=R5IDAD NACIONAL AUTONOWA b

NV MEXIC

UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO
POSGRADO EN CIENCIAS BIOLOGICAS
FACULTAD DE MEDICINA
BIOLOGIA EXPERIMENTAL

CARACTERIZACION PARASITOLOGICA DE AISLADOS DE TRYPANOSOMA CRUZI Y
ACTIVIDAD FENOLOXIDASA DE TRIATOMA DIMIDIATA DE TRES LOCALIDADES A
DISTINTAS ALTITUDES EN EL ESTADO DE CHIAPAS, MEXICO

TESIS

QUE PARA OPTAR POR EL GRADO DE:
DOCTOR EN CIENCIAS

PRESENTA:
DE FUENTES VICENTE JOSE ANTONIO

TUTORA PRINCIPAL DE TESIS: DRA. PAZ MARIA SILVIA SALAZAR SCHETTINO
FACULTAD DE MEDICINA, UNAM
COMITE TUTOR: DR. ALEJANDO CORDOBA AGUILAR
INSTITUTO DE ECOLOGIA, UNAM
DR. CUAUHTEMOC JUAN HUMBERTO LANZ MENDOZA
FACULTAD DE MEDICINA, UNAM
MEXICO, CD. MX. JUNIO, 2017.



e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.






=R5IDAD NACIONAL AUTONOWA b

NV MEXIC

UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO
POSGRADO EN CIENCIAS BIOLOGICAS
FACULTAD DE MEDICINA
BIOLOGIA EXPERIMENTAL

CARACTERIZACION PARASITOLOGICA DE AISLADOS DE TRYPANOSOMA CRUZI Y
ACTIVIDAD FENOLOXIDASA DE TRIATOMA DIMIDIATA DE TRES LOCALIDADES A
DISTINTAS ALTITUDES EN EL ESTADO DE CHIAPAS, MEXICO

TESIS

QUE PARA OPTAR POR EL GRADO DE:
DOCTOR EN CIENCIAS

PRESENTA:
DE FUENTES VICENTE JOSE ANTONIO

TUTORA PRINCIPAL DE TESIS: DRA. PAZ MARIA SILVIA SALAZAR SCHETTINO
FACULTAD DE MEDICINA, UNAM
COMITE TUTOR: DR. ALEJANDO CORDOBA AGUILAR
INSTITUTO DE ECOLOGIA, UNAM
DR. CUAUHTEMOC JUAN HUMBERTO LANZ MENDOZA
FACULTAD DE MEDICINA, UNAM
MEXICO, CD. MX. JUNIO, 2017.



COORDINACION

UN /M zad
POSGRADO F. %

Ciencias Biologicas

Lic. Ivonne Ramirez Wence
Directora General de Administracion Escolar, UNAM
Presente

Me permito informar a usted que el Subcomité de Biologia Evolutiva y Sistematica del Posgrado en
Ciencias Bioltgicas, en su sesién ordinaria del dia 24 de abril de 2017, aprobo el jurado para la
presentacion del examen para obtener el grado de DOCTOR EN CIENCIAS del alumno DE
FUENTES VICENTE JOSE ANTONIO con numero de cuenta 513024366, con la tesis titulada
“CARACTERIZACION PARASITOLOGICA DE AISLADOS DE Trypanosoma cruzi Y
ACTIVIDAD FENOLOXIDASA DE Triatoma dimidiata DE TRES LOCALIDADES A DISTINTAS
ALTITUDES EN EL ESTADO DE CHIAPAS, MEXICO”, realizada bajo la direccion de la DRA,
PAZ MARIA SILVIA SALAZAR SCHETTINO:

Presidente:  DRA. MARGARITA CABRERA ERAVO

Vocal: DR. JOSE HUGO AGUILAR DIAZ

Secretario: DR. ALEJANDRO CORDOBA AGUILAR

Suplente: DRA. ANA ERIKA GUTIERREZ CABRERA

Suplente: DR. CUAUHTEMOC JUAN HUMBERTO LANZ MENDOZA

Sin otro particular, me es grato enviarle un cordial saludo.

ATENTAMENTE
“POR MI RAZA HABLARA EL ESPIRITU”
Cd. Universitaria, Cd, Mx., a 08 de mayo de 2017

—

/U\ JJ (,(..O XZ/\A,??
DRA. MARIA DEL CORO ARIZMEND| ARRIAGA
COORDINADORA DEL PROGRAMA

Unidad de Posgrado : Coordinacion del Posgrado en Ciencias Biolégicas Edificio D, ler. Piso, Circuito de Posgrados Cd, Universitaria
Delegacion Coyoncan C.P. 04510 México, D.F. Tel, 5623 7002 http://pchiol.posgrado.unam.mx



Agradecimientos

Al Posgrado en Ciencias Biologicas de la Universidad Nacional Autébnoma de México y a

todos los que integran este programa.

Al Consejo Nacional de Ciencia y Tecnologia (CONACyT) por la beca 288696

otorgada para la realizacion de mis estudios de posgrado.

A la Dra. Paz Maria Salazar Schettino, por aceptarme como su alumno y dirigir

esta tesis; gracias por sus consejos, apoyo y sobre todo por brindarme su amistad.

Al Dr. Alex Coérdoba Aguilar, por ser parte fundamental a lo largo de todo este

trayecto. Gracias por su confianza y por compartir ese amor por la ciencia.

Al Dr. Humberto Lanz Mendoza, gracias por sus consejos, sus observaciones en
todos los tutorales y por ensefiarme las técnicas para evaluar la respuesta inmune de

mnsectos.



Agradecimientos a titulo personal

A las doctoras Martha, Margarita, Yoli, Ade y Glory por siempre recibirme con esa
sencillez y calidez que las caracteriza. A Martita, Marichuy, Santiago, Mariana, Eli’s, a
dona Evita; gracias a todos por hacer tan grata la permanencia en el Laboratorio de
Biologia de Parésitos.

Al Dr. Jhony Navat y al Dr. Miguel Moreno, por sus consejos, orientacion y por
compartir sus conocimientos conmigo, que sin duda enriquecieron este proyecto. A la Dra.
Ana Erika Gutiérrez, por su direccidon y consejos en la realizacion de uno de los articulos de
este trabajo.

A mis amigos y colegas de la UNICACH: Dra. Lolyta, Dra. Adelina, Dr. Javier y
Dr. Miguel, por sus ensefianzas y por verme como uno de los suyos. A Lalo y Evelyn por
esas primeras salidas a campo en busca de chinches. A Chris y Freddy, por las charlas
constructivas que fueron muy enriquecedoras. A mis compadres Viri y Rodrigo, gracias por
abrirme siempre las puertas de su casa.

A Rocio Chavez Trejo, gracias por tu apoyo en todos los tramites del posgrado.



Agradecimientos técnicos

A la Dra. Any Laura Flores Villegas, Técnico Académico Titular "A" de Tiempo completo,
adscrita al laboratorio Biologia de Parésitos, Facultad de Medicina, UNAM por sus
ensefanzas en el desarrollo de la técnica fenoloxidasa, la donacion de ejemplares de T.
dimidiata y su ayuda en el andlisis estadistico.

Al Bi6l. Mauro Omar Vences Blanco, Técnico Académico Asociado “A”, adscrito
al Laboratorio de Biologia de Parasitos, Facultad de Medicina, UNAM, por sus ensefianzas
en el manejo y cuidado de triatominos.

A la M. en C. Yolanda Guevara Gomez, Técnica Académica Titular A, adscrita al
Laboratorio de Biologia de Parasitos, Facultad de Medicina, UNAM, por su apoyo para la
realizacion y cuidado de medios de cultivo para Trypanosoma cruzi.

Al Dr. Armando Pérez Torres, del Departamento de Biologia Celular y Tisular, por
su apoyo en la realizacion de cortes histologicos de los ratones.

Al Biol. Jesis Diaz Goémez, Técnico Académico adscrito al Laboratorio
Multidisciplinario Experimental y Bioterio de la Universidad de Ciencias y Artes de

Chiapas (UNICACH), por su apoyo en el cuidado y manejo de animales de laboratorio.



Dedicatoria

A mi madre Amanda Vicente Aguilar, por darme la vida y ensefiarme el camino del

esfuerzo. Gracias a ti he llegado hasta aqui, este logro también es tuyo.

A mi esposa Nancy Gabriela Santos Hernandez, por todo tu apoyo y estar siempre a mi
lado; en las buenas y en las no tan buenas. Mejor compaiiera de vida no pude haber

encontrado.

A mi hija Isabel De Fuentes Santos, que con tu existencia has traido una inmensa felicidad

a mi vida. Te amo, mi pequefia.

A mi abuela, hasta donde estés. ..



INDICE

Lista de figuras y cuadros

Resumen

Abstract

Capitulo 1. Introduccion general

Capitulo II. Factors associated with Trypanosoma cruzi virulence: a review of
Mexican strains

Abstract

Introduction

Trypanosoma cruzi life cycle

Factors associated with virulence of 7. cruzi

Prepatent period

Parasitemia

Cellular tropism

Mortality rate

Conclusions and perspectives

References

Capitulo III. Natural-born killers: biotic and abiotic factors underlying
Trypanosoma cruzi-triatomine interactions

Abstract

The killing couple

Bonnie y Clyde have just met: the insect gut as the first point contact
A rol for insect immune response: being tolerant to your manipulator?
T. cruzi genetics: the script of a killer partner

Kalifornia travelling partner: the rol of gut microbiota

A killer’s menu: effect of blood sources

Summer of Sam: role of temperature and altitude

From dusk till: a coevolutionary history between 7. cruzi and triatomines?
It takes two to tango: concluding remarks

References

Capitulo IV: Relationship between altitude, triatomine (7riatoma dimidiata)
immune response and virulence of Trypanosoma cruzi, the causal agent of
Chagas’disease

Abstract

Introduction

Material and methods

Results

Discussion

References

Capitulo V. Discusion general

Capitulo VI. Conclusiones generales

Literatura citada en capitulo Iy V

W N = =

11
12
14

15
18
22
25
27
30

42

43
44
45
46
48
49
51
52
54
55
57

68

68
69
69
71
73
74
71
86
87



LISTA DE FIGURAS Y CUADROS

Figura 2.1 Species with greater epidemiological importance in Mexico:
a) Meccus pallidipennis, b) Triatoma dimidiata 'y c) T. barberi

Figura 2.2 Life cycle of 7. cruzi and symptoms in the vertebrate host

Figura 3.1 Life cycle of Trypanosoma cruzi that include triatomine and vertebrate
hosts

Figura 3.2 Distribution of Chagas disease and main vectors by country in Latin
America

Figura 3.3 Abiotic and biotic factors underlying 7. cruzi-triatomine interactions.
Abiotic factors include temperature and altitude while biotic factors include blood
sources, triatomine immune ability and gut microbiota. These factors interact with 7.
cruzi genetic variability that explain whether a triatomine can be an infective host

Figura 3.4 Thermal preferences (in °C) of five of the most important triatomine
species in terms of Chagas infection risk. These different temperatures reflect
species-specific, niche-related characteristics where triatomines perform better in
terms of survival and reproduction. a) Triatoma dimidiata, b) Rhodnius prolixus, c)
T. infestans, d) Meccus pallidipennis and e) T. barberi.

Tabla 2.1 Parasitological parameters (virulence) of some Mexican strains of 7. cruzi

37

38

65

66

67

39



RESUMEN

El parasito Trypanosoma cruzi es el responsable de la enfermedad de Chagas, una
enfermedad endémica de América Latina con altas tasas de mortalidad y morbilidad en el
humano. 7. cruzi es transmitido por insectos hematofagos de la subfamilia Triatominae, la
interaccion del parésito con sus vectores es compleja y puede ser influenciada por factores
bidticos y abidticos. Estudios con este parasito han observado un comportamiento bioldgico
variable, lo cual se atribuye a diversos factores. En esta investigacion se evalu6 la relacion
de la altitud con la virulencia de 7. cruzi y con la respuesta inmune de Triatoma dimidiata.
Para ello, se colectaron triatominos infectados y no infectados a 300, 700 y 1400 msnm en
el estado de Chiapas, México. La virulencia de T. cruzi fue medida en ratones hembras CD-
1 mientras que la respuesta inmune de los triatominos fue medida como la actividad de la
enzima fenoloxidasa (PO) después de la infeccion con el parasito. La virulencia de 7. cruzi
y la actividad de la PO en los insectos fue mayor a los 700 msnm, el analisis de la
virulencia sugiere que a esa altitud la enfermedad es mas severa. Por otra parte, la mayor
actividad de la PO observada en insectos de esa misma altitud puede deberse a las
condiciones ambientales favorables de esa zona para las funciones fisioldgicas de T.
dimidiata. Estos resultados indican que la altitud puede influir en la dinamica de la

enfermedad de Chagas.



ABSTRACT

The parasite Trypanosoma cruzi is responsible for Chagas disease, an endemic disease in
Latin America with high mortality and morbidity rates to human. 7. cruzi is transmitted by
hematophagous insects of the Triatominae subfamily, the interaction of the parasite with
their vectors i1s complex and can be influenced by biotic and abiotic factors. Studies with
this parasite have observed a variable biological behavior, which is attributed to several
factors. In this research the relationship of altitude with the virulence of 7. cruzi and with
the immune response of Triatoma dimidiata was evaluated. For this, triatomines infected
and uninfected were collected at altitudes of 300, 700 and 1400 masl in the state of
Chiapas, Mexico. T. cruzi virulence was measured in CD-1 female mice while the immune
response of triatomines was measured as the activity of the enzyme phenoloxidase (PO)
after infection with the parasite. The virulence of 7. cruzi and the activity of the PO in the
insects was greater to 700 msnm, the analysis of virulence suggests that at that altitude the
disease is more severe. On the other hand, the greater PO activity observed in insects of that
same altitude can be due to the favorable environmental conditions of that zone for the
physiological functions of 7. dimidiata. These results indicate that altitude may influence

the dynamics of Chagas' disease.



CAPITULO I

Introduccion general

La enfermedad de Chagas fue descubierta en 1909 por el médico brasilefio Carlos
Justiniano Ribeiro das Chagas (Chagas, 1909). Este descubrimiento represent6 un hito en la
historia de la medicina pues fue el mismo Carlos Chagas quien descubri6 primero el agente
causal, el transmisor y después algunas manifestaciones clinicas de la enfermedad. Desde
entonces, esta parasitosis se ha convertido en un grave problema de salud publica en varios
paises de América Latina por su prevalencia estimada en ocho millones de personas
infectadas (WHO, 2016), por la tasa de mortalidad anual de casi 12,000 enfermos
(Cucunubad et al., 2016), por el registro de morbilidad de 44,000 casos por ano (Moncayo y
Silveira, 2009) y por el costo anual de 4,049 dolares por persona entre atencion médica y

pérdidas de productividad laboral (Lee et al., 2013).

De acuerdo con la Organizacion Mundial de la Salud (OMS), la enfermedad de
Chagas esta catalogada como una de las 13 enfermedades tropicales desatendidas en el
mundo (Hotez et al., 2007). La relacion de la enfermedad con los estratos sociales mas
pobres (Dias et al., 2008), podria explicar en gran parte la falta de atencion de las
autoridades de salud y gobierno en general. Mientras persistan condiciones precarias en los
asentamientos humanos que faciliten el desarrollo de la enfermedad, como viviendas de
mala calidad y poco acceso a sistemas de salud, esta zoonosis seguird siendo un riesgo
constante para muchas regiones del continente americano. Al estar involucrados factores
econdmicos, politicos y sociales, la enfermedad de Chagas no solo es una enfermedad de la

pobreza, sino también un ejemplo claro de como la ausencia o limitaciones de los



determinantes de la atencion de salud, repercuten en la calidad de vida de las poblaciones

humanas (Garrido-Pérez et al., 2010; Pinto-Dias, 2012).

El agente etiologico de la enfermedad de Chagas es el protozoario
flagelado Trypanosoma cruzi, esta especie comprende un conjunto de cepas que circulan
entre un hospedero vertebrado y uno invertebrado (Rassiet al., 2010). Dentro de los
vertebrados, cerca de 100 especies de mamiferos pueden actuar como reservorios de 7.
cruzi (Noireau et al., 2009); mientras que los insectos hematofagos de la subfamilia
Triatominae (Hemiptera; Reduviidae), conocidos popularmente como chinches besuconas o
vinchucas, actlian como transmisores del parasito a través de las deyecciones (Jurberg y
Galvao, 2006). A lo largo de su ciclo de vida, 7. cruzi cumple una serie de
transformaciones que dependen del ambiente donde se encuentre. De esta manera se
pueden diferenciar cuatro estadios que componen el ciclo de vida del parésito:
tripomastigote metaciclico, tripomastigote sanguineo, amastigote y epimastigote (ver Fig.
2.1 del capitulo 2). Los tripomastigotes son los responsables de la invasion de las células en
el hospedero vertebrado, en tanto que los amastigotes representan la forma replicativa
intracelular y crean nidos en diferentes tejidos. En pacientes humanos y estudios en
animales de laboratorio es comun encontrar diferencias significativas en cuanto a la
velocidad y grado de replicacion del parasito, asi como en la invasion hacia diferentes
tejidos y la mortalidad (Mejia y Triana, 2005; Suarez et al., 2009; Sadnchez-Guillén et al.,
2010; Espinoza et al., 2011). En conjunto, estos pardmetros pueden llegar a definir la

virulencia o comportamiento parasitologico de 7. cruzi (Barreto, 1964; OMS, 1970).

