
from marginalized castes and 37.7% reported living in a kuccha
(unplastered mud brick) house. Based on case definitions, 3033
(60.3%) patients were detected passively and 1997 (39.7%)
through ACD. House-to-house searches were conducted in 142
villages of 47 blocks in June-July of 2019; 15 VL patients were
detected through these activities and the remaining 1982 VL
cases were detected through the ongoing village-based key
informant and snowballing method. The most frequent ACD
referral sources were KBCs and ASHAs. The mean time from
fever onset to diagnosis was 39.7 days (standard deviation 34.8
days) by ACD vs 49.3 days (SD 43.1 days) by PCD (p<0.0001).
There was a strong tendency for patients to report fever duration
as 20, 30, 45 or 60 days (median and mode 30 days for both ACD
and PCD), but with a long right-hand tail (Figure 6). For that
reason, subsequent analyses were performed using a categorical
variable for duration of fever, and we relied on multinomial
March 2021 | Volume 11 | Article 648903
FIGURE 3 | Estimates of visceral leishmaniasis under-reporting, 8 districts of Bihar, January 2012-June 2013. A total of 5770 cases were extracted from the line list
of visceral leishmaniasis cases treated at public sector facilities during the study period, of which 4962 were traced and 4843 of those validated (A). Assuming the
untraced cases had the same rate of validity as the traced cases yields an additional 734 potentially valid cases (B). From non-government sources, all 1119
suspected cases were traced and 589 validated as unreported cases (C). There were no untraced cases (D). Based on these data, the validated case figure was
estimated to range between 4843 and 5632 (A to A+B), while unreported case figure was 589 (C; D=0). Using the extremes of these estimated ranges,
underreporting was estimated between 9.5% and 10.8%.
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models to assess the effect of independent variables on diagnostic
delays. Among all VL patients, 34.0%, 40.8%, 14.7% and 10.5%
were diagnosed <30 days, 30-59 days, 60-89 and 90 days or more
after fever onset. A higher percentage of patients detected by
ACD fell into the earlier time intervals compared to those
detected by PCD.

In univariable multinomial analyses, younger age and ACD
were associated with significantly shorter duration and HIV
infection with longer duration categories (Table 2). For other
variables, associations were less consistent across time intervals.
In the multivariable model, younger age and ACD remained
associated with earlier and HIV with later diagnosis (Table 3).
The advantage of ACD over PCD was more marked as the time
interval increased: the adjusted odds ratios for illness durations
of 30-59, 60-89 and ≥90 days, compared to the referent of <30
days, for ACD vs PCD were 0.88, 0.56 and 0.42 respectively. A
total of 118 (2.4%) patients appear in the extreme right tail of the
distribution in Figure 5, with delays of 180 days or longer.
Extreme delays showed a significant association with older age,
male sex, HIV infection and passive case detection in univariable
analyses (Supplemental Table S2). In the adjusted model, HIV
infection was a very strong risk factor for extreme delay, whereas
younger age and ACD were associated with a significant
protective effect.
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DISCUSSION

The 2013 and 2015 assessments utilized a combination of
methods applied at large scale to detect cases that were
previously undetected or unreported, and yet failed to find the
very large numbers of additional cases that research studies
predicted (Singh et al., 2006; Singh et al., 2010). Two major
differences may help to explain the very large difference in
estimated under-reporting. Firstly, compared to the CARE
assessments, the earlier studies covered much smaller
populations, comprising 14 villages in one study and 17
villages in the other. Many of the apparently unreported cases
may actually have been reported from adjacent blocks or
districts. The CARE studies of 2013 and 2015 found such
misclassification across geographies to be extensive, but after
reconciling data from all geographies, the numbers of truly
unreported cases turned out to be quite small in relation to the
total number of reported cases. Secondly, both previous studies
were conducted before the introduction of RDTs and miltefosine
by the elimination program, whereas the CARE studies were
conducted following comprehensive implementation of these
commodities in the public sector. In the intervening period,
there was likely a genuine massive shift of cases seeking care from
private providers to seeking care from government facilities.
FIGURE 4 | Estimates of visceral leishmaniasis under-reporting, 33 endemic districts of Bihar, July 2013-December 2014. A total of 12,450 cases were extracted
from the line list of visceral leishmaniasis cases treated at public sector facilities during the study period, of which 8166 were traced and 7413 of those validated (A).
Assuming the untraced cases had the same rate of validity as the traced cases yields an additional 3889 potentially valid cases (B). From non-government sources
2983 suspected cases were identified, of which 1621 were traced and 709 validated as unreported cases (C). Assuming the same rate of validity as for traced
suspects yields 596 potentially valid unreported cases (D). Based on these data, the validated case figure was estimated to range between 7413 and 13,013 (A to
A+B), while unreported case figure was between 709 and 1305 (C to C+D). Using the extremes of these estimated ranges, underreporting was estimated between
5.9% and 15.0%.
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The CARE studies did not attempt to cover the entire population
of the affected districts in the two states, only those villages with
evidence of a case. Thus, it is possible that we underestimated
missing cases. There is not enough evidence available to estimate
the magnitude of such underestimation, but later surveillance
data suggest that it was relatively small.

The finding that at least 80% of all VL cases were already
being captured by the system through passive case detection
(PCD) methods (self-reporting of symptomatic cases to
government facilities) meant that surveillance using any active
case detection (ACD) would not be expected to add much to the
total numbers. The main objective of any ACD methods
deployed would therefore be to reduce the duration of
symptoms before diagnosis, thus reducing the risk of
transmission, a public health goal, and the risk of severe
morbidity and mortality, important goals for individual
patients. ACD methods were required that could be applied at
program scale and able to effectively detect and screen
symptomatic patients early.

In the 2018-2019 evaluation, active case detection identified
nearly 40% of all VL cases and significantly decreased the time
from fever onset to diagnosis. Notably, two-thirds of all patients
had less than 60 days of illness, reflecting the major improvement
in access to diagnosis and treatment that the VL elimination
program has brought about over the last 10 years. In the early to
mid-2000s, the median time to diagnosis was between 2 and 4
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8176
months in published studies from the Indian subcontinent, and
access to rapid tests and highly effective treatment was limited
(Ahluwalia et al., 2004; Mathur et al., 2005; Rijal et al., 2006). By
2010, after the introduction of miltefosine and rapid tests in the
public health care system, the median duration of illness had
already decreased to 40 days (Hasker et al., 2010; Pascual
Martinez et al., 2012). In our data, the median time to
diagnosis approached 30 days, and may not be susceptible to
additional overall declines. Even more clinically important, ACD
showed a more marked difference for longer time intervals, with
nearly 60% lower odds of a patient being ill for 90 or more days,
compared to those detected passively. The only other factor
consistently and significantly associated with earlier diagnosis
was younger age. This may reflect care-seeking based on parental
concern, but possibly also a tendency toward more rapid
progression of VL in children compared to adults (Urbane
et al., 2019). Care seeking also may be more prompt for wage-
earners than for older members of the household (Jayakumar
et al., 2019). HIV-coinfected patients had substantially longer
duration of VL prior to diagnosis. Indeed, HIV-infected patients
had close to 4-fold increased odds of being ill for 6 months or
more prior to diagnosis. This likely reflects a more prolonged
search for care, as only a few medical centers in Bihar treat
HIV-VL-coinfected patients (Burza et al., 2014). Diagnosis may
also require invasive tests that are not widely available, as
false-negative serology has been reported to be more frequent
FIGURE 5 | Estimates of visceral leishmaniasis under-reporting, 4 endemic districts of Jharkhand, July 2013-December 2014. A total of 2708 cases were extracted
from the line list of visceral leishmaniasis cases treated at public sector facilities during the study period, of which 1863 were traced and 1443 of those validated (A).
Assuming the untraced cases had the same rate of validity as the traced cases yields an additional 655 potentially valid cases (B). From non-government sources
1642 suspected cases were identified, of which 1239 were traced and 131 validated as unreported cases (C). Assuming the same rate of validity as for traced
suspects yields 43 potentially valid unreported cases (D). Based on these data, the validated case figure was estimated to range between 1443 and 2098 (A to A
+B), while unreported case figure was between 131 and 174 (C to C+D). Using the extremes of these estimated ranges, underreporting was estimated between
5.9% and 10.8%.
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TABLE 1 | Characteristics of 5030 visceral leishmaniasis (VL) patients included in the current analysis, and distribution of symptom duration in days prior to diagnosis,
Bihar State, India, January 2018 – July 2019.

Patient characteristic Total N Duration of symptoms prior to VL diagnosis [n (Row %)]

(Column %) <30 days 30–59 days 60–89 days ≥90 days

Total 5030 (100.0) 1710 (34.0) 2052 (40.8) 739 (14.7) 529 (10.5)
Age group
<15 years 1544 (30.7) 609 (39.4) 617 (40.0) 203 (13.2) 115 (7.5)
15-35 years 1832 (36.4) 610 (33.3) 751 (41.0) 281 (15.3) 190 (10.4)
>35 years 1654 (32.9) 491 (29.7) 684 (41.4) 255 (15.4) 224 (13.5)

Sex
Male 2912 (57.9) 995 (34.2) 1182 (40.6) 405 (13.9) 330 (11.3)
Female 2118 (42.1) 715 (33.8) 870 (41.1) 334 (15.8) 199 (9.4)

Previously treated for VL1

Yes 435 (8.7) 145 (33.3) 180 (41.4) 61 (14.0) 49 (11.3)
No 4592 (91.4) 1565 (34.1) 1870 (40.7) 678 (14.8) 479 (10.4)

Caste type2

Marginalized 1739 (34.7) 568 (32.7) 764 (43.9) 234 (13.5) 173 (10)
Non-marginalized 3279 (65.3) 1139 (34.7) 1284 (39.2) 503 (15.3) 353 (10.8)

House construction3

Kuccha 1891 (37.7) 649 (34.3) 804 (42.5) 249 (13.2) 189 (10)
Pucca or Semi-pucca 3132 (62.4) 1059 (33.8) 1245 (39.8) 490 (15.7) 338 (10.8)

Mode of case detection
Active 1997 (39.7) 767 (38.4) 865 (43.3) 232 (11.6) 133 (6.7)
Passive 3033 (60.3) 943 (31.1) 1187 (39.1) 507 (16.7) 396 (13.1)

ACD referral source4

ASHA 676 (33.9) 250 (37.0) 306 (45.3) 79 (11.7) 41 (6.1)
KBC 847 (42.4) 319 (37.7) 375 (44.3) 99 (11.7) 54 (6.4)
Others 473 (23.7) 197 (41.7) 184 (38.9) 54 (11.4) 38 (8.0)

HIV infection status5

Positive 193 (3.9) 52 (26.9) 63 (32.6) 35 (18.1) 43 (22.3)
Negative 4768 (96.1) 1628 (34.1) 1966 (41.2) 695 (14.6) 479 (10.1)
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1 Data missing for 3 patients. 2 Data missing for 12 patients. 3 Data missing for 7 patients. 4Source of active case detection referral: KBC, kala-azar block coordinator; data missing for one
patient. 5Data missing for 69 patients.
FIGURE 6 | Distribution of symptom duration prior to diagnosis among visceral leishmaniasis patients identified by active versus passive case detection, January 1,
2018 - July 31, 2019. The figure shows the percentage of VL cases falling into each category of duration in days from fever onset to diagnosis. The distribution of VL
patients identified by active case detection (ACD; in pale green) is shifted toward shorter duration categories compared to that for patients identified by passive case
detection (PCD; in blue). The distribution has a very long right-hand tail, with a small percentage of patients having durations longer than 6 months; PCD
predominates over ACD in the longer duration categories. The analysis includes 5030 patients reported to the Kala-azar Management Information System (KAMIS)
during the time period.
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(Alvar et al., 2008). A similar phenomenon may have
occurred for the small proportion of patients with a history of
prior VL treatment, as guidelines recommend parasitological
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10178
diagnosis and optimum re-treatment regimens may be less
widely available (National Vector Borne Disease Control
Programme, 2017).
TABLE 2 | Univariable multinomial logistic regression models for factors associated with time from symptom onset to diagnosis among 5030 visceral leishmaniasis
patients, Bihar State, India, January 2018 – July 2019.

Characteristic Duration of symptoms prior to VL diagnosis

30-59 days 60-89 days ≥90 days

aOR (95%CI) p-value aOR (95%CI) p-value aOR (95%CI) p-value

Age group
<15 years 0.73 (0.62-0.85) 0.0001 0.64 (0.52-0.80) <.0001 0.41 (0.32-0.53) <0.0001
15 to 35 years 0.88 (0.76-1.04) 0.1245 0.89 (0.72-1.09) 0.2562 0.68 (0.54-0.86) 0.001
>35 years Referent Referent Referent

Sex
Male 0.98 (0.86-1.11) 0.7176 0.87 (0.73-1.04) 0.1205 1.19 (0.98-1.46) 0.0865
Female Referent Referent Referent

Previously treated for VL1

Yes 1.04 (0.83-1.31) 0.7437 0.97 (0.71-1.33) 0.8538 1.10 (0.79-1.55) 0.5677
No Referent Referent Referent

Caste type2

Marginalized 1.19 (1.04-1.37) 0.0102 0.93 (0.78-1.12) 0.4614 0.98 (0.8-1.21) 0.8698
Non-marginalized Referent Referent Referent

House construction3

Kuccha 1.05 (0.92-1.20) 0.4367 0.83 (0.69-0.99) 0.0427 0.91 (0.75-1.12) 0.3764
Pucca or Semi-pucca Referent Referent Referent

Mode of case detection
Active 0.90 (0.79-1.02) 0.0962 0.56 (0.47-0.68) <.0001 0.41 (0.33-0.51) <0.0001
Passive Referent Referent Referent

ACD referral source
ASHA 1.31 (1.01-1.70) 0.0426 1.15 (0.78-1.71) 0.4785 0.85 (0.53-1.37) 0.5067
KBC 1.26 (0.98-1.62) 0.0717 1.13 (0.78-1.65) 0.5177 0.88 (0.56-1.38) 0.5704
Others Referent Referent Referent

HIV infection status4

Positive 1.00 (0.69-1.46) 0.99 1.58 (1.02-2.44) 0.041 2.81 (1.85-4.26) <0.0001
Negative Referent Referent Referent
March
 2021 | Volume 11 | Article
Intervals of 30-59, 60-89 and ≥90 days are compared to <30 days.
1Data missing for 3 patients.
2Data missing for 12 patients.
3Data missing for 7 patients.
4Data missing for 69 patients.
TABLE 3 | Multivariable multinomial logistic regression model for factors associated with time from symptom onset to diagnosis among 4949 visceral leishmaniasis
patients reported from January 2018 to July 2019 in Bihar State.

Characteristic Duration of symptoms prior to VL diagnosis

30-59 days 60-89 days ≥90 days

aOR1 (95%CI) p-value aOR (95%CI) p-value aOR (95%CI) p-value

Active Case Detection 0.88 (0.77-1.00) 0.06 0.56 (0.47-0.68) <0.0001 0.42 (0.34-0.53) <0.0001
Passive Case Detection Referent Referent Referent
Age group
<15 years 0.69 (0.58-0.82) <0.0001 0.64 (0.51-0.81) 0.0001 0.45 (0.34-0.58) <0.0001
15 to 35 years 0.86 (0.73-1.01) 0.06 0.88 (0.71-1.09) 0.24 0.70 (0.56-0.89) 0.003
>35 years Referent Referent Referent

Male 0.93 (0.82-1.06) 0.29 0.81 (0.68-0.97) 0.03 1.02 (0.83-1.26) 0.82
Female Referent Referent Referent
Marginalized castes 1.28 (1.11-1.47) 0.0005 1.07 (0.88-1.29) 0.49 1.22 (0.98-1.51) 0.08
Non-marginalized castes Referent Referent Referent
HIV-positive 0.91 (0.62-1.32) 0.61 1.28 (0.82-2.01) 0.28 1.89 (1.23-2.90) 0.004
HIV-negative Referent Referent Referent
Eighty-nine patients with data missing for one or more variables are excluded from the model. Time intervals of 30-59, 60-89 and ≥90 days are compared to diagnosis <30 days after onset.
1Odds ratio adjusted for all listed variables.
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One of the central challenges for the next phase of the VL
elimination program is to ensure timely detection of individual
cases and small outbreaks as incidence falls and the disease is no
longer perceived as a major threat (Rijal et al., 2019). During the
extensive VL assessments conducted in 2013-2015, two major
observations led to the design of the ACD methodology
evaluated here (Bindroo et al., 2021). First, more than half of
all cases in a given year occurred in villages with cases in the
previous year. Second, both geographic and social links can be
used to increase the yield of cases. Based on these two facts, the
resulting method focuses on villages with cases in the previous
year and the use of local informants and snowballing based on
known cases.

Unlike research studies that sought to evaluate snowballing
techniques in a blinded fashion (Siddiqui et al., 2016), our
program activities began with each known case. In contrast to
the so-called index-case approach (Singh et al., 2011; Huda et al.,
2012), we did not base the search on a fixed distance around the
identified VL case, but sought other cases through the social
networks of the known case, key informants active in health
issues in the community, and through private practitioners, both
formal and informal. In India, social links and caste connections
have strong predictive value for where subsequent VL cases
occur (Pascual Martinez et al., 2012; Bulstra et al., 2018), and
ongoing links with the same key informants over years facilitate
collaboration. Raising awareness in affected communities and
improving the knowledge base of community health workers can
also enhance both care-seeking and ACD efforts (Malaviya et al.,
2013; Khatun et al., 2014).

Existing data, including ours, are insufficient to prove that
ACD by itself has an impact on transmission and therefore future
incidence of VL. Over the course of the elimination program,
other interventions have been occurring, most importantly rapid
effective diagnosis and treatment of cases at the primary health
care level. In addition, there is a natural decrease in incidence
over time at the end of an epidemic cycle. Rigorous assessment of
the contributions of different interventions would require clinical
trials of very large populations. However, the theoretical
contribution of ACD to reducing time to diagnosis and
thereby decreasing transmission is estimated to be substantial
based on mathematical modeling (Medley et al., 2015).

Although we did not address PKDL data in this analysis,
ACD for PKDL is an integral part of the ongoing field
approach. PKDL patients are known to be infectious to sand
flies and are widely considered to constitute an important inter-
epidemic reservoir (Mondal et al., 2019). Verbal descriptions
and pictures of PKDL skin lesions are used during case searches
to orient local informants and enquire periodically about new
cases. Attempts are underway to visit every VL patient listed in
KAMIS once every six months. Once this effort has been
underway for a sufficient period of time, these data could be
used to determine optimal duration of follow-up and refine the
ACD efforts for PKDL.

Thus, as discussed previously, the primary purpose of ACD
going forward should be to reduce time to diagnosis. Early
detection of suspects with fever of more than 15 days duration
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11179
could be maximized by deploying ACD efforts in a given
geography once every fortnight, if not continually. The
methods described here are much more feasible to deploy at
high frequency than house to house searches and were deployed
to target all villages affected in the previous 12 months using a
field team that is closely similar in size to the human resources
available to the government health system. As incidence drops
over time and the number of villages affected in the previous year
declines, the same level of effort would cover villages affected
over a wider past time-window, thus potentially increasing the
yield of ACD even further. CARE teams work closely with
government functionaries at all levels of the health department
to train and facilitate use of these methods by the human
resource available to the elimination program.

This evaluation was based on ongoing program data, rather
than purpose-built research data collection, and as such, its
strengths come with inevitable limitations. We observed
clustering of duration data at 20, 30 and 60 days, indicating
that patients were rounding to time intervals such as one or two
months. Such rounding is likely unavoidable for a relatively
chronic, insidious illness. We defined our analysis intervals to
ensure that each category contained only one of these clustered
values. Approximately 5% of cases reported in KAMIS lacked
CDF data, either because the forms had not been completed or
because identity code errors precluded linkage. The program has
now implemented data collection using tablet computers with
data checking software, integrated within KAMIS and this is
applicable to any ACD method deployed; this will not only
minimize such issues in the future but provide more timely
access to the data. Our analysis suggests that the exclusions are
unlikely to have introduced major biases that might affect the
ACD vs PCD evaluation.

The term active case detection (ACD) has been used to
describe a wide range of methodologies, ranging from fever
camps run by mobile teams and geographically delimited
searches around index cases to labor-intensive house-to-house
surveys (Hirve et al., 2010; Das et al., 2014; Khatun et al., 2014;
Banjara et al., 2015; Banjara et al., 2019; Huda et al., 2019; Singh
et al., 2019). During the formulation of regional VL elimination
guidelines, several head-to-head research studies were conducted
to compare these different techniques (Singh et al., 2011; Huda
et al., 2012; Hirve et al., 2017). Even in these early evaluations, the
cost and yield for specific techniques varied widely. For example,
in one WHO-supported study in the region, the cost per case
detected ranged from $22 to $661 for the camp approach and
from $50 to $540 for an incentive-based approach (Singh et al.,
2011). Obviously, the yield for any ACD method has a strong
inverse relationship to incidence and to the functioning of the
health system: the more undiagnosed cases there are in the
community, the easier it will be to find them (Mondal et al.,
2009). Evaluations performed in the late 2000s when VL
incidence in India topped 30,000 cases are not indicative of the
yield and cost in the current setting of fewer than 4000 cases per
year (Rijal et al., 2019). Indeed, due to the very low incidence in
recent years, evaluations of ACD in Nepal and Bangladesh
produced few cases, and some data suggest that treatment and
March 2021 | Volume 11 | Article 648903

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Dubey et al. Active Visceral Leishmaniasis Case Detection
reporting delays may be increasing (Banjara et al., 2019;
Huda et al., 2019; Lim et al., 2019). These findings indicate
that the next phase of the program may require an updated
approach to surveillance and case detection.

The light-touch ACD strategies described help not only to
reduce time to diagnosis, and thus risk of transmission, but also
ensure a double check on the proportion of cases actually getting
captured. These methods were evolved to be replicable with
minimal resources. Currently, CARE is working in partnership
with the government to prepare for the eventual transition to full
government management in Bihar and Jharkhand. Both states
have issued directives for program functionaries to be trained in
these methods, and such trainings have been carried out in most
districts. The elimination program may be able to sustain these
methods for some years to come, possibly in combination with
ACD for other diseases. Such a process can supplement passive
case detection efforts that must go on, possibly perpetually, even
after the elimination target is achieved.
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Evaluation of Loopamp™ Leishmania
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Antigen ELISA for Post-Elimination
Detection and Management of
Visceral Leishmaniasis in Bangladesh
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Rajashree Chowdhury1, Shomik Maruf1, Md. Anik Ashfaq Khan4, Md. Utba Rashid1,
Rupen Nath1, James Baker1, Debashis Ghosh1, Emily R. Adams3, Malcolm S. Duthie5,
Md. Sakhawat Hossain6, Ariful Basher7, Proggananda Nath8, Fatima Aktar5,
Israel Cruz2,9‡ and Dinesh Mondal10*‡

1 Emerging infections and Parasitology laboratory, Nutrition and Clinical Service Division, International Centre for Diarrhoeal
Disease Research, Bangladesh, Dhaka, Bangladesh, 2 Neglected Tropical Diseases, Foundation for Innovative New
Diagnostics, Geneva, Switzerland, 3 Department of Tropical Disease Biology, Liverpool School of Tropical Medicine,
Liverpool, United Kingdom, 4 Faculty of Medicine, University of Leipzig, Leipzig, Germany, 5 Research, HDT Bio-Corp.,
Seattle, WA, United States, 6 National Kala-azar Elimination Program, CDC, DGHS, Dhaka, Bangladesh, 7 Department of
Medicine, Infectious Disease Hospital, Dhaka, Bangladesh, 8 Infectious diseases and Tropical Medicine, Mymensingh Medical
College and Hospital, Mymensingh, Bangladesh, 9 International Health Department, National School of Public Health, Instituto
de Salud Carlos III, Madrid, Spain, 10 Laboratory Sciences and Services Division, International Centre for Diarrhoeal Disease
Research, Bangladesh, Dhaka, Bangladesh

With reduced prevalence of visceral leishmaniasis (VL) in the Indian subcontinent (ISC),
direct and field deployable diagnostic tests are needed to implement an effective
diagnostic and surveillance algorithm for post-elimination VL control. In this regard, here
we investigated the diagnostic efficacies of a loop-mediated isothermal amplification
(LAMP) assay (Loopamp™ Leishmania Detection Kit, Eiken Chemical CO., Ltd, Japan), a
real-time quantitative PCR assay (qPCR) and the Leishmania antigen ELISA (CLIN-TECH,
UK) with different sampling techniques and evaluated their prospect to incorporate into
post-elimination VL control strategies. Eighty clinically and rK39 rapid diagnostic test
confirmed VL cases and 80 endemic healthy controls were enrolled in the study.
Peripheral blood and dried blood spots (DBS) were collected from all the participants at
the time of diagnosis. DNA was extracted from whole blood (WB) and DBS via silica
columns (QIAGEN) and boil & spin (B&S) methods and tested with qPCR and Loopamp.
Urine was collected from all participants at the time of diagnosis and was directly
subjected to the Leishmania antigen ELISA. 41 patients were followed up and urine
samples were collected at day 30 and day 180 after treatment and ELISA was performed.
The sensitivities of the Loopamp-WB(B&S) and Loopamp-WB(QIA) were 96.2% (95% CI
89·43-99·22) and 95% (95% CI 87·69-98·62) respectively. The sensitivity of Loopamp-
DBS(QIA) was 85% (95% CI 75·26- 92·00). The sensitivities of the qPCR-WB(QIA) and
qPCR-DBS(QIA) were 93.8% (95% CI 86·01-97·94) and 72.5% (95% CI 61·38-81·90)
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respectively. The specificity of all molecular assays was 100%. The sensitivity and
specificity of the Leishmania antigen ELISA were 97.5% (95% CI 91·47-99·70) and
91.95% (95% CI 84·12-96·70) respectively. The Leishmania antigen ELISA depicted
clinical cure at day 180 in all the followed-up cases. Efficacy and sustainability identify the
Loopamp-WB(B&S) and the Leishmania antigen ELISA as promising and minimally
invasive VL diagnostic tools to support VL diagnostic and surveillance activities
respectively in the post-elimination era.
Keywords: visceral leishmaniasis, diagnosis, LAMP, qPCR, urine ELISA, elimination, diagnostics for VL post-
elimination era
INTRODUCTION

Visceral leishmaniasis (VL), also known as kala-azar, is a vector-
borne parasitic disease caused by protozoans of the Leishmania
donovani complex, which are transmitted by phlebotomine
sandflies (Chappuis et al., 2007). On the Indian subcontinent
(ISC) the disease is caused by Leishmania donovani, which is
transmitted in an anthroponotic cycle and is responsible for
significant morbidity and mortality (Matlashewski et al., 2011).
For years, the estimated global VL incidence ranged between
50,000-90,000 cases per year (Bi et al., 2018), and three countries,
Bangladesh, India, and Nepal, contributed to 60-80% of the
reported incidences1. In 2005, the three countries signed a
memorandum of understanding and launched the kala-azar
elimination program on the ISC to eliminate VL as a public
health problem by 2015, later extended to 2020 (Selvapandiyan
et al., 2019). The program aimed to attain less than 1 case per
10,000 people at the intervention unit level in three phases:
achieving the target incidence in the attack phase, retaining the
incidence for 3 consecutive years in the consolidation phase, and
following validation by the World Health Organization (WHO),
sustaining the target incidence in the maintenance phase (Le
Rutte et al., 2018). Bangladesh and Nepal achieved the target in
2016 and 2013 respectively and wait for validation while
incidence is reduced below the target in the majority of
intervention units in India (Rijal et al., 2019). The attainment
of the target incidence led to a drastic reduction in the reported
case numbers in the three countries, from 41,158 in 2005 to 3,105
cases that contributed to a 77% decrease in global VL incidence
in 20191.

