@’PLOS ‘ ONE

CrossMark

click for updates

E OPEN ACCESS

Citation: Domingues CS, Hardoim DJ, Souza CSF,
Cardoso FO, Mendes VG, Previtalli-Silva H, et al.
(2015) Oral Outbreak of Chagas Disease in Santa
Catarina, Brazil: Experimental Evaluation of a
Patient's Strain. PLoS ONE 10(10): e0122566.
doi:10.1371/journal.pone.0122566

Editor: Mauricio Martins Rodrigues, Federal
University of So Paulo, BRAZIL

Received: December 12, 2014
Accepted: February 22, 2015
Published: October 15, 2015

Copyright: © 2015 Domingues et al. This is an open
access article distributed under the terms of the
Creative Commons Aftribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper.

Funding: This work was supported by CAPES Brazil
and Oswaldo Cruz Institute. Katia da Silva Calabrese
(CNPq n® 306271/2011-7) and Sylvio Celso
Gongalves da Costa (306130/2011-4) are senior
researchers. The funders had no role in study design,
data collection and analysis, decision to publish, or
preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Oral Outbreak of Chagas Disease in Santa
Cataring, Brazil: Experimental Evaluation of a
Patient’s Strain

Carolina S. Domingues', Daiana J. Hardoim', Celeste S. F. Souza', Flavia O. Cardoso’,
Verénica G. Mendes?, Henrique Previtalli-Silva’, Ana L. Abreu-Silva®, Marcelo Pelajo-
Machado?, Sylvio Celso Gongalves da Costa', Katia S. Calabrese™ *

1 Laboratério de Imunomodulacéo e Protozoologia, Instituto Oswaldo Cruz, Rio de Janeiro, Rio de Janeiro,
Brasil, 2 Centro de Desenvolvimento Tecnoldgico em Saude (CDTS)/Instituto Nacional de Ciéncia e
Tecnologia em Doencas Negligenciadas/FIOCRUZ, Rio de Janeiro, Rio de Janeiro, Brasil, 3 Departamento
de Patologia, Universidade Estadual do Maranh&o, Sao Luiz, Maranh&o, Brasil, 4 Laboratério de Patologia,
Instituto Oswaldo Cruz, Rio de Janeiro, Rio de Janeiro, Brasil

* calabrese @ioc.fiocruz.br

Abstract

Chagas disease is a worldwide public health problem. Although the vectorial transmission
of Chagas disease has been controlled in Brazil there are other ways of transmission, such
as the ingestion of T. cruzi contaminated food, which ensures the continuation of this zoono-
sis. Here, we demonstrate the influence of the inoculation route on the establishment and
development of the SC2005 T. cruzi strain infection in mice. Groups of Swiss mice were
infected intragastrically (IG) or intraperitoneally (IP) with the T. cruzi SC2005 strain derived
from an outbreak of oral Chagas disease. The results revealed that 100% of IP infected
mice showed parasitemia, while just 36% of IG infected showed the presence of the para-
site in blood. The parasitemia peaks were later and less intense in the |G infected mice.
Mortality of the IP infected animals was more intense and earlier when compared to the IG
infected mice. In the IP infected mice leucopenia occurred in the early infection followed by
leucocytosis, correlating positively with the increase of the parasites. However, in the 1G
infected mice only an increase in monocytes was observed, which was positively correlated
with the increase of the parasites. Histopathological analyses revealed a myotropic pattern
of the SC2005 strain with the presence of inflammatory infiltrates and parasites in different
organs of the animals infected by both routes as well as fibrosis foci and collagen redistribu-
tion. The flow cytometric analysis demonstrated a fluctuation of the T lymphocyte population
in the blood, spleen and mesenteric lymph nodes of the infected animals. T. cruzi DNA
associated with the presence of inflammatory infiltrates was detected by PCR in the esoph-
agus, stomach and intestine of all infected mice. These findings are important for the under-
standing of the pathogenesis of T. cruzi infection by both inoculation routes.
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Introduction

Chagas disease affects more than 10 million people around the world, most of who reside in
the endemic areas of 21 countries in Central and South Americas [1, 2]. According to Schimu-
nis and Yadon in 2010 [3] Chagas disease is no longer a health problem only of Latin America
becoming a worldwide health problem. Although transmission by T. infestans has been con-
trolled in endemic countries such as Brazil, Uruguay, Chile, Venezuela and areas of Argentina
and Bolivia [4, 5], there are other ways of transmission that guarantee the continuation of this
zoonosis. Besides vectorial transmission, parasites may be transmitted by blood transfusion
[6], congenitally [7] organ transplantation [8], laboratory accidents [9], and finally, by inges-
tion of contaminated food [10]. These forms of transmission are currently responsible for the
introduction and maintenance of Chagas disease in non-endemic countries such as European
countries, Japan, Australia, North America and the continuation of the disease in the endemic
countries of Latin America [11].

Effective strategies to control vectorial transmission as well as the interruption of blood and
organ transplant transmissions were adopted in several countries where the disease was
endemic. Unexpectedly, other routes as oral transmission acquired importance due consump-
tion of T. cruzi contaminated food [12].

Worldwide Brazil has the highest incidence of oral transmission. Between 2000 and 2011,
1,252 acute cases of Chagas disease were reported, and of these, 70% were attributed to oral
transmission [13]. Several outbreaks of the disease from the consumption of foods and bever-
ages contaminated with T. cruzi have emphasized the importance of this transmission route in
humans [14, 15, 16, 17,18, 19, 20, 21].

Although various studies had evaluated the infectivity and the pathogenicity of intragastric
infection is still required to improve understanding of the mechanisms involved in T. cruzi oral
infection. Therefore, this study aims to shed further light on the pathogenesis and the influence
of the inoculation route on the establishment and development of Chagas disease, by studying,
in an experimental murine model, the behavior of the SC2005 strain, which was isolated from
an outbreak of oral transmission in Santa Catarina, Brazil.

Materials and Methods
Ethics statement

All experiments with animals were performed in strict accordance with the Brazilians guide-
lines described in the National Council on Ethics in Research, and the protocols were approved
by the Institutional Committee for Animal Ethics of FIOCRUZ (CEUA/FIOCRUZ), License
Number LW16/11.