Las diferencias en el comportamiento parasitoldgico suelen observarse de acuerdo a

la region geografica y cepa del parasito, un ejemplo que define bien lo anterior es que en



Centro y Norteamérica las complicaciones cardiacas son mds frecuentes en comparacion
con las complicaciones digestivas que predominan en Sudamérica (Rassi, Jr et al., 2000;
Rassi, Jr et al., 2009). Al parecer, esta heterogeneidad biologica puede estar asociada con la
amplia diversidad genética que presenta 7. cruzi, lo cual ha llevado a que las cepas sean
clasificadas en diferentes grupos (Souto et al. 1996; Brisse et al. 2001; Zingales et al.,
2009). Con estudios basados en la amplificacion del gen mini exon de 7. cruzi se ha llegado
a determinar dos linajes filogenéticos principales: TCI con una aparente preferencia de
invadir el musculo cardiaco; y TCII con una preferencia hacia es6fago y megacolon (Brisse
et al., 2001; Lages-Silva et al., 2006; Cassin-Duz et al., 2014). A pesar de que esta
correlacion ha sido ampliamente estudiada, atin no es posible esclarecer el porqué de tales

diferencias (Manoel-Caetano y Silva, 2007)

Ademas de la variacidn genética se ha propuesto que otros elementos pueden estar
relacionados con la virulencia de 7. cruzi. Entre ellos, se sugiere que la respuesta inmune
del hospedero es determinante en la replicacion del parasito (Kayema y Takeda, 2010). El
éxito evolutivo de 7. cruzi se debe en gran parte a la capacidad que tiene de evadir los
mecanismos inmunoloégicos del vertebrado, si bien la respuesta inmune controla la
replicacion, no logra eliminar la infeccion (Cardoso et al., 2015). Asimismo, existen
factores dependientes e independientes del parasito y el hospedero que podrian influir en el
comportamiento de 7. cruzi. La variacién en la virulencia ha dificultado el estudio del
parésito y de la enfermedad de Chagas en general, y ha cuestionado su influencia en la
distribucion, control y tratamiento de la enfermedad (Bern et al., 2011; Mejia-Jaramillo et

al., 2012; Chatelain, 2015).



Esta tesis se enmarca en entender los diferentes comportamientos del parasito. Asi,
en el capitulo Il se analiza la virulencia de cepas de 7. cruzi aisladas principalmente en
Meéxico; al mismo tiempo se exponen y discuten los factores tanto biologicos como
metodologicos que pueden estar relacionados con esta heterogeneidad. En este capitulo se
evidencia una relacion parasito-hospedero muy compleja y que esta mediada por diversas
causas como tamafio del indculo, sitio de entrada de 7. cruzi o triatomino del que se aislo el
parasito. Estos factores llegan a jugar un papel muy marcado en el curso de la infeccion,
donde incluso algunos pueden ser determinantes en la supervivencia del hospedero.
Ademas, se enfatiza la necesidad de contar con metodologias estandarizadas que eviten
discrepancias al determinar la virulencia de las diferentes cepas. Si se logra agrupar las
poblaciones de 7. cruzi en el aspecto parasitologico, genético, bioquimico y enzimatico, se
podrian crear grupos representativos que faciliten su estudio y en su momento poder crear

vacunas contra la enfermedad (Guzman-Marin ef al., 1999).

Por otra parte, los epimastigotes son las formas de 7. cruzi que representan la forma
infectiva y replicativa en el insecto vector (Azambuja et al., 2005). Estas formas que surgen
de la transformacion de los tripomastigotes sanguineos en el intestino de los triatominos, se
anclan a la membrana perimicrovellosa y comienzan a multiplicarse por fisiéon binaria
(Kollien y Schaub, 2000). Una vez que aumenta la poblacion, algunos epimastigotes
migran al recto donde se convierten a la forma infectiva para el vertebrado (tripomastigote
metaciclico) que son expulsadas junto con las heces y orina (Vallejo et al., 2009). El hecho
de que T. cruzi sufra transformaciones dentro del insecto, hace que los triatominos
representen vectores biologicos del parasito, a diferencia de los vectores mecéanicos que

unicamente se limitan a transportar al patégeno sin que este se modifique o reproduzca. Es



claro que en el primer tipo de transmision la interaccion patdgeno-vector es mucho mas
compleja, ya que las transformaciones del parasito responden al estrés que origina, en este
caso, cada compartimento del tracto digestivo de los triatominos (Hamedi et al., 2015). Esta
capacidad de adaptacion es el resultado de procesos evolutivos que han tenido lugar desde

hace posiblemente 99 millones de afios (Texeira ef al., 2009).

Durante su recorrido por el intestino de la chinche los parasitos pueden sufrir una
reduccion dréstica en el tamafio de la poblacion (Ferreira ef al., 2016). Para que tenga éxito
la transmision a otro vertebrado, 7. cruzi debe resistir y/o evadir componentes que son una
desventaja para su establecimiento y reproduccion. El conocimiento de los mecanismos que
influyen en la interaccion 7. cruzi-triatominos se ha ido ampliando en afios recientes,
aunque aun falta mucha investigacion para entender por completo esta relacion, hasta hoy
en dia se sabe que incluso factores abidticos ejercen una influencia decisiva en los
mecanismos de transmision (Neves, 1971; Asin y Catald, 1995). Para poder llegar a
interrumpir el ciclo de vida del parasito en el insecto o crear estrategias de control basadas
en esta interaccion, es necesario conocer a fondo los factores implicados en el proceso de

infeccion de 7. cruzi en los triatominos.

Dado lo anterior, en el capitulo III se analizan y discuten estos factores bajo un
contexto ecoldgico. Ademas, se proponen algunas lineas de investigacion para coadyuvar a
mejorar la comprension de esta interaccion. A lo largo de este capitulo, es posible asociar
algunos factores bidticos como abidticos desde la entrada del parasito como formas
sanguineas hasta su expulsion como formas metaciclicas. Un aspecto interesante que
merece ser resaltado es que la respuesta inmune de la chinche parece jugar un rol

importante en la interaccion. A pesar de esto son pocos los estudios enfocados a determinar



qué mecanismos inmunologicos se activan, lo que ha dificultado establecer cudl es su

verdadera importancia en la relacion.

El sistema inmune de los triatominos (y de los invertebrados en general) consta de
dos componentes principales: el celular y el humoral. El primero es llevado a cabo por las
células sanguineas de los insectos conocidos como hemocitos, los cuales realizan procesos
como fagocitosis, encapsulacion, nodulacion y diferenciacion celular (Schmid-Hempel,
2005). Por su parte, el humoral estd compuesto por péptidos antimicrobianos, especies
reactivas de oxigeno y nitrégeno, 6xido nitrico y la enzima de la fenoloxidasa (PO). La
activacion de la PO conlleva a una serie de reacciones en cascada que comienza con el
reconocimiento del patdégeno por células especializadas del insecto. Después del
reconocimiento, la enzima no activada (zimogeno) profenoloxidasa (proPO) se activa y la
enzima PO convierte la tirosina (que previamente fue sintetizado a partir de la fenilalanina)
en DOPA. Posteriormente, la DOPA serd convertida en Dopaquinona también por accion
de la POy después de varias reacciones se producira melanina como producto final
para encapsular al patogeno (Cerenius et al., 2008; Gonzalez-Santoyo y Cérdoba-Aguilar,
2011). La importancia de la cascada de la PO no solo radica en la produccién de melanina,
sino que a lo largo de su produccion se liberan radicales libres que son toxicos para los
patogenos (Zhao et al., 2011). Ademas, se considera que la PO también participa en el
proceso de reconocimiento de agentes extrafios y que actiia como un indicador general de
inmunocompetencia del insecto (Gonzalez-Santoyo y Cordoba-Aguilar, 2011). La PO y
otros mecanismos inmunes son costosos en términos energéticos y pueden verse
afectados por el estado fisiologico del individuo (Gonzélez-Santoyo y Coérdoba-Aguilar,

2012) o por factores ambientales como la temperatura (Catalan et al., 2012).



En vista de la variacion en el comportamiento de las poblaciones de 7. cruzi y del
poco conocimiento de la respuesta inmune de triatominos frente a la infeccion, el objetivo
central del capitulo IV fue caracterizar el comportamiento de 7. cruzi en ratones CD-1 y
medir la actividad de la PO en triatominos infectados de tres diferentes altitudes. El factor
altitud ha sido una variable poco estudiada en la enfermedad de Chagas a pesar de que se
han observado variaciones en los cuadros clinicos, en la distribucion de triatominos y en la
tasa de infeccion (Noireau ef al., 2005; Benitez-Alba et al., 2011; Pereira-Lopes et al.,
2015). Las poblaciones de 7. cruzi y de triatominos fueron colectadas a altitudes de 300,
700 y 1400 metros sobre el nivel del mar (msnm) en el estado de Chiapas, que se ubica en
la region sureste de México. En esta zona la problematica de la enfermedad de Chagas no
ha sido del todo esclarecida y se encuentra una de las especies mas importantes en la
epidemiologia de la enfermedad, el vector Triatoma dimidiata. La importancia de esta
especie en la transmision de 7. cruzi radica en su capacidad de invadir la vivienda humana
y por ello, tiene mas contacto con el humano (Salazar-Schettino et al., 2005). Los
resultados de este capitulo muestran variacion de la virulencia de 7. cruzi y de la actividad
PO de la chinche T. dimidiata con respecto a la altitud, en virtud de esto, se plantean

hipotesis para explicar las causas de estas observaciones.

En general, esta tesis ofrece un panorama sobre la relacion del pardsito con sus
hospederos vertebrados y sus insectos transmisores, y como diversos factores juegan
papeles transcendentales en la dindmica de esta interaccion tripartita. Asimismo, se propone
a la altitud como un factor de riesgo en la transmision de la enfermedad de Chagas en las

poblaciones humanas, al menos en el sitio de estudio.
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Abstract

The parasite Trypanosoma cruzi is responsible for the American Trypanosomiasis, better
known as Chagas disease. This parasitosis is a serious public health problem in endemic
countries and it is estimated that there are about 8 million people infected in the world. The
study of T. cruzi has been hampered by the biological heterogeneity that has, which causes
diverse clinical manifestations in the human. This review attempts to give an overview of
the parasitological aspects of strains of 7. cruzi isolated mainly in Mexico and the influence
of some methodological processes during their biological characterization in laboratory.
With this, it is hoped that standardized methodologies will be created to allow the creation
of representative groups based on their behavior within the host and thus, to help the
understanding of the processes involved in the evolution of the lesions in the disease, to try
to predict the evolution of Chagas disease and help create vaccines.

Keywords: 7. cruzi, virulence, Mexican strains, Chagas disease
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Introduction
Since the discovery by Carlos Chagas of the hemoflagellate Trypanosoma cruzi (phylum
Euglenozoa; class Kinetoplastida; family Trypanosomatida), the causative agent of Chagas
disease, in 1909 (Chagas, 1909), several studies have been conducted to elucidate the
parasite behavior in a vertebrate host. Among other findings, a highly variable biological
behavior (Gomés-Hernandez et al., 2011; Guzman-Marin et al., 2012) and a great genetic
diversity across different regions in the Americas have been observed in 7. cruzi (Zingales
et al., 2009); these works demonstrated that the protozoan species consists in a set of strains
that circulate among vectors, reservoirs, and humans throughout the continent (Guzman-
Marin et al., 1999; WHO, 2015). Several molecular analysis-based classification systems
have been proposed (Souto ef al., 1996; Blanco and Montamat, 1998; Garzon et al., 2002;
Lages-Silva et al., 2006) to cope with the diversity of 7. cruzi strains and facilitate their
study. Among other classifications, biodems (Andrade and Magalhaes, 1997), lineages
(TCI and TCII) (Souto et al., 1996; Brisse et al., 2001), and discrete typifying units (DTUs)
(Zingales et al., 2009) have gathered ample consensus. Recently, 7. cruzi 11 was subdivided
into five distinct groups or DTUs (Ila-Ile) (Flores-Lopez and Machado, 2011). Currently, it
is generally agreed that 7. cruzi 11 strains (TclI-TcVI) are more pathogenic to humans than
T. cruzi 1 strains (Tcl); it has been proposed that 7. cruzi Il is a paraphyletic group, and that
its divergence into distinct lineages is recent (< 3-million years) (Flores-Lopez and
Machado, 2011; Zumaya-Estrada et al., 2012).

With this background, the heterogeneity of this parasite even in a same host is not
surprising. In 1909, Chagas described two morphologically different types of circulating
trypomastigotes, slender and stout, in cultures derived from a single parasite. Thirty-eight

T. cruzi clones were obtained from eight isolates from chronic Chagasic patients (Blanco
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and Montamat, 1996), demonstrating that these patients were bearing a mixed infection,
either due to secondary infections or by a heterogeneous initial infection. The postulated
heterogeneity in isolates from humans, mammals, and vectors has been analyzed before
(Scott, 1981; Morel et al., 1984; Breniere et al., 1989).

Mexico is considered as an endemic country for Chagas disease (Salazar-Schettino
et al., 2016); there is a wide variety of mammal reservoirs for 7. cruzi (e.g. Salazar-
Schettino et al., 1987; Dominguez-Vazquez and Espinoza-Medinilla, 1988; Salazar-
Schettino et al., 1997), 32 species of parasite-transmitting triatomine insects (Salazar-
Schettino et al., 2010), and reports of infected individuals in practically all Mexican States
(Cruz-Reyes and Pickering-Lopez, 2006). Among the 32 triatomine species reported to
date, three species have a major epidemiological impact: Meccus pallidipennis, Triatoma
dimidiata, and T. barberi (Fig. 2.1). Such vector diversity and abundance in Mexico could
be due to the topographic and climatic conditions in the country. In fact, Mexico is the
region in the Americas harboring the highest number of triatomine species involved in 7.
cruzi transmission (Salazar-Schettino et al., 2005; Salazar-Schettino et al., 2001).

The earliest studies on Chagas disease in Mexico were reported by Hoffman in
1928, describing the presence of the vector 7. dimidiata in a Veracruz region; in 1940,
Mazzotti reported the first cases of infected humans in the country (Hoffman, 1928;
Mazzotti, 1940). Since then, several T. cruzi strains have been isolated in Mexico, and their
virulence has been tested in laboratory animals, mainly in mice given their ease of handling
and susceptibility to the disease (Rivera et al., 2000).

Virulence is defined as the degree of pathogenicity of a microorganism toward a
host; in other words, it is the capacity of a microorganism to cause disease. Clinical

manifestations of 7. cruzi infection include symptomatology (WHO, 2015), parasitemia
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(Silva et al., 2013), tissue damage (Tarleton, 2003; Melnikov et al., 2005), immune
response (Espinoza et al., 2010; Espinoza et al., 2011), and mortality rate (Martins-Melo et
al., 2007; Cucunuba et al., 2016); all these clinical signs can be influenced by strain
constituents, by parasite passage among different triatomine species, or by host immunity,
among other factors (Magalhdes et al., 1996; Macedo et al., 2004; Manoel-Caetano et al.,
2007, Guzman-Marin et al., 2012).

The virulence of 7. cruzi strains can be measured considering parameters like
prepatent period, parasitemia, cellular tropism, and mortality; these factors were first
proposed as key by Barreto (1964) and WHO (1980). This review is aimed to show and
discuss, based on the aforementioned parameters, some biological and methodological
factors that could influence the virulence of Mexican 7. cruzi strains.

T. cruzi life cycle

The life cycle of 7. cruzi alternates between an invertebrate vector and a vertebrate host
(Noireau et al., 2009). During its development in both hosts, the parasite goes through four
developmental stages: metacyclic trypomastigote, blood trypomastigote (infective forms),
epimastigote, and amastigote (replicative form) in vectors and reservoirs, respectively
(Kollien and Schaub, 2000). Hematophagous insects of the Triatominae subfamily (order
Hemiptera; family Reduviidae) are responsible for 7. cruzi vector transmission. The insect
acquires blood trypomastigotes when feeding on blood from an infected mammal. After
invading the insect foregut (stomach), blood trypomastigotes transform into epimastigotes a
few hours after blood ingestion, establishing an infection in the vector (Azambuja et al.,
2005). Epimastigotes migrate to the rear midgut, adhering to the perimicrovillar membrane
of intestinal cells and reproducing by binary fission (Kollien et al., 1998; Alves et al.,

2007). Epimastigotes migrate to the rectum and undergo metacyclogenesis, differentiating
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into metacyclic trypomastigotes, which are expelled by the triatomine along with feces and
urine; in turn, metacyclic trypomastigotes can infect a vertebrate host (Azambuja et al.,
2005).

