

[image: Cover image of the publication titled "Childhood leukemias in Latin America: epidemiology, causality, novel predictive profiles and therapeutic strategies." Edited by Juan Carlos Núñez-Enríquez, Juan Manuel Mejía-Arangure, Mario Ernesto Cruz-Munoz, and Rosana Pelayo. Published in Frontiers in Oncology. The bottom section displays a scientific abstract design with purple and orange hues, depicting cells or molecules.]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-5740-2
DOI 10.3389/978-2-8325-5740-2

Generative AI statement

Any alternative text (Alt text) provided alongside figures in the articles in this ebook has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Childhood leukemias in Latin America: epidemiology, causality, novel predictive profiles and therapeutic strategies

Topic editors

Juan Carlos Núñez-Enríquez – Mexican Social Security Institute, Mexico

Juan Manuel Mejia-Arangure – Universidad Nacional Autonoma de Mexico, Mexico

Mario Ernesto Cruz-Munoz – Autonomous University of the State of Morelos, Mexico

Rosana Pelayo – Laboratorio de Citómica del Cáncer Infantil, Centro de Investigación Biomédica de Oriente, Instituto Mexicano del Seguro Social, Delegación Puebla, Mexico

Citation

Núñez-Enríquez, J. C., Mejia-Arangure, J. M., Cruz-Munoz, M. E., Pelayo, R., eds. (2025). Childhood leukemias in Latin America: epidemiology, causality, novel predictive profiles and therapeutic strategies. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-5740-2





Table of Contents




Editorial: Childhood leukemias in Latin America: epidemiology, causality, novel predictive profiles and therapeutic strategies

Juan Carlos Núñez-Enríquez, Juan Manuel Mejía-Aranguré, Mario Ernesto Cruz-Muñoz and Rosana Pelayo

Therapy of childhood acute lymphoblastic leukemia in resource-poor geospaces

Moisés M. Gallardo-Pérez, Robert Peter Gale, Oscar A. Reyes-Cisneros, Daniela Sánchez-Bonilla, José A. Fernández-Gutiérrez, Wendy Stock, Iván Murrieta-Álvarez, Juan Carlos Olivares-Gazca, Guillermo J. Ruiz-Delgado, Rafael Fonseca and Guillermo J. Ruiz-Argüelles

Identifying childhood leukemia with an excess of hematological malignancies in first-degree relatives in Brazil

Daniela P. Mendes-de-Almeida, Francianne G. Andrade, Maria do Perpétuo Socorro Sampaio Carvalho, José Carlos Córdoba, Marcelo dos Santos Souza, Paulo Chagas Neto, Logan G. Spector and Maria S. Pombo-de-Oliveira

A protective maternal nutrient concomitant intake associated with acute leukemia might be modified by sex, in children under 2 years

Ángel Mérida-Ortega, María Luisa Pérez-Saldivar, Laura E. Espinoza-Hernández, Elisa M. Dorantes-Acosta, José Refugio Torres-Nava, Karina A. Solís-Labastida, Rogelio Paredes-Aguilera, Martha M. Velázquez-Aviña, Rosa Martha Espinosa-Elizondo, M. Raquel Miranda-Madrazo, Ana Itamar González-Ávila, Luis Rodolfo Rodríguez-Villalobos, Juan José Dosta-Herrera, Javier A. Mondragón-García, Alejandro Castañeda-Echevarría, M. Guadalupe López-Caballero, Sofía I. Martínez-Silva, Juan Rivera-González, Norma Angélica Hernández-Pineda, Jesús Flores-Botello, Jessica Arleet Pérez-Gómez, María Adriana Rodríguez-Vázquez, Delfino Torres-Valle, Jaime Ángel Olvera-Durán, Annel Martínez-Ríos, Luis R. García‐Cortés, Carolina Almeida-Hernández, Janet Flores-Lujano, Juan Carlos Núñez-Enríquez, Minerva Mata-Rocha, Haydeé Rosas-Vargas, David Aldebarán Duarte-Rodríguez, Silvia Jiménez-Morales, Juan Manuel Mejía-Arangure and Lizbeth López-Carrillo

Evaluation of factors leading to poor outcomes for pediatric acute lymphoblastic leukemia in Mexico: a multi-institutional report of 2,116 patients

Daniel C. Moreira, Oscar González-Ramella, Maite Echavarría Valenzuela, Angela K. Carrillo, Lane Faughnan, Godwin Job, Yichen Chen, Cesar Villegas, Andrea Ellis Irigoyen, Rosario Barra Urbays, Maribel Ramírez Martinez, Eduardo Altamirano Alvarez, José Antonio León Espitia, Norma Araceli López Facundo, Julia Esther Colunga Pedraza, Flor de María Reyes Gutierrez, Ana Berenice Aguilar Román, Edna Liliana Tamez Gómez, Claudia Selene Portillo Zavala, Natalia del Carmen Negroe Ocampo, Sandra Guadalupe Pulido Sanchez, Deyanira Cortés Alva, Paola Casillas Toral, Karime Salas Villa, Patricia Judith Mendoza Sánchez, Carlos Pérez Alvarado, Gabriela Tamayo Pedraza, Margarita González Zamorano, José Manuel Ricardo Ávila Alba, Jocelyn Becerril Becerril, Hernán Ramírez Durán, Antonio Sandoval Cabrera, Adolfo Pineda Gordillo, Dora Iveth de la Rosa Alonso, Leonardo Javier Mejía Marín, Leslie de los Ángeles Benítez Can, Itzel Gutiérrez Martinez, Mariana Isabel Jiménez Osorio, Naomi Echeandia, Erika Casillas, Karla Guerrero-Gomez, Meenakshi Devidas and Paola Friedrich

Childhood acute lymphoblastic leukemia survival and spatial analysis of socio-environmental risks in Mexico

Jaqueline Calderon-Hernandez, Lizet Jarquin-Yañez, Luis Reyes-Arreguin, Luis A. Diaz-Padilla, Jose Luis Gonzalez-Compean, Pablo Gonzalez-Montalvo, Rebeca Rivera-Gomez, Jairo R. Villanueva-Toledo, Kristal Pech, Oscar Arrieta and Yelda A. Leal

Retrospective analysis of outcomes for pediatric acute lymphoblastic leukemia in South American centers

Caitlyn Duffy, Dylan E. Graetz, Arturo M. Zapata Lopez, Angela K. Carrillo, Godwin Job, Yichen Chen, Meenakshi Devidas, Sandra Alarcón Leon, Sol Aponte Bonzi, Pedro Cardona Flores, Lizeth Escobar Torres, Eddy Hernández Broncano, Soledad Jiménez Jaramillo, Ma Ofelia Zelada, Romulo Reaño Novoa, Angelica Samudio, Gissela Sánchez-Fernandez, Erika Villanueva, Monika L. Metzger, Paola Friedrich and Sima Jeha

Long-term experience in treatment of acute promyelocytic leukemia in Mexican children in a tertiary care hospital

Marco Antonio Murillo-Maldonado, Paulina González Galván, Israel Parra Ortega, Félix Gaytán Morales, Luis Juárez Villegas and Elisa Dorantes Acosta

Systemic immunological profile of children with B-cell acute lymphoblastic leukemia: performance of cell populations and soluble mediators as serum biomarkers

Maria Perpétuo Socorro Sampaio Carvalho, Fábio Magalhães-Gama, Bruna Pires Loiola, Juliana Costa Ferreira Neves, Nilberto Dias Araújo, Flavio Souza Silva, Claudio Lucas Santos Catão, Eliana Brasil Alves, João Paulo Diniz Pimentel, Maria Nazaré Saunier Barbosa, Nelson Abrahim Fraiji, Andréa Teixeira-Carvalho, Olindo Assis Martins-Filho, Allyson Guimarães Costa and Adriana Malheiro

Subclassification of B-acute lymphoblastic leukemia according to age, immunophenotype and microenvironment, predicts MRD risk in Mexican children from vulnerable regions

Rubí Romo-Rodríguez, Gabriela Zamora-Herrera, Jebea A. López-Blanco, Lucero López-García, Arely Rosas-Cruz, Laura Alfaro-Hernández, César Omar Trejo-Pichardo, Dulce Rosario Alberto-Aguilar, Diana Casique-Aguirre, Armando Vilchis-Ordoñez, Juan Carlos Solis-Poblano, Lilia Adela García-Stivalet, Vanessa Terán-Cerqueda, Nuria Citlalli Luna-Silva, Miguel Ángel Garrido-Hernández, Lena Sarahí Cano-Cuapio, Karen Ayala-Contreras, Fabiola Domínguez, María de los Ángeles del Campo-Martínez, Gerardo Juárez-Avendaño, Juan Carlos Balandrán, Sonia Mayra Pérez-Tapia, Carlos Fernández-Giménez, Pedro A. Zárate-Rodríguez, Enrique López-Aguilar, Aurora Treviño-García, Célida Duque-Molina, Laura C. Bonifaz, Juan Carlos Núñez-Enríquez, Mariana Cárdenas-González, Elena R. Álvarez-Buylla, Dalia Ramírez-Ramírez and Rosana Pelayo

Maternal diet in pregnancy and acute leukemia in infants: a case-control study in Mexico City

María Luisa Pérez-Saldivar, M. Karen Flores-García, Nancy Núñez-Villegas, Arturo Fajardo-Gutiérrez, Aurora Medina-Sanson, Elva Jiménez-Hernández, Jorge Alfonso Martín-Trejo, Norma López-Santiago, José Gabriel Peñaloza-González, Beatriz Cortés-Herrera, Laura Elizabeth Merino-Pasaye, Raquel Amador-Sánchez, Luis Ramiro García-López, Héctor Pérez-Lorenzana, Pedro Francisco Román-Zepeda, Alejandro Castañeda-Echevarría, María Guadalupe López-Caballero, Sofía Irene Martínez-Silva, Juan Rivera-González, Jorge Granados-Kraulles, Jesús Flores-Botello, Francisco Medrano-López, María Adriana Rodríguez-Vázquez, Delfino Torres-Valle, Karina Mora-Rico, Félix G. Mora-Ríos, Luis R.García‐Cortés, Perla Salcedo-Lozada, Janet Flores-Lujano, Juan Carlos Núñez-Enríquez, Vilma Carolina Bekker-Méndez, Minerva Mata-Rocha, Haydeé Rosas-Vargas, David Aldebarán Duarte-Rodríguez, Silvia Jiménez-Morales, Alfredo Hidalgo-Miranda, Lizbeth López-Carrillo and Juan Manuel Mejía-Aranguré

The genetic risk of acute lymphoblastic leukemia and its implications for children of Latin American origin

Adam J. de Smith, Silvia Jiménez-Morales and Juan Manuel Mejía-Aranguré

Association between genetic variants of membrane transporters and the risk of high-grade hematologic adverse events in a cohort of Mexican children with B-cell acute lymphoblastic leukemia

Deyanira Escalante-Bautista, Doris Cerecedo, Elva Jiménez-Hernández, Carolina González-Torres, Javier Gaytán-Cervantes, Juan Carlos Núñez-Enríquez, Omar Alejandro Sepúlveda-Robles, Marlon De Ita, Silvia Jiménez-Morales, José Manuel Sánchez-López, Minerva Mata-Rocha, José Refugio Torres-Nava, Jorge Alfonso Martín-Trejo, Luz Victoria Flores-Villegas, María de Lourdes Gutiérrez-Rivera, Laura Elizabeth Merino-Pasaye, Karina Anastacia Solís-Labastida, María Raquel Miranda-Madrazo, Gabriela Alicia Hernández-Echáurregui, Darío Orozco-Ruíz, Janet Flores-Lujano, María Luisa Pérez-Saldívar, Juan Manuel Mejía-Aranguré and Haydeé Rosas-Vargas

Securing access to a comprehensive diagnostic panel for children with suspected acute lymphoblastic leukemia: Results from the Mexico in Alliance with St. Jude “Bridge Project”

Paola Friedrich, Nataly Mercado, Naomi Echeandia-Abud, Karla Guerrero-Gomez, Margarita González-Zamorano, Mayra Ivette López-Ruíz, Claudia Selene Portillo-Zavala, Laura Dolores García-Segura, Mariana Reynoso-Gutiérrez, Norma Araceli López-Facundo, Daniela Cárdenas-Pedraza, María Guadalupe Valois-Escamilla, Alma Beatriz Mera-González, Daniela Covarrubias-Zapata, Lilia Adriana Vollbrechtshausen-Castelán, José de Jesús Loeza-Oliva, Sergio Antonio Garay-Sánchez, Julio Moreno-Serrano, Patricia Mendoza-Sánchez, Paola Casillas-Toral, Antonio Sandoval-Cabrera, Itzel Gutiérrez-Martínez, Mariana Isabel Jiménez-Osorio, Daniela Arce-Cabrera, Dinora Virginia Aguilar-Escobar, Pablo Miguel González-Montalvo and Hugo Antonio Romo-Rubio

Childhood leukemias in Mexico: towards implementing CAR-T cell therapy programs

Juan Carlos Bustamante-Ogando, Alejandrina Hernández-López, César Galván-Díaz, Roberto Rivera-Luna, Hugo E. Fuentes-Bustos, Angélica Meneses-Acosta and Alberto Olaya-Vargas

Interaction between birth characteristics and CRHR1, MC2R, NR3C1, GLCCI1 variants in the childhood lymphoblastic leukemia risk

Vitoria Müller de Carvalho, Alython Araujo Chung-Filho, Flávio Henrique Paraguassu Braga, Paulo Chagas-Neto, Sheila Coelho Soares-Lima and Maria S. Pombo-de-Oliveira for EMiLi Study Group

Evidence of spatial clustering of childhood acute lymphoblastic leukemia cases in Greater Mexico City: report from the Mexican Inter-Institutional Group for the identification of the causes of childhood leukemia

David Aldebarán Duarte-Rodríguez, Janet Flores-Lujano, Richard J. Q. McNally, María Luisa Pérez-Saldivar, Elva Jiménez-Hernández, Jorge Alfonso Martín-Trejo, Laura Eugenia Espinoza-Hernández, Aurora Medina-Sanson, Rogelio Paredes-Aguilera, Laura Elizabeth Merino-Pasaye, Martha Margarita Velázquez-Aviña, José Refugio Torres-Nava, Rosa Martha Espinosa-Elizondo, Raquel Amador-Sánchez, Juan José Dosta-Herrera, Javier Anastacio Mondragón-García, Juana Esther González-Ulibarri, Sofía Irene Martínez-Silva, Gilberto Espinoza-Anrubio, María Minerva Paz-Bribiesca, Perla Salcedo-Lozada, Rodolfo Ángel Landa-García, Rosario Ramírez-Colorado, Luis Hernández-Mora, Marlene Santamaría-Ascencio, Anselmo López-Loyola, Arturo Hermilo Godoy-Esquivel, Luis Ramiro García-López, Alison Ireri Anguiano-Ávalos, Karina Mora-Rico, Alejandro Castañeda-Echevarría, Roberto Rodríguez-Jiménez, José Alberto Cibrian-Cruz, Karina Anastacia Solís-Labastida, Rocío Cárdenas-Cardos, Norma López-Santiago, Luz Victoria Flores-Villegas, José Gabriel Peñaloza-González, Ana Itamar González-Ávila, Martin Sánchez-Ruiz, Roberto Rivera-Luna, Luis Rodolfo Rodríguez-Villalobos, Francisco Hernández-Pérez, Jaime Ángel Olvera-Durán, Luis Rey García-Cortés, Minerva Mata-Rocha, Omar Alejandro Sepúlveda-Robles, Vilma Carolina Bekker-Méndez, Silvia Jiménez-Morales, Jorge Meléndez-Zajgla, Haydée Rosas-Vargas, Elizabeth Vega, Juan Carlos Núñez-Enríquez and Juan Manuel Mejía-Aranguré

Not only a therapeutic target; mTOR in Hodgkin lymphoma and acute lymphoblastic leukemia

Miguel Enrique Cuéllar Mendoza, Francisco Raúl Chávez Sánchez, Elisa María Dorantes Acosta, Ana María Niembro Zúñiga, Rosana Pelayo and Marta Zapata Tarrés

Epidemiology of childhood acute leukemias in marginalized populations of the central-south region of Mexico: results from a population-based registry

Janet Flores-Lujano, Aldo Allende-López, David Aldebarán Duarte-Rodríguez, Erika Alarcón-Ruiz, Lizbeth López-Carrillo, Teresa Shamah-Levy, Mariano E. Cebrián, Ma. del Rocío Baños-Lara, Diana Casique-Aguirre, Jesús Elizarrarás-Rivas, Javier Antonio López-Aquino, Miguel Ángel Garrido-Hernández, Daniela Olvera-Caraza, Vanessa Terán-Cerqueda, Karina Beatriz Martínez-José, Pierre Mitchel Aristil-Chery, Enoch Alvarez-Rodríguez, Wilfrido Herrera-Olivares, Guillermo J. Ruíz-Arguelles, Lénica Anahí Chavez-Aguilar, Aquilino Márquez-Toledo, Lena Sarahi Cano-Cuapio, Nuria Citlalli Luna-Silva, Maria Angélica Martínez-Martell, Anabel Beatriz Ramirez-Ramirez, Laura Elizabeth Merino-Pasaye, César Alejandro Galván-Díaz, Aurora Medina-Sanson, Maria de Lourdes Gutiérrez-Rivera, Jorge Alfonso Martín-Trejo, Emmanuel Rodriguez-Cedeño, Vilma Carolina Bekker-Méndez, María de los Ángeles Romero-Tlalolini, Astin Cruz-Maza, Gerardo Juárez-Avendaño, Sonia Mayra Pérez-Tapia, Juan Carlos Rodríguez-Espinosa, Miriam Carmina Suárez-Aguirre, Fernando Herrera-Quezada, Anahí Hernández-Díaz, Lizbeth Alondra Galván-González, Minerva Mata-Rocha, Amanda Idaric Olivares-Sosa, Haydeé Rosas-Vargas, Silvia Jiménez-Morales, Mariana Cárdenas-González, María Elena Álvarez-Buylla Roces, Célida Duque-Molina, Rosana Pelayo, Juan Manuel Mejía-Aranguré and Juan Carlos Núñez-Enriquez

Virtual reality as a non-medical tool in the treatment of anxiety, pain, and perception of time in children in the maintenance phase of acute lymphoblastic leukemia treatment

Liliana Velasco-Hidalgo, Alejandro González-Garay, Blanca Angélica Segura-Pacheco, Ana Luisa Esparza-Silva, Miguel Enrique Cuéllar Mendoza, Cecilia Ochoa-Drucker, Sofía Campos-Ugalde, Luis Eduardo Bernabé-Gaspar and Marta Zapata-Tarrés

Implementation of a roadmap for the comprehensive diagnosis, follow-up, and research of childhood leukemias in vulnerable regions of Mexico: results from the PRONAII Strategy

Juan Carlos Núñez-Enríquez, Rubí Romo-Rodríguez, Pedro Gaspar-Mendoza, Gabriela Zamora-Herrera, Lizeth Torres-Pineda, Jiovanni Amador-Cardoso, Jebea A. López-Blanco, Laura Alfaro-Hernández, Lucero López-García, Arely Rosas-Cruz, Dulce Rosario Alberto-Aguilar, César Omar Trejo-Pichardo, Dalia Ramírez-Ramírez, Astin Cruz-Maza, Janet Flores-Lujano, Nuria Luna-Silva, Angélica Martínez-Martell, Karina Martínez-Jose, Anabel Ramírez-Ramírez, Juan Carlos Solis-Poblano, Patricia Zagoya-Martínez, Vanessa Terán-Cerqueda, Andrea Huerta-Moreno, Álvaro Montiel-Jarquín, Miguel Garrido-Hernández, Raquel Hernández-Ramos, Daniela Olvera-Caraza, Cynthia Shanat Cruz-Medina, Enoch Alvarez-Rodríguez, Lénica Anahí Chávez-Aguilar, Wilfrido Herrera-Olivares, Brianda García-Hidalgo, Lena Sarahí Cano-Cuapio, Claudia Guevara-Espejel, Gerardo Juárez-Avendaño, Juan Carlos Balandrán, Ma. del Rocío Baños-Lara, Mariana Cárdenas-González, Elena R. Álvarez-Buylla, Sonia Mayra Pérez-Tapia, Diana Casique-Aguirre and Rosana Pelayo