Animals

Healthy outbred female Swiss mice, 4-6 weeks old, weighing from 20 to 22g were used. During
the experiments, all mice were maintained under controlled temperature, receiving food and
water ad libitum and were daily monitored each morning and afternoon until the end of the
study.

Parasites

SC2005 strain of T. cruzi trypomastigotes derived from cell culture. The SC2005 strain
of T. cruzi, isolated from the peripheral blood of a man in the acute phase of Chagas disease,
was used. The patient had acquired the infection orally during an outbreak of the disease in
Santa Catarina, Brazil [22]. Epimastigotes of the T. cruzi SC2005 strain were maintained
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axenically by passages in LIT medium for 30 days, which is the period required for the occur-
rence of the partial metacyclogenesis forms present in the culture. Bottles of VERO cells, main-
tained in RPMI medium, supplemented with 10% fetal bovine serum, were infected with the
metacyclic trypomastigotes. Ten days later the trypomastigotes derived from the cell culture
(TCC) were obtained by washing the infected bottles and resuspending the trypomastigotes in
a final volume necessary for the infection of mice.

SC2005 T. cruzi strain characterization. The DNA was extracted from T. cruzi epimasti-
gotes according to Sambrook et al. in 1989 [23]. PCR-multiplex assay was performed using five
primers; three representatives of different groups of T. cruzi strains (TCI, TCII and TcIII) were
used (Table 1).

The reaction conditions and the thermal profiles were standardized and a GeneAmp PCR
System 9600 thermocycler (Perkin-Elmer) was used.

The amplification product was evaluated in 2% agarose gel using a molecular weight marker
in the range of 100 base pairs.

Experimental design

Mice were divided into three groups which were subjected to 4 hours of fasting prior to infec-
tion. Group 1 (G1): 30 animals inoculated intraperitoneally (IP) with 107 TCC forms of
SC2005 strain of T. cruzi, suspended in 0.2ml of RPMI medium; G2: 55 mice inoculated intra-
gastrically (IG) with 10’ TCC forms SC2005 strain of T. cruzi, suspended in 0.1ml of RPMI
medium; and G3 (control group): 15 normal uninfected animals. The results presented here
are representative of two independent experiments.

Parasitemia. Five microliters of tail vein blood were put under a 22 X 22mm? coverslip
and the parasites were counted in 50 microscopic fields. The number of parasites/ml was esti-
mated as described by Pizzi and Prager in 1952 [24]. Ten mice from each group were used for
this procedure.

Mortality. Ten mice of each group were checked daily always in the morning and the mor-
tality rate was estimated in order to obtain the surviving percentages. The mean time of death
of mice was obtained based on Liddell in 1978 [25]. If any of the animals present two of the
pre-established symptoms such as piloerection, partial anorexia, 10% of weight loss, vocaliza-
tion, decreased mobility it was euthanized.

Blood leukocytes measurement. At the time of parasitemia evaluation mice were bled
from the tail and samples were diluted in Turk’s solution (1/20) [26]. The cells were then
counted in a hemocytometer. Differential cell counts were made on blood smears after May
Griinwald-Giemsa staining by counting 100 leukocytes per slide. Measures were taken and the
results are expressed either in terms of absolute numbers of cells or differential cell count.

Histopathology. Three animals of each group were randomly chosen and killed in accor-
dance with the protocol approved by the Institutional Committee for Animal Ethics of

Table 1. PCR-multiplex assay using five primers; were used three representatives of different groups
of T. cruzi strains (TCI, TCIl and Tclll).

PRIMER SEQUENCE Tm°C
Tei 5-TTG CTC GCA CAC TCG GCT GCAT-3 53
Tc2 5-ACA CTT TCT GTG GCG CTG ATC G-3 52
Tc3 5-CCG CGW ACA ACC CCT MAT AAA AAT G-3 52
Tr 5-CCT ATT GTG ATC CCC ATC TTC G-3 50
Exon 5-TAC CAA TAT AGT ACA GAA ACT G-3’ 42

doi:10.1371/journal.pone.0122566.1001
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FIOCRUZ (CEUA/FIOCRUZ), License Number LW16/11 on days 11 and 18 (G1—IP infected)
and days 26 and 32 (G2 -IG infected) after infection, for organ recovery. The animals were anes-
thetized with a combination of ketamine 100 mg/kg and xylazine 2% 10mg/kg and killed with an
intraperitoneal injection of Tiopental 150mg/kg, according to Brazilian legislation (CONCEA).
All collected organs that were removed were fixed in 4% paraformaldehyde in PBS 0.01M,
pH7.45 at 4°C for 48 hours and processed with paraffin embedding for conventional histology.
Sections of 5um thick were stained with hematoxylin eosin, Lennert’s Giemsa, Picrosirius red
(Direct Red 80, Aldrich Milwaukee, WI 53233, USA) and Weigert’s resorcin-fuchsin after oxida-
tion with oxone. The histopathological analyses were performed in a Zeiss Axioplan 2 micro-
scope, applied to a Soft Imaging System (CC-12) camera. The inflammatory infiltrate intensity
was evaluated according to Dias et al. [27] were 10 or more inflammatory cells per field was con-
sidered as inflammatory infiltrate and classified as follows: absent (no presence of inflammatory
cells); mild (10-25 cells); moderate (2650 cells) and intense (>50 cells).

Spleen and thymus index. Increases in size and weight of the spleen represent reticuloen-
dothelial stimulation; spleen indexes were calculated after evaluation of the relative spleen
weight (spleen weight/mouse weight) on days 11 and 18 (G1) and 26 and 33 (G2) after infec-
tion [28]. The same methodology was employed for thymus index.

PCR analysis. To detected parasite DNA in the esophagus, stomach and intestine, tissue
samples of each organ were processed separately for DNA extraction according to Sambrook
et al. in 1989 [23], and purified DNA was PCR amplified using T. cruzi-specific kDN A minicir-
cle primers 121 (5°-AAATAATGTACGGG(T/G)GAGATGCATGA-3’) and 122 (5-GGTTGC
ATTGGGTTGGTGTAATATA-3’) which amplified 330 bp fragments [29].