Metacyclic trypomastigotes can enter a vertebrate through the insect bite wound, as
well as through skin lacerations, mucosae, or conjunctives (Silva-Neto et al., 2010). Once
the parasite entered a vertebrate host, it can invade any kind of nucleated cell and transform
into amastigote, which will multiply by binary fission to the point of lysing the host cell.
Upon reaching the bloodstream, they will transform into blood trypomastigotes, which will
either infect other cells and establish amastigote nests in different tissues, or be absorbed by
a triatomine to complete its life cycle (Fig. 2.2).

Factors associated to T. cruzi virulence

Prepatent period

Prepatent period is defined as the period between infection and the time when parasite
forms become observable in the host bloodstream (Cruz-Reyes and Camargo-Camargo,
2001). In general, the prepatent period of 7. cruzi strains studied in Mexico vary from 6 to
10 days; such is the case of the Apodaca, La Cruz (Salazar-Schettino et al., 1978), Ninoa,
and Querétaro (Espinoza et al., 2010) strains. However, Tay et al. (1980) reported that the
Tetitlan strain (from Guerrero) required about 20 minutes after inoculation to transform into
intracellular amastigotes, showing blood trypomastigotes in only two and a half hours.
Thus, variations in this period could be indicative of the virulence of a parasite strain.

Shorter prepatent periods have been observed in several strains from Mexico and
South America when the parasite is inoculated by the intraperitoneal route with respect to
oral, nasal, and conjunctival routes (Tay et al., 1973; Malaquias et al., 2013). Recently, oral

infection has attracted great attention, especially in South America, after accidental

15



ingestion of contaminated food or consumption of infected insects (Coura, 2006; Diaz &
Gonzélez, 2014). The longer prepatent periods characterizing this infection route could be
associated to the role of gastric juice, since parasites could lose motility and even die
because of the acidic medium (Neira et al., 2003). Although gastric juice is an extremely
hostile environment, the parasite can establish an infection thanks to the gp82 surface
glycoprotein, relatively resistant to peptic digestion in acid pH values (Yoshida, 2009). This
adhesion molecule binds epithelial cells and induces Ca”™ mobilization, an essential event
for parasite internalization (Ruiz et al., 1998; Toso et al., 2011).

The ability of 7. cruzi to enter a mammal host through several routes increases the
possibility of contact with human populations, since epidemiological risk sources are not
limited to triatomine dejections, but include mechanisms relying on human actions. A clear
example is conjunctival infection, in which the individuals themselves carry infected feces
to the ocular zone. Nevertheless, the disease evolution and the host immune response could
be critically affected by the site of infection (Barreto-de-Albuquerque et al., 2015).

On the other hand, it has been suggested that prepatent period could be shorter when
T. cruzi blood stages are inoculated instead of the metacyclic forms found in insect feces;
though inconclusive and scantily analyzed, this hypothesis is supported by some studies.
Espinoza et al. (2010) observed 3- and 7-day prepatent periods after inoculating blood
trypomastigotes of the Querétaro and Ninoa strains, respectively; similar results were
reported by Gomez-Hernandez et al. (2011) with Mexican strains characterized belonging
to the TCI lineage. Conversely, Monteon et al. (2009) and Diaz-Goémez (2014)
demonstrated prepatent periods longer than 10 days with metacyclic forms of strains

isolated from 7. dimidiata in Campeche, Nayarit, and Chiapas.
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This phenomenon could be explained by a previous contact between blood
trypomastigotes and the vertebrate immune system (Sudrez et al., 2009). It has been
hypothesized that freshly-inoculated blood forms, i.e. parasitic forms obtained from a
vertebrate host, can better evade the host immune response. The mechanisms underlying
the parasite ability to evade the immune response are mediated by enzymes like trans-
sialidases (TS) (Nardy et al., 2016), which are expressed and released 20 times more in
blood forms than in other parasite stages (Rubin-de-Celis et al., 2006), and by the capacity
of transferring sialic acid from host glycoconjugates to mucin molecules on its own cell
surface (Freire-de-Lima et al., 2015). It has been observed that TS facilitate parasite
adhesion and invasion to vertebrate cells (Nardy et al., 2016), and also enhance the capacity
of escaping the parasitophorous vacuole and invading the cell cytosol (Rubin-de-Celis et
al., 2006). Thus, it has been postulated that a faster parasite replication occurs under these
conditions, and consequently an earlier presence in the bloodstream is observed. Therefore,
T. cruzi TS are considered a major virulence factor (Buschiazzo et al., 2012), and currently
are under study as targets for future vaccines against Chagas disease (Hoft et al., 2007).

To understand the clinical picture of Chagas disease, experimental models have
been implemented using animals with a proven susceptibility to the infection. Several
studies in Mexico used female mice as animal model, due to their greater susceptibility
(Salazar-Schettino et al., 1978; Sanchez-Guillén et al., 2006; Becerril-Flores et al., 2008;
Mendoza-Rodriguez, 2015). However, males seem to be more susceptible in works using
South American strains (Zudiga et al., 1997; Zuniga et al., 1998; Miccuci et al., 2010;
Mena-Marin et al., 2012). Considering this, sex hormones could play a significant role in
infection (Pérez et al. 2009; Miccuci et al., 2010). It has been reported that testosterone

administration to animals favors an early replication of the parasite (Tartalini ef al., 2011).
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This hormone has a deleterious effect on host defensive mechanisms during the acute stage
of the disease (Pérez et al., 2009), mainly affecting T and B lymphocyte and macrophage
populations (Benten et al., 2004). In T. cruzi-infected young male rats, a testosterone
concentration similar to that in uninfected adult rats has been observed, suggesting that the
parasite is capable of altering the metabolism of this hormone. In fact, Carlos Chagas
reported the presence of the parasite in animal testes in 1916 (Chagas, 1916; Pérez et al.,
2009).

Several host-associated factors have been proved to modify 7. cruzi virulence, but
other variations depend on the biological and genetic traits of the strain under study
(Albuquerque et al., 2008). The TCI parasite lineage predominates in Mexico, while the
TCII lineage is prevalent in South America (Bosseno ef al., 2002; Noireau et al., 2009).
These genetic differences between 7. cruzi strains should be considered when choosing the
most appropriate animal model. Additionally, it is advisable to use young animals (for
mice, weighing about 15-20 g), since some functions of the immune system, like thymus
cellularity and lymphocyte dynamics, mature with growth and development (Revelli ef al.,
1987; Herrer and Diaz, 1995).

Parasitemia

This parasitological parameter is specific for the acute stage of Chagas disease.
Benznidazole and nifurtimox, the drugs of election against the parasite, show the highest
efficacy in this stage, since both nitroheterocyclic compounds are more active against
extracellular 7. cruzi forms (blood trypomastigote) than against intracellular forms
(amastigote), causative of the chronic stage of the disease (Castro, 2014; WHO, 2016). The
Tetitlan strain, isolated in Guerrero (Table 2.1), caused the highest parasitemia level (75 x

10° parasites/ml) for a Mexican strain and for any other strain isolated in the Americas.
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High parasitemia levels have been observed when a large number of parasites are
experimentally inoculated to animals. Mazzotti (1940) reported a higher number of
trypanosomes in blood when assaying inoculum sizes ranging from 46 000 to 500 000
parasites. While these variations could be attributed to the pre-programmed number of
divisions of the parasite in vertebrate cells (approximately 9 binary division cycles)
(Andrade and Andrews, 2005), it is clear that the host immune response has a key role in
controlling parasite replication (Basso, 2013).

Espinoza et al. (2010) reported varying parasitemia values with respect to antibody
levels produced in response to experimental infections. The Ninoa strain, which elicited
IgM and IgG2 antibodies in an early stage and 1gG1, 1gG2b, IgG3, and IgA antibodies 30
days later, exhibited lower parasitemia values (10° parasites/ml) than the Querétaro strain
(2.9 x 10° parasites/ml); the latter elicited IgM and IgG2 antibodies only. Judging by the
capacity of 7. cruzi to block the host immune response, it seems clear that the Ninoa strain
was not able to block this response, and in consequence its replication was compromised.
Experiments in immunocompetent mice show that an absence of antibodies leads to a fail in
controlling parasite replication and the disease (Kumar and Tarleton, 1998). Given their
role in the infection, anti-7. cruzi antibodies are routinely used in blood bank screening to
detect infected donors (Galaviz-Silva ef al., 2009). This practice has successfully prevented
an increase in the number of Chagas disease cases after blood transfusion in Mexico.

The capacity to efficiently block the host immune response depends on the virulence
of the T. cruzi strain. Proteins like cruzipain, calreticulin, and TS play a role in this
capacity. Some authors suggest that virulence could be related to the triatomine species
from which the strain was first isolated, the site of collection, and the insect geographic

distribution (Tay ef al., 1969; Guzman-Marin et al., 2012). After these findings, the interest
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on whether the different triatomine species could modulate parasite virulence raised (Tay et
al., 1969; Guzman-Marin et al., 2012; Little et al., 1996). A pioneering work on this subject
was published by Tay et al. (1969); the author reported that the Tetitlan strain (first isolated
from 7. mazzoti) caused higher parasitemia values after passage through 7. infestans and T.
barberi with respect to the passage through M. pallidipennis. Similar results were obtained
when a low-virulence strain isolated from M. pallidipennis increased its parasitemia values
after passage through 7. barberi. At the same time, a virulent strain isolated from the latter
species reduced its parasitemia levels after passage through M. pallidipennis (Mendoza-
Rodriguez, 2015). This suggests that 7. barberi increases the virulence of 7. cruzi strains.
Four electrophoretic components of 82, 87, 96, and 103 kDa, not shared between both
triatomine species, have been identified (Mendoza-Rodriguez, 2015). It would be important
to characterize these components and determine their role in modulating parasite virulence.

In contrast with 7. barberi, T. dimidiata, the main species in the Southeast region in
Mexico, seems to decrease the virulence of 7. cruzi strains, at least of the H4 and V strains,
from Yucatan (Guzman-Marin et al., 2012). Along with the lower susceptibility to the
parasite in 7. dimidiata with respect to other species (De Fuentes-Vicente et al., 2016a),
this could explain the low number of reports on infected persons in the Southeast, where T.
dimidiata is the only vector reported to date (Dumonteil and Gourbiére, 2004, Guzman-
Marin et al., 2012).

Although the mechanisms through which some triatomine species modulate 7. cruzi
biologic behavior are not known, it is likely that strain-vector coadaptation plays a
significant role in transmission dynamics (Magalhdes et al., 1996). Factors like
carbohydrate composition in the parasite surface (Mello et al., 1996), the glycoproteic

composition of the vector digestive tract (Antunes et al., 2013), the genetic composition of
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both, and their shared evolutive history (Araujo et al., 2014) could participate in such
adaptation. This is demonstrated by observing the differing degrees of susceptibility in
triatomines to various parasite strains (Alves et al., 2000; Pérez-Rivero, 2010). Yet a poorly
studied subject, the insect immune response could have some influence on 7. cruzi
virulence. Our research team found higher parasitemia values in CD-1 mice in certain
Chiapas zones where 7. dimidiata specimens exhibit a more intense immune response,
particularly in the phenoloxidase enzyme (PO) activity (De Fuentes-Vicente et al., 2016b).
On this regard, the possibility of a selection in the insect gut to ensure a successful infection
to vertebrate hosts should be investigated. Given the wide intra- and inter-species variation
in the insect immune response (Schmid-Hempel, 2005), it would be interesting to assess the
components of this response and the molecules involved in the parasite-vector interaction
with respect to their distribution patterns and evolutionary history.

Lectins, one of the most important molecule types in parasite-vector interaction, are
found in triatomine midgut and have been proposed as parasite-anchoring molecules to the
insect intestine (Basseri, 2002). The presence of lectins specific to sugars such as N-acetyl-
D-mannosamine, a-N-acetyl-D-galactosamine, and a- and B-D-galactose has been studied
in South American vectors like Rhodnius prolixus (Pereira et al., 2011). In contrast, there is
scarce information on the role of lectins in Mexican endemic vectors (Rivas-Medina, 2014).
On this regard, it has been suggested that lectins specific for N-acetyl-D-galactosamine
could be involved in parasite binding in vectors like M. pallidipennis and T. barberi (Rivas-
Medina, 2014).

It should be mentioned that maintaining 7. cruzi in laboratory conditions for
extended periods seems to alter the parasite biological behavior. An increase in the number

of blood trypomastigotes has been reported when 7. cruzi strains are inoculated to mice

21



after being cultured for more than 10 months (Tay et al., 1973). However, other strains kept
in culture for extended periods show a decrease in parasitemia levels instead (Becerril-
Flores et al., 2008). Extended maintenance in culture media could cause genetic changes in
the parasite, attenuating virulence. Culture in Liver Infusion Tryptose (LIT), the most
widely used medium for 7. cruzi maintenance, leads to a gradual adaptation of the parasite
to an artificial environment where glucose levels are higher than those usually met by the
flagellate in its evolutionary cycle (Ledezma et al., 2013). Thus, it has been suggested that
T. cruzi life cycle should be simulated in the laboratory by alternate passage between
triatomines and mice, thus expecting to maintain the biological properties of parasite strains
(Contreras et al., 1994; Contreras et al., 1998; Ledezma et al., 2013).

Salazar-Schettino et al. (1978) indicated that passage through humans increases 7.
cruzi virulence. For instance, the Apodaca strain, isolated in a region where several cases of
Chagas disease had been reported, showed higher parasitemia values than La Cruz strain,
isolated in a zone where no Chagas disease case were reported before (Salazar-Schettino et
al., 1978). Although humans are considered as an incidental host, it has been suggested that
T. cruzi could have found in humans a better reservoir to ensure its continuity in nature. In
fact, this human-parasite interaction dates back at least 9 000 years.

Cellular tropism

T. cruzi is capable of invading a wide range of vertebrate cells; however, the key receptors
in parasite invasion events are still unknown (Fernandes and Andrews, 2012). The
preference of T. cruzi strains for some specific host tissue has been widely studied. In
general, there is evidence that the TCI lineage exhibits a cellular tropism for cardiac
muscle, in contrast with the TCII lineage, which preferentially invades the intestine and

esophagus (Botero et al., 2007; Andrade et al., 2002; Macedo et al., 2002). Reports in
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Mexico on greater heart damage in human subjects and experimental animals could be
related to a greater presence of the TCI lineage in the country (Bosseno et al., 2002).
Although parasite genetics has been associated to different disease manifestations, a precise
relationship cannot be established yet (Manoel-Caetano and Silva, 2009).