The reduction in VL prevalence on the ISC is attributed to the
policies and strategies taken by the elimination program in the
attack phase. Notably, the implementation of a point-of-care
diagnostic test, the rK39 rapid diagnostic test (RDT), and an
improved treatment regimen, single-dose liposomal
amphotericin B (LAmB) accelerated the progression of the
program (Olliaro et al., 2017). However, the program must re-
evaluate detection strategies and interventions for the post-
elimination era in accordance with a reduced VL prevalence.
While the rK39 RDT acted as a protagonist during the attack
phase, the assay is likely to lose its positive predictive value in the
ry, WHO, 2021. https://apps.who.int/
ccessed February 2021].
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maintenance phase with fewer cases (Rijal et al., 2019) leading to
the incorrect treatment of non-VL cases. Moreover, the rK39
RDT is unsuitable as a test of cure and for diagnosis of relapse
cases due to the inability to differentiate past and new infection -
an inherent limitation of indirect diagnostic approaches
(Srividya et al., 2012). Furthermore, the existing diagnostic
algorithm includes visible disease manifestations for at least
two weeks (NKEP, CDC, 2016) which unfortunately extends
the period of infectiousness and transmissibility. Therefore, a
direct and field-deployable diagnostic method is crucial for
prompt management of sporadic cases and limit the
transmission in the post-elimination setting.

Despite sincere efforts, a sensitive, direct detection method that
circumvents the limitations of the rK39 RDT and is suitable for
peripheral settings remains unavailable. Molecular assays such as
real-time quantitative polymerase chain reaction (qPCR) are the
most sensitive direct detection methods; though, the high
maintenance and associated cost confined its application to
research relevant activities (Sundar and Singh, 2019). Persisting
efforts led to the development of different sensitive molecular assays
(e.g. Loop-mediated isothermal amplification-LAMP, recombinase
polymerase amplification-RPA) that eliminate the necessity for
expensive thermocyclers with shorter turnaround time, while
utilization of dried reagents substantially increased the prospect of
introducing the assays in near-patient settings (Mondal et al., 2016;
Nzelu et al., 2019; Rijal et al., 2019). However, template preparation
methods significantly influence the assay throughput and the
requirement of expensive and labor-intensive nucleic
acid extraction techniques often restrict such initiatives. Moreover,
diagnostic techniques accompanying safer and non- or minimally
invasive sampling methods are required to increase patient
compliance, especially for the low prevalence setting in the post-
elimination era.

In an endeavor to evaluate such direct diagnostic tools, in this
study, we determined the efficacies of a reference qPCR and a
LAMP assay (Loopamp™ Leishmania Detection Kit, Eiken Co.,
Ltd, Japan). The assay showed excellent efficacies in detecting VL
cases in Sudan and cutaneous leishmaniasis cases in Afghanistan
and Suriname previously (Mukhtar et al., 2018; Vink et al., 2018;
Schallig et al., 2019). Here, we performed the Loopamp assay with
whole blood and dried blood spots and evaluated the effect on the
diagnostic efficacies of two different extraction methods,
commercial silica-based spin-columns and an in-house boil &
April 2021 | Volume 11 | Article 670759
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spin protocol. Furthermore, we also evaluated the Leishmania
antigen ELISA (CLIN-TECH, UK) in urine samples, previously
showing promise in the detection of VL cases from Bangladesh
and Ethiopia in a pilot study (Vallur et al., 2015), as a non-invasive
diagnostic assay and test of treatment response over 6 months.
METHODS AND MATERIALS

Ethics Statement
The study was conducted in accordance with the Declaration of
Helsinki and approved by the International Centre for Diarrheal
Disease Research, Bangladesh (icddr,b) ethical review committee
(PR-14093). Written informed consent was obtained from each
adult participant or guardian of any participant aged less than
18 years.

Study Sites and Participant
Characteristics
All study participants were enrolled from Mymensingh division,
a highly endemic region for VL that accounts for more than half
of the total VL patients in Bangladesh. Sample collection and
template preparation was performed at Surya Kanta Kala-azar
Research Center (SKKRC), Mymensingh. Laboratory tests were
performed at the icddr,b, Dhaka. All participants were enrolled
between June 2016 to March 2018. Clinical diagnosis of the
patients was performed according to the national guidelines of
Bangladesh (NKEP, CDC, 2016). Individuals without a history of
VL, suffering from a fever of more than two weeks in duration,
splenomegaly, and positive with rK39 rapid detection test (RDT)
were enrolled and defined as VL cases. Age and sex-matched
clinically healthy household contacts of VL cases with no history
of VL, or any symptoms of severe, acute, or chronic illness and a
negative rK39 RDT were enrolled as endemic healthy controls.
rK39 RDT was performed with serum sample of the suspected
cases showing clinical symptoms by Kala-azar Detect™ Rapid
Test kit according to the manufacturer’s instruction (Inbios
International, Inc., USA). A total of 80 VL patients and 80
endemic healthy controls were included in the study. The
admission, clinical management and treatment of patients was
arranged at SKKRC. All VL patients were treated with a single
dose intravenous infusion of 10 mg/kg LAmB, as per the national
guidelines. Patients were followed up at 6 months and 12 months
after treatment to monitor their response to treatment and
development of VL related post-treatment complications.

Clinical Specimens
Ten milliliters of whole blood and 50mL morning urine were
collected from all participants at baseline. Serum was separated
by centrifuging 3mL whole blood at a rate of 3,500 rpm for 5
minutes. Dried blood spots (DBS) were prepared by the addition
of 45µL whole blood to Whatman® FTA® cards (Sigma-
Aldrich). Urine was also collected from 41 VL patients at 30
and 180 days after completion of treatment. Cold chain (4°C)
maintenance was assured while transporting the samples to
icddr,b, for laboratory analysis.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3184
Template Preparation by QIAGEN
Extraction Method
DNA was isolated from 200µL heparin treated whole blood
(WB-QIA) and three 5mm punched-out circles from a dried
blood spot (DBS-QIA) using a QIAamp DNA tissue and blood
mini kit (QIAGEN, Hilden, Germany). Extracted DNA was
eluted into 200mL and 150mL of elution buffer provided with
the kits respectively, as per the manufacturer’s instructions.
Extracted DNA samples were stored at –80°C.

Template Preparation by Boil & Spin
Method
Sixty microliters of heparin-treated whole blood was mixed with
60ml of extraction buffer (400 mM NaCl, 40 mM Tris pH 6·5,
0·4% SDS) by vortexing for 10 seconds. The suspension was then
incubated in a heating block at 95°C for 5 minutes and
centrifuged for 3 minutes at 10,000g. After centrifugation,
30mL of clear supernatant containing DNA extracted by boil &
spin (WB-B&S) was transferred to a dilution tube containing
345mL of PCR grade water.

qPCR
qPCR was performed with template DNA extracted by QIAGEN
extraction method from whole blood and DBS, using a protocol
described elsewhere, targeting the conserved REPL repeats of the
Leishmania genome (Hossain et al., 2017). Briefly, 5µL template
DNA, 10 µL of TaqMan® Gene Expression Master Mix (Applied
Biosystems), 1 µL pre-ordered Taqman primer-probe mix
(Applied Biosystems), and PCR grade water were used to
prepare 20 µL reaction mix. A Bio-Rad CFX96 iCycler system
was utilized for amplification. The conditions for amplification
were as follow- 10 min at 95°C, followed by 15 seconds at 95°C
and 1 min at 60°C (45 cycles). A standard curve was generated in
each run with 10 ng to 1 fg of parasite DNA extracted from in
vitro cultured promastigotes (L. donovani MHOM/IN/80/DD8)
corresponding to 10,000 to 0.1 parasites per reaction. One
reaction with molecular grade water as a negative control in
each assay. Samples with cycle threshold (Ct) > 40 were
considered negative. Samples were analyzed in duplicate and
for the case of an indeterminate result, an additional run
was performed.

Loopamp Assay
The Loopamp assay (Loopamp™ Leishmania Detection Kit,
Eiken Chemical Co. Ltd, Japan) was performed according to
the manufacturer’s instructions using template DNA from whole
blood prepared by QIAGEN and B&S extraction methods, and
DBS DNA extracted by QIAGEN extraction method. Template
DNA (3mL) extracted by the QIAGENmethod was added to each
tube, supplied as a string of 8 tubes with lyophilized Master Mix
in the tube caps. The volume was made up to 30mL by the
addition of 27mL Loopamp buffer. For the template DNA
prepared by B&S method, 3 mL template DNA was used
directly. Each run used one positive control and 30mL LAMP
buffer as a negative control. After the addition of the template,
tubes were closed, the string was turned upside down and shaken
April 2021 | Volume 11 | Article 670759
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firmly. The string was placed cap-side down on the bench for 2
minutes for reconstitution of the dried Master Mix. Following
reconstitution, the solution was spun down to the bottom of the
tubes and the string was incubated in the Loopamp™ LF-160
incubator (Eiken Chemical Co. Ltd) at 65°C for 40 minutes, then
80°C for 5 minutes. After thermal incubation, the tube string was
placed in the fluorescent unit, and samples that illuminated under
blue LED light were considered positive. The results were read by
two independent interpreters. Discordance in interpretation was
resolved by the assessment of a third interpreter.

Quality and Concentration of Extracted
DNA
The quality and concentration of the QIAGEN and B&S
extracted DNA from different samples were assessed with
Thermo Scientific Nanodrop™ 2000 Spectrophotometer
(Thermo Scientific, Hilden, Germany). DNA concentration
was determined from the OD value at 260 nm and the quality
was assessed by the ratio of OD values at 260nm and 280nm,
considering the ratio of good quality DNA ranges between 1·8-
2·0, following the standard protocol (Desjardins and
Conklin, 2010).

Leishmania Antigen ELISA
The Leishmania antigen ELISA was performed with urine samples
according to the manufacturer’s instructions (CLIN-TECH, UK).
Briefly, samples were diluted 400X for VL and 20X for controls
with assay diluent and 100mL added in duplicate to flat-bottom 96-
well microtiter plates pre-coated with sheep anti-leishmanial
antibodies (CLIN-TECH, UK). Six antigen calibrators from 0 to
50 urinary antigen unit (UAU)/mL were added to each plate in
duplicate to generate a standard curve. The plate was incubated for
30 minutes at 37°C. Following four washes, 100mL of working
strength Tracer (sheep anti-Leishmania antibody labeled with
peroxidase) was added into each well and incubated for 30
minutes at 37°C. After another wash sequel, 100mL TMB
substrate solution was added to each well and the plate was
incubated for 30 minutes at room temperature and the reaction
was stopped with the addition of 100mL stop solution (0·5M HCl).
Optical density (OD) wasmeasured at 450nm and 620nm (ELx808,
Biotek) within 30 minutes of the addition of stop solution. A four
parametric logistic curve was constructed from all of the VL antigen
calibrator points using Gen 5 software. The assay was considered
effective when the OD for the 50 UAU/mL standard was more than
1·5 and the OD for the 0 UAU/mL calibrator was less than 0·1. The
concentrations of the samples were adjusted by correcting for the
dilution factor. A receiver operating characteristic (ROC) curve was
generated to set the cut-off concentration for positivity
(supplementary information). Samples with concentration <3·11
UAU/mL were considered negative.

Statistical Analysis
Clinical sensitivity and specificity of the assays were measured
against VL case definition according to the national guideline as
a gold standard. Sensitivity and specificity [with 95% confidence
interval (CI)] were calculated using exact binomial methods for
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4185
proportions. McNemar’s test was performed to evaluate
discordance between the clinical evaluation and the assays. To
evaluate the inter-assay discordance McNemar’s test and
Cochran’s Q test were performed. A two-tailed paired t-test
was performed to measure differences between the means of
quantitative variables. A p-value < 0.05 was considered to
indicate statistically significant differences. The relationship
between the parasite loads detected by qPCR between WB and
DBS variables was determined by the Pearson correlation
coefficient. To measure the inter-assay agreement, the Cohen’s
kappa statistic (k) was performed. The values of Cohen’s k
coefficients were interpreted according to Landis and Koch:
1·00–0·81: excellent; 0·80–0·61: good; 0·60–0·41: moderate;
0·40–0·21: weak; and 0·20–0·00: negligible agreement (19). All
statistical analyses were performed in SPSS 20 and Graphpad
Prism 8·0.
RESULTS

Patient Demographics
The clinical and demographic details of study participants are
detailed in Table 1. All patients responded well to the treatment,
were cured clinically by 6 months and none reported VL
associated clinical complications in 12 months ’ time
after treatment.

Sensitivity, Specificity, and Comparative
Analysis of the Assays
We evaluated an established qPCR assay, previously evaluated
with buffy coat DNA, with WB and DBS samples. For the qPCR
assay, the sensitivity of WB DNA extracted by QIAGEN
extraction method was 93·8% (95% CI 86·01-97·94), whereas
DBS DNA extracted by QIAGEN extraction method achieved a
sensitivity of 72·5% (95% CI 61·38-81·90). The highest sensitivity
by the Loopamp assay was achieved with WB-DNA extracted by
boil & spin method at 96·2% (95% CI 89·43-99·22), followed by
WB-DNA and DBS-DNA extracted by QIAGEN methods,
achieving 95% (95% CI 87·69-98·62) and 85% (95% CI 75·26-
92·00) sensitivity, respectively. Both the assays achieved 100%
specificity with every extraction method. Likewise, the
Leishmania antigen ELISA achieved a 97·5% (95% CI 91·47-
99·70) sensitivity that was highest among all the assays and a
specificity of 91·9% (95% CI 84·12-96·70). There were no
statistically significant differences in performance of qPCR-
WB-QIA, Loopamp-WB-QIA, Loopamp-WB-B&S and
Leishmania antigen ELISA to the clinical diagnosis of VL
according to the national guideline, as determined by exact
McNemar test (Table 2).

No statistically significant difference was found in the overall
sensitivities of the Loopamp and qPCR assays with whole blood
samples. With DBS samples, sensitivity of Loopamp was
significantly higher than qPCR. However, sensitivities of both
Loopamp and qPCR were higher with whole blood than DBS
samples. There were no statistically significant differences
between the sensitivities of Loopamp/qPCR with whole blood
April 2021 | Volume 11 | Article 670759
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TABLE 1 | Clinical and demographic details of study participants.

VL cases (n=80) Endemic healthy control (n=80)

Sex Male 47 (58·8%) 46 (57·5%)
Female 33 (41·2%) 34 (42·5%)

Age 5-11 years 17 (21·3%) 17 (21·3%)
12-17 years 05 (6·3%) 03 (3·8%)
18 ≥ years 58 (72·5%) 60 (75%)

Positive in rK39 RDT 80 (100%) 0 (0%)
Fever more than two weeks 80 (100%) 0 (0%)
Loss of appetite 50 (62·5%) 0 (0%)
Decreased body weight 25 (31·3%) 0 (0%)
Darkening of the skin 05 (6·3%) 0 (0%)
Bleeding from nose 02 (2·5%) 0 (0%)
Abdominal pain 16 (20%) 0 (0%)
Abdominal enlargement 17 (21·3%) 0 (0%)
Weakness 41 (51·2%) 0 (0%)
Pallor 58 (72·5%) 0 (0%)
Jaundice 06 (7·5%) 0 (0%)
Hepatomegaly 28 (35%) 0 (0%)
Splenomegaly 80 (100%) 0 (0%)

TABLE 2 | Sensitivity and specificity of different assays along with P values in the McNemar test.

Assay Sample type Sensitivity (n/N)* (95% CI) Specificity (n/N)¥ (95% CI) p-value in Mc Nemar test

qPCR WB-QIA 93·8 (75/80)
(86·01-97·94)

100 (0/80)
(95·49-100)

0·06

DBS-QIA 72·5 (58/80)
(61·38-81·90)

100 (0/80)
(95·49-100)

0·00

Loopamp™ Leishmania Detection assay WB-QIA 95·0 (76/80)
(87·69-98·62)

100 (0/80)
(95·49-100)

0·13

WB-B&S 96·2 (77/80)
(89·43-99·22)

100 (0/80)
(95·49-100)

0·25

DBS-QIA 85·0 (68/80)
(75·26- 92·00)

100 (0/80)
(95·49-100)

0·00

Leishmania antigen ELISA Urine 97·5 (78/80)
(91·47-99·70)

91·9 (73/80)
(84·12-96·70)

0·180

*Number of positives out of the 80 true VL cases.
¥Number of positives out of the 80 endemic healthy controls.
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and the urinary Leishmania antigen ELISA, however, the
molecular assays performed significantly better in terms of
specificity than the antigen ELISA (Table 3). The agreement
between assays is shown in Figure 1.

Effect of Extraction and Sampling Methods
on Molecular Assays
The parasite burden estimated by qPCR varied considerably
between WB-QIA and DBS-QIA samples (Figure 2). In 77·5%
TABLE 3 | Comparison of different assays and samples on overall diagnostic performa

Sample type Assays p-value
(cases)

Whole blood qPCR-QIA X Loopamp-QIA X Loopamp-B&Sa 0·607
DBS qPCR-QIA X Loopampb-QIA 0·002
Whole blood X DBS qPCR-QIA X Loopamp-QIA X Loopamp-B&SX

qPCR-QIA X Loopamp-QIAa
0·000

Whole blood X Urine qPCR-QIA X Loopamp-QIA X Loopamp-B&S X
Antigen ELISAa

0·392

aCochran’s Q Test, bMcNemar Test, N/A, Not analyzed due to constant values.
**p-value < 0·01, ***p-value < 0·001.
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(62/80) of the VL cases, the parasite load was greater in WB-QIA
samples. An increased parasite load was observed in 22·5% of VL
cases (18/80) by DBS-QIA method. However, a significant
correlation was found in parasite load detected by qPCR
between the two methods (r=0·723, p<0·001).

Significant variations in the mean DNA concentrations were
observed for different sampling and DNA extraction methods
when paired sample t-tests were performed (Figure 3). However,
when considered quality, the mean 260/280 absorbance ratio
nce.

p-value
(controls)

Overall performance

N/A Equivalent
N/A DBS: Loopamp-QIA**> qPCR-QIA
N/A WB: qPCR-QIA/Loopamp-QIA/Loopamp-B&S***> DBS:

Loopamp-QIA**> DBS: qPCR-QIA
0·000 WB: qPCR-Q/Loopamp-Q/Loopamp-B&S***> Urine: Antigen

ELISA
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were 1·829, 1·613 and 1·372 for WB-QIA, WB-B&S and DBS-
QIA methods, respectively. The highest quality DNA was
achieved by QIAGEN extraction method from whole blood,
whereas WB-B&S and DBS-QIA the quality of the DNA was
compromised by the presence of impurities.

Leishmania Antigen Concentration as a
Marker of Treatment Outcome
Significant difference was observed in the mean antigen
concentrations between the VL and control groups by
Leishmania antigen ELISA (Figure 4A). The Leishmania
antigen ELISA was also efficient in assessing treatment
outcome. Of the 41 patients who provided samples post-
treatment, 35 were antigen negative at day 30 and all patients
were antigen negative at day 180 (Figure 4B).

Comparative Assessment of the Assay
Characteristic
The features of individual assays are summarized in Table 4. The
time to result is inclusive of the time for sample processing and
the kit cost includes only the reagent cost for sample processing
(extraction etc.) and amplification.
DISCUSSION

Here, we performed the Loopamp assay with whole blood and
DBS sampling with QIAGEN and B&S nucleic acid extraction
methods and compared it with a reference qPCR assay under
similar conditions, to determine the most appropriate
combination of sampling-extraction-detection for clinical
diagnosis of VL. The qPCR assay was assessed previously with
buffy coat DNA from VL patients with promising efficacy
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(Hossain et al., 2017). However, detection of the parasite in the
peripheral blood sample is preferred over buffy coat, as only
200µL instead of 1·5mL whole blood is required to prepare the
same volume of template DNA. Besides, though the purity is low,
the B&S method is faster and retains a sufficient concentration of
template DNA (Barbosa et al., 2016).

In this study, the Loopamp-WB(B&S) achieved the greatest
sensitivity (96·2%) among the molecular assays. The higher
sensitivity of the Loopamp-WB(B&S) is attributed to the
highest template DNA recovery, though the overall purity of
the DNA is reduced relative to other extraction methods. In
another study performed in Sudan, Loopamp-WB(B&S)
achieved 97·6% sensitivity that is comparable to the present
study, with the sensitivity of Loopamp-WB(QIA) was 100%
compared to 95% sensitivity achieved here (Mukhtar et al.,
2018). However, the qPCR assays showed lower sensitivities
than the previous study with buffy coat-DNA (100%),
suggesting the qPCR assay is more effective when performed
with the buffy coat (Hossain et al., 2017).

The Loopamp assay showed higher sensitivity than qPCR in
all combinations of sampling-extraction methods. The results
varied from another study where a qPCR-WB(QIA) assay was
more sensitive (96·1%) than the Loopamp-WB(QIA) (92·3%).
However, the study incorporated qPCR targeting the kDNA and
turbidity based LAMP product detection system, compared to
the REPL repeat targeted qPCR assay and fluorimetric LAMP
product detection in the present study (Adams et al., 2018).
Moreover, the Loopamp assay offers high analytical sensitivity
(10-3 parasite equivalents/reaction) and targets two different
regions (18SrRNA gene and kDNA minicircles) (Adams et al.,
2018; Ibarra-Meneses et al., 2018), whereas the analytical
sensitivity of the qPCR is 10-1 parasite equivalent/reaction and
a single target (Hossain et al., 2017). However, the efficacies of all
three molecular assays with whole blood (Loopamp-B&S,
FIGURE 1 | Inter-rater agreement observed between the assays presented as Cohen’s Kappa coefficients. The values of Cohen’s k coefficients are interpreted as:
1·00–0·81: excellent; 0·80–0·61: good; 0·60–0·41: moderate; 0·40–0·21: weak; and 0·20–0·00: negligible agreement.
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Loopamp-QIA and qPCR-QIA) were statistically similar and
both the Loopamp-WB(B&S) and Loopamp-WB(QIA) satisfy
the required sensitivity and specificity (≥95% and ≥98%
respectively) of an ideal diagnostic assay for VL case detection
(Boelaert et al., 2007). The qPCR-WB(B&S) assay was found
ineffective in our study (data are not shown), indicating
interference by impurities (e.g., hemoglobin, protein antibodies
etc), in agreement with previous studies (Sriworarat et al., 2015).

Use of a DBS from capillary blood collected by finger-prick
would further reduce the invasiveness of sampling, eliminate the
need for cold-chain during transportation, and would be
appropriate for mass sample collection during surveillance.
PCR experiments with DBS previously reported variable
sensitivities (70% and 90%) (Sundar and Singh, 2019).
However, to our knowledge, this is the first study evaluating
DBS samples in both qPCR and Loopamp assays for L.donovani
detection. In our study, the Loopamp-DBS(QIA) and qPCR-DBS
(QIA) assays were moderately sensitive, and the Loopamp assay
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7188
yielded better results than qPCR. These lower sensitivities in
qPCR and Loopamp assay with DBS samples is also documented
for conventional PCR (Smit et al., 2014) and infers inadequate
template availability, as substantiated with the observed loss in
template DNA recovery and reduced parasite load in DBS
samples. Moreover, both Loopamp-DBS(B&S) and qPCR-DBS
(B&S) assays were unable to detect parasite DNA (data not
shown), depicting the necessity of additional processing and
purification steps for the B&S method.

Integration of a test of cure and treatment monitoring,
potentially based on an antigen-based, non-invasive diagnosis
will benefit the post-elimination program. VL accompanies renal
dysfunction and associated nephropathy, resulting in the excretion
of the parasite antigens in the urine (Bezerra et al., 2019).
Therefore, detection of the Leishmania antigens in urine for VL
diagnosis is a promising non-invasive diagnostic approach to
support the post-elimination program. We investigated one such
prospective urine-based detection system, the Leishmania antigen
FIGURE 2 | Differences in the parasite burden by qPCR between whole blood and DBS DNA extracted by QIAGEN method. (A) The mean parasite load in WB-QIA
was 1,818 parasite/mL WB (SD=3,740 parasite/mL) and DBS-QIA was 899 parasite/mL WB (SD=2,069 parasite/mL). In a paired sample t-test, significant differences
were observed in the mean parasite load between the two sample categories with t (79) =3·092, P=0·0027. (B) Trend in parasite load between the two sampling
methods. Each point indicates the data obtained from an individual sample. The connecting line links data for each patient in WB-QIA and DBS-QIA method.
FIGURE 3 | Concentration of DNA extracted by QIAGEN and boil & spin methods from whole blood and DBS samples(n=72). The mean DNA concentration was
highest for WB-B&S, 27·51 ng/µL (SD=9·45 ng/µL), followed by WB-QIA and DBS-QIA, 18·68 ng/µL (SD=12·10 ng/µL) and 8·09 ng/µL (SD=15·47 ng/µL)
respectively. In a two-tailed paired t-test, significant differences in the mean concentrations were observed for WB-QIA and WB-B&S (t(71)=4·981, P<0·0000),
WB-B&S and DBS-QIA (t(71)=8·978, P<0·0000) and WB-Q and DBS-Q (t(71)=4·398, P<0·0000).
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ELISA. It is a quantitative, capture ELISA exploiting anti-
Leishmania poly-clonal antibodies produced against whole
promastigotes to detect Leishmania antigens excreted in urine
(Vallur et al., 2015). The sensitivity in this study was 97·5% with
significant differences in antigen concentration between the case
and controls. However, the specificity in the endemic controls was
moderate, consistent with our previous study (90%), however, we
set our cut-off concentration from receiver operating characteristic
(ROC) curve to adjust the precision (Vallur et al., 2015). The assay
performance was statistically inferior in terms of specificity when
tested against the molecular assays of similar sensitivities.
However, the assay was accurate in conferring complete clinical
cure at day 180, in agreement with the definition of clinically cured
cases according to the current national guideline, (NKEP, CDC ,
2016) and further assured by no reported clinical complications
related to VL in a one-year follow up period. The results are
consistent with a previous study in Ethiopian subjects with similar
accuracy to determine clinical cure (Vallur et al., 2015).

Attaining the VL elimination status will subsequently limit
funding and programmatic activities are likely to be committed
to the public healthcare system. Therefore, apart from the
efficacy, the aptness of the assays for the post-elimination
setting hinges upon other parameters e.g., cost, feasibility,
scalability, and robustness. Reckoning the efficacy, feasibility,
and cost, the Loopamp assay succeeded the qPCR assay in our
study and emerged as a promising alternative (Table 4).
Lyophilized reagents, one step-single tube LAMP assay,
compact device, and visual detection of the LAMP products
with the in-built fluorescence unit of the Loopamp™ LF-160
incubator made the assay apt for peripheral health care setting
(Besuschio et al., 2017; Adams et al., 2018). Coupling the B&S
extraction with the Loopamp assay further lessened the time and
cost along with a simplified protocol that increased the assay
feasibility. The assay is also minimally invasive and requires only
60µL of blood as an initial sample which is equivalent to 2 drops
of peripheral blood. The sampling feasibility can be therefore
increased utilizing finger-pricked blood and requires
investigation. Additionally, the availability of the Loopamp TB
(WHO recommended) and Malaria detection kit increases its
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8189
prospect to be exploited as an integrated diagnostic platform
along with VL (World Malaria Report, 2019, Geneva).

The limitations of the Loopamp assay comprise its limited
throughput and absence of the quantification feature compared to
the qPCR. Also, utilization of FTA cards in DBS-Loopamp
increased the assay cost (Table 4), rendering the assay less
desirable for mass screening during post-elimination
surveillance. The Leishmania antigen ELISA in contrast is more
compatible for surveillance studies as another sensitive, cost-
effective, high-throughput, and non-invasive diagnostic tool,
offering sampling feasibility and increased patient compliance
(Abeijon and Campos-Neto, 2013). The prospect of the assay to
identify asymptomatic carriers from a cohort is explored in a
recent study with promising outcome (Owen et al., 2021). Its
unique quantification feature can also be exploited to determine
treatment outcome. However, the low specificity may cause
inconclusive results, requiring a secondary test for confirmation.
For basic laboratory research requiring precise quantification of
parasites, e.g., evaluation of novel vaccines, drugs, and diagnostic
innovations etc., however, the qPCR assay is preferred.

Defining elimination by prevalence instead of the
transmission status is a caveat in the elimination strategy and
the continuous transmission, as evidenced by increased non-
endemic VL cases, is impeding the validation process (Olliaro
et al., 2017; Cloots et al., 2020). Therefore, in light of other
neglected tropical disease (NTD) elimination programs (e.g.
filariasis and schistosomiasis), the VL endgame policies should
consider the interruption of transmission as the basis of infection
containment in the post-elimination era (Stothard et al., 2017;
Fang and Zhang, 2019). Effective interruption of VL
transmission can only be achieved by reducing the
transmission window of the infection via early diagnosis.
Therefore, the VL patients according to the national guidelines
that is the presence of clinical symptoms for two weeks along
with rK39 positivity (NKEP, CDC, 2016). The enrollment was
completed at SKKRC which is a referral center for VL, and the
suspects were primarily diagnosed elsewhere. Therefore, all the
suspects were clinically advanced and rK39 RDT positive during
enrollment. As such, the efficacies of the assays for VL detection
FIGURE 4 | (A) Differences in the concentration of urinary antigen between VL and endemic control groups at baseline. The mean Ag concentration in the VL group
was 1,706 UAU/mL (SD=3,106 UAU/mL) and the mean Ag concentration for controls was 0·8523 UAU/mL (SD=1·507 UAU/mL). Significant differences were
observed by two-tailed t-test between the two groups (t (79) = 4·912, P<0·0001). (B) Concentration of urinary Ag in VL patients at baseline, 30 days after treatment
and 180 days after treatment (n=41). The mean Ag concentration at baseline was 1,681 UAU/mL (SD=2,888 UAU/mL), 10·94 UAU/mL (SD=42·36 UAU/mL) at day
30 after treatment and 0·0585 UAU/mL (SD=0·375 UAU/mL) at day 180 after treatment.
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earlier than two weeks remains unknown and further
investigation is required with stratified time points since the
onset of the symptoms. The microscopic detection of parasites in
splenic aspirate was initially included as a diagnostic gold
standard for VL in the study protocol. However, the procedure
was discontinued in the early phases of the study following a
serious adverse event reported. Also, the performance of the
Loopamp assay as a test-of-cure was not evaluated and the
efficacies of both the assays to detect treatment failures and
relapse cases requires investigation.

In absence of definite tools to measure VL transmission,
identification of the infectious pockets via epidemiological
surveillance and ensuring early diagnosis are the only reliable
measures to contain transmission in the post-elimination setting.
Our study presented the Loopamp™ Leishmania Detection Kit
with B&S extracted whole blood DNA and the Leishmania
antigen ELISA promising to facilitate such post elimination
diagnosis and epidemiological surveillances, respectively. A
phase-3 diagnostic trial is therefore recommended in the
peripheral settings to integrate the assays into the post-
elimination VL control strategies.
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TABLE 4 | Comparison of assay characteristics.

qPCR-WB-QIA qPCR-DBS-QIA Loopamp-WB-QIA Loopamp-WB-B&S Loopamp-DBS-QIA Leishmania
antigen
ELISA

Detection Real time,
fluorescence

Real time, fluorescence Endpoint,
fluorescence

Endpoint,
fluorescence

Endpoint, fluorescence Endpoint,
colorimetric

Sample preparation Manual Manual Manual Manual Manual Manual

Automation for detection
and analysis

Yes Yes No No No Yes

Assay validation Quantitative Quantitative Qualitative Qualitative Qualitative Quantitative

Detection of L. donovani markers Direct Direct Direct Direct Direct Direct

Mode of sample collection Invasive Invasive Invasive Invasive Invasive Non-invasive

Volume of sample required 200uL
peripheral blood

200uL peripheral blood 200uL peripheral
blood

60 uL peripheral
blood

120 uL peripheral
blood

5-10uL urine

Samples analyzed per assay 82 82 14 14 14 82

Time to result/assay 2:45 hours 3 hours 1:20 hour 1 hour 2:40 hours 2 hours

Kit cost/reaction ~16·5 USD ~18·9 USD ~10·12 USD ~6·92 USD ~12 USD ~6·12 USD

Instrument/cost/life expectancy Bio-Rad CFX96
iCycler
~19,000 USD/
15years

Bio-Rad CFX96 iCycler
~19,000 USD/15 years

Loopamp™ LF-160
incubator (Eiken
Chemical Co.Ltd)/
6000 USD/10 years

Loopamp™ LF-160
incubator (Eiken
Chemical Co. Ltd)/
6000 USD/10 years

Loopamp™ LF-160
incubator (Eiken
Chemical Co.Ltd)/6000
USD/10 years

ELx808 ELISA
reader
(Biotek)/5000
USD/10 years

Storage temperature of reagents -20°C -20°C Room temperature Room temperature Room temperature 4°C

Health care setting Tertiary Tertiary Point-of-care Point-of-care Point-of-care Secondary/
Tertiary
April 2021 | Volume 11 |
 Article 670759

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Hossain et al. Diagnostics for VL Post-Elimination Era
and writing – review & editing. AB: investigation, resources,
and writing – review & editing. PN: investigation, resources, and
writing – review & editing. FA: investigation, resources, and writing –
review& editing. IC: conceptualization, data curation, formal analysis,
funding acquisition, methodology, project administration, resources,
supervision, visualization, and writing – review & editing. DM:
conceptualization, data curation, formal analysis, funding acquisition,
methodology, project administration, resources, supervision,
visualization, and writing – review & editing. All authors contributed
to the article and approved the submitted version.
FUNDING

This work was largely supported by funds from the Federal
Ministry of Education and Research, Germany (KfW grant
reference number 202060457, Development of Products for the
Prevention, Diagnosis and Treatment of Neglected and Poverty
Related Diseases; https://www.bmbf.de/en), Wellcome Trust Seed
funding (grant no. 108080/Z/15/Z) and the MRC-DTP (grant no.
MR/N013514/1). UK aid from the UK Government, the
Government of Switzerland and the Government of
Netherlands also contributed to FIND’s participation in this work.
ACKNOWLEDGMENTS

We are grateful to all of the participants for their valuable
participation in this study. We also like to thank all the employees
of SKKRC and Laboratory of Emerging infections and Parasitology,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10191
icddr,b, for their excellent technical support and active participation.
The authors are grateful to core donors which provide unrestricted
support to icddr,b. Current donors include the Government of the
People’s Republic of Bangladesh; Global Affairs Canada (GAC),
Canada; Swedish International Development Cooperation Agency
(Sida); and the Department for International Development
(UKAid). FIND is grateful to its donors, public and private, who
have helped to support the development of innovative new
diagnostics for diseases of poverty. A list of FIND donors can be
found at: https://www.finddx.org/partners-donors/. The funders
had no role in study design, data collection, data analysis,
interpretation, and writing of the manuscript.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcimb.2021.670759/
full#supplementary-material

Supplementary Figure 1 | Receiver operating characteristic (ROC) curve for
Leishmania Antigen ELISA for determination of the cut-off Urinary antigen unit (UAU)
for the detection of Leishmania antigens in urine samples. From the ROC curve, the
selected combination of the sensitivity and specificity was 97.50% and 91.25%
which gave a cut-off of >3.11 UAU.

Supplementary Figure 2 | Study activity flow diagram.

Supplementary Figure 3 | Standards for Reporting of Diagnostic Accuracy
(STARD) flow diagram. (A) Sample flow and test results for cases. (B) Sample flow
and test results for controls.
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Pathophysiology of visceral leishmaniasis (VL) is not fully understood and it has been
widely accepted that the parasitic components and host immune response both
contribute to the perpetuation of the disease. Host alterations during leishmaniasis is a
feebly touched area that needs to be explored more to better understand the VL
prognosis and diagnosis, which are vital to reduce mortality and post-infection
sequelae. To address this, we performed untargeted metabolomics of Leishmania
donovani (Ld) infected, uninfected and treated BALB/c mice’s tissues and biofluids to
elucidate the host metabolome changes using gas chromatography–mass spectrometry.
Univariate and multivariate data treatments provided numerous significant differential hits
in several tissues like the brain, liver, spleen and bone marrow. Differential modulations
were also observed in serum, urine and fecal samples of Ld-infected mice, which could be
further targeted for biomarker and diagnostic validations. Several metabolic pathways
were found to be upregulated/downregulated in infected (TCA, glycolysis, fatty acids,
purine and pyrimidine, etcetera) and treated (arginine, fumaric acid, orotic acid, choline
succinate, etcetera) samples. Results also illustrated several metabolites with different
pattern of modulations in control, infected and treated samples as well as in different
tissues/biofluids; for e.g. glutamic acid identified in the serum samples of infected mice.
Identified metabolites include a range of amino acids, saccharides, energy-related
molecules, etcetera. Furthermore, potential biomarkers have been identified in various
tissues—arginine and fumaric acid in brain, choline in liver, 9-(10) EpOME in spleen and
bone marrow, N-acetyl putrescine in bone marrow, etcetera. Among biofluids, glutamic
acid in serum, hydrazine and deoxyribose in urine and 3-Methyl-2-oxo pentanoic acid in
feces are some of the potential biomarkers identified. These metabolites could be further
looked into for their role in disease complexity or as a prognostic marker. The presented
profiling approach allowed us to attain a metabolic portrait of the individual tissue/biofluid
modulations during VL in the host and represent a valuable system readout for further
studies. Our outcomes provide an improved understanding of perturbations of the host
metabolome interface during VL, including identification of many possible potential
diagnostic and therapeutic targets.
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INTRODUCTION

Visceral leishmaniasis (VL) is a systemic disease that shows
varied clinical manifestations and homing of the pathogen i.e.
Leishmania to different visceral organs like liver and spleen
further affecting bone marrow and brain (Melo et al., 2017;
Burza et al., 2018). The interaction of Leishmania pathogens with
mammalian hosts leads to a variety of physiological responses
like fever, malaise, weight loss and anaemia (Walker et al., 2014).
Apart from this, engorgement of the spleen, liver and lymph
nodes are also observed (Varma and Naseem, 2010). On a
cellular level, these responses are comprised of multiple
metabolic changes in the affected host cells which are most
obvious when the pathogen replicates within host cells, thus,
making the metabolome the closest correlation (Brandt et al.,
2020). How the parasite modulates the host cell metabolism
remains poorly understood. Current therapeutic options consist
of anti-inflammatory medication as well as combination therapy;
however, several individuals fail to respond to these therapies as
they are associated with numerous side effects (Moore and
Lockwood, 2010; Ponte-Sucre et al., 2017). Studies for the
betterment of therapeutic interventions have been explored
widely but the diagnostic sector remains deficient (Lévêque
et al., 2020). Present diagnostic methods include invasive
techniques; where splenic biopsies and bone marrow aspirates
analysis remain the method of choice to date (although it is
performed by expert medical practitioners only) (Pastorino et al.,
2002; Joob and Wiwanitkit, 2017). Therefore, less invasive
methods for diagnosis such as the determination of biomarkers
from urine, serum or feces would be more advantageous for early
diagnosis. The determination of specific metabolites in the
biofluids through metabolic profiling is one of the interesting
areas that need to be explored. Furthermore, detection of
differential or unique metabolites in various tissues could
provide information to explain the pathophysiological stage of
VL and can be even more useful in dealing with relapses. This
method would be more beneficial as well as less expensive in
diagnosing and treating VL.

Metabolomics is one of the latest systems biology approaches
for the identification of complete metabolic profile alterations of
endogenous substances in biological systems. It aims to identify
and quantify all metabolites present in a specific biological
sample, followed by its characterization and classification, that
help in identifying biomarker(s) patterns; indicative of the
physiological state of disease. This is an established approach
in clinical infection studies and parasitology (Pacchiarotta et al.,
2012; Hocher and Adamski, 2017; Guasch-Ferre et al., 2018).
Earlier studies have focused on cellular modifications in vitro,
but it is still lagging in the in vivo assessment, so as to address the
detailed trend of composition and heterogeneity of host during
VL (Lamour et al., 2012). This study was undertaken in order to
Abbreviations: VL, visceral leishmaniasis; Ld, Leishmania donovani; GC-MS, gas
chromatography- mass spectrometry; TIC, total ion chromatogram; Ld,
Leishmania donovani; MSEA, metabolite set enrichment analysis; ORA, over
representation analysis; PCA, principal component analysis; PLS-DA, partial
least-squares discriminant analysis.
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decipher the tissue/biofluid specific metabolic changes that
occurs during Leishmania infection. Hence, the in vivo
profiling study done here will identify hits that will be more
reliable for pinpointing biomarkers.
MATERIALS AND METHODS

Reagents, Cell and Parasite Culture
M199, FBS, Molecular grade water, methanol, chloroform,
ribitol (adonitol), methoxyamine HCl, pyridine and primers
from Sigma-Aldrich, St. Louis, MO, USA. BSTFA was obtained
from Supelco Sigma, Bellefonte, Pennsylvania, United States.
SYBR™ green PCR master mix was obtained from Applied
Biosystems Foster City California, United States. Ketamax 50
was obtained from Troikaa Pharmaceuticals Ahmedabad,
Gujrat, India. DNeasy blood and tissue kit was provided by
Qiagen Hilden, Germany. A strain of L. donovani, BHU1260,
was derived from the splenic aspirate of a VL patient at the Kala
Azar Medical Centre of the Institute of Medical Sciences,
Banaras Hindu University, Varanasi, India. L. donovani strain
was grown in M199 medium (pH 7.4), which was supplemented
with 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA)
and maintained at 23°C.

Animal Ethics
All animal experiments were duly approved by the Animal Ethics
Committee of the National Institute of Immunology, New Delhi
(IAEC/AQ/2019/185, serial no. IAEC#454/17).

Maintaining Infection in Animals
For in vivo experiments, 6 to 10 weeks inbred BALB/c mice were
used. They were grouped as control and infected. In the infected
group, stationary phase Leishmania promastigotes were
introduced through intra-cardiac injection with 50 µl 1× PBS
containing 1 × 106 parasites on day 0 of the study (Loeuillet et al.,
2016). On day 14, the same formulation was used to give intra-
peritoneal injection. At the end of day 21, the infected group was
sacrificed. Another group was made from the infected BALB/c
mice that were treated with miltefosine after the infection was
maintained, i.e. on day 21 of infection. Five daily doses of
3 mg/kg was given orally (Dorlo et al., 2012). At the end of
day 26, the treated mice were sacrificed.

Parasitic Load Determination
Detection of L. donovani DNA in mouse tissue was carried as
described elsewhere (Nicolas et al., 2002). For this, DNA was
isolated from the tissues (25 mg) using DNeasy tissue kit. The
following forward and reverse primers, 5’CCTATTTTACACCAAC
CCCCAGT-3 and 5’-GGGTAGGGGCGTTC TGCGAAA-3’
respectively, were used to amplify a 120-bp fragment of the
minicircle kDNA of L. donovani; 10,000 copies of which are
present in each parasite. These primers match the conserved
sequences of the kinetoplast minicircle but do not match the
mouse frequent nucleic acid sequences. A real-time hot-start PCR
was performed with the LC FastStart DNAMaster SYBR Green I Kit
July 2021 | Volume 11 | Article 694470
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(Roche Diagnostics, Meylan, France) in an LC (Roche Diagnostics).
The 12 µl reaction mixture contained 1 µl LC FastStart DNA Master
SYBR Green I, 2 mMMgCl2, 10 µM each of the primers, and 100 ng
of the template. Time and temperatures for PCR configuration were
as follows: denaturation was done for 8 s at 95°C, amplification of 40
cycles was done at 95°C for 10 s, followed by 72°C for 8 s. Themelting
cycle was set at 95°C for 10 s, 67°C for 30 s and 95°C for 10 s followed
by cooling at 40°C for 60 s. Slope (°C/s) was kept constant at 20 except
in the last step of melting where the slope was 0.1. For fluorescence
signal acquisition, channel F1 was used and the gain was set at 5. For
normalization of fluorescent data, the F1/1 ratio was applied.

Sample Collection and Preparation
Sample Collection
Mice were sacrificed on the 21st day along with the control mice
for brain, liver, spleen and bone marrow tissues. Blood (200 µl)
from mice was collected just before the sacrifice for serum. Urine
and feces were collected on the 21st day of infection (in the
morning, afternoon and evening before sacrifice) along with that
of the control mice. The treated mice were sacrificed on the 27th
day (after following 5 days of treatment). The blood, tissues and
other biofluids were collected in a similar manner as described
for control and infected mice.

Sample Preparation
Sample preparation of brain (Hu et al., 2012), bone marrow
(Connor et al., 2018) was done as per the reference protocol.
Whereas liver, spleen, serum, urine and feces was done as
described elsewhere (Xiao et al., 2016; Jain et al., 2019). In
brief, 40 mg of a tissue sample (liver, spleen, bone marrow and
feces) was homogenized with water, methanol, chloroform in the
ratio of 2:5:2 respectively for a total volume of 1 ml. It was then
centrifuged to acquire a bi-phasic solution—aqueous and
organic, which were then separated and dried under nitrogen
gas for GC derivatization. For brain samples, whole brain was
isolated to minimize the heterogeneity of sample, washed with 1×
PBS and snap freezed in liquid nitrogen followed by
homogenization in water (2 ml/gm). Required volume (volume
containing 40 mg of brain tissue) is taken for methanol
chloroform extraction. Rest of the protocol was same as that of
liver sample preparation. For serum and urine sample
preparation, 40 µl of serum/urine was taken to which 150 µl of
methanol–chloroform was added in the ratio of 3:1 respectively.
The sample was then centrifuged, and the supernatant was dried
under nitrogen gas for GC derivatization. For derivatization of
samples, 40 µl Methoxyamine HCl (20 mg/ml dissolved in
pyridine) was added to the sample and incubated at 37°C for
90 min, followed by addition of 50 µl BSTFA and incubation at
70°C for 60 min. The final volume was made up to 250 µl with
pyridine for GC–MS sample processing (Pan et al., 2010).

GC–MS
Gas–Chromatography was performed with GCMS-QP2010
Ultra (Make—Shimadzu) using Rxi-5 siloxane ms (dimensions:
30 m × 0.25 mm 1 d × 0.25 µm) column for separation. MS
conditions were as follows: Ion source temperature was 230.0°C,
interface temperature was 270.0°C, solvent cut time was
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3195
6.50 min, detector gain mode was kept relative, +0.00 kV was
gained by detector whereas the threshold was 1,000. The
program start time was 7 min and the end time was 50 min.
The acquisition mode was set to scan mode. The event time was
0.20 s and the scan speed was 3,333. The m/z start value was 40
whereas the end value was 650.00.

Data Analysis With MetaboAnalyst
All GC–MS raw data files were first converted to CDF format
with the help of GC–MS post run analysis software which is
complementary to the instrument for basic processing of data.
These files were then individually uploaded and analyzed in
XCMS Online software (www.xcmsonline.scripps.edu). Within
the software, a single job was created using the GC/single quad
centwave setting where the polarity was set to negative. After the
job was completed, the analysed result was available for
download in a zip folder format. The following data columns
—mass/charge (‘mz’), retention time ‘rt’ and original intensity
(‘into’) were copied from the provided excel sheet and saved in
a.txt file, which was then converted to a.csv file for further
processing and analysis of data in the MetaboAnalyst software
(metaboanalyst.ca/faces/home.xhtml). MetaboAnalyst
schematics include data normalization, followed by statistical
analysis, ‘peak to pathway’ and enrichment analysis (Chong
et al., 2018).

Peak Alignment and Data Normalization
For peak picking and alignment, mass tolerance (m/z) was set to
0.25 and retention time tolerance to 5 s. Peaks of the same group
were summed if they belonged to one sample. Peaks appearing in
less than half of all samples in each group were ignored. The
aligned peaks were reorganized into a single data matrix with the
samples in rows and the variables (peaks) in columns for further
analysis. Data normalization was done to reduce any systematic
bias and to improve overall data consistency so that meaningful
biological comparisons can be made. A combination of row-wise
normalization by a pooled or average sample of the control
group and auto data scaling was used for data normalization.
This was observed to be the most suitable method that helped
achieve a Gaussian curve, required for further analysis (Chong
et al., 2018).

Statistical Analysis
T-test/ANOVA was employed for 2-group/3-group statistical
analyses respectively, as the data sets tend to follow a normal
distribution and could possibly have unknown variances.
Important features were selected by setting the threshold to
0.05. The absolute value changes between both groups are
compared with fold change, therefore, the data before column
normalization was used instead. Important features were selected
by fold-change analysis with threshold ≥2. Statistical significance
(P-value) versus magnitude of change (fold change) is
represented by a volcano plot, which is essentially a variant of
the scatter plot. Features having a fold change threshold of 2
(x-axis) and t-test threshold of (y-axis) 0.1 were considered for
further analysis (Chong et al., 2018).
July 2021 | Volume 11 | Article 694470
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Pathway Analysis and Enrichment
Using the peaks to pathways module in MetaboAnalyst, we were
able to identify significant metabolites. The algorithm type was
set to Metabolite Set Enrichment Analysis (MSEA) and the used
pathway library was Mus musculus (KEGG). The significant
metabolites identified were then proceeded for enrichment
analysis using Over Representation Analysis (ORA), done in
reference to HMDB using the Small Molecule Pathway Database
(SMPDB). The fold enrichment factor of a pathway used here for
comparison was calculated as the ratio between the number of
significant pathway hits and the expected number of compound
hits within the pathway (Chong et al., 2018).

Pattern Hunter
Direction targeting Spearman rank correlation was used as a
distance measure, that calculates the ranks of individual
features rather than their actual values. A predefined profile
of 1-2-1 was used to target features that showed anomaly
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4196
during infection and remained more or less constant in
control and treated samples. For this, all three groups of
datasets—control, infected and treated samples were used for
comparison (Chong et al., 2018).
RESULTS

The study reported here is mainly concerned with the
identification of BALB/c metabolic alterations during
Leishmania infection in several tissues like the brain, liver,
spleen, bone marrow and biofluids like urine, serum and feces
(Figure 1). Mice that had been infected successfully were first
identified by enlargement of spleen and liver and then proceeded
for parasite load determination. Only samples that had a
significant parasite load as compared to control ones, were
considered to be infected samples as identified through RT-
PCR (Figure 2).
A B D EC

FIGURE 2 | Parasite load determination: Representative images of (A) control and infected spleens showing enlargement in the infected spleen. (B) Control and
treated spleens showing normalization of the spleen after treatment with miltefosine. (C) Control and infected liver showing enlargement in the infected liver.
(D) Control and treated liver showing normalization of the liver after treatment. (E) Parasitic load determination in control, infected and treated liver and spleen
samples using RT-PCR. ***p ≤ 0.001.
FIGURE 1 | Schematic of experimental plan. BALB/c mice were divided into three groups—control (red), infected (green) and treated (blue). The number of BALB/c
mice used for sample collection in control, infected and treated groups is shown in the figure. Tissue and biofluid samples were collected from each group (the digits
in the circle designate the number of mice) as shown. Samples were then prepared for GC derivatization followed by their processing in GC–MS (GCMS-QP2010
Ultra). Total Ion Chromatogram (TIC) was acquired here, and was further utilized for data processing and analysis.
July 2021 | Volume 11 | Article 694470
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Univariate and Multivariate Analyses
To obtain a data overview, multivariate analysis was done to
acquire a principal component analysis (PCA) plot, where the
correlation among the datasets was obtained through a two-
dimensional (2D) graph (Figures 3A–G). The 2D score plot
draws a 95% confidence region for each group. The principal
components were scaled to view separation among the control,
infected and treated datasets of different tissue and biofluid
samples. Results showed significant variations among the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5197
groups, which was clearly visible even in different tissue types
and biofluids. A stark difference between the peak intensity
patterns of the control, infected and treated groups was evident
from the heat map (Figures S1A–G), further corroborating the
PLS-DA (Figure 3) and suggesting that these are indeed three
separate groups with significant variations.

In case of brain samples, a fold change analysis indicated that
infected samples were downregulated in majority of the features,
and the degree of downregulation was much higher than that of
A B

D E F

G

C

FIGURE 3 | Partial Least Square Determinant Analysis (PLS-DA). A supervised classification method that uses group labels to maximize the separation between
groups. Here, we have shown the separation of control (red), infected (green) and treated (blue) groups in different tissue and biofluid samples using a 2D score plot
of the first two components. Separation of the different groups are represented in a 2D score plot with 95% confidence ellipse regions based on the data points for
individual groups in different tissues—(A) Brain, (B) Liver, (C) Spleen, (D); Bone marrow and biofluids—(E) Serum, (F) Urine, and (G) Feces. In (D) and (E) the
overlap seen among the groups are on different spatial planes as visualized in 3D score plot (data not shown).
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the upregulated features in comparison to control samples. A
total of 145 significant features were identified for the brain
samples via volcano plot, where 88 features were upregulated
and 91 features were downregulated (Figure S2A), whereas, in
treated brain samples two upregulated and seven downregulated
features were noticed as compared to control samples (Figure
S3A). The downregulation of the features in infected brain
samples was also noticeable in the heatmap (Figure S1A).
More than 100 significant features were identified in liver
samples. A clear demarcation was also visible in liver samples
(Figure 3B), where a total of 102 upregulated and 10
downregulated significant features were identified while
comparing infected vs control samples (Figure S2B). On the
other hand, treated liver samples showed only four upregulated
and 11 downregulated features in the volcano plot (Figure S3B).
Infected splenic samples showed higher intensity features as
compared to the control ones; the difference is discernable in
the heat map (Figure S1C). A little more than 100 significant
features were identified that had a threshold greater than 0.05.
Majority of the infected group features seem to be upregulated
with respect to the control groups in splenic samples, where 62
upregulated features and 47 downregulated features were
identified (Figure S2C). A similar pattern was also visible in
treated splenic samples where 13 downregulated features and a
single upregulated feature were identified against control (Figure S3C).
A clear separation of all the groups was observed with 2D (Figure 3D,
Figure S1D) and 3D pls-da (figure not shown) in bone marrow
samples. Three downregulated and seven upregulated features were
identified on comparison of control and infected samples (Figure
S2D). In the case of control vs treated bone marrow samples, two
upregulated and five downregulated features were observed
(Figure S3D).

Metabolic alterations were noticeable in the case of biofluids,
where all of them (serum, urine and feces) showed differential
and significant features. On comparison of control and infected
groups, seven significant features were identified with the help of
a t-test as the overall peak groups and individual features
identified in serum samples were significantly less.
Approximately 22 features were found to be upregulated while
18 were downregulated in the volcano plot (Figure S2E).
Whereas, among the control vs treated group only six
downregulated and four upregulated features were identified
against the control ones (Figure S3E). In urine samples, fold
change analysis suggested that the features from the infected
samples were upregulatedmore than the control samples (Figure S1F).
Less than 70 significant features were identified with the statistical t-test
analysis. The volcano plot showed 83 upregulated and 44
downregulated features as compared to control (Figure S2F).
Whereas in the treated vs control urine samples only a single
downregulated feature was identified (Figure S3F). In fecal samples,
two completely different sets of patterns seem to emerge from the
control and infected groups (Figure S1G). Approximately 72 features
were identified to be significant with t-test. The volcano plot shows that
approximately 29 features were upregulated whereas 68 features were
downregulated suggesting that majority of the significant features
selected were downregulated (Figure S2G). The fecal samples of the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 6198
treated groups showed all six significant features in the downregulated
category (Figures S3G).

Identifying VL Development Through
Tissue/Biofluids Specific Metabolic
Pathways Alterations During
Leishmania Infection
Metabolite set enrichment was done to identify and interpret
patterns of metabolite concentration changes, which will further
support the identified metabolites in absence of MS–MS
quantification. Results showed maximum alterations in brain,
urine and fecal samples during infection with respect to control
(Figure 4). The bone marrow of infected samples showed almost
no significant changes in the metabolite sets indicating a
minimum alteration in their features during infection. In the
case of infected versus treated serum and spleen samples, no
significant changes were noticed in the metabolite sets which
indicates VL-induced changes persist for a long time even after
treatment in both sources. On the other hand, in control versus
treated serum and urine samples, no significant enriched
metabolite-sets were noticed showing that these biofluids
quickly respond to treatment and normalize back to the
control configuration. Most of the pathways showed less to no
enrichment in the control vs treated category showing the
progressive normalization process. The pathways that remain
enriched in all tissue samples even after treatment are D-
glutamine and D-glutamate metabolism, arginine biosynthesis,
glyoxylate–dicarboxylate metabolism, valine–leucine–isoleucine
biosynthesis and histidine metabolism. This indicates that a long
time is taken by the host system to normalize these pathways
even after minimizing the parasitic load.

Significantly identified metabolites of MSEA from the control
vs infected group were considered for pathway enrichment by
applying over representative analysis (ORA) as focussing on
pathway enrichment during infection is crucial to identify the
systemic changes that occur during VL progression.

The identified results were further filtered through HMDB
(Human Metabolome database) to get a more vivid picture of
modified pathways during VL. Metabolite abundance was found
to be altered for multiple central metabolic pathways including
amino acids, glycolysis, TCA, fatty acid synthesis and several
other pathways (Figure 5). More than a few amino acid
pathways like glycine, serine, methionine, arginine, proline,
phenylalanine, tyrosine were found to be enriched in all tissue
and biofluid samples. D-Arginine and D-Ornithine metabolism
were highly altered in approximately all the tissue and biofluid
samples except in serum, where no changes were perceived at all.
Liver and spleen showed the maximum number of amino acid
altered pathways (Figure 5A). Among energy-related pathways,
the malate-aspartate shuttle was found to be most enriched in
liver and spleen samples (Figure 5B). Glycolysis was also affected
in all sample sources in a similar fashion, except in serum, where
it was highly enriched (Figure 5B). De-novo triacylglycerol
biosynthesis, cardiolipin biosynthesis and glycerolipid
metabolic pathways followed a similar pattern for all samples.
In serum and brain, no significant changes were detected in fatty-
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acid related metabolic pathways (Figure 5C). Urea cycle was
found to be a highly altered pathway in liver, spleen and faeces
(Figure 5D). Urine samples showed lesser changes in folate,
porphyrin, glutathione, nicotinamide and urea cycle as
compared to control.

Metabolites Altered During Visceral
Leishmaniasis Advancement
Tissue-specific changes during Leishmania infection are an
important aspect of comprehending the VL’s systemic effects.
For this, several tissue-specific unique metabolites (Tables 1–3)
and common metabolites (Figure 6) across systems were
identified that were significantly altered in the infected samples
as compared to control ones. Some of these metabolites
remained altered even after treatment, showing the tendency of
the host towards the disease environment. Therefore, this
category of metabolites is very important in understanding the
disease after-effects that need to be considered to address the VL
systemic repercussions. The majority of metabolites decreased
during infection as shown in Figure 6. Only a few metabolites
like glutamic acid and O-acetylserine showed an elevated pattern
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7199
in serum and feces of infected BALB/c mice. Other molecules
that were in higher amounts in infected mice’s brain samples are
hydroxypyruvic acid, malonic acid, tartronate semialdehyde,
acetoacetic acid, succinic acid semialdehyde and methyl-3-
oxopropanoic acid. Liver and spleen mostly showed declining
features after infection (Figure 6). The highest number of unique
metabolite alterations were observed in the brain (Table 1),
followed by spleen (Table 2) and urine (Table 3). Very few
metabolites were identified in liver (Table 1), serum (Table 2)
and feces (Table 3) that were specifically unique to these tissues.
No unique modifications were noticed in bone marrow samples.
A higher rate of downregulation in metabolites of the infected
samples point towards the suppressive behaviour of VL.

Prognostic/Diagnostic
Marker Identification
To understand the disease progression and modulation in host,
we looked for the tissue-specific changes while witnessing the
control, infected and treated samples altogether. For this, pattern
hunter analysis was done using the spearman rank correlation
algorithm, which was set to find a 1-2-1 pattern. This led to the
FIGURE 4 | MSEA meta-analysis. Meta-analysis of significant pathways in different comparison groups—control vs infected, control vs treated and infected vs
treated. MSEA is a cut-off-free method that evaluates the overall differences of two distributions based on Kolmogorov–Smirnov tests. Mus musculus metabolome
library from KEGG was used for the MSEA. Enrichment ratio was calculated as the relative percentage of the empirical compound hits to the whole empirical
pathway is denoted as the size of the circles. Significance of each of the pathways in a particular context is represented by their p-value, which is assigned as the
various colors of the circles.
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FIGURE 5 | Fold enrichment with ORA. Pathway enrichment in different tissues and biofluids of the control vs infected samples was classified into four groups—
(A) Amino acid metabolic pathways, (B) Energy related metabolic pathways, (C) Lipids and fatty acid metabolic pathways and (D) a miscellaneous group. ORA was
implemented using the hypergeometric test to evaluate whether a particular metabolite set is represented more than expected by chance within the given compound
list. It uses HMDB as a reference metabolome to calculate a background distribution to determine if the matched metabolite set is more enriched for a certain
metabolite as compared to random chance.
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identification of several metabolites, that were specifically
modified in infected samples.

Tissues
After an analysis of brain samples with pattern hunter, arginine,
fumaric acid, oxalosuccininc acid and phosphopyruvic acid were
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9201
found to be upregulated specifically during infection, whereas 4,5-
Dihydroorotic acid and selenocystathionine significantly declined
during infection. These metabolites were found to regain a pattern
similar to that of control samples after treatment (Figure 7A). In liver
samples, choline dramatically increased during infection whereas
creatinine and oxalosuccininc acid decreased during the duration of
TABLE 1 | Unique metabolites identified in Brain and Liver (Control vs infected).

Metabolites unique to brain log2(FC) -log10(p)

Orotic acid 3.1495 2.8825
Indole 2.035 2.5738
Benzimidazole 2.0933 2.3077
L-Threonine 2.0933 2.3077
L-Homoserine 2.0933 2.3077
Gamma-Aminobutyric acid 2.0933 2.3077
D-Threonine 2.0933 2.3077
Dimethylglycine 2.0933 2.3077
(R)-b-aminoisobutyric acid 2.0933 2.3077
Aminoacetone 2.0933 2.3077
Acetoxime 2.0933 2.3077
2-Methylserine 2.0933 2.3077
Xanthine 3.2915 2.0985
N-(6-Aminohexanoyl)-6-aminohexanoate −1.472 1.8455
2,5-Dihydroxypyridine 3.436 1.6846
Dihydroxyfumaric acid 1.4068 1.6846
D-Erythrose 4-phosphate 1.5557 1.6117
Succinic acid 2.0513 1.5444
2-Dehydro-3-deoxy-L-arabinonate 2.0513 1.5444
Citramalic acid 2.0513 1.5444
D-2-Hydroxyglutaric acid 2.0513 1.5444
L-Arabinono-1,4-lactone 2.0513 1.5444
Methylmalonic acid 2.0513 1.5444

Metabolites unique to liver

Caproic acid −1.1011 4.8558
Deazaflavin −1.3104 3.617
Choline 8.9752 1.6642
Tropic Acid 7.2364 1.601
July 2021 | Volume 11 | Artic
TABLE 2 | Unique metabolites identified in Spleen and Serum (Control vs Infected).

Metabolites unique to spleen log2(FC) −log10(p)

Proline 2.1046 6.5921
Dihydroxyacetone 2.1046 6.5921
5-Aminolevulinic acid 2.1046 6.5921
Hydroxypropionic acid 2.1046 6.5921
N-Acetyl-beta-Alanine 2.1046 6.5921
5-Amino-2-oxopentanoic acid 2.1046 6.5921
Hydroxyproline 2.1046 6.5921
Lactic Acid 2.1046 6.5921
Glyceraldehyde 2.1046 6.5921
3-Mercaptopyruvic acid 1.8048 5.4947
Dihydropteroate 1.7317 5.0693
Delta1-Piperideine-6-L-carboxylate 1.6456 4.7189
Aminoadipic acid 1.6456 4.7189
beta-Alanopine 1.6456 4.7189
Sulfoacetaldehyde 1.4976 4.1812
Pyrroloquinoline quinone 1.4038 3.5118
Dihydrolipoic acid 1.2324 2.9361

Metabolites unique to serum

L-4-Hydroxyglutamate semialdehyde 3.7024 1.7297
5-Thymidylic acid −1.2675 1.1772
Caprylic acid −1.1952 1.9015
(S)-3-Methyl-2-oxopentanoic acid −5.1114 2.1965
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infection. These metabolites had comparable normalized intensity in
control and treated samples (Figure 7B). In splenic samples, 9(10)-
EpoME was the only metabolite that showed increment during
infection while others like glutamic acid, creatinine and dIMP
decreased during the infection (Figure 7C). During the course of
infection, N-acetylputrescine and 9(10)-EpOME were the only ones
found to be upregulated in bone marrow samples that returned to
control configuration after treatment (Figure 7D).
Biofluids
The major objective behind profiling biofluids was to find leads
for possible diagnostic markers. Following this direction, several
molecules were identified that were either serum, urine or feces
specific. In serum samples, a marked increase in the intensity of
glutamine, glutamic acid and pyridoxamine phosphate was
noticed during infection whereas octanoic acid decreased
during infection. Treated samples followed a pattern similar to
that of control samples, with the exception of octanoic acid,
which remained downregulated even after declined parasitic
burden (Figure 7E). In urine, the maximum number of
metabolites identified were modulated specifically during
infection. Among them, hydrazine, deoxyribose, indoleacetaldehyde,
guanidoacetic acid, oxalosuccinic acid, thymidine, nicotinate D-
ribonucleotide and xanthosine showed elevation during infection in
urine samples only. Although increasing, phosphorylcholine and N-
acetylglutamic acid showed lower intensity during infection as
compared to control and treated samples. 2,3-Diphosphoglyceric
acid showed a significant decrease in infected and control samples
(Figure 7F). In fecal samples, only two metabolites i.e. 1,3-
diaminopropane and 3-methyl-2-oxopentanoic acid were uniquely
identified, exhibiting increased intensity during infection (Figure 7G).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10202
DISCUSSION

Deciphering host manipulation during pathogenic diseases is one
of the emerging approaches to untangle the complexity of
infection mechanisms and to identify prognostic markers of
biological activity (Somvanshi and Venkatesh, 2014; Khan et al.,
2019). Leishmania donovani (Ld), a causative agent of visceral
leishmaniasis (VL) is well known for its host alteration in several
aspects (Olivier et al., 2005; Pandey et al., 2016). A lot of studies
have described host reconfiguration upon Leishmania infection,
through gene expression and translational studies but it may not
reflect overall biological activities and metabolic changes which
portray the infection scenario (Rabhi et al., 2012; Veras et al., 2018;
Chaparro et al., 2020). Earlier studies have focused on cellular
modifications in vitro, but it is still lagging in the in vivo
assessment so as to address the detailed trend of composition
and heterogeneity of host during VL (Lamour et al., 2012).
Metabolic signatures have recently been identified in the case of
several diseases and are also very helpful in defining vital processes
of the body like ageing and nutrient-dependent changes of body
(Wuolikainen et al., 2011; Fan et al., 2018; Chak et al., 2019). Here,
we studied BALB/c mice’s tissue and biofluid specific changes
during L. donovani infection through untargeted metabolomics
resulting in a complete picture of cumulative host modifications
during VL. Untargated metabolomics is preferred over targeted
one, to identify thousands of small molecules of unknown
chemical properties; thus, helping in characterizing molecular
damage patterns by following changes in metabolite diversity
(Dias et al., 2016; Gertsman and Barshop, 2018). Liver, spleen
and bone marrow are central in VL agonized parts, and hence
were selected for profiling (Kaye et al., 2004; Bankoti and Stäger,
2012). The motive behind choosing brain under this category is
TABLE 3 | Unique metabolites identified in Urine and Feces (Control vs Infected).

Metabolite log2(FC) −log10(p)

Isopentenyl pyrophosphate −1.3312 1.6146
Dethiobiotin −1.3528 1.6146
Indanone −1.1113 1.6146
Pyridoxal −1.2638 1.6146
3-Isopropylcatechol −1.2133 1.6146
Glycine −1.135 1.6146
Inosine −1.1796 1.6146
L-Fuculose 1-phosphate −1.1796 1.6146
L-Rhamnulose 1-phosphate −1.1796 1.6146
(R)-3,3-Dimethylmalate 2.6593 1.6146
3-Ethylmalate 2.6593 1.6146
Guanidoacetic acid 2.6593 1.6146
4-Aminobutyraldehyde −1.0412 1.5221
3’,5’-Cyclic IMP −1.0756 1.5197
N-Acetyl-L-glutamate 5-semialdehyde −1.0327 1.4573
3-Propylmalate −1.0255 1.5197

Metabolites unique to Faeces

Asparagine 1.1315 1.5469
N-Carbamoylsarcosine 1.1315 1.5469
Glycyl-glycine 1.1315 1.5469
3-Oxalomalate 1.4637 1.5306
dIDP 1.4637 1.5306
July 2021 | Volume 11 | Artic
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that brain inflammation was also reported in VL, and results will
he lp in ident i fy ing the miss ing l ink between the
neuroinflammation present in VL and related mental health
problems (Alemayehu et al., 2017; Melo et al., 2017). Biofluid
(serum, urine, feces) profiling was chosen in the study for
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11203
biomarker/prognostic marker identification. Moreover, they can
be obtained through less invasive methods and therefore are best
suitable under this category. Another important aspect of this
study is tissue-specific profiling, which has an advantage in
addressing questions like how Leishmania infection results in a
FIGURE 6 | Metabolite heatmap. Significantly identified metabolites from the control vs infected group have been compared across different sources with respect to
their normalized peak intensity. The color gradient ranging from red to green represents high to low peak intensity respectively.
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systemic disorder (Costa et al., 2010). This approach will also help
to comprehend the disease pathogenesis and its progression.
Further outputs are the identification of prognostic biomarkers
and therapeutic targets.

Results of the profiling clearly indicate a differential tone of
metabolic pathways between control and Ld infected mice’s
tissue and biofluid samples. A variety of differential metabolites
have been identified; which includes a range of amino acids,
saccharides, energy-related molecules, etcetera. Reviewing amino
acid modulation in the host is also important from the point of
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12204
view that intracellular amastigotes can uptake essential amino
acids from the phagolysosomes for their survival (Burchmore
and Barrett, 2001; Olivier et al., 2005; Saunders and McConville,
2020). This is one of the most important mechanisms to
attenuate the host’s immune response by pathogens, through
depleting their amino acid pool, which is central to the immune
mechanism (Grohmann and Bronte, 2010; McGaha et al., 2012;
Zhang and Rubin, 2013).

Pathway enrichment and further meta-analysis showed that
some of the metabolic pathways were altered in all the samples
A

B

D

E

F

G

C

FIGURE 7 | Potential biomarkers. Pattern search using the predefined pattern 1-2-1 (control-infected-treated) based on Spearman rank correlation was used to
identify potential biomarkers in tissues—(A) Brain, (B) Liver, (C) Spleen, (D) Bone marrow and biofluids—(E) Serum, (F) Urine, and (G) Feces on the basis of their
normalized intensity.
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during Ld infection, helping us narrow down the most significant
pathways that have an overall systemic effect; these include—
phenylalanine, tyrosine, D-Arginine, D-Ornithine, malate-
aspartate, urea, etcetera (Figures 4, 5) metabolic pathways.
Also, tissue-specific pathway changes were noticed, indicating
their possible role in affecting the specific functionality of the
tissue during VL. It is well known that utilization of arginine by
both, host and pathogen represents a metabolic bottleneck which
is decisive in shaping the fate of a pathogenic infection. For e.g.
Arginase (important enzyme of parasite) competes with iNOS
(important defense of macrophage to generate NO) for arginine;
as many pathogens including Leishmania exploit this to block
NO production by increasing expression of arginase, to limit
arginine availability for metabolism via iNOS (Ren et al., 2018).
Also, several pathogens like Plasmodium yoelii infection alters
concentrations of several amino acids in plasma of infected mice,
like valine, leucine, tyrosine, phenylalanine, EOHNH2, histidine,
proline, aspartate, glutamate, alanine, etcetera (Saiki et al., 2013).
During infection, host cell redirects its metabolic fluxes towards
the strengthening of its defense whereas the pathogen modulates
host’s micro-environment to derive its nutritional requirement
as well as securing its survival. The overall changes in host
portray both of these aspect.

The pathways that quickly responded to the treatment are
working like switches for VL and could be further targeted for
prognosis marker identification for e.g.—arginine, proline, beta-
alanine, folate biosynthesis, porphyrin, pyruvate, etcetera in
metabolic pathways (Figure 4). The pathways that were altered
after treatment but did not respond completely to the treatment
for e.g.—D-glutamine, D-glutamate, glyoxylate, dicarboxylate,
citrate cycle, etcetera, are the ones that could be further looked
into for their direct role in affecting the host’s physiology for a
prolonged time and revealing their activity in maintaining the
disease complexity even after the successful completion of
treatment (Figure 4). Although glucose is an important
metabolite, and the main fuel for a large number of cells in the
body, but cells like lymphocytes, neutrophils, and macrophages,
consume glutamine at high rates under catabolic conditions;
such as sepsis, recovery from burns or surgery, etcetera (Cruzat
et al., 2018). Glutamine is an important precursor for the
generation of other metabolites, such as amino acids
(glutamate), TCA components (a-ketoglutarate), and
nucleotides (AMP, purines, and pyrimidines), along with the
activation of the chaperone function (mediated by HSP
response) and antioxidant defence (mediated by glutathione,
GSH) (Cruzat et al., 2018). Therefore, glutamine alteration
seeks further studies.

Several common metabolite-sets that were up/down-
regulated during the Ld infection, include an eclectic collection
of molecules from TCA, glycolysis, to fatty acids, amino acids,
purine and pyrimidine metabolic pathways, etcetera; indicating
their role in disease prognosis and advancement. Metabolites
that quickly responded to the treatment, could be further
explored for prognosis/diagnosis development. Several
metabolites identified in this category have a healing effect on
the system, like arginine (identified in the brain samples)
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 13205
reduces brain edema formation and improves cortical blood
flow (Bemana and Nagao, 1999). Fumaric acid is known to
exert neuroprotective effects in neuroinflammation via activation
of the Nrf2 antioxidant pathway (Linker et al., 2011). It is also a
well-known antibacterial agent. A decline in orotic acid
(identified in brain) helps balance the aciduria and academia in
the system (Löffler et al., 2015). Liver choline is known to have a
healing effect on the liver by removing extra fat (Cohen et al.,
2011). Decreased succinate in liver (as identified in liver and
spleen) has a shielding effect on liver damage (Correa et al.,
2007). EpOME (identified in bone marrow and spleen) is known
to be generated by neutrophils during the oxidative burst
(Hildreth et al., 2020).

Several other identified metabolites have known systemic
suppressive effects; like oxalosuccinic acid is a metabolic
signature of hypoxia (Connors et al., 2019). Low creatinine is a
sign of poor liver function (Beben and Rifkin, 2015). A marked
decline observed in metabolites like glutamic acid, creatinine and
dIMP in spleen needs to be further studied for its functional
aspects. Elevated glutamine and glutamic acid in serum are
known to be associated with kidney dysfunction (Fadel et al.,
2014). Increased pyridoxamine phosphate has a protective
response in serum (Rej et al., 1973). Urine sample yielded eight
metabolites that could be further explored for their potential in
diagnostics. Other identified metabolites could be further
explored for their possible tissue-specific role in VL. Identified
metabolites and pathways could be further explored for host
targeted therapy. This study becomes crucial in the current
scenario, where drug resistance and evolution of mutated
pathogen hampers the therapeutic approaches (Wise, 2021).
Host targeted therapy helps to strengthen the host in way so as
the current therapeutic strategy remains sufficient for dealing
with the competitive evolution. Our identified metabolic
pathways and metabolites could be further explored for their
potential in VL prognosis and hence, their role in VL
pathogenesis. Tissue/biofluid specific approach of the present
study is very advantageous to understand the systemic effect of
VL and further revealing the path of easy diagnostics. The output
of the current study can also be beneficial in other microbial and
health complications.
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Lévêque, M. F., Battery, E., Delaunay, P., Lmimouni, B. E., Aoun, K., L’ollivier, C.,
et al. (2020). Evaluation of Six Commercial Kits for the Serological Diagnosis of
Mediterranean Visceral Leishmaniasis. PloS Negl. Trop. Dis. 14, e0008139. doi:
10.1371/journal.pntd.0008139

Linker, R. A., Lee, D.-H., Ryan, S., Van Dam, A. M., Conrad, R., Bista, P., et al.
(2011) . Fumaric Acid Esters Exert Neuroprotective Effects in
Neuroinflammation via Activation of the Nrf2 Antioxidant Pathway. Brain
134, 678–692. doi: 10.1093/brain/awq386

Loeuillet, C., Bañuls, A.-L., and Hide, M. (2016). Study of Leishmania
Pathogenesis in Mice: Experimental Considerations. Parasites Vectors 9, 1–
12. doi: 10.1186/s13071-016-1413-9

Löffler, M., Carrey, E. A., and Zameitat, E. (2015). Orotic Acid, More Than Just an
Intermediate of Pyrimidine de novo synthesis. J. Genet. Genomics 42, 207–219.
doi: 10.1016/j.jgg.2015.04.001

Mcgaha, T. L., Huang, L., Lemos, H., Metz, R., Mautino, M., Prendergast, G. C., et al.
(2012). Amino Acid Catabolism: A Pivotal Regulator of Innate and Adaptive
Immunity. Immunol. Rev. 249, 135–157. doi: 10.1111/j.1600-065X.2012.01149.x

Melo, G. D., Goyard, S., Fiette, L., Boissonnas, A., Combadiere, C., Machado, G. F.,
et al. (2017). Unveiling Cerebral Leishmaniasis: Parasites and Brain
Inflammation in Leishmania Donovani Infected Mice. Sci. Rep. 7, 1–13. doi:
10.1038/s41598-017-09085-5

Moore, E., and Lockwood, D. (2010). Treatment of Visceral Leishmaniasis. J.
Global Infect. Dis. 2, 151. doi: 10.4103/0974-777X.62883

Nicolas, L., Prina, E., Lang, T., and Milon, G. (2002). Real-Time PCR for Detection
and Quantitation of Leishmania in Mouse Tissues. J. Clin. Microbiol. 40, 1666–
1669. doi: 10.1128/JCM.40.5.1666-1669.2002

Olivier, M., Gregory, D. J., and Forget, G. (2005). Subversion Mechanisms by Which
Leishmania Parasites can Escape the Host Immune Response: A Signaling Point of
View. Clin. Microbiol. Rev. 18, 293–305. doi: 10.1128/CMR.18.2.293-305.2005

Pacchiarotta, T., Deelder, A. M., and Mayboroda, O. A. (2012). Metabolomic
Investigations of Human Infections. Bioanalysis 4, 919–925. doi: 10.4155/bio.12.61

Pandey, R. K., Mehrotra, S., Sharma, S., Gudde, R. S., Sundar, S., and Shaha, C.
(2016). Leishmania Donovani-Induced Increase in Macrophage Bcl-2 Favors
Parasite Survival. Front. Immunol. 7, 456. doi: 10.3389/fimmu.2016.00456

Pan, L., Qiu, Y., Chen, T., Lin, J., Chi, Y., Su, M., et al. (2010). An Optimized
Procedure for Metabonomic Analysis of Rat Liver Tissue Using Gas
Chromatography/Time-of-Flight Mass Spectrometry. J. Pharm. Biomed.
Anal. 52, 589–596. doi: 10.1016/j.jpba.2010.01.046

Pastorino, A. C., Jacob, C., Oselka, G. W., and Carneiro-Sampaio, M. (2002).
Visceral Leishmaniasis: Clinical and Laboratorial Aspects. J. Pediatr. (Rio J) 78,
120–127. doi: 10.2223/JPED.820

Ponte-Sucre, A., Gamarro, F., Dujardin, J.-C., Barrett, M. P., López-Vélez, R.,
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Immune metabolic adaptation in macrophages by intracellular parasites is recognized to
play a crucial role during Leishmania infection. However, there is little accessible
information about changes in a metabolic switch in L. donovani infected macrophages.
In previous studies, we have reported on the anti-leishmanial synergic effect of eugenol
oleate with amphotericin B. In the present study, we demonstrated that glycolytic
enzymes were highly expressed in infected macrophages during combinatorial
treatment of eugenol oleate (2.5 µM) and amphotericin B (0.3125 µM). Additionally, we
found that the biphasic role in arachidonic acid metabolite, PGE2, and LTB4, is released
during this treatment. In vitro data showed that COX-2 mediated PGE2 synthesis
increased significantly (p<0.01) in infected macrophages. Not only was the level of
prostaglandin synthesis decreased 4.38 fold in infected macrophages after treatment
with eugenol oleate with amphotericin B. The mRNA expression of PTGES, MPGES, and
PTGER4 were also moderately expressed in infected macrophages, and found to be
decreased in combinatorial treatment. In addition, NOS2 expression was activated by the
phosphorylation of p38MAPK when combination-treated macrophages were promoted
to kill intracellular parasites. The findings of the present study indicate that the synergism
between eugenol oleate and amphotericin B could play an important role in immune
metabolism adaptation with a concomitant increase in host immune response against the
intracellular pathogen, L. donovani.
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INTRODUCTION

Visceral leishmaniasis (VL) is caused by the intramacrophagic
protozoan parasite of Leishmania donovani and L. infantum.
Initialization of infection is started inside the host body during
insertion of flagellated promastigote forms in a sandfly blood
meal. After inoculation, promastigotes are phagocytosed by
macrophages and differentiated into intracellular amastigotes.
This reciprocity between parasite proliferation and host
immunological responses is pivotal for infection establishment
and disease amelioration (Gupta et al., 2021). As per WHO
information, 0.7 to 1 million new VL cases are reported annually.

The innate immune response of our body recruits different
types of cellular subsets to fight against pathogens. These cellular
subsets function in a complex manner to evade various invading
factors and generate cellular homeostasis to protect the host
body. Cellular subsets include circulating lymphocytes (T-cell, B-
cell, and NK cells) and monocytes that can establish either into
dendritic cells or macrophages. The plasticity of macrophages
can develop phenotypical changes by a process called
‘polarization’ (Mantovani et al., 2004; Sica and Mantovani,
2012). Macrophage polarization can switch in response to the
endogenous stimuli during infection and signals both pathogenic
and protective functions (Mills, 2012; Boche et al., 2013).
Thereby, it was mainly classified into two subtypes like
classically activated protective M1 polarized macrophages and
alternatively activated pathogenic M2 macrophages (Stein, 1992;
Doyle et al., 1994). The procedure of macrophage polarization is
regulated by metabolic reprogramming with bioenergetics
demands to keep obligatory immunological functions. This
cellular metabolic signaling relies on the consumption of
carbohydrates, fatty acids, proteins, or amino acids (O’Neill
and Pearce, 2016). It has been reported that macrophages
infected via L. donovani and L. amazonensis parasite induced
M2 polar ized profi le , which upregulated oxidat ive
phosphorylation (Zhang et al., 2010; Pearce and Pearce, 2013;
Osorio et al., 2014). Likewise, L infantum also induced
transcriptomic gene expression of glycolytic enzymes during
the early phase of infection but not in the late phase of
infection (Moreira et al., 2015). Additionally, glycyrrhizic acid
suppressed COX-2 mediated prostaglandin secretion in L.
donovani infected macrophages (Bhattacharjee et al., 2012).
Therefore, the adaptation in metabolic shifting during
leishmaniasis could implicate an important target to elicit host
immune responses.

Several chemotherapeutic regimens were developed due to a
lack of proper vaccine development and vector control program.
This emphasizes the urgent need to develop new, safe, cheap, low
dosage, and short duration drug alternatives. Combination
therapy could be a better option to treat visceral leishmaniasis.
Considering the limitations of cost, effectiveness, and drug
resistance in chemotherapeutics, alternative approaches with
newly synthesized compounds are required. Likewise, eugenol,
a plant-derived essential oil has exhibited anti-bacterial, anti-
viral, anti-cancer, and anti-leishmanial activity. Eugenol oleate, a
eugenol derivative, was reported as an immunomodulatory
molecule with less toxicity (Charan Raja et al., 2021).
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Moreover, it was reported that eugenol oleate has shown
synergistic anti-leishmanial property in combination with
amphotericin B (x∑FIC = 0.456) against experimental visceral
leishmaniasis (Kar et al., 2021).

The hijacking of the metabolic signaling pathways is
correlated with an apparent contour that generates parasite
survivability and elimination. The present study discusses the
bidirectional alteration in immunometabolic profiles after the
treatment of eugenol oleate in combination with amphotericin B
in L. donovani infected macrophages.
MATERIALS AND METHODS

Chemicals
Standard antileishmanial drugs, chemicals for eugenol oleate
synthesis, and others were purchased from Sigma, Alfa Aesar,
and Merck Chemicals. Cell and parasite culture media (RPMI-
1640, M199) were purchased from HiMedia. FBS and antibiotics
were purchased from Gibco; ELISA kits for PGE2 and LTB4 were
obtained from R & D systems. Griess reagent and sequence-
specific oligos were purchased from IDT. cDNA synthesis kit,
RT-PCR chemicals, real-time PCR chemicals were procured
from Fermentas and TAKARA Bio.

Animals and Parasites
Leishmania donovani strain (MHOM/IN/1983/AG-83) was
cultured in M199 medium with 10% FBS and 1X Pen-Strep at
22°C. Thio-glycolate broth injected BALB/c mice-derived
macrophages were extracted and cultured in RPMI medium
with 10% FBS at 37°C in a 5% CO2 incubator (Cell Xpert,
Eppendorf). All animals used for the macrophage isolation
received prior approval from the Institutional Animal Ethical
Committee, Shanmugha Arts, Science, Technology and Research
Academy (SASTRA) deemed university (Approval no: 489/
SASTRA/IAEC/RPP, dated 9/9/2017; 612/SASTRA/IAEC/RPP,
dated 10/08/2019).

Preparation of Eugenol Oleate
Eugenol oleate was synthesized from eugenol and oleic acid as
described earlier (Kar et al., 2021). In brief, oleic acid (1.8 mmol)
was dissolved in 5 ml of dry DMF at 0°C in stirred conditions.
After that, EDCI.HCl (1.65 mmol) and DMAP (0.15 mmol) were
added and stirred for 30 min at 0°C. Hereafter, eugenol (1.5
mmol) was added and stirred. After completion of the reaction,
10 ml distilled water was added to the reaction mixture and
stirred for 30 min. The organic portion was then extracted by
portioning with EtOAc (3 X 10 ml) and dried over anhydrous
Na2SO4. The organic mass was thus obtained by concentrating
under reduced pressure and was purified by column
chromatography (Charan Raja et al., 2021; Kar et al., 2021).

Estimation of PGE2 and LTB4 Release by
Sandwich ELISA
Isolated peritoneal macrophages infected with L. donovani
parasite and treated with eugenol oleate and amphotericin B in
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combination as well as monotherapy also. In this study, we used
a concentration of eugenol oleate at 2.5 µM in combination with
0.3125 µM of amphotericin B (AmpB) as described in our earlier
report (Kar et al., 2021). After 24 hr supernatant was collected
and the release of PGE2 or LTB4 was analyzed by a sandwich
ELISA kit (R & D systems) as per the manufacturer’s instructions
(Bhattacharjee et al., 2012).
Isolation of mRNA and Semi-Quantitative
and Quantitative qPCR
Total mRNA was extracted from macrophages by using Trizol
(Invitrogen) and 1 µg of mRNAwas used as a template for cDNA
synthesis. GAPDH was used as a reference. Sequences of primer
are listed in Supplementary Table S1. The amplification
conditions were as follows: 35 cycles for 5 min at 95°C, 30 sec
at 95°C, 30 sec at 62°C, 1 min at 72°C, and 10 min at 72°C.
Amplified PCR products were then run on 1.2% agarose gel.
Real-time PCR was performed by using SYBR green mix and
obtained CT values. Relative quantification of studied genes was
normalized with housekeeping gene (GAPDH) and expressed as
mRNA fold change with uninfected control group by 2-DDCT

method (Kar et al., 2021).
Immunoblot Analysis
Cell lysates from different groups were prepared as described
previously (Charan Raja et al., 2021). Afterward, 50 µg of protein
was loaded in each lane in 10% SDS PAGE and transferred onto
the PVDF membrane. Thereafter, that membrane was blocked
by 5% bovine serum albumin in Tris-buffered saline (TBS) and
immunoblotting analysis was carried out as described previously.
In Vitro Anti-Amastigote Activity in
Presence of Inhibitors
To investigate the anti-amastigote activity of eugenol oleate and
its combinatorial effect with amphotericin B in the presence of
inhibitors against intracellular L. donovani parasite, BALB/c
derived peritoneal macrophages (1 × 105) were plated in 200
ml of culture media per well in 8 well chamber glass slide and
allowed for cell differentiation at 37°C in 5% CO2 containing
incubator. Macrophages were infected with the stationary phase
of AG83 promastigotes at 1:10 (macrophage: parasite) ratio for
4 h and the infected cells were kept another 20 h for amastigotes
maturation and multiplication within macrophages.
Macrophages were pretreated with a COX-2 inhibitor (NS-
398), p38 MAPK inhibitor (SB203580), and NO inhibitor
(LNMMA) for 1 h followed by the treatment in combination
with Eugenol oleate (2.5 mM) and amphotericin B (0.3125 mM)
were added and incubated mixture for 48 hr. After removing the
culture medium, cells were washed twice with PBS and fixed with
methanol. Then the chambered slides were stained with Giemsa.
The intracellular amastigotes were measured per 100
macrophages by using an Olympus (BX43) microscope at
1000X magnification and resolution in oil immersion for each
group (Charan Raja et al., 2021; Kar et al., 2021).
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Statistical Analysis
All the in vitro experiments were performed in triplicate using
BALB/c derived peritoneal macrophages. The data were
presented as mean ± SD. Two-way ANOVA followed by
Tukey’s multiple comparison test were used to check the
significant difference among all the groups using GraphPad
Prism 6.
RESULTS

Assessment of the Expression of
Glycolytic Enzymes
Immunemetabolism is correlated with the metabolic fluxes
inside the cell. When the Leishmania parasites infect cells,
cellular metabolic states are associated with the alteration in
the cytokine-mediated functional types of macrophages. M1
macrophages mainly depend on the glycolysis bioenergetics
pathway where glucose converts into pyruvate, either reduced
in lactate or entered into the TCA cycle by several intermediate
enzymes (Semba et al., 2016). In the present study, we
investigated the expression of glycolytic enzymes by RT PCR
data. We evaluated the expression of glucose transporter 1
(GLUT-1), isoforms of hexokinase (HK1, HK2, and HK3),
phosphofructokinase 2 (PFKM), 6-phosphofructo-2-kinase/
fructose- 2,6-biphosphatase 3 (PFKB3), and lactate
dehydrogenase A (LDHA) transcripts. The expression was
analyzed in BALB/c derived peritoneal macrophages
challenged with stationary phase L. donovani parasites to
establish the mechanisms accountable for energy metabolic
profile recognition. After 24 hr of infection, cells were treated
with 2.5 µM of eugenol oleate in combination with 0.3125 µM of
amphotericin B in vitro. The levels of GLUT-1, HK-1, HK-2,
HK-3, PFKM, PFKB-3, and LDHA were studied by using the
semi-quantitative RT-PCR method. We found that the mRNA
expression of glycolytic enzymes was upregulated in
combination-treated macrophages than in monotherapy-
treated cells (Figure 1A).

Similarly, these results were reconfirmed by using the real-
time quantitative PCR method. The level of GLUT-1, one of
glucose transporter was more significantly highly expressed 4.74
fold in combination than the infection set. While the expressions
of the isoforms of hexokinase were significantly upregulated at
5.84, 13.03, and 11.33 fold in combination-treated macrophages
for HK-1, HK-2, and HK3 respectively [Figure 1B (i-iv)]. The
expression of PFKM and PFKB3 were significantly increased at
6.23 and 3.76 fold in combination therapy than infected
macrophages [Figure 1B (v-vi)]. Interestingly, the expression
of LDHA was increased 2.34 and 1.34 fold in eugenol oleate and
amphotericin B treated cells compared to the infected
macrophages. While in combination therapy, there was a
significant induction of 5.39 fold of LDHA transcript
compared to the infected set [Figure 1B (vii)]. Collectively, it
could be suggested that L. donovani infection and monotherapy
treated macrophages failed to upregulate the mRNA expression
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of glycolytic enzymes compared to the combination therapy of
eugenol oleate and amphotericin B [Figure 1B (i-vii)]. Recently,
we reported that our combination of eugenol oleate and
amphotericin B was able to increase T-cell proliferation and
proinflammatory cytokines against experimental visceral
leishmaniasis in vivo (Kar et al., 2021). However, it has also
been reported that murine immune cells upregulated glucose
uptake and glycolysis by MAPK signaling (Marko et al., 2010).
The induction of proinflammatory cytokines might upregulate
the glycolysis pathway and a similar trend was observed in the
present study after the use of combination therapy in L. donovani
infected macrophages.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4211
Variation of the Expression in Lipid
Metabolites During Treatment Due to
Infection Acquisition
After the ingestion of obligatory parasites into the macrophages,
the affected host body shows alteration in macrophage
phenotypical changes through intracellular parasitism. Lipid
mediators in arachidonic acid (AA), comprising leukotrienes
and prostaglandin emerged in a signaling pathway during
Leishmania infection (Bozza et al., 2009). Therefore, we
checked the expression of arachidonic acid metabolism
enzymes by murine exudate peritoneal macrophages infected
with L. donovani parasites. The mRNA expression of cytosolic
A B

FIGURE 1 | Alteration in glycolytic enzymes profile during combinatorial treatment. Peritoneal macrophages infected with L. donovani (1:10 ratio). After 24 hr of post
infection, treatment was given to infected macrophages and after 6 hr, cells were collected in Trizol to determine the mRNA expression of glycolytic enzymes by RT
PCR (A). and the transcription levels of glycolytic genes GLUT-1, HK1, HK-2, HK-3, PFKM, PFKB3 and LDHA were analysed by quantitative Real Time PCR (B i-vii).
The results were expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, significant differences between the indicated groups.
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phospholipase A2 group IVA (cPLA2g4A) mediated
prostaglandin E2 synthase (PTGER4, PTGES) and microsomal
prostaglandin synthase (MPGES) were more enhanced in
infected macrophages than in combinatorial treatment. On the
other hand, the level of mRNA expression in arachidonate 5-
Lipoxygenase (ALOX-5) and leukotriene B4 dehydrogenase
(LTBDH) was overexpressed after combination treatment in
infected macrophages (Figure 2A).

To reconfirm the biphasic characterization in the arachidonic
acid (AA) pathway, the expression of enzymes involved in the
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5212
AA pathway was investigated using real-time quantitative RT-
PCR. The results revealed a significant enhancement of
expression in cPLA2G4A, PTGES, and MPGES at 7.97, 8.61,
and 7.74 fold compared to the combination therapy [Figure 2B
(i-iv)]. Interestingly, combination therapy exhibited ALOX-5
and LTBDH expression at 13.11 and 8.11 fold significantly,
compared to infected macrophages [Figure 2B (vi-vii)].
Therefore, our data support the notion that the expression of
prostaglandin and leukotrienes was accomplished in opposite
ways during infection and treatment. The enzymes responsible
A B

FIGURE 2 | Biphasic expression in arachidonic acid enzymes profile during combinatorial treatment. Macrophages were infected with L. donovani (1:10 ratio). After
24 hr of post infection treatment was given in monotherapy as well as in combination therapy to infected macrophages. After 6 hr, cells were collected in Trizol to
determine the mRNA expression of arachidonic acid enzymes were analysed by RT PCR (A) and the transcription levels of AA genes cPLA2g4A, COX-2, PTGES,
MPGES, PTGER4, TGF-b, and ALOX-5, LTBDH were analysed by quantitative real time PCR (B i-vii). The results were expressed as mean ± SD. *p < 0.05, **p <
0.01, ***p < 0.001, significant differences between the indicated groups.
August 2021 | Volume 11 | Article 709316

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Kar et al. Eugenol-Oleate, Amphotericin B, Immune Metabolism
for prostaglandin synthesis were overexpressed in infection set to
sustain parasite persistence while enzymes for leukotriene
overexpressed in combination treatment to support parasite
elimination from infected macrophages [Figure 2B (i-vii)].
Effect of Combination Therapy of Eugenol
Oleate and Amphotericin B in COX-2
Mediated Prostaglandin Synthesis and
Leukotriene Release in Infected
Macrophages
It was previously reported that during Leishmania infection,
COX-2 expression is induced for the induction of PGE2 release
(Matte et al., 2001). As anticipated, it was found that the level of
PGE2 was upregulated 4.38 fold during L. donovani infection,
which was significantly higher compared to uninfected
macrophages. During monotherapy treatment, PGE2 release
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was exhibited at 537.8 pg/ml and 369.7 pg/ml in eugenol oleate
and amphotericin B respectively. Interestingly, combination-
treated macrophages showed significant depletion in PGE2
release (194.6 pg/ml) (Figure 3A). Afterward, we analyzed the
expression of COX-2, a regulatory enzyme for PGE2 release at
the protein level. We observed that COX-2 expression was
enhanced in obligatory L. donovani infected macrophages.
Interestingly, it was noteworthy that the treatment of the
synergic combination of eugenol oleate at 2.5 µM and 0.3125
µM of amphotericin B, COX-2 expression was significantly
abrogated at protein levels in infected macrophages
(Figure 3B). Decreased parasite load in the presence of COX-2
inhibitor (NS-398) as well as by combination therapy further
confirmed that COX-2 inhibition helped in the intracellular
parasite clearance (Figure 3D).

It was previously reported that leukotrienes, derived from the
5-lipo-oxygenase metabolism of the AA pathway, play an
A

B

DC

FIGURE 3 | Effect of combination therapy in PGE2 release by COX-2 mediated pathway with induction of LTB4 release in infected macrophages. Cells were
infected with L. donovani parasite at 1:10 ratio. After 24 hr of post infection treatment was given to macrophages. After 24 h of post treatment cell free supernatant
was used to estimate PGE2 and LTB4 release by sandwich ELISA (A, C). In a separate experiment after 24 hr of treatment at different concentration, the expression
of COX-2 protein was assessed by immunoblotting assay, and the result of densitometry data is expressed as mean ± SD from triplicate experiments (B). Cells were
treated with combination of drugs or COX-2 inhibitor ((NS-398, 1µM). After 48 h of post treatment anti-amastigote study was performed by Giemsa staining method
and represented as parasites per 100 macrophages (D), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, significant differences between the indicated groups.
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important role in controlling Leishmania infection (Chaves et al.,
2016). To investigate the disease resolving the role of leukotrienes,
we checked the level of LTB4 release in L. donovani infected
macrophages. The treatment of combination therapy showed
significant induction (725.2 pg/ml) in the level of LTB4 release
in L. donovani infected macrophages in vitro (Figure 3C).
Contrary to the findings of in vitro infections with L. donovani
parasite, they showed a significant decrease in LTB4 production at
147.5 pg/ml. These in vitro findings indicate that the combination
of eugenol oleate and amphotericin B could play a pivotal role in
killing parasites by the release of leukotriene production by
dampening the COX-2 mediated PGE2 release.

Activation of MAPK in Immune Metabolic
Alteration in L. donovani Infected BALB/c
Derived Macrophages by NOS-2
We know that the activation in p38MAPK phosphorylation
attenuates Leishmania donovani infection in infected
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7214
macrophages, as proven in several reports (Junghae and Raynes,
2002; Charan Raja et al., 2021). To explore the mechanistic
pathway, we investigated whether the proposed combination of
drugs could activate MAPK signaling in infected macrophages.
After 30 min treatment, cells were collected in a chilled RIPA
buffer for immunoblot analysis. Figure 4A indicates that
combination therapy induced the phosphorylation of p-
38MAPK in infected cells whereas infection by the L. donovani
parasite is associated with the increased phosphorylation of ERK1/
2 (Figure 4B). It was previously reported that the combination of
eugenol oleate and amphotericin B increased NO generation at
30.91 µM by the expression of iNOS-2 in peritoneal exudate
macrophages (Kar et al., 2021). The suppressive function of
combination therapy is reciprocally associated with the
expression of arginase-1 and iNOS following COX-2 mediated
PGE2 production. As indicated in Figure 4C, NOS2 was highly
expressed in combination-treated macrophages, whereas arginase-
1 overexpressed only in infected macrophages.
A

B

C

FIGURE 4 | Effect of combination therapy in p38MAPK, ERK1/2 expression in L. donovani infected macrophages. BALB/c derived macrophages were infected L.
donovani promastigotes followed by eugenol oleate (2.5 µM) and amphotericin B (0.3125 µM) alone or in combination. After 30 min of treatment, protein was
extracted and subjected to western blotting to study the expression of p-p38MAPK, and p-ERK1/2 (A, B). In a separate set of experiment, after 24 h of treatment,
we performed the NOS-2 and arginase 1 expression by immunoblotting (C). Densitometric analysis was expressed as mean ± SD from triplicate experiments. *p <
0.05, **p < 0.01, ***p < 0.001, significant differences between the indicated groups.
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Anti-Amastigote Activity of Combination
Therapy in Presence of Inhibitor
To confirm the importance of NOS2 expression and p-
38MAPK phosphorylation in combinatorial treatment with
eugenol oleate and amphotericin B, we studied in vitro anti-
amastigote activity and NO generation by Griess assay in
peritoneal macrophages. The results confirmed that
combination therapy indicated 91.42% of parasite-killing
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8215
infected macrophages, while this parasite clearance was
completely abrogated in the presence of SB203580 and
LNMMA (Figures 5A–C). Simultaneously, the production of
nitric oxide was also abolished in the presence of p38 and NO
inhibitors in combinatorial treated cells (Figure 5B). In light of
the above findings, we investigated that 2.5 µM of eugenol
oleate could be involved in the alteration of immune metabolic
reprogramming and parasite killing by p38MAPK induced NO
A B

C

FIGURE 5 | Effect of combination therapy in anti-leishmanial activity and NO generation in presence of inhibitors. Cells were pre-treated with p38 inhibitor (SB203580
at 5 mg/ml), iNOS inhibitor (L-NMMA at 0.4 mM) for 1 h followed by combination treatment. After 48 h of post treatment anti-amastigote study was performed by
Giemsa staining method and NO generation was performed by Griess assay. (A) showed parasites per 100 macrophages, (B) showed NO generation in presence of
inhibitor and (C) showed the representative macrophage images. **p < 0.01, ***p < 0.001, significant differences between the indicated groups.
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generation in combination with 0.3125 µM of amphotericin B
in L. donovani infected macrophages.
DISCUSSION

During evolutionary progress in new drug discovery and clinical
manifestation towards L. donovani infection, several drugs like
sodium stibogluconate, miltefosine, paromomycin, and
amphotericin B are proposed for VL treatment (Hendrickx
et al., 2017). Although evidence on the continued limitations
with monotherapies reveals that the use of current therapies has
to be reviewed. Combination therapy would be a better approach
to overcome recent pitfalls in leishmaniasis treatment. Several
synthetic compounds in combination with the standard drugs
could be useful for long-term efficacy in treatment (Zulfiqar et al.,
2017). Likewise, eugenol oleate, a derivative of eugenol, could be
a better option for its immunomodulatory effect (Charan Raja
et al., 2017). Recently, we observed that eugenol oleate showed
synergistic interaction in combination with amphotericin B
against intracellular L. donovani amastigotes (x∑FIC = 0.456).
In this study, we selected the concentration of eugenol oleate at
2.5 µM in combination with 0.3125 µM of amphotericin B, which
indicates 94.93% parasite killing against L. donovani intracellular
amastigotes. Furthermore, we evaluated that association of these
two compounds had better efficacy against experimental VL in
vitro and in vivo (Kar et al., 2021).

The present study explored the mechanism of combination
therapy in the modulation of host immune metabolism during L.
donovani infection and the further consequences on the host-
protective immune response. The present study examined this
using combination therapy with 2.5 µM of eugenol oleate and
0.3125 µM of amphotericin B induced glycolytic enzyme in
infected macrophages (Figures 1A–B). Glycolysis is an
essential metabolic event that provides energy to survive and
converts glucose into pyruvate (Gonçalves et al., 2019). During
glycolysis, hexokinase coverts glucose into glucose-6-phosphate
by several intermediates (Tan and Miyamoto, 2015). In
macrophages, the glucose was uptaken by its glucose
transporter GLUT-1, which provides energy to facilitate
glucose (Macintyre et al., 2014). Qualitative RT-PCR data
indicated that combination therapy exhibited increased
expression of GLUT-1 and hexokinase 1, hexokinase 2, and
hexokinase-3 significantly, compared to the infected
macrophages (Figure 1A). Hexokinase catalyzed glucose
phosphorylation into glucose-6-phosphate during glycolysis
metabolism (Marko et al., 2010). Moreover, phosphorylated
hexokinase pulled out glucose from equilibrium to trap inside
the cell. For this reason, hexokinase is an important regulator for
glycolysis. Additionally, glucose uptake was dependent upon the
upregulation of GLUT-1 expression (Wang et al., 2017). In
addition, the expression of PFKB3 and PFKM transcript was
induced during combination therapy (Figure 1B (v-vi)). Indeed,
these two enzymes PFKB3 and PFKM regulated macrophage
metabolism and polarization. Despite this, it was detected that
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upon challenge with L. infantum parasite, the level of glycolytic
enzymes was switched to the early stage of infection but not after
the late phase of infection (Moreira et al., 2015). Not only that, L.
amazonensis used the host metabolism for their survival and
eventually converted into M2 polarized macrophages (Ty et al.,
2019). In our present study, we investigated that the given
combination of two compounds, eugenol oleate, and
amphotericin B could provide energy to the host cellular
metabolism to shift from VL progressing M2 to VL, resolving
M1 macrophages. Extensive studies on glycolysis for cellular
metabolism remain elusive and further studies are required to
reach clear conclusions.

To understand the immune metabolic reprogramming during
Leishmania infection, we also evaluated the release of
arachidonic acid metabolites including leukotrienes and
prostaglandins in infected peritoneal macrophages. In
subversion by L. donovani infection, parasites utilize anti-
inflammatory cytokines (TGF-b, IL-10) and arachidonic acid
metabolites (predominantly prostaglandins) to survive inside
macrophages (Bodhale et al., 2020). Subsequently, we
investigated that the release of prostaglandin was regulated by
the cyclooxygenase (COX-2) pathway during L. donovani
infection (Figures 3A–B). Interestingly, upon treatment of
combination therapy, the level of prostaglandin was inhibited,
whereas the production of leukotrienes was restored to impair
the intracellular parasite function. While LTBDH exhibited
moderately higher expression in combination therapy in
treated macrophages (Figure 2A). As expected, RT-PCR data
also suggested that the enzymes involved in the prostaglandin
synthesis pathway (PTGER4, MPGES, and PTGES) were highly
expressed in infected macrophages [Figure 2B (iii-v)].

Several studies have reported that the prostaglandin (PGE2)
production was elevated after 24 hr of post-infection by
Leishmania parasites (Saha et al., 2014). It has been rpeviosuly
demonstrated that the combination of 2.5 µM of eugenol oleate
with 0.3125 µM of amphotericin B was capable of shifting from
the Th-2 response to VL, resolving Th-1 response against L.
donovani. Additionally, macrophage activation induced by the
mentioned combination was accompanied by the production of
pro-inflammatory cytokines such as IL-12, TNF-a, and IFN-g
and anti-inflammatory agents IL-10 and TGF-b (Kar A et al.,
2021). Our findings indicated that COX-2 generated PGE2
production was augmented in L. donovani infected
macrophages. Several studies have observed that IL-10
contributed to PGE2 signaling through the upregulation of E-
type prostaglandin receptors (EP4) via STAT3 (Samiea et al.,
2020). Eventually, the release of PGE2 production was restricted
by the treatment of synergistically combined molecule eugenol
oleate and amphotericin B (Figure 3A). In BALB/c derived
macrophages, COX-2 mediated PGE2 release was shown to
re lease ant i - inflammatory cy tok ines IL-10 , which
downregulated proinflammatory cytokine production and
macrophage activation. Interestingly, the recruitment of
combination therapy in infected macrophages resulted in
induced leukotriene production along with the host-protective
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immune response (Figure 3C). Thus, it could be concluded that
this combination might involve in leukotriene production with
the inhibition of PGE2 release.

The present study examined the alteration in the expression
of glycolytic enzymes and biphasic nature in the arachidonic acid
metabolism pathway. Apart from these findings in the immune
metabolic status of L. donovani infected macrophages and the
impact of combination therapy with eugenol oleate and
amphotericin B, we investigated the involvement of MAPK
signaling after combination therapy in infected peritoneal
macrophages. We revealed that combination therapy mediated
the implications of the MAPK signaling pathway by
demonstrating that eugenol oleate in combination with
amphotericin B induced the phosphorylation of p38MAPK,
and abolished the phosphorylation of ERK1/2 (Figures 4A, B).
In another recent study, we discussed the role of combination
therapy as an anti-leishmanial agent against the L. donovani
parasite, both in vivo and in vitro through NO generation and
upregulation in pro-inflammatory cytokines (Kar et al., 2021). It
is now well established that the drug-mediated phosphorylation
of p38 could promote NO generation during L. donovani
infection (Wadhone et al., 2009; Charan Raja et al., 2021).
Hence, the combination of eugenol oleate and amphotericin B
modulated phosphorylation of p38MAPK might be involved in
iNOS-2 mediated NO generation in infected macrophages.

In the immunoblotting study, we also found that the
combinatorial treatment of L. donovani-infected macrophages
induced the iNOS-2 expression and reduced the expression of
arginase-1 (Figure 4C). We further investigated that there were
no alterations in amastigote numbers per macrophage and NO
production with pre-treated p38inhibitor (SB352080) and NO
inhibitor (LNMMA) in infected macrophages even after
combination therapy with eugenol oleate and amphotericin B
(Figures 5A–C). Collectively, the in vitro data from the present
study elucidated that the combination of eugenol oleate and
amphotericin B increased iNOS-2 expression primitively
dependent on p38 MAPK and iNOS-2 dependent NO
generation played a master role in the restoration of immune
functions against L. donovani infection.

Corroborating our present findings in this in vitro study, we
observed a possible adaptation in immune metabolic flux during
the combination therapy of eugenol oleate and amphotericin B in
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infected BALB/c derived macrophages (Figure 6). Further
studies should be undertaken to enable a better understanding
of this host immune status, meaning that combination therapy
with amphotericin B with eugenol oleate becomes an acceptable
approach for VL treatment in the near future.
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Precision medicine and precision global health in visceral leishmaniasis (VL) have not yet
been described and could take into account how all known determinants improve
diagnostics and treatment for the individual patient. Precision public health would lead
to the right intervention in each VL endemic population for control, based on relevant
population-based data, vector exposures, reservoirs, socio-economic factors and other
determinants. In anthroponotic VL caused by L. donovani, precision may currently be
targeted to the regional level in nosogeographic entities that are defined by the interplay of
the circulating parasite, the reservoir and the sand fly vector. From this 5 major priorities
arise: diagnosis, treatment, PKDL, asymptomatic infection and transmission. These 5
priorities share the immune responses of infection with L. donovani as an important final
common pathway, for which innovative new genomic and non-genomic tools in various
disciplines have become available that provide new insights in clinical management and in
control. From this, further precision may be defined for groups (e.g. children, women,
pregnancy, HIV-VL co-infection), and eventually targeted to the individual level.

Keywords: precision medicine and public heath, visceral leishmaniasis, diagnosis, treatment, PKDL, asymptomatic
infection, transmission and infection, immune responses
1 INTRODUCTION

Visceral leishmaniasis (VL or kala-azar) is caused by protozoal Leishmania (L.) donovani or
L. infantum parasites that are transmitted by sand flies of the Phlebotomus spp. (Old World) or
Lutzomiya spp. (New World). There may be anthroponotic and/or zoonotic transmission. The
burden of VL is principally in 6 countries (India, Bangladesh, Sudan, South Sudan, Ethiopia, Brazil)
(Alvar et al., 2012). While VL is a parasitic disease, virtually all features in clinical presentation,
pathophysiology, diagnosis, treatment, outcome as well as epidemiology (herd immunity, family
clustering) are determined by the host immune response, that, among other factors, is dependent on
the genetics of the host, and in response to the challenge by the causative Leishmania parasite and
relevant the sand fly vector (Figure 1).
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Post-kala-azar dermal leishmaniasis (PKDL) is a skin
condition characterized by macules, papules, nodules or
polymorphic lesions that develop after successful treatment for
VL around persisting parasites in the skin, while systemically
parasites may no longer be demonstrable in an otherwise healthy
individual. It is an intermediate disease state that precedes
complete cure from VL. The clinical features are determined
by the immune responses. PKDL is thought to play an important
role in transmission and is largely restricted to VL caused by
L. donovani (Zijlstra et al., 2003).

In control efforts, there are important regional differences: with
the spectacular reduction of VL cases in the Indian Subcontinent
(ISC) due to the successful Kala-azar Elimination Program
(KAEP), Africa now has equal numbers of VL cases (Rijal et al.,
2019; World Health Organization, 2020). In neighboring Ethiopia
HIV VL co-infection is common that may contribute considerably
to transmission (Diro et al., 2014). It is likely that the approach to
control in each endemic area is guided by regional specific factors;
there is no ‘one size, fits all’ in diagnostics, therapeutics or other
determinants of control. There are serious gaps in understanding
transmission dynamics leading to lack of precision.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 2220
1.1 Precision Medicine and Precision
Public Health
While personalized medicine seeks to utilize treatments and
preventive strategies tailored to the individual on the basis of
genetic traits only, precision medicine was defined later as the use
of diagnostic methods and treatment targeted to the needs of the
individual patient(s) on the basis of genetic, lifestyle and
environmental determinants.

Human genetics is increasingly contributing to existing
research tools, at the level of population, at the level of
individual and even to the level of a single-cell e.g. a
lymphocyte in relation to a wide array of its immunological
properties. This is due the emergence of recombinant DNA and
molecular genetic tools including next-generation sequencing of
whole genomes and exomes (Neu et al., 2017).

Precision public health (or precision global health)
refers to the population perspective and includes applying
methods and technologies to measure disease, pathogens,
behaviors and susceptibility, as well as developing policies
and targeted implementation programs (Singh et al.,
2020). Basically, it has been defined as ‘providing the right
FIGURE 1 | The pivotal role of the immune response in control and clinical aspects of visceral leishmaniasis.
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intervention to the right population at the right time’ (Khoury
et al., 2016).

In this paper we introduce the concepts of precision medicine
and global health to define new insights in VL clinical
management and more efficiency in control efforts (Figure 2).
2 METHODS

In absence of publications on precision medicine and global
health in VL, relevant literature (general or on VL) was searched
for following keywords: genetics, genomics, epigenetics,
transcriptomics, nanotechnology, proteomics, metagenomics,
pharmaco-genomics, pharmaco-economics, precision medicine
and precision global health. The results were first analyzed in
factors relating to the host, the parasite and the vector in VL.
From this, current and new insights are discussed in the context
of existing pitfalls in each of the five main areas relevant for
VL clinical management and control: diagnosis, treatment,
asymptomatic infection, PKDL and transmission, by discussing
new tools (genomic or non-genomic) and re-assessing existing
tools. Lastly, a synthesis was attempted to define priorities in
precision medicine and global health in VL at the regional level,
and where appropriate, at the group or individual level, and
suggest the way forward (Flahault et al., 2017; Flahault and
Salathe, 2017).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 3221
3 RESULTS AND DISCUSSION

3.1. Factors Relating to the Host,
Parasite, and Vector
3.1.1 The Host
Genetic studies in VL have indicated that the polymorphic HLA-
DR-DQ region within the major histocompatibility complex of
immune related genes is the single major determinant of VL. This
was found in a study that assessed three independent cohorts in
L. donovani in India and L. infantum/chagasi in Brazil; a similar
genome-wide significance was not demonstrated in similar studies
in cutaneous leishmaniasis (CL) (Fakiola et al., 2013). In VL, these
studies highlighted the importance of antigen presenting cell
function and regulation of IFN-y in host-parasite interaction
(Fakiola et al., 2013; Blackwell et al., 2020). Interestingly,
development of PKDL was linked to the decreased function of
the interferon-gamma receptor 1 gene (IFNGR1), that was not
found in VL. This was also found in skin biopsies from PKDL
patients both from Sudan and India, with uniform low expression
of IFN-y and IFNGR1, possibly explaining the persistence of
parasites (Ansari et al., 2008; Farouk et al., 2010). Further studies
are needed to explain differences within East-Africa andwithin the
ISC, to describe the differences in PKDL rate, clinical presentation
and interval between VL and PKDL.

Pharmacogenomics is the study of the response drug therapy
in relation to variations of DNA and RNA characteristics;
FIGURE 2 | Flowchart describing precision at regional level in visceral leishmaniasis caused by L. donovani through five determinants: treatment, diagnosis,
asymptomatics, PKDL and transmission.
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pharmacogenetics studies variations in DNA sequence in
relation to drug response (Roden et al., 2019). This may be
done by whole genome screening, whole exome screening or
custom target sequencing microarrays (Mitropoulos et al., 2015).
In Africa, as well as in Asia, genomic analyses have demonstrated
that considerable genetic polymorphisms exist in the cytochrome
P450 that may translate to differences in drug response
(Mitropoulos et al., 2015).

In a more recent meta-analysis on the allele frequencies for 2
common liver enzymes in drug metabolism (CYP2D6 and
CYP2C19), a mean risk of an abnormal CYP2D6 or
CYP2C10 activity was found to be 36.4% and 61% respectively;
there was major geographical variation: the range for abnormal
CYP2D6 activity varied between 61% (Algeria) and 2.7%
(Gambia), and for abnormal CYP2C19 between 80% (India)
and 32% (Mexico) (Koopmans et al., 2021). This is important in
the classification of individuals as slow, normal, rapid or
ultra-rapid metabolizers. This means that in individuals who
are not normal metabolizers, administration of a drug may
cause (increased) toxicity or leads to ineffective treatment. For
example, codeine is activated by CYP2D6 to its active metabolite
morphine; in slow metabolizers this may lead to absence of a
drug effect where as in rapid metabolizers it may lead to toxic and
dangerous levels of morphine (Roden et al., 2019). Of the
currently used anti-leishmania drugs, only pentamidine is
metabolized by cytochrome P450 (Kip et al., 2018). Clearly,
these concepts are also important for any co-administered drug
in VL treatment.

The establishment of a biobank and pharmacogenetics
database as for African population facilitates genomic research
in diverse populations (Matimba et al., 2008). Fortunately, the
cost of sequencing and genotyping is decreasing due to
technological advances and national genomics research and
policies are within the reach of governments in low-and middle
income countries (Tekola-Ayele and Rotimi, 2015). This area of
research has been neglected so far, despite inter- and intraregional
differences in response to anti-leishmanial treatment.

In addition, more than 300 proteins are involved in ADME
(absorption, distribution, metabolism and excretion) of drugs;
there is insufficient information on the (variation) of genomic
architecture underlying this (Chaudhry et al., 2016). This needs
to be further explored in each population affected by
leishmaniasis, to predict efficacy and/or toxicity of (new) drugs
(Matimba et al., 2008; Baker et al., 2017; Kip et al., 2018). In case
of severe toxicity, pharmaco-economics (the economic
evaluation of drug administration) may be useful in defining
cost-effectiveness of screening prior to administering treatment.
For example, testing for glucose-6-phosphate dehydrogenase
deficiency (G-6-PD) to avoid drug-induced hemolytic anemia
such as caused by primaquine administration in the treatment of
P. vivax malaria (Mitropoulos et al., 2015).

3.1.1.1 Sex and Gender
Sex refers to biological differences while gender refers to social
differences, relating to specific behavior, activities and roles of
men and women in society (Mauvais-Jarvis et al., 2020).
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The male to female ratio of VL cases in the Indian
subcontinent reported by health facilities (1.40 [95% 1.37-
1.43]) is similar to the risk ratio of incident VL during door-
to-door screening (risk ratio 1.27 [95% CI 1.08-1.51]).
Population-based studies showed that males were more likely
to be seropositive in the DAT at baseline and more likely to
develop VL or remain seropositive. These differences were not
found below the age of 15 years (Cloots et al., 2020). Other
studies showed that male sex was a risk factor for death or VL
relapse, especially after puberty. The role of sex hormones has
been established in animal experiments, and hormonal
intervention has been suggested. Other factors may be involved
such as the causative parasite as male risk is increased in
L. donovani infection, but not in L. tropica (Lockard et al., 2019).

The influence of sex hormones on modulation of the
immunity is poorly investigated; this may affect differences in
outcome between males, and females, as well as non-pregnant
and pregnant females. Males are more commonly affected with
more serious clinical features, and it thought this is true despite
better access to health care and more exposure to sand flies
(Snider et al., 2009).

3.1.1.2 Co-Infection
Protective immune responses in leishmaniasis are required for
strong and long lasting immunity by persistent parasites through
concomitant immunity (Mandell and Beverley, 2017). In patients
who are cured, persistent replication takes place, mostly in
activated antigen-presenting cells. In L. major infection, these
are at the site of infection and draining lymph nodes and stay
there for the rest of the host’s life (Okwor and Uzonna, 2008). It
follows that any interference either by an infective agent or drug
treatment may result in reactivation and clinical recurrence.

VL may occur with co-infections of other common (tropical)
conditions, ofwhichHIV infection andmalaria aremost common.

Immunosuppression is a risk factor for VL; this includes HIV
infection, the use of immunosuppressant drugs (including
steroids), haematological malignancies and patients with
transplants (van Griensven et al., 2014). HIV co-infection
causes increased susceptibility of infection, more severe disease,
and diagnostic and therapeutic problems. This was also
described for PKDL (El Hassan et al., 2013; Zijlstra, 2014). In
IV drug addicts, a second mode of transmission cycle may exist
between humans through exchange of contaminated needles.
Conversely, Leishmania infection influences the clinical course of
HIV infection (van Griensven et al., 2014). Tuberculosis may
occur in VL-HIV co-infection influencing outcome (van
Griensven et al., 2018). PKDL and VL with concomitant skin
lesions are common and more severe in HIV co-infection
(Zijlstra, 2014). Similarly, malnutrition may aggravate (HIV-
related) immunosuppression, but its role is unclear as weight loss
as a clinical feature may be caused by VL (Akuffo et al., 2018).

A different mechanism was described in the treatment of
hepatitis C with Direct Acting Antivirals (DAA) that
downregulate interferon and interferon receptors, thus leading
to re-activation of previous leishmania infection (Colomba
et al., 2019).
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Helminth infection affects up to one-third of the global
population and cause chronic infection with downregulation of
the pro-inflammatory immune response an enhanced Th2
response and repair mechanisms. Chronic helminth infection
suppresses antibacterial, antiviral and antiprotozoal immunity,
leading to increased susceptibility and attenuated immunopathology
(McSorley and Maizels, 2012). This may be modulated by the
excretory and secretory products (the secretome) (Ditgen et al.,
2014). The effect on susceptibility and severity of a concomitant
disease may be aggravated by helminth-induced anemia and
malnutrition (Ditgen et al., 2014). Currently, there is no evidence
that helminth infection predisposes to more severe disease (in
VL) or treatment failure of stibogluconate (in CL) (Tajebe et al.,
2017; Martinez et al., 2020). The role of helminth infection as a
trigger to develop PKDL has not been studied. Gut bacteria were
also shown to be possibly implicated as VL patients showed
dysbiosis of gut flora compared to healthy controls (Blackwell
et al., 2020).

3.1.1.3 Unexplored Co-Infection
The role of co-infection remains largely unexplored; measles may
be taken as an example that continues to be a world-wide
problem despite the availability of a vaccine. While natural
infection induces a strong cellular and humoral immune
response, after cure a transient immune suppression with
increased morbidity and mortality may occur (Griffin, 2010).

Recently, it was shown that measles virus infection has an
impact on circulating lymphocyte subsets, with memory T and B
cells being most severely affected, causing loss of immunological
memory and renewed to susceptibility to pathogens (Mina et al.,
2019). Childhood vaccinations such as for measles are associated
with reduced risk of measles (Lima et al., 2018). It has been
suggested that measles could lead to breakdown of immunity; in
a case report recurrence of VL after PKDL occurred after measles
infection. Similar co-infections that may reduce immunity are
malaria, tuberculosis and Epstein-Barr virus infection (Louzir
et al., 1993; Nandy et al., 1998). There are no formal studies that
examine the effect of measles or other common viral infections
such as hepatitis B and hepatitis C on (recurrence of) VL or the
occurrence of PKDL after seemingly successful treatment of VL.
Concomitant malaria in VL was found to be associated with a
more severe clinical picture of VL, including severe anemia, and
increased mortality in Sudan (van den Bogaart et al., 2013).

3.1.1.4 Genetic Determinants of Response to Infection
Transcriptomics describes the immunological response to
infection by assessing the gene expression (‘signature’) in the
interaction between host and pathogen. Using whole blood
transcriptional profiling, the gene expression profile of active
VL was demonstrated to be different compared with healthy
controls, but this was not found in asymptomatic infection and
healthy controls. In addition, support was found for more
effective cure at 30 days post treatment for single dose
AmBisome vs. multi-dose conventional amphotericin B for 30
days (Fakiola et al., 2019). In a recent study, an analysis of the
whole blood transcriptome in HIV-VL co-infected patients
identified 4 genes that accurately determined the treatment
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outcome (Adriaensen et al., 2020). This is a promising tool
that needs further exploration, particularly to the correlation
with actual immunity and immune parameters thereof in various
clinical settings and endemic regions.

3.1.2 The Parasite
Identification of the causative parasite in each clinical and
epidemiological setting is crucial. Issues in taxonomy and
species typing have been thoroughly reviewed (Van der
Auwera and Dujardin, 2015).

While L. donovani causes VL both in Asia and Africa,
molecular analysis of the parasite shows that there are three
clusters: one East African cluster (Sudan, Ethiopia), a second
with mixed Indian and Kenyan isolates and a third with
L. infantum (Kuhls et al., 2007; Lukes et al., 2007; Jaber et al.,
2018). It is not clear to what extent these differences explain
different PKDL rates, performance of serological (rapid)
diagnostic tests or response to treatment, and these should be
understood in relation to the host immune response.

Molecular typing of the parasite has provided insight in the
differences in epidemiological, clinical features within east Africa
where L. donovani is the common causative agent in the whole
region. In Sudan/North Ethiopia (NE group), the sand fly is P.
orientalis, the PKDL rate is high and the response to
paromomycin <67%, while in contrast, in South Ethiopia (SE
group), the sand fly is P. martini and the PKDL rate is low, with
better cure rates for paromomycin (>87%) (Hailu et al., 2010;
Zackay et al., 2018). Whole genome analysis has demonstrated a
strong correlation between one single nucleotide polymorphisms
(SNP) in L. donovani and NE and SE groups, with genes
involved in parasite viability and resistance to drugs (Zackay
et al., 2018).

The methodology used is important; while southern blotting
using a DNA probe to the L. donovani 28s rRNA gene did not
show difference between NE and SE, amplification fragment
length polymorphisms (AFLP) grouped the strains according to
geographical origin with further subdivision in subpopulations
by zymodeme, geography and year of isolation, but not by
clinical features. Interestingly, skin isolates had fewer
polymorphic AFLP fragments than VL strains, but strains of
most VL and PKDL patients grouped together, suggesting that
unidentified genetic factors may underlie development of PKDL
(Jaber et al., 2018). Another study found polymorphism in the
HASPB repeat region (also known as k26) of east African L.
donovani strains (north Ethiopia, Sudan and Kenya) which could
influence the performance of a diagnostic test or a vaccine based
on k26 (Zackay et al., 2013).

In Brazil, natural resistance of L. infantum to miltefosine was
demonstrated in VL patients who failed to respond to treatment
and was linked to a Miltefosine Sensitivity Locus (MSL) by the
use of Genome-Wise Association Study analysis of SNPs, gene
and chromosome copy number variations (Carnielli et al., 2018;
Carnielli et al., 2019).

In the ISC, L. donovani causes VL while in Sri Lanka, it also
causes CL. A recent study suggested that SNPs and variable gene
expression causes differences in tropism (Samarasinghe et al., 2018).
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Other genomic studies have demonstrated that L. donovani strains
may form a genetically distinct population that are the basis of
resistance to stibogluconate, rather than SNPs (Samarasinghe
et al., 2018).

Also, in the ISC, there is no convincing evidence that strains
causing VL and PKDL differ, but there are few data on paired
strains and most studies are cross sectional. In addition, only
minor differences in strains from VL and PKDL have been
demonstrated so far, except for drug sensitivity (Dey and
Singh, 2007; Subba Raju et al., 2008; Mishra et al., 2013).
However, some proteins are upregulated such as Gp63 and
PSA, that may alter the parasite and promote accumulation in
the skin (Salotra et al., 2006). Parasite strains from Sudan
examined by PCR single strand conformation polymorphism
did not show correlation with clinical manifestations (Bermudi
et al., 2020). VL and PKDL strains clustered in the same branches
of the tree examined by multi-locus microsatellite typing
(MLMT) or multi-locus sequence typing (MLST) (Alkhaldy
et al., 2020; Bolia et al., 2020).

3.1.2.1 Co-Infection With Endosymbionts
Leptomonas seymouri is an opportunistic parasite that is
assumed non-pathogenic to humans but may be an
opportunistic pathogen in HIV infection. It has also been
demonstrated in VL and PKDL patients and HIV infected
patients with diffuse cutaneous leishmaniasis (DCL) (Dedet
et al., 1995; Ghosh et al., 2012). Co-infection was demonstrated
in 13.8% of patients with VL/PKDL caused by L. donovani in
India. The implications hereof are not clear, including a role in
antimony unresponsiveness to stibogluconate (Ghosh et al.,
2012). Recently, it was also demonstrated in cutaneous
leishmaniasis caused by L. donovani in India, suggesting a role
in pathogenesis as L. donovani generally causes visceral disease.
It has also been demonstrated in sand flies. There is similarity in
the genome of leptomonas and Leishmania. The biology and role
of leptomonas as a co-infecting parasite or a hybrid of
Leishmania needs further investigation (Thakur et al., 2020).

Species of Leishmania may show the presence of Leishmania
RNA virus (LRV), member of the Totiviridae, that has been
associated with treatment failure and relapse in CL caused by
L. braziliensis and L. guyanensis infection (Adaui et al., 2016;
Macedo et al., 2016). Its role remains controversial; a recent
study in CL caused by L. guyanensis did not show a relationship
between treatment failure to pentamidine treatment or the
presence or genotype of LRV (Ginouves et al., 2021). In
another study, it has been associated with development of
Diffuse Cutaneous Leishmaniasis (DCL) (Rossi and Fasel,
2018). LRV viral DNA interacts with the Toll-like receptor 3
(TLR3) on the macrophage and triggers the production of pro-
inflammatory cytokines including interferon-b and thus confers
a selective advantage to leishmania, include its retention and
capacity to metastasize (Grybchuk et al., 2020). Its action is
through production of type I interferons suggesting that other
viruses may have a similar effect (Rossi et al., 2017). A first non-
LRV RNA Leishmania-infecting leishbunyavirus has been
described (Grybchuk et al., 2020).
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3.1.3 The Sand Fly Vector and Transmission
Major progress has been made to describe the development of
the leishmania parasite in the sand fly and factors determining
transmission during a sand fly bite. Genetic exchange between
Leishmania parasites occurs within the sand fly contributing to
phenotypic diversity that influences resistance, virulence and
tropism (Akopyants et al., 2009). In addition to leishmania
parasites, sand flies may be infected and transmit viruses such
as phleboviruses. Preliminary reports suggest that infection by
Leishmania and (phlebo) viruses is not compatible in the sand fly
midgut and may affect leishmanial development; this could be
further studied in the context of mode of Leishmania control
(Telleria et al., 2018). Similarly, Leishmania development in the
sand fly midgut may be inhibited by other microbiota such as
bacteria and fungi that are co-egested with Leishmania during
the blood meal and offer possibilities for paratransgenic or
biological control as a prophylactic or therapeutic option
(Campolina et al., 2020; Karmakar et al., 2021). In the mouse
model these microorganisms may facilitate the establishment of
Leishmania infection by activating the neutrophil inflammasome
with production of IL-1b (Dey et al., 2018). Sand fly saliva is
equally co-egested with the Leishmania parasites during a
bloodmeal and has anti-hemostatic, anti-inflammatory, and
immunomodulatory properties. In the naive host sand fly
saliva promotes Leishmania infection with larger numbers of
parasites and larger lesions. Repeated exposures result in
protection as the host is immunized by salivary proteins. This
potential is supported as bites from non-infected sand flies
outnumber those from infected sand flies (Karmakar et al.,
2021). These antigens may be exploited in vaccine
development, whereas anti-saliva antibodies may be used in
epidemiological studies (Lestinova et al., 2017). The role of
saliva from vectors other than sand flies merits further study
(Karmakar et al., 2021).

3.2 Impact of New Genomic and Non-
Genomic Tools on Insights to Precision
and Identification of Priorities
3.2.1 Diagnosis
Current pitfalls in diagnosis include the use of highly sensitive
diagnosis by molecular tools for demonstration and typing of the
parasite in various tissues including peripheral blood, replacing
classical microscopy and culture. Second, serological tests have
poor specificity as antibodies may persist from previous
leishmanial infection. Third, molecular parasitological methods
may not be as useful as test of cure (biomarker) as
immunological parameters that reflect the developing immune
response rather than disappearance of the parasite (Salotra et al.,
2001; Antinori et al., 2007; Boelaert et al., 2014; Sundar and
Singh, 2018; Zijlstra, 2019).

3.2.1.1 Demonstration of Parasites
Demonstration of parasites by microscopy is still considered the
gold standard in diagnosis of VL and PKDL in many endemic
areas, and the preferred method in patient care, particularly in
Africa, or in research projects. Microscopy requires training and
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a working microscope; the parasite load may be quantified, e.g. in
a spleen aspirate (Sokal, 1975). All patients are treated with the
same regimens independent of the parasite load; precision to the
individual level has not been studied. Digital imaging and
reading of slides is under development and allows reading with
adjustment of focus and magnification, and may be used for
quality assurance. In malaria, for example, a timed tally counter
for reading thick blood films, was found to provide richer, more
accurate data, and less time consuming (Nuel and Garcia, 2021).
So far, no studies have been published in leishmaniasis.

Antigen tests differ in sensitivity and specificity with lowest
and highest sensitivities are reported from Nepal/Tunisia and
Europe/Middle East respectively (p < 0.05), and the lowest
and highest rates of specificity were reported from Sudan and
America/Middle East, respectively (Fararouei et al., 2018).

Microscopy and culture are gradually superseded by
molecular tools, such as PCR; a pan Leishmania PCR may be
done or a species-specific PCR particularly if a certain subspecies
is suspected. Subgroups may be identified by various molecular
methods (Van der Auwera and Dujardin, 2015). PCR is usually
done on aspirates of lymph node, bone marrow or spleen
aspirate, with increasing sensitivity reaching 95-97% in a
spleen aspirate (Zijlstra and el-Hassan, 2001). In HIV-VL
infected patients, PCR in blood may be used (Antinori et al.,
2007). Antigen tests should also be carefully evaluated against the
superior sensitivity of PCR based diagnosis and test of cure.

Challenges include theuseofPCR in thefield; usingmodifications
to classical PCR such as LAMPand recombinase PCR can be done in
the suit-casefield laboratory (Verma et al., 2013;Mondal et al., 2016).
For differential diagnosis, a multiplex PCR may be developed; this
would be a simultaneous test for malaria, schistosomiasis, or
brucellosis, or co-infection with HIV according to the local
epidemiology; this requires regional precision.

Parasite detection by PCR as a test of cure indicates
disappearance of the parasite but not necessarily a protective
immune response. qPCR offers quantification of the parasite load
and may be useful as a biomarker (Wu et al., 2020). Recently,
qPCR in blood of non-HIV infected VL patients 2 months after
start of treatment was shown to correlate well with tissue parasite
load and predict treatment response (relapse) in East Africa
(Verrest et al., 2021).

3.2.1.2 Antibody Tests
In VL, a strong humoral response exists as evidenced by
polyclonal gamma-globulinaemia; this consists mainly of IgG
antileishmanial antibodies that may be used in serodiagnosis,
reflecting largely the Th2 immunological response.

Multiple serological antibody tests have been designed and
studied in the past decades; these mainly include the direct
agglutination test (DAT), rK39 ELISA and IFAT. The
sensitivity is satisfactory, but a major problem exists with
specificity. While this may be influenced by cross-reaction with
other antigens, in most cases antibodies that are detected may
result from previous exposure to Leishmania (clinical or
subclinical) as these antibodies may persist for many years
(Khalil et al., 2013). Often sensitivity and specificity are
determined by testing stored sera, using healthy endemic
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controls or sea from patients with other diseases such as
malaria. It is however essential to evaluate a diagnostic test in
a prospective study, with proper follow-up of those tested
positive without clinical features, to establish the outcome and
the measure positive and negative predictive value (PPV and
NPV, respectively). It should be noted that the PPV may vary
according to prevalence of the disease and perform better when
transmission is high, such as during an outbreak.

The rK39 rapid diagnostic tests (RDT) is the only RDT that
has been successfully developed in VL; it was found 90% sensitive
and 100% specific in India, during a time of high prevalence of
VL, and the test is used in the KAEP in the ISC (Kumar et al.,
2001). However, false positive results may occur in malaria,
tuberculosis, liver cirrhosis and chronic myeloid leukaemia
(Topno et al., 2020). In a Cochrane review, the rK39
immunochromatographic test (RDT) showed overall sensitivity
in the ISC was 91.9% (95% CI 84.8-96.5) vs 85.3% (95% CI 90.0-
99.5%) in East Africa. In East Africa, the sensitivity was lower
possibly because of lower antibody production below the cut-off
point for detection that may be a function of parasite virulence
(Zijlstra et al., 1998; Boelaert et al., 2014). This issue shows the
precision needed at regional level. All other tests lack accuracy,
validation, or both (Boelaert et al., 2014). A re-evaluation of the
performance of the rK39 RDT (positive predictive value) in the
KAEP may be useful, as the prevalence of VL has dropped
dramatically. (www.who.int/en/newsroom/factsheets/detail/
leishmaniasis). Other antibody tests are based on rK9 and
rK26 antigens; these were shown to have lower sensitivity than
rK39 in India (Mohapatra et al., 2010). Studies in other regions
are awaited.

Targeting multiple antigens may be useful to increase test
performance. Recently, a monoclonal antibody-based multiplex
capture ELISA with five different monoclonals to leishmania
proteins was found to have improved sensitivity of ≥ 93% and
100% specificity in urine samples from Brazil and Kenya
(Abeijon et al., 2020).

3.2.1.3 Immunological Tests
The cellular immune responses in VL and PKDL have been
recently reviewed (Zijlstra, 2016). For convenience, the immune
response is described in terms of a Th1 and Th2 response; while
in the animal model this dichotomy is genetically determined,
this has not been demonstrated in humans where markers of
both Th1 and Th2 response co-exist in VL and vary during
treatment or in the natural history (Zijlstra, 2016).

In VL, the Th2 response is characterized by the absence of a
cellular immune response against Leishmania parasites:
peripheral blood mononuclear cells (PBMC) do not proliferate
in response to stimulation with leishmanial parasites; in vivo the
leishmanin skin test (LST) is typically negative. While there is a
predominant role for anti-inflammatory cytokines (Th2
response) such as IL-10 and TGF-ß, also high levels of
interferon-g (INF-g) can be demonstrated that is typically
associated with healing (Th1 response) suggesting that there is
no Th1 defect in active VL. This shows the complexity of the
immune response that cannot be captured in a Th1 and Th2
dichotomy alone (Faleiro et al., 2014). Various other mediators
November 2021 | Volume 11 | Article 707619

http://www.who.int/en/newsroom/factsheets/detail/leishmaniasis
http://www.who.int/en/newsroom/factsheets/detail/leishmaniasis
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Zijlstra Precision Medicine in Visceral Leishmaniasis
need to be described according to disease stage, severity and
outcome (Brodskyn and Kamhawi, 2018).

Analysis of cytokines responses requires an advanced
laboratory. Recently, a novel point-of-care device was presented
that directly monitored a panel of five cytokine markers that may
reflect the host’s immune response to sepsis. It used a sensor
disposable cartridge attached to an electrochemical reader. This
could have great potential in VL and PKDL as a marker of
infection and as a biomarker to monitor the response to treatment
(Tanak et al., 2021).

Cytokine panels may identify crucial levels or a ratio of key
anti-inflammatory and pro-inflammatory cytokines that
correlate with diagnosis, improvement during treatment, cure
in VL as well as prediction of PKDL. Such panels have the
optimal potential to also serve as a biomarker; it should be
tailored to precision at the regional, or intra-regional level.

New approaches that measure genetic determinants of
infection such as a gene signature in a transcriptomics
approach are promising (Fakiola et al., 2019; Adriaensen
et al., 2020).

The Leishmanin skin test (LST) (commonly called the
Montenegro test in Latin America) measures type IV cell-
mediated immunity. Intracutaneous injection of killed
leishmania parasites induces induration that is measured after
48-72 hours (Sokal, 1975). Normally, the LST is negative in VL,
may be positive or negative in PKDL and becomes positive after
cure (Zijlstra and el-Hassan, 1993). There is no consensus about
a cut-off size of induration for a positive test; while classically 5
mm is used, others consider any induration a positive result.

The LST is easy to use and may obviate the need for testing
immune responses in the peripheral blood. It identifies
susceptible individuals as these are LST negative; a positive
LST indicates previous exposure (clinical or subclinical) and is
generally considered a parameter of a Th1 response and an
indication of immunity (Gramiccia et al., 1990; Zijlstra and el-
Hassan, 1993; Schaefer et al., 1994). It is however not clear if a
positive LST result indicates life-long protection and whether
repeated exposure is required. In immunosuppression a positive
test may become negative which correlates with increased chance
of re-infection or recurrence of a previous infection.

The LST is a powerful epidemiological tool. Its use may be
demonstrated in control programs such as the KAEP in the ISC
to monitor herd immunity once transmission is under control;
similarly a study in Sudan demonstrated that a positive LST was
associated with protection for VL (Zijlstra and el-Hassan, 2001).
Alternatively, it is useful to screen for non-immune individuals
in a prophylactic vaccine trial (Khalil et al., 2000; Regional
Strategic Framework for Elimination of VL From SEA Region
(2005-2015)). In other epidemiological cross sectional studies,
LST positivity rates were not consistent and it is not certain if this
is due to lack of boosting by repeated exposure to sand fly bites or
to the poor performance of the LST antigen used (Bern
et al., 2006).

Currently there is no LST antigen available because of issues,
among other, in Good Manufacturing Practice (GMP). L. major
and L. infantum antigen have been used most and were
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satisfactory in detecting previous L. donovani infection (Zijlstra
and el-Hassan, 1993). L. amazonensis antigen has also been used
with better sensitivity than L. infantum (Bern et al., 2006). The
LST, provided it is manufactured by GMP, may still be a useful
and powerful epidemiological tool in control programs, to assess
immunity in the individual and in the population; it will need to
be assessed for accuracy in different populations. There is an
urgent need for a new LST manufactured according to GMP,
with L. donovani antigen; research efforts are on-going. (https://
www.ghitfund.org/investment/portfoliodetail/detail/159)

Metagenomic next-generation sequencing (mNGS) may offer
opportunities for screening for unexpected co-infection. It
complements other (routinely used) molecular based diagnostics
as it aims to identify any nucleic acid in the samples in an unbiased
way and thus may identify organisms that not suspected and
otherwise cannot be cultured. It also provides information on
subspecies and antimicrobial susceptibility. Disadvantages include
contamination and lower sensitivity for organisms with small
genomes or present in low quantities (Ko et al., 2019; Li et al.,
2021). While this technology has the advantage of diagnosing co-
infections, the significance of finding a second microbe should be
carefully assessed as to its clinical relevance. It has been used in
leishmaniasis on e.g. bone marrow aspirate and trephine for
identification and speciation of Leishmania (Williams et al.,
2020). This option may be further explored in the differential
diagnosis of infectious diseases, using more accessible samples
such as blood in VL or a skin slit smear in PKDL. New portable
and affordable devices may be introduced in resource-limited
settings (Lu et al., 2016). Other applications include a meta-
taxonomic analysis of gut microflora using 18S rRNA gene
sequencing that showed dysbiosis of bacterial diversity in the gut
of VL patients compared with healthy controls; this could be
explored further (Blackwell et al., 2020). Metagenomic studies
may be used to address unsolved issues in co-infection and the
effect thereof in immune responses, including the late occurrence of
PKDL in the ISC.

Nanotechnology (nanodiagnostics) is based on biomedical
detection systems that do not require a read-out tool such as a
gel, PCR or culture; they are rapid and seem cost-effective for use
in the field. In VL, the potential for use in an elimination
program was suggested because of superior sensitivity for early
detection and simultaneous detection of drug resistance (Singh
et al., 2019; Gedda et al., 2021). Theragnostics combines
diagnostics and therapeutics using nanotechnology and holds
promise for accurate monitoring of infection in the field. Rather
than measuring gene polymorphism as in pharmacogenomics, it
is more flexible and may use combined information from
genomics, proteomics and metabolomics (Ozdemir et al., 2006).

3.2.2 Treatment
3.2.2.1 Treatment of VL
Developments in drug treatment in the past decades have
focused on drug resistance (sodium stibogluconate, SSG), the
first oral drug (miltefosine), combination therapy and targeted
drug delivery (AmBisome). All are primarily aimed on
elimination or reduction of parasites leading to cure and
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preventing relapse. Pitfalls in treatment of VL were summarized
in a recent review (Alves et al., 2018). These include regional and
intra-regional differences in cure rates of anti-leishmania drugs,
resistance, the need for combination treatment, risk of PKDL and
adequate dosing guided by pharmacokinetic studies.

There are important regional differences. In some these
differences seem related to the drug used and host; AmBisome
and miltefosine have lower cure rates in Africa compared with
the ISC (Musa et al., 2010; Wasunna et al., 2016). This has led to
the adoption of short course SSG +paromomycin combination
therapy for 17 days as the standard treatment; this combination
was found to be non-inferior was demonstrated to 30 days of
SSG, thus decreasing SSG related toxicity (Musa et al., 2012). In
the KAEP in the ISC single dose AmBisome is one of the pillars
to success (WHO, 2011; Musa et al., 2012).; second line
treatment may be with AmBisome combined with miltefosine
and paromomycin, respectively (Sundar et al., 2011). While SSG
is no longer used in the ISC because of resistance, this is not
reported from East-Africa. The poor performance of miltefosine
in VL caused by in Brazil was linked to the parasite (L. infantum)
(Carnielli et al., 2018).

Miltefosine was found to fail in the treatment of VL in children
as a result of variable drug exposure. In a recent trial on treatment
of children with VL, linear dosing was replaced with allometric
dosing with less variable exposure and increased efficacy, thus
providing precision to group level (Mbui et al., 2019).

The treatment of VL-HIV co-infection was recently studied; a
combination of high dose AmBisome (30 mg/kg total dose) and
miltefosine 100 mg daily for 30 days was found superior to
monotherapy AmBisome (40 mg/kg total dose), showing that
precision may be applied to the group level (those who are HIV
infected), while confirmation is awaited from other studies in the
ICS (Diro et al., 2019).

3.2.2.2 Risk of PKDL
Drug treatment of VL is an important factor in the incidence of
PKDL. In a follow-up study in Bangladesh of VL patients treated
with monotherapy (SSG, miltefosine, paromomycin, single dose
AmBisome [SDA], multidose Ambisome), or combination
therapy (AmBisome + miltefosine, AmBisome + paromomycin,
miltefosine + paromomycin), it appeared that SSG and multidose
AmBisome had significant lower PKDL and relapse incidence
rates than the other regimens (Mondal et al., 2019). In a similar
study from India, SDA had a lower PKDL risk than miltefosine +
paromomycin, with higher risk in females and children < 12
years. Children also had a higher risk of relapse (Goyal
et al., 2020).

In Africa, PKDL incidence was found to be high in those
treated with poor drug treatment (low dose, incomplete courses,
poor quality SSG), and in young children. Treatment with
paromomycin lead to higher PKDL rate in those treated with
low dose of longer duration (Hailu et al., 2010).

Recently, the clinical pharmacokinetics of systemically
administered anti-leishmania drugs was reviewed (Kip et al.,
2018). While PK data have been described for pentavalent
antimony, miltefosine and paromomycin, there are no data on
AmBisome and pentamidine. Only miltefosine has been studied
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to define target exposure levels to effect. Few data exist on
paediatric populations and female patients who are pregnant
or breastfeeding. Here, precision to the individual (group) level is
needed. In HIV-VL co-infection, drug-drug interactions, renal
clearance, and protein-binding should be taken into account;
conversely, the PK of antiretroviral drugs has not been evaluated
in VL (Kip et al., 2018). The importance of pharmacokinetics was
recently demonstrated in HIV-VL co-infected patients where low
drug exposure of AmBisome and miltefosine was found, possibly
explaining the high relapse rate in this patient group (Kip
et al., 2021).

3.2.2.3 Vaccination and Immune Manipulation
Leishmanization is the oldest and best form of immunization so
far. Inoculation with live virulent L. major parasites induces a
lesion that fades after 6 months. It was abandoned since
inoculation did not induce a lesion in everyone. As the vaccine
contains live parasites, it is not stable and thus not practical.

The first vaccines used autoclaved whole parasite leishmania
strains such as L. major or L. mexicana; later specific parasite
antigens were used. This was followed by vaccines that used
antigen delivery through a viral vector, or that used modification
or deletion of genes. Various adjuvants and immune-enhancers
have been used, including bacille Calmette-Guerin vaccine
(BCG) (Zijlstra et al., 2020).

In the only prophylactic trial in VL, using an autoclaved
L. major vaccine, no adequate protection for VL was found in
Sudan (Khalil et al., 2000). The same vaccine was found to be
efficacious in immuno-chemotherapy in patients with chronic
PKDL, resulting in LST conversion and increased IFN-g/IL-10
production (Musa et al., 2008).

In addition, research is on-going on an immunomodulator
(CpG oligodeoxynucleotide) that stimulates plasmacytoid
dendritic cells; it induces maturation of monocytes into mature
dendritic cells and is a strong Th1 adjuvant. It is under
development by DNDi in collaboration with the US Food and
Drug Administration. (www.dndi.org).

3.2.2.4 Way Forward
The outcome of VL is determined by the balance between
antigen-specific anti-inflammatory cytokine and pro-
inflammatory responses that are determined by host genetic
factors (Blackwell et al., 2020). Differences in drug responses
should be understood in each noso-geographical region with
regard to cure, relapse and PKDL rates after each VL drug
regimen, in relation to population, parasite and sand fly
characteristics. In this respect, it should be noted that not all
these issues have been rigorously studied with comparable
methodology in all regions. In each of these different
outcomes, genetics and immunological factors play a role. In
addition, as VL patients are immunocompromised, secondary
infections and malnutrition may influence outcome.

Developing new drugs requires a lengthy and costly
investment with an uncertain outcome. New candidate
molecules are often being explored based on the killing
potential of leishmanial parasites in vitro, while the immune
response induced by drug treatment is the most important
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indicator for treatment success or failure. This is often not
addressed or appreciated until well into the clinical stages of
development, in phase II and III studies.

In addition, each drug may have intrinsic immune effects that
have not been sufficiently described (Ansari et al., 2008;
Mukhopadhyay et al., 2012; Ghosh et al., 2013). This was
recently reported in detail for miltefosine that induces
enhanced Th1 cytokine responses (Palic et al., 2019). This
shows that drug development should be driven by outcome
(immunity) rather than parasite killing ability alone. Sterile
immunity does not exist and parasites persist under the
control of the immune response. Parasite eradication may be
detrimental to the host’s immunity and thus to herd immunity
(Okwor and Uzonna, 2008; Mandell and Beverley, 2017).

AmBisome is the prototype drug for VL targeted drug
delivery as it is phagocytosed by (infected) macrophages and
accumulates in liver and spleen, with reduced renal and infusion-
related toxicity compared to amphotericin de-oxylate.
Nanotechnology (nanoparticle-based drug delivery) holds
promise to further refine targeted drug delivery with the
potential to decrease drug regimens, drug resistance, drug
toxicity, and cost. Further research is on-going which should
address nanotoxicity, biodistribution and post exposure bio-
persistence, as well as theragnostics (Singh et al., 2019).

Randomized Clinical Trials (RCTs) provide precision but are
precise for a subset of the population as even with
randomization, participation is not uniform and do not take
into account other health determinants such as social and
demographic factors; these include women (pregnant or in
child-bearing age) and children. It follows that all RCTs should
be performed in each endemic region in all patient groups
affected to address these factors. For this purpose, these should
include a diagnostic study to detect co-infections, a study of
biomarkers, a PK/PD assessment, pharmacogenomics, and
analysis and genotyping of the circulating parasites. A study
design in which patients are stratified according to parasite load
and outcome may provide precision of treatment to the
individual level. The recent study on allometric dosing of
miltefosine in children emphasizes the precision needed in
patient groups that are not primarily included in RCTs, such
as children; the same would apply to (pregnant) women (Mbui
et al., 2019).

A number of checkpoint molecules have been identified that
provide opportunity for targeted intervention; these are present
on CD4+ cells in VL patients, including CTLA-4 (CD152) and
PD-1, which negatively regulate T-cells. CTLA-4 binds to
costimulatory ligands B7-1 and B7-2; activation of CTLA-4
leads to increased levels of TGF-ß. PD-1 binds to PD-1 ligand
1 and blockade of either promotes parasite clearance and
increased pro-inflammatory cytokine production in
experimental VL (Kumar et al., 2017).

Population pharmacokinetic modelling offers insight in drugs
with large variability in exposure and the use of allometric
dosing; it has the advantage that sparse and heterogenic
sampling may be used and this would be suitable for research
in remote settings. For this, blood samples collected as dried
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blood spots are attractive. Special areas of interest are intra-
cellular drug levels and drug levels in the skin vs. systemic levels
(Kip et al., 2018).

Investment in drug development needs to be balanced, for
example, against investing in vaccine development. Vaccination
provides better precision than drug treatment as it aims directly
at inducing a protective immune response. Pharmaco-economic
assessment may indicate that investing in vaccine development
may ultimately be more efficient and more cost-effective in
control programs.

3.2.3 PKDL
Current issues in PKDL include the inter- and intra-regional
differences in pathophysiology, management and prevention
(Zijlstra et al., 2003; Zijlstra, 2016; Moulik et al., 2018;
Zijlstra, 2019).

3.2.3.1 Pathophysiology
In Sudan, the natural history of VL and PKDL shows that 85% of
PKDL cases self-cure, while 15% have persistent PKDL and
require treatment. An inverted relationship exists between
positive serology (DAT titer) and the LST positivity. Those
who showed self-cure were more likely to have a positive LST
and were less likely to have a positive DAT result. The opposite
was found for those who developed persistent PKDL (Musa et al.,
2002). Treatment of PKDL in Africa has been poorly studied;
regimens include SSG + PM for 17 days or AmBisome for 10
days (Musa et al., 2005; Younis et al., 2016). Other than in Sudan,
where PKDL occurs in the context of the developing immune
response after seemingly effective treatment of VL, in the ISC the
role of an intercurrent infection should be explored; this could be
targeted to suspected microbes such as measles or malaria;
alternatively, a metagenomic approach may help to identify
thus far undetected concomitant microbes.

PKDL patients are different from VL patients as PKDL occurs
at a younger age and PKDL is limited to the skin without
systemic disease; the patients are on average healthy, not
malnourished, and normally do not have anaemia or low
albumin levels (Zijlstra et al., 2003). Also here the developing
immune response determines the clinical differences and
precision in treatment is needed within the spectrum of
L. donovani infection based on PK/PD studies. Paired VL and
PKDL strains from the same patients and strains from VL
patients who do not develop PKDL should be analyzed to
explore if genetic factors in parasites underlie development
of PKDL.

3.2.3.2 Management
Diagnosis of PKDL requires parasitological confirmation as the
differential diagnosis may be difficult and in the ISC all patients
are treated with miltefosine for 3 months. (q)PCR on a slit smear
is more sensitive than microscopy (Verma et al., 2013). Recently,
a microbiopsy device was found to accurately quantify the
parasite load in the skin in PKDL (Cloots et al., 2021). The
extent of the rash and at diagnosis and during treatment may be
described clinically by grading, using a maniken, clinical
photography or a combination of a clinical and parasitological
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score. There are no reliable parasitological, laboratory or
immune biomarkers (Zijlstra, 2019). Molecular diagnosis may
be done in the field using the mobile suitcase laboratory (Mondal
et al., 2016). Novel 3-dimensional optical scanning is a novel tool
to measure PKDL lesions with great accuracy with regard to
diameter, surface and volume as was demonstrated from Sudan.
It is suitable for use under field conditions (Zijlstra et al., 2020).

Diagnosis at field level should be further developed with
regard to include the use of multiplex PCR panels in
differential diagnosis to detect other infectious causes of a
similar skin rash, such as leprosy and fungal infections (e.g.
tinea). The use of the field laboratory may be expanded. The use
of tele-medicine, artificial intelligence and diagnostic algorithms
may be explored further to include all infectious and non-
infectious differential diagnoses. A teaching course for health
workers, a picture atlas and guidelines for management have
been developed (WHO, 2012; WHO, 2013; WHO, 2017).

Treatment with anti-leishmanial drugs should be with
extremely safe and effective drugs as PKDL usually causes
limited morbidity without mortality. Regimens should be short
course, oral administration allowing treatment on an out-patient
basis. Group precision is needed as PKDL patients, in contrast to
VL, are not ill and are not malnourished and PK/PD data are
required. In addition, drug levels in the skin need to be studied
vis-a-vis systemic drug levels, for each drug used, including
intrinsic immune effects. This is currently being studied in
drug trials in East-Africa and the ISC.

In the ISC all patients are treated with miltefosine for 3
months. A particular problem occurs in the evaluation of cure in
macular PKDL as the repigmentation may take a long time and
continues after parasitological and immunological cure (Verma
et al., 2015; Zijlstra, 2016; Moulik et al., 2018). qPCR was useful
to monitor treatment response in patients treated with
miltefosine who had a good clinical and parasitological
response while in patients treated with AmBisome the
response was unsatisfactory as measured by qPCR (Moulik
et al., 2018). Miltefosine resistance has been reported (Ramesh
et al., 2015).

A new treatment modality to be explored is the use of
biologicals. Blockade of PD-1 or PD-1 ligand may promote
parasite clearance and increased pro-inflammatory cytokine
production as was shown in experimental VL. In PKDL in
the ISC, the presence of PD- 1 was demonstrated in dermal
lesions by increased mRNA expression of PD-1 and by
immunohistochemistry, and in the peripheral blood, while this
decreased after treatment and was not demonstrated in healthy
controls (Mukherjee et al., 2019). From a clinical point of view,
an immune block seems to exist in PKDL in the ISC with no
tendency to self-heal, in contrast to the experience in Africa. The
use of biologicals in PKDL (and VL) warrants further
investigation, for efficacy and safety, and cost-effectiveness.

Biomarkers would include cytokine ratios that could be used
as a better, earlier and more direct reflection of the
pathophysiology compared to parasitological tools; for example
the ratio of a pro-inflammatory cytokine such TNF-a and IL-1
vs. an anti-inflammatory cytokine such as IL-10 and TGF-b
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could be measured before during and after treatment, as a sole
cytokines or a part of a cytokine panel. The use of 3-dimensional
scanning may be also explored further in diagnosis and as a
biomarker in each of the main types (macular and
papulonodular). These two modalities should provide precision
at the regional level as the differential diagnosis may differ.

Immunochemotherapy may be second line treatment in
chronic or refractory cases; the ChAd63-KH vaccine seems a
suitable candidate to further build on previous experience with
the autoclaved L. major vaccine (Younis et al., 2021).

3.2.3.3 Prevention
Prevention is of paramount importance and seems within reach.
Given the increasing understanding of the immune responses,
immunological manipulation is attractive to prevent PKDL, and
may be combined with drug treatment for VL to enhance or
accelerate the immune response, leading to definite cure with
reduced risk of VL relapse and development of PKDL. Given the
differences in epidemiology and pathophysiology PKDL, more
(intra-)regional precision is needed.

Infectivity of PKDL to sand flies should have priority as this is
likely to be the driving force in transmission. A complete
understanding is needed as to which patients contribute most
and at which stage of PKDL, both in terms of numbers (quantity)
as in terms of quality (macular vs. polymorphic; early vs. late,
limited vs. generalized, etc.). While major progress has been
made in infectivity studies from Bangladesh and India, no
conclusive studies data exist from East Africa that have used
modern tools such as PCR in large numbers of patients (Mondal
et al., 2018).

3.2.4 Asymptomatic Infection
Current pitfalls in asymptomatic infection include definition,
pathophysiology, regional differences, progress to VL and
infectivity (Zijlstra et al., 1994; Saha et al., 2017; Sundar and
Singh, 2018; Das et al., 2020; Singh et al., 2021).

3.2.4.1 Definition
After infection by a sand fly bite, not all individuals develop
clinical VL. Theoretically, three groups may be identified: those
who do not have any sign of infection; these remain undetected.
The second group are those in whom (conversion in) a positive
serological or immunological test is found, but are healthy; these
are called asymptomatics. While most individuals remain
asymptomatic, a small number develop clinical disease over time.

The third group develop clinical VL, as demonstrated by the
presence of parasites or another diagnostic test.

There is no uniform definition of asymptomatic infection.
Most studies would advocate the use of a serological test such as
the DAT or rK39 ELISA; in longitudinal studies conversion from
negative to a positive test would provide strong evidence of a
recent infection. Other studies use the LST as an additional
marker; here the presence of (conversion in) the LST would also
provide evidence for infection leading to immunity. In HIV
infected patients infected with L. infantum, cytokine release
assays were shown to be useful tools (Ibarra-Meneses et al.,
2017; Botana et al., 2019). The ratio of clinical VL to
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asymptomatic to varies from 1:9 in India and Nepal, while in
Bangladesh this was 1:4. In contrast, in a study in Sudan, in the
very beginning of an outbreak after a long disease free interval,
clinical infection outnumbered asymptomatic infection by 2.4:1,
suggesting low herd immunity (Zijlstra et al., 1994; Bern and
Chowdhury, 2006; Ostyn et al., 2011).

There is a need for a more precise definition of asymptomatic
infection in each noso-geographic region to understand its
importance in transmission. This would take into account
factors relating to the host, parasite and sand fly. Studies using
molecular tools, immune markers and genetic studies are needed
to further describe the importance of asymptomatic infection in
terms accurately detection of infection, the risk of developing VL
and the risk of transmission of progression to clinical VL, and the
role in transmission.

3.2.4.2 Pathophysiology
Clustering in households is well described and may be due
transmission related factors such as the presence of VL or
PKDL cases or the presence of sand flies and a potential
animal reservoir. It is not certain if genetic predisposition in
families may play a role (Bern et al., 2010).

It should be noted that the degree of immunity in
asymptomatic infection cannot be quantified and this could
vary over-time in the natural history, in the course of a
concurrent infection, with age, in the course of an outbreak, or
during on-going endemic transmission. For example, 32 of 42
asymptomatic individuals cleared the infection as demonstrated
by qPCR within 6 months (Das et al., 2020).

3.2.4.3 Progression to VL
The importance of asymptomatic infection lies in the presence of
leishmania parasites and the possible progression to clinical VL;
obviously these individuals need treatment. Markers that have
been proposed include high antibody titres in serological tests
(DAT, rK39 ELISA), ADA, IL-10, qPCR and LAMP
(Chakravarty et al., 2019; Das et al., 2020).

Progression to VL is a considerable risk in HIV co-infection
and a screen-and-treat strategy has been developed (van
Griensven et al., 2014).

It may be useful to describe the developing immune
response in terms of pro- and anti-inflammatory cytokine
ratios such as between TNF-a or IL-10, and IFN-g.
Alternatively, measurement of adenosine deaminase (ADA) as
an aspecific immune marker present in all tissues (isoenzyme
ADA-1) or in monocytes macrophages (ADA-2) was suggested
as a better marker than IL-10 to predict progression to VL
(Vijayamahantesh et al., 2016).

Follow-up is essential in asymptomatic patients who are
labelled on the basis of as having a positive serological test. It
is important to detect those who progress to clinical VL; here
molecular tools such as qPCR have proved indispensable. In a
recent study in India, combined rK39 and DAT were find
optimal to identify early asymptomatic infection; combining
qPCR with serology detected 23.8% of asymptomatic cases that
converted to clinical VL (Das et al., 2020). The clustering in
households may be explored in association to genetic markers
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that have been linked to asymptomatic infection such as alleles of
HLA-DRb (Chakravarty et al., 2019).

3.2.4.4 Infectivity
While for the asymptomatic individual progression to VL is
obviously important, for the contribution of asymptomatics to
transmission, xenodiagnostic studies are pivotal (Singh et al.,
2020). For control efforts, the infectiousness of PKDL and
asymptomatics as the main contenders, should be quantified in
such experiments and balanced against their respective incidence.

Xenodiagnostic studies have been done in PKDL, and are on-
going in asymptomatics in Bangladesh and India (Molina et al.,
2017). A recent report from India did not provide support for a
significant role of asymptomatics in transmission (Singh et al.,
2021). In East Africa, xenodiagnostic studies have shown that
3.2% of the most infected people were responsible for infection of
about 65% of sand fly vector population, and this needs to be
tailored to who contributes most (Miller et al., 2014). Similar
studies focusing on asymptomatic infection are needed urgently.

3.2.5 Transmission and Infection
Current pitfalls in transmission and infection include factors
relating to the sand fly vector, the parasite and the host.
Characteristics and determinants of sand fly transmission have
been described for each region; a full description is beyond the
scope of this paper (Bern et al., 2010; Elnaiem, 2011; Miller et al.,
2014; Aklilu et al., 2017).

The epidemiology of sand fly distribution and habitat and
contribution to transmission needs regional precision as to
spatial and seasonal fluctuations, and the firm identification of
the reservoir.

Sand fly competence may be influenced by genetic exchange
with leishmania parasites and co-infection; infection with other
phleboviruses or other microbiota may be important and could
be targeted for intervention. Sand fly saliva has among other,
immunomodulatory properties and multiple bites may result in
increasing degree of immunization in the naive host with
implications for parasite load in the host and clinical
implications including asymptomatic infection or clinical VL
(Lestinova et al., 2017). Vaccination studies could explore the
option of a combined vector salivary protein with a Leishmania
antigen (Kamhawi et al., 2014).

Both in the ISC and in East Africa there is no consensus on
the existence of an animal reservoir. While leishmania parasites
have been demonstrated in animals, no evidence exist that these
animals contribute to transmission (Bourdeau et al., 2020;
Kushwaha et al., 2021).

Xenodiagnostic studies may be considered the gold standard
for determining infectiousness. However, standardization of
protocols is needed. Interpretation of findings should take into
account that xenodiagnosis may not necessarily mimic the
natural situation as sand fly competency in the wild may be
different from what is found in the lab. Other variables that are
difficult to control are parts of the body exposed to sand fly bites
and the natural feeding timing of sand flies during the day (Singh
et al., 2020). While studies in transmission including
xenodiagnosis on PKDL and asymptomatic infection are well
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TABLE 1 | Priorities for precision in VL and PKDL research.

Diagnosis Genomic tools
○ Metagenomics – identification of co-infection
○ Transcriptomics – genetic determinants (‘gene signature’) for diagnosis and outcome
○ Nanodiagnostics – superior accuracy

Adapted tools
○ Use of multiplex PCR in differential diagnosis
○ Use of panel of cytokine markers in diagnosis and as a biomarker.
○ Re-development of the LST that is safe and antigenic in all endemic areas

Priorities - general
○ Development of PCR based diagnosis under field conditions
○ Explore combination of tests, e.g. an anti- and a pro-inflammatory marker.
○ Evaluation of diagnostic tests in longitudinal studies rather than in stored samples to assess PPV and NPV
○ Explore paired strains of VL and PKDL patients vs. VL strains of patients who do not develop PKDL

Priorities - biomarker
○ Focus on immune parameters that reflect cell-mediated immunity, e.g. a cytokine ratio
○ Relationship between parasite detection tests (PCR, antigen tests) and immune responses during and after treatment
○ Serological tests are unlikely to be useful as a biomarker as a sole test

Treatment and immune manipulation Treatment target
○ Shift of focus from parasitological killing to assessment of drug- induced protective immune responses including those

mediated by the drug
○ Examine the benefit and risk of non-sterile cure vs sterile cure, at individual and population level

Evaluation of treatment
○ Evaluate treatment efficacy in relation to parasite load, co-infection and malnutrition, for individual precision
○ Evaluate treatment efficacy and safety in all populations including (pregnant) women and children
○ Develop drugs in parallel with biomarker (theragnostics)
○ Explore population pharmacokinetic modelling for anti-leishmania drugs in each endemic area
○ Describe genetic factors (host and parasite derived) that predict efficacy and/or toxicity of anti-leishmania drugs in

endemic regions
○ PK/PD studies in all drug studies including penetration in the skin as a parameter to prevent and /or treat PKDL
○ Nanotechnology to detect drug resistance

Immune manipulation
○ Evaluation of immunomodulators
○ Prophylactic vaccination for VL; prophylactic and therapeutic vaccination for PKDL

Cost-effectiveness of interventions
○ Use of pharmaco-economics to assess cost efficiency (e.g. drug treatment vs. vaccination)

PKDL Priorities in diagnosis and biomarker
○ Use of multiplex PCR in differential diagnosis
○ Explore the use of artificial intelligence (deep learning) to recognize and (differential) diagnose at field level
○ Explore immunological parameters, e.g. a ratio of a anti- and pro-inflammatory cytokine
○ Explore 3 -dimensional scanning as a biomarker

Priorities in treatment
○ Short, ambulatory, safe and effective treatment with aim of pushing the immune response towards a cure profile
○ Explore differences in PK/PD in treatment of PKDL vs treatment of VL, including drug levels in the skin
○ Explore use of biologicals
○ Explore use of immune modulator or prophylactic/ therapeutic vaccine

Priorities in prevention
○ Optimal drug treatment for VL with lowest possible PKDL rate
○ Explore pathophysiological trigger for late occurrence of PKDL in the ISC - intercurrent infection (helminths), loss of

immunological memory (as in measles), other factors
○ Prophylactic vaccine to be used in combination with VL treatment

Asymptomatic infection Definition
○ Describe uniform definition
○ Describe determinants (host, parasite, vector)
○ Define robust markers for progression to VL that can be used in the field

Epidemiology
○ Description (incidence), characterization and infectivity in early and late phase of outbreaks and in endemic transmission
○ Determine infectivity in all endemic areas

Infectivity and transmission Infectivity
○ Establish uniform protocols (PCR, sand fly bites)
○ Describe infectivity in the whole spectrum of VL and PKDL, including HIV co-infection
○ Describe changes in infectivity in the ISC after the start of treatment
○ Determine infectivity in Africa in papular /nodular and macular PKDL, in early vs late development of PKDL, in acute vs

chronic PKDL, according to age group
Transmission
○ Examine a possible animal reservoir in both East Africa and the ISC
○ Further develop model for monitoring in ISC
○ Develop model for interventions in Africa
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under way in the ISC, East Africa lags far behind; also here there
is a need for regional precision.

Modelling is a powerful tool in precision medicine and global
health, and key in decision making in control programs, such as
the KAEP. There is no modelling effort for East Africa.
Parameters of the model may relate to infection by sand flies
(exposure, indoor or outdoor transmission, house-hold
transmission, seasonality), outcome of infection (active VL, ex-
VL, PKDL [macular vs polymorphic, interval after VL, self-cure
or not], asymptomatic infection, VL-HIV co-infection), and
infectivity of infected individuals to sand flies. This includes
the presence of an animal reservoir. Issues on (life-long) acquired
immunity, the effect on persisting parasites and transmissibility
are important determinants. It follows that all parameters should
be described in as much detail as possible as to their contribution.
Also here regional precision is needed to be able to target
interventions. These may focus on relatively few super-
spreaders such as VL patients or HIV-VL co-infected patients
during epidemics, while during inter-epidemic periods
asymptomatic (high numbers, probably low infectivity) and/or
PKDL patients (low numbers, high infectivity) may play a role in
new outbreaks. Clearly these efforts should take into account the
introduction of a vaccine, active or passive case detection, sand
fly control by insecticide residual spraying, bed nets, or
combinations, etc. (Chapman et al., 2018a; Chapman et al.,
2018b; Le Rutte et al., 2019)
4 SUMMARY

Precision medicine and global health offer the possibility to
examine and to apply genomic and non-genomic tools in
control of VL caused by L. donovani, with focus on the five
priorities (diagnosis, treatment, PKDL, asymptomatic infection
and transmission), all of which are interlinked by the immune
responses. These new and powerful tools have contributed
considerably to our understanding of the pathophysiology and
epidemiology of VL and have the potential to change and
revolutionize our approach in research and control. (Table 1).

Genomics offers new tools in diagnosis based on the interaction
between parasite, host and vector, of which transcriptomics seems
most promising. While these tools still need to be developed and
evaluated further for applicability in an LMIC setting, they have
the potential to replace traditional tools such as serological
diagnosis with improved accuracy, while at the same time
providing information on protective immune response. Similar
advantages may be expected in treatment when the immune
response is linked to the genomics in endemic populations, such
as transcriptomic profiles. The increased understanding of
protective immune responses may very well lead in the long
term to priority of vaccine development in relation to drug
development, while combinations such as immunochemotherapy
may be of medium term benefit. In addition, non-genomic tools
(e.g. the LST) or further development of existing (molecular) tools
(e.g. multiplex platforms for PCR and cytokines) offer rapid
assessment of the immune responses.
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Description of genomic and non-genomic tools is relevant to
PKDL and asymptomatic infection to describe risk factors with
relation to host, parasite and vector. Here the understanding of
immune responses is key, including potential triggers such as
intercurrent infection, or factors relevant for protection (in VL to
develop PKDL) or progression VL clinical disease (in
asymptomatics). In transmission, the genetic exchange between
vector and parasites or symbionts and effect of vector saliva on
host immune responses when exposed is likely to influence
vaccine development.

Key in both VL and PKDL is the understanding and
manipulation of the (developing) immune response that is
determined by, among other, genetic factors in the host, the
parasite and the sand fly. (Figure 1) The immune response acts
as a major final common pathway in the 5 priorities (Table 1). In
this respect, a change in paradigm may be needed from classical
microscopical diagnosis and parasite-killing drugs, to immune-
based diagnosis and biomarkers, drugs in combination with
immune modulation, and vaccination.
5 CONCLUSION

Research efforts in leishmaniasis are often fragmented, vertical
and not well coordinated; for example, development of drugs,
diagnostic tools, or vaccines are often done independently.
Studies on basic science, pathophysiology and immune
responses often do not run in parallel with clinical research.
The lack of a holistic approach causes inefficiency, unnecessary
delays and inefficient use of funds.

There is a need to continually explore the landscape, and
include and use innovative approaches that arise in the whole
field of internal medicine and paediatrics, radiology, laboratory
and basic science, etc. Studies on cross-cutting issues with other
tropical conditions could lead to better efficiency e.g. the study of
asymptomatics and immune responses among the kinetoplastic
diseases (human African trypanosomiasis and Chagas’ disease).
Genomic tools have the potential to replace traditional tools in
pathophysiology, management and control, offering precision in
each endemic area. Precision in VL (in clinical medicine as well
as public health) should currently be tailored to the (intra-)
regional level given the heterogeneity of hosts, parasites and sand
flies. Tailored treatment is already the case in HIV-VL co-
infected patients, and should apply to management of VL and
PKDL in the future. The next step would be to strengthen the on-
going research efforts for precision for groups (e.g. children,
women, pregnancy, VL-HIV co-infection). Once this has been
achieved, further development for precision at the individual
level will not be unrealistic.
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