The reaction conditions and the thermal profile were standardized and a GeneAmp PCR
System 9600 thermocycler (Applied Biosystems, Foster City, CA) was used.

The amplification product was observed in 1.5% agarose gel stained with Nancy-520
(SIGMA) using a molecular weight marker in the range of 100 base pairs.

Statistical analysis

Results are expressed as the mean and standard error of the mean (S.E.M). Significance of total
and specific leucometry as well as the spleen and thymic indexes were calculated using paramet-
ric ANOVA (one Way Analysis of Variance) and a post test Turkey-Kramer for non-parametric
data. 2-Way ANOVA was used for FACs data and GraphPhad Prism for mortality evaluation.

Results
Parasitemia and mortality

Parasitemia in mice intraperitoneally infected (IP) started early on the 3™ day after infection
when compared with mice intragastrically infected (IG) which the presence of parasites in the
blood was only observed on the 11™ day post infection. One hundred percent of IP infected
mice showed parasitemia, while just 36% of IG infected showed the presence of the parasite in
blood. As the aim of this study was to evaluate the influence of the inoculation route on the
establishment and development of Chagas disease in an experimental murine model only ani-
mals that showed parasitemia were used in this study. Two peaks of parasites were observed in
both IP and IG groups; however in the IP infected mice these peaks were earlier on the 10"
and 13™ days and higher (2.9 and 4.3 X 10° parasites/ml respectively) than those observed in
the IG infected animals which presented peaks on the13™ and 18™ days post infection with 0.9
and 1.7 X 10° parasites/ml respectively (Fig 1).

Table 2 showed that IP infected animals were the first to die, and at the end of the experi-
ment (on the 33™ day of infection) 80% of these animals were dead. In the IG group the
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Fig 1. Parasitemia curve. Parasitemia curve of 4-6 week old female mice Ip or IG infected with 107 culture-
derived trypomastigotes of T. cruzi SC2005 strain.

doi:10.1371/journal.pone.0122566.g001

mortality of animals was in the range of 30%. Mean mortality time of mice varied between
16.13+0.8 in IP and 22.67+2.0 in IG infected mice.

Kinetics of peripheral leukocyte counts

The peripheral leukocyte cell populations of all groups were analyzed. The kinetics of total leu-
kocyte counts of IP infected mice showed an alternate pattern of leucopenia/leucocytosis. At
the beginning of the infection (from 3 up to 7 days) mice showed low amount of leukocytes.
However when a parasitemia peak was observed on the 10 day post infection, leukocytes
reach normal values. From this point, leukocytes values reach high levels except on day 13,
when a new peak of parasitemia was observed and leukocytes fell to normal values. Mice intra-
gastrically infected showed a leucopenia pattern independent of whether the parasitemia was
low or high at the beginning of the infection. However when the number of parasites began to
rise on the 17" day post infection a pattern of leucocytosis was observed which remained until
the end of the experiment (Fig 2A).

Differential cell counts

The number of monocytes, lymphocytes, neutrophils, eosinophils and basophils was counted
in the blood of the Swiss mice. The counts demonstrated an increase of neutrophils, lympho-
cytes and monocytes and a reduction of the number of eosinophils in all infected mice, inde-
pendent of the infection route. The animals infected with the SC2005 strain by IP route
displayed a significant correlation of the lymphocyte and neutrophil counts with the

Table 2. Mortality rates and mean time of death of mice infected with 10 T. cruzi trypomastigotes
SC2005 strain, inoculated IP (intraperitonealy) or IG (intragastricaly).

Groups Mortality Mean time of death (days)
IP (2/10)? 16.13£0.8°
IG (7110)2 22.67+2.0°

aNumber survivors/Nb mice.
PMean of mortality time (MMT+S.E.M.).

doi:10.1371/journal.pone.0122566.t002
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Fig 2. Absolute and specific number of peripheral blood leukocyte counts. Absolute and specific
number of peripheral blood leukocyte counts of IP or IG infected and control mice. Mice were infected with
107 trypomastigotes of T. cruzi SC2005 strain. The value for control mice is expressed by the mean of all
counts.

doi:10.1371/journal.pone.0122566.9002

parasitemia. There was a significant reduction in lymphocyte counts until 7 days post-infection
(dpi). Lymphocytosis was observed at 12 and 14 dpi. Enhanced neutrophils counts at 12 dpi
was also seen in this group. Mice inoculated with the SC2005 strain by the IG route demon-
strated that the parasitemia peak (18 dpi) was correlated with the enhanced monocyte counts
during the acute phase of infection. No correlation or significant alterations in basophil levels
were observed in both groups. (Figs 2B-2F, 3 and 4).

Spleen and thymus index

The effect of infection on the spleen and thymus weight was evaluated on days 11 and 18 after
infection of the IP infected mice and on days 26 and 33 post infection of the IG infected mice.

PLOS ONE | DOI:10.1371/journal.pone.0122566 October 15, 2015 6/18



@’PLOS ‘ ONE

Oral Chagas Disease: Experimental Evaluation of a Patient’s Strain

The spleen reached more than twice its weight in both of the infected groups when compared
to the control group (not-infected mice). When the thymus was evaluated our results showed
that the T. cruzi infection by the IP route induced a reduction in the thymus index. This reduc-
tion was not observed in the IG infected mice thymus. Instead, a slight increase of this organ
was observed, regardless of the infection time (Fig 5A and 5B).
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neutrophils (B), lymphocytes (C), monocytes (D), eosinophils (E) and basophils (F) in animals IP infected with
107 trypomastigotes forms of T. cruzi, SC2005 strain. The correlation was significant between parasitemia
and white blood cell count (p = 0.023), neutrophils (p = 0.021) and lymphocytes (p = 0.042).

doi:10.1371/journal.pone.0122566.9003
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doi:10.1371/journal.pone.0122566.g004

Flow cytometry

The flow cytometric analysis of the spleens from IP infected animals, 11 days after infection,
showed a decrease in the number of CD8" T lymphocytes and a slight increase of CD4™. At 18
days post-infection an increase of 50% in the number of these cells was noted when compared
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doi:10.1371/journal.pone.0122566.9005

with non infected control mice. The analysis of the spleen from the IG infected animals, 26 six
days post infection, showed approximately the same number of CD4" cells observed in the con-
trol group. The number of CD8™ cells was 68% higher than controls and approximately 80% or
40% higher than the IP infected mice depending on the day of infection. Double positive cells
of the IG infected mice increased approximately 65% when compared to the control and IP
inoculated animals. At 33 days post-infection, IG infected animals showed similar profiles of
CD4" and CD8™ cells to those observed in animals at 26 days of infection. There was a
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@'PLOS ‘ ONE

Oral Chagas Disease: Experimental Evaluation of a Patient’s Strain

Table 3. Analysis of the T lymphocyte profiles in spleen, blood and lymph node of mice inoculated with the SC2005 strain by IP and IG routes.

