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ABSTRACT Trypanosoma cruzi infection has expanded globally through human migration.
In Spain, the mother-to-child route is the mode of transmission contributing to autochtho-
nous Chagas disease (CD); however, most people acquired the infection in their country of
origin and were diagnosed in the chronic phase (imported chronic CD). In this context, we
assessed the quantitative potential of the Loopamp Trypanosoma cruzi detection kit (Sat-
TcLAMP) based on satellite DNA (Sat-DNA) to determine parasitemia levels compared to
those detected by real-time quantitative PCRs (qPCRs) targeting Sat-DNA (Sat-qPCR) and
kinetoplast DNA minicircles (kDNA-gPCR). This study included 173 specimens from 39 au-
tochthonous congenital and 116 imported chronic CD cases diagnosed in Spain. kDNA-
gPCR showed higher sensitivity than Sat-qPCR and Sat-TcLAMP. According to all quantitative
approaches, parasitemia levels were significantly higher in congenital infection than in
chronic CD (1 x 107" to 5 x 10° versus >1 x 107" to 6 x 103 parasite equivalents/mL,
respectively [P < 0.001]). Sat-TcLAMP, Sat-gPCR, and kDNA-gPCR results were equivalent
at high levels of parasitemia (P = 0.381). Discrepancies were significant for low levels of
parasitemia and older individuals. Differences between Sat-TcCLAMP and Sat-qPCR were
not qualitatively significant, but estimations of parasitemia using Sat-TcCLAMP were closer
to those by kDNA-qPCR. Parasitemia changes were assessed in 6 individual cases in fol-
low-up, in which trends showed similar patterns by all quantitative approaches. At high
levels of parasitemia, Sat-TcCLAMP, Sat-gPCR, and kDNA-qPCR worked similarly, but signif-
icant differences were found for the low levels characteristic of late chronic CD. A suitable
harmonization strategy needs to be developed for low-level parasitemia detection using
Sat-DNA- and kDNA-based tests.

IMPORTANCE  Currently, molecular equipment has been introduced into many health
care centers, even in low-income countries. PCR, gPCR, and loop-mediated isothermal
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amplification (LAMP) are becoming more accessible for the diagnosis of neglected infec-
tious diseases. Chagas disease (CD) is spreading worldwide, and in countries where the
disease is not endemic, such as Spain, the parasite Trypanosoma cruzi is transmitted from
mother to child (congenital CD). Here, we explore why LAMP, aimed at detecting T. cruzi
parasite DNA, is a reliable option for the diagnosis of congenital CD and the early detec-
tion of reactivation in chronic infection. When the parasite load is high, LAMP is equiva-
lent to any gPCR. In addition, the estimations of T. cruzi parasitemia in patients living in
Spain, a country where the disease is not endemic, resemble natural evolution in areas of
endemicity. If molecular tests are introduced into the diagnostic algorithm for congenital
infection, early diagnosis and timely treatment would be accomplished, so the interrup-
tion of vertical transmission can be an achievable goal.

KEYWORDS Chagas disease, LAMP, Trypanosoma cruzi, acute reactivation, chronic
infection, congenital infection, molecular diagnosis, parasite load, parasitemia
quantification, gPCR

hagas disease (CD), or Trypanosoma cruzi infection, has expanded globally through

migrants from areas where the disease is endemic, resulting in an increasing public health
concern in countries where the disease is not endemic. At present, half of the 4.6 million Latin
American migrants who have settled in Europe live in Spain (1). In countries where the disease
is not endemic, transmission of T. cruzi not mediated by its biological vector occurs from
mother to child during pregnancy, by the transfusion of blood products, or by organ trans-
plantation (2).

In Spain, both transfusion and transplant transmission are routes that are rigorously
controlled by the serological screening of donors and the close monitoring of recipi-
ents of organs from chagasic donors (3, 4); therefore, the mother-to-child route is the
main mode of transmission contributing to autochthonous CD. Although there is as
yet no official management plan at the national level (5), serological screening in preg-
nant women is performed in most hospitals. In areas where the disease is not endemic,
vertical transmission is the leading cause of episodes equivalent to acute infection if
CD is confirmed in the first months of a child’s life. Without treatment, the acute phase
lasts 6 to 8 weeks, and the chronic phase starts when the parasitemia levels decrease
and both general symptoms and clinical manifestations, if any, disappear (6). In Spain,
the infection is generally detected in the chronic phase (2), but most cases acquired
the infection in their country of origin (imported CD).

For diagnosis, parasitological tests are recommended for acute and congenital infection
(before the first or second month of the baby’s life), whereas serological tests are used to con-
firm chronic infection (6, 7). In Spain, PCR and its variant real-time PCR (quantitative PCR
[qPCRY]) are the diagnostic tools of choice to confirm congenital infection, monitor therapeutic
failure, and detect the reactivation of a chronic infection in immunosuppressed patients (8, 9).
PCR/qPCR assays have a higher sensitivity than traditional parasitological tests for the detec-
tion of the presence of parasites in blood because their limit of detection (LOD) is orders
of magnitude lower than those of, e.g., microscopy. PCR can detect a single parasite in 1 mL
of blood, whereas reaching this level by direct microscopy requires the exhaustive screening of
hundreds of blood films. In addition, PCR is not influenced by the operator’s skills (10, 11).

