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Abstract: A loop-mediated isothermal amplification assay was evaluated as a surrogate marker
of treatment failure in Chagas disease (CD). A convenience series of 18 acute or reactivated CD
patients who received anti-parasitic treatment with benznidazole was selected—namely, nine orally
infected patients: three people living with HIV and CD reactivation, five chronic CD recipients
with reactivation after organ transplantation and one seronegative recipient of a kidney and liver
transplant from a CD donor. Fifty-four archival samples (venous blood treated with EDTA or
guanidinium hydrochloride-EDTA buffer and cerebrospinal fluid) were extracted using a Spin-
column manual kit and tested by T. cruzi Loopamp kit (Tc-LAMP, index test) and standardized
real-time PCR (qPCR, comparator test). Of them, 23 samples were also extracted using a novel
repurposed 3D printer designed for point-of-care DNA extraction (PrintrLab). The agreement
between methods was estimated by Cohen’s kappa index and Bland—Altman plot analysis. The
T. cruzi Loopamp kit was as sensitive as qPCR for detecting parasite DNA in samples with parasite
loads higher than 0.5 parasite equivalents/mL and infected with different discrete typing units. The
agreement between qPCR and Tc-LAMP (Spin-column) or Te-LAMP (PrintrLab) was excellent, with a
mean difference of 0.02 [CI = —0.58-0.62] and —0.04 [CI = —0.45-0.37] and a Cohen’s kappa coefficient
of 0.78 [CI = 0.60-0.96] and 0.90 [CI = 0.71 to 1.00], respectively. These findings encourage prospective
field studies to validate the use of LAMP as a surrogate marker of treatment failure in CD.

Keywords: loop-mediated isothermal amplification; real-time PCR; Trypanosoma cruzi; Chagas-HIV;
orally transmitted Chagas disease; primary infection after transplant in seropositive donor-seronegative
recipients; Chagas disease reactivation

1. Introduction

Chagas disease (CD), a neglected tropical disease (NTD) caused by the protozoan
Trypanosoma cruzi, affects about 7 million people worldwide, mainly in endemic areas of
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Latin America [1]. Transmission may occur by different routes, such as vector-borne, oral,
congenital, transfusional or organ transplant and laboratory accidents. The disease evolves
from an acute to a chronic phase that may develop in up to 30% of cases to cardiac disease
and in 10% to digestive mega-syndromes, neurological and /or mixed complications [2,3].
A proportion of immunocompromised chronic CD patients associated with HIV, organ
transplantation, autoimmune disease or oncologic treatments may experience disease
reactivation, which usually develops in severe clinical forms with high parasitaemia [4,5].
Thus, early diagnosis of acute and reactivation infections is relevant because it allows
early trypanocidal treatment, avoiding severe clinical presentations. Indeed, monitoring
of parasitological response to treatment by means of surrogate markers may guarantee
more accurate follow-up and earlier detection of treatment failure. However, we still lack
sensitive surrogate markers of treatment failure that can be applied with simple laboratory
manipulations and inexpensive equipment [6,7]. Loop-mediated isothermal amplification
(LAMP) has a potential to become a tool for monitoring anti-parasitic treatment. To date,
no studies have tested LAMP for CD treatment follow-up [8,9]. In this context, we used
LAMP to analyse a series of archival clinical samples collected from CD patients who
received benznidazole to assess its ability to detect T. cruzi DNA, which indicates treatment
failure, and compared it with standardized qPCR, which is currently used in clinical trials
and in clinical practice [6]. Moreover, in a subset of samples, we used a novel repurposed
3D printer for a rapid automatic DNA extraction and purification for downstream LAMP
testing in low-resource settings.

2. Materials and Methods
Clinical groups.

(i) Orally transmitted Chagas Disease (0CD): blood samples collected from nine patients
residing in Chichiriviche de la Costa, Vargas State, Venezuela, diagnosed with oCD
after consumption of T. cruzi-contaminated guava juice in March 2009 [10]. Parasito-
logical diagnosis was made either by microscopic search of trypomastigote forms in
peripheral blood or by parasite culture, and serological analysis by in-house assays
(ELISA and IHA) with a T. cruzi epimastigotes delipidized antigen for detection of
anti-human IgG and IgM [10]. Clinical examination included electrocardiogram (EKG)
and echocardiography (ECHO). For molecular diagnosis, 5 mL blood samples were
collected in 5 mL of guanidine hydrochloride 6 M-EDTA 0.2 M, pH 8.00 (GE), and
stored at 4 °C.

(i) HIV-Reactivated Chagas Disease (HIV-RCD): EDTA-treated blood and/or cerebrospinal
fluid (CSF) samples were recovered from three T. cruzi patients with HIV coinfection
diagnosed by central nervous system (CNS) CD reactivation. The patients were admit-
ted and clinically monitored between 2014 and 2018. Diagnosis included microscopic
analysis of CSF specimens, Strout test and central nervous system imaging. The
samples were collected and stored at —20 °C.