SPLEEN

BLOOD

LYMPH NODE

*p<0.05
*¥p<0.01
*%%p<0.001.

Normal group
IP Route

IG Route

Normal group
IP Route

IG Route

Normal group
IP Route

IG Route

doi:10.1371/journal.pone.0122566.t003

Lymphocyte subsets

CD4+ CD8+ CD4+/CD8+

14.97% + 2% 6.38% * 1% 0.18% * 0%
11° 17.22% + 2% 4.08% £ 0% 0.20% * 0%
18° 32.61% £ 0%*** 12.43% + 0% 1.10% + 0%
26° 12.51% £ 1% 19.51% £ 1%*** 3.05% + 1%
33° 12.29% + 0% 20.92% + 5%*** 1.49% + 0%

29.40% + 3% 11.43% £ 2% 1.92% £ 1%
11° 33.62% + 3% 13.30% + 5% 3.55% + 2%
18° 27.76% + 0% 19.65% + 0% 2.40% + 0%
26° 10.38% + 0%* 44.69% £ 0%*** 3.63% + 0%
33° 18.92% £ 5% 48.11% + 9%*** 2.70% + 0%

34.39% * 3% 15.13% £ 2% 0.58% * 0%
11° 25.25% + 0%** 10.65% + 1% 0.37% = 0%
18° 38.05% + 0% 15.62% + 0% 0.97% * 0%
26° 20.51% + 4%*** 14.01% + 2% 1.66% + 1%
33° 26.45% + 1%** 15.77% £ 2% 0.62% £ 0%

reduction of double positive cells when compared to 26 days of infection, however, the number
of cells was higher than those observed in the control group and in the IP infected animals after
11 days of infection (Table 3).

The evaluation of the mesenteric lymph nodes from the IP infected animals after 11 days of
infection showed a reduction in CD4" and CD8" when this mice where compared to the con-
trols. No changes in double positive cells were observed at this point. Eight days after infection
CD4" and CD8" cells had values similar to the control animals, although a slight increase of
double positive cells was observed. In the IG infected mice there was a reduction (41%) of
CD4" and maintenance of CD8" values after 26 days of infection. The profile of double positive
cells was similar to that shown by the control group. At thirty three days of infection a reduc-
tion in the number of CD4" cells was also observed, but lower than that observed at 26 days for
the IG infected mice. The CD8" cells showed the same profile observed in the non infected con-
trol mice, in the IP infected mice, 18 days post infection and in the IG infected mice. Double
positive cells were observed in equal amounts to the control group and to both infected mouse
groups (Table 3).

The analysis of the T cells in the blood of the IP infected animals, 11 days after infection,
showed no change in the number of CD4" and CD8" cells when compared to control group.
Double positive cells were shown to be nearly equal to the control group. On day 18 after infec-
tion there was no change in the number of CD4" cells, however a slight increase of CD8" and
double positive was observed in the IP infected animals compared to the control. Twenty six
days after infection IG infected animals showed a reduction of 62% of CD4" and an increase of
75% in the number of CD8™ cells, and an increase in double-positive cells when compared to
control. Thirty three days after infection the number of CD8" and double positive cells was
equal to that observed at 26 days for the IG infected mice. On the other hand, the amount of
CDA4" T cells was higher in relation at IG infected animals at 26™ days post infection. There
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was a reduction in CD4" cells of the IG animals at 26 and 33 dpi when compared to the control
group (Table 3).

Histopathology

Infection with the SC2005 strain given by the intraperitoneal route. To determine
whether IP-given T. cruzi infection induced histopathological variations in different organs,
three animals were killed on days 11 and 18 post infection and subjected to histopathological
analysis. The IP infected animals showed a moderate to intense diffuse inflammatory reaction,
exhibiting mainly monocytes and lymphocytes in the esophagus (Fig 6A), stomach (Fig 6B),
intestine (Fig 6C), heart, liver, pancreas, adrenal gland, bladder, uterus and adipose tissue. The
mucosal and submucosal layers of the different organs rarely demonstrated any mononuclear
infiltration, showing normal aspects in most cases. However, in the muscle layer inflammatory
infiltrates were frequently observed. Picrosirius staining showed a redistribution and increase
of collagen deposits in the inflammatory foci in the esophagus, stomach (Fig 6D), heart (Fig
6E), bladder and uterus. In addition, hyperplasia of the germinal centers of the spleen and
lymph nodes was seen. Mast cells were present in the adipose tissue, heart and stomach (Fig
6G). There were amastigotes in the esophagus, stomach, intestine, heart, pancreas and bladder
(Fig 6A, 6B and 6C). Omental and mesenteric milky spots were activated with myeloid cells.
An intense parasitism was found in the heart ventricles, however a larger number of inflamma-
tory cells were observed in the atria. This study showed pancreatitis with focal necrosis (Fig 6F)
and nests of amastigotes in the Langerhans islets. In the liver of the infected mice immature
cells, eventual megakaryocytes and dividing cells were observed (Fig 6H). No significant alter-
ations could be seen in elastic system in sections stained with Weigert’s resorcin-fuchsin after
oxidation with oxone.

Infection with the SC2005 strain given by the intragastric route. In order to verify
whether IG-given T. cruzi infection caused histopathological variations in different organs
three animals were killed on day 26 and 33 post infection. Sections of the organs revealed a
mild to moderate diffuse mononuclear infiltration, mainly in the muscle layer of the stomach,
esophagus and intestine, and in the heart, liver, pancreas, kidney, bladder, uterus, encephalon
and adipose tissues (Fig 7A, 7B and 7C). Picrosirius staining showed a redistribution and
increase of collagen deposits in the inflammatory foci in the esophagus (Fig 7A), stomach (Fig
7D), intestine (Fig 7E), heart, spleen, liver, pancreas, uterus and adipose tissue. Again, hyper-
plasia of the germinal centers of the spleen and lymph nodes was seen. Mast cells were present
in the adipose tissue, bladder and stomach (Fig 7F). Parasites were scarce in the stomach, heart
(Fig 7G), bladder and adipose tissue. Omental and mesenteric milky spots were activated with
immature and mature myeloid cells. The lesions became more intense in the atria and ventri-
cles of the heart of mice infected by the IG route, with fewer nests of amastigotes (Fig 7H).
Immature cells and megakaryocytes were observed in the liver. No significant alterations could
be seen in elastic system in sections stained with Weigert’s resorcin-fuchsin after oxidation
with oxone.

PCR. PCR was performed to detect T. cruzi DNA in the esophagus, stomach and intestine
of infected mice in all points of necropsy. To check the quality of the PCR reaction, the amplifi-
cation of an endogenous gene—GAPDH in the three randomly chosen samples was performed
(data not shown). The samples tested showed a band corresponding to 171 base pairs, which is
related to the fragment amplified for the endogen, demonstrating that the reaction proceeded
satisfactorily. The PCR for parasite detection demonstrated that all samples showed a band cor-
responding to a fragment of 330 base pairs indicating the presence of the T. cruzi DNA in the
esophagus, stomach and intestine of all infected animals (Fig 8A and 8B).
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Fig 6. Histopathological alterations in the IP infected mice. Histopathological alterations in the mice infected IP with 107 T. cruzi, SC2005 strain. (A)
esophagus; (B) stomach and (C) intestine showing inflammatory cell infiltrate (asterisks) and nests of amastigotes (arrows) in the muscular layer.
Hematoxylin and eosin (HE) staining. Redistribution and increase of collagen deposits (asterisks) were seen in the inflammatory foci in the stomach (D); and
heart (E), Picrosirius red staining. (F) Pancreatitis with focal necrosis, HE staining. (G) Presence of mast cells (arrows) in stomach, Giemsa staining. (H) Liver
showing megakaryocyte (arrow) on the left side and mitotic cells (arrow) on the right side, Giemsa stained.

doi:10.1371/journal.pone.0122566.9006

Discussion

The transmission of the T. cruzi infection depends on several factors such as the stage or num-
ber of parasites, the routes of infection and the T. cruzi strain [30]. Little is known about the
hematological, pathological and parasitological behavior of a strain isolated from the 2005 out-
break of an oral T. cruzi infection that occurred in Santa Catarina, Brazil. The findings of the
present investigation indicate a similar histopathological pattern to strain TcII.

In this study, groups of outbred Swiss mice were infected intragastrically (IG) or intraperito-
neally (IP) with cell culture-derived trypomastigotes of strain SC2005 as counterparts of blood-
stream parasites. This form exposes on its surface a member of the gp85/trans-sialidase
superfamily, Tc85-11, which is related with cell invasion and interaction with host factors.
Expression of Tc85-11 on the TCC T. cruzi surface is an important condition for the parasite
to translocate through the gastric mucin layer, reach the target cells and ascertain their survival
within the host [31].

The results of the two different routes of infection studied here indicate a clear difference in
parasitemia, mortality and infection rate. Nevertheless, inoculation by both routes produced
double peaks of parasitemia in Swiss mice. An early low peak and a late high peak were
observed, suggesting a mixed infection. These patterns and characteristics were similar to the
Tcll profiles of T. cruzi strains isolated from patients infected through oral transmission, previ-
ously described by Andrade ef al. in 2011 [32].

Data in the literature have demonstrated that during the parasite infection molecules pro-
duced by the immune system of the host and molecules produced by T. cruzi may collaborate
to produce alterations in blood cell counts [33]. Our findings indicate a positive correlation
between parasitemia levels and leukocytes counts. Guedes et al. in 2012 [34] and Marcondes
et al. in 2000 [35] previously reported alterations in blood cell counts associated with parasite-
mia levels, however different patterns of leucocytosis and leucopenia were seen. This dissimi-
larity may be explained by the different animals, by their heterogeneous genetic background
and by different strains used in the experimental protocols.

The lymphocytosis described is concordant with the polyclonal activation of B and T lym-
phocytes observed elsewhere. De Meis et al. in 2009 [36] reported that this activation leads to
increased splenic cellularity. During the T. cruzi infective process, we observed an increase in
spleen weight without a loss of total body weight and a strong activation of lymphocytes in the
germinal center in both IP and IG infected animals.

Our histopathological results confirmed the findings of Rassi et al. in 2000 [37], Opie et al.
in 2006[38] and Castro-Sesquen et al. in 2013 [39] which described the presence of apoptosis
and necrosis associated to the deposition of collagen in tissue remodeling during the T. cruzi
infection. In the present study the histopathological analysis showed an intense mononuclear
infiltrate mainly located in the muscular layers with neoformation and remodeling collagen
fibers in different organs. Amastigotes were also observed in the muscular layers. These histo-
pathological patterns were characteristic of infection with strains belonging to the biodemes
type II and III [40]. In this work, we also observed an intense inflammatory lesion in the myo-
cardium.Amastigote nests were present more frequently in the ventricles than in the atria.
However, the atria were more severely affected than the ventricles, presenting an intense
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Fig 7. Histopathological alterations in the IG infected mice. Histopathological alterations in mice infected |G with 107 T. cruzi, SC2005 strain.
Inflammatory cell infiltrate in the muscular layer of esophagus (A), Picrosirius red staining; stomach (B) and intestine (C), HE staining. Redistribution and
increase of collagen deposits were seen in the inflammatory foci (arrows) in the esophagus (A), stomach (D) and intestine (E), Picrosirius red staining; (F)
Presence of mast cells (white arrows) in the stomach, Giemsa staining; (G) Heart showing nests of amastigotes (arrow) and (H) intense inflammatory infiltrate

mainly in auricle, HE stained.

doi:10.1371/journal.pone.0122566.9007

inflammatory infiltration with many amastigote nests, 11 days after IP infection and 26 days
after IG infection. A more intense inflammatory infiltration was noted 18 and 33 days after
infection in IP and IG infected mice, respectively. Increased myocardium destruction at the
ventricles, less amastigote nests and more severe mononuclear cell infiltration were also noted.
These findings suggest that the severe inflammatory response acts against the parasite, as it
first occurred in the auricular tissue, and only reached the ventricular tissue later. It is interest-
ing to note that Quijano-Herndndez et al. in 2012 [41] observed the same histopathological

patterns in infected dogs.
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Fig 8. PCR. Agarose gels electrophoresis, 2%, showing the single PCR products (330pb) amplified by primers 121 and 122 extracted from different organs.
(A) Non-infected animals and IP T. cruzi infected mice. Lines 1 and 2: negative control; 3 to 5: non-infected mice (control group) (3- esophagus; 4- stomach;
5- intestine); 6 to14: IP infected animals 11 dpi (6- esophagus of the mice number 1 -m1; 7- stomach (m1); 8- intestine (m1); 9- esophagus (m2); 10- stomach
(m2); 11- intestine (M2); 12- esophagus (m3); 13- stomach (m3); 14- intestine (m3)); 15 to 23: IP infected mice 18 dpi. (15- esophagus (m1); 16- stomach
(m1); 17- intestine (m1); 18- esophagus (m2); 19- stomach (m2); 20- intestine (m2); 21- esophagus (m3); 22- stomach (m3); 23- intestine (m3)). (B) IG T.
cruzi infected mice. Lines 1-9: I1G infected mice 26 dpi (1- esophagus (m1); 2- stomach (m1); 3- intestine (m1); 4- esophagous (m2); 5- stomach (m2); 6-
intestine (m2); 7- esophagus (m3); 8- stomach (m3); 9- intestine (M3)); 10-18: IG infected mice 33 dpi. (10- esophagus (m1); 11- stomach (m1); 12- intestine
(m1); 13- esophagus (m2); 14- stomach (m2); 15- intestine (m2); 16- esophagus (m3); 17- stomach (m3); 18- intestine (m3)); 19- positive control. PM: 100bp

DNA marker ladder.
doi:10.1371/journal.pone.0122566.9008
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The histopathological analysis showed the presence of immature cells and megakaryocytes
in the liver of all infected mice, and this cells types were observed in the lymph node of animals
inoculated by the IG route at 33 days after infection. This finding suggests that extramedullary
hematopoiesis was occurring in these organs. During the acute phase of T. cruzi infection, Mar-
condes et al. in 2000 [35] demonstrated alterations in blood cell counts associated with bone
marrow suppression and anemia, which explain the occurrence of extramedullary
hematopoiesis.

Inflammatory infiltration was found in many organs, and lymphocytes were the most fre-
quently observed cell type. The fluctuations of the lymphocyte population observed in our
study confirmed the results described by Morrot et al. in 2012 [42]. During the T. cruzi infec-
tion, the T-cell dynamic reflects the redistribution of lymphocyte subsets and specific and coor-
dinated responses to the parasite in the lymphoid tissues.

The different approaches in the present study lead us to conclude that the route of infection
has a direct effect on the course and the intensity of the disease. It is important to note that the
SC2005 strain exhibit a specific pattern of infection that differentiates it from other strains.

Acknowledgments

This work was supported by CAPES and Oswaldo Cruz Institute. Katia da Silva Calabrese
(CNPq n° 306271/2011-7) and Sylvio Celso Gongalves da Costa (306130/2011-4) are senior
researchers. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript. The authors thank Plataforma de Citometria de
Fluxo-Analise Multiparamétrica do Instituto Oswaldo Cruz/FIOCRUZ for FACs analysis.

Author Contributions

Conceived and designed the experiments: KSC. Performed the experiments: CSD DJH CSFS
FOC VGM HPS KSC. Analyzed the data: CSD ALAS MPM SCGC KSC. Contributed reagents/
materials/analysis tools: KSC MPM. Wrote the paper: CSD KSC.

References

1. Pan American Health Organization (PAHO) (2006) Quantitative estimation of Chagas disease in the
Americas. Montevideo. OPAS/HDM/CD/425-06.

2. Pan American Health Organization (PAHO). Available: http://new.paho.org/hg/index.php?option=com_
content&view=article&id=2382&ltemid=3921&lang=fr. Accessed 20 March 2014.

3. Schmunis GA, Yadon ZE (2010) Chagas disease: a Latin American health problem becoming a world
health problem. Acta Trop 115(1-2): 14-21. doi: 10.1016/j.actatropica.2009.11.003 PMID: 19932071

4. Silveira AC (2002) O Controle da Doenca de Chagas nos Paises do Cone Sul da América: Histéria de
uma iniciativa internacional 1991-2001. In: Silveira AC, editor. O Controle da Doenga de Chagas nos
Paises do Cone Sul da América: Histéria de uma iniciativa internacional 1991-2001. Brasilia: Pan-
americana da Saude. pp. 15—43.

5. Pan American Health Organization (PAHO) (1992) Documento sobre a Iniciativa do Cone Sul. Wash-
ington DC. OPAS. PNSP/92-18.

6. Moraes-Souza H, Ferreira-Silva MM (2011) Control of transfusional transmission. Rev Soc Bras Med
Trop 44:64—-67. PMID: 21584359

7. Alkmim-Oliveira SM, Costa-Martins AG, Kappel HB, Correia D, Ramirez LE, Lages-Silva E (2013) Try-
panosoma cruzi experimental congenital transmission associated with TcV and Tcl subpatent maternal
parasitemia. Parasitol Research 112(2): 671-678.

8. MarquezE, Crespo M, Mir M, Pérez-Saez MJ, Quintana S, Barbosa F, et al. (2013) Chagas' disease
and kidney donation. Nefrologia 33(1): 128—-33. doi: 10.3265/Nefrologia.pre2012.Sep.11636 PMID:
23364636

9. Dias JC (2006) Notas sobre o Trypanosoma cruzi e suas caracteristicas bio-ecolégicas, como agente
de enfermidades transmitidas por alimentos. Rev Soc Bras Med Trop 39(4): 370-375. PMID:
17119753

PLOS ONE | DOI:10.1371/journal.pone.0122566 October 15,2015 16/18


http://new.paho.org/hq/index.php?option=com_content&amp;view=article&amp;id=2382&amp;Itemid=3921&amp;lang=fr
http://new.paho.org/hq/index.php?option=com_content&amp;view=article&amp;id=2382&amp;Itemid=3921&amp;lang=fr
http://dx.doi.org/10.1016/j.actatropica.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19932071
http://www.ncbi.nlm.nih.gov/pubmed/21584359
http://dx.doi.org/10.3265/Nefrologia.pre2012.Sep.11636
http://www.ncbi.nlm.nih.gov/pubmed/23364636
http://www.ncbi.nlm.nih.gov/pubmed/17119753

@’PLOS ‘ ONE

Oral Chagas Disease: Experimental Evaluation of a Patient’s Strain

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.
27.

28.

29.

30.

31.

32.

Shikanai-Yasuda MA, Carvalho NB (2012) Oral transmission of Chagas disease. Clin Infect Dis 54(6):
845-52. doi: 10.1093/cid/cir956 PMID: 22238161

Teixeira ARL, Hecht MM, Guimaro MC, Sousa AO, Nitz N (2011) Pathogenesis of Chagas' Disease:
Parasite Persistence and Autoimmunity. Clin Microbiol Rev 24(3): 592—630. doi: 10.1128/CMR.00063-
10 PMID: 21734249

Toso A, Vial F, Galanti N (2011) Oral transmission of Chagas' disease. Rev Med Chile 139(2): 258—
266. PMID: 21773665

Ministry of Health (Brasil). Available: http://portal.saude.gov.br/portal/saude/profissional/visualizar
texto.cfm?idixt=31454. Accessed 10 January 2014.

Bastos CJC, Aras R, Mota G, Reis F, Dias JP, de Jesus RS, et al. (2010) Clinical Outcomes of Thirteen
Patients with Acute Chagas Disease Acquired through Oral Transmission from Two Urban Outbreaks
in Northeastern Brazil. PLoS Negl Trop Dis 4(6): e711. doi: 10.1371/journal.pntd.0000711 PMID:
20559542

Cavalcanti LPG, Rolim DB, Neto RJP, Vilar DCLF, Nogueira JOL, Pompeu MML, et al. (2009) Microepi-
demia de doenga de Chagas aguda por transmisséo oral no Ceara. Cadernos Saude Coletiva 17(4):
911-921.

Valente SAS, Pimentel PS, Valente VC, Pinto AYN, Souza GCR, Carvalho LS. (2001) Microepidemia
familiar de doenga de Chagas em Santarém, primeiro registro no oeste do Para. Rev Soc Bras Med
Trop 34(1): 19-20.

Valente SAS, Valente VC, César MJB, Santos MP (1997) Registro de 15 casos autdctones de doenca
de Chagas no Estado do Amapa com evidéncias de transmissao oral. XXXIIl Congresso da Sociedade
Brasileira de Medicina Tropical 53.

Shikanai-Yasuda MA, Marcondes CB, Cuedes LA, Siqueira GS, Barone AA, Dias JC, et al. (1991) Pos-
sible Oral-Transmission of Acute Chagas-Disease in Brazil. Rev Inst Med Trop 33(5): 351-357.

Shikanai-Yasuda MA (1987) Surto epidémico de doen¢a de Chagas aguda em Catolé do Rocha, Para-
iba. Rev Soc Bras Med Trop 20(2): M-14-M-15.

Miles MA (1972) Trypanosoma cruzi—Milk Transmission of Infection and Immunity from mother to
young. Parasitol 65(1): 1-9.

Nery-Guimaraes F, Da Silva NN, Clausel DT, Mello AL, Rapone T, Snell T, et al. (1968) Um surto epidé-
mico de doenga de Chagas de provavel transmisséo digestiva, ocorrido em Teotdnia (Estréla-Rio
Grande do Sul). O Hospital 73(6): 73—110.

Silva CV, Luquetti AO, Rassi A, Mortara RA (2006) Involvement of Ssp-4-related carbohydrate epitopes
in mammalian cell invasion by Trypanosoma cruzi amastigotes. Microbes Infect 8:2120-2129. PMID:
16793313

Sambrook J, Fritsch WF, Maniatis T (1989) Molecular cloning: a laboratory manual. Cold Spring Harbor
Laboratory, New York.

Pizzi T, Prager R (1952) Estabilizacion de la virulencia de una cepa de Trypanosoma cruzi por passaje
seriado en ratones de constitucion genetica uniforme: analisis cuantitativo del curso de la infection. Bio-
logica 16(17): 3—12.

Liddell FD (1978) Evaluation of survival in challenge experiments. Microbiol Rev 42(1): 237-249.
PMID: 752766

Langeron M (1949) Précis de microscopie. In: Masson. Paris, Paris.

Dias GB, Gruendling AP, Aradjo SM, Gomes ML, Toledo MJ (2013) Evolution of infection in mice inocu-
lated by the oral route with different developmental forms of Trypanosoma cruzi | and II. 135(3):511-7.

Lagrange PH, Mackaness GB (1975) A stable form of delayed type hypersensitivity. J Exp Med 141:
82. PMID: 1090700

Carvalho CME, Andrade MCR, Xavier SS, Mangia RHR, Britto CC, Jansen AM, et al. (2003) Chronic
Chagas’ disease in rhesus monkeys (Macaca mulatta): evaluation of parasitemia, serology, electrocar-
diography, echocardiography, and radiology. Am J Trop Med Hyg 68: 683—-691. PMID: 12887027

Souza W (1999) O parasita e sua interagdo com os hospedeiros. In: Brenner Z., Andrade Z. A., and
Barral-Neto M., Editors. Trypanosoma cruzi e doenga de Chagas. Rio de Janeiro: Guanabara
Koogan. pp. 126-188.

Cortez C, Yoshida N, Bahia D, Sobreira TJ (2012) Structural basis of the interaction of a Trypanosoma
cruzi surface molecule implicated in oral infection with host cells and gastric mucin. PLoS One 7(7):
e42153. doi: 10.1371/journal.pone.0042153 PMID: 22860068

Andrade SG, Campos RF, Steindel M, Guerreiro ML, Magalhaes JB, Almeida MC, et al. (2011) Biologi-
cal, biochemical and molecular features of Trypanosoma cruzi strains isolated from patients infected
through oral transmission during a 2005 outbreak in the state of Santa Catarina, Brazil: its

PLOS ONE | DOI:10.1371/journal.pone.0122566 October 15,2015 17/18


http://dx.doi.org/10.1093/cid/cir956
http://www.ncbi.nlm.nih.gov/pubmed/22238161
http://dx.doi.org/10.1128/CMR.00063-10
http://dx.doi.org/10.1128/CMR.00063-10
http://www.ncbi.nlm.nih.gov/pubmed/21734249
http://www.ncbi.nlm.nih.gov/pubmed/21773665
http://portal.saude.gov.br/portal/saude/profissional/visualizar_texto.cfm?idtxt=31454
http://portal.saude.gov.br/portal/saude/profissional/visualizar_texto.cfm?idtxt=31454
http://dx.doi.org/10.1371/journal.pntd.0000711
http://www.ncbi.nlm.nih.gov/pubmed/20559542
http://www.ncbi.nlm.nih.gov/pubmed/16793313
http://www.ncbi.nlm.nih.gov/pubmed/752766
http://www.ncbi.nlm.nih.gov/pubmed/1090700
http://www.ncbi.nlm.nih.gov/pubmed/12887027
http://dx.doi.org/10.1371/journal.pone.0042153
http://www.ncbi.nlm.nih.gov/pubmed/22860068

@’PLOS ‘ ONE

Oral Chagas Disease: Experimental Evaluation of a Patient’s Strain

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

correspondence with the new T. cruzi Taxonomy Consensus (2009). Mem Inst Oswaldo Cruz 106(8):
948-956. PMID: 22241116

Tribulatti MV, Mucci J, Van Rooijen N, Leguizamén MS, Campetella O (2005) The trans-sialidase from
Trypanosoma cruzi induces thrombocytopenia during acute Chagas' disease by reducing the platelet
sialic acid contents. Infect Immunol 73(1): 201-207.

Guedes PM, Veloso VM, Mineo TW, Santiago-Silva J, Crepalde G, Caldas IS, et al. (2012) Hematologi-
cal alterations during experimental canine infection by Trypanosoma cruzi. Rev Bras Parasitol Vet 21
(2): 151-156. PMID: 22832757

Marcondes MC, Borelli P, Yoshida N, Russo M (2000) Acute Trypanosoma cruzi infection is associated
with anemia, thrombocytopenia, leukopenia, and bone marrow hypoplasia: reversal by nifurtimox treat-
ment. Microbes Infect 2(4): 347-52. PMID: 10817635

De Meis J, Morrot A, Farias-De-Oliveira DA, Villa-Verde DMS, Savino W (2009) Differential Regional
Immune Response in Chagas Disease. PLoS Negl Trop Dis 3(7): e417. doi: 10.1371/journal.pntd.
0000417 PMID: 19582140

Rassi A Jr, Rassi A, Little WC (2000) Chagas’ heart disease. Clin Cardiol 23: 883-889. PMID:
11129673

Opie LH, Commerford PJ, Gersh BJ, Pfeffer MA (2006) Controversies in ventricular remodeling. Lancet
367(9507): 356-367. PMID: 16443044

Castro-Sesquen YE, Gilman RH, Paico H, Yauri V, Angulo N, Ccopa F, et al. (2013) Cell Death and
Serum Markers of Collagen Metabolism during Cardiac Remodeling in Cavia porcellus Experimentally
Infected with Trypanosoma cruzi. PLoS Negl Trop Dis 7(2): €1996. doi: 10.1371/journal.pntd.0001996
PMID: 23409197

Zingales B, Miles MA, Campbell DA, Tibayrenc M, Macedo AM, Teixeira MM, et al.(2012) The revised
Trypanosoma cruzi subspecific nomenclature: rationale, epidemiological relevance and research appli-
cations. Infect Gen Evol 12(2): 240-253.

Quijano-Hernandez IA, Castro-Barcena A, Aparicio-Burgos E, Barbosa-Mireles MA, Cruz-Chan JV,
Vazquez-Chagoyan JC, et al. (2012) Evaluation of clinical and immunopathological features of different
infective doses of Trypanosoma cruzi in dogs during the acute phase. Scientific World Journal 2012:
635169. doi: 10.1100/2012/635169 PMID: 22547991

Morrot A, Barreto de Albuquerque J, Berbert LR, de Carvalho Pinto CE, de Meis J, Savino W (2012)
Dynamics of lymphocyte populations during Trypanosoma cruzi Infection: From thymocyte depletion to
differential cell expansion/contraction in peripheral lymphoid organs. J Trop Med 2012: 747185. doi:
10.1155/2012/747185 PMID: 22505943

PLOS ONE | DOI:10.1371/journal.pone.0122566 October 15,2015 18/18


http://www.ncbi.nlm.nih.gov/pubmed/22241116
http://www.ncbi.nlm.nih.gov/pubmed/22832757
http://www.ncbi.nlm.nih.gov/pubmed/10817635
http://dx.doi.org/10.1371/journal.pntd.0000417
http://dx.doi.org/10.1371/journal.pntd.0000417
http://www.ncbi.nlm.nih.gov/pubmed/19582140
http://www.ncbi.nlm.nih.gov/pubmed/11129673
http://www.ncbi.nlm.nih.gov/pubmed/16443044
http://dx.doi.org/10.1371/journal.pntd.0001996
http://www.ncbi.nlm.nih.gov/pubmed/23409197
http://dx.doi.org/10.1100/2012/635169
http://www.ncbi.nlm.nih.gov/pubmed/22547991
http://dx.doi.org/10.1155/2012/747185
http://www.ncbi.nlm.nih.gov/pubmed/22505943