Various studies have reported that Mexican strains exhibiting high parasitemia
values in mice induce a higher damage in cardiac muscle (Tay et al., 1973; Sanchez-
Guillen et al., 2006; Becerril-Flores et al., 2008; De Fuentes-Vicente ef al., 2016b). In the
acute stage, when trypomastigotes are blood-borne, damage to cardiac muscle is mainly due
to the effect on cardiac cells of parasite replication (Gutiérrez et al., 2009; Texeira, 2011);
this could explain the relation between parasitemia and tissue damage. Three general
pathogenic mechanisms have been described for Chagas disease: direct damage on
myocardium and neurons due to parasitemia; microvascular alterations; and damage caused
by the immune response. In time, these mechanisms lead to fibrosis and deterioration of the
cardiac function. The former mechanism favors the development of cardiopathy. The
presence and reproduction by binary fission of intracellular amastigotes in myocardial cells
and the ensuing lysis result in the release of cell components and tissue destruction due to
the inflammatory response (Texeira, 2011). This process occurs even when only parasite-
related antigens or DNA have been detected (Jones, 1993; Marin-Neto, 2007; Marin-Neto,
2009). Another mechanism involved in myocardial damage involves microvascular
anomalies that lead to myocardial ischemia; this process is caused by an increase in platelet
adhesion to microvascular endothelium due to augmented endothelin levels, which in turn
were triggered by the inflammatory process, along with neuraminidase production by blood
trypomastigotes. This results in platelet thrombi and myocardial microinfarcts, with evident

necrotic processes (Herrera, 2003). With respect to the elicited immune system response,
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molecular mimesis and polyclonal activation are part of autoimmunity processes against
proteins, cell components, neurons, and myocardial structures, as well as against -
adrenergic receptors, with the presence of auto-antibodies in serum from Chagasic patients
(Manher, 2001). All of these mechanisms, activated by the mere presence of the parasite,
have been involved in the pathogenesis of Chagasic cardiopathy lesions; thus, disorders in
the autonomous nervous system, microvascular alterations, and the immune system
response act together to develop fibrosis, the hallmark of chronicity (Marin-Neto, 2007).
On the other hand, 7. cruzi has been reported as capable of invading brain tissues in
experimental animals. Tay et al. (1969) observed that parasites invade the brain when
parasitemia values are higher than 30 x 10° parasites/ml. This is in agreement with results
reported by Salazar-Schettino et al. (1978), who observed amastigote nests in the brains
from mice showing parasitemia values of 40 x 10° parasites/ml. Instead, we reported the
presence of nests in the same organ with a strain from Chiapas which reached 22.57 x 10°
parasites/ml, even though the number of nests observed was very low (De Fuentes-Vicente
et al., 2016b). The presence of the parasite in the brain results in damage to the central
nervous system and other cerebral components (Silva et al., 2010). These lesions may cause
rear limb paralysis (Yarbuh et al., 2006), memory loss as seen in human patients (Chagas,
1916), and depressive disorders (Vilar-Pereira ef al., 2012), among other conditions. These
damages are reported as more severe in younger animals, due to the probable role of the
blood-brain barrier (BBB) in the protection against 7. cruzi; certain changes in BBB-
associated receptors during adulthood seem to exert some protection against the parasite
(Mata et al., 2012). In humans, about 9-36% of chronic Chagasic patients show evidence of

cerebral infarctions (Silva ef al., 2010).
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T. cruzi also can infect skeletal musculature, reticuloendothelial tissue, spleen, and
liver, albeit in a lesser degree (Mejia and Triana, 2005). Amastigote nests have been
observed in lungs from BALB/c mice infected with the Mexican strains Albarrada, CH4,
and Zarco (Melnikov et al., 2005), and in intestines from BALB/c mice infected with the
Ninoa and Querétaro strains (Espinoza et al., 2011). It should be noted that amastigote
nests found in the intestine of mice infected with both parasite strains were very small, only
observable by immunofluorescence; this may explain the low number of reports on
gastrointestinal infection by Mexican strains (Espinoza et al., 2011).

Resuming the issue of parasite maintenance in laboratory conditions, Becerril-Flores
et al. (2008) observed that the number of organs invaded by several 7. cruzi strains was
significantly reduced (from 9 to 3 organs) after passages in LIT medium for one year.
Maintenance in culture even resulted in the complete removal of 7 out of 11 evaluated
strains. This decrease in tropism associated with parasite maintenance in culture was also
observed by Tay et al. (1969), even though strains were maintained by alternate passages
between mice and triatomines; therefore, other factors meriting study could be taking part
in this decreased tropism. It is not known whether the triatomines used in these passages
corresponded to the zones where parasites were isolated, since some degree of adaptation
and sensitivity seems to exist between 7. cruzi strains and triatomines from a same
geographic region; this adaptation could influence the biologic characteristics of parasite
populations (Schaub et al., 2000; Garcia et al., 2007).

Mortality rate
Chagas disease causes about 12 000 yearly deaths (Cucunubid et al., 2016). Under natural
conditions, the high mortality rate in humans is mainly associated to Chagasic

myocardiopathy, usually with a poorer prognosis than dilation myocardiopathies with other
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etiologies (Barbosa and Nunes, 2012; Ribeiro ef al., 2012). Senior population is at a higher
risk of death by Chagasic myocardiopathy, due to the disease chronic development and the
extended infection time (Risquez, 2009). While Chagasic myocardiopathy starts with
parasite invasion and replication in cardiac muscle, death in acute-stage human patients is
uncommon; nevertheless, death risk is higher among young children and
immunosuppressed patients (e.g. HIV-infected subjects).

Mortality rates ranging from 0% to 100% have been reported in experimental
infections. Some studies, like that published by Salazar-Schettino et al. (1978), support the
relevance of parasite replication as a mortality modulator. In that study, the Apodaca strain,
which reached the highest parasitemia levels, killed all subject mice. On the other hand, a
100% survival rate was reported with the La Cruz strain, which showed lower parasitemia
values. This has been observed as well in other works with different Mexican strains
(Barrera-Pérez et al., 2001; Gomez-Hernandez et al., 2011) with some exceptions (e.g.
Wallace et al., 2001). High survival rates were also observed with other strains from
Oaxaca, Veracruz, Guerrero, and Campeche (Montedn et al., 2009). Curiously, the vector
T. dimidiata abounds in those regions, and a high prevalence of Chagas disease in humans
has been reported there (Ramsey et al., 2000; Salazar-Schettino et al., 2005; Cruz-Reyes
and Pickering-Lopez, 2006; Salazar-Schettino ef al., 2010).

Besides 7. dimidiata, M. pallidipennis seems to favor low mortality rates for several
T. cruzi strains (Mendoza-Rodriguez, 2015). As mentioned above, the mechanisms
underlying this phenomenon are not known. A common trait in both vector species is the
capacity of entering human habitation and complete their life cycle indoors. Thus, humans
become the main food source for the insect, and it could be hypothesized that this change in

feeding habits results in a decrease of parasite virulence. This is not unreasonable, since a
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similar phenomenon can be observed by exposing the parasite to avian blood in 7.
dimidiata gut; consequently, a higher survival rate is observed in infected mice (Calderon-
Arguedas et al., 2003). Nevertheless, avian blood is known to be refractory to 7. cruzi
infection (Texeira et al., 2011). Taken together, this evidence indicates that parasite
virulence could be associated not only to insect gut components, but also to the vector
biologic behavior (Vallejo et al., 2009; Garcia et al., 2010).

A parasite causing a low mortality rate in its host will result in a higher transmission
probability, thus ensuring its permanence in nature (Wild et al., 2009). It is clear that in
laboratory studies, factors like animal sex (Mena-Marin et al., 2012), inoculum size
(Mazzotti, 1940), and animal age (Zufiga et al., 2012) could affect mortality rate. The
influence of parasite genetic variability on mortality in experimental infections has been
little explored, and its effect is not clear. Espinoza et al. (2010) observed significant
differences in the mortality rate of two genetically similar strains, Ninoa and Querétaro. On
the other hand, significant differences in the mortality rate caused by two genetically
distinct strains were found. One plausible explanation to this is that the adaptation of
certain strains to a specific host could play a key role in parasite-host adaptation.
Conclusions and perspectives
This review evinces the biologic heterogeneity shown by the parasite protozoan 7. cruzi in
a vertebrate host. To date, this heterogeneity has prevented researchers to establish a
concise classification system to facilitate the study of the parasite. Such heterogeneity could
also explain the wide variety of clinical forms exhibited by American trypanosomiasis.
While the main clinical picture in the chronic disease is cardiac muscle compromise, the
digestive tract is involved in other cases, producing the ‘mega’ syndromes, megaesophagus

and megacolon, and yet other cases report nervous system disorders only. One of the main
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problems hindering the study of this parasitic infection is the question of whether the
reported differences in clinical picture and response to treatment are indeed due to
differences in the biologic behavior of the parasite. Currently, it is not known why 7. cruzi
is so variable, not only on the parasitological side, but also with respect to its genetics,
biochemistry, and enzymology. This complexity could be closely related to the great
number of reported vectors (132 species), each exerting a different kind of pressure on the
flagellate. Besides, the wide variety of vertebrate hosts that 7. cruzi is capable of naturally
infecting (about 100 mammal species) further complicates the picture.

While it is true that experimental infections are not subject to environmental
pressures that normally affect reservoirs, vectors, and the parasite (e.g. temperature and
altitude), controlled infections provide an overview on the parasitological aspects of a T.
cruzi strain in each region. Due to differences in their behavior, all strains isolated in
different regions of the Americas should be biologically characterized, especially those
strains for which humans act as a reservoir. Additionally, it is essential to standardize
protocols to study 7. cruzi strains in all research laboratories, given the discrepancies
observed in direct comparisons of some parasite populations due to the different
methodologies used.

Another interesting and poorly studied aspect of 7. cruzi infection is the passage of
isolates through different vectors; several components in triatomine gut could be
influencing the biological and biochemical behavior of the parasite, not only its virulence.
On this regard, Mexico is a diverse country, where widely-distributed endemic species may
cohabit in a same region, causing different clinical manifestations. Undoubtedly, the role of
triatomines in 7. cruzi virulence underlies the previously reported heterogeneity of Mexican

isolates. It should be noted that the digestive tract (anterior and rear midgut) of endemic
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triatomine species has not been well studied, and very little is known on its protein
composition.

Finally, herein we propose the characterization of all 7. cruzi isolates to favor a real
clinical application in patients from the regions where parasites were isolated. On this
regard, there are very few studies in Mexico that, based on 7. cruzi infections and clinical
follow-up, have grouped patients into clinical categories (Salazar-Schettino, personal
communication), in contrast with the several studies reported in South America (Sgammin,
1981). On a practical perspective, gathering more data on 7. cruzi infections could be a
useful resource to predict the disease evolution, the patient clinical and immunological

response, and of course the most appropriate therapeutic options.
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Figure 2.1 Species with greater epidemiological importance in Mexico. a) Meccus

pallidipennis, b) Triatoma dimidiata y ¢) T. barberi
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Table 2.1 Parasitological parameters (virulence) of some Mexican strains of T. cruzi

. Isolation  Obtained Used Prepz}tent Pe'ak . Mortality . .
Strain . period parasitemia Tissues invaded Reference
site from mammal (%)
(days) (par/mL)
Apodaca Jalisco Patient Webster mice 6 1x10’ 100 Hearth, Skeletal Salazar-
muscle/Oesophagus/Liver/Brain/Lung  Schettino

etal. 1978

Santa Catarina | Jalisco T. barberi Webster mice 6 3.5x107 80 Hearth, Skeletal

muscle/Oesophagus/Liver/Lung

Zacoalco Jalisco T. barberi ~ Webster mice 3 2.9x10, 0 Hearth/Skeletal Muscle

La Cruz Jalisco T. barberi ~ Webster mice 9 1.7x10’ 0 Hearth/Skeletal Muscle/Oesophagus

H4 Yucatan Patient Female NIH mice 8 1.04x10’ 50 Hearth/Skeletal muscle/oesophagus Barrera
Pérez et
al.,2001

HS5 Yucatan  Patient Female NIH mice 8 3.61x10° 8.33 Hearth/Skeletal muscle/oesophagus

CH4 Yucatan Patient Male Balb-c mice  Unmentioned ~ 8.5x10° 50 Hearth/vessels/bronchi Melnikov
etal.,
2005

Albarrada Colima Triatomine ~ Male Balb-c mice ~ Unmentioned ~ 2.2x10° 30 Hearth/vessels/bronchi

Zarco Colima Triatomine  Male Balb-c mice ~ Unmentioned ~ 4.2x10° 30 Hearth/vessels/bronchi
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RyC-R | Puebla Peroyscus Female Balb-c mice 7 174.5x10* 31.25 Hearth Sanchéz-
peromyscus Guillén

etal.,
2006

RyC-V | Puebla T. barberi Female Balb-c mice 7 97.65x10* 10.4 Hearth

RyC-H | Puebla Patient Female Balb-c mice 7 55.3x10* 12.5 Skeletal muscle

INC1 Oaxaca Patient Balb-c mice 10 6aprox.7x10° 0 Not evaluated Montedn
etal.,
2009

INC7 Veracruz Patient Balb-c mice 10 aprox5.8x10° 0 Not evaluated

INC9 Guerrero Patient Balb-c mice 10 aprox5.3x10° 0 Not evaluated

Camp7 | Campeche T. dimidiata  Balb-c mice 10 aprox6.9x10° 0 Not evaluated

Nayarit | Nayarit T. picturata  Balb-c mice 10 aprox2.4x10° 0 Not evaluated

Ninoa Oaxaca Patient Female Balb-c mice 7 1.6x10° 0 Hearth Espinoza
etal.,
2010

Qro. Queretaro  T. barberi Female Balb-c mice 3 2.9x10° 100 Hearth

Ninoa Oaxaca Patient Female Balb-c mice 15 aprox2x10° 0 Hearth/Duodenum/Jejunumy/Ileum/colom  Espinoza
etal.,
2011

Qro. Queretaro T barberi Female Balb-c mice 15 aprox3.7x10° 0 Hearth/Duodenum/Jejunum/Ileum/colom
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CGH1 Jalisco T. longipennis ~ Male mice 2-11 Not detected 6.6 Not evaluated Goémez-
Hernandez et al.,
2011

CGH2 Jalisco M. pallidipenis ~ Male mice 2-11  Not detected 3.3 Not evaluated

CGH3 Jalisco T. longipennis Male mice 2-11  10x10’ 33 Not evaluated

CGH4 Jalisco M. pallidipenis ~ Male mice 2-11  4.6x10° 16.6  Not evaluated

CGH6 Jalisco M. pallidipenis ~ Male mice 2-11  8x10° 6.6 Not evaluated

KR1 Jalisco T. picturata Male mice 2-11  Not detected 10 Not evaluated

Ninoa Oaxaca Patient Male mice 2-11  7.5x10° 20 Not evaluated

INC5S Guanajuato  Patient Male mice 2-11  6.1x10° 53.3  Not evaluated

ITR/MX/10/COP | Chiapas T. dimidiata Female Wistar Rat 12 12x10° 0 Not evaluated Diaz-Gémez, 2013

Morelos Morelos M. Pallidipenis ~ Femal CD-1 mice 18 7.7x10° 30 Not evaluated Mendoza, 2015

Mor/Th Morelos T. barberi Female CD-1 mice 17 17x10° 60 Not evaluated

Qro. Queretaro T. barberi Female CD-1 mice 3 29.8x10° 100  Not evaluated

Qro./Mp Queretaro M. pallidipenis ~ Female CD-1 mice 3 31x10° 100 Not evaluated

TC 300 Chiapas T. dimidiata Female CD-1 mice 13 15.66x10° 0 Hearth/Oesophagus/Gastrocnemius De Fuentes-
Vicente et al.,
2016b

TC 700 Chiapas T. dimidiata Female CD-1 mice 13 22.57x10° 6.66  Hearth/Brain/Oesophagus/Gastrocnemius

TC 1400 Chiapas T. dimidiata Female CD-1 mice 15 11.17x10° 3.33  Hearth/Oesophagus/Gastrocnemius
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Abstract
Chagas disease has devastating effects on humans and other mammals. For the disease to
take place, the parasite, Trypanosoma cruzi, must infect blood-feeding triatomine bugs to
finally reach mammal hosts. Since several species of triatomines and mammals are sylvatic,
the Chagas life cycle is difficult to interrupt. This along with a lack of a cure, makes
Chagas disease an almost unbeatable problem, rendering prevention programs as the main
control. Since not all triatomine individuals can be infected with 7. cruzi, one elemental yet
unsolved question towards such prevention control is what makes a susceptible bug. We
aim to answer this by merging findings linked to insect gut structure and microbiota,
immunity, genetics, blood sources, ambient temperature and altitude to understand 7.
cruzi/triatomine interaction using a coevolutionary scenario. As expected, these abiotic and
biotic factors interact with each other and provide varying fitness costs for bugs which can
explain why infection takes place and how it varies in time and space. Major determinant
factors are gut components and microbiota, blood sources and temperature. Although their
close interaction has never been clarified, our analysis indicates that they must be

considered for bug control programs as an alternative to insecticide use.
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The killing couple

Several vector-borne parasites and pathogens are responsible for major public health issues,
especially affecting socially and economically marginalized individuals [1]. This is the case
of T. cruzi, the causative agent of Chagas disease [2] (Figure 1). This parasitic disease,
considered as one of the 13 neglected tropical diseases in the world [3], is endemic in Latin
America. Currently, an estimate of 7 million people are infected with 7. cruzi, leading to
approximately 22 000 annual deaths, throughout the Americas (Figure 2).

The vectors of 7. cruzi are obligate hematophagous insects of the subfamily
Triatominae, (Hemiptera: Reduviidae) that feed exclusively on vertebrate blood. More than
half of 136 described species have been found infected with 7. cruzi [4]. Triatomines
acquire the parasite when they feed on the blood of an infected vertebrate host, and the
parasites establish initially in the anterior region of the intestine and subsequently in the
rectum of the insect where they replicate. As the insects feed they defecate on the host’s
skin. The feces contain infective metacyclic trypomastigotes that enter the host across
mucous membranes or via micro abrasions produced after the host scratches the bite site
(see life cycle of T. cruzi in Figure 1) [5,6].

The association between 7. cruzi and triatomines is likely the result of a
coevolutionary process, although this has not been formally postulated. Clarifying the
mechanisms underlying these association would help us understand 7. cruzi-vector
dynamics, and will help devise strategies to interrupt parasite transmission to humans [7, 8].
Here we review biotic and abiotic factors influencing 7. cruzi-vector interactions, using an

evolutionary approach. Based on potential fitness costs for both actors, this should provide

44



novel elements to understand potential transmission that can be also used to design

blocking strategies.

Bonnie and Clyde have just met: the insect gut as the first point of contact

When going through gut compartments, the parasite must cope with intestinal components
and digestive enzymes that may influence its infection, establishment, and replication [9,
10]. The main site where an interaction of 7. cruzi with triatomines is in the perimicrovillar
membrane (PMM) [11]. This nonchitinous membrane surrounds microvilli in gut epithelial
cells [12], and is comparable to the peritrophic membrane found in most other insects [13].
On entry, T. cruzi anchors itself to the vector’s midgut via the formation of glycoconjugates
with the PMM [14]; few T. cruzi epimastigotes are found adhered when the PMM is either
under-developed or absent [15]. Triatomine control strategies could target this interaction
by preventing the glycoconjugate production.

PMM synthesis and development is regulated by the neuroendocrine system [16].
The introduction of azadirachtin (a triterpenoid that blocks the production of the
prothoracicotropic hormone) or insect decapitation alters the PMM structure [17, 18]. Both
treatments produced a hostile condition for parasite development [19], but favorable
conditions for 7. cruzi development could be restored by a head transplant from a fed insect
or ecdysone treatment [20].

It has been hypothesized that triatomines inherited and modified a set of digestive
proteins from ancestral predator reduviids to lyse blood cells [21]. Whereas many
hematophagous insects such as dipterans use trypsins in their digestion, triatomines use
cathepsins [22]. More specifically, cathepsin D expression increases in Rhodnius prolixus
and Triatoma infestans after ingesting 7. cruzi-infected blood [23, 24]. Modulating the
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insects’ physiology to increase the rate of blood digestion (days 14-21 in 7. infestans [25])
could reduce the time between feedings, and would increase the probability of 7. cruzi
being transmitted to a vertebrate host [26]. In fact, changes in behavior and feeding
behavior of infected triatomines have been reported. For example, adult Mepraia spinolai
finds hosts and defecates faster when infected, producing a more efficient parasite
transmission [27]. This is not the case, however, for R. prolixus, whose mobility was
reduced by infection [28]. On the other hand, cathepsin D secretion may speed up parasite
development and metacyclogenesis [23, 29]. If recent data are confirmed that the parasite
induces changes in its host to increase parasite fitness, we may hypothesize that 7. cruzi

“manipulates” the triatomine, becoming a part of the parasites’ “extended genotype” [30].

A role for insect immune response: being tolerant to your manipulator?

In the face of 7. cruzi infection, the expression of various insect immune effectors has been
documented including lysozymes [24, 31], defensins [32-34], prolixicins [35], lectins [36,
37], nitric oxide [38], and components of the phenoloxidase (PO) cascade [39,40]. Notice
that the activation of these components does not necessarily indicate that development
and/or survival of 7. cruzi will be affected or prevented. However, since 7. cruzi mortality
in the insect gut can be over 80% [41], and 100% in the insect’s hemocoel, insect immune
responses are functioning, albeit in an insufficient manner.

The signaling pathways of the innate immune response in triatomines have not been
as well characterized as those in holometabolous insects. Activation of the IMD, Toll, and
Jak-STAT pathways has been demonstrated in the digestive tract transcriptome of R.
prolixus [42]. Many genes are known members of the Toll signaling pathway, but fewer

genes were found associated with the IMD and Jak-STAT pathways [42]. Activation of the
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Toll and IMD pathways relies on host Pattern Recognition Receptors recognizing Parasite
Associated Molecular Patterns such as -1,3-glucans, found on the cell wall of bacteria and
fungi, and peptidoglycans found in Gram positive bacteria [43]. The relatively low
abundance of IMD related transcripts could be due to the lack of Gram-negative bacteria in
the GI tract, to which the IMD pathway responds. Alternatively, the recent publication of
the R. prolixus genome [44] indicated that R. prolixus, and other related hemipterans such
as the pea aphid (Acyrthosiphon pisum), the bedbug (Cimex lectularius) and the head louse
(Pediculus humanus), appears to be missing key components of the IMD pathway,
rendering it nonfunctional, or functioning at a very low level. It has been postulated that a
reduction in the IMD pathway has been reduced to prevent the elimination of the obligate
Gram-negative bacterial symbionts that are found in the GI tracts of these insects and on
which these species rely for digestion [42]. Thus 7. cruzi may reside in an area, the GI tract,
which has a relatively low innate immune response compared with the hemocoel, solely to
avoid being exposed to lethal insect defense factors. If 7. cruzi is injected into the hemocoel
of the vector, the parasites are quickly killed, indicating that the inefficient transmission of
T. cruzi via fecal contamination is maintained because of the parasites’ susceptibility to
strong immune factors in regions of the insect outside the GI tract.

Activation of the PO enzyme has been observed in the gut [G. Favila-Ruiz, thesis,
Universidad Nacional Autonoma de Mexico, 2016] and hemolymph (40) of 7. cruzi-
infected triatomines. It is, however, paradoxical that PO is activated in hemolymph of
infected triatomines, where 7. cruzi is not found under natural conditions. Nevertheless, this
can be interpreted as a systemic response of the insect in the face of a general infection
[45]. The expression of PO, or other innate immune components such as prolixicin does not
eliminate the parasite from the intestinal tract, but may control the infection to some degree

47



[38]. Since mounting a PO-based immune response is very costly in energetic terms [46],
we may hypothesize the pros and cons of mounting a strong, but costly, immune response
in the gut against 7. cruzi. The parasite may modulate the host’s immune response to
prevent being eliminated, or the insect may express immune factors that reduce parasite

numbers to tolerable levels.

T. cruzi genetics: the script of a Killer partner

Recent molecular research has uncovered high genetic variability in 7. cruzi. Souto et al.
[47] showed a clear distribution of parasite strains in two main lineages, classified as 7.
cruzi 1 and II. Recently, a new consensus established a subdivision into six discrete typing
units (DTUs): T. cruzi 1-VI [48], however, the older division of two lineages is still
retained.

TC I-IV DTUs show differences in distribution and in behavior inside the vertebrate
host [49] which has prompted researchers to study the pathogenesis of 7. cruzi DTUs based
on these differences [50]. At the level of parasite-vector interaction, 7. cruzi genetic
structure is linked to the capacity of different strains to develop in a triatomine species [51,
52]. One clear example of this is the ability of TCI lineage to infect and replicate in R.
prolixus, whereas the TCII lineage is rapidly eliminated [53]. Interestingly, both lineages
can establish and complete their development in R. colombiensis and T. brasiliensis [54]. In
fact, mixed parasitic infections (more than one 7. cruzi strain or lineage) in a single vector
are common in nature although one strain tends to predominate [55]. This is suggestive of
competition among parasite lineages, a topic that has been completely overlooked. One
might expect that a situation of relatively new competition among different DTUs infecting

an insect would negatively affect insect fitness, in contrast to a situation in which the
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different strains have had time to coevolve with the insect and each other, coexisting at
equilibrium [56].

It is believed that an ancestral DTU gave rise to all current DTUs after at least two
hybridization processes [57]. These hybridization processes may have been responsible for
the differing degrees of parasite virulence and pathogenicity in mammals [56]. Similar to
triatomines, the coexistence of different DTUs in mammals has been documented [58, 59],
but whether this has affected strain pathogenicity is not known. While it is believed that
different DTUs have a different geographic distribution [60], this picture is likely to be
altered by climate change, range expansions, or accidental introduction of parasites to new
areas. It will be interesting to determine which DTUs could modify their range in response
to changes in vector and mammal expansion, as well as their impact on vector and host

fitness (for the case of Triatoma, see below).

Kalifornia traveling partners: the role of gut microbiota

T. cruzi adaptation to the insect gut involves an intimate interaction with the triatomine
microbiota [61]. Some characteristics of the intestinal microbiota of triatomines have been
described through the sequencing of genes encoding the 16S rRNA, and have shown their
diversity within each host is low, with only one or a few genera that are dominant; some
bacterial genera appear to be specific to certain triatomines, such as Rhodococcus in
Rhodnius and Arsenophonus in Triatoma. Previous studies showed that the presence of
symbiotic organisms (staphylococci, streptococci, and Serratia sp., among others) in the
insect can affect parasite development and growth [62]. For instance, Serratia marcescens
has a negative effect on the development of 7. cruzi in R. prolixus [63], due to the action of

the prodigiosin pigment (a bacterial secondary metabolite), which inhibits the complex III
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of the parasite mitochondrial function and alters other key proteins of the cell cycle
generating parasite lysis [64].

As mentioned above, 7. cruzi is capable of modifying the PO-based immune
response in the insect gut [39]. This effect may explain why 7. cruzi presence leads to an
increase in microbe diversity [65] although the mechanisms and fitness consequences for
both parasite and insect are unclear. The homeostasis in the intestinal environment may also
be altered by the numbers and microbial composition of the GI tract, and some
combinations of bacteria could block the establishment of microorganisms that could affect
T. cruzi development [66]. Triatomines have obligate bacterial symbionts that are passed
from one generation to the next through coprophagy, and these are required to obtain
essential nutrients missing in a blood-based diet [62]. Since an absence of these obligate
symbionts prevents the insect development, targeting this requirement could address how to
control natural triatomine populations (see Rosengaus et al., [67] for an example with
termites).

Applying genetic engineering to symbionts of vector insects is a promising
approach to block the development of pathogens and prevent their transmission to human
populations [68]. For example, the obligate bacterial symbiont of R. prolixus, Rhodococcus
rhodnii, was altered to express cecropin A, a pore-forming immune peptide. Introducing a
modified R. rhodnii strain into a triatomine gut reduced 7. cruzi population with no
apparent harm to insect tissues [69]. Thus, paratransgenesis can be a valuable complement

to eradicate Chagas disease [70].
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A Kkiller’s menu: effect of blood sources

Triatomines feed on blood from a wide variety of vertebrate animals, both wild and
domestic. This flexibility allows them to explore and exploit different habitats and
contributes to maintaining infection cycles in both ecotopes [71]. In domestic or
peridomestic habitats, insects can use dogs, chickens, cats, and humans as a food source
[72]. However, the preference for a specific resource can influence the interaction with 7.
cruzi. For instance, the prevalence of Chagas disease is reduced in regions where
triatomines feed solely on bird blood [73, 74]. Calderon-Arguedas et al. [75] found a higher
survival rate of 7. cruzi-infected mice previously exposed to bird blood from the gut of 7.
dimidiata. These findings suggest the possibility that the ornithophilic behavior of the
triatomines acts as a mechanism that could modulate parasite virulence. Note that the
presence of bird blood in the vector does not inhibit the development of 7. cruzi in the gut
[75]. Bird refractoriness to the infection is due to a lytic effect mediated by the alternate
pathway of the complement system [76] which may also explain mammal refractoriness in
a few mammal species in the wild [77]. Thus, although avian blood is not an effective
barrier for 7. cruzi development and transmission, it may significantly decrease the
prevalence of human infection [75].

In addition to the feeding capacity on a wide variety of animals, triatomines can
endure prolonged periods of starvation due to their very slow digestion [9]. This food
deprivation implies fitness costs for the parasite as decreases its abundance in the gut,
which increases after blood ingestion [78]. The consequences for infection in humans and
domestic animals of such food-related condition dependence of the parasite, has not been
studied. In vitro studies demonstrated that a peptide present in blood, a-D-globin, promotes

parasite growth and development [79] which can be interpreted as the mechanism by which
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blood can drive parasite’s condition. For the triatomine, however, ingesting maximum
blood volumes would increase its fitness possibly to balance the negative effects of 7. cruzi
[80]. Paradoxically, infection has been correlated with a significant decrease in blood
consumption during feeding [81]. This may be a triatomine strategy to eliminate 7. cruzi as
reduced blood ingestion also reduces its access to a-D-globin, which is crucial for parasite
development [79]. However, there must be a balance in how much blood can be consumed
as too little blood would lead to a decrease in the size of the insect, delayed molting, and/or
impaired reproduction and/or survival [81]. However, studies of infection and reduced
blood consumption did not simultaneously consider development, reproductive success,
and survival for both actors. If the reduction in blood consumption is not convenient for the
parasite, it would be in the triatomine’s interest to reach optimal values in these life history
parameters.

It is believed that hematophagy in triatomines appeared about 85 million years ago,
with a secondary role for other food sources such as hemolymph or feces from other
individuals [21]. Strikingly, recently Diaz-Albiter et al. [82] observed the ingestion of sugar
from artificial meals and phytophagous habits in laboratory experiments with R. prolixus
fifth-instar nymphs. This rare report led to new perspectives in the plasticity of triatomine
alimentary physiology. For example, it suggests that plasticity in food requirements may
have allowed bugs to remain and endure such inhospitable environments as the Atacama

Desert and still become a major health problem [83].

Summer of Sam: role of temperature and altitude
Temperature is a major determinant abiotic factor in 7. cruzi-triatomine interactions [78].

The parasite completes its development in 7. infestans between of 23-28 °C [84], but a
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higher epimastigote density in the gut is observed at 28° C [78]. A modification of
laboratory temperature results in different rates of parasite development in the vector gut
[85], and even for parasite viability in dead triatomines [86]. Infected vectors can modify
their ambient temperature preferences [87] although it is not clear whether such preference
is host- or parasite-controlled as we are largely unaware of thermal adaptations in the
parasite/triatomine interaction. We know that biochemical processes (e.g. molecular
transport, enzyme activity, and protein structure) and are modified as temperature varies,
resulting in a change in host metabolic rate [88] and, possibly, parasite development [89].

A different perspective of how temperature drives the killing couple is a
macroecological one. Triatomines demonstrate niche preferences that are closely coupled
with ambient temperature. For example, infected triatomines are more likely to occur in
warmer months [90]. Ambient temperature can be crucial for both actors as a lower
survival rate among 7. cruzi-infected R. prolixus was found at intermediate temperatures,
24 and 27 °C (from a 21-30 °C range), which presumably explains why 24-27 °C is the
preferred range in this species in the wild [91]. Elliot et al.’s study [91] suggests that
temperature may be a major natural selection driver in infected bugs. In fact, these results
can shed light on the evolution of thermal preferences during infection in triatomines in
general.

Triatomines differ tremendously in their altitudinal distribution: from 100 to 1800
masl [92]. Since altitude is linked to ambient temperature, it is possible that differences in
thermotolerance and thermopreference among triatomine species could constrain their
altitudinal distribution and also their infection probability. A study with Triatoma dimidiata
whose altitudinal range is wide but is more heavily concentrated at 600-800 masl [93],

addressed such variation with parasite development. Parasites extracted from bugs at 600
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masl developed in higher numbers and led to more acute symptoms in a mammalian host
compared with parasites extracted from insects at 300 and 1200 masl [40]. Interestingly,
vectors from 600 masl expressed a more intense immune response when experimentally
infected with the parasite than those from the other two altitudes [40]. This study may
imply that local adaptation of parasite and vectors can affect the virulence of the parasite in
its mammalian host.

There is also a major gap in our understanding of parasite-vector distribution and
clinical cases of Chagas disease. In fact, little is known about the influence of temperature
and altitude in the dynamics of Chagas’s disease prevalence, even though a correlation
between some clinical manifestations [94] and the distribution and infection of triatomine
vectors [93, 95] have been observed. For instance, megacolon symptoms caused by 7. cruzi
infection is common in inhabitants of Andean regions in South America, living above 3000
masl [94]. Similarly, in Mexico, higher parasitemias and a greater prevalence of myocardial
damage were reported in mice infected with 7. cruzi from an altitude of 700 masl, in

contrast with parasites from 300 and 1400 masl [40].

From dusk till dawn: a coevolutionary history between T. cruzi and triatomines?

Several sources indicate a coevolutionary process between 7. cruzi strains and triatomine
species [96]. First, a single 7. cruzi strain may show different development rates [97-98]
and reproductive costs [57] depending on the vector species, suggesting species-specific
variation in fitness costs for each combination of vector and parasite. Second, the
distribution of 7. cruzi lineages is related to the triatomine species found in different
geographic zones [99]. For example, the TCI lineage is distributed from North America

through South America, while the TCII lineage is restricted to South America [100]. These
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patterns go beyond geography as TCI is associated with domestic cycles, while TCII is
associated with both domestic and peridomestic cycles [48]. Clinically, there are also
differences as TCI is linked with cardiomyopathies and TCIV to digestive syndrome [101].
Third, there is a trend in varying susceptibilities to infection in each parasite-vector species
combination even within the same geographic region [71]. And finally, metabolites from
different triatomines seem to drive 7. cruzi strain evolution. These metabolites can be

geographically variable given different blood sources in different locations [10].

It takes two to tango: concluding remarks

Knowing the factors that determine whether a vector will become infected is a key
requirement for successful Chagas control programs [102]. Sadly, we still know very little
about such factors (see Outstanding Questions). The emphasis on clinical aspects of Chagas
disease may have precluded the development of broader research programs that include
vector-parasite behavior, physiology, ecology and evolution. The factors we have discussed
in this review (Figure 3) provide some ideas of how the “killing couple” takes place, but
this information is still in its infancy. In terms of biotic factors, the infected mammals that
serve to infect the triatomines differ significantly in their ability to develop the infection
[77]. This variation could provide different rates of transmission in the infection and re-
infection cycles. Abiotic factors such as population reduction strategies with insecticides
have likely affected cycles of transmission by altering basic vector physiology due to the
development of insecticide resistance by the vectors. How this selection pressure has
indirectly selected 7. cruzi is an open question, and must be addressed in a holistic
synergistic manner rather than the more common approach of studying each factor

individually. This can be solved using a network analysis approach where a multi-factor,
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interactive analysis can be done for each region as the weight of each factor can be taken

into account [95].

Chagas disease, and 7. cruzi, will not disappear without the development of modern, long
lasting surveillance programs, and cheap effective drugs to treat infected people. Even with
new drugs, the cycle within the triatomines and sylvatic vertebrate populations may never
be broken. For this reason, Chagas disease has been called “The New HIV/AIDS of the
Americas” [103] with eerie similarities between people infected with 7. cruzi and those
infected in the early stages of the HIV epidemic. Both diseases disproportionately affect
people living in poverty, and both are chronic conditions requiring prolonged
chemotherapeutic treatment. As one of the major neglected tropical diseases of the
Americas, we must address all factors of transmission dynamics to alleviate the morbidity
and mortality associated with this parasitic disease, and understanding the ecological,
physiological, and immunological factors that determine how and why insect vectors

transmit this parasite are paramount to these objectives.
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Figure 3.1. Life cycle of Trypanosoma cruzi that include triatomine and vertebrate hosts.
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Figure 3.2 Distribution of Chagas disease and main vectors by country in Latin America
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Figure 3.3 Abiotic and biotic factors underlying 7. cruzi-triatomine interactions. Abiotic
factors include temperature and altitude while biotic factors include blood sources,
triatomine immune ability and gut microbiota. These factors interact with 7. cruzi genetic

variability that explain whether a triatomine can be an infective host
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Figure 3.4 Thermal preferences (in °C) of five of the most important triatomine species in
terms of Chagas infection risk. These different temperatures reflect species-specific, niche-
related characteristics where triatomines perform better in terms of survival and
reproduction. a) Triatoma dimidiata [90], b) Rhodnius prolixus [104], ¢) T. infestans [105],

d) Meccus pallidipennis [106] and e) T. barberi [107].
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CAPITULO IV

Relationships between altitude, triatomine (Triatoma
dimidiata) immune response and virulence of
Trypanosoma cruzi, the causal agent of Chagas’
disease
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Abstract. Little is known about how the virulence of a human pathogen varies in the
environment it shares with its vector. This study focused on whether the virulence of
Trypanosoma cruzi (Trypanosomatida: Trypanosomatidae), the causal agent of Chagas’
disease, is related to altitude. Accordingly, Triatoma dimidiata (Hemiptera: Reduviidae)
specimens were collected at three different altitudes (300, 700 and 1400 m a.s.l.)
in Chiapas, Mexico. The parasite was then isolated to infect uninfected 7. dimidiata
from the same altitudes, as well as female CD-1 mice. The response variables were
phenoloxidase (PO) activity, a key insect immune response, parasitaemia in mice,
and amastigote numbers in the heart, oesophagus, gastrocnemius and brain of the
rodents. The highest levels of PO activity, parasitaemia and amastigotes were found
for Tryp. cruzi isolates sourced from 700 m a.s.l., particularly in the mouse brain. A
polymerase chain reaction-based analysis indicated that all Tryp. cruzi isolates belonged
to a Tryp. cruzi 1 lineage. Thus, Tryp. cruzi from 700m a.s.l. may be more dangerous

| than sources at other altitudes. At this altitude. 7. dimidiata is more common, apparently
because the conditions are more beneficial to its development. Control strategies should
focus activity at altitudes around 700 m a.s.l., at least in relation to the region of the
present study sites.

Key words. Triatoma dimidiata, Trypanosoma cruzi, altitude, amastigotes, Chagas’
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Correspondence: Paz M. Salazar-Schettino, Departamento de Microbiologia y Parasitologia, Facultad de Medicina. Universidad Nacional Auténoma
de México, 04510 Mexico City, Mexico. Tel.: +52 55 5623 2381:; Fax: 452 55 5623 2382, E-mail: pazmar@unam.mx: Alex Cordoba-Aguilar,
Departamento de Ecologia Evolutiva, Instituto de Ecologia. Universidad Nacional Auténoma de México, 04510 Mexico City, Mexico. Tel.: +52 55
5622 9003; Fax: +52 55 5622 8995; E-mail: acordoba@iecologia.unam.mx

© 2016 The Royal Entomological Society 63
68



64 J. A. De Fuentes-Vicente etal.

Introduction

Parasitic diseases transmitted by arthropods represent significant
causes of death around the world (Buarque efal., 2013), and
include dengue, malaria, leishmaniasis and Chagas’ disease
[World Health Organization (WHO), 2014]. The last of these is
categorized as an acute public health problem in Latin America
as a result of its broad distribution and high prevalence, with an
estimated nine million people infected (Schofield et al., 2006;
Noireau et al., 2009).

Chagas’ disease is caused by the protozoan Trypanosoma
cruzi (Parker & Sethi, 2011), a parasite that circulates in the
blood of over 150 species of mammal and is transmitted by
haematophagous hemipterans of the subfamily Triatominae
(Hemiptera: Reduviidae), commonly known as assassin bugs or
kissing bugs (Noireau eral., 2009). Since its first parasitolog-
ical, clinical and epidemiological descriptions, the occurrence
of Chagas’ disease has been related to environmental factors
that include temperature, precipitation, vegetation, humidity,
latitude and altitude (Cruz-Reyes & Pickering-Lopez, 2006;
Mischler et al., 2012). In fact, some studies have tried to find
links between these factors and the biology of triatomine vec-
tors (Rocha eral., 2001; Heger etal., 2006; Martinez-Ibarra
etal., 2008; Mendes-Pereira etal., 2013). For example, it has
been reported that differences in altitude cause variations in
the distribution of triatomines (Noireau etal., 2005), in the
colonization and infection of the insect vectors (Ramsey etal.,
2000), and in some clinical manifestations of Chagas’ disease
(Pereira-Lopes et al., 2013). Of course, these abiotic factors are
unlikely to be the sole factors explaining triatomine biology and
distribution as they may interact with biotic factors. It is known
that Tryp. cruzi may negatively affect the fitness of triatomines
through changes in fecundity (Fellet eral., 2014), develop-
ment and survival (Schaub, 1989; reviewed by Flores-Villegas
etal., 2015). It is highly likely that such negative effects are
also modulated by abiotic variables. For example, Tryp. cruzi
development within the triatomine Triatoma infestans became
faster as the ambient temperatures experienced by the insect
increased (Asin & Catald, 1995). By contrast, the parasite
induced higher mortality in the triatomine Rhodnius prolixus
(Hemiptera: Reduviidae) at ambient temperatures of 24-27 °C
in comparison with more extreme temperatures of 21 and 30 °C
(Elliot et al., 2015). Because triatomines are ectotherms, they
can be expected to demonstrate a close temperature-dependent
physiological response and thus it can be hypothesized that, in
field conditions, interactions between abiotic and biotic factors
will influence the effects of Tryp. cruzi infection in triatomines
and, ultimately, hosts.

Given the relationships of abiotic and biotic factors with
both Tryp. cruzi development and infection patterns, and tri-
atomine distribution, one very general hypothesis is that vary-
ing geographic factors associated with Tryp. cruzi distribution
may drive triatomine immune responses and infectivity in mam-
mal hosts. An exploration of these possible relationships may
deepen understanding of the occurrence of Chagas’ disease. For
example, if such relationships were identified, further studies
might elucidate why infectivity is dependent on specific abi-
otic factors and clarify the associated risk to human populations.
Additionally, these insights would help to explain the ecological

context of the disease, which is a subject that has received little
attention (Abad-Franch et al., 2009; Telleria & Tibayrenc, 2010;
Nouvellet et al., 2015).

The insect immune system consists of cellular and humoral
components. Whereas the cellular component is carried out
by haemocytes (phagocytes, encapsulation and nodulation), in
the humoral component different factors are secreted in the
circulatory system (Eleftherianos & Revenis, 2011). Factors of
particular importance include reactive oxygen species (ROS),
reactive nitrogen species (RNS), antimicrobial peptides and
the phenoloxidase (PO) cascade. This last response is initiated
by the recognition of foreign elements and the activation of
the PO enzyme, which converts phenols to quinones. By a
non-enzymatic pathway, quinones continue their transformation
until they become melanin, which can encapsulate foreign
agents (Gonzdlez-Santoyo & Cérdoba-Aguilar, 2012). However,
the PO pathway can also give rise to other key immunological
mechanisms (Gonzdlez-Santoyo & Cérdoba-Aguilar, 2012). For
this reason, PO has been suggested as a general indicator of
immunocompetence (Mucklow eral., 2004; Gonzalez-Santoyo
& Cérdoba-Aguilar, 2012).

The present study analyses the relationships among an alti-
tudinal gradient (as a broad-scale indicator of geographic vari-
ation) in a Mexican community (Chiapas State), the immune
response of 7. dimidiata measured as the activity of PO, and
the virulence of Tryp. cruzi in a mammal host. For this purpose,
uninfected triatomines were collected at different altitudes and
infected with Tryp. cruzi from corresponding altitudes. Health
services personnel from Chiapas State had previously indicated
that at these sites 7. dimidiata is present and cases of Chagas’
infection exist. These personnel had also provided verbal (e.g.
non-measured) indications that suggested altitudinal variation
in Tryp. cruzi infectivity. Assuming that this altitudinal variation
represented one explaining factor, three steps were carried out.
Firstly, PO activity was measured in the triatomines to deter-
mine whether there were immunological differences according
to altitude that might also explain Tryp. cruzi infectivity. Sec-
ondly, the virulence of the parasite was investigated in experi-
mentally infected mice to compare the number of resulting par-
asites and the number of amastigotes lodged in different mouse
organs according to the altitude of Tryp. cruzi origin. Thirdly,
the issue of whether Tryp. cruzi isolates from different altitudes
correspond to distinct lineages was investigated as, if this were
the case, the effects of Tryp. cruzi might also differ (reviewed
by Manoel-Caetano & Silva, 2007). These different steps were
then merged to support a discussion of the relevance of altitude
and associated factors in the triatomine immunity elicited and
Tryp. cruzi infectivity.

Materials and methods
Insects

Triatoma dimidiata adults were collected from three sites
at distinct altitudes in Chiapas, Mexico: (a) at the town of
Benito Judrez in the municipality of Berriozdbal (300 m a.s.l.;
16°58'00” N, 93°20'30” W); (b) at El Paraiso in the municipal-
ity of Copainald (700 m a.s.l.; 17°53’33"" N, 93°00'21"” W), and
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(c) at Independencia in the municipality of San Juan Cancuc
(1400 m a.s.l.; 17°08’24” N, 92°22'15"” W) (Figure S1). Local
health services personnel had already provided information on
the presence of both T dimidiata and Chagas’ disease infection.
Mean temperature and relative humidity (RH) at these sites are,
respectively: 30 + 2 °C and 50% at Benito Judrez; 26 + 1 °C and
70% at El Paraiso, and 18 +2°C and 85% at Independencia.
After 1 day of collection, all samples were taken to the Labo-
ratory for Parasite Biology on the Mexico City campus of the
Universidad Nacional Auténoma de México, for analysis. Par-
asite presence was determined through the analysis of fresh
faeces of T. dimidiata using optical microscopy (magnification
x40). Samples of faeces were obtained by exerting pressure on
the insect abdomen at 24 h after capture, which represented the
amount of time required to transport the collections to the labo-
ratory. After this analysis, the insects were maintained alive by
providing access to mouse blood.

Trypanosoma cruzi isolates

Trypanosoma cruzi parasites were isolated from the rectal
blister caused in female CD-1 mice by naturally infected
triatomines. Mice were supplied by the vivarium of the Faculty
of Medicine of the Universidad Nacional Auténoma de México.
Faeces were gathered from three infected triatomines collected
at a given altitude, and a pool of these faeces was mixed
with phosphate-buffered saline (PBS) at pH 7.2. Each parasite
isolate was denominated according to the altitude of the region
from which it was sourced (TC300, TC700 and TC1400) and
inoculated intraperitoneally in five mice (Instituto Nacional de
Salud, 2005).

Assays of PO activity in T. dimidiata infected with Tryp. cruzi

Fifteen uninfected insects from each altitude (a total of 45)
were infected with the Tryp. cruzi isolate from the same altitude;
these groups represented the experimental groups. For this, pre-
viously infected mice were placed in immobilizers and offered to
the triatomines for feeding until satiation. After 5 days, the insect
haemolymph was extracted with a 1-mL syringe by punctur-
ing the membrane region that separates the coxa and trochanter
(Espinosa-de-Aquino, 2012). The haemolymph was immedi-
ately collected in Eppendorf tubes and mixed with PBS of NaCl
(pH 7.2) at a ratio of 1:2. During extraction, haemolymph was
maintained on dry ice. As controls, 15 uninfected insects from
each altitude were handled and maintained in the same way as
the experimental insects except that these were not infected.
Control groups were confirmed to be uninfected by examin-
ing their fresh faeces for Tryp. cruzi using optical microscopy
(x40); only those with faeces from which Tryp. cruzi was absent
were used.

Quantification of proteins

As recommended for sample standardization (Moreno-Garcia
etal., 2013), proteins were quantified using the commercial
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Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
Inc., Rockford, IL, U.S.A.). In a 96-well plate (Costar
96; Sigma-Aldrich Corp., St Louis, MO, U.S.A.), 10puL of
haemolymph (from each altitude and from infected and unin-
fected triatomines) and 40 pL of PBS were placed in each well,
with each isolate assayed in duplicate. To each well, 150 pL of
the reactive provided by the kit was added and then incubated
at 37 °C for 30 min with an aluminium cover. Afterwards, plate
absorbance was measured using an enzyme-linked immunosor-
bent assay (ELISA) reader (ELX 800; BioTek Instruments, Inc,
Winooski, VT, U.S.A.) at 562 nm. Using the absorbance data
from the samples and a standard concentration curve constructed
by utilizing albumin, the total protein concentration in the sam-
ple was calculated using regression analyses (Moreno-Garcia
etal.,2013). Thirty micrograms of protein were used per sample.

Phenoloxidase activity

For each of the groups representing the three altitudes (n =15
for each), PO activity was measured spectrophotometrically by
adding 100 pL of L-DOPA substrate (dihydroxyphenylalanine,
4 mg/mL; Sigma-Aldrich Corp.) to 30 pg of protein from each
sample in a 96-well plate. The plate was covered and incubated
at 37°C for 20 min. Afterwards, readings were taken every
15 min for 2h with an ELISA reader at 492nm. As a blank,
50 pL of PBS and 50 puL of L-DOPA were used. To show PO
activity, the absorbance data [=average rate of change; for
example, Cornet et al. (2009)] during the 2 h of the assay were
used to construct the slope of the curve for each group. The
experiment was carried out in duplicate to give a total of 30
samples for each altitude.