(iii) Chronic Chagas disease transplanted recipients with reactivation (Tx-RCD). EDTA
blood samples from five chronic CD patients who underwent organ transplantation
and presented reactivation of T. cruzi infection due to immunosuppressive treatments.
All patients received standard etiological treatment (benznidazole 5 mg/kg/day for
60 days), except for Tx-RCD patient 4, who received a half-dose regime for 7 days to
avoid renal failure and, due to the persistence of the parasite load, continued with the
conventional treatment mentioned above.

(iv) Recipient of organs from an infected donor (Tx-RID). A seronegative recipient of
a kidney and liver transplant from a T. cruzi-infected donor who became infected
after transplant in 2016. This primary infection was diagnosed by qPCR as described
elsewhere [11]. The patient received supervised treatment with 5-7 mg/kg/day of
benznidazole for 60 days. Five millilitres of blood were collected in EDTA tubes and
stored at —20 °C until processing for gPCR and Tc-LAMP.
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DNA extraction from clinical specimens for gPCR and LAMP: Manual DNA extraction
was carried out from 200 pL. EDTA blood or CSF samples, or 300 uL of GE blood using the
High Pure PCR Template Preparation Kit (Roche Diagnostics GmbH, Mannheim, Germany)
as recommended by the manufacturer [9]. In a set of 23 samples (19 EDTA blood and
4 GE blood), DNA was also purified using the MagMax Multi Sample Ultra 12.0 DNA
extraction kit (Thermo Fisher Scientific Inc, Waltham, MA, USA) in a repurposed 3D printer
(PrintrLab extraction device version 4.0, Al Biosciences, Inc., College Station, TX, USA)
designed for rapid and low-cost point-of-care molecular diagnostics (Figure 1) [12]. The
procedure was optimized for 200 uL of starting blood. Briefly, samples, lysis buffer and
magnetic particles were loaded in the first row. Subsequently, the DNA bound to the
magnetic particles was captured and transferred to successive rows for the washing steps
and the final DNA elution step (Figure 1).
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Figure 1. A plate-layout scheme for the PrintrLab DNA-extraction procedure. Blood samples, lysis
buffer and magnetic particles are loaded in row (A). Subsequently, the DNA bound to the magnetic
particles is captured and transferred to successive rows for the washing steps and the final DNA
elution step. All steps are performed with agitation and slow capture of the beads. (B) PrintrLab
extraction device.

Every DNA-extraction experiment included a negative DNA-extraction control, which
was a sample of peripheral blood from a T. cruzi-seronegative individual. The DNA extracts
were stored at —20 °C until their use for qPCR or LAMP.

Trypanosoma cruzi Loopamp kit: Tc-LAMP (Eiken Chemical Co., Ltd., Tokyo, Japan)
targets the repetitive satellite DNA sequence of T. cruzi [8]. The LAMP reaction used 30 uL
of DNA eluates that were incubated at 65 °C for 40 min, followed by a step at 80 °C for
five minutes for enzyme inactivation, as reported in [9]. Results were observed by the
naked eye or by UV visualization using a P51™ molecular fluorescence viewer with yellow
filter [8,9] and expressed as positive or negative (Figure 2). Two LAMP replicates were
carried out per DNA extract. Sample panels were masked, and a series of six samples each
were randomly chosen to perform a LAMP round that included a non-template control
provided by the manufacturer and a positive control (PC: 30 uL of 1fg/uL CL-Brener stock
DNA, not provided). The LAMP operator read amplification results blinded to qPCR
findings and clinical data.

Multiplex real-time quantitative PCR (qPCR): Duplex qPCR using TagMan probes
targeted to T. cruzi satellite DNA plus an internal amplification control (IAC) was carried out
in duplicates in a Rotor Q thermocycler (Qiagen) following standardized conditions [7,11].
In the series of oCD and Tx-RCD samples, human RNAse P gene-based amplification was
used as internal control of DNA integrity. All the samples were checked for gPCR inhibitors
using the criterion of Tukey, and quantification of parasite loads was performed using
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standard curves as reported in [11]. Laboratory operators of the qPCR assay were blinded
to index test results. The research evaluator had no access to Tc-LAMP results or to clinical
information before the end of sample processing and reporting.

1 2 3 4 5 © NTCPC

Before incubation

After incubation
(65°C for 4@ minutes)
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Figure 2. Tc-LAMP PrintrLab DNA extraction of samples from case Tx-RCD 5. Panel A: Strip of
Tc-LAMP microtubes before amplification. Panel B: Naked-eye visualization of Tc-LAMP microtubes
after amplification. Panel C: Visualization using the P51™ molecular fluorescence viewer with
yellow filter. Wells 1 and 2: duplicate Tc-LAMP from sample collected the day treatment was initiated
(Tx-RCD 5.1). 3 and 4: duplicate Tc-LAMP from sample collected 8 days after treatment initiation
(Tx-RCD 5.2). 5 and 6: duplicate Tc-LAMP from sample collected 24 days after treatment initiation
(Tx-RCD 5.3). NTC: Non-Template Tc-LAMP control, PC: Positive T. cruzi DNA control.
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Statistical analysis: T. cruzi Loopamp kit (Tc-LAMP) was compared with standardized
qPCR using panels of archival clinical specimens collected from the above-mentioned
groups of patients.

The Cohen'’s kappa coefficient (K) and the Bland—-Altman plot were used to measure
the agreement between Tc-LAMP (Spin-column and PrintrLab DNA extractions) and qPCR
results obtained in paired samples. All the analyses were performed with the RStudio Team
software [13]. A p-value of <0.05 was considered statistically significant.

3. Results

Tc-LAMP results were observed by the naked eye or by UV visualization, as shown
in Figure 2. Both visualization methods were considered for reporting the results. There
were no disagreements between them in the samples tested. Moreover, there was no
disagreement between duplicate amplifications from a same DNA extract.

oCD: 24 GEB samples from nine patients with oCD (eight paediatric patients and one
adult) were included. All of them were infected with Tc I parasite populations, and qPCR
monitoring at 12, 36, 60 or 108 months after treatment indicated treatment failure in most
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patients (0CD group (Table 1). These 24 samples were tested by Tc-LAMP (Spin-column),
and 4 of them also underwent Tc-LAMP (PrintrLab) testing. The results of the Tc-LAMP
(PrintrLab) were concordant with those of qPCR. For Tc-LAMP (Spin-column) testing, the
results were concordant with qPCR in 22 cases, and 2 cases were qPCR positive and LAMP
negative. One of the Tc-LAMP (Spin-column) negative samples was positive by Tc-LAMP
(PrintrLab) (oCD6, Table 1).

HIV-RCD: A total of nine samples were tested by Te-LAMP (Spin-column) and qPCR
in peripheral blood and/or CSF samples and only two samples were available for PrintrLab
DNA extraction. At the time CD reactivation was diagnosed, the corresponding samples
(EDTA blood and CSF) tested by Te-LAMP (Spin-column) and qPCR had concordant
results (HIV-RCD group, Table 1). Eight post-treatment samples were tested, and treatment
response detected by qPCR and Tc-LAMP (Spin-column) was similar (Table 1). A discordant
finding (Tc-LAMP-positive, qPCR-negative) was detected in the blood sample from case
HIV-RCD 3, collected 38 days after treatment had started. Interestingly, a CSF sample
collected 7 days after initiation of therapy had a high parasite load. Whereas 1 day after,
no parasite loads were detected in the blood and remained undetected in the last sample
available, which was collected 14 days after treatment initiation and 2 days before the
patient died.

Tx-RCD: Five Tx-RCD patients were included. Patients Tx-RCD 1 and Tx-RCD 4
exhibited a two-log increase in parasite burden at days 25 and 14 after orthotopic kidney
transplantation, respectively. In the first case, the patient received standard etiological
treatment (benznidazole 5 mg/kg/day for 60 days), and parasite load reduction was
observed seven days after treatment was initiated. In the second case, treatment with
benznidazole was initiated based on a positive Strout test, which is the gold standard
parasitological method for the diagnosis of CDR. However, qPCR was positive thirteen
days earlier than the Strout test. To avoid renal failure, this patient received half the standard
dose for 7 days. However, this dose was not sufficient since qPCR showed an increase in
parasitaemia, and thus, the patient was treated with a higher dose, showing a therapeutic
response with a non-detectable qPCR result 21 days after the high dose treatment. Patient
Tx-RCD 2 underwent orthotopic heart transplantation to treat end-stage chronic Chagas
heart disease. Nine months after transplantation, a parasite load of 24.41 par.eq/mL
was estimated by qPCR. The patient received anti-trypanosomal chemotherapy and after
completing 60 days of treatment, the parasite load measured by qPCR was below the limit
of detection, suggesting therapeutical response. Patient Tx-RCD 3 received orthotopic liver
transplant and was monitored by Strout test and qPCR. The qPCR-based follow-up after
transplantation showed parasite loads between 1.09 and 12.11 par.eq/mL, whereas Strout
test detected patent parasitaemia 78 days after transplant (Tx). The latter finding supported
the initiation of anti-parasitic treatment. Two weeks after treatment started, both Strout
test and qPCR became non-detectable, suggesting a favourable parasitological response.
Patient Tx-RCD 5 presented multiple myeloma and CD reactivation due to chemotherapy
before undergoing autologous stem cell transplantation. The sample withdrawn two days
before Tx gave a mean parasite load of 54.25 par.eq/mL. After Tx, the patient received
anti-parasitic treatment, and parasitaemia decreased to 2.41 par.eq/mL one week later,
reaching non-detectable levels in the sample tested 22 days after the autograft.

In these five patients, the presence of T. cruzi DNA was also tested by Tc-LAMP
(Spin-column) and LAMP (PrintrLab) in 12 EDTA blood samples. Five samples were
tested after Tx and seven samples once treatment was initiated (Table 2). The results of
pre-treatment samples were all positive for qPCR and Tc-LAMP (both DNA extraction
methods), whereas, five of seven post-treatment samples had concordant results, one was
only positive by Tc-LAMP (PrintrLab) (Tx-RCD 1.5) and another one was only positive by
Tc-LAMP (Spin-column) (Tx-RCD 3.5).
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Table 1. Follow-up of oCD and HIV-RCD clinical groups by qPCR and Te-LAMP.

Time from # Mean Parasite Tc-LAMP

Clinical ID Gender  Age . .. . . Sample § qPCR . Te-LAMP
Group Patient E/M) (years) Pathology/Laboratory/CNS Imaging Findings at Diagnosis Type Sample ID Trefa.tm.ent Load Result Spin- PrintrLab
Initiation (par.eq/mL) Column
At the time of confirming the case (2009), IgM and IgG serology postive and no oCD1.1 0 5.13 Positive Positive NP
oCD1 M 16 evidence of cardiac abnormality due to acute phase. Treatment with benznidazole GEB oCD1.2 12m 1.97 Positive Positive NP
7 mg/kg/day for 60 days oCD1.3 24 m NAR Negative Negative NP
. _y . oCD2.1 0 14.87 Positive Positive Positive
wvn o p AeTmeconing e G009 B and oG o posive ol Gy Gepay m I B heme N
' g/ g/qay ye. 0CD2.3 108 m 16 Positive Positive NP
. - . . oCD3.1 0 4586.77 Positive Positive NP
. emE 9 Aeimeclnimingbecw0o) pmitendOiomive GpyGomaz  em w9 Reive  Reive NP
@ ) oCD3.3 24 m 2258.83 Positive Positive NP
3 . . . oCD4.1 0 1733.56 Positive Positive NP
S e M MUemeoonfmingboos 0009 I adOsalog pose sbromal Gy GcDiz  sm  lsmed  Teive  Tomve NP
g ' s/ xkg/day ys. oCD4.3 108 m 117227 Positive Positive NP
<3 . o . CD5.1 0 0.35 Positive Negative NP
< © &
5 OCD5 F v At the tun?5 (I><f co;1f1rmmg the‘ c}z:se (200_9), Igll\/[ and Igl? serolog;y postive. abnormal GEB oCD5.2 36m NAR Negative Negative NP
| G. Treatment with benznidazole 7 mg/kg/day for 60 days. oCD5.3 60 m 5 Positive Positive NP
o) : . . oCDe6.1 0 0.35 Positive Positive NP
06 F 0 it posiive Teatment with benmidazole 7 ma /g oy for 60 daye. | GFB oCD62 dom 336 me e R
D7 F 10 At the time of confirming the case (2009), IgM and IgG serology postive. abnormal GEB oCD7.1 12m 1.75 Positive Positive Positive
© EKG. Treatment with benznidazole 7 mg/kg/day for 60 days oCD7.2 108 m 2.93 Positive Positive NP
D8 1 At the time of confirming the case (2009), IgM and IgG serology postive. abnormal oCD8.1 60 m 2697.31 Positive Positive NP
© F EKG. Treatment with benznidazole 7 mg/kg/day for 60 days GEB oCD8.2 108 m 1126.81 Positive Positive NP
At the time of confirming the case (2009), IgM and IgG serology postive aNP no i "
oCD9 F 8 evidence of cardiac abnormality due to acute phase. Treatment with benznidazole GEB GBI 24m 2404.02 Positive Positive NP
7 oCD9.2 60 m NAR Negative Negative NP
mg/kg/day/day for 60 days
. e . . HIV-RCD1.1 0 107 Positive Positive Positive
HIV- M 4 Seizures/encephalitis with two space-occupying lesions CD4 7 cells/mL, EB HIV-RCD1.2 5d > Positive Positive NP
5 . RCDI Trypomastigotes in CSF HIV-RCD1.3 14d NAR Negative  Negative NP
0 .S . . . P CSF HIV-RCD2.1 0 35115 Positive Positive NP
EEOpmw s Seenimpmen el ooty ol s G vees  7a E A =
rE ) EB HIV-RCD2.3 14d NAR Negative Negative Negative
[N}
B2 . e o . o } HIV-RCD3.1 77 Positi Positi P
< &) HIV- F 39 Right Helmllparesusl; ]fgam‘obra.ccll’lll‘ocru}rlf?\g/ er]sc:l:l)halyl?s w1{h large ;paqe_ occupying EB HIz—Rng.Z 2. f d 162,7 sz;:gz sz;:;:]/: II:IIP
RCD3 esion aNP brain midline shift C 0 cells/mL Strout Positive HIV-RCD3.3 38d NAR Negative Positive NP

Grey boxes indicate the samples collected since initiation of treatment. No samples at initiation of treatment were available for oCD7-9. Tx: transplant, F: female; M: male; d, days; m,
months; GEB: guanidine-EDTA Blood; EB: EDTA blood; CSF: cerebrospinal fluid; par.eq./mL: parasite equivalents per millilitre of sample; NA: not applicable; NAR: no amplification
reaction, NP: not performed. * Parasite loads were measured in the original samples during the patients’ follow-up. S: Qualitative qPCR results correspond to the archival paired sample
retested by qPCR at the time Tc-LAMP was carried out in archival samples.
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Table 2. Follow-up of Tx-RCD and Te-RID clinical groups by qPCR and Te-LAMP.

.. Days before Days from # Mean
Clinical ID Patient Gender Age Tx organ/Strout Sample ID (er after ini{ial CD Parasite Load  $ qPCR Result TC-LAMP TC.-LAMP
Group (F/'M) (Years) Transplant Treatment (par.eq/mL) Spin-Column PrintrLab
Tx-RCD1.1 6 NA 1.86 Positive NP NP
. Tx-RCD1.2 14 NA 5.14 Positive NP NP
Tx-RCD1 M 71 Kldney/' No Strout Tx-RCD1.3 25 NA 13.65 Positive Positive Positive
available. Tx-RCD1.4 28 0 59.14 Positive Positive Positive
Tx-RCD1.5 35 7 NAR Negative Negative Positive
Tx-RCD2.1 -54 NA NAR Negative NP NP
. Heart/No Strout Tx-RCD2.2 15 NA 0.17 Positive NP NP
g Tx-RCD2 M 61 . Tx-RCD2.3 286 NA 2.27 Positive Positive Positive
© available Tx-RCD2.4 295 0 20.99 Positive Positive Positive
H Tx-RCD2.5 356 61 NAR Negative Negative Negative
é‘i Tx-RCD3.1 7 NA NAR Negative NP NP
P Liver/Positive Strout Tx-RCD3.2 29 NA 12.11 Positive NP NP
s Tx-RCD3 M 57 result 78 days after Tx-RCD3.3 33 NA 1.09 Positive NP NP
p transplant Tx-RCD3.4 71 -7 0.81 Positive Positive Positive
D(g Tx-RCD3.5 92 14 NAR Negative Positive Negative
X- . . ositive ositive ositive
v Tx-RCD4 M 57 Strout result 27.days 1, pcpa3 34 7 269.97 Positive Positive Positive
after transplant Tx-RCD4.4 55 28 NAR Negative Negative Negative
Tx-RCD5.1 -2 0 16.78 Positive Positive Positive
Tx-RCD5 F 66 Bone Marro}w/ No Tx-RCD5.2 6 8 NAR Negative Negative Negative
Strout available Tx-RCD5.3 22 24 NAR Negative Negative Negative
© ° Tx-RID.1 40 NA 0.49 Positive Negative NP
& M% = *g Liver and %x-ggg Z; (8) I\SIZ; £ositive 1Eositive Polsé’{jive
B CHI = . X~ . egative egative
§* § % 8‘ ? Tx-RID F 63 Kidney/ 'T%]Strom Tx-RID.4 141 80 NAR Negative Negative Negative
55 & E avatlable Tx-RID.5 155 94 NAR Negative Negative NP
R Tx-RID.6 244 183 NAR Negative Negative NP

Grey boxes indicate the samples collected since initiation of treatment. EB, EDTA-treated blood; d, days; m, months; NA, not applicable, NAR; No amplification reaction; NP: not
performed; F: female, M: male; p.eq/mL, parasite equivalents per ml of sample. # Parasite loads were measured in the original samples during the patients’ follow-up. $: Qualitative
qPCR results correspond to the archival paired sample retested by qPCR at the time Tc-LAMP was carried out in archival samples.
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Tx-RID: This case corresponds to a non-infected patient who received liver and kidney
transplantation and was followed-up by qPCR. After detecting an increase in parasite load
from 0.49 to 39.68 par.eq/mL, the patient was diagnosed with primary T. cruzi infection.
Consequently, he received anti-parasitic therapy for three weeks. Six EDTA blood samples
(two pre-treatment and four post-treatment) were tested by Tc-LAMP (Spin-column). Two
samples (one pre-treatment and one post-treatment) were also tested by Tc-LAMP (Printr-
Lab) (Table 2). Tc-LAMP (Spin-column) was negative in the sample with 0.49 par.eq/mL
and became positive in the sample obtained 61 days after Tx, in agreement with Tc-LAMP
(PrintrLab). After treatment was initiated, the patient became qPCR negative in the sample
tested eight days later and persisted negative during follow-up for 183 days after treatment,
suggesting a favourable response, in agreement with Tc-LAMP results.

Overall agreement between qPCR and Te-LAMP (Spin-column, 2 = 54) or Te-LAMP (Print-
rLab, n = 23) in paired samples showed a Cohen’s kappa coefficient of 0.78 [CI = 0.60-0.96]
and 0.90 [CI = 0.71 to 1.00], respectively. The agreement between Tc-LAMP (Spin-column)
and Tc-LAMP (PrintrLab) in 23 paired samples was 0.704 [0.39 to 1.00]. Additionally, the
mean difference for both Te-LAMP data groups compared with the comparator qPCR assay
was 0.02 [CI = —0.58-0.62] and —0.04 [CI = —0.45-0.37], respectively, demonstrating the
high concordance of the diagnostic methods evaluated (Bland—-Altman analysis, Figure 3).

1.0 1.0}
= +1.96 SD
E §
= 04+ 0.62 2 o5 +1.96 SD
2 8 0.37
a E 0.0 Mean a g 0.0l Mean
s g 0.02 s ‘( -0.04
3= 3 g -1.96 8D
5 E 05 968D 6O o5 YT
2 -0.58 ]
9 =
& 1.0k £ -1.0f
{% o
_I's'_l 1 1 1 1 1 L _1‘5_[ 1 L 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
A Multiplex Real-Time quantitative PCR B Multiplex Real-Time quantitative PCR
(Reference method) (Reference method)

Figure 3. Agreement between multiplex real-time quantitative PCR and Te-LAMP (Spin-column and
PrintrLab DNA extractions) by Bland Altman plot analysis. (A) Manual extraction using the High
Pure PCR Template Preparation Kit (Spin-column); (B) PrintrLab DNA extraction device version 4.0
using the MagMax DNA extraction kit.

4. Discussion

Very few studies of NTDs have evaluated LAMP for monitoring the effectiveness of
chemotherapy, such as Schistosoma japonicum infection [14]. To our knowledge, this is the
first report that evaluates LAMP for assessment of treatment efficacy in CD patients [15].
Our interest in evaluating LAMP for monitoring CD treatment is based on the fact that this
NTD is highly endemic and that most patients live in resource-limited settings with poor
investment in public health policies. Noteworthily, the T. cruzi Loopamp assay showed
excellent agreement with the comparator qPCR test. This LAMP assay could detect samples
infected with different discrete typing units, such as Tc I in oCD patients from Venezuela [16]
and Tc V and Tc VI in immunosuppressed patients [17,18]. Moreover, it performed well
in DNA samples obtained in different supports and stabilizing agents, such as frozen blood
treated with EDTA or GE buffer, as well as in CSF specimens. Tc-LAMP detected samples
with more than 0.5 par.eq/mL, which is the approximate limit of detection of the comparator
standardized qPCR test (0.69 par.eq/mL for Tc VI CL-Brener clone) [11]. Discordant Tc-LAMP-
negative/qPCR-positive findings were detected in samples with loads around that limit of
detection, while there were three post-treatment samples with non-detectable amplification
by qPCR and positive Tc-LAMP results (HIV-RCD 3, Table 1 and Tx-RCD 1 and 3, Table 2),
suggesting that Tc-LAMP could be a very sensitive indicator of treatment failure. This high
sensitivity makes it potentially useful for monitoring chronic CD patients receiving treatment
and for early diagnosis of congenital Chagas disease in infants [19-21].
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A novel procedure was optimized, using the 3D PrintrLab extractor device [12] (Figure 1)
coupled to Tc-LAMP, with high agreement with Tc-LAMP starting from Spin-column
extracted DNA and qPCR. Its advantage includes the possibility of rapid results: DNA
extraction may take about 40 min, and amplification takes another 40 min, followed by
immediate naked-eye or UV-light-mediated visualization (Figure 2). The approximate cost
of the PrintrLab device is approximately ten times lower than that of most automatic DNA
extraction robots, while the cost of Tc-LAMP is at least 50% lower than that of qPCR.

In summary, this report promotes future prospective studies for validating Tc-LAMP
in the field for early assessment of treatment response in CD using point-of-care DNA
extraction and amplification techniques that may expand the implementation of molecular
diagnostics and monitoring of CD to low-resource settings in endemic areas.

Author Contributions: Conceptualization, A.G.S.; methodology, S.A.B., SSW., L].G.C. and A AM.-C,;
set-up of PrintrLab device and optimization of software, SW., CM., YE.L. and S.A.L.; validation,
B.A.d.N., S.AL. and M.E; formal analysis, S.A.L., A, AM.-C. and A.G.S,; resources, S.W.; patient
care and samples, B.A.d.N., L.A.B., P.G., M.E. and L.].G.C.; photographs and data curation, S.A.L.
and A.AM.-C.; writing—original draft preparation, A.G.S.; writing—review and editing, A.G.S.,
B.A.d.N.,,S.W,, M.F. and S.A L.; supervision, A.G.S.; project administration, A.G.S.; funding acquisi-
tion, A.G.S. and SW.; A.G.S,,S.A.L., A A AM.-C., M.F. and B.A.d.N. are members of the Iberoamerican
Network “NHEPACHA” (Nuevas Herramientas para el Diagnoéstico y la Evaluacion del Paciente
con Enfermedad de Chagas). All authors have read and agreed to the published version of the
manuscript.

Funding: The work was funded partially by Grant PICT 2015-0074 (Ministerio de Ciencia, Tecnologia
e Innovacién, Argentina) and the Service of Molecular Diagnosis of Chagas disease (STAN CONICET,
Argentina) to A.G.S. and by the National Institutes of Health (NIH) through the Small Business Inno-
vative Research program to S.W. (NIH contract No. 75N93021C00064). The funders had no role in the
study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: The study of orally infected Chagas disease patients was
conducted according to the guidelines of the Declaration of Helsinki, and approved by the Scientific
Ethics Committee of the Instituto de Medicina Tropical, Universidad Central de Venezuela. Ethical
review and approval were waived for the study of patients admitted at Hospitals Mufiiz, Britanico
and Italiano, due to the observational nature of the study performed with archival samples.

Informed Consent Statement: The IRBs were asked to approve a request to waive the documentation
of informed consent due to the observational nature of the study performed with archival samples.
Access to patient information in these health care centres was restricted to the study coordinator
and authorised personnel when required to verify the study data and procedures, maintaining their
confidentiality in accordance with current regulations.

Data Availability Statement: The data presented in this study are available at the URL https://
cloud.dna.uba.ar/index.php/s/snOPIMZ0PO1z4by. The password is available under request from
the corresponding author.

Acknowledgments: We are grateful to the health care professionals who collaborated in management
of the patients whose samples were included in this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1.  WHO. Chagas Disease (American Trypanosomiasis). 2022. Available online: https://www.who.int/news-room/fact-sheets/
detail /chagas-disease-(american-trypanosomiasis) (accessed on 6 April 2022).
2. Rassi, A, Jr; Rassi, A.; Marin-Neto, ].A. Chagas disease. Lancet 2010, 375, 1388-1402. [CrossRef]

@

Pérez-Molina, J.A.; Molina, I. Chagas disease. Lancet 2018, 391, 82-94. [CrossRef]

4.  Pierrotti, L.C.; Carvalho, N.B.; Amorin, ].P.; Pascual, J.; Kotton, C.N.; Loépez-Vélez, R. Chagas Disease Recommendations for
Solid-Organ Transplant Recipients and Donors. Transplantation 2018, 102, S1-S7. [CrossRef] [PubMed]


https://cloud.dna.uba.ar/index.php/s/snOPIMZ0PO1z4by
https://cloud.dna.uba.ar/index.php/s/snOPIMZ0PO1z4by
https://www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
https://www.who.int/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis)
http://doi.org/10.1016/S0140-6736(10)60061-X
http://doi.org/10.1016/S0140-6736(17)31612-4
http://doi.org/10.1097/TP.0000000000002019
http://www.ncbi.nlm.nih.gov/pubmed/29381572

Microorganisms 2022, 10, 909 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Clark, E.H.; Bern, C. Chagas Disease in People with HIV: A Narrative Review. Trop. Med. Infect. Dis. 2021, 6, 198. [CrossRef]
[PubMed]

Sulleiro, E.; Mufoz-Calderon, A.; Schijman, A.G. Role of nucleic acid amplification assays in monitoring treatment response in
Chagas disease: Usefulness in clinical trials. Acta Trop. 2019, 199, 105120. [CrossRef] [PubMed]

Alonso-Padilla, J.; Gallego, M.; Schijman, A.G.; Gascon, J. Molecular diagnostics for Chagas disease: Up to date and novel
methodologies. Expert Rev. Mol. Diagn. 2017, 17, 699-710. [CrossRef] [PubMed]

Besuschio, S.A.; Llano Murcia, M.; Benatar, A.F.; Monnerat, S.; Cruz, I.; Picado, A.; de los Angeles Curto, M.; Kubota, Y.; Wehrendt,
D.P; Pavia, P; et al. Analytical sensitivity and specificity of a loop-mediated isothermal amplification (LAMP) kit prototype for
detection of Trypanosoma cruzi DNA inhuman blood samples. PLoS Negl. Trop. Dis. 2017, 11, e0005779. [CrossRef] [PubMed]
Besuschio, S.A.; Picado, A.; Mufioz-Calderdn, A.; Wehrendt, D.P.; Fernandez, M.; Benatar, A.; Diaz-Bello, Z.; Irurtia, C.; Cruz, L;
Ndung'u, ].M,; et al. Trypanosoma cruzi loop-mediated isothermal amplification (Trypanosoma cruzi Loopamp) kit for detection
of congenital, acute and Chagas disease reactivation. PLoS Negl. Trop. Dis. 2020, 14, €0008402. [CrossRef]

Alarcén de Noya, B.; Colmenares, C.; Diaz-Bello, Z.; Ruiz-Guevara, R.; Medina, K.; Mufioz-Calderon, A.; Maurello, L.; Cabrera, E.;
Montiel, L.; Losada, S.; et al. Orally-transmitted Chagas Disease: Epidemiological, clinical, serological and molecular outcomes of
a school microepidemic in Chichiriviche de la Costa, Venezuela. Parasite Epidemiol. Control. 2016, 1, 188-198. [CrossRef] [PubMed]
Duffy, T.; Cura, C.I; Ramirez, ].C.; Abate, T.; Cayo, N.M,; Parrado, R.; Diaz Bello, Z.; Velazquez, E.; Mufioz-Calderon, A.; Juiz,
N.A,; et al. Analytical performance of a multiplex Real-Time PCR assay using TagMan probes for quantification of Trypanosoma
cruzi satellite DNA in blood samples. PLoS Negl. Trop. Dis. 2013, 7, €2000. [CrossRef] [PubMed]

Chan, K.; Wong, P-J.; Parikh, C.; Wong, S. Moving toward rapid and low-cost point-of-care molecular diagnostics with a
repurposed 3D printer and RPA. Anal. Biochem. 2018, 545, 4-12. [CrossRef] [PubMed]

Team RStudio. Rstudio: Integrated Development for R; RStudio, Inc.: Boston, MA, USA, 2020; Volume 42.

Xu, J.; Guan, Z.X.; Zhao, B.; Wang, Y.Y.; Cao, Y.; Zhang, H.Q.; Zhu, X.Q.; He, YK.; Xia, C.M. DNA detection of Schistosoma
japonicum: Diagnostic validity of a LAMP assay for low-intensity infection and effects of chemotherapy in humans. PLoS Negl.
Trop. Dis. 2015, 9, e0003668. [CrossRef] [PubMed]

Alonso-Padilla, J.; Abril, M.; Alarcén de Noya, B.; Almeida, I.C.; Angheben, A.; Araujo Jorge, T.; Chatelain, E.; Esteva, M.; Gascon,
J.; Grijalva, M.].; et al. Target product profile for a test for the early assessment of treatment efficacy in Chagas disease patients:
An expert consensus. PLoS Negl. Trop. Dis. 2020, 14, e0008035. [CrossRef]

Murnoz-Calderdn, A.; Diaz-Bello, Z.; Valladares, B.; Noya, O.; Lépez, M.C.; Alarcén de Noya, B.; Thomas, M.C. Oral transmission
of Chagas disease: Typing of Trypanosoma cruzi from five outbreaks occurred in Venezuela shows multiclonal and common
infections in patients, vectors and reservoirs. Infect. Genet. Evol. 2013, 17, 113-122. [CrossRef] [PubMed]

Burgos, ].M.; Diez, M.; Vigliano, C.; Bisio, M.; Risso, M.; Duffy, T.; Cura, C.; Brusses, B.; Favaloro, L.; Leguizamon, M.S.; et al.
Molecular identification of Trypanosoma cruzi discrete typing units in end-stage chronic Chagas heart disease and reactivation
after heart transplantation. Clin. Infect. Dis. 2010, 51, 485-495. [CrossRef] [PubMed]

Burgos, ].M.; Begher, S.B.; Freitas, ]. M.; Bisio, M.; Duffy, T.; Altcheh, J.; Teijeiro, R.; Lopez Alcoba, H.; Deccarlini, E; Freilij, H.; et al.
Molecular diagnosis and typing of Trypanosoma cruzi populations and lineages in cerebral Chagas disease in a patient with
AIDS. Am. ]. Trop. Med. Hyg. 2005, 73, 1016-1018. [CrossRef] [PubMed]

Picado, A.; Cruz, I; Redard-Jacot, M.; Schijman, A.G.; Torrico, F.; Sosa-Estani, S.; Katz, Z.; Ndung'u, ].M. The burden of congenital
Chagas disease and implementation of molecular diagnostic tools in Latin America. BM] Glob. Health 2018, 3, €001069. [CrossRef]
[PubMed]

Flores-Chavez, M.D.; Abras, A.; Ballart, C.; Ibanez Perez, I.; Perez-Gordillo, P.; Gallego, M.; Munoz, C.; Moure, Z.; Sulleiro Igual,
E.; Nieto, J.; et al. Evaluation of the Performance of the Loopamp Trypanosoma cruzi Detection Kit for the Diagnosis of Chagas
Disease in an Area Where It Is Not Endemic, Spain. . Clin. Microbiol. 2021, 59, e01860-20. [CrossRef] [PubMed]

Wehrendt, D.P; Alonso-Padilla, J.; Liu, B.; Rojas Panozo, L.; Rivera Nina, S.; Pinto, L.; Lozano, D.; Picado, A.; Abril, M.; Pinazo,
M.].; et al. Development and Evaluation of a Three-Dimensional Printer-Based DNA Extraction Method Coupled to Loop
Mediated Isothermal Amplification for Point-of-Care Diagnosis of Congenital Chagas Disease in Endemic Regions. ]. Mol. Diagn.
2021, 23, 389-398. [CrossRef] [PubMed]


http://doi.org/10.3390/tropicalmed6040198
http://www.ncbi.nlm.nih.gov/pubmed/34842854
http://doi.org/10.1016/j.actatropica.2019.105120
http://www.ncbi.nlm.nih.gov/pubmed/31376368
http://doi.org/10.1080/14737159.2017.1338566
http://www.ncbi.nlm.nih.gov/pubmed/28582629
http://doi.org/10.1371/journal.pntd.0005779
http://www.ncbi.nlm.nih.gov/pubmed/28727723
http://doi.org/10.1371/journal.pntd.0008402
http://doi.org/10.1016/j.parepi.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/29988179
http://doi.org/10.1371/journal.pntd.0002000
http://www.ncbi.nlm.nih.gov/pubmed/23350002
http://doi.org/10.1016/j.ab.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29339059
http://doi.org/10.1371/journal.pntd.0003668
http://www.ncbi.nlm.nih.gov/pubmed/25874964
http://doi.org/10.1371/journal.pntd.0008035
http://doi.org/10.1016/j.meegid.2013.03.036
http://www.ncbi.nlm.nih.gov/pubmed/23567816
http://doi.org/10.1086/655680
http://www.ncbi.nlm.nih.gov/pubmed/20645859
http://doi.org/10.4269/ajtmh.2005.73.1016
http://www.ncbi.nlm.nih.gov/pubmed/16354804
http://doi.org/10.1136/bmjgh-2018-001069
http://www.ncbi.nlm.nih.gov/pubmed/30364393
http://doi.org/10.1128/JCM.01860-20
http://www.ncbi.nlm.nih.gov/pubmed/33692137
http://doi.org/10.1016/j.jmoldx.2020.12.007
http://www.ncbi.nlm.nih.gov/pubmed/33387697

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