In recent years, loop-mediated isothermal amplification (LAMP) has emerged as an alter-
native molecular diagnostic test to PCR (12, 13). This technique amplifies a specific target in
a shorter time than PCR/qPCR, under isothermal conditions, and without specific instrumen-
tation (12). Moreover, LAMP results can be interpreted by simple visual examination (12-14),
thus simplifying the procedure. In contrast, most LAMP assays are simple tests lacking multi-
plexing capabilities, which prevents the inclusion of controls to monitor quality control as
they cannot be monitored in the same tube. However, currently, LAMP technology is a less
expensive alternative to PCR/qPCR.

In previous work, we demonstrated the sensitivity and specificity of the Loopamp
Trypanosoma cruzi detection kit (Sat-TcCLAMP) (Eiken Chemical Co., Ltd., Japan) for the
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diagnosis of congenital infection and the detection of parasitemia in chronic infection
(14). This kit is a ready-to-use system targeting the highly repetitive satellite sequence
of T. cruzi (Sat-DNA) that consists of microtubes containing all of the required reagents dried
in their caps. The detection of the amplified products is based on fluorescence due to the
calcein contained in the reagent. Fluorescence emission indicates the presence of Sat-DNA
of T. cruzi, and it can be detected by visual examination or by using a fluorimeter. Next, Sat-
TcLAMP results can be expressed in positive/negative terms and in time-to-positivity (7,) val-
ues. As Sat-TcCLAMP was not used previously for quantification, we aimed to assess its poten-
tial to determine parasitemia levels compared to qPCRs, one targeting Sat-DNA (Sat-gPCR)
and the other based on kinetoplast DNA minicircles (kDNA-gPCR). In this study, we took
advantage of our previously reported raw data (14) but reanalyzed them again in quantita-
tive terms together with new data from kDNA-gPCR. In addition, data related to the follow-
up of patients in particular situations have also been included. Currently, estimation of a
patient’s parasitemia is not used for the routine diagnosis of CD, but in some situations, e.g.,
when CD and cancer are diagnosed at the same time, the treatment of the cancer is a prior-
ity, and the treatment of CD must be delayed, so it is crucial to monitor parasitemia levels to
change management decisions. Therefore, we also aimed to understand the variability in
estimations of parasitemia using different molecular approaches.

RESULTS

Qualitative comparison. The flow of sample analysis and the distribution of cases
according to the phase of CD and other characteristics are shown in Fig. 1 and 2, respectively.
Out of the 173 samples, 171 (98.8%) tested positive by conventional PCR targeting kDNA
(kDNA-cPCR), 162 (93.6%) tested positive by kDNA-gPCR, 143 (82.7%) tested positive by Sat-
gPCR, and 137 (79.2%) tested positive by Sat-TcCLAMP. Considering CD conditions, 155 cases
were included in the qualitative comparison, 39 with congenital CD and 116 with chronic CD
(Fig. 3). Next, in qualitative terms, 154 (99.4%) patients tested positive by kDNA-cPCR, 145
(93.5%) tested positive by kDNA-qPCR, 126 (81.3%) tested positive by Sat-gPCR, and 120
(77.4%) tested positive by Sat-TcLAMP. Overall, these differences were significant (Q = 58.9
[P < 0.001]), but pairwise comparisons showed no significant differences between kDNA-cPCR
and kDNA-gPCR (Q = 0.058 [P = 0.077]) and between Sat-qPCR and Sat-TcLAMP (Q = —0.39
[P = 0.238]). Discrepancies were more frequent between samples from patients with imported
chronic infection (Q = 57.5 [P < 0.001]). The rates of positivity in congenital infection were sim-
ilar, between 97% and 100% (Q = 3 [P = 0.392]). On the contrary, for imported chronic infec-
tion, the rates of positivity of Sat-DNA tests ranged from 70.7% (82/116) to 75% (87/116), and
those of kDNA tests ranged between 914% (106/116) and 99.1% (115/116).

Comparison of T, and C; values. Considering the T, and cycle threshold (C;) values
for all cases (Fig. 4), the linear shape of scatterplots indicated that the association of Sat-
TcLAMP versus kDNA-qPCR (R? = 0.424) was stronger than that of Sat-TcCLAMP versus Sat-
PCR (R? = 0.385). Assessing data by Spearman'’s rho test, the strength of the association
between T, and C; values was moderate (r, = 0.593 [P < 0.001] for Sat-TcLAMP T, versus
Sat-gPCR G;; r; = 0.644 [P < 0.001] for Sat-TCLAMP T, versus kKDNA-qPCR C;) (see Table S1
in the supplemental material). However, analyzing the data by condition, congenital versus
imported chronic infection, we observed a stronger association for congenital infection
than for imported chronic infection.

Standard curve for Sat-TcLAMP and parasite load estimations. At a high concen-
tration of parasite equivalents (Fig. 5), similar values for T, were obtained for both
T. cruzi discrete typing units (DTUs) Tcl and TcV. In contrast, at a low concentration of
parasite equivalents, discrepancies were observed (Fig. 5A). This experiment was car-
ried out to compare the analytical sensitivities of Sat-TcCLAMP in qualitative terms, but
considering the results, the standard curve was built using all data available for both
T. cruzi DTUs (Fig. 5B).