Equitable access to a personalized treatment with the OncoCREAN national strategy in pediatric patients with acute lymphoblastic leukemia from the Mexican Social Security Institute

Enrique Lopez Aguilar, Angeles Del Campo Martinez, Ana Rioscovian Soto, Karen Ayala-Contreras, Marta Zapata-Tarrés, Miguel Enrique Cuéllar Mendoza, Yadira Betanzos Cabrera, Regina Zevada-Mosti, Sheyla Payán Romo, Oscar Omar Esquer Cota, Pamela Zazueta Mérida, Susana Elizabeth Anaya Aguirre, Emmanuel Rolando Rodríguez Cedeño, Maria De Lourdes Gutiérrez Rivera, Jorge Alfonso Martín Trejo, Elvia Yaroslab Mayorga Castillo, Carolina Contreras Camacho, Elio Aaron Reyes Espinoza, Norma Eryca Alatoma Medina, Hector Manuel Tiznado García, Christian Santillán Ávila, Jose Maria Sepúlveda Núñez, Sadya Fuerte Olvera, Lizeth Rodríguez Brindis, Jose Alvaro Parra Salazar, Lilia Adela García Stivalet, Lizette Bojórquez Steffani, Roberto Abraham Betancourt Ortiz, Aurora Treviño, Julio Mercado Castruita, Rocio Aburto Mejia, Adrian Jimenez Salinas, Francisco Javier Valdivia Ibarra, Fabiana Maribel Zepeda Arias, Ana Leticia Figueroa Rosas, Desiree Sagarnaga Durante, Fatima Borrego Perez, Jorge Humberto Urbina Ochoa, Gustavo Ignacio Prieto Torres, Jose De Jesus Chavez Martenez, Juan Gilberto Perez Soltero, Guillermo Careaga Reyna, Ma. Teresa Cristina Ramos Hernandez, Rocio Cardenas Navarrete, Elsa Fabiola Gonzalez Rosas, Adolfo Pineda Gordillo, Cecilia Ochoa-Drucker, Enrique López Facio, Mirna Guadalupe Rios Osuna, Claudia Selene Portillo Zavala, Sergio Ruben Cobo Ovando, A. B. Aguilar Román, Brenda Chávez Liñán, Benjamin Arroyo Acosta, Luis E. Bernabe-Gaspar, A. B. Rivera Ramírez, D. A. Malváez Estrada, E. Ulloa Salaices, V. P. Silva Delfín, G. González Villarreal, M. Estolando Ayón, Aaron Muñoz Flores, E. F. Ortiz de la O, H. J. Ortiz Trujillo, José Luis Moreno Domínguez, Miguel Lopez Suastegui, L. Gallegos Cruz and Celida Duque-Molina





EDITORIAL

published: 18 November 2024

doi: 10.3389/fonc.2024.1509943

[image: image2]


Editorial: Childhood leukemias in Latin America: epidemiology, causality, novel predictive profiles and therapeutic strategies


Juan Carlos Núñez-Enríquez 1*†, Juan Manuel Mejía-Aranguré 2,3†, Mario Ernesto Cruz-Muñoz 4 and Rosana Pelayo 5*


1 División de Investigación en Salud, Unidad Médica de Alta Especialidad (UMAE) Hospital de Pediatría “Dr. Silvestre Frenk Freund”, Centro Médico Nacional Siglo XXI, Instituto Mexicano del Seguro Social, Mexico City, Mexico, 2 Facultad de Medicina, Universidad Nacional Autónoma de México, Universidad Nacional Autónoma de México (UNAM), Mexico City, Mexico, 3 Laboratorio de Genómica Funcional del Cáncer, Instituto Nacional de Medicina Genómica, Instituto Nacional de Medicina Genómica (INMEGEN), Mexico City, Mexico, 4 Laboratorio de Inmunología Molecular, Facultad de Medicina, Universidad Autónoma del Estado de Morelos, Cuernavaca, Morelos, Mexico, 5 Unidad de Educación e Investigación, Instituto Mexicano del Seguro Social, Mexico City, Mexico




Edited and Reviewed by: 

Sharon R. Pine, University of Colorado Anschutz Medical Campus, United States

*Correspondence:
 Juan Carlos Núñez-Enríquez
 jcarlos_nu@hotmail.com 

Rosana Pelayo
 rosana.pelayo.c@gmail.com


†These authors share first authorship



Received: 11 October 2024

Accepted: 29 October 2024

Published: 18 November 2024

Citation:
Núñez-Enríquez JC, Mejía-Aranguré JM, Cruz-Muñoz ME and Pelayo R (2024) Editorial: Childhood leukemias in Latin America: epidemiology, causality, novel predictive profiles and therapeutic strategies. Front. Oncol. 14:1509943. doi: 10.3389/fonc.2024.1509943



Keywords: childhood leukemia, Latin America, prognosis, epidemiology, immunology, treatment


Editorial on the Research Topic 


Childhood leukemias in Latin America: epidemiology, causality, novel predictive profiles and therapeutic strategies


Latin America is a geographic region that shares cultural and genetic characteristics that may influence the susceptibility of its population to various diseases, including acute lymphoblastic leukemia (ALL), the most common form of childhood cancer, and acute promyelocytic leukemia (APL), which is also frequently observed among Hispanic populations (1). Notably, childhood ALL in Latino and Hispanic populations is associated with a lower frequency of gene rearrangements linked to favorable outcomes, alongside higher frequencies of gene patterns associated with poorer prognosis. Unfortunately, this corresponds with lower survival rates. It’s important to recognize that the exact causes of leukemia are not fully understood, and only a limited number of risk factors have been identified (2–4).

This Research Topic is devoted to current and in-progress scientific knowledge on epidemiological, biological and clinical aspects of acute leukemias in children and their control in the Latin American region. “Childhood Leukemias in Latin America: Epidemiology, Causality, Novel Predictive Profiles and Therapeutic Strategies” includes 17 Original Research articles, 2 Reviews, 1 Methods and 1 Perspective article, providing a comprehensive overview of the advancements in some of the malignant diseases that have been extremely heterogeneous and a cause of long-term diseases in Latin America.

In this Research Topic, expert authors explore the epidemiology, causation, prevention, pathobiology, diagnosis, novel predictive profiles, and therapeutic strategies related to this significant health priority in Latin America, given the rising incidence and mortality rates at very early stages of treatment.




Genetic, epidemiological, and socio-environmental factors contributing to childhood leukemias in Latin America

Recent studies illuminate the genetic, environmental, and socioeconomic factors contributing to the high incidence rates of childhood leukemia in Latin America (5). This Research Topic includes a review of the role of genetic variation and Indigenous American ancestry in the etiology of childhood leukemias. It also discusses future research directions aimed at enhancing our understanding of the disparities in ALL incidence and outcomes among children of Latin American origin, insights that are crucial for informing future precision prevention efforts (de Smith et al.).

One notable study examined the interaction between specific genetic variants related to glucocorticoid secretion and birth characteristics in relation to ALL risk, building on previous hypotheses that endogenous cortisol may influence the elimination of pre-leukemic clones formed in utero. This study underscores the potential role of genes regulating the hypothalamic-pituitary-adrenal (HPA) axis in leukemia development, warranting further validation of these findings (de Carvalho et al.).

Additionally, a population-based study from Puebla, Tlaxcala, and Oaxaca reports incidence rates consistent with trends observed in other Latin American regions, identifying peaks for both lymphoblastic and myeloid leukemias. Variations among subregions may be linked to social and ethnic factors, highlighting the urgent need for targeted research into the socio-environmental determinants of leukemia (Flores-Lujano et al.).

A spatial analysis in Greater Mexico City further elucidates the potential environmental influences on leukemia incidence. Significant clustering of ALL cases is observed, with a relative risk indicating heightened incidence in identified clusters. Proximity to electrical installations and petrochemical facilities suggests that environmental factors contribute to leukemia risk, emphasizing the necessity for further investigation and preventive measures in high-risk areas (Duarte-Rodriguez et al.). Moreover, in another research ALL clusters potentially associated with carcinogenic sources, leading to higher risks of poor outcomes were identified (Calderon-Hernández et al.).

Finally, two large case-control studies examine the impact of maternal diet during pregnancy on the risk of childhood leukemias in infants (Mérida-Ortega et al.; Pérez-Saldívar et al.).





Advancements in biomarker identification and risk stratification

A study featured in this Research Topic employs comprehensive profiling tools to identify unique biomarkers and microenvironment characteristics, advocating for early and personalized risk stratification. This approach has the potential to significantly enhance treatment strategies and improve patient outcomes. The focus on patient stratification and risk prediction has provided valuable insights, particularly regarding a subtype of ProB-ALL in Mexican children from vulnerable regions, which is linked to a higher risk of measurable residual disease (MRD) (Romo-Rodriguez et al.).

In another study, the authors characterize the systemic immunological profile of children undergoing treatment for B-ALL, evaluating various cell populations, chemokines, and cytokines as potential biomarkers for clinical follow-up. Given the challenges of monitoring immune cells and molecules, peripheral blood biomarkers offer a valuable alternative for tracking disease progression. As treatment advances, significant changes in the immunological profile are observed, highlighting a complex and dynamic immune response during induction therapy (Carvalho et al.).

Additionally, a systematic review underscores the role of mTOR activity as a predictive marker (Cuéllar-Mendoza et al.). Furthermore, the evaluation of genetic and clinical factors contributing to poor outcomes and hematological toxicity in pediatric patients with ALL from different regions of Latin America is presented (Escalante-Bautista et al.; Moreira et al.; Duffy et al.).





Enhancing diagnosis and treatment for children with acute leukemias in Latin America: a multicenter perspective

Various multicenter collaboration strategies are outlined to enhance the diagnosis, treatment, and follow-up of children with acute leukemias (Friedrich et al.; López-Aguilar et al.). The National Project for Research and Incidence of Childhood Leukemias (PRONAII) in Oaxaca, Puebla, and Tlaxcala has made significant progress in improving diagnostic and follow-up capabilities in socioeconomically vulnerable regions of Mexico. This initiative fosters interdisciplinary collaboration and enhances the quality of care through advanced diagnostic techniques, including immunophenotyping and MRD studies. The success of PRONAII demonstrates the effectiveness of integrated strategies in reducing mortality and improving care in these regions (Núñez-Enriquez et al.).

An examination of long-term treatment experiences for children with APL at a tertiary hospital reveals the effectiveness of the IC-APL 2006 protocol over a 14-year period. Despite some therapy-related complications, this protocol has achieved high survival rates, reinforcing the notion that APL is curable with appropriate treatment. However, this success also highlights ongoing challenges related to resource availability in Latin America, underscoring the need for sustainable solutions to ensure consistent access to critical medications like arsenic trioxide (Murillo-Maldonado et al.). Additionally, the results of treatment in pediatric patients in resource-poor geospaces are reported (Gallardo-Pérez et al.).

A perspective article addresses the challenges of implementing immunotherapy in Mexico and other Latin American countries, particularly concerning CAR-T cell therapy, which shows promise for treating relapsed or refractory hematological malignancies (Bustamante-Ogando et al.).





Integrating technology and non-pharmacological interventions

The investigation into non-pharmacological interventions revealed the transformative potential of Virtual Reality (VR) in enhancing the quality of life for children undergoing maintenance treatment for ALL. Through a crossover protocol involving 20 young patients, VR has proven effective in significantly reducing anxiety and modifying the perception of treatment duration. This promising approach highlights the value of integrating advanced technologies into pediatric care to alleviate the challenges faced by young patients during prolonged medical treatments (Velasco-Hidalgo et al.).





Conclusion and proposal

Of note, this Research Topic highlights both the advancements and persistent challenges in pediatric leukemia care across Latin America. Significant progress has been made in symptom management, risk prediction, and treatment efficacy. However, disparities in resource access and socio-economic factors unfortunately remain. To further advance pediatric leukemia care in the region, we propose the following initiatives:

	Expand technological integration: Increase the use of non-pharmacological tools, such as VR, to amplify patient care and accessibility.

	Improve risk stratification: Develop region-specific predictive models according to genetic and environmental local identity factors, for the sake of precision treatment strategies.

	Strengthen resource distribution: Create a regional network to improve the availability and equitable distribution of essential medications, promoting international cooperation to ensure a steady supply of critical treatments.

	Promote preventive actions: Launch educational campaigns on maternal nutrition and collaborate with community organizations to implement primary and secondary preventive strategies against leukemia.

	Foster regional and global collaboration: Build stronger partnerships between Latin American institutions and global research communities to facilitate knowledge exchange and resource sharing to fight childhood mortality.

	Investigate environmental and socioeconomic disease determinants: Conduct further exhaustive research into socio-environmental factors inducing leukemia incidence and implement targeted interventions, accordingly.

	Bring cutting-edge diagnostic and monitoring technology to vulnerable or remote regions to serve marginalized populations and enshrine the universal right to the benefits of inclusive and accessible science.



By implementing these strategies, we will contribute to narrowing the gap in disparities and improving the quality of unified care in Latin America, to ultimately improve the outcomes of all children suffering from leukemia. Regional commitment to innovation, population-oriented research, and harmonization of comprehensive and equitable management will be essential to ensure the best care and optimal support. This Research Topic illustrates the complementary fundamental, applied and clinical science being conducted by the local community.
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The therapy of children with acute lymphoblastic leukemia (ALL) in limited resource geospaces is challenging and must balance safety, efficacy, availability, and affordability. We modified the control arm of the St. Jude Total XI protocol for outpatient delivery including once-weekly daunorubicin and vincristine in initial therapy, postponing intrathecal chemotherapy until day 22, prophylactic oral antibiotics/antimycotics, use of generic drugs, and no central nervous system (CNS) radiation. Data were interrogated from 104 consecutive children ≤12 years (median, 6 years [interquartile range (IQR), 3, 9 years]. All therapies were given in an outpatient setting in 72 children. Median follow-up is 56 months (IQR 20, 126 months). A total of 88 children achieved a hematological complete remission. Median event-free survival (EFS) is 87 months [95% confidence interval (CI), 39, 60], 7.6 years in low-risk children (3.4, 8 years) whereas 2.5 years (1, 10 years) in high-risk children. The 5-year cumulative incidence of relapse (CIR) is 28% (18, 35%), 26% (14, 37%) in low-risk children and 35% (14, 52%) in high-risk children. Median survival for all subjects is not reached but must exceed 5 years. A total of 36 children relapsed at a median of 12 months (5, 23 months). Outcomes were comparable to those reported in the control arm of the Total Therapy XI study, but inferior to current treatment protocols in high-income countries. The average cost of the first 2 years of therapy was $28,500 USD compared with an average cost of approximately $150,000 USD in the US, an 80% saving. In conclusion, using an outpatient-based modification of the St. Jude Total XI protocol, we obtained good results with relatively few hospitalizations or adverse events and at a substantial saving. This model can be applied in other resource-poor geospaces.
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Introduction

Long-term survival is achieved in more than 90% of children <10 years old with acute lymphoblastic leukemia (ALL) (1). In resource-poor geospaces, the selection of chemotherapy regimens is challenging and must balance safety, efficacy, availability, and affordability. We modified the control arm of the St. Jude Total XI protocol for outpatient delivery (2–7) and reported outcomes in 104 consecutive children with ALL. We compared our results with those obtained in other geospaces and employing other treatment schedules.





Methods




Subjects

All consecutive children 0–12 years with ALL diagnosed and treated in the Centro de Hematología y Medicina Interna (HMI) de Puebla from September 1983 to 2022 and completed therapy were included. A total of 10 subjects were excluded for not completing therapy because they were lost to follow-up. HMI is a private practice center located in Puebla, México, where people pay for treatment out of pocket or are supported by philanthropies.





Diagnosis

Blood and bone marrow smears were stained with May–Grümwald–Giemsa and classified according to the FAB classification (1). The immune phenotype and DNA content were analyzed by flow cytometry (8, 9). Cytogenetics were done by conventional techniques. BCR::ABL1 transcripts (after March 1994) and IKAROS mutations (after July 2014) were assessed by multiplex reverse transcribed polymerase chain reaction (RT-PCR) (10–12).





Therapy

Subjects received a modified control arm of the St. Jude Total XI regimen, which was chosen because it uses inexpensive generic drugs available in México and, with modifications, can be given in an outpatient setting (5–7): Modifications included initial weekly dosing, postponing intrathecal chemotherapy until day 22 to avoid contamination of the cerebrospinal fluid with blast cells from the peripheral blood, prophylactic oral antibiotics/antimycotics, no CNS radiation, and placement of a central IV catheter. Table 1 shows the main characteristics of modified St. Jude TOTAL XI regimen.

Table 1 | Drugs, doses, and schedule used in the modified St. Jude TOTAL XI regimen.


[image: Table detailing chemotherapy treatment regimens. It includes induction, consolidation, maintenance, and intrathecal therapy phases. Each phase lists drugs, their administration routes, and dosages. Induction includes Prednisone, Vincristine, Daunorubicin, L-asparaginase, Etoposide, and Cytarabine. Consolidation includes Methotrexate and Folinic acid. Maintenance therapy includes 6-Mercaptopurine and Methotrexate. Intrathecal therapy involves Methotrexate, Dexamethasone, and Cytarabine. The table specifies dosages and administration schedules, with additional notes on oral Methotrexate dosing adjustments.]
Therapy was given in an outpatient setting. After June 2001, children with BCR::ABL1 received imatinib, 400 mg/day, or dasatinib, 100 mg/day, 7 days after starting therapy and were assessed for hematopoietic cell transplant after achieving a complete remission. The average cost of the first 2 years of therapy was calculated, employing the costs of the drugs and the medical fees for a child with a body surface area of 1 mE+2, treated fully on an outpatient basis. Figure 1 depicts the flow chart of the employed treatment.

[image: Flowchart illustrating a treatment process starting with diagnosis. It progresses to induction to remission, leading to complete remission. Post-remission therapy options include elective suspension, or in cases of relapse, another induction to remission. Following second remission, options are auto HSCT, allo or haplo HSCT. If second remission fails, supportive care is provided.]
Figure 1 | Flow chart of the employed treatment.





Definitions

Hematological complete remission was defined as no lymphoblasts in blood and cerebrospinal fluid (CSF) and ≤5% in bone marrow for ≥30 days, normal bone marrow histology, no signs or symptoms of leukemia, ECOG performance score of 0–1, and ≥0.5 × 10E+9/L granulocytes and ≥50 × 10E+9/L platelets. Low risk was defined as all of the following: age 1–10 years, white blood cells (WBCs) at diagnosis <50,000 and B phenotype. High risk was defined as one or more of the following: 1) age < 1 or > 10 years; 2) WBC > 50 × 10E+9/L; 3) non-B-cell phenotype; 4) Ph1-chromosome- or BCR::ABL1-positive; 5) IKAROS mutation; and/or 6) t (4, 11). CNS leukemia was diagnosed based on cranial nerve palsies with or without leukemia blasts in the CSF or when mononuclear cells were ≥ 5 × 10E+6/L with leukemia blasts seen on cyto-centrifuged slides. The diagnosis of testes leukemia required biopsy. After 1998, measurable residual disease (MRD) was assayed at the end of induction and consolidation therapies by multi-parameter flow cytometry (MPFC) (12) or PCR (9) and repeated every 3 months whilst receiving therapy. Induction therapy was restarted when the MRD test became positive (>1 × 10E−5 nucleated cells) and a transplant planned after achieving a second complete remission.





Statistics

The primary endpoint of the analysis was event-free survival (EFS) defined as the interval from starting therapy to relapse or death from any cause. Cumulative incidence of relapse (CIR) was defined as the probability of relapse in children achieving a hematological complete remission. Continuous complete remission (CCR) was defined as the interval from complete remission to relapse. Survival was defined as the interval from starting therapy to death. Transplant recipients were censored at transplant. EFS, CIR, and survival were estimated by Kaplan–Meier plots. Outcomes in the low- and high-risk cohorts were compared using a two-sided log-rank test. Statistical analysis was performed using R Statistical Software (version 3.6.1; R Foundation for Statistical Computing, Vienna, Austria).






Results

A total of 104 consecutive children were analyzed. Median age is 6 years (3–9 years). Of the children, 100 had B-cell lineage, 3 had T-cell lineage, and 1 had null-ALL. At diagnosis, 82 had a WBC concentration <20 × 10E+9/L, 9 had 20–50 × 10E+9/L, and 13 had >50 × 10E+9/L. The DNA content, analyzed in 38 children, was diploid in 22, hyper-diploid in 14, and hypo-diploid in 2. Five of the 56 children tested were BCR : ABL1 positive, and two of the six were IKAROS mutated.

Median follow-up is 56 months (IQR, 20, 12 months). A total of 88 children achieved a hematological complete remission including 57 in the low- and 31 in the high-risk cohorts (p = 0.001). A total of 36 children subsequently relapsed, 18 in the bone marrow only, 13 in the CNS only, 5 in both, and 4 with a synchronous testes relapse. 74 children received chemotherapy only, and 30 children received an autologous (N = 5), allogeneic (N = 23), or auto-allo (N = 2) transplant. Autologous transplants were done in children lacking an HLA-identical sibling. There were 36 children in the low- and 68 in the high-risk cohort. Median time to relapse was 17 months (95% CI, 5, 33 months). Median EFS is 87 months (39, 60 months). Median EFS in the low-risk cohort is 92 versus 35 months (13, 129 months) in the high-risk cohort (p = 0.55; Figure 2). CIR at 5 years is 28% (18, 35%), 26% (14, 37%) in the low- and 35% (14, 52%) in the high-risk cohorts (p = 0.74). Median survival has not been achieved, being >5 years (Figure 3). In the low-risk cohort, 20-year survival probability is 66% (55, 80%) versus 61% (45, 86%; p = 0.64) in the high-risk cohort (Figure 4).

[image: Kaplan-Meier survival plot showing event-free survival over months for low and high-risk groups. Low risk is in blue with 68 at start, high risk in red with 36. Shaded areas represent confidence intervals. P-value is 0.55, indicating no significant difference.]
Figure 2 | Event-free survival curve in the low- and high-risk cohorts.

[image: Kaplan-Meier survival curve showing the probability of survival over 400 months for all patients. The curve starts near 1.0 and drops to around 0.75, stabilizing with time. The shaded area represents the confidence interval. Below, a risk table indicates the number of patients at risk at various time points: 104 at the start, decreasing to 2 at 400 months.]
Figure 3 | Overall survival of the 104 children.

[image: Kaplan-Meier survival curve showing survival probability over time in months. Blue line with a shaded area represents low risk, and a red line with a shaded area represents high risk. Both groups start with a survival probability of one, declining similarly, with no significant difference (p = 0.64). Below the graph, a table lists the number of subjects at risk at various time points for low and high risk groups.]
Figure 4 | Overall survival of the low- and high-risk cohorts.

Chemotherapy was started in an outpatient setting in all subjects. Four were hospitalized in the first 7 weeks for mucositis, granulocytopenia, meningitis (two patients), and 27 were hospitalized thereafter at a median of 10 days (8–13) after starting therapy. The leading causes of hospitalization were meningitis, mucositis, and pneumonia. A total of 72 children had all their therapy as outpatients.





Discussion

Data from our study indicate success in treating children with ALL in a resource-poor geospace by modifying the St. Jude Total Therapy XI study for a predominantly outpatient setting, using inexpensive generic drugs and adjusted doses. Of the children, 70% were never hospitalized. Outcomes were like those reported for the control arm of the Total Therapy XI study (6, 7, 14) but inferior to current treatment protocols in high-income countries. The average cost of the first 2 years of therapy of a child with a body surface area of 1 mE+2 and treated fully as outpatient and without complications was $28,500 USD compared with an average cost of $150,000 USD in the US, an 80% saving (14). This cost does not include non-medical cost not incurred at the clinic, such as transportation and accommodation out of the clinic and tutor or parent time off from employment. It is also important to consider that the cost of the drugs varies and that if the costs were more effectively controlled, more children might receive treatment. The need of data management programs for careful documentation of medical costs should also be considered.

In adolescents and young adults, we have previously shown that our TOTAL-XI-based chemotherapy schedule is more effective and less toxic than the Hyper-CVAD regimen, which is commonly employed in North America and requires inpatient chemotherapy administration (4, 5). The 5-year OS in children with ALL treated in different regions of the world ranges from 8% in Eastern Africa to 83% in North America, Latin America being approximately 50% (14–23) (see Supplementary Table S1). Thus, our results over a 30-year period suggest slightly better outcomes than those previously reported in Latin America studies and similar to those obtained in other middle income countries.

Our study has several limitations. First, it was done over 39 years, over which time technologies such as BCR::ABL1-testing, diagnostics, supportive care, financial conditions, and therapies such as TKIs have evolved. Second, we lacked cytogenetic and mutation analyses for some children. Third, substantial numbers of children were lost to follow-up, a common problem in resource-poor geospaces (17, 18). Fourth, the value of currency has changed in our country during the study.

In conclusion, using an outpatient-based modification of the St. Jude Total XI protocol, we obtained good results with relatively few hospitalizations or adverse events and at a substantial saving. This model can be applied in other resource-poor geospaces, with difficulties to admit patients to the hospital.
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Background

Familial aggregation in childhood leukemia is associated with epidemiological and genomic factors. Albeit epidemiological studies on the familial history of hematological malignancies (FHHMs) are scarce, genome-wide studies have identified inherited gene variants associated with leukemia risk. We revisited a dataset of acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML) patients to explore the familial aggregation of malignancies among their relatives.





Methods

A series of 5,878 childhood leukemia (≤21 years of age) from the EMiLI study (2000–2019) were assessed. Lack of well-documented familial history of cancer (FHC) and 670 cases associated with genetic phenotypic syndromes were excluded. Leukemia subtypes were established according to World Health Organization recommendations. Logistic regression-derived odds ratios (ORs) and 95% confidence intervals (CIs) were performed and adjusted by age as a continuous variable, where ALL was the reference group for AML and conversely. The pedigree of 18 families with excess hematological malignancy was constructed.





Results

FHC was identified in 472 of 3,618 eligible cases (13%). Ninety-six of the 472 patients (20.3%) had an occurrence of FHHMs among relatives. Overall, FHC was significantly associated with AML (OR, 1.36; 95% CI, 1.01–1.82; p = 0.040). Regarding the first-degree relatives, the OR, 2.92 95% CI,1.57-5.42 and the adjOR, 1.16 (1.03-1.30; p0.001) were found for FHC and FHHM, respectively.





Conclusion

Our findings confirmed that AML subtypes presented a significant association with hematological malignancies in first-degree relatives. Genomic studies are needed to identify germline mutations that significantly increase the risk of developing myeloid malignancies in Brazil.





Keywords: familial history of hematological disorders, childhood leukemia, myeloid leukemia, lymphoblastic acute leukemia, Brazil




1 Introduction

Acute leukemia (AL) is the most common type of childhood cancer and has two major subtypes, acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML), with ALL being the most prevalent. Biological differences in cell origin are associated with specific driver genetic mutations that confer distinct pathogenesis to AL subtypes (1, 2). Hypothetically, AL results from interactions between polygenic variants, genomic instability, and environmental factors (3). The mutational contribution to clonal diversification and the relevant time windows of leukemia pathogenesis in twins with concordant leukemia subtypes have been reviewed (4).

Worldwide, a familial history of cancer (FHC) is associated with autosomal dominant or recessive syndromes, including hematological malignancies (HMs) (5–8). The occurrence of myelodysplastic syndromes (MDS) and/or AML with germline mutations has led to the World Health Organization (WHO) classification of hematopoietic neoplasms, creating a category of myeloid neoplasms with a genetic predisposition conferred by silent gene mutations (9, 10). Recently, several studies have drawn attention to the increased risk of leukemia associated with HMs and the occurrence of AL in siblings (non-twins). This evidence highlights the importance of inquiring about FHC by pediatricians during the diagnosis of AL and the investigation of genetic predisposition (11).

Although genetic predisposition has been recognized in both AL subtypes, less information about FHC in childhood ALL still contrasts with robust MDS and/or AML records (12). Therefore, we revisited the characterization of childhood leukemia over the past two decades to explore the association of FHC information between first- and second-degree relatives with either hematological or non-hematological malignancies (NHMs).




2 Material and methods



2.1 Study population with case definition and data collection

In this descriptive case-only study, the obtained clinical demography and diagnostic data were explored through secondary data analysis of the project so-called “Estudos Multi-Institucional das Leucemias Infantis: Contribuição dos Marcadores Immuno-Moleculares na Distinção de Subtipos e Fatores de Riscos Etiopatológicos”, acronym EMiLI. This project established a network of studies linking patient ascertainment for diagnostic biomarker identification with epidemiological data in Brazil, as described in detail elsewhere (13). Immunomolecular characterization of AL subtypes was performed using the Pediatric Oncological-Hematological Research Program, National Cancer Institute, Rio de Janeiro, Brazil. For the present assessment, the inclusion criteria were consecutive incident AL cases of biological children sent for diagnostic characterization between 2000 and 2019.

The childhood leukemia case definition was gathered according to the World Health Organization classification and the International Classification of Diseases for Oncology (ICD-O, 1-3) codes for HMs (14). The patients were referred for immunophenotypic and cytogenetic molecular diagnoses from medical centers in all macroregions of Brazil. The inclusion criterion was an age of up to 21 years at the time of AL diagnosis, and the exclusion criterion was the presence of an associated phenotypic genetic syndrome as summarized in the study design (Figure 1). For each case sent for leukemia characterization, clinical–epidemiological data were collected on ethnicity, sex, date of birth, diagnosis of AL, presence of leukemia-predisposing syndromes, place of living, and information about whether twins, first-, and/or second-degree family had cancer. The collected information on the age at diagnosis of malignancies in second-degree relatives was not detailed. The twin pairs included in this study were raised together, and consanguineous parentage was not identified. Immunophenotype karyotyping and molecular tests were performed, including karyotyping, fluorescence in situ hybridization (FISH), and/or PCR analysis for translocations ETV6/RUNX1, TCF3/PBX1, KMT2A-r, BCR/ABL1, and other aberrations, as well as disease status at the last follow-up. The completeness of data for each case was influenced by the period of AL occurrence and diagnostic standards. Attrition, randomization, and blinding rate were not applicable in this study.

[image: Flowchart depicting the distribution of patients based on familial hematological cancer (FHC) information. Starting with 5,878 patients: 4,039 with acute lymphoblastic leukemia (ALL) and 1,395 with acute myeloid leukemia (AML). Excluded are 670 patients with associated syndromes. FHC information is missing for 1,590 patients. From 3,618 patients, 3,146 (87%) are FHC negative, and 472 (13%) are FHC positive, including 352 ALL and 120 AML cases. Among FHC positive, 96 (20.3%) have familial hematological malignancy (FHMM), with 18 (18.8%) having first-degree relatives, and 376 (79.7%) have a family history (FH) of solid tumors, with 23 (6.1%) in first-degree relatives.]
Figure 1 | Flowchart illustrating the study design. FHC, family history of cancer; AL, acute leukemia; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia. Down syndrome, ataxia teleangectasia, Beckwith Wiedemann syndrome, Fanconi anemia,  autoimmune lymphoproliferative syndrome, Klinefelter syndrome, May-Hegglin Anomaly, neurofibromatosis, X-fragile syndrome, Wiskott-Aldrich syndrome, vitiligo, and genetic syndromes under investigation.

In summary, the variables of interest were children’s sex, ethnicity, age at diagnosis (in years; date of diagnosis), period of diagnosis (in decades and data of diagnosis), type of AL (lymphoid or myeloid), medical center of treatment, type of healthcare assistance, medical and/or self-reported information on relatives with malignancies and/or hematological diseases, parenthood side of the child index, familial history of hematological malignancies (FHHMs), NHMs, and type of FHHMs (Hodgkin lymphoma, non-Hodgkin lymphoma, multiple myeloma, chronic lymphocytic leukemia, and myelodysplasia). Race/ethnicity was assessed using self-report data. Whites and non-whites were categorized into black, multiracial ethnicity, Asian, and Amerindian groups (15).

The pedigree construction of families was established in a standardized manner (16). First-degree relatives were children, parents, and siblings. Second-degree relatives were half-siblings, uncles and aunts, grandparents, grandchildren, nephews, and nieces. Third-degree relatives were cousins, great-grandparents, great-aunts, and great grand-uncles. Recollections of medical histories were performed, although adoptions, in vitro fertilization, and fostering children might have been underreported. The parents signed a written consent form, and the Brazilian National Institute approved this study by the Cancer Ethics and Research Committee (CEP/CONEP: # 1.394.043).




2.2 Statistical analysis

To compare the frequency distribution between distinct variables such as demography and childhood leukemia (ALL, AML, and hematological disorder), the χ2-test (two-sided) was used. The one-sample Z-test was used to compare selected cases’ proportions with well-documented FHC. The experimental variable (independent) was a family member with a history of cancer: a first-degree relative and/or second-degree relative (yes vs. no). The outcome variable (dependent) was ALL vs. AML diagnosis. A logistic regression test was used to calculate odds ratios (ORs) and performed adjusted by age as a continuous variable; 0.05 significance and 95% confidence intervals (CIs) were considered statistically significant to evaluate the association between FHC and childhood leukemia subtypes. The sample size to express the statistic’s power was calculated considering α = 0.05 and β = 0.2 for power = 0.80 (type I and II errors) and expecting the proportion of the main effect of OR of approximately 1.45 (http://powerandsamplesize.com). Analyses were performed with the IBM® SPSS Statistics version 22.0.





3 Results

Complete information regarding FHC gathered through well-documented medical records and/or mothers’ report information was revisited in 3,618 cases (69.5%), representing the proportion of variable distribution in the selected cohort (Supplementary Table 1). The main demography frequency distribution of cases ascertained is shown in Supplementary Figure 1; in four cases, the Brazilian region origin was unknown. The ratio of white individuals to multiracial patients from the north/northeast and middle-west regions was statistically significant (p ≤ 0.001) in the selected group. The logistic regression-derived ORs for childhood ALL and AML with antecedents of FHC among first- and second-degree relatives of the patients are presented in Table 1. FHCs were documented in 472 (13.0%) patients. Overall, an increased OR was observed in patients with one relative with any type of cancer associated with AML compared to ALL (OR, 1.36; 95% CI, 1.01–1.82; p = 0.040). Considering only first-degree relatives with any type of cancer, the association was even higher in the AML group (OR, 2.92; 95% CI, 1.57–5.42; p = 0.001). Concerning parentality, the occurance of FHC in both parents showed a higher risk estimate than in the ALL group (OR, 1,62; 95% CI, 1.00-2.63). (OR, 1.62; 95% CI, 1.00–2.63), while the maternal side only was associated with ALL (OR, 1.40; 95% CI, 0.94–2.08). However, this was not statistically significant.

Table 1 | Logistic regression-derived odds ratios (ORs) and confidence intervals (CIs) for childhood acute lymphoblastic leukemia (ALL) and myeloid leukemia (AML), with familial history of cancer in first- and second-degree relatives, Brazil, 2000–2019.


[image: Table showing the familial history of cancer with categories of relatives, including first-degree, second-degree, and parenthood sides. Data includes total numbers, percentages, odds ratios with confidence intervals, and p-values for all and acute myeloid leukemia (AML) groups. Notable significant results include first-degree relatives with antecedents, having a p-value of 0.001 and an odds ratio of 2.92 for AML.]
The 472 individuals with a positive FHC are reported in Table 2. For hereditary factors in malignancies, the differences between the occurrence of hematological diseases and NHMs were tested in first- and second-degree relatives with childhood leukemia. Although based on a small number of cases (n = 18), AML cases presented a higher risk estimate of having a first-degree relative with HM when compared with ALL cases, adjOR, 1.16; 95% CI, 1.03–1.30; p = 0.012. The logistic regression crude analysis for childhood AML in FHC was OR, 5.71; 95% CI, 1.91–17.08; p = 0.002, opposite to ALL with OR, 0.17; 95% CI, 0.05–0.52; p = 0.001 (Supplementary Table 3). This effect was not observed in second-degree relatives or relatives with NHMs. The most frequent HMs among the relatives were AML, B-cell precursor ALL (BCP-ALL), T-cell acute lymphoblastic leukemia, myelodysplasia, and chronic lymphocytic leukemia. The null result among first- or second-degree relatives of patients with ALL and AML with any HMs was found (Supplementary Table 2).

Table 2 | Logistic regression-derived adjusted odds ratios (adjORs) and confidence intervals (CIs) for childhood acute lymphoblastic leukemia (ALL) and myeloid leukemia (AML), with familial history of cancer (FHC), Brazil, 2000–2019.


[image: Table showing associations of hematological and non-hematological malignancies with first and second-degree relatives. It includes total numbers, percentages, adjusted odds ratios (adjOR) with 95% confidence intervals (CI), and p-values indicating statistical significance. Key results highlight a p-value of 0.012 for first-degree relatives with acute myeloid leukemia. Note references specify acute lymphoblastic and myeloid leukemia, along with interpretation for age as a continuous variable.]
Well-documented information with diagnosis and clinical follow-up of 18 probands in eight ALL (Figure 2) and 10 AML (Figure 3) pedigrees was obtained. Somatic cytogenetic–molecular aberrations associated with distinct subtypes are also shown in Figures 2, 3. There was one pair of identical infant twins with concordant ALL and KMT2a-R (#2.4), one pair of identical twins with AML RUNX1-RUNX1T1 (#3.3), one identical twin set in which only one member was affected with ALL (#2.3), and one non-identical twin set with discordant leukemia subtypes, AML-M3 and c-ALL (#3.2). Additionally, there were 12 pairs of non-twin siblings and three parent–offspring duos with leukemias. The most common somatic aberrations in ALLs were ETV6-RUNX1 (n = 3) and KMT2a-r (n = 3), while among AMLs, the aberrations were RUNX-RUNXT1 (n = 3) and PML-RARA (n = 2). Families #2.5 and #3.7 have been reported previously (17, 18). Statistics were applied to explore the level of concordance (yes/no) of acute subtypes within the families; no significance was found (p = 0.61).

[image: Family pedigree chart illustrating the inheritance patterns of hematological malignancies and solid tumors. Squares represent males and circles represent females. Affected individuals are shaded, with black indicating hematological malignancies and gray indicating solid tumors. Various annotations describe ages, conditions (like c-ALL, T-ALL), and genetic markers (e.g., KMT2A-AFF1, ETV6-RUNX1).]
Figure 2 | Pedigrees with child index presenting acute lymphoblastic leukemia (ALL; n = 8) first-degree relatives with hematological malignancies. mo, months; yrs, years; c-ALL, common acute lymphoblastic leukemia; T-ALL, T-cell acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; i-ALL, infant acute lymphoblastic leukemia. DS, Down syndrome.

[image: A genetic pedigree chart depicting familial cases of hematological malignancies and solid tumors. Squares represent males, circles represent females, solid black shapes indicate hematological malignancies, and gray shapes indicate solid tumors. Labels include ages and specific diagnoses, such as AML, APL, and mutations like RUNX1. Various branches indicate the inheritance patterns among the family members.]
Figure 3 | Pedigrees with child index presenting acute myeloid leukemia (AML, n = 10) and first-degree relatives with hematological malignancies. mo, months; yrs, years; AML, acute myeloid leukemia; s-AML, secondary acute myeloid leukemia after Ewing sarcoma treatment; Tris, trisomy; GATA2mut, GATA2 mutation; MDS, myelodysplastic syndrome; i-AML, infant acute myeloid leukemia; AL-NOS, acute leukemia not otherwise specified.




4 Discussion

This descriptive study of a nationwide cohort of Brazilian pediatric AL cases found that 13% of patients had FHC. Our findings are enriched by a well-documented familial aggregation of hematological diseases. This finding corroborates international studies, where 11% of childhood cancer survivors presented FHC or 23% of patients presented FHC (19). Although the prevalence was not assessed as population-based, the national distribution of cases in the Brazilian macroregion is like the distribution of childhood leukemia incidence, as previously described (20). An increasing trend was observed in the number of patients over time, which might be due to better access to healthcare assistance during this period and the improvement in leukemia characterization.

Overall, we observed that the odds of having one relative with cancer increased by 36% in the AML group compared with the ALL group, and almost threefold was found if the relative was a first-degree and had a hematological malignancy (OR, 2.92; p = 0.001). Nevertheless, after adjusting for age, we found an association risk of 10% of AMLs with FHHMs. In previous case–control studies (hospital- and population-based studies), we and others have shown an association between FHC and infant and childhood leukemia younger than 10 years at the time of diagnosis (5, 21). In Finland’s familial aggregation of early-onset lymphoma and leukemia, the risk associations were significantly elevated among first-degree relatives (22).

Factors such as inbreeding could influence FHC analysis in leukemia cases. However, this issue is rare in Brazil, and it was not fully explored herein. Although a population-based study from the United Arab Emirates found a significant twofold rate of consanguinity among ALL patients, there was no difference in the FHC between consanguineous and non-consanguineous cases (23). The excess of malignant diseases in familial occurrence might be attributable to siblings sharing common environmental exposures.

Our study found four twin sets of AL that endorse the natural history of leukemia (4). Childhood leukemia in identical twins with concordant subtypes shares the same clone-specific lesions. Hypothetically, cell aberrations originate in one twin in utero and spread to the second twin via the placental vascular pathways. The occurrence of twin pairs in the present study supports this hypothesis. This model has identified different steps in pediatric leukemia’s developmental timing, natural history, and molecular genetics (4). One pair of monozygotic twins (#2.4) who shared a unique vascular placenta developed ALL (both with the KMT2A-AFF1 fusion gene at the same time at 4 months of age), and the second pair (#3.2), who was dizygotic, had an independent placenta and a distinct leukemia type (24). In the identical twin set with AML (#3.3), the onset disease time difference was 5 months, and the RUNX1-RUNX1T1 aberration was only identified in one twin. Another pair of twins (#2.3) described herein were probably monozygotic twins (two girls), in which only one developed ALL. These cases suggest that placental status is critical for the risk of concordant leukemia in twins (22–24) and environmental exposure. Indeed, data from these twin sets and siblings suggest that epidemiological studies should explore exposure during the gestational period, genomic profiles, and genetic susceptibilities (4, 25, 26).

The familial aggregation of leukemia in siblings with somatic aberrations such as ETV6-RUNX1, KMT2-A-r, and NOTCH1 mutations that we have previously reported (as case reports in siblings) in international collaboration and age at the time of leukemia diagnosis were significantly correlated with somatic mutations that initiate during fetal life (high hyperdiploidy, ETV6-RUNX1, KMT2A-r, TCR-rearrangements, and NOTCH1 mutation) (17, 27–30). The sibships were of the same AL subtype with concordant markers (BCP-ALL, T-ALL, and/or AML) and shared the same cytogenetic aberrations. These data indicate a strong interaction between the genetic and environmental risk factors for childhood AL.

Large-scale high-throughput sequencing studies have recently uncovered genetic germline variants that support the premise that acute leukemia subtypes have a polygenic landscape involved in abnormal clone evolution. As increased identification of cancer predisposition syndromes has been recognized, a critical investigation of patients with HMs must also be referred for surveillance and care. In addition, the application of high-throughput sequencing technologies is essential to estimate the clinical value of low- and high-penetrance genes associated with the risk of BCP-ALL and AML. Familial clusters of leukemia led to the identification of germline variants associated with lymphoid neoplasms (PAX5, IKZF1, SH2B3, and ARID2), myeloid neoplasms (RUNX1, GATA2, CEBPA, DDX41, ANKRD26, ETV6, and TP53), and inherited bone marrow syndromes (GATA2, TERC, TERT, FANCA, and FANCB) (31). For instance, we found that IKZF1 and CEBPe variants were associated with a low risk of early-age acute leukemia compared with previous international studies. In contrast, ARID5B rs10821936 is associated with an increased risk of AL with MLL-MLLT3 in both ALL and AML (32). Recently, we observed an increasing number of families with multiple MDS/AL and GATA2 mutations in germline cells (18, 33).

Study limitations must be addressed, such as the case-only design and potential bias. Case-only studies are classically used to examine the association between interactions, without involving an external control group (34), and this approach has limitations. Therefore, the case selection bias from centers collaborating on the project may have been overestimated. Another limitation is the lack of systematic information regarding the age of all relatives’ cancer diagnoses or history of smoking and/or drinking alcohol during pregnancy, as well as the exposure to ionizing radiation or pesticides, regardless if they lived in the rural zone. The validity of self-reported FHC is a critical issue, and people may interpret the data collected through face-to-face interviews or questionnaires with skepticism. However, a broad systematic review found consistent patterns across studies. It was concluded that for some cancer sites (e.g., pancreatic cancer, lung cancer, leukemia, and lymphoma), self-reported FHC could be considered sufficiently valid to be helpful in preventive counseling because of its high positive predictive value and sensitivity (>70%) (35). Another concern of the study is not to preclude selection bias, as many potential subjects were excluded for missing data, and exclusion seems to be differential with respect to ethnicity and Brazilian macroregion. In the cases of intrafamilial hematological diseases reported here, the diagnoses were confirmed by professionals who treated the children.

The strengths of our study include the national setup of a large cohort of childhood leukemia patients with detailed immunomolecular characterization that was performed in the same laboratory and the application of a well-structured questionnaire to collect additional medical information to avoid memory biases. This FHC survey provides a simple screening tool for gene–environment interactions in disease etiology.

Our findings add new data on the association of childhood AML subtype and HMs previously described in adults. Identifying children with an increased risk of hematological malignancies would be beneficial for early targeted cancer screening, genetic counseling, and surveillance programs. Further genomic studies exploring the aggregation of leukemia are crucial to elucidate the role of genetic background and ancestry as risk factors for the plausibility of the high incidence of AML in Brazil.
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Introduction

Maternal dietary consumption during pregnancy has been inconclusively associated with acute leukemia (AL) in infants, probably because epidemiological evidence has emerged mainly from the analysis of one-by-one nutrient, which is not a real-life scenario. Our objective was to evaluate the association between AL in Mexican children under 2 years of age and their mothers’ nutrients concomitant intake during pregnancy, as well as to explore whether there are differences between girls and boys.





Methods

We conducted a study of 110 cases of AL and 252 hospital-based controls in the Mexico City Metropolitan area from 2010 to 2019. We obtained information on maternal intake of 32 nutrients by a food frequency questionnaire and used weighted quantile sum regression to identify nutrient concomitant intakes.





Results

We found a concomitant intake of nutrients negatively associated with AL (OR 0.17; CI95% 0.03,0.88) only among girls; and we did not find a nutrient concomitant intake positively associated with AL.





Discussion

This is the first study that suggests nutrients that have been individually associated with AL are not necessarily the same in the presence of other nutrients (concomitant intake); as well as that maternal diet might reduce AL risk only in girls.





Keywords: leukemia, nutrients, mexico, infant, pregnancy





Introduction

Among pediatric cancers, acute leukemias (AL) are the most common with about one third of all cases and by its origin, frequency and behavior might be divided in lymphoid (Acute Lymphoid Leukemia: ALL) (85% of cases) and myeloid (Acute Myeloid Leukemia: AML) principally; from which little is known about the risk factors associated with the disease (1). Factors that have been positively related to this leukemias are ionizing radiation during pregnancy, high birth weight, sex, late viral infection, as well as possibly exposure to pesticides (2, 3). In contrast, breastfeeding and early infections have been negatively associated with this disease (4).

Acute leukemias are more frequent in boys compared to girls. Although the etiology of this difference remains unclear, it has been proposed that it might be partially explained by higher birthweight and number of childhood infections among boys, as well as by differential gene expression between sexes (5–7) which might result in a lower AL risk among girls. Despite the above, there are scarce reports that have considered potential sex differences when evaluating AL risk factors (8).

The peak incidence of this pathology occurs between 2 and 5 years of age, and it has been suggested that those cases diagnosed during the first months of life are biological and clinically different from those developed later. This early AL could be mostly related to prenatal exposures, including diet (3, 9). Maternal diet during pregnancy may influence the development of AL through its role in fetal development, including DNA synthesis and repair, the development of epigenetic processes, and the establishment of the infant’s immune system, which begins early in gestation (10).

Most of the existing epidemiological studies regarding AL have focused on the evaluation of folic acid intake, including the use of dietary supplements during pregnancy. In addition, iron supplementation has also been evaluated in various studies, with inconsistent results to date (2, 3, 11–13). There is increasing evidence of the importance of other nutrients in prenatal development, which may also be involved in promoting or preventing the development of childhood leukemia (1, 10, 12). However, the available information (2, 3, 11–13) is based on the evaluation of one-a-time nutrient which is a limited approach, since the concomitant intake of food nutrients might determine the overall AL risk. We have identified only one epidemiological study that found a maternal food concomitant consumption of folate, methionine, and vitamins B, that was negatively associated with AL (1). Thus, research is warranted about the association of childhood leukemia and maternal concomitant intake of nutrients, as well as to explore that relationship by sex.

We evaluated the associations between dietary maternal nutrient concomitant intakes during pregnancy and childhood AL in Mexican children under 2 years of age and explored differences between girls and boys.





Materials and methods

A hospital-based case-control study was carried out in the Metropolitan area of Mexico City from 2010 to 2019. The study sample comprised children that were identified in 9 public hospitals of second and third level of care. This study was conducted according to the guidelines laid in the Declaration of Helsinki and all procedures were approved by the Mexican Institute of Social Security (IMSS, by its acronym in Spanish) Scientific Research Committee with number 2010-785-064 and registered at each participating hospital. Prior to the interview, we obtained written informed consent from the parents to participate (14).

The cases were younger than 24 months with a diagnosis of AL and no Down syndrome, which was confirmed with bone marrow smears and histochemical tests (myeloperoxidase, sudan black B reaction, esterases, periodic Schiff reaction (PAS) and acid phosphatase), as well as immunophenotype. We identified 237 eligible patients within the participating hospitals. Out of the 237 eligible children, 127 were excluded because the mother refused to participate (n=11) or the dietary information was incomplete (n=116). The participation rate of this group was 46.4%, which corresponds to 110 children, of which 80.00% were diagnosed with lymphoid leukemia, 16.36% with myeloid and 3.64% had no information. For each case, we selected a control of the same sex and similar age ( ± 12 months), who was identified in a second level hospital, from the same health institution where the cases were gathered (IMSS, Secretary of Health, Secretary of Health of Mexico City, State of Mexico Institute of Health, Institute of Security and Social Services for State Workers). In total, we identified 276 eligible controls with a participation rate of 91.3% (n=252), since 24 mothers did not agree to participate. Controls were recruited from surgery (circumcision, hernioplasty, orchiopexy, tonsillectomy, etc.) and non-surgery services (intoxication, first and second level burns, etc.).

Mothers of the participant children were interviewed directly in the hospitals by previously trained personnel, regarding their sociodemographic and reproductive characteristics, as well as their diet during pregnancy. In addition, parents also provided their information about tobacco and alcohol perinatal consumption.




Maternal diet

Mothers were asked to report dietary intake during the pregnancy of their participating child, through a semi-quantitative food frequency questionnaire (FFQ), which included 109 foods and beverages, as well as 7 local dishes. The reproducibility of this instrument was evaluated in Mexican women, to whom it was applied twice at an interval of one year, while its validity was estimated using 24-hour recall questionnaires at 3-month intervals as a reference. The details of this validation have been published previously (15).

According to the methodology suggested by Willett et al. (16), the food questionnaire includes 10 response options for frequency consumption ranging from “never” to “6 or more times a day”, as well as predetermined portions for each food as follows: a glass (for milk and wine), a cup (for yogurt, some fruits and vegetables, tea, juices, alcoholic and non-alcoholic beverages), a spoon (for oils, sour cream, sauces and nuts), a slice (for cheeses, some fruits and meats), a plate (for legumes and local dishes) and a piece (for some fruits and breads).

We created a database with the nutritional and energy content of each food contained in the FFQ, which we obtained from the nutritional composition tables of the United States Department of Agriculture (17, 18), which includes a wide variety of foods that are consumed in Mexico. For local foods, such as tejocote, that were not found in those tables, we used the reference tables of the National Institute of Health Sciences and Nutrition “Salvador Zubirán” (19). In addition, two foods (soy juice and soy beer) were not found in any of the above tables, thus were not included in the subsequent calculation of total energy intake.

We calculated the daily consumption of kilocalories and nutrients of the mothers by summing those provided by each food. Because some fruits and vegetables are only consumed during certain seasons of the year, we adjusted their energy intake according to their availability on the market, for example, we only considered 50% of plum consumption, since it is only available during 6 months of the year (20).

We eliminated one participating case, because the estimated maternal total energy intake was less than 525 kcal, which correspond to minus 2 standard deviations of the daily intake observed in a study among pregnant Mexican women (21). Therefore, the final sample size was 109 cases and 252 controls.





Statistical analysis

We contrasted maternal education between included and non-included cases and controls. In addition, we compared selected characteristics, as well as energy and nutrient intakes between cases and controls using T-student, Mann Whitney U, Chi2, Fisher or ANOVA test. Each energy adjusted (22) nutrient intake was log-transformed and classified as quintiles based on controls distribution. We selected potential confounders through directed acyclic graphs (DAGs) (Figure 1). Through unconditional logistic regression models, we estimated the association between AL and each maternal nutrient intake, and we further stratified them by the child sex.

[image: Diagram showing a network of factors related to acute leukemia. Factors include maternal education, diet, tobacco/alcohol use, age at pregnancy, hospital, child’s age and sex, breastfeeding, and more. Arrows indicate relationships, with different colored nodes representing various variables.]
Figure 1 | Directed acyclic graph of maternal diet intake and acute leukemia. White circles= adjusting variables; red circles= ancestor of exposure and outcome that does not need to be adjusted for; blue circle other than acute leukemia circle= ancestor of outcome. Green lines correspond to direct and indirect causal paths between maternal diet and Acute Leukemia, the latter are mediated by child’s age at diagnosis and weight of the child at birth.

Common statistical techniques such as linear or logistic regressions are used when nutrients are analyzed with the one-by-one approach, however, since nutrients consumed through foods are highly correlated, other statistical techniques are required to allow them to be simultaneously evaluated despite their collinearity, as is the case of the weighted quantile sum regression (WQS). To assess the association of AL and the concomitant maternal nutrients intake by sex, as well as to identify the relative importance of each nutrient, we used WQS with binomial family specification, which identifies a unidirectional weighted index from quantiled nutrient variables and allowed us to identify the nutrients of concern in that index, while reducing the dimensionality and potential multi-collinearity observed among them. We constructed two indexes, one constrained to be positive and other constrained to be negative, with 50 bootstrap samples for each. Nutrients with mean weights, which indicate the relative strength of each component within the mixture, exceeding 3% (1/32 nutrients) were identified as nutrients of concern, indicating a larger contribution to the outcome than expected by chance. In addition, we applied repeated holdout validation, a method that combines cross-validation and bootstrap resampling. Specifically, we randomly split data into 40% training and 60% validation sets and repeated WQS regression 50 times to simulate a distribution of validated results from the underlying population. Finally, we reported mean weights per nutrient and characterized the uncertainty of these weights using a weight uncertainty plot (23, 24). In addition, we assessed in previous models, a multiplicative interaction term between the negative concomitant intake (continuous) and sex (categorical), as well as between the positive concomitant intake (continuous) and sex (categorical).

As a sensitivity analysis, we re-run the models, additionally adjusting by type of delivery, total number of children and birth order of the index child. In addition, we performed the models without the interaction term, excluding participants whose mothers reported, in the interview, to believe that diet is related to infant leukemia. To assess if controls diagnostics were associated with their maternal macronutrients and energy intake, we grouped them and compared them according to the type of clinical service: surgery (n=163) or non-surgery (n=88).

We evaluated uncentered variance inflation factors (VIFs) in our full adjusted logistic regression models, which resulted in a mean VIF less than 10, indicating no high correlation among the independent variables included. We also performed the goodness-of-fit test for those models and found that they fitted reasonably well (p-value<0.05).

We set an alpha of 0.05 as the level of significance and performed all analyses in R (4.1.1) and Stata 14 (StataCorp, College Station, TX, USA).






Results

We found no differences regarding maternal education between included and non-including cases and controls (Data not shown). In our study population, cases were younger and heavier than controls and there were more females. In addition, mothers of the cases had lower iron and alcohol consumption during pregnancy. We found no differences regarding father’s characteristics of interest. Families of cases had a lower person/room ratio and they mainly lived in the State of Mexico (Table 1).

Table 1 | General characteristics of the study sample.


[image: A table compares characteristics of children, mothers, fathers, family state of residence, and health institution between cases and controls, with data on sex, age, birth weight, breastfeeding, parental education, smoking, alcohol use, supplementation, and state of residence. Significant P-values are highlighted, indicating differences for several variables, including child’s sex, age, birth weight, maternal alcohol consumption, iron supplementation, and family residence. Shadowed numbers denote significant differences with P-value less than 0.05.]
We also found a high proportion of mothers that did not comply with the dietary reference intake values for folate, iron, calcium, choline and potassium; on average these proportions were 76%, 92%, 68%, 83% and 85%, respectively (Data not shown). All daily nutrient intakes did not differ between studied mothers (Table 2). The Spearman correlation coefficients between all nutrients included in this report range from 0.93 between alpha carotene and beta carotene, to -0.63 between magnesium and monosaturated fats (Data not shown).

Table 2 | Energy and nutrient intake in the study sample.


[image: Table comparing daily nutrient intakes between cases and controls with reference intake values. It includes energy, protein, carbohydrates, and various vitamins and minerals. The table displays the percentage of samples below recommended levels, median intakes with percentiles for both groups, and P-values indicating statistical significance. Footnotes detail the source of reference values.]
After adjusting by state of residence (Mexico City & State of Mexico), person/room ratio, breastfeeding (months), maternal age at pregnancy (years), maternal tobacco (yes/no), and alcohol consumption (yes/no), as well as the intake of supplements of iron (yes/no) and vitamins (yes/no) during pregnancy, we observed that each quintile increase of maternal intake of saturated fat (OR=1.28; 95% CI 1.08,1.52), phosphorous (OR=1.23; 95% CI 1.04,1.46) and methionine (OR=1.23; 95% CI 1.03,1.46) was positively associated with AL. In contrast, the consumption of thiamine (OR=0.83; 95% CI 0.70,0.99), niacin (OR=0.77; 95% CI 0.65,0.92), pyridoxine (OR=0.77; 95% CI 0.64,0.93), folate (OR=0.80; 95% CI 0.67,0.94), vitamin C (OR= 0.84; 95% CI 0.71,0.99), alpha tocopherol (OR= 0.81; 95% CI 0.68,0.96) and iron (OR=0.74; 95% CI 0.62,0.89) was negatively related to this cancer. Interestingly, all these associations, except methionine, remained only among girls, for whom other negative associations emerged (copper and betaine). We also observed that among boys, riboflavin was the only nutrient (positively) related to AL (Table 3).

Table 3 | Association between Acute Leukemia and maternal nutrient intakes during pregnancy by child sex.


[image: Table displaying odds ratios (OR) with 95% confidence intervals (CI) for quintiles of daily nutrient intake, categorized by all, boys, and girls. Nutrients include protein, carbohydrates, fiber, fats, vitamins, and minerals. Bold values indicate significant OR differences. Adjustments are made for various factors such as residence and maternal habits.]
The WQS analysis, which included 32 nutrients of interest, showed 1 positive and 1 negative concomitant intake, in the whole sample and among girls. This analysis did not converge among boys, due to a lack of sufficient relevant association estimator (given by their magnitude and standard error) between each nutrient and AL. Both in the total sample and among girls, the negative concomitant intake was mainly characterized by carbohydrates, caffeine, thiamine, alpha tocopherol, calcium, iron, pyridoxine, betaine, mono and polyunsaturated fats, as well as by vitamin C among girls only. Likewise, the positive concomitant intake was characterized by phosphorus, theobromine, carbohydrates, methionine, magnesium, caffeine, saturated, mono and polyunsaturated fats, as well as cholesterol and alpha carotene in the whole sample only and zinc among girls only (Figure 2).

[image: Box plots comparing weight percentages of various categories under negative and positive concomitant intake. The top row shows data for all participants, and the bottom row shows data specifically for girls. Each graph includes a red dashed line indicating a reference point. The x-axis labels represent different categories, while the y-axis indicates weight percentage.]
Figure 2 | Identification and uncertainty of nutrients within the concomitant intakes associated with Acute Leukemia. Dotted red lines show the 0.03 threshold, identifying those nutrients of concern. Data points indicate weights for each of the 50 holdouts. Box plots show 25th, 50th, and 75th percentiles, and whiskers show 10th and 90th percentiles of weights for all holdouts. Diamonds show mean weights.

The estimated odds ratio between AL and the negative nutrient concomitant intake was 0.23 (CI 95% 0.15, 0.71) among all participants, which remains only among girls (OR 0.17; CI 95% 0.03, 0.88). Likewise, we observed an odds ratio of 1.55 (CI 95% 0.68,3.56) and 1.00 (CI 95% 0.49,2.02) between the positive concomitant intake and AL in the whole sample and among girls, respectively. In addition, we found that the multiplicative interaction term between sex and the negative concomitant intake had an odds ratio of 0.13 (CI 95% 0.02,074), while that for the positive concomitant intake was 1.19 (CI 95% 0.24,5.80) (Table 4).

Table 4 | Association between Acute Leukemia and maternal nutrient concomitant intakes by child sex.


[image: A table shows associations between nutrient concomitant intakes and childhood leukemia, divided by gender and overall. It includes odds ratios and confidence intervals for negative and positive intakes. Key findings include, for all participants, a negative intake odds ratio of 0.23 (95% CI: 0.15, 0.71) and a positive intake ratio of 1.55 (95% CI: 0.68, 3.56). For girls, the negative intake odds ratio is 0.17 (95% CI: 0.03, 0.88). The table notes interactions and variables considered such as residence and maternal habits during pregnancy.]
The above results did not change when we additionally adjusted by type of delivery (vaginal or caesarean), total number of children (>2 vs. ≤2) and birth order of the index child (>2 vs. ≤2), neither when we excluded 9 participants whose mothers reported to believe that diet causes infant leukemia. Also, we did not observe differences in energy and macronutrient intakes between types of clinical services from controls: surgery versus non-surgery (Data not shown).





Discussion

Our results suggest that individual and concomitant intake of some nutrients was negatively associated with AL in girls. In contrast, in boys we only identified an individual positive association between riboflavin consumption and AL. In addition, we did not observe a nutrient concomitant intake positively associated with AL, regardless of sex.

Among girls, we observed that AL was negatively associated with individual intake of thiamin, niacin, pyridoxine, folate, vitamin C, alpha tocopherol, iron, copper, and betaine; and positively related to saturated fats and phosphorus. In the same way, we identified a concomitant intake of nutrients negatively associated, which was characterized by carbohydrates, mono/polyunsaturated fats, caffeine, thiamine, alpha tocopherol, iron, calcium, vitamin C, pyridoxine, and betaine.

Several nutrients that were negatively associated with AL in this report, both individually and in concomitant intakes (thiamin, niacin, pyridoxine, betaine), are key elements that, together with folate, participate in one carbon metabolism resulting in nucleotides formation, as well as DNA methylation (1, 25). The relationship between the consumption of these nutrients and AL is complex, and probably depends on the dose and timing of their consumption. For example, it has been observed that the consumption of folate before the onset of cancer may reduce the risk of this disease. However, once the cancer is present, this nutrient might accelerate its evolution when consumed in high doses (26). Interestingly, in this report, folate was only individually associated with AL but did not have a relevant weight in the presence of other nutrients. From a statistical point of view, this result might indicate that the individual relationship of folate with this cancer does not reflect the potential correlations, as well as the synergistic or antagonistic interactions among nutrients. In this regard, in most (2, 3, 11–13, 27) of the previous reports that have evaluated the relationship between folate and AL, the consumption of other nutrients potentially related to this cancer has not been considered. However, in a study by Singer et al. (1), folate along with methionine and vitamins B2, B6 and B12 were found to be negatively associated with AL, using Principal Component Analysis. Although this statistical technique identifies concomitant intakes based on the correlation between nutrients, it does not consider their a priori association with the outcome (28), as the WQS method does. Therefore, further investigation is warranted to clarify the relationship between AL and folate, in the presence of other nutrients.

In addition, the antioxidant activity and/or the promotion of the immune response might explain the negative associations between AL with some B vitamins, as well as with vitamin C consumption (1, 29, 30). It has been suggested that the latter could also increase circulating folate levels, although the underlying biological mechanism remains poorly understood (30).

We observed that AL was negatively related to individual and concomitant intake consumption of alpha tocopherol, and iron. Previous epidemiological studies have not found a relationship between AL and iron, neither as a supplement (3) nor as dietary intake (12, 27). Iron participates in normal cell maintenance through the production of ATP, oxygen transport, and the synthesis of DNA; however, the excess of this nutrient might promote the development of leukemia due to its pro-oxidant activity (31). Nevertheless, in our study sample, less than 10% of the participants had an iron intake above its reference value, thus the probability of having many participants with excess dietary consumption of this nutrient is low. For its part, alpha tocopherol is an antioxidant that might stimulate the immune system (32, 33). However, we have not found evidence of its previous evaluation in epidemiological studies, thus, our results need to be confirmed.

Calcium and caffeine also characterized the concomitant intake of nutrients negatively associated with AL, although they were not individually related to this cancer, possibly due to their low consumption in the study sample. In this regard, about 68% of the participants had a calcium intake below their reference value, while the consumption of coffee was almost 3 cups a week (Data not shown). Calcium might reduce cell proliferation by increasing their programmed death (34); while caffeine has antioxidant capacity and ability to regulate DNA repair and the immune system (35). However, caffeine might induce DNA double-strand breaks and chromosomal translocations due to its capacity as a topoisomerase II inhibitor (36). Two previous epidemiological studies found no association between AL and calcium (12, 27). In addition, in a cohort study in which 141,216 participants with 96 children with AL were evaluated, no association was found between maternal coffee consumption and AL (37), although case-controls studies have reported positive associations (38, 39). Likewise, mono and polyunsaturated fats were important nutrients within the concomitant intake negatively associated with AL. Although some of these nutrients might have prooxidant activities, others have shown to promote antioxidant capacity, and cell membrane fluidity (40), as well as induce a decrease in leukemia cell lines viability (41). In two epidemiological studies found in this regard, no association was reported between AL and mono/polyunsaturated fats (12, 27), highlighting the need for further research.

In contrast, AL was positively associated with the consumption of saturated fat and methionine, respectively. These nutrients have not been linked to AL in previous epidemiological studies (1, 12, 27). It has been suggested that excess methionine could lead to DNA hypermethylation, inappropriate gene silencing, and abnormal histone methylation (42, 43). The recommended daily dose of methionine for pregnant women has been set in combination with cysteine, which is 25 mg/kg/day (44), so that a person of 70 Kg requires an intake of about 1.8 g of methionine/cysteine per day. Taking this value as a reference, around 24% of the participating mothers had a high intake of methionine (greater than 1.8 g of methionine per day). For its part, the consumption of dietary fats might reduce the synthesis of B vitamins and folate, since it induces a disturbance in the microbial balance (2, 41, 45). We also observed that the individual consumption of phosphorus was positively associated with AL, as it was found in a previous report, but without statistical significance (12). The positive relationship between phosphorus and AL could be explained since it might enhance gene expression, protein translation and cell proliferation rate (46, 47).

Additionally, we observed that, among male children, only maternal consumption of riboflavin was positively associated with AL. This relationship was also observed in an epidemiological report that included US boys and girls, although this did not reach statistical significance (12). It has been suggested that riboflavin might promote increased proliferation, invasion, and migration of cancer cells (48), however, we believe that this result might be a chance finding.

It is very important to highlight that our results show that the nutrients that are associated with AL in the one-by-one nutrient analysis do not necessarily remain when they are analyzed in the presence of other nutrients. For example, individual folate intake has been negatively associated with AL, both in previous (2, 3, 11–13) and in this study, but this association did not remain when we performed the nutrient concomitant intake analysis. From a biological point of view, this first finding suggests that one or several nutrients might interact antagonistically with folate in its association with AL, such as caffeine consumption. For example, it has been suggested that serum folate concentrations decrease with increased caffeine intake (49), which is compatible with the antagonistic interaction between these nutrients that we observed in our study sample (p for interaction <0.05) (Information not shown). On the other hand, statistically speaking, the high correlation between nutrients might underestimate its weight in the concomitant intake analysis (50). In this regard, we observed high correlations between folate and other nutrients such as vitamin B1 (Spearman coefficient=0.80) and iron (Spearman coefficient= 0.74). In contrast, some nutrients that individually did not show an association with AL, emerged associated in the concomitant intake analysis: carbohydrates, calcium, caffeine, monounsaturated and polyunsaturated fats. In this context, further research is needed to disentangle the underlying biological mechanisms between the concomitant intake of nutrients and AL.

Interestingly, our data suggest that maternal diet is related to AL mainly among girls, possibly because they have a more efficient one-carbon metabolism than boys. For example, it has been observed that the polymorphism of the methylenetetrahydrofolate reductase (MTHFR) C677T gene, might be about 2 times more frequent among boys. This polymorphism reduces the activity of the MTHFR enzyme by up to 70% (51, 52), which might result in a suboptimal use of the nutrients that participate in the metabolism of one carbon.

Another potential mechanism involves the immune system. It has been observed that girls have higher innate and adaptive immune responses than boys, probably because the X chromosome houses a large number of immune-related genes (5). Therefore, the potential to stimulate the immune system with some nutrients, like alpha tocopherol (32, 33), caffeine (35) vitamin B and C (1, 29, 30), might be greater among girls. In addition, studies in adults have suggested that women have a better ability to methylate DNA, possibly due to the stimulating effect of estrogen on the synthesis of choline, which participates in the remethylation of homocysteine to methionine. Although this explanation does not seem to be relevant in infants (53), as in the case of this report.

It has also been proposed that the higher birthweight of boys compared to girls of the same gestational age (100–200 grams), might partially explain the observed greater frequency of this cancer among boys, since high birthweight increases the number of mitotic events and thus the frequency of somatic mutations in larger babies. However, there might also exist direct effects for sex and AL, not mediated by birthweight such as differences in gene expression (5). According to our DAG, our results are adjusted by birthweight by including maternal tobacco/alcohol consumption and iron supplement use in our multivariable models.

Our findings should be interpreted taking into account some methodological limitations. Due to the small sample size, we cannot exclude the existence of associations between other nutrients, individually or concomitant intake, with AL or specific types of it. The participation rate of the cases was low (46%); however, maternal education among the included and non-included cases was similar. In addition, we cannot rule out that the mothers of the children with AL reported lower alcohol consumption during pregnancy, which would explain the higher alcohol consumption among controls. However, it is unlikely that they would have differentially reported each of the nutrients under study. Furthermore, when we excluded 9 mothers who associated their diet during pregnancy with the infant’s AL, we did not observe changes in our results (Data not shown). Therefore, we believe that the possibility that the results are biased by a differential error is unlikely, except for alcohol consumption. However, due to non-differential measurement error in dietary reporting, not only our individual nutrient-AL associations are underestimated, but also, it might be possible that the interaction between nutrients concomitant intake and sex might be spurious (54). We did not have the information of the MTHFR polymorphism to confirm that the relationship between MTHFR variants and AL is modified by sex.

In contrast, a strength point in this work is that controls had a high participation rate (>90%) and when grouped according to their surgical or non-surgical services, we observed no differences regarding energy and macronutrient intakes. We observed that the median energy consumption of the controls (2275 kcal) seems to be slightly higher than that reported in a sample of pregnant women from Mexico City (2166 kcal) (55). In addition, the evaluation of maternal nutrient concomitant intake in relation to AL in infants, might identify important nutrients related to AL that may not be observed in a one-by-one approach.

Our results suggest that maternal diet during pregnancy is related to AL development and these findings might provide for the first time an explanation related to diet during pregnancy with the lower AL incidence among girls. However, our findings must be interpreted with caution and need to be confirmed in prospective and larger studies in other populations.
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Background and aims

Pediatric acute lymphoblastic leukemia (ALL) survival rates in low- and middle-income countries are lower due to deficiencies in multilevel factors, including access to timely diagnosis, risk-stratified therapy, and comprehensive supportive care. This retrospective study aimed to analyze outcomes for pediatric ALL at 16 centers in Mexico.





Methods

Patients <18 years of age with newly diagnosed B- and T-cell ALL treated between January 2011 and December 2019 were included. Clinical and biological characteristics and their association with outcomes were examined.





Results

Overall, 2,116 patients with a median age of 6.3 years were included. B-cell immunophenotype was identified in 1,889 (89.3%) patients. The median white blood cells at diagnosis were 11.2.5 × 103/mm3. CNS-1 status was reported in 1,810 (85.5%), CNS-2 in 67 (3.2%), and CNS-3 in 61 (2.9%). A total of 1,488 patients (70.4%) were classified as high-risk at diagnosis. However, in 52.5% (991/1,889) of patients with B-cell ALL, the reported risk group did not match the calculated risk group allocation based on National Cancer Institute (NCI) criteria. Fluorescence in situ hybridization (FISH) and PCR tests were performed for 407 (19.2%) and 736 (34.8%) patients, respectively. Minimal residual disease (MRD) during induction was performed in 1,158 patients (54.7%). The median follow-up was 3.7 years. During induction, 191 patients died (9.1%), and 45 patients (2.1%) experienced induction failure. A total of 365 deaths (17.3%) occurred, including 174 deaths after remission. Six percent (176) of patients abandoned treatment. The 5-year event-free survival (EFS) was 58.9% ± 1.7% for B-cell ALL and 47.4% ± 5.9% for T-cell ALL, while the 5-year overall survival (OS) was 67.5% ± 1.6% for B-cell ALL and 54.3% ± 0.6% for T-cell ALL. The 5-year cumulative incidence of central nervous system (CNS) relapse was 5.5% ± 0.6%. For the whole cohort, significantly higher outcomes were seen for patients aged 1–10 years, with DNA index >0.9, with hyperdiploid ALL, and without substantial treatment modifications. In multivariable analyses, age and Day 15 MRD continued to have a significant effect on EFS.





Conclusion

Outcomes in this multi-institutional cohort describe poor outcomes, influenced by incomplete and inconsistent risk stratification, early toxic death, high on-treatment mortality, and high CNS relapse rate. Adopting comprehensive risk-stratification strategies, evidence-informed de-intensification for favorable-risk patients and optimized supportive care could improve outcomes.
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1 Introduction

Pediatric acute lymphoblastic leukemia (ALL) is highly curable. Advances in the treatment of ALL embody one of the most successful examples of the progress of the field of pediatric oncology (1). An increased understanding of the biological underpinnings of ALL, the development of risk-stratified treatment, including response-based intensity, and the optimization of supportive care have led to a remarkable increase in cure rates (2, 3). In high-income countries (HICs), survival rates for pediatric ALL have surpassed 90%, and much of the current research focuses on decreasing short- and long-term treatment-related morbidity (4). Nonetheless, the majority of the children diagnosed with ALL live in low- and middle-income countries (LMICs) and do not have access to the optimal care that permits these high cure rates (5). Thus, the success of curing pediatric ALL depends on improving access to quality care for children in LMICs.

Recent studies show that the survival of pediatric patients with ALL varies considerably, with appreciably worse outcomes in LMICs (6). Data from CONCORD-3, an analysis of cancer-related survival from population-based cancer registries, showed survival rates between 50% and 70% for many countries in Latin America, Africa, and Asia (7). A recent simulation-based study estimated the survival of ALL at 61% in Latin America and the Caribbean (6). Mexico is an upper-middle-income country with approximately 2,300 new cases of pediatric ALL each year (8). The estimated 5-year overall survival for ALL in Mexico is approximately 60% (9–11). Adverse outcomes have been associated with late presentation, delayed diagnosis, malnutrition (12), infection-related deaths (13), and abandonment (14). In Mexico, between 2004 and 2019, Seguro Popular provided health coverage to the population without social security or private insurance, including financing care for children and adolescents with ALL. Since 2020, the Mexican health system has been in constant redesign. New health governance and financing strategies are being proposed, but their adoption, implementation, spread, and permanence remain to be determined.

In 2016, eight centers from eight different states in Mexico and St. Jude Children’s Research Hospital (St. Jude) in Memphis, United States, joined to create, and in 2017 launch, “Mexico in Alliance with St. Jude (MAS)”, a collaborative group dedicated to increasing the survival and quality of care of children and adolescents with cancer in Mexico. Within the workstream to identify gaps in access and quality care for children with care, a retrospective study was developed to ascertain deficiencies and strengths of care for pediatric ALL. This multi-institutional study sought to characterize the outcomes of children with ALL diagnosed at institutions in Mexico, correlating the findings with clinical and biological factors and elements related to access to quality care. Preliminary results have been used to co-design and co-produce prospective interdisciplinary projects over the years, including an evidence-based, consensus-derived, adapted treatment guideline, which now serves as the standard of care at many MAS member institutions.




2 Methods



2.1 Study context and oversight

This multicenter retrospective analysis was conducted across 16 pediatric cancer units in Mexico. St. Jude served as a coordinating center for the study, facilitating the electronic database, training for data abstraction, and data analysis. All centers are part of the cooperative group MAS. Institutional review board approval or exemption was obtained at St. Jude and each participating site.




2.2 Patient selection and data abstraction

All consecutive patients <18 years of age with newly diagnosed B- and T-cell ALL diagnosed between January 2011 and December 2019 at 16 resource and geographically diverse participating healthcare institutions were included. Clinical information on demographics, treatment, laboratory tests, molecular characteristics, and follow-up was extracted from institutional medical records. For treatment, given that institutions treated ALL with different protocols, and there was variability even within institutions at different timepoints, general descriptors of treatment approach were collected, including chemotherapy doses during induction, use of radiotherapy, and modification to planned treatment. Records were both paper-based and electronic and entered into a single electronic database. The data were first collected in 2018–2019, including inputs through 2015, and then expanded in 2021–2022 to include inputs through 2019 (Supplement 1). Data collection was completed in December of 2022.




2.3 Statistical analyses

Descriptive statistics were used to summarize patient characteristics. Categorical data are presented as percentages, and continuous data as means (standard deviations) or medians (interquartile range (IQR)). Event-free survival (EFS) and overall survival (OS) were calculated by the Kaplan–Meier method with standard errors by Peto et al. (15, 16) EFS was defined as the time from diagnosis to first event (induction failure, induction death, relapse, and remission death) or date of last contact for those who were event-free. OS was defined as the time from diagnosis to death or last contact for those still alive. For abandonment-sensitive EFS (A-EFS) and OS (A-OS), treatment abandonment was also considered an event. Log-rank test was used to compare survival curves between groups. Cumulative incidence rates were computed using the cumulative incidence function for competing risks, and comparisons were made using the K-sample test (17). Univariate and multivariable Cox regression analyses were used to assess the effect of factors on EFS. For all analyses, a p-value <0.05 was considered statistically significant. Analyses were conducted using SAS software, version 9.4, and R version 4.0.0.





3 Results

A total of 2,116 eligible patients were identified with a median age of 6.3 years (IQR, 7.5). Patient characteristics are presented in Table 1. Most patients had B-cell ALL (1,889, 89.3%) and no central nervous system (CNS) involvement (1,810, 85.5%). Only 160 (7.6%) of patients presented with T-cell phenotype, and only 61 (2.9%) of the patients were reported to have trisomy 21 (Down syndrome). The diagnostic lumbar puncture was traumatic in 127 patients (6.0%). Data on CNS status, immunophenotype, and karyotype were not available in 130 (6.1%), 39 (1.8%), and 745 (35.2%) patients, respectively.

Table 1 | Patient characteristics.
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3.1 Risk stratification and treatment

Of the 1,889 patients with B-cell ALL, 1,488 (70.4%) patients were assigned high-risk therapy at the beginning of treatment, while 593 (28.0%) were assigned standard-risk therapy. Based on National Cancer Institute (NCI) standard-risk criteria for pediatric B-cell ALL (age 1–10 years and initial white blood cell (WBC) <50,000/mm3), 52.5% (991/1,889) of patients were assigned a risk group at the start of treatment that differs from what would be obtained utilizing this standard. Distribution of age and initial WBC shows that only 28.5% (538/1,889) and 23.2% (439/1,889) of patients, respectively, would fall within high-risk criteria for these two parameters. After induction therapy, patients were assigned final risk groups: 447 patients (23.3%) were classified as standard-risk, 1,262 patients (65.9%) as high-risk, and 126 patients (6.6%) as very high-risk. Risk-stratification data were unavailable for 200 patients.

Regarding treatment, 148 patients (7.0%) had received treatment for ALL prior to transfer to one of the 16 institutions, with the majority being the initiation of systemic corticosteroids. The 16 institutions used treatment protocols adapted from BFM, St. Jude’s Total XIIIB, or the Dana-Farber Cancer Institute (DFCI) 05-001 protocols. Prednisone, vincristine, asparaginase, and daunorubicin were the most used systemic chemotherapy agents during induction. The median doxorubicin equivalents during induction were 60 mg/m2 (IQR, 25.0). The median number of intrathecal chemotherapy doses was 4.0 (IQR, 3.0), with triple therapy (methotrexate, cytarabine, and hydrocortisone) being the most used intrathecal chemotherapy (71.1%). Among the 74 patients with BCR-ABL translocation, 24 (32.4%) started imatinib during induction. Sixty patients (3.1%) received radiation as part of treatment: 34 (56.7%) with CNS-1 status, 6 (10%) with CNS-2, 17 (28.3%) with CNS-3, and 3 (5%) with unknown CNS status.

During therapy, 323 patients (15.3%) had a substantial change to treatment, defined as the elimination or substitution of a chemotherapy agent in more than half of the doses of a treatment phase. Modifications due to toxicity or infection were the most frequently cited reason (38.1%, 123/323). Furthermore, the mean number of times chemotherapy was held for more than 2 weeks was 1.5 times per patient. Infection (68.7%) and chemotherapy-related side effects (56.8%) were the most cited reasons for the interruption of chemotherapy.




3.2 Access to molecular diagnostics

Fluorescence in situ hybridization (FISH) and PCR tests were performed for 407 (19.2%) and 736 (34.8%) patients, respectively. The median times to obtain results for the characterization of ALL samples were as follows: 1.0 days for immunophenotype (standard deviation (SD), 6.8 days), 10.0 days for FISH (SD, 13.7 days), 10.0 days for cytogenetics (SD, 23.0 days), and 8.0 days for PCR (SD, 14.8 days). To evaluate the availability of molecular tests and the frequency of recurrent alterations, five common translocations were assessed in patients with B-cell ALL (Table 2). Considering the cases where these tests were performed and available, samples were positive in 10.8% (106/981) for ETV6-RUNX1, 6.5% (74/1,133) for BCR-ABL, 7.8% (74/953) for E2A/PBX, 4.3% (40/940) for MLL translocations, and 6.4% (14/220) for iAMP21.

Table 2 | Testing of recurrent translocations for B-cell ALL.


[image: Table showing characteristics of genetic markers in acute lymphoblastic leukemia: ETV6-RUNX/t(12,21), BCR-ABL/t(9,22), E2A/PBX/t(1,19), MLL (4,11), and iAMP21. Categories include not done, negative, positive, not available, and not interpretable, with corresponding counts and percentages for each marker.]
Minimal residual disease (MRD) was performed in 1,158 patients (54.7%) during induction (Table 3). All MRD tests were performed from bone marrow aspirate samples. Days 15 (35.5%) and 29 (29.1%) were the most common timepoints for MRD evaluation. Considering negative MRD thresholds of <1% on Days 8 and 15 and <0.01% on Day 29, 87.1% (27/31), 84.8% (341/402), and 73.9% (235/318) of tested patients had negative MRD during these timepoints, respectively.

Table 3 | MRD monitoring for B-cell ALL.
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3.3 Early toxicity and death

During induction, there were 191 deaths (9.1%) reported: 142 in patients with B-cell ALL (7.5% of B-cell ALL patients) and 49 in patients with T-cell ALL (30.1% of T-cell ALL). Antibiotics were indicated for therapeutic purposes during induction in 1,536 patients (72.6%). Finally, clinical sepsis (542 patients), bacteremia (487 patients), pneumonia (276 patients), and meningitis (9 patients) were the most reported infections during induction.




3.4 Outcomes

Median follow-up was 3.7 years and was available for 2,106 patients (99.5%). Forty-five patients (2.1%) had induction failure. A total of 365 deaths (17.3%) were reported, including 191 deaths during induction and 174 additional deaths after achieving remission. Of the patients, 176 (6%) abandoned treatment, and 416 (19.6%) relapsed. Among the relapses, 225 (54.1%) were isolated bone marrow, 111 (26.7%) isolated CNS, 63 (15.1%) mixed, and 17 (4.1%) extramedullary (non-CNS) relapses.

Five-year EFS and OS rates based on clinical and biological characteristics are given in Table 4 and Figure 1. For the whole cohort, the 5-year EFS and OS were 57.6% ± 1.6% and 66.0%± 1.5%, respectively. The 5-year A-EFS and A-OS for the whole cohort were 54.5% ± 1.6% and 62.1% ± 1.5, respectively. The 5-year EFS was 58.9% ± 1.7% for B-cell ALL and 47.4% ± 5.9% for T-cell ALL, while the 5-year OS was 67.5% ± 1.6% for B-cell ALL and 54.3% ± 5.9% for T-cell ALL (Figure 1A). For the whole cohort, significantly higher outcomes were observed for patients aged 1–10 years and patients without substantial treatment modifications. Outcomes from the geographic territories with the highest number of patients are included in Supplement 2.

Table 4 | EFS and OS by clinical and biological characteristics.
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Figure 1 | Outcome of pediatric ALL in Mexico. (A) EFS and OS for B-cell and T-cell ALL. (B) EFS for CNS status for B-cell ALL. (C) Cumulative incidence of CNS relapse for B-cell and T-cell ALL. (D) EFS for standard-risk and high-risk B-cell ALL. (E) EFS for B-cell ALL based on MRD status tested on Day 15. (F) EFS for B-cell and T-cell ALL based on substantial change to treatment. ALL, acute lymphoblastic leukemia; EFS, event-free survival; OS, overall survival; CNS, central nervous system; MRD, minimal residual disease.

Translocations also showed varying outcomes for B-cell ALL, with patients with t(9;22) (BCR-ABL1) having a 5-year EFS of 40.5% ± 10.4%. The 5-year EFS for B-cell ALL with CNS-1, CNS-2, and CNS-3 was 61.1% ± 1.8%, 54.1% ± 11.1%, and 44.0% ± 10.4%, respectively (p = 0.038) (Figure 1B). The 5-year cumulative incidence of CNS relapse was 5.5% ± 0.6% (Figure 1C). The 5-year EFS for B-cell ALL was 70.5% ± 2.8% for the standard-risk group and 54.6% ± 2.0% for the high-risk group (p < 0.0001) (Figure 1D). In patients with B-cell ALL and MRD performed on Day 15, the 5-year EFS was 74.5% ± 4.3% for patients with negative MRD and 56.2% ± 9.3% for patients with positive MRD (Figure 1E, p<0.001). For patients with substantial modifications to treatment (Figure 1F), 5-year EFS was also lower (p < 0.0001).

Univariate and multivariable Cox regression analyses of EFS were performed for B-ALL (Table 5). In univariate analyses, age (1–10 years), initial risk group (standard risk), and Day 15 MRD (negative) were significantly associated with lower EFS. In multivariable analyses, age and Day 15 MRD continued to have a significant effect on EFS.

Table 5 | Univariate and multivariable Cox regression analyses of EFS for B-cell ALL limited to patients with Day 15 MRD data.
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4 Discussion

This detailed review of a large cohort of patients diagnosed and treated in Mexico has allowed for the evaluation of multiple elements of pediatric ALL care and outcomes. Our study analyzed data from 2,116 patients across 16 centers and suggests outcomes are lower than desirable, with a high frequency of treatment-related toxicity and relapse, and inconsistent access to diagnostic tests, both at diagnosis to characterize ALL samples and for disease monitoring through MRD.

Consistent with prior institutional and population-based cancer registry reports from Mexico (7, 9–11), our study describes lower OS and EFS for pediatric ALL than reported in HICs. Furthermore, regional variability can also be seen in our study, similar to published reports (9). Compared to reports from collaborative studies from North America and Europe, the outcomes from our report are close to 20% to 30% lower. High rates of death in induction, abandonment, death in remission, and relapse are the main contributing factors to these poor outcomes. Nonetheless, factors associated with outcomes from high-resource settings such as age, WBC count at diagnosis, ploidy, presence of translocation, and response to therapy (MRD) continue to portend prognostic significance.

We report an abandonment rate of 6%, like prior reports from Mexico (10, 18, 19) During the time that this cohort was treated, government-funded healthcare existed for children and adolescents with ALL. Despite coverage, treatment abandonment is a complex phenomenon, and it has been associated with social, economic, and treatment-related factors (20, 21). Social inequalities and social determinants of health continue to impact cancer outcomes even when direct costs for cancer care are covered (22). This study did not collect data on social determinants of health for the cohort; hence, additional analyses would be necessary to further describe factors that increase the risk of treatment abandonment in Mexico.

Induction has the highest risk of infectious complications due to prolonged immunosuppression from disease and the intensity of induction chemotherapy (23, 24). In our study, close to 10% mortality was seen during induction, with most deaths from infectious processes. This rate is markedly above reports not only of the clinical trials of cooperative groups in high-resource settings where <2% is usually reported (2, 25, 26) but also in pediatric oncology units in Central America (27, 28). The risk of death in induction was not associated with treatment intensity (anthracycline dose), suggesting that earlier diagnosis of ALL and improved management of infectious complications may be the most valuable intervention. Importantly, the MAS centers are participating in a project to implement a pediatric early warning system (PEWS) (29) and timely antibiotic administration in febrile patients (30) as mechanisms to improve treatment-related mortality. Additional interventions such as prophylactic antibiotics during induction (31) could be considered as strategies to decrease infectious mortality early in treatment. Interventions that mitigate unplanned toxicities could also impact the financial aspects of pediatric cancer care (32).

Contrary to most pediatric ALL studies, our study reports that most patients were classified as high-risk, including 70% at the beginning of induction. The NCI standard-risk criteria are effective risk stratification criteria (33), especially when access to molecular tests is inconsistent. Based on these two variables, we describe how close to 50% of patients were inappropriately assigned risk groups. Although other variables are used for risk assignment, such as steroid response and DNA index, this is unlikely to explain the large disparity. Ultimately, these data suggest that a large proportion of patients were over-treated, increasing the risk of treatment-related mortality and long-term morbidity. This is especially worrisome, as it is known that close to 40% of patients can be cured with minimally intensive therapy (34, 35). Standardized approach to risk stratification would optimize the intensity of therapy based on the risk of relapse.

In our report, the frequency of CNS-2 status was 3.2%. This is lower than recently published studies from North America, where St. Jude’s Total XVI had 33% (24) and COG’s standard-risk trial, AALL0331, had 8% (25). On further investigation, some centers included in the study did not have the capacity to perform cytospin to evaluate for leukemic blasts, hence likely under-reporting CNS-2 status. Given these elements and the previously mentioned discordance in risk stratification, the association of CNS status and outcomes in this cohort was likely confounded due to these factors.

Over the past decades, the molecular characterization of ALL has transformed the field of pediatric leukemia care (36). Access to advanced diagnostic tests to characterize ALL samples are essential to provide risk-adapted therapy, seeking to maximize cure rates and minimize therapy-associated toxicities. Our data suggested limited access to advanced diagnostics like FISH and PCR. Furthermore, uninterpretable tests were also reported, highlighting the need to improve the quality of testing also. Strategies to achieve increased access to quality diagnostics could be the identification of centralized, regional testing centers with adequate validation processes.

Response to treatment and MRD has been the most important prognostic factor for pediatric ALL (37–40). The role of MRD in risk stratification has already been used in LMICs for close to two decades, confirming its relevance in resource-limited settings even when simplified flow cytometry-based assays are utilized (41, 42). In our study, 55% of patients had MRD performed during different points of therapy. Importantly, in univariate and multivariable analyses, negative MRD was associated with EFS. Furthermore, patients whose MRD was performed, regardless of results, had better survival, suggesting that access to comprehensive testing can influence outcomes. Based on these data, consistent access to timely and high-quality MRD would optimize therapy for patients with ALL. Increasing access to MRD could be achieved by identifying regional centers to process samples for treatment response.

Pediatric ALL is a heterogeneous disease, with recurrent genetic alterations conferring treatment prognosis. Some studies have described a lower frequency of favorable translocations, like ETV6-RUNX1, in Hispanic populations within the United States (43). The frequency of ETV6-RUNX1 in our cohort is consistent with Hispanic patients in the United States, which is lower than other populations. Of the patients with ALL and BCR-ABL fusions, the 5-year OS was 45.6%, consistent with the outcomes seen before the use of ABL-class tyrosine kinase inhibitors (44). In our study, of the 74 patients identified with BCR-ABL1 fusions, only 24 received targeted therapy, likely hindering the possibility of early remission. It is important to note that an important fraction of the cohort does not have alterations frequently seen in pediatric ALL. It is unclear if this is related to a true variation or inherently a marker of inadequate access to comprehensive, validated molecular testing. Ultimately, the size of the cohort with complete molecular characterizations is insufficient to comprehensively describe variations of genetic alterations in ALL for the Mexican population.

Our study has limitations. As a retrospective study, the availability of all details of care was absent for some patients, especially as we sought to extract granular features of diagnostic evaluations and therapy. Nonetheless, given the size of the cohort and explicit mention of when data elements were absent, relevant conclusions can still be reached. Furthermore, as patients were treated with different protocols, the impact of specific treatment phases and chemotherapy strategies cannot be concluded from this study.

In Mexico, cancer is the leading cause of death in children aged 5–14 (45, 46); hence, investment in the care of children with ALL and pediatric cancer is imperative. The results from this study highlight areas that are relevant for interventions to improve quality care for children with ALL not only in Mexico but also in other LMICs. Based on these data, the MAS group has developed an evidence-based consensus-derived treatment guideline for ALL currently being used in more than 10 pediatric cancer units in Mexico. Furthermore, these data informed a peer-reviewed grant-funded prospective project to improve access to a consensus-derived diagnostic panel and support comprehensive risk stratification. Some of the outputs of these interventions are included in other manuscripts of this Frontiers in Oncology Research Topic. With these data-driven approaches, improved outcomes are anticipated.
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Background

Acute lymphoblastic leukemia (ALL) etiology remains largely unknown; incidence patterns by age, sex, and geographical distribution suggest a potential environmental role.





Aim

To identify ALL clusters from four contrasting urban areas of Mexico and to characterize the sources of environmental carcinogens.





Methods

Hospital-based ALL cases (n = 443) diagnosed in children <19 years old from the Metropolitan Zones of Merida and San Luis Potosi, the State of Mexico, and Tijuana were analyzed (2015–2020). ALL cases were coded according to the International Classification of Diseases for Oncology. ALL clusters were identified by Kernel Density, and excess risk was estimated. Data of particulate matter ≤2.5 µm (PM2.5) concentrations measured by community-monitoring stations were analyzed. Geocoded datasets of benzene, polycyclic aromatic hydrocarbons, and PM2.5 sources were analyzed to characterize patterns of exposure in ALL clusters.





Results

The survival rate for ALL ranged from 61.5% to 78.6%. Seven ALL clusters with excess risk (RR 1.4–2.3, p < 0.05) were identified. The carcinogen sources included artisanal brick kilns, gas stations, cement works, carpentry, paint, and chemical manufacturing establishments. PM2.5 levels ranged from 15 µg/m3 to 37 µg/m3 among study areas.





Conclusion

ALL clusters were identified at the community level; the excess risk could be explained by small-scale carcinogen sources. The levels of PM2.5 in outdoor air ranged from 3 to 6 times above the World Health Organization (WHO) air quality guidelines. Healthcare providers must raise awareness of the increased risk of ALL in children living near sources of environmental carcinogens; cancer control and prevention strategies must be steered from a multi-sectoral and multi-action perspective to protect children’s health.
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Introduction

Childhood and adolescent cancer is a significant and relevant public health challenge; each year, an estimated 400,000 children <19 years old are diagnosed with cancer globally. Ninety percent of them live in low- and middle-income countries (LMICs) where treatment is often unavailable or unaffordable. As a result, less than 30% of children with cancer in LMICs survive, compared to more than 80% of those in high-income countries (HICs) (1, 2). The World Health Organization (WHO) Global Initiative on Childhood Cancer proposes reaching at least a 60% cancer survival rate, thereby saving one million lives of children with cancer by 2030 (3). The Global Initiative for Childhood Cancer is part of the response to the World Health Assembly resolution Cancer Prevention and Control through an Integrated Approach, focused on the reduction of premature mortality from non-communicable diseases (NCDs) and the achievement of universal health coverage (4).

Leukemia is the most frequently occurring cancer among children and adolescents; acute lymphoblastic leukemia (ALL) is the most common type, and over 80% of ALL cases are classified as B-lineage (B-ALL). ALL is characterized by the rapid proliferation of poorly differentiated progenitor cells inside the bone marrow (5, 6). Leukemia, among other health conditions, has been included in the group of “new pediatric conditions” (7). Some chemical toxicants in the environment are known and suspected causal factors of the disease (8, 9). It is estimated that 17% (7% to 42%) of all cancer disease burdens in children under five can be attributable to environmental causes; in today’s world, children are surrounded by an estimated 350,000 chemicals (10, 11).

Although the ALL etiology in children and adolescents remains largely unknown, evidence suggests exposure to ionizing radiation, albeit rare, and prenatal/postnatal exposures to pesticides are linked to an increased risk of ALL (12–14). In addition, certain behaviors, such as pica (placing hands and objects in one’s mouth) and playing outside, increase children’s odds of exposure (4). Regarding exposures in urban environments, residential proximity to petrol stations and industrial sites and exposure to mixtures of benzene, particulate matter ≤2.5 µm (PM2.5), and polycyclic aromatic hydrocarbons (PAHs) from traffic emission are related to high risk of ALL (15–18).

Interpretation of epidemiologic evidence to determine causality is complex and relies on a wide range of supporting data. The study of cancer and environmental exposures often involves collecting and studying large, complex datasets of cases, environmental exposure patterns or biological indexes, and additional variables (19). In the absence of desirable data on cancer cases from population-based cancer registries (PBCRs), hospital-based cancer registries (HBCRs) could be an alternative.

For this reason, the WHO, through the Global Initiative for Cancer Registry (GICR; www.gicr.iarc.fr) and the International Agency for Research on Cancer (IARC), has promoted establishing cancer registry and surveillance strategies, with standards and quality procedures to provide reliable and better data regarding cancer burden and setting priorities for cancer control and prevention, especially in LMICs.

Therefore, to increase our knowledge and awareness of environmental factors and ALL in Mexican children <19 years old, we designed this research to compare ALL survival rates in four contrasting urban areas (northern, central, and southern). Also, we present an overview analyzing the distribution of the disease from a territorial perspective aiming to identify ALL clusters, visualize areas vulnerable to the disease, and characterize fixed small-scale carcinogens hotbeds at the local/neighborhood level.





Materials and methods




Study areas

This study was conducted in four urban areas of Mexico: first, the Metropolitan Zone of Merida (MZ-Merida), located in the southeastern state of Yucatan Mexico (centroid: −89.62166, 20.96777). It includes the municipalities of Conkal, Merida, Kanasin, Ucu, and Uman. Merida City started a PBCR in 2016 to collect data on cancer cases adhering to international standards (20). The MZ-Merida has had accelerated urbanization and economic growth within the last few years; the size of the population is 995,129. Second, the Metropolitan Zone of San Luis Potosi (MZ-SLP) is located in the south-central state of San Luis Potosí (centroid: −100.94282, 22.27046). It includes the San Luis Potosi and Soledad de Graciano Sanchez municipalities, serving 911,908 inhabitants; the area has undergone accelerated industrialization and urban growth within the last decade (21). Third, the State of Mexico (centroid: −99.64537, 19.35596), located in the central part of the country, is a heavily industrialized and densely populated area (1,878,372 inhabitants). It is composed of 125 municipalities, which include Jiquipilco, Otzolotepec, Temoaya, Calimaya, Chapultepec, Lerma, Mexicaltzingo, San Mateo Atenco, Tianguistenco, Toluca, Coatepec Harinas, Ixtapan de la Sal, Tenancingo, and Villa Guerrero. Fourth, the municipality of Tijuana (Tijuana), located in the northwest state of Baja California (centroid: −117.00371, 32.5027), has a population of 922,523. Tijuana borders the southwest region of the United States and is characterized by a high density of gasoline and diesel engine vehicles (22). In 2018, the Tijuana-Cancer Registry was established to monitor and track cancer morbidity in the area (Figure 1).

[image: Map of Mexico highlighting five regions: Tijuana, Metropolitan Zone of San Luis Potosi, Metropolitan Zone of Merida, State of Mexico, and another area in the Gulf of Mexico region. Each is marked with distinct colors and labeled with dashed lines.]
Figure 1 | Location of study areas on Mexico geopolitical map.





Source of patient data

Based on hospital records, ALL cases of children <19 years old from the MZ-Merida and Tijuana were included. ALL cases from the MZ-SLP and the State of Mexico were obtained from the registry of the Mexican Association of Aid to Children with Cancer (AMANC by its acronym in Spanish). These are a subset of hospital-based cases. AMANC is a non-profit organization (NPO) involved in the support of the population without medical insurance (formerly Seguro Popular). The HBCR works under international guidelines and standards developed by the IARC and International Association of Cancer Registries (IACR), including the International Classification of Diseases for Oncology (ICD-O3.2) (23, 24). The registry reports pediatric cancer cases through the International Classification of Childhood Cancer (ICCC) (2). Case-finding information was recorded on the following variables: sex, age, date of birth, place of residence, and basis of diagnosis. The HBCR uses CanReg5 software, which prevents the analysis of duplicates and/or non-existent codes. In addition, IARC-Tools and Link Plus 2.0 software were employed as internal quality control measures (25).

The datasets were validated with the IARC-CanReg5 methodology as previously mentioned. Cases with incomplete addresses were excluded to prevent geo-localization. This project was approved by the Health Research Council from the Mexican Institute of Social Security (IMSS by its acronym in Spanish) R-2016-785-065. Case anonymity was maintained by assigning an identifier to each case and eliminating patient names from the dataset.





Spatial exploratory analysis for ALL cluster identification

A descriptive spatial cluster analysis was calculated by Kernel Density Estimator using QGis©. Areas with the highest density of ALL cases were identified according to a distance radius of 2,310 m (meter) for the MZ-Merida, 1,755 m for the MZ-SLP, 12,259 m for the State of Mexico, and 2,215 m for Tijuana. A 200-m cell size was set for each area of study. After ALL spatial clusters were identified, clusters with the highest number of cases were selected, and the area was clipped to obtain a geographic polygon. To estimate the ALL excess risk, a Poisson distribution model was assumed, and the average population of each polygon was obtained from census data (2010 and 2020) belonging to the National Institute of Statistics and Geography (INEGI by its acronym in Spanish). The analysis was conducted with SatScan© software v 10.1.





Identification of emission sources and geo dataset integration

The latest IARC cancer monographs and National Toxicology Program Reports (US EPA) were consulted, and an exhaustive systematic literature review spanning from 2010 to 2022 was conducted to identify chemical substances associated with an increased risk of ALL in children <19 years old. Benzene, PAHs, and PM2.5 (26, 27) were selected to create an inventory of small, fixed sources. A geocoded dataset with the addresses of chemical and paint manufacturing establishments, artisanal brick kilns, gas stations, carpentry, and cement works was created for each area of study. Data were obtained from the National Statistical Directory of Economic Units (DENUE by its acronym in Spanish).





Scenario characterization by emission sources in the ALL clusters

The polluting emission sources were counted for each Basic Geostatistical Area (BGA) by the vector layer in the UTM Zone 14 N spatial reference system inside each polygon defined by the ALL clusters. Then, hierarchical cluster analysis was carried out to identify BGA clusters for each emission source of pollutants. We used the Euclidean and Manhattan distance matrices and the complete, single, and average linkage among others until the most appropriate number of clusters and the most compact and defined form were obtained. The selected method was the Ward.D2 with the Manhattan distance matrix, and all analyses were conducted with R studio© software (28). The proportion of BGA clusters for emission sources was estimated by each ALL cluster to identify the main emission sources.





Time trends of annual average measurements of PM2.5

PM2.5 hourly data for each area of study were obtained from various sources. The MZ-Merida data were acquired from the Mexican National Air Quality Reports (2011–2022). There is a single air quality monitoring station that began gathering data in 2013, but adequate and verifiable data (average/year) were only available from 2015 to 2016 (29). The MZ-SLP data were obtained from the Secretary of Ecology and Environmental Management of San Luis Potosí (30). The MZ-SLP has four monitoring stations; only two reported data for PM2.5 for 2016 (30). State of Mexico data were acquired from the National System of Air Quality Information (SINAICA, by its acronym in Spanish) (31), air monitoring started in 2011 (32), and eight stations reported PM2.5 (33). Finally, data belonging to Tijuana were also acquired from the Mexican National Air Quality Reports (2011–2022), and only two out of the four monitoring stations in the city reported PM2.5 levels (33). It is important to note that only the State of Mexico reported concentrations of PM2.5 with enough data (at least 75% of the hourly and daily averages) as required by the Official Mexican Standard (NOM) to analyze time trends (27). Only data that met the criteria of the NOM-025-SSA1-2014 were included in the analysis (29).





Statistical analysis

Descriptive statistics of ALL cases in CanReg5 were calculated, grouping by age and sex. Survival analysis was performed on R software (version 4.3.0). A non-parametric test was conducted by analyzing Kaplan–Meier curves for ALL cases in the MZ-Merida, the MZ-SLP, the State of Mexico, and Tijuana, and log-rank tests were used to determine the statistical significance of differences. p < 0.05 was considered to indicate statistical significance. Prevalence rates were calculated in each study area by considering average population data from the 2010 and 2020 censuses; age groups under study at the municipal and BGA level were also taken into account (prevalence rates at the BGA level was calculated for the selected ALL cluster polygons). Spatial analysis methods involving Kernel Density Estimation, discrete Poisson modeling, and hierarchical clustering were performed in Rstudio©, SatScan©, and QGis© software.






Results




ALL cases distributed by age, sex, and area of study

This study analyzed a total of 443 ALL cases diagnosed between 2015 and 2020 in children <19 years old. Fifty-nine percent were male (n = 261). Distribution by residence area was as follows: 95 (21.5%) cases from the MZ-Merida, 39 (8.8%) cases from the MZ-SLP, 192 (43.3%) from the State of Mexico, and 117 (26.4%) from Tijuana. Disease distribution among age groups was as follows: 91 cases (20.5%) between 0 and 4 years old, 139 cases (31.4%) between 5 and 9 years old, 119 cases (26.9%) between 10 and 14 years old, and 94 cases (21.2%) for an adolescent group between 15 and 19 years old; data are shown in Table 1.

Table 1 | Demographic characteristics of children <19 years old with acute lymphoblastic leukemia (2015–2020).


[image: Table displaying population data from four Mexican regions: Metropolitan Zone of Merida, San Luis Potosi, State of Mexico, and Tijuana. It categorizes by sex, age group, with corresponding numbers and percentages. Data covers age groups from zero to nineteen, split by male and female.]




Survival analysis

In the MZ-Merida, the 5-year survival rate in children <19 years old diagnosed with ALL was 78.6% (95% CI, 70.1–88.2). Furthermore, survival analysis by sex found that male children in this area had a lower survival rate of 75.3% (95% CI, 64.5–87.9) when compared to female children with a rate of 85.4% (95% CI, 73.1–99.7). These results were not statistically significant (p = 0.34). The MZ-SLP documented the lowest overall survival rate of 61.5% (95% CI, 48.0–78.9). Further analysis by sex found that male children in this area also had the lowest survival rate at 56.5% (95% CI, 39.5–80.9) when compared to female children at 68.8% (95% CI, 49.4–85.7). These results were not statistically significant (p = 0.55). Cases from the State of Mexico had a 72.9% (95% CI, 65.4–81.2) survival rate. Male and female children in this area had a similar survival rate distribution at 72.3% (95% CI, 62.6–83.5) and 73.3% (95% CI, 62.2–86.2), respectively; but these results were not statistically significant (p = 0.76). Finally, Tijuana yielded a 5-year survival rate of 70.6% (95% CI, 58.8–84.8) in children <19 years old. Female children had a 66.7% (95% CI, 49.3–90.2) survival rate, while male children had 73.7% (95% CI, 59.2–91.7), although the difference was not statistically significant (p = 0.37); data are shown in Figure 2.

[image: Four Kaplan-Meier survival curves labeled A, B, C, and D compare survival probabilities between males and females over time, measured in months. Each chart includes a p-value: A (Merida) shows p=0.34, B (San Luis Potosí) shows p=0.55, C (State of Mexico) shows p=0.76, and D (Tijuana) shows p=0.37. The probability scale ranges from 0 to 1.]
Figure 2 | Kaplan–Meier curve for ALL survival in children.





Spatial ALL case distribution

The spatial analysis identified 24 ALL clusters distributed by the following: five in the MZ-Merida, six in the MZ-SLP, seven in the State of Mexico, and six in Tijuana. This preliminary spatial analysis selected 11 ALL clusters for carcinogens’ source characterization (identified with a red circle in Figure 3): three of them in the MZ-Merida identified as Cluster 1, located in the west-central area; Cluster 2, downtown area; and Cluster 3, located in the central-east area (Figure 3). Four cement works, 37 carpentry, 20 gas stations, and three chemical manufacturing establishments were identified in this area.

[image: Maps displaying cluster densities in four Mexican regions: Metropolitan Zone of Merida, Metropolitan Zone of San Luis Potosi, State of Mexico, and Tijuana. Each map highlights clusters with red outlines and varies in grayscale shading to indicate density intensity. Scale bars and directional arrows are included.]
Figure 3 | Density of acute lymphoblastic leukemia by study areas. Clusters with the highest number of cases were selected for characterization, identified by a red circle.

In the MZ-SLP, three clusters were identified: Cluster 1 in the north-central area, Cluster 2 in the downtown area, and Cluster 3 in the central-south area (Figure 3). The analysis geolocated 23 gas stations, 80 brick kilns, 16 paint manufacturing establishments, and six chemical manufacturing establishments in these clusters.

Three clusters were identified within the State of Mexico: Cluster 1 in the north-central region encompassing Jiquipilco, Otzolotepec, and Temoaya municipalities; Cluster 2, in the central region including the Calimaya, Chapultepec, Lerma, Mexicaltzingo, San Mateo Atenco, Tianguistenco, and Toluca municipalities; and Cluster 3 located in the south-central area surrounding the Coatepec Harinas, Ixtapan de la Sal, Tenancingo, and Villa Guerrero municipalities (Figure 3). Sources of carcinogens included two cement works, 411 carpentry, 161 gas stations, 230 brick kilns, 12 paint manufacturing establishments, and 50 chemical manufacturing establishments.

In Tijuana, two clusters were identified: Cluster 1 in the west and Cluster 2 in the northeast of the municipality (Figure 3). Seven carpentry, 52 gas stations, one brick kiln, three paint manufacturing establishments, and 12 chemical manufacturing establishments were pinpointed.





Prevalence of ALL and excess risk

The prevalence rate of ALL within the total identified eleven-clusters was 2.4 per 10,000 inhabitants (173 cases within a total population of 709,571). Excess risk (RR) was calculated in each study area by assuming a discrete Poisson distribution. The MZ-Merida had the highest RR at 2.3 (log-likelihood ratio 7.6; p-value 0.00032) in Clusters 1 and 3. The State of Mexico yielded an RR of 2.2 (log-likelihood ratio 5.5; p-value 0.0046), and Tijuana had an RR of 1.4 (log-likelihood ratio 4.1; p-value 0.03). The MZ-SLP yielded a non-significant excess risk (Table 2).

Table 2 | Prevalence and excess of risk for acute lymphoblastic leukemia in selected clusters.


[image: Table listing the population at risk, observed cases, prevalence rate, excess risk, and p-values for clusters in the Metropolitan Zones of Merida and San Luis Potosi, the State of Mexico, and Tijuana. Prevalence rates and excess risks vary, with significant p-values highlighted for some areas. Average data is from INEGI for 2010 and 2020, with rates per 10,000 inhabitants.]




Hierarchical clustering for identification of main emission sources by BGA

In the MZ-Merida, the analysis of hierarchical clustering showed a high proportion of BGA clusters of carpentry in the three ALL clusters (13.3%, 16.7%, and 24.1%), gas stations (13.3%, 16.7%, and 24.1%), and cement works (6.7%, 8.3%, and 6.9%) for Cluster 1, Cluster 2, and Cluster 3, respectively. In addition, 13.3% was for chemical manufacturing establishments in Cluster 1. In the MZ-SLP, a high proportion of chemicals manufacturing (22.2%) in Cluster 3, brick kilns (20%) in Cluster 1, and gas stations (19.4%) in Cluster 2 were identified. In addition, painting manufacturing establishments and gas stations were identified in the three clusters. In the State of Mexico, the BGA clusters of carpentry were identified in the three ALL clusters (36.8%, 28%, and 22.2% for Cluster 2, Cluster 1, and Cluster 3, respectively). The BGA cluster for gas stations was 38.9%, 24.4%, and 20% for Cluster 3, Cluster 2, and Cluster 1, respectively. In addition, in Cluster 2, brick kilns were pinpointed. In Tijuana, the high proportion of BGA clusters was gas stations (27.9% and 20.9%) (Figure 4).

[image: Four treemap diagrams show industrial area distribution percentages in Mexico. Merida features chemicals, carpentry, cement works, and gas stations. San Luis Potosi includes paintings, chemicals, carpentry, and brick kilns. The State of Mexico highlights gas stations, carpentry, and brick kilns. Tijuana presents chemicals, carpentry, and gas stations. Each diagram includes cluster and risk rate information.]
Figure 4 | Prevalence of Basic Geostatistical Area (BGA) clusters of fixed polluting sources within the area of the selected ALL (acute lymphoblastic leukemia) clusters.





Time trends of annual average measurements of PM2.5

The annual average concentrations of PM2.5 were analyzed in the four areas of study. The residents in these urban and metropolitan areas were exposed to outdoor air levels of annual average PM2.5 that were three to seven times higher than the WHO air quality annual average guideline. In 2019, Tijuana experienced the highest value of PM2.5 with 37 µg/m3, which was 7.4 times higher than the WHO guideline, while the MZ-Merida had the lowest value (15 µg/m3) (Figure 5).

[image: Line graph displaying PM2.5 levels from 2011 to 2022 for four regions: Metropolitan Zone of Merida, Metropolitan Zone of San Luis Potosi, State of Mexico, and Tijuana. Two standards are marked: NOM at twelve and ten micrograms per cubic meter, and WHO at ten and five micrograms per cubic meter. The State of Mexico shows fluctuating high values, peaking in 2018. Tijuana peaked in 2017. The other zones remain mostly below standards, particularly in later years.]
Figure 5 | Annual average concentration of PM2.5 in the four areas of study in Mexico (2011–2022). Dotted lines represent the World Health Organization (WHO) and the Official Mexican Standard (NOM) air quality guideline changes over time.






Discussion

The proportion of ALL cases in the four areas of study was higher in male than female; these data are consistent with the report of the global incidence of childhood and adolescent cancer (34). In regard to age, most ALL cases occurred in children aged 0–9 years within the MZ-Merida, the MZ-SLP, and Tijuana. In the State of Mexico, almost 70% of ALL afflicted children aged 5–14 years. This evidence further supports the hypothesis that ALL initiates in utero. Molecular proof of prenatal leukemogenesis is provided by backtracking of leukemic somatic mutations (gene translocations) in cord or blood samples at birth (35). Age, area of residence, and paternal or maternal exposures are responsible for differential patterns of exposure to environmental hazards. Exposure to carcinogens during preconception, prenatal, postnatal, and preadolescent periods is critical for ALL onset.

Survival analysis suggests the MZ-SLP had the lowest 5-year survival rate (61.5%) when compared to the national average of 61.8% as reported by a retrospective cohort study (2005–2015) (36). Although the 5-year survival rates for the State of Mexico, the MZ-Merida, and Tijuana (72.6%, 78.6%, and 70.6%, respectively) were higher than the national average, these values fall below those of HICs (37). Differences in survival rates may be attributed to inequities within healthcare system organizations, for example, differences in early diagnosing or early treatment, which are known to increase survival rates. Quality of medical facilities, health insurance, and state of residence are all factors known to further affect disease outcomes. For instance, uninsured children were almost twice to succumb to disease than insured children (34).

The ALL 5-year survival rate within the Mexican population has remained low throughout the years, with a study suggesting it being as low as 58% (38). This survival rate has remained low despite efforts to improve the healthcare system, suggesting additional external or environmental exposures may be at play (39). The analysis shows that children from the MZ-SLP have the lowest survival rate out of all the different areas analyzed, in addition to an extremely high number of known carcinogen sources. One of the clusters analyzed, for example, was composed of 80 artisanal brick kilns (20% of total BGA sources) known to be major mixture carcinogen sources (Figure 4). Further research has identified high levels of PAHs, benzene, and epigenetic changes in children living within these neighborhoods (40, 41). A recent publication reported that emissions from brick kilns are especially dangerous sources of pollutants since they employ materials such as oils, tires, wood, and industrial/municipal wastes as combustion materials (42).

ALL cases (ICD-O3.2) reported by HBCRs were analyzed to identify disease clusters containing patterns of small-scale carcinogen sources. Clusters of ALL were identified first, followed by an estimate of excess risk in each area of study. Spatial analysis detected 11 different clusters within the regions analyzed. However, only seven of these clusters had a statistically significant excess risk (RR ranged from 1.4 to 2.3). The highest estimated RR values were found in the MZ-Merida region (Table 2). Further analysis of fixed polluting sources in this study area found that 50% of them are related to benzene emissions (gas stations and carpentry), especially in Cluster 1. Chemical manufacturing was also prevalent in this region, accounting for almost 40% of carcinogen sources in Cluster 2 (Figure 4).

PM2.5 data were only available for the city of Merida from 2015 to 2016, with an annual average of 15 µg/m3. This value is three times greater than the WHO’s guideline for outdoor air. In addition to fixed sources of benzene and PAHs, practices such as burning solid wastes, incinerators, and crematories increase levels of carcinogens in the air. Studies have even reported particle-bound PAHs, possibly originating from burning fossil fuels and solid wastes (43).

Drinking contaminated water could be an additional route of carcinogen exposure for children living in the MZ-Merida region since filtration of pollutants by the soil characteristics and karstic aquifer facilitates and degrades drinking water quality in this part of the country (44).

In the State of Mexico, we identified gas stations and carpentry as the major carcinogen contributors (66% according to the type of fixed polluting source identified). The ALL Cluster 3 had an excess risk of 2.2 (p < 0.0046). This cluster comprises the south-central region of the state and includes the Coatepec Harinas, Ixtapan de la Sal, Tenancingo, and Villa Guerrero municipalities, with floriculture being the main economic activity within this area. One of the country’s main flower producers, 60% of the production process in this area is overseen by women, making them and their children vulnerable populations. The flower market has seen strong growth within the past two decades, creating more than 250,000 jobs. The Mexican floricultural market is extremely competitive internationally, with European countries being the main consumers (71% of the world’s production) (45, 46). A highly profitable market, its negative effects on children’s health are often underplayed. Although our research did not focus on pesticide exposure, we identified an area within this region yielding high ALL prevalence. Pesticide exposure is a well-documented, causal factor related to ALL (47). It was very interesting to see a high proportion of gas stations (38.9%) identified within this cluster, in an area where important economic activities demand the transportation of product. Gas stations are a catalyst for carcinogen exposure through gas and diesel combustion. This is a great example of an extremely complex scenario where carcinogen exposure may come from a variety of sources, providing spatial statistical methodologies a critical tool for cancer surveillance.

Disparities in death rates and cancer burdens associated with environmental pollutants are sometimes concealed by aggregated analysis of cancer data at the state, municipal, or medical facility level. In this study, we examined the ALL spatial distribution as a point process to identify highly vulnerable areas for ALL within urban areas. High spatial resolution information on pollution levels and disease rates is necessary to characterize inequities in air pollution, water or economic activities exposures, and related health risks. Hazards inside cities are not distributed evenly, contributing to persistent health disparities between neighborhoods and population sub-groups (48). Thus, spatiotemporal hazard distribution and scenario characterization analysis in small areas must be encouraged to protect children’s health.

Two main clusters were identified in Tijuana, with an ALL excess risk of 1.4 (p < 0.03). Hierarchical cluster analysis demonstrated a significant proportion of carcinogen sources in the form of gas stations (20% and 27.9%). Tijuana is strategically located within the United States–Mexico border and is home to 43 open entry ports. The San Ysidro Port of Entry (POE) is one of the busiest border crossings in the world, overseeing 70,000 vehicles on a daily basis. This area also sees large quantities of industrial imports and exports (e.g., “maquiladoras”), usually transported by large commercial vehicles across the Otay Mesa POE. These two main clusters were located in the northmost region of Tijuana, approximately 5–10 km from the two main POEs. It is estimated that the annual average of PM2.5 levels in this area is 7.4 times greater than the WHO air quality guidelines (Figure 5).

There is evidence of high benzene concentrations in Tijuana’s air (49). Benzene is the second-highest substance released into Mexico’s air vehicle emissions, with diesel engines being the major contributors (50). Additional sources of benzene include fumes of paint, gas stations, and cigarette smoke. The IARC classified benzene as a human carcinogen, highlighting its morbidity (27). ALL onset through benzene’s toxicological mechanisms in the lung and liver is well understood for cancer in these organs. After inhalation, benzene is metabolized to benzene oxide and hydroquinone. These products are further converted into benzoquinone in bone marrow, initiating cytotoxicity and DNA damage, thereby increasing the risk of developing ALL (51).

Several reports indicate that populations living near industrial or urban areas exhibit a higher proportion of cancer cases, with more than 90% of air pollution-related deaths occurring in LMICs (52). A recent study in Colombia identified leukemia cases clustering within a 1-km radius surrounding industrial sites (53). Another study in San Luis Potosi, Mexico, documented high excess risk in ALL cases clustered near brick kilns, downtown neighborhoods, surrounding industrial zones, heavy traffic zones, and areas with a high density of diesel-burning vehicles (Jarquin-Yañez et al, 2023 data in process of publication). In Spain, García-Perez et al. reported ALL excess risk in children living in urban areas (OR = 1.36; 95% CI 1.02–1.80) (54) and excess risk of ALL in children living within a 2.5-km radius from sources emitting pollutants (OR = 1.31; 95% CI 1.03–1.67) (54, 55). Sources of stationary and mobile polluting sources may include service stations, incinerators, industrial facilities, crematories, urban landfills, artisanal brick kilns, vehicles, and areas burning biomass as fuel (56). These sources emit benzene, PAHs, and PM2.5 into the atmosphere. Most recently, these substances have been associated with an elevated risk of pediatric ALL (16, 57, 58). This study was interested in further understanding the geographical distribution of ALL within areas of interest, with the goals of identifying the disease’s spatial patterns and characterizing small-scale carcinogen sources.

Due to the variability in spatial pollutant distribution among cities, cancer surveillance programs should conduct rapid and precise geospatial analysis to identify areas of greatest vulnerability. UNICEF’s 2022 report has urged local, state, and federal governments to prioritize the protection of pediatric environmental health, citing extensive evidence that simultaneous exposure to environmental hazards, even at low doses, can result in adverse health outcomes in exposed populations (59, 60).

The rapid economic and urban growth in urban areas, coupled with weak regulation policies, has increased the likelihood of carcinogen exposure among urban children. International science-based reports of carcinogens now recognize the importance of considering real-world exposure scenarios (61, 62). This approach is especially relevant for countries like Mexico, where 80% of the population resides in urban areas and is exposed to pollutant mixtures on a daily basis (63).

The lack of evidence from epidemiological studies is a critical issue surrounding environmental exposures affecting human health. Most of the evidence comes from studies in countries with solid regulations and bans on pollutants as a control measure. In Mexico, the magnitude of the burden of carcinogens and pollution exposures is poorly documented. Despite well-documented evidence from epidemiological and toxicological studies, pollution is often not recognized as a cause of cancer. Therefore, concrete actions are necessary to translate this evidence into cancer control measures for children and the general population. Children and adolescents who survive cancer are at greater risk of developing other health conditions at early ages (64). Moreover, children are more susceptible to exposure to environmental carcinogens because their organs and systems are developing, and their bodies are smaller compared to adults. In addition, children have specific behaviors such as putting their hands and objects in their mouths and playing outdoors, which increase their exposure to carcinogenic sources (4, 65).

The study has some limitations. The data analyzed were restricted to a period of 5 years (2015 to 2020) for ALL of MZ-SLP and the State of Mexico, and a sub-database of ALL was analyzed. The dataset of sources of exposure was consulted from DENUE, which is a non-exhaustive registry of pollution, and thus, there is a possibility of misclassification bias due to non-registered exposure.





Conclusion

The results suggest that children <19 years old living in neighborhoods with mixed environmental carcinogenic have an excess risk for ALL. Integrated spatial analysis is necessary to identify vulnerable populations in Mexico. Reducing exposure to carcinogens is essential for cancer prevention. However, it is a challenging task that requires sustained and coordinated actions from national and local governmental authorities. Expanding the network of PBCRs in Mexico is a priority, along with novel surveillance systems that incorporate environmental data and geospatial analysis to identify high-vulnerability areas. Multi-sectoral involvement of the healthcare sector, governmental agencies for environmental monitoring and control, urban planners, researchers, industry, and the population is necessary for cancer control and prevention strategies.
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Introduction

Acute lymphoblastic Leukemia (ALL) is the most common pediatric malignancy. While the survival rate for childhood ALL exceeds 90% in high-income countries, the estimated survival in low-and middle-income countries ranges from 22-79%, depending on the region and local resources.





Methods

This study retrospectively reviewed demographic, biological, and clinical parameters of children under 18 years of age with newly diagnosed ALL presenting between 2013-2017 across five pediatric centers in 4 countries in South America. Survival analyses were estimated using the Kaplan-Meier method.





Results

Across the five centers, 752 patients were analyzed (Bolivia [N=9], Ecuador [N=221], Paraguay [N=197], Peru [N=325]) and 92.1% (n=690) patients were diagnosed with B-cell and 7.5% (n= 56) with T-cell ALL. The median age was 5.5 years old (IQR 7.29).  At diagnosis, 47.8% of patients were categorized as standard and 51.9% as high risk per their institutional regimen. Advanced diagnostics availability varied between modalities. MRD was evaluated in 69.1% of patients; molecular testing was available for ETV6-RUNX, BCR-ABL1, TCF3-PBX1, and KMT2A-rearranged ALL in 75-81% of patients; however, karyotyping and evaluation for iAMP21 were only performed in 42-61% of patients. Central nervous system (CNS) involvement was evaluated at diagnosis in 57.3% (n=429) patients; of these, 93.7% (n=402) were CNS 1, 1.6% (n=7) were CNS 2, 0.7% (n=11) were CNS3, 1.9% (n=8) had cranial nerve palsy, and 2.1% (n=9) results unavailable. Chemotherapy delays >2 weeks were reported in 56.0% (n=421) patients during treatment. Delays were attributed to infection in 63.2% (n=265), drug-related toxicities in 47.3% (n=198), and resource constraints, including lack of bed availability in 23.2% (n=97) of patients. The 3-year Abandonment-sensitive EFS and OS were 61.0±1.9% and 67.2±1.8%, respectively. The 3-year EFS and OS were 71.0±1.8% and 79.6±1.7%, respectively.





Discussion

This work reveals opportunities to improve survival, including addressing severe infections, treatment interruptions, and modifications due to drug shortages. In 2018, healthcare professionals across South America established the Pediatric Oncology Latin America (POLA) group in collaboration with St. Jude Children’s Research Hospital. POLA collaborators developed an evidence-based, consensus-derived, adapted treatment guideline, informed by preliminary results of this evaluation, to serve as the new standard of care for pediatric ALL in participating institutions.
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Introduction

Acute lymphoblastic Leukemia (ALL) is the most common pediatric malignancy worldwide. While the overall survival for ALL in high-income countries (HIC) exceeds 90% (1–3), the estimated survival in low-and middle-income countries (LMIC) widely varies from 22-79% (4). In 2007, a global analysis of 68 countries demonstrated the highest incidence of ALL in Hispanic populations (5). Subsequent studies showed a more rapid increase in ALL incidence over time and a comparatively poorer prognosis in these children (6). The Children’s Oncology Group (COG) recently reported that Hispanic children with B-cell ALL had a lower 5-year event-free survival (EFS) and overall survival (OS) compared to non-Hispanic white children (83.6% vs. 88.3%, P<0.0001, 90.4% vs 94.1%, P<0.0001 respectively) (7). Historically, this survival disparity has been attributed to biological etiologies such as relative differences in tumor biology, pharmacogenomics, and comorbidities, as well as socioeconomic differences, including limited access to clinical trials, structural barriers to care, inconsistent access to standard diagnostics tests and essential medications, delay in diagnosis and therapy initiation, time spent with providers, education received, and adherence (8–10). The COG recently found that while survival disparities are attenuated when adjustments for specific biologic prognosticators and insurance status as a proxy for socioeconomic status are applied, these adjustments did not fully account for the disparity in survival in Hispanic patients, calling for a more comprehensive understanding of contributing factors across this population (7).

Recognizing the critical need for advancing pediatric oncology care in Latin America, the Pediatric Hematology-Oncology Association of Central America (AHOPCA) was formed in 1998, which promoted shared clinical guidelines and uniform approaches to standards of care. Results from AHOPCA-ALL 2008, a Berlin-Frankfurt-Münster (BFM)-based guideline, are well described (11, 12). While countries such as Argentina, Chile, and Uruguay have participated in international, collaborative clinical trials as part of the ALL-IC BFM consortium (13, 14) and Brazil has a long-standing record of national, multicenter randomized controlled clinical trials, however, the broad implementation and/or dissemination of similar multisite, evidence-based, and consensus-derived systematic approaches from countries across the region is lacking (15–18). As a result, in 2018, pediatric cancer centers in 5 countries in South America (Bolivia, Ecuador, Peru, Paraguay, and Venezuela) and St. Jude Children’s Research Hospital (in the USA) formed the Pediatric Oncology of Latin America (POLA), a collaborative group aiming to improve outcomes for children with cancer in the region. Challenges identified by POLA during their 2018-2019 cooperative group meetings included varied access to health services, limited or inconsistent availability of chemotherapies, high abandonment rate, significant diversity in institutional approaches to the risk classification of ALL, and lack of standardized treatment regimens and supportive care guidelines. As a result, a formal retrospective study was planned and conducted.

This paper describes the results from a retrospective review of demographic, biological, and clinical parameters of children under 18 years of age with newly diagnosed ALL presenting between 2013-2017 across five collaborating pediatric centers in four South American countries (Bolivia, Ecuador, Peru, and Paraguay). The interim descriptive and survival analyses have helped to inform the development of an evidence-based, consensus-derived, adapted treatment guideline, which now serves as the new standard of care for pediatric ALL in participating institutions.





Materials and methods

The Institutional Review Board (IRB) at St. Jude Children’s Research Hospital (SJCRH) reviewed and granted an exemption. The study only required a review of medical records that already existed and did not involve any intervention or treatment of participants therefore a waiver of consent was granted. Additional approval was obtained by all local IRBs or equivalent review processes.




Study design and participants

This multicenter retrospective cohort study analyzed medical records across five collaborating centers in South America that treat pediatric cancer, including Caja Petrolera Salud (Santa Cruz, Bolivia), Sociedad de Lucha Contra El Cancer SOLCA (Loja, Ecuador), SOLCA (Quito, Ecuador), Hospital de Clínicas Universidad Nacional de Asunción (Asunción, Paraguay), and Instituto Nacional de Enfermedades Neoplásicas (INEN, Lima, Peru). Health records were maintained by participating sites. Participants included children and adolescents less than 18 years old with newly diagnosed B- or T-cell ALL between January 1, 2013, and December 31, 2017. Immunophenotype was determined by morphological evaluation and immunophenotyping by flow cytometry, if available. Patients were risk-classified and treated by each respective institutional treatment regimen. The number of risk groups and the criteria used for initial and final risk classification varied between institutions.





Data collection

Demographic and clinical data were collected using TrialMaster, a web-based database, and guided by a case report form (CRF) identical to the one used in the MAS study to standardize data collection across the region. Demographic information included age and gender. Clinical information included date of diagnosis, immunophenotype, risk classification, treatment, laboratory tests, molecular characteristics, and follow-up. Local investigators designated a data collection team. Five teams, including eighteen physicians, participated in virtual training, including Collaborative Institutional Training Initiative (CITI) training, data abstraction training through Cure4Kids (cure4kids.org), two 1-hour reviews of the case report form, three 1-hour live sessions to review TrialMaster functionality, address queries, generate reports, and practice entering data from an example patient case into TrialMaster. The CRF was developed in English, translated into Spanish, and reviewed by bilingual members of the research team. A bilingual research team member conducted the data abstraction training courses in Spanish. Data from eligible patients were abstracted from hospital census records, pathology databases, and other local sources and coded directly into the password-secured electronic database. A unique study identifier was used to limit identifiable data collection. Study staff at St. Jude reviewed the data monthly and queried sites for missing information or clarification.

Data collection started in November 2019 and was planned to end in December 2020. However, due to the COVID-19 pandemic, the period for data collection was extended to December 2021. Patients whose complete clinical records were not available or accessible during this time were not included.





Statistical analysis

Patient characteristics were summarized using descriptive statistics. Continuous data were summarized using means and standard deviations (SD) or medians and interquartile range (IQR), and percentages were used to summarize categorical data. EFS and OS were calculated using the Kaplan-Meier method with standard errors of Peto et al. (19, 20). EFS was defined as the time from diagnosis to first event (induction failure, induction death, relapse, remission death) or date of last contact for those who were event-free. Induction failure was defined as the presence of ≥25% leukemic blasts in the bone marrow after remission induction treatment (end of induction as defined by the institutional treatment regimen). Induction death was defined as death prior to achieving complete remission (CR, <5% leukemic blasts in the marrow) at the end of induction. Marrow relapse was defined as ≥25% blasts in the bone marrow by morphology or flow cytometry-based evaluation. Remission death was defined as death after achieving CR. The OS was defined as the time from diagnosis to death or last contact if still alive. For Abandonment-sensitive EFS (AEFS) and OS (AOS), treatment abandonment was considered an event. Abandonment was defined as a period of >4 weeks without curative treatment, not due to toxicity or other medical causes. Substantial change to therapy was defined as the elimination or substitution of a drug for more than half of the dose of a treatment phase. Log-rank test was used to compare survival curves between groups (21, 22). Cumulative incidence rates were computed using the cumulative incidence function for competing risks, and comparisons between groups were made using the K-sample test (23). Univariate and multivariable logistic regression analyses were used to identify factors affecting minimal residual disease (MRD). Factors significant in univariate analyses were included in the multivariable models, and odds ratios and 95% confidence intervals (CIs) were calculated. Univariate and multivariable Cox regression analysis were used to study the effect of factors on EFS. For all analyses, a p-value <0.05 was considered statistically significant. Analyses were done using SAS software, version 9.4, and R version 4.0.0.






Results




Demographics and clinical characteristics

During the 5-year study period, 752 children with ALL were diagnosed, and follow-up data were available for 746. Median follow-up time was 3.52 years (IQR 3.07). The demographics and clinical characteristics are summarized in Table 1. A total of 54.4% (n=409) were male, with a median age of 5.5 years old (IQR 7.29). B-cell ALL was diagnosed in 92.1% (n=690) of patients and 7.5% (n=56) with T-cell ALL. The median white blood cell (WBC) at diagnosis was 11.7x103/µL (IQR 36.5x103/µL). A mediastinal mass was noted in 4.1% (n=31) of patients at presentation, with 0.2% (n=1) reported to have testicular involvement. Patients with Down syndrome comprised 1.8% (n=13) of ALL cases.

Table 1 | Characteristics of included patients.
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Diagnostic assessment

Central nervous system involvement was only evaluated at diagnosis in 57.3% (n=429) of patients; of this subset, 93.7% (n=402) patients were CNS 1, 1.6% (n=7) were CNS 2, 0.7% (n=3) were CNS 3, 1.9% (n=8) had a documented cranial nerve palsy, and 2.1% (n=9) results were not available. A traumatic tap (>10 RBC/µL) was observed in 19 patients; of these 16 were categorized as CNS1 and 3 as CNS2.

The median time from diagnosis to the start of treatment was 4 days (range: 1-34), and the time from presentation to advanced result confirmation for cytogenetics, fluorescent in situ hybridization (FISH), and polymerase chain reaction (PCR) testing was 13 days, 11 days, and 15 days respectively. Across centers, only 23.4% (n=175) of patients received FISH results, and 56.5% (n= 422) received PCR testing. The frequency of advanced testing varied by treatment location. During the study period, cytogenetics was routinely obtained in 2 centers, FISH in 1 center, and PCR in three centers. Testing for t (9, 22) BCR-ABL1 fusion was the only advanced diagnostic test uniformly obtained across all five treatment centers and positive in 4.4% (n=24/550) (Table 2). Of patients with results available, low-risk features ETV6-RUX1 and hyperdiploidy (>50) were observed in 14.1% (n=76/538) and 15.5% (n=53/341) of patients. Traditionally high-risk (HR) features, TCF3-PBX1, iAMP21, and KMT2A-rearranged ALL, were observed in 8.3% (n=43/521), 1.1% (n=11/99), and 2.2% (n=11/503) of patients respectively (Table 2).

Table 2 | Treatment outcomes according to clinical and biological characteristics.
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At the start of treatment, 51.9% (n=388) of patients were categorized as high-risk based on the site-specific treatment regimens. Heterogeneity was observed among risk classifications with variations in naming, factors considered, and the number of risk groups ranging from 2-4 final groups across the different centers. The risk factors considered included age, WBC at diagnosis, presence of favorable or unfavorable biologic features, immunophenotype, end of induction response, and prednisone response in BFM-based regimens. Final risk classification was determined based on each center’s treatment regimen and incorporated disease status at the end of induction.





Treatment regimens

Patients were treated based on the institutional pediatric ALL regimen which varied across all 5 sites. Patients were treated according to an unmodified St. Jude Total XV regimen at SOLCA Quito and the ALL-Intercontinental-BFM/PINDA (National Chilean Pediatric Oncology Group) 2009 regimen in Caja Petrolera Salud in Bolivia. At the remaining 3 centers, patients were treated according to a locally derived regimen (INEN Protocolo LLA 2014, LLA Paraguay Protocolo 2008, LLA Solca 2012). Of the 3 locally derived regimens, 2 were based on a BFM treatment backbone. Regimen modifications were ascertained to understand capacity-informed changes at the local level. Examples of local modifications included (1) delaying the first intrathecal (IT) until day 5-7 of induction, (2) mid-study change in intrathecal therapy due to drug availability, and (3) reducing the dose of methotrexate in consolidation from 5g/m2 to 2gm/m2 over 4 hours for patients with B-cell ALL. Reduced methotrexate was given to facilitate outpatient administration to accommodate limited inpatient bed availability and minimize treatment delays.

Prior to confirmatory diagnosis, 5% (n=37) of patients had received pretreatment. Most prior treatments consisted of steroids alone 62.1% (n=23), or a combination of steroids, systemic chemotherapy, or intrathecal therapy. Treatment regimens from 3 of the 5 sites included a 7-day steroid prephase. Across the other two sites, an additional 13.8% (n=70/506) of patients received steroids before combined systemic therapy. The steroid of choice during prephase was prednisone in 65.0% (n=210), dexamethasone in 34.1% (n=110), and methylprednisolone in 1.5% (n=5) of patients.

During induction therapy, most patients received a four-drug induction with steroids, vincristine, L-asparaginase, and anthracyclines. Due to the dosing heterogeneity and drug substitutions between the different regimens, the average doses were computed to inform future harmonization efforts. These included mean prednisone equivalents 1,571 mg/m2 (IQR 723mg/m2) and cumulative median doxorubicin equivalent dose 75 mg/m2 (IQR 70mg/m2). Most patients received daunorubicin 66.2% (n=482) compared to doxorubicin 33.8% (n=242); 10 patients received both. Only native E. coli L-asparaginase was available for asparagine depletion; no patients at any sites received pegylated (PEG) L-asparaginase during the observation period. The planned number of doses of asparaginase during induction varied across different treatment regimens with 2 regimens using 5,000U/m2 x 8 doses and the other 3 regimens using 10,000U/m2 x 6 doses.

For CNS-directed therapy, patients received a median of 5 doses (IQR 4 doses) of IT chemotