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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 2
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 3
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.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4
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).
Article 645121
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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).
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 5
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).
icle 645121
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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 6
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).
March 2021 | Volume 11 | Article 645121

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


Cloots et al. Skin Microbiopsy
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,
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7
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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Guarga, J. L., Lucientes, J., Peribáñez, M. A., Molina, R., Gracia, M. J., and Castillo,
J. A. (2000). Experimental infection of Phlebotomus perniciosus and
determination of the natural infection rates of Leishmania infantum in dogs.
Acta Trop. 77 (2), 203–207. doi: 10.1016/S0001-706X(00)00141-8

Hasker, E., Kansal, S., Malaviya, P., Gidwani, K., Picado, A., Singh, R. P., et al.
(2013). Latent infection with Leishmania donovani in highly endemic villages
in Bihar, India. PLoS Neglected Trop. Dis. 7 (2), e2053. doi: 10.1371/annotation/
f096e293-9b24-46e6-bf1e-a18696611b4d

Jacquet, D., Boelaert, M., Seaman, J., Rijal, S., Sundar, S., Menten, J., et al. (2006).
Comparative evaluation of freeze-dried and liquid antigens in the direct
agglutination test for serodiagnosis of visceral leishmaniasis (ITMA-DAT/
VL). Trop. Med. Int. Health: TM IH 11 (12), 1777–1784. doi: 10.1111/j.1365-
3156.2006.01743.x

Kirstein, O. D., Abbasi, I., Horwitz, B. Z., Skrip, L., Hailu, A., Jaffe, C., et al. (2017).
Minimally invasive microbiopsies: a novel sampling method for identifying
asymptomatic, potentially infectious carriers of Leishmania donovani. Int. J.
Parasitol. 47 (10-11), 609–616. doi: 10.1016/j.ijpara.2017.02.005

Laurenti, M. D., Rossi, C. N., da Matta, V. L., Tomokane, T. Y., Corbett, C. E.,
Secundino, N. F., et al. (2013). Asymptomatic dogs are highly competent to
transmit Leishmania (Leishmania) infantum chagasi to the natural vector. Vet.
Parasitol. 196 (3-4), 296–300. doi: 10.1016/j.vetpar.2013.03.017

Lin, L. L., Prow, T.W., Raphael, A. P., Harrold Iii, R. L., Primiero, C. A., Ansaldo, A. B.,
et al. (2013). Microbiopsy engineered for minimally invasive and suture-free sub-
millimetre skin sampling. F1000Res 2, 120. doi: 10.12688/f1000research.2-120.v2

Mary, C., Faraut, F., Lascombe, L., and Dumon, H. (2004). Quantification of
Leishmania infantum DNA by a real-time PCR assay with high sensitivity.
J. Clin. Microbiol. 42 (11), 5249–5255. doi: 10.1128/JCM.42.11.5249-5255.2004

Ménard, R., Tavares, J., Cockburn, I., Markus, M., Zavala, F., and Amino, R.
(2013). Looking under the skin: the first steps in malarial infection and
immunity. Nat. Rev. Microbiol. 11 (10), 701–712. doi: 10.1038/nrmicro3111

Michalsky, E. M., Rocha, M. F., da Rocha Lima, A. C., França-Silva, J. C., Pires, M. Q.,
Oliveira, F. S., et al. (2007). Infectivity of seropositive dogs, showing different clinical
forms of leishmaniasis, to Lutzomyia longipalpis phlebotomine sand flies. Vet.
Parasitol. 147 (1-2), 67–76. doi: 10.1016/j.vetpar.2007.03.004

Miller, E., Warburg, A., Novikov, I., Hailu, A., Volf, P., Seblova, V., et al. (2014).
Quantifying the contribution of hosts with different parasite concentrations to
the transmission of visceral leishmaniasis in Ethiopia. PLoS Neglected Trop.
Dis. 8 (10), e3288. doi: 10.1371/journal.pntd.0003288

Molina, R., Ghosh, D., Carrillo, E., Monnerat, S., Bern, C., Mondal, D., et al.
(2017). Infectivity of Post-Kala-azar Dermal Leishmaniasis Patients to Sand
Flies: Revisiting a Proof of Concept in the Context of the Kala-azar Elimination
Program in the Indian Subcontinent. Clin. Infect. Diseases 65 (1), 150–153.
doi: 10.1093/cid/cix245

Mondal, D., Bern, C., Ghosh, D., Rashid, M., Molina, R., Chowdhury, R., et al.
(2019). Quantifying the Infectiousness of Post-Kala-Azar Dermal
Leishmaniasis Toward Sand Flies. Clin. Infect. Diseases 69 (2), 251–258.
doi: 10.1093/cid/ciy891

Quinnell, R. J., and Courtenay, O. (2009). Transmission, reservoir hosts and
control of zoonotic visceral leishmaniasis. Parasitology 136 (14), 1915–1934.
doi: 10.1017/S0031182009991156
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9
Sadlova, J., Seblova, V., Votypka, J., Warburg, A., and Volf, P. (2015).
Xenodiagnosis of Leishmania donovani in BALB/c mice using Phlebotomus
orientalis: a new laboratory model. Parasites Vectors 8, 158. doi: 10.1186/
s13071-015-0765-x

Sharma, M. C., Gupta, A. K., Das, V. N., Verma, N., Kumar, N., Saran, R., et al.
(2000). Leishmania donovani in blood smears of asymptomatic persons. Acta
Trop. 76 (2), 195–196. doi: 10.1016/S0001-706X(00)00068-1

Silva, J. C., Zacarias, D. A., Silva, V. C., Rolao, N., Costa, D. L., and Costa, C. H.
(2016). Comparison of optical microscopy and quantitative polymerase chain
reaction for estimating parasitaemia in patients with kala-azar and modelling
infectiousness to the vector Lutzomyia longipalpis. Mem. Inst. Oswaldo Cruz
111 (8), 517–522. doi: 10.1590/0074-02760160185

Singh, O. P., Hasker, E., Boelaert, M., Sacks, D., and Sundar, S. (2020a).
Xenodiagnosis to address key questions in visceral leishmaniasis control and
elimination. PLoS Neglected Trop. Diseases 14 (8), e0008363. doi: 10.1371/
journal.pntd.0008363

Singh, O. P., Tiwary, P., Kushwaha, A. K., Singh, S. K., Singh, D. K., Lawyer, P.,
et al. (2021). Xenodiagnosis to evaluate the infectiousness of humans to sand
flies in an area endemic for visceral leishmaniasis in Bihar, India: a
transmission dynamics study. Lancet Microbe. 2 (1), e23-e31. doi: 10.1016/
S2666-5247(20)30166-X

Stauch, A., Sarkar, R. R., Picado, A., Ostyn, B., Sundar, S., Rijal, S., et al. (2011).
Visceral leishmaniasis in the Indian subcontinent: modelling epidemiology and
control. PLoS Neglected Trop. Dis. 5 (11), e1405. doi: 10.1371/
journal.pntd.0001405

Svobodová, M., Volf, P., and Votýpka, J. (2006). Experimental transmission of
Leishmania tropica to hyraxes (Procavia capensis) by the bite of Phlebotomus
arabicus. Microbes Infect. 8 (7), 1691–1694. doi: 10.1016/j.micinf.2006.01.024

Swaminath, C. S. S., Shortt, H. E., and Anderson, L. A. P. (1942). Transmission of
Indian kala-azar to man by the bites of Phlebotomus argentipes. Indian J. Med.
Res. (New Delhi ) 123 (3), 473–477.

Travi, B. L., Tabares, C. J., Cadena, H., Ferro, C., and Osorio, Y. (2001). Canine
visceral leishmaniasis in Colombia: relationship between clinical and
parasitologic status and infectivity for sand flies. Am. J. Trop. Med. Hygiene
64 (3-4), 119–124. doi: 10.4269/ajtmh.2001.64.119
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