Trypanosoma cruzi virulence

The virulence of each Tryp. cruzi altitudinal isolate was mea-
sured using infected female CD-1 mice (weighing 18-20 g). At
20 days post-infection, a count was made in a Neubauer cham-
ber of the parasites per mL of peripheral blood of mice used to
isolate the parasite. Once this estimate was obtained, 15 mice
were infected per isolate with 1x 10° of blood trypomastigotes
through intraperitoneal inoculations. Response variables, estab-
lished by Barreto (1964) and the WHO (1986), were registered
during a period of 37 days after infection (with only one replica).
During the prepatent period, a daily check was made by direct
microscopic examination (at magnification x4) of the periph-
eral blood of mice. For this, samples were obtained by making
a small cut in the distal part of the mouse tail. During the period
of parasitaemia, parasites per mL (par/mL) were quantified by
counting them in a Neubauer chamber using 10 pL of peripheral
blood at a dilution of 1 : 10 with sodium citrate (3.8%). To eval-
uate mortality, daily records were kept until the mice were killed
at 37 days. To determine cellular tropism, tissues from the heart,
brain, gastrocnemius and oesophagus of mice were assessed. For
this purpose, the organs were fixed in 10% formaldehyde until
use. Afterwards, 10 slices (each 10 um thick) per organ were
obtained and dyed with haematoxylin and eosin (H&E) stain.
For each slice, 100 fields were viewed under microscopy (x100).
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Typing of Tryp. cruzi isolates

To determine whether the lineage of the 7ryp.cruzi iso-
lates from the three altitudes were different or similar, part
of the intergenic region of Tryp.cruzi mini-exon genes was
used (Souto etal., 1996). For this, DNA of the isolates
was extracted using a modified protocol phenol-chloroform
isoamyl alcohol (Espinoza & Garcia, 2003). A pool of three
primers (IDT) [5'-GTGTCCGCCACCTCCTTCGGGCC (TCI,
group 1-specific), 5'-CCTGCAGGCACACGTGTGTGTG
(TCII, group 2-specific), and 5’-CCCCCCTCCCAGGCCAC
ACTG (TC, common to groups 1 and 2)] was used for ampli-
fication of the mini-exon genes. Amplification reactions were
performed in a final volume of 25pL containing 12 puL of
Go Taq Green Master Mix 2X, 10 pL of nuclease-free water,
0.4 pm of each primer, and 20 ng of Trypanosoma DNA. Cycle
amplification was performed using a MyGene MG96G thermal
cycler (Hangzhou LongGene Scientific Instruments Co. Ltd,
Hangzhou, China) under the following conditions: 5 min at
94 °C, followed by 27 cycles of 40s at 94°C, 40s at 61 °C,
and 1 min at 72°C, and a final elongation of 5min at 72°C.
Polymerase chain reaction (PCR) products (300 bp for TCII and
350 bp for TCI) were analysed in a 2% agarose gel.

Statistical analysis

Differences in PO activity between the experimental and
control groups for each altitude were analysed using two-way
analysis of variance (ANOvA). Data for PO activity were
previously transformed using the Box—Cox procedure. This
transformation indicated that the normality (Shapiro—Wilk test,
W =0.982, P=0.089), as well as the homogeneity of variance
(Fligner—Killeen test, y>=10.177, d.f. =5, P=0.0703) of the
PO data complied with the assumptions for parametric tests.
For ANOVA, the predictor variables were altitude (300, 700 and
1400 m a.s.l.), group (experimental and control groups), and the
interaction between these two variables. Post hoc Tukey tests
were then used to determine significant differences between
group combinations. The virulence of the parasite was analysed
using an ANOVA with altitude as the predictor variable and the
number of parasites on day 29 as the response variable. Given
that the three groups differed in peak, the best logistical solution
was to use the nearest day to the peak for the three groups, which
was day 29. Previous to analysis, data were normalized using
a cubic root transformation (Shapiro—Wilk test, W =0.975,
P=0.09) and homogeneity of variance (Fligner—Killeen test,
x>=3.933,d.f. =2, P=0.139) assumptions. As there were very
few amastigotes in the brain, comparisons between amastigote
levels for the three altitudes were made for the three remain-
ing organs (heart, oesophagus and gastrocnemius) using a
two-way ANOVA. Amastigote data were normalized using a
square root transformation to fulfil parametric test assumptions
(Shapiro—Wilk test, W =0.988, P =0.348) and homogeneity of
variance (Fligner—Killeen test, 72=9.953, d.f. =8, P=0.268).
For this analysis, organ and isolate were entered as predictor
variables, and amastigotes as the response variable. Tukey’s
test was used to determine which groups showed significant

0.014 -
O Infected
@ Control
0.012 5
—
0.014
d
——
2 0.008-
>
S c
Q 0.0064
0.004
b b
0.002 { a
) S 1 ﬂ
300 700 1400

Altitude, m a.s.l.

Fig. 1. Changes in phenoloxidase (PO) activity in relation to the
altitude of Triatoma dimidiata collection and the different experiment
and control groups. Values are expressed as the mean =+ standard error.
Distinct letters indicate significant differences (Tukey’s test, P < 0.05).

differences. All analyses were carried out using R Version 3.2.3
(R Core Team, 2015).

Results

Phenoloxidase activity in T.dimidiata in relation to altitude
and group

Significant differences were found in PO activity as a function
of altitude (F,,9=12.316, P=0.001), experimental group
(F, 129 =1813.839, P=0.001), and the interaction of these two
variables (F, |, = 64.838, P=0.001). The posthoc comparisons
and visual inspection of the values of these combinations
indicated that for each of the three altitudes, infected groups had
higher values for PO activity than their corresponding control
groups (Fig. 1). Within the experimental groups, the highest
values for PO activity were those for 700 m a.s.l., followed by
those for 300 m a.s.l. and finally those for 1400 m a.s.l. (Fig. 1).
Within the control groups, the lowest values for this parameter
were those for 300 m a.s.l., and there was no difference between
the groups representing the other two altitudes (Fig. 1).

Virulence of Tryp. cruzi

The periodic observations of the peripheral blood of exper-
imental animals allowed the determination of the prepatent
periods of the three isolates, which oscillated between 13 and
15 days. Based on circulating trypanosomes, there was a con-
tinuous increase in parasitaemia for each of the three iso-
lates. With an inoculum of 1 x 10° parasites, the isolate sourced
from 700m a.s.l. showed a peak of 22.57 x 10° par/mL at
33 days post-inoculation (p. i.). Isolate TC300 reached a peak
of 15.66 x 10° par/mL at day 29 p. i., whereas isolate TC1400
reached a peak of 11.17 x 10° par/mL at day 27 p. i. (Fig.2).
The analysis at day29 p. i. indicated significant differences
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Fig. 2. Time curves of parasitaemia in female CD-1 mice infected with three isolates of Trypanosoma cruzi sourced from different altitudes (TC300,
300 ma.s.l.; TC700,700 m a.s.1.; TC1400, 1400 m a.s.l.). Values are expressed as the mean + standard error. Numbers in parenthesis indicate the quantity

of mice per group that died during the experiment.
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Fig. 3. Parasitaemia in female CD-1 mice inoculated with Try-
panosoma cruzi from different isolates sourced from different altitudes
(TC300, 300 m a.s.l.; TC700, 700 m a.s.l.; TC1400, 1400 m a.s.l.). Val-
ues are expressed as the mean + standard error. Distinct letters indicate
significant differences (Tukey’s test, P <0.05).

between groups (F, ¢ =264.61. P <0.0001), whereby isolate
TC700 showed the greatest level of parasitaemia, followed by
isolate TC300 and finally isolate TC 1400 (Fig. 3). The mortality
recorded during the 37 days of the experiment was low: in the
90 mice infected, only three deaths were observed during the
entire experiment, including two from isolate TC700 and one
from isolate TC1400.

Nests of amastigotes were found through dissection of the four
different organs tested. (Examples from TC700 are shown in
Figure S2) It is noteworthy that only isolate TC700 was able to
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Fig. 4. Numbers of Trypanosoma cruzi amastigotes in mouse organs
by organ and altitude of source of isolate (TC300, 300 m a.s.l.; TC700,
700m a.s.l.; TC1400, 1400 m a.s.l.). Values are expressed as the mean.
Standard errors are not apparent because the values were extremely low.
Distinct letters indicate significant differences (Tukey’s test, P < 0.05).

invade the brain (in four insects). Indeed, this isolate produced
the greatest number of amastigotes (F, 5, =897.56, P =0.001)
(Fig.4). Additionally, all three isolates resulted in cellular
tropism with greater frequency in the cardiac muscle than in the
other organs (Fig. 4). Nests of amastigotes were observed to a
lesser degree in the oesophagus, followed by the gastrocnemius
and brain (F, 5, = 1640.94, P = 0.001). The interaction between
isolates (by altitude) and organs was significant (F j,, = 24.24,
P=0.001). The interaction indicated that, for each organ, the
level of amastigotes was highest for the isolate sourced from
700 m a.s.l. (Fig. 4).
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Fig. 5. Amplification of polymerase chain reaction products from
the analysis of mini-exon genes according to the altitude at which
Trypanosoma cruzi isolates were sourced (TC300, 300 m a.s.1.; TC700.
700m a.s.l.; TC1400, 1400 m a.s.l.). Cl indicates TCI lineage control
(Qro strain); C2 indicates TCII lineage control (Y strain). L indicates the
50-bp ladder. Note that both control strains have been typified previously
(Espinoza et al., 2010).

Lineage of Tryp.cruzi isolates

Amplification of the mini-exon genes with the three isolates
of Tryp.cruzi (TC300, TC700 and TC1400) resulted in a
PCR product of 350bp (Fig.5). This confirms that the three
populations belong to the same TCI lineage.

Discussion

The overall results demonstrate that the highest values for
triatomine PO activity, and for the number of parasites and
organs invaded, were found with Tryp. cruzi from 700 m a.s.l.
In addition, the isolates from the three altitudes indicated
that all Tryp. cruzi populations belong to the same strain I.
The activation of PO in triatomines infected with Tryp. cruzi
is not a novel event (e.g. Mello etal., 1995: Ursic-Bedoya
& Lowenberg, 2007: Castro efal., 2012; Espinosa-de-Aquino,
2012). For example, PO activity increases after infection of
the triatomine R. prolixus with Tryp. cruzi (Castro etal., 2012)
in a similar way to that found in the present study. It is
not clear whether PO acts directly against the parasite or
is part of a systemic response of R.prolixus faced with an
invasion. In fact, rather than the increase in PO leading to
a reduction of the parasite in the insect, the exact opposite
occurs (Castro et al., 2012). It has even been proposed that both
Tryp. cruzi and the related parasite Trypanosoma rangeli are
capable of dealing successfully with an increase in PO levels
(Flores-Villegas eral., 2015). If this is true, then it is likely that
the insect does indeed detect the presence of the parasite, but
is incapable of eliminating it. Another possibility is that the
rise in PO is a systemic effect that facilitates other immune
pathways to eliminate the parasite. For example, the activation
of PO leads to the activation of highly toxic compounds (e.g.
5.6-dihydroxyndole) against viruses and parasitoid wasps (Zhao
etal., 2011).

It is still unclear whether the fitness cost of Tryp.cruzi
infection to triatomines (Fellet et al., 2014: Flores-Villegas et al..
2015) is related to an efficient insect immune reaction against
the parasite. Infection by the parasite is known to lead to the
production of other immune components such as defensin Defl,
which can reduce but not eliminate the parasite (Araujo etal.,

2006). Perhaps the best evidence of an efficient action against
the parasite is that of nitric oxide and superoxide (Whitten
etal., 2001). However, it is difficult to establish a link between
the production of PO and that of nitric oxide or superoxide
because they are involved in distinct cascades (Rivero, 2006;
Gonzilez-Santoyo & Cérdoba-Aguilar, 2012). Studies related to
any defensive effect against Tryp. cruzi by triatomines are sorely
needed.

One novel aspect of the present study with regard to PO and
the parasite is the environmental context (limited to the altitudi-
nal gradient). Phenoloxidase activity was highest in insects col-
lected at 700 m a.s.1. In this zone in the present study, the average
temperature is 26 + 1 °C and RH is 70% (Instituto Nacional de
Estadistica y Geografia, 2016). These ranges are appropriate for
the optimum physiological development of T. dimidiata (Reyes
& Angulo, 2009: Reyes-Novelo eral., 2011). Such appropri-
ateness can be linked to the effects of stressful conditions on
the immune response in these animals. The immune response
is known to be energetically costly to produce and hence its
maintenance must be balanced with regard to other costly func-
tions (Sadd & Schmid-Hempel, 2009). Environments that are
less favourable may cause an energetic imbalance that negatively
affects the immune response (e.g. Zhivotovsky ef al., 1996). For
example, suboptimal environments can lead to immune down-
regulation as a result of a lack of resources for the host (e.g.
Bowden, 2008). One such example refers to a cold season or
environment, which, together with low availability of food, can
negatively affect immune response and survival (e.g. Demas &
Nelson, 1998). For T. dimidiata. it is possible that the environ-
ment at 700 m a.s.l. is better for achieving a more robust immune
response than that at 1400 m a.s.l. This may refer to local adapta-
tion, given that T. dimidiata at the altitude of 700 m a.s.l. may be
able to strengthen its immune capacity more than T. dimidiata
at other altitudes (e.g. Karl eral, 2010). A second explana-
tion is that, at 700 m a.s.1., the supply of pathogens presents a
greater challenge to which T. dimidiata responds more intensely.
This supposes that at other altitudes the pressure exerted by
pathogens is less intense [for a similar idea, see Moller & Roézsa
(2005)]. A third explanation is that Tryp. cruzi at 700 m a.s.l.
promotes a more intense immune response as a form of manip-
ulation of the host (Damian, 1997). Each of these explanations
warrants further investigation. Furthermore, although the only
‘controlled” variable in the present study was altitude, there
are certainly other abiotic and biotic factors involved, some
of the most important of which, based on other insect studies
(Schmid-Hempel, 2005), may be temperature and food.

With regard to virulence and infectivity, the isolate from 700 m
a.s.]. showed different patterns in comparison with the other two
isolates, although all Tryp. cruzi collections from the different
locations were of the same strain (TCI). However, judging by
other studies (Higo etal., 2004), it would not be surprising to
find genetic variation in geographical regions that are relatively
close to one another, as were the present study sites. In fact, even
the same Tryp. cruzi strain can give rise to different symptoms
as a result of large genetic differences (e.g. Del Puerto eral.,
2010). Thus, it is likely that genetic differences may underlie
the differences in isolates sampled from the different altitudes,
as evidenced by: (a) different organ tropism, with TC300 more
likely to invade brain tissues in comparison with isolates sourced
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from the other altitudes; (b) a prepatent period of 13—15 days
unlike the 8-12days reported for the H4 and HS5 strains of
Tryp. eruzi in Yucatdn (Barrera-Pérez eral., 2001), a state near
Chiapas, and, to a lesser extent, (c) mortality, whereby the
TC700 isolate led to two of the three mouse deaths.

By contrast, the level of parasitacmia has been related
to the invasion of Tryp.cruzi in tissues (Tay efal. 1973;
Salazar-Schettino etal., 1978: Sinchez-Guillén etal.. 2006).
This relationship is in accordance with the present results, given
that the isolate that showed the greatest parasitaemia (that from
700 m a.s.l.) also demonstrated the greatest amount of amastig-
ote nests in the organs tested. The preference for amastigote
nests in cardiac muscle among the three isolates coincides with
the majority of strains evaluated in Mexico (Marie-France et al.,
2002), which have been related to the lineage Tryp. cruzi I, which
predominates mainly in the central and northern parts of the
American continent (Noireau er al., 2009). Indeed, this variabil-
ity has hindered efforts to establish adequate parameters for
classification and taxonomy, which are key to effective parasite
study and control (Guzman-Marin et al., 1999).

In conclusion, the present study sheds light on the role of one
abiotic factor (i.e. altitude) related to the origin of Tryp. cruzi in
the pathogen—host interaction under natural conditions. Under-
standing of which factors are masked by such altitudinal differ-
ences should certainly support the development of strategies for
the prevention of Chagas’ disease. In fact, studies on the col-
lection and prediction of niche ecology in the state of Chiapas
indicate greater densities of T. dimidiata in zones at 800 m a.s.l.
(Benitez-Alba eral., 2012). Given that the present results show
the isolate from 700m a.s.l. to be the most infective, altitudes
of 700 and 800 m a.s.l. seem to represent a greater risk to corre-
sponding human populations. However, the most common cases
of seropositivity in Chiapas come from altitudes of around 1340
or <300m a.s.l. (Mazariego-Arana efal., 2001). This suggests
the existence of other factors that may explain why there are
not necessarily more cases of infection with Tryp. cruzi at 700 m
a.s.l., although the virulence of this parasite is greater at that alti-
tude.
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CAPITULO V

Discusion general

A poco mas de 100 afios de su descubrimiento, la enfermedad de Chagas sigue siendo una
de las principales causas de discapacidad solo después de las enfermedades respiratorias,
las diarreas y el SIDA (Garrido-Pérez ef al., 2010). Si bien la prevalencia de la enfermedad
disminuyd considerablemente durante la década de los noventas gracias a programas de
control de los vectores, todavia quedan muchos obstaculos para el control efectivo de la

enfermedad (Noireau et al., 2009).