Using the equation y = 0.0002x + 0.0005, with R? equal to 95% and a P value of <0.0001
(Fig. 5B), the inverse of T, was extrapolated in parasite equivalents per milliliter assuming the
same equivalences as those of qPCRs, with 100 fg DNA as the equivalent to 1 parasite (15).

September/October 2022 Volume 10 Issue 5

Microbiology Spectrum

10.1128/spectrum.02628-22

3

Downloaded from https://journal s.asm.org/journal/spectrum on 23 January 2023 by 161.116.94.53.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02628-22

Parasitemia Levels in Trypanosoma cruzi Infection

A) Congenital infection
n=239
(0-9mo,Nn=29;>9mo-5yr,n=10)

I
v v v v

| kDONAcPCR | | satqPCR | | kDNA-gPCR | | Sat-TeLAMP |
Positive Positive Positive Positive
kDNA-cPCR Sat-qPCR kDNA-gPCR Sat-TcLAMP
n=39 n=39 n=39 n=38
A Y
Qualitative Quantitative
analysis analysis
B) Imported chronic infection
n=116
(10-65yr)
[
v v v v
| kONACPCR | | satqPCR | | kDNAGPCR | | Sat-TeLAMP |
A 4 A 4 l A\ 4
Positive Positive Positive Positive
kDNA-cPCR Sat-gPCR kDNA-gPCR Sat-TcLAMP
n=115 n=87 n=106 n=82
[ |
Excluded n =5

—> Reason, negative results

I in all quantitative tests

Qualitative Quantitative
analysis analysis

C)

Fo]low-up kDNA-cPCR

Congenital infection before treatment

n=38 Sat-qPCR
Imported chronic kDNA-qPCR
infection
n=3 Sat-TcLAMP

FIG 1 Flow of sample analysis. (A) Samples from congenital infections. (B) Samples from imported chronic
infections. (C) Samples from individual cases in follow-up to monitor changes in parasitemia levels before
treatment. T,, time of first sample collection; T,, time of consecutive sample collection, in one case T, in
two cases T, and T;; in two other cases T, T,, and T,; and in the last case T, up to T,.

The estimations showed that the parasitemia levels determined using Sat-TcCLAMP fluctuated
within the range of 42 x 107" to 1.8 x 10° parasite equivalents/mL.

Comparison of estimations of parasitemia levels. Sat-qPCR, Sat-TcLAMP, and kDNA-
qPCR estimations showed that the parasitemia levels in congenital infection were higher
than those in imported chronic infection (all P < 0.001) (Table 1). Considering, e.g., Sat-
gPCR, the parasite load in congenital cases ranged from 1 x 107! to 5 x 10° parasite
equivalents per mL of blood, whereas in imported chronic CD cases, the range was from
1 x 107" to 6 x 103 parasite equivalents/mL (Kruskal-Wallis test value = 43.5 [P < 0.001]).
The pairwise comparisons by Bland-Altman plot analysis (Fig. 6) showed that Sat-TcLAMP
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this study Autochthonous CD Imported chronic CD
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in follow-up

FIG 2 Distribution of cases according to the phase of Chagas disease (CD) and other characteristics.

estimations had better agreement with kDNA-qPCR estimations than with Sat-qPCR esti-
mations (Fig. 6B and E), although in imported chronic infections, the agreement was better
between Sat-TcCLAMP and Sat-gPCR values (Fig. 6G). Biases are seen at both the extreme
low and high levels of parasitemia. Differences between estimations were assessed by ana-
lyzing data from 111 cases that were positive by all molecular tests (Table S2); the distribu-
tion of parasitemia levels by Sat-TcCLAMP was not equivalent to the distribution by qPCRs
(Friedman test value = 44.2 [P < 0.001]) (Table S2). However, pondering data according to
CD condition (Fig. 7), the quantitative estimations yielded similar distributions of parasite
loads in congenital infection, mainly when these cases tested positive before 9 months of
age (Friedman test value = 1.9 [P = 0.381]) (Fig. 7A). Among the imported chronic cases, 72
out of 116 tested positive by all quantitative tests, and the distributions of parasite loads by
each method were significantly different (Friedman test value = 52.7 [P < 0.001]) (Fig. 7Q).
Comparison of parasitemia trends by age. Considering the data independently,
both Sat-TcLAMP and gPCR showed that the parasitemia levels decreased as infected
individuals grew older (Fig. 8). The negative association was weak with respect to Sat-
TcLAMP and Sat-qPCR and moderate with respect to kDNA-gPCR (age versus Sat-
TcLAMP [n = 120], r, = —0.329 [P < 0.001]; age versus Sat-qPCR [n = 126], r, = —0.392

99.4 100.0 s |mp chronic CD
155 1 St g ! 299______97.4 - 100  mmmm CongCD
99.1 93.5 ‘ A --4--9% Cong CD
- 90 % Imp chronic CD
135 1 91'4\81.3 —=— 1% Overall CD cases
CpT— 14 w0
115 1 2= ‘
Y _ : 07 [0
g% 60 2
« @
o B7 o
275 - = |50 2
| 7 =
55 \ 40
‘ F 30
35 1
F 20
39 39 39 38
15 L 10
0

" kDNA-cPCR kDNA-qPCR Sat-qPCR Sat-TcLAMP - 0

FIG 3 Comparison of the absolute and relative rates of positivity between kDNA and Sat-DNA tests.
The rates of positivity in congenital (Cong) infection were similar (Q = 3 [P = 0.392]), whereas the
differences in imported (Imp) chronic infection were significant (Q = 57.5 [P < 0.001]); there were no
significant differences between Sat-DNA tests (Q = —0.43 [P = 0.321]) and kDNA tests (Q = —0.78
[P = 0.74]). CD, Chagas disease. The number of cases is indicated in white in each column, and the
percentages of positivity for each test are indicated in black.

September/October 2022 Volume 10 Issue 5

Microbiology Spectrum

10.1128/spectrum.02628-22

5

Downloaded from https://journal s.asm.org/journal/spectrum on 23 January 2023 by 161.116.94.53.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02628-22

Parasitemia Levels in Trypanosoma cruzi Infection

A)

0.0018
0.0016
2 0.0014
(™=
o 0.0012
Z
3 0.0010
¥ 0.0008
©
© 0.0006
¥ 0.0004
0.0002
0.0000

B)

0.0018

0.0016
'E_o.oo14
a 0.0012
% 0.0010
2 0.0008
3 0.0006
~ 0.0004

0.0002
, 0.0000

5 10 15 20 25 30 35 40 45

Sat Ct

C)
45 -

0 5 10 15 20 25 30 35 40 4
KDNA Ct

10 T
45 40

35 30 25 20 15 10

KDNA Ct

FIG 4 Relationship between C; and time-to-positivity (T,) values. (A) Sat-TcCLAMP versus Sat-qPCR. (B) Sat-
TcLAMP versus kDNA-qPCR. (C) kDNA-qPCR versus Sat-qPCR. The T, of Sat-TcCLAMP is expressed as the inverse
to improve the linear shape of the association. Red dots, congenital infection cases diagnosed before 9 months
of age; black dots, children with congenital infection diagnosed at between 1 and 5 years of age; gray dots,
imported chronic infection cases diagnosed at between 10 and 65 years of age. Dashed lines highlight cases
with C; values outside the quantification range. R, coefficient of regression.

[P < 0.001]; age versus kKDNA-gPCR [n = 145], r, = —0.466 [P < 0.001]). However, according
to the regression linear model, the parasite load by Sat-qPCR was related to the age of the
patient (P < 0.05), while those by kDNA-qPCR and Sat-TcCLAMP were not. Reanalyzing the
data considering the regression linear model results, the association of parasite load and
age was stronger from 0 to 38 years of age (Sat-TcCLAMP versus age [n = 78], r, = —0.456
[P < 0.001]; Sat-qPCR versus age [n = 80], r, = —0.647 [P < 0.001]; kDNA-qPCR versus age
[n =89], r,= —0.583 [P < 0.001]).
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FIG 5 Standard curve for Sat-TcLAMP. Shown are polynomial (A) and linear (B) regressions between
the time to positivity (T,) and parasite equivalents (par eq) (P < 0.0001 for both models).
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TABLE 1 Comparison of parasite loads considering Chagas disease conditions®

Value for age group

Congenital infection

Imported chronic Kruskal-Wallis
Parameter All cases (0 to 65 yr) 0to 9 mo >9moto <5yr infection (10 to 65 yr) value (P value)
Sat-qPCR 43.5 (<0.001)
No. of cases 126 29 10 87
Parasite equivalents/mL
Median (Q, to Q,) 12(1to2 x 10?) 3 x10%(84to3 x 10% 474 (32to 2 x 103) 4(0.3to0 26)
Min to max 0.1to5 x 10° 03to5 x 10° 0.1to6 x 10° 0.1to6 x 103
kDNA-qPCR 44.7 (<0.001)
No. of cases 145 29 10 106
Parasite equivalents/mL
Median (Q, to Q,) 22(5t0 1 x 10?3 2 x 10%(80t0 9 x 103) 33(19to0 3 x 10?9 10 (3 to 49)
Min to max 0.02to 2 x 10° 8to2 x 10° 5to2 x 10* 0.02to02 x 10*
Sat-TcLAMP 19.7 (<0.001)
No. of cases 120 29 9 82
Parasite equivalents/mL
Median (Q, to Q,) 390 (35t0 2 x 10%) 4.10°(299to0 2 x 109 597 (299to 2 x 10%) 170 (19to 1 x 103)
Min to max 04to2 x 10° 3to2 x 10° 157to 4 x 10* 0.4to1 x 10°

aThe null hypothesis that the distributions of the parasite loads measured by Sat-qPCR, kDNA-qPCR, or Sat-TcLAMP were the same between the different CD conditions was
rejected for all molecular approaches. The parasite load is expressed as parasite equivalents per milliliter of blood.

Application of Sat-TcLAMP for monitoring parasite loads. We included 6 cases
(n = 23 samples), 3 with congenital infection (cases 1, 2, and 3) and 3 others with imported
chronic infection (cases 4, 5, and 6) (Fig. 9). Due to different circumstances, they could not
receive immediate treatment. In cases 1, 2, and 3, trypanocide treatment was started late
due to inconveniences in acquiring the medication and changes in medical appointments.
In cases 4, 5, and 6, the trypanocide drug was prescribed once the treatments for their other
pathologies had finished or it could be combined with them. Therefore, the parasitemia lev-
els were monitored at random times until the trypanocide treatment was initiated. Both
kDNA tests, kDNA-cPCR and kDNA-qPCR, yielded positive results in the same number of
samples (n = 22), whereas Sat-DNA tests, Sat-TcCLAMP and Sat-gPCR, returned a negative
result in 1 of them, just in the sample collected at the initial time of follow-up from case 5
(Fig. 9B). For case 6, the initial sample tested negative by all molecular techniques. Despite
these differences, linear trends showed similar patterns for all quantitative approaches.

DISCUSSION

In previous work (14), we studied the potential of Sat-TcLAMP for the diagnosis of
congenital and chronic T. cruzi infection, and we showed that the performance of Sat-TcLAMP
was equivalent to that of Sat-gPCR. In samples from children younger than 9 months of age,
its sensitivity, specificity, and accuracy rates were 100%, 94%, and 96%, respectively. For
imported chronic infection, the sensitivity of Sat-TCLAMP was low but enabled parasite detec-
tion with the same performance as that of Sat-qPCR (14). In this complementary study on Sat-
TcLAMP, we explored for the first time its quantitative potential by using Sat-gPCR and kDNA-
gPCR as comparators. Interestingly, we were able to draw the trend of parasitemia in the
affected population living in an area where the disease is not endemic (Fig. 8), which clearly
resembles the natural evolution of T. cruzi infection. Furthermore, Sat-TcCLAMP enables moni-
toring the changes/trends in parasitemia as well as qPCRs do (Fig. 9).

Years ago, conventional PCR targeting T. cruzi kDNA was widely used for the qualitative
detection of parasitemia. KDNA-PCRs with similar sensitivities among T. cruzi DTUs represent
a clear advantage; however, in areas where Trypanosoma rangeli circulates, cross-amplifica-
tion is considered a weakness (16). As T. rangeli does not circulate in Spain, this limitation is
negligible. In chronic infection, our results and those reported in other studies show that
kDNA-based tests have a higher sensitivity than Sat-DNA tests (Fig. 3) (16-18). This fact
should be considered in posttreatment follow-up.
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The red dashed lines represent the linear regression of data points. X, mean difference (bias regarding difference values of 1); SD, standard deviation; R, coefficient of

regression; par eq, parasite equivalents. Axes are on logarithmic scales.

Currently, Sat-qPCR is the tool of choice for the quantification of T. cruzi parasitemia.
However, due to the high index of copy number variation, the main drawback of using
Sat-DNA as a target is that the sensitivity of the technique depends on the T. cruzi ge-
notypes (16, 19, 20); e.g., in regions where Tcl is predominant, parasite load estimations
should be performed using a standard curve based on this DTU (16). In Spain, most T.
cruzi-infected people come from Bolivia, but CD is also diagnosed in individuals from
Mexico, Central America, and other countries of South America (21). Studies about DTU
identification in blood samples in Latin American migrants living in Barcelona showed that
TcV was the predominant DTU, but mixed infections of Tcll/TcVI and Tcll/TcV/TcVI were also
found at similar rates (21, 22). In Madrid, TcV was also predominant, but single infections of
TclV, Tcll, and Tcl were also found (23). These studies also showed different rates of samples
in which T. cruzi identification was not determined due to the low levels of parasitemia.
Studies in Bolivia (regions of Cochabamba and Tarija) identified TcV and TcVI in samples
from mothers and their newborns (24). In another region of Bolivia (Santa Cruz), TcV was the
only DTU found in samples from infants with parasite loads above 1 x 10* parasites/mL, but
those authors did not identify which DTU was affecting the mothers due to their low levels
of parasitemia (25). In our study, we did not identify which DTU was affecting each case, in
some cases due to low levels of parasitemia (Fig. 7) and in others because of the lack of
enough sample to perform all of the multilocus conventional PCRs required for genotyping
(26). As the sociodemographic characteristics of our cases are like those reported in other
studies in Spain, we assume that the frequencies of the different DTUs would be similar. A
further factor to be considered is that Tcl has a Sat-DNA copy number 1 logarithmic order
lower than those for Tcll, TclV, and TcV, and this difference increases to 2 logarithmic orders
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FIG 7 Estimation of parasite loads by Sat-qPCR, kDNA-qPCR, and Sat-TcLAMP. (A) Cases of congenital
infection diagnosed before 9 months of age. (B) Cases of congenital infection diagnosed after 9 months
and before 5 years of age. (C) Cases of imported chronic infection. The black lines in the dots represent the
median values of parasitemia levels. The color background is defined considering the limit of detection of
microhematocrit, O to 40 parasite equivalents/mL (white), >40 to 500 parasite equivalents/mL (very light blue),
>500 to 10,000 parasite equivalents/mL (light blue), and >10,000 parasite equivalents/mL (blue) (31-33).
F, Friedman test value. The vertical axis is on a semilogarithmic scale.

compared with Tclll and TcVI. Thus, the differences between estimations from Sat-DNA and
kDNA tests could be an expected outcome taking into account the Sat-DNA copy number
variation among DTUs. As we do not know the real diversity of the T. cruzi populations
affecting each patient, selecting the predominant DTU to build the standard curve does not
seem to be the best option if we want to compare data from different regions with different
circulating DTUs. To overcome this situation, the adoption of a single standard curve for the
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FIG 8 Parasite loads according to age at diagnosis. (A) Data interpretation from this study. (B) Parasitemia levels from other studies. Values are in parasite
equivalents (par eq) per milliliter. According to our data, the strength of the association between parasitemia levels and age was moderate from 0 to 38 years of
age (Sat-TcCLAMP versus age, r, = —0.456 [P < 0.001]; Sat-qPCR versus age, r, = —0.647 [P < 0.001]; kDNA-gPCR versus age, r, = —0.583 [P < 0.001]). ¢, reference 21;
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quantification of T. cruzi using a synthetic satellite unit DNA sequence was recently proposed
(27). However, this strategy is also unable to estimate the parasitic load due to the impossi-
bility of converting Sat-DNA copies into numbers of parasites without knowing which DTUs
are infecting each patient. Therefore, a consensus on the best strategy to build a standard
curve is needed. A potentially suitable candidate could be Tcl because it has the lowest
Sat-DNA copy number (27), it is the most ubiquitous DTU in areas of endemicity, and patients
with Tcl infection have been reported from North, Central, and South America (28, 29).
Currently, there is no consensus on the values at which parasitemia is considered
low or high (30). In our previous work, the degree-of-parasitemia ranges were deter-
mined considering the LOD of a microhematocrit test according to data from previous
studies by Vera-Ku et al. (LOD, 10,000 parasites/mL) (31) and Torrico et al. (LOD, 40 par-
asites/mL) (32). In this study, we also added a complementary LOD (500 parasites/mL)
according to data described previously by Feilij et al. (33). Bearing these studies in
mind, we considered values of =40 parasites/mL to be very low parasite loads, >40 to
500 parasites/mL to be low parasite loads, >500 to 10,000 parasites/mL to be moder-
ate parasite loads, and >10,000 parasites/mL to be high parasite loads. Considering
these ranges, and despite the differences in parasite load estimations, our data, like those
from other groups, show that the parasitemia levels in congenital infections fluctuate
from low to high levels (11, 20, 24, 34, 35). As shown in Fig. 8, if the infection is not
treated, parasitemia decreases as a result of immune response control (6), fluctuating
from very low to low parasite loads and even reaching undetectable levels. However,
due to changes associated with aging, immunosuppression, or HIV coinfection,
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FIG 9 Parasitemia monitoring in terms of C; and T, values. Low C; values represent high levels of
parasitemia. (A) Congenital infection. The horizontal axis represents days of life, with zero being the
birth date. (B) Imported chronic infection. The horizontal axis represents days before treatment, with
zero being the day of the beginning of treatment.

parasitemia could trend in different ways, even toward higher levels. It is noteworthy
that our results, and those reported for another cohort of CD patients from Spain, are
more comparable to those obtained in Bolivia, Argentina, and Brazil than to those
reported in Colombia (Fig. 8B). This could be logical because people with CD living in
Spain come from southern South America. In the last century, a low frequency of or no Tcl
was reported in blood samples from chronic CD cases; thus, Tcl was considered innocuous.
However, studies targeted at chronic CD patients with coinfection by HIV or with immunosup-
pression by a heart transplant showed that Tcl was present in tissue samples (36, 37). In some
circumstances, the tissue tropism of Tcl seems to be higher than those of the rest of the DTUs,
which could partly explain the low degree of parasitemia as a characteristic of immunocompe-
tent patients from Colombia, even with acute infection, where 25 to 75% percentiles were 1.7
to 12.0 parasites/mL (38). In addition, in patients with multiple DTU infections, tropism differen-
ces were observed (36, 37). These factors could cause discrepancies in chronic infection in
both qualitative and quantitative terms. In our study, the use of Sat-DNA did not detect para-
sitemia in chronic cases at the same proportion as that with kDNA, and estimations of parasite-
mia levels were lower than those estimated using kDNA. These differences have no clinical
impact yet, but currently, most clinical trials are based exclusively on Sat-qPCR. Given the
multiplexing capabilities that real-time PCR offers, perhaps both targets (Sat-DNA and
kDNA) could be set up in the same reaction to make qPCR more cost-effective and reli-
able to quantify T. cruzi parasitemia, an approach used previously in Italy (39).

We identify two limitations of our work. The first limitation was that the LOD of Sat-
TcLAMP has not been studied in depth. Previously, other authors described that the analyti-
cal sensitivities were similar between different DTUs (18), but considering the variability in
the Sat-DNA copy numbers and discrepancies in samples with low parasite loads (Fig. 7 and
Fig. 8A), we need to gain knowledge on this subject. Currently, there is no recommendation
on how to construct the standard curve for Sat-TCLAMP because it has not been used previ-
ously for quantification. We decided to use all data that we had to compensate for the lack
of an extensive characterization of the quantification limits. Therefore, we built the standard
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curve using the T, values from the analytical sensitivity experiments for Tcl and TcV. With a
suitable standard curve, the parasitemia level estimations by Sat-TcCLAMP will probably
improve. As the correlation between C;and T, values is notable (Fig. 4 and 9; see also Table
S1 in the supplemental material), Sat-TcCLAMP allowed the monitoring of parasitemia levels
like qPCR, and thus, they can be used interchangeably for the early detection of the risk
of reactivation in chronic infection (Fig. 9); similar findings were described previously by
Munoz-Calderdn et al. (40) but in qualitative terms.

The second limitation is the retrospective design. Qualitatively, the Sat-DNA tests failed to
detect parasitemia in some cases with chronic CD (Fig. 3). Quantitatively, Sat-qPCR showed
lower levels of parasitemia than those determined by kDNA-gPCR (Fig. 7 and 8). In samples
stored for long periods, kDNA could be more resistant to degradation than linear DNA due to
the concatenated and supercoiled network structure of kDNA (24). To clarify this issue, a pro-
spective comparison should be carried out, mainly for chronic infection, to determine its
impact on posttreatment follow-up and parasitemia trends regarding the aging of patients.
Curiously, although Sat-TCLAMP is also based on Sat-DNA, and the degradation of Sat-DNA
could explain the results similar to those of Sat-qPCR in qualitative terms, Sat-TcLAMP detected
parasite loads that were more equivalent to those determined by kDNA-gPCR. Considering
the principle of LAMP (41), the formation of a stem-loop and cauliflower-like structures
resembles the kDNA organization, which could explain the higher estimates of parasite load
revealed by Sat-TcLAMP concerning Sat-gPCR.

Currently, treatment administration is not based on parasitemia levels; thus, differ-
ences between estimates do not affect the final clinical decision. However, it should be
considered if a short scheme of treatment is finally introduced into clinical practice.

In conclusion, Sat-TcLAMP, Sat-qPCR, and kDNA-gPCR are similarly able to detect high
parasitemia levels, meaning that any of the three methods could be used for the diagnosis
of acute CD and the early detection of chronic CD reactivation. But with low parasite loads,
which are characteristic of chronic CD, the methods have different performances, with
kDNA-gPCR being the most sensitive. Therefore, to approach the detection and quantifica-
tion of low levels of parasitemia, we propose combining Sat-DNA and kDNA as targets for
qPCR methods because kDNA is present across all T. cruzi DTUs at similar numbers of copies
and compensates for the high index of copy number variation of Sat-DNA. Also, when circu-
lating DTUs are unknown, the standard curves for quantification should be built using a
unique and same strain of Tcl because this DTU has a limited copy number of Sat-DNA;
thus, comparisons between studies could have the same constraint. Sat-TcCLAMP and gPCRs
showed that T. cruzi parasitemia in patients living in a country where the disease is not
endemic resembles the natural evolution in areas of endemicity.

MATERIALS AND METHODS

Study design and samples. This is a retrospective study based on a convenience sample of speci-
mens from confirmed cases of CD who were diagnosed in Spain. A total of 173 samples collected from
156 patients were included: 159 samples were kept as guanidine-EDTA-blood (GEB), and 14 were kept as
purified DNA. All GEB samples were included considering previous positive results by conventional
kDNA PCR (kDNA-cPCR), except for two that were negative. One was previously positive by Sat-TcCLAMP
(14), and the other one was the initial sample from case 6, which is addressed further below. The 14 puri-
fied DNA samples were included considering previous positive results by Sat-qPCR.

Groups according to CD condition are shown in Fig. 1. The congenital infection group was composed
of 39 cases (Fig. 1A), all of whom were born in Spain and had not traveled to countries of endemicity; 29 chil-
dren were diagnosed before 9 months of age, and 10 were diagnosed at between 1 and 5 years of age. In chil-
dren younger than 9 months old, CD was defined by positive results using parasitological and PCR tests; in
older children, T. cruzi infection was defined by positive results using two serological tests and PCR. The chronic
CD group was composed of 116 patients (Fig. 1B), all of whom were born in an area of endemicity, with posi-
tive CD serology (two serological tests) and ages of between 10 and 65 years. The group of individual cases in
follow-up included samples from 3 congenital cases (cases 1, 2, and 3) and 3 chronic cases (cases 4, 5, and 6)
who were in follow-up to monitor changes in parasitemia levels before treatment (n = 23), with samples being
collected at random times according to clinical needs (Fig. 1C). In cases 1 and 2, three samples were collected
from each patient at 3 different times (T, to T,); in case 3, two samples were collected (T, and T.); in cases 4
and 5, four samples were collected (T, to T,), and in case 6, seven samples were collected (T, to T,). The T, sam-
ples from cases 1 to 5 were included in previous respective groups. The T, sample from case 6 was not
included in the chronic CD group because it was negative by kDNA-cPCR. Sociodemographic characteristics of
cases were described previously by Flores-Chavez et al. (14).
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In the congenital infection group, samples from children of different ages were included; 22 children
were diagnosed during the acute phase, and 17 were diagnosed in an early chronic phase. Figure 2
shows the distribution of cases according to the phase of CD and other characteristics.

DNA extraction methods. Two different methods were used for DNA extraction. For kDNA-cPCR,
DNA was purified according to methods described previously by Norman et al. (42), starting from 300
L of GEB and resuspending the DNA in 75 ulL of PCR-grade water (details are described in Annex S1 in
the supplemental material). For quantitative molecular tests (Sat-gPCR and kDNA-gPCR) and Sat-
TcLAMP, DNA was purified using the High Pure PCR template preparation kit (Roche Diagnostics,
Germany) with minimal modifications, as described previously (14, 16, 43). Briefly, DNA was extracted
from 300 L of GEB and eluted in 100 L of elution buffer supplied with the kit.

Molecular tests. Qualitative detection was performed by kDNA-cPCR according to methods
described previously by Norman et al. (42) by using primers 121 and 122 and 10 uL of DNA and visualiz-
ing 25 wlL of the amplified products on a 2% agarose gel with 0.1x GelRed nucleic acid gel stain
(Biotum, USA) (details are described in Annex S1 in the supplemental material). All quantitative tests
(Sat-qPCR, kDNA-qPCR, and Sat-TcLAMP) were performed using 5 uL of DNA. Sat-qPCR was run as
described previously (16, 19, 44), with minor modifications, as described in previous work (14). kDNA-qPCR was
carried out as described previously (24), with modifications. In a final volume of 20 uL, the reaction mixture
was composed of 5 uL of purified DNA, 2 uL of 10x Quantimix master mix (Biotools B&M Labs SA, Spain), 1
L of 20x Eva green dye (Biotum, USA), and 1 uL each of primers 121 and 122 (concentration of 200 ng/ulL).
The cycling conditions were 10 min at 95°C; 4 cycles at 95°C for 10 s, 68°C to 64°C for 15 s, and 72°C for 20 s
(with a touchdown in the annealing temperature of 1 grade per cycle); and 45 cycles at 95°C for 10 s, 64°C for
15 s, and 72°C for 20 s using in a Rotor-Gene 6000 thermocycler (Corbett, Australia, and Qiagen, Germany).
DNA melting curve and quantification analyses were performed to assess the amplification specificity (melting
temperature, 82°C = 1.5°C) and determine the cycle threshold (C;) values, respectively. Sat-TcCLAMP was per-
formed according to the instructions of the manufacturer, using a portable real-time fluorimeter (Genie III;
OptiGene, UK). Briefly, 5 wL of DNA per reaction mixture was used, and amplification conditions were set at
95°C for 5 min, followed by 40 min at 65°C. Results provided by the fluorimeter were displayed at the end of
the reaction as the time to positivity (7,) in minutes and seconds. These values were used to estimate parasite-
mia levels by Sat-TcCLAMP.

Standard curves. For qPCRs, a standard curve was built by the amplification of eight 10-fold serial
dilutions of T. cruzi genomic DNA from T. cruzi discrete typing unit (DTU) TcV, starting from 1 ng/uL DNA
equivalents to 107 parasite equivalents/mL, since we assumed 100 fg DNA to be equivalent to 1 parasite
(15), and TcV was chosen considering the origin of the patients (22, 23). T. cruzi DNA was spiked into a
pooled solution of human genomic DNA from uninfected individuals. For Sat-TcLAMP, the same serial
dilutions of TcV as well as 10-fold serial dilutions of genomic DNA of T. cruzi DTU Tcl were analyzed. As
Sat-TcCLAMP has not been used previously for quantification, there are no recommendations for the
preparation of the standard curve. For this reason, the T, values from both analytical sensitivity experi-
ments were used to build the standard curve for Sat-TcCLAMP.

Data analysis. Multiple comparisons using nonparametric Cochran’s Q test were performed to con-
duct a qualitative analysis. Correlations between gPCR C; and Sat-TcLAMP T, values were evaluated by
Spearman’s rho (r) test. The parasitemia levels were estimated using standard curves and linear regression.
Concordance between estimations was evaluated using Bland-Altman plots (45) plus linear regression, whereas
differences between median values were assessed by multiple comparisons using the nonparametric Friedman
test. The correlation between parasitemia levels and patient age at the time of diagnosis was determined by
Spearman’s rho and multiple-regression analyses. The potential of Sat-TCLAMP to monitor parasitemia during the
follow-up of individual cases was visualized by linear trend comparisons. All statistical analyses were performed
using IBM SPSS Statistics v27.

Ethical clearance. The use of samples was approved by the ethics committees of each institution:
the Research Ethics Committee of ISCIII, reference number CEI PI117_2011; the Clinical Research Ethics
Committee of HSCSP, reference number IIBSP-CHA-2013-33 and CEIC number 53/2013; and the Research
Ethics Committee of the Universitat de Barcelona, Institutional Review Board approval number IRBO0003099.
As this study was retrospective, formal consent was not requested from all patients. The recommendations of
the respective ethics committees that consented to the use of these samples for research were followed, ensur-
ing the confidentiality of patients by anonymizing their data, in compliance with current legislation. All samples
were residual specimens from the diagnostic routine and were kept in sample collections after anonymization.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.
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