Una de las principales dificultades es la amplia heterogeneidad que presenta 7.
cruzi en el aspecto parasitolégico, lo cual se traduce en que algunas cepas son mas
virulentas que otras. Ha sido propuesta la clasificacion del parasito en tres biodemos
principales tomando como variables el pico maximo de parasitemia, la mortalidad de los
ratones infectados y el tropismo celular, siendo el grupo I el que esta representado por las
cepas mas virulentas (Andrade y Magalhdes, 1997). En M¢éxico se han reportado
parasitemias muy variables y mortalidades que van desde el 0 hasta el 100 % de los
animales infectados (Tabla 2.1), esto sugiere que en nuestro pais podrian estar circulando
los tres biodemos del parasito. La variacion en el comportamiento intenta ser explicada por
la variabilidad genética que ha mostrado 7. cruzi con diversos marcadores moleculares
(Junqueira et al., 2005), pero surgen cuestionamientos cuando cepas genéticamente
similares muestran diferentes grados de virulencia (Espinoza et al. 2010). Incluso, se han
observado diferencias en el comportamiento de cepas que pertenecen a zonas geograficas

muy cercanas entre ellas (Salazar-Schettino et al. 1978).
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Parte de los resultados generales de esta tesis muestran la primera evidencia de que
el comportamiento parasitoloégico de 7. cruzi puede estar relacionado con la altitud. La
mayoria de los estudios de enfoque altitudinal se han centrado en evaluar la distribucion de
los triatominos, y se concluye que la mayoria de las especies se observan en zonas
tropicales y subtropicales que van desde los 100 hasta 1800 msnm (Carcavallo, 1999). Sin
embargo, existen especies en México como 7. barberi que puede ser encontrada hasta los
2400 msnm (Salazar-Schettino ef al., 2005) o como 7. infestans en Bolivia que se encuentra
en zonas que superan los 4000 msnm (Carcavallo, 1999). En referencia a la enfermedad, la
altitud parece influir en algunas manifestaciones clinicas en el humano (Pereira-Lopes ef
al., 2013), pero en general se carecen de reportes que exploren otras manifestaciones
durante la infeccion. Debido a la escasa informacion resulta dificil determinar las causas de
la dependencia entre la virulencia de 7. cruzi y la altitud, por lo que se hace necesario

seguir investigando para intentar responder este fendmeno.

Resulta interesante el hecho de que tanto la virulencia de 7. cruzi como la respuesta
inmune de triatominos (medida como la actividad de la PO) sean mas intensas a la misma
altitud, es decir a 700 msnm. En relacion a la virulencia, el periodo prepatente de los tres
aislados fue similar con un lapso de 13-15 dias, lo cual demuestra una replicacion lenta del
parasito y representan periodos mas largos que lo reportado para otras cepas evaluadas en
Me¢éxico, como CGH3 y Qro. que mostraron periodos prepatentes de 2 y 3 dias,
respectivamente (Espinoza et al., 2010; Monteon et al., 2009). Otras cepas del sureste del
pais han tenido periodos similares a los que aqui se reportan y curiosamente se han
obtenido de zonas donde se encuentra la misma especie de transmisor que en Chiapas, 7.

dimidiata (Barrera-Pérez et al., 2011; Montedn et al., 2009). Esto es importante ya que de
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acuerdo con investigaciones de Guzman-Marin et al. (2012), 7. dimidiata puede ser una
especie que provoque la disminucidn de la virulencia de 7. cruzi. Es conocida la capacidad
que tiene 7. dimidiata de explotar diversas fuentes alimenticias (Sasaki et al., 2003), entre
ellas la sangre de gallina (e.g. Farfan-Garcia y Angulo-Silva, 2011), la accidn refractaria
que tiene la sangre de aves a la infeccion por 7. cruzi (Teixeira et al., 2011) podria estar
ocasionando la disminucion de la virulencia. En la naturaleza, por ejemplo, algunos
estudios epidemiologicos han sefialado una menor prevalencia de la enfermedad de Chagas
en zonas donde los triatominos tienen un comportamiento ornitofilico (Quintal y Polanco,

1977; Christensen ef al., 1988).

A partir del inicio de las parasitemias en los ratones de este experimento, el
parasito estuvo presente en la sangre circulante de los tres grupos hasta el dia 37 cuando
fueron sacrificados para estudios histopatologicos. No obstante, al dia 33 post-infeccion
(pi) se registrd el pico de parasitemia mas elevado de 22.57x10°par/ml en el grupo
infectado con TC700, mientras que el pico mas bajo se present6 en el grupo inoculado con
TC1400 con 11.17x10° par/ml. La replicacion del parasito esta relacionada con la capacidad
de evadir el sistema inmune del vertebrado, a pesar de que muchos parasitos son destruidos
en la vacuola fagocitica al inicio de la infeccion, los que logran dividirse lisan la célula y
pasan al torrente sanguineo donde invaden cualquier otra célula del cuerpo (Texeira et al.,
2011; Dos Reis et al., 2012). En el torrente sanguineo 7. cruzi puede bloquear el sistema
del complemento mediante la participacion de proteinas como la calreticulina, o bien
escapar de otros componentes séricos al invadir con mayor facilidad las células del
hospedero con ayuda de proteinas como las transialidasas (Rubin de Celis et al., 2006).

Estos y otros mecanismos del parésito para escapar del sistema inmune (Cardoso et al.,
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2015) representan una forma de adaptaciéon bioldgica para sobrevivir en el medio

inmunolégicamente hostil del hospedero (Palau, 2000).

Es razonable pensar que una mayor cantidad de parasitos en la sangre circulante del
hospedero aumenta las posibilidades de 7. cruzi de ser adquirido por un triatomino al
alimentarse, lo cual implica entonces que en la zona donde se aisl6 TC700 habria un mayor
riesgo de transmision del parasito. Lo anterior es apoyado por los resultados de Mazariego-
Arana et al. (2001), quienes reportaron una prevalencia de la enfermedad de Chagas del
50% en la comunidad de Nueva Jerusalem en Chiapas, lugar que estd situada a
aproximadamente 600 msnm. Por el contrario, en ocho comunidades localizadas en la costa
del estado la prevalencia fue de apenas el 1.2 % y en la zona de Mesochiapas, donde se
encuentran altitudes desde los 1000 a los 1500 msnm, no se encontraron casos
seropositivos. Esta mayor prevalencia de la enfermedad en humanos podria estar
ocasionando que el parasito sea mas virulento, ya que de acuerdo a Salazar-Schettino et al.
(1978), el paso de T. cruzi por el hombre parece aumentar su virulencia. Sin embargo, esto
también podria relacionarse con los datos de colecta y prediccion de abundancia de T.
dimidiata en el estado, los cuales sitlan una mayor presencia del transmisor en altitudes
cercanas a los 800 msnm (Benitez-Alba et al., 2001). Para completar esto seria importante
evaluar la infeccidon natural de triatominos de las diferentes altitudes, lo cual se

espera sea mayor a 700 msnm.

Otro aspecto a resaltar es que a pesar de que el aislado TC700 produjo mayores
parasitemias que TC300 y TC1400, la mortalidad durante todo el experimento fue baja,
pues Unicamente murieron dos ejemplares infectados con TC700 y uno con TC1400. La

mortalidad en animales experimentales se ha relacionado con altas parasitemias durante la
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etapa aguda (Zufiiga et al., 2012), aunque no siempre es el caso (Goémez-Herndndez et al.,
2011), en humanos la muerte durante esta fase es poco comun y ocurre con mayor
frecuencia en personas inmunocomprometidas. Como se ha mencionado anteriormente, la
mortalidad observada con cepas mexicanas en laboratorio ha sido muy variable y existen
cepas con altos porcentajes de mortalidad como Qro. (Espinoza et al., 2010; Mendoza-
Rodriguez, 2015) y Apodaca (Salazar-Schettino, et al., 1978). Es importante para un
parasito no matar a su hospedero ya que eso significaria eliminarse a si mismo, por lo que
algunas hipotesis sugieren que los parésitos evolucionan hacia un menor dafio a su
hospedero (menor virulencia) con el fin de mantener su ciclo en la naturaleza (Rico-
Hernandez, 2011), aunque también la baja mortalidad que observamos podria ser
consecuencia de la disminucion en la virulencia provocada por 7. dimidiata, lo cual se ha

discutido anteriormente.

Como se ha comentado, en México el corazdén es el organo mas afectado
y la ocurrencia se debe a la mayor presencia del linaje TCI del parasito en el pais, el cual
muestra un tropismo preferente hacia este tejido (Bosseno et al., 2002). Lo anterior
concuerda con nuestros resultados ya que los analisis moleculares (amplificacion del gen
mini-exon) determinaron que los tres aislados pertenecen al mismo linaje (TC1) y los
estudios histopatologicos evidenciaron una mayor invasion al corazén de los ratones, sin
embargo TC700 produjo més nidos que los otros dos aislados. La presencia y replicacion
del parésito en el tejido cardiaco, asi como una respuesta inmune exacerbada y al parecer
un proceso de autoinmunidad, son los responsables del deterioro de la funcion cardiaca que
pueden conducir a la muerte subita del paciente (Barbosa y Nunes, 2012), no obstante, la

hipotesis de la autoinmunidad se mantiene en controversia debido a las dificultades
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experimentales, controles incompletos o inadecuados y falta de evidencia de este
mecanismo (Kierszenbaum, 2005). Aunado a esto, TC700 fue el tinico aislado que tuvo la
capacidad de invadir el cerebro de algunos ejemplares, esta capacidad ha sido poco
reportada y posiblemente las altas parasitemias sean un factor determinante para esta
invasion (e.g. Tay et al., 1969; Salazar-Schettino et al., 1978). Las lesiones en el sistema
nervioso central pueden provocar pardlisis de las extremidades traseras (Yarbuh ef al.,
2006) o pérdida de la memoria (Chagas, 1916), apesar de esta invasion alin se
desconocen los mecanismos que le permiten al pardsito atravesar la barrera
hematoencefalica. Hasta este punto es claro que el aislado TC700 es mas virulento que
TC300 y TC1400 en relacion a los parametros observados, lo que implica un mayor riesgo
para las poblaciones humanas que se encuentran en esa zona. De acuerdo con la
clasificacion de los biodemos propuesta por Andrade (1985), los tres aislados pertenecen al
biodemo III, el cual se caracteriza por incluir poblaciones con una multiplicacion lenta,

picos de parasitemia entre los 20-30 dias y una baja mortalidad.

Con respecto a la actividad de la PO, la infeccion con 7. cruzi produjo la activacion
de la enzima en los triatominos de diferentes altitudes. Como se expuso previamente, los
insectos de 700 msnm mostraron una mayor actividad enzimatica en la hemolinfa; si bien
T. cruzi tiene un habitat restringido Unicamente al intestino del vector y no traspasa el
hemocele (Kollien y Schaub, 200), la hemolinfa se caracteriza por ser un componente que
media la mayoria de los procesos fisiologicos del insecto y tiene contacto con la mayoria de
los 6rganos (Nation et al., 2008), por este motivo su estudio puede ser un buen indicador de
estrés en los individuos. Estudios previos han reportado la activacion de varios mecanismos

de defensa después de la infeccion con 7. cruzi (e.g. Whitten et al., 2007; Waniek et al.,
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2010) e incluso también en la hemolinfa (Mello et al. 1996), pero hasta el momento no se

ha reportado que esto ocasione la eliminacion del parasito.

Una explicacion de la respuesta via PO es que el sistema inmune de la chinche
reconozca y ataque al parasito pero no sea lo bastante eficaz como para eliminar la
infeccion. Esto podria sugerir entonces que al igual que en el vertebrado, 7. cruzi tiene la
capacidad resistir la respuesta inmune del invertebrado y mantener una infeccion de por
vida como sucede en los mamiferos (Dos Reis ef al., 2011). Al menos con 7. rangeli se ha
observado que este es capaz de resistir y suprimir la actividad de la PO en la hemolinfa del
vector R. prolixus (Gomes et al., 2003), debido a algunas similitudes como morfologicas y
antigénicas (Urdaneta-Morales y Tejero, 1992) no es aventurado pensar que 7. cruzi
tiene la capacidad de soportar las respuestas inmunologicas. Si esto es cierto, la
identificacion de los factores clave en la resistencia al sistema inmune de los triatominos
representa un enfoque prometedor para bloquear el establecimiento del parésito. Sin
embargo, existe también la posibilidad de que el parasito tenga la capacidad de modular la
respuesta inmune de la chinche, como se ha observado con el clon Dm28 en R.

prolixus (Castro et al., 2012).

Esta ampliamente aceptado que la capacidad de montar una respuesta inmune en los
insectos depende mucho de la disponibilidad de recursos, ya que su activacion es altamente
costosa en términos energéticos (Schmid-Hempel, 2003). Es probable que la mayor
actividad observada en los triatominos de 700 msnm se deba a que estos tienen una mayor
disponibilidad de recursos para montar una respuesta inmune. Los datos ambientales de
esta zona muestran las condiciones preferenciales para 7. dimidiata, los cuales consisten en

temperaturas entre 24-26 °C y una humedad cercana al 70 % (Reyes-Novelo ef al. 2011).
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En contraste, las zonas de estudio a altitudes de 300 y 1400 msnm mantienen condiciones
de 18° y 30° C de temperatura, respectivamente (INEGI, 2016), e implica que en ellas las
chinches también tienen que gastar recursos en maximizar su adecuacion al estar en
ambientes estresantes, de manera que lo destinado a la respuesta inmune es menor. Esta
relacion entre el sistema inmune y el ambiente son parte del estudio de una nueva rama de

la biologia conocida como ecoinmunologia (Schulenberg et al., 2009).

Al mantenerse el parasito de por vida en el insecto, seria interesante evaluar por
cuanto tiempo se mantiene activada en particular la enzima PO y si llega un momento en el
que los niveles de la actividad se mantienen bajos, al grado de que la interaccion se
convierte en una asociacion equilibrada. Esto indica que evolutivamente ambos han
llegado a relacionarse de tal forma que no ocurre una sobreexplotacion, de hecho la
mortalidad de las chinches generalmente no se ve afectada, por lo que de manera
convencional 7. cruzi era considerado un pardsito no patégeno para los triatominos. Sin
embargo, estudios recientes muestran que la infeccion puede tener algunos efectos
negativos en las chinches como retraso en las mudas (Elliot ef al., 2015) y disminucion en
la tasa de reproduccion (Fellet et al., 2014), lo cual es un costo en adecuacion para el
triatomino. Si la disminucion en la tasa de reproduccion es a causa del montaje de la
respuesta inmune por la presencia del parasito, parece evidente que existe una correlacion
negativa entre la respuesta inmune y algunas caracteristicas de historia de vida de estos
insectos (en este caso reproduccion), lo que cominmente se denomina "trade-offs" o
disyuntivas (Redman et al., 2016). De acuerdo con modelos de asignaciéon de recursos en

insectos, las disyuntivas surgen debido a la competencia por uno o mas recursos limitantes,
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y que ciertos mecanismos de sefializacion regulan la asignacion de dicho recurso entre

procesos reproductivos e inmunoldgicos (Schewenke ef al., 2016).

A juzgar por el hecho de que la virulencia de 7. cruzi y la respuesta inmune de las
chinches fueron mayores a la misma altitud, se podrian poner a prueba las siguientes
hipotesis: 1) es posible que una respuesta inmune mas intensa de la chinche ocasione que el
parasito se vuelva mas virulento o 2) que la respuesta inmune de la chinche sea un reflejo
de la virulencia de 7. cruzi. La primera hipotesis tiene como fundamento la hostilidad que
puede generar el sistema inmune de los triatominos, por lo cual el paréasito necesitaria de
estrategias que pueden ocasionar que se vuelva mas virulento para el vertebrado; para el
caso de la segunda hipotesis, se ha planteado que los niveles medios de defensa de una
poblacion hospedadora es en realidad el reflejo de la virulencia media de los parasitos en
esa poblacion (Martin et al., 2001). Debido a la gran diversidad de especies transmisoras y
cepas del parasito, es posible que estos y otros eventos puedan estar ocurriendo en la
naturaleza de manera particular, y dependan quiza de las adaptaciones evolutivas que

tengan ciertas cepas a un transmisor en especifico.

Entender cudles son los mecanismos que ocasionan una mayor agresividad de 7.
cruzi 0 que se presenten mas casos de la enfermedad en el humano, ayudaria a establecer
zonas que sean consideradas de mayor riesgo e implementar programas de control dirigidos

a esos lugares.
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CAPITULO VI

Conclusiones generales

Los resultados obtenidos en esta investigacion muestran que el comportamiento
parasitologico de 7. cruzi puede variar con respecto a la altitud; en las diferentes zonas de
estudio que corresponden a tres diferentes altitudes, 300, 700, y 1400 msnm, se pudo
constatar que los parasitos obtenidos de una localidad situada a 700 msnm se comportaron
mas virulentos en el raton, lo cual fue observado con parametros parasitologicos como
periodo prepatente, parasitemia, mortalidad y tropismo celular. De igual manera, los
estudios de la respuesta inmune de los triatominos indicaron que se presenta una mayor
actividad de la PO contra el parasito en los insectos de la misma altitud (700 msnm). En
conclusion, se establece que las poblaciones humanas cercanas a 700 msnm en esa region y
donde existe la presencia de la chinche, hay un mayor riesgo de contagio y de que la
enfermedad sea mas severa, ademas, los resultados de la respuesta inmune abren nuevas

perspectivas para el estudio de la interaccion parasito-vector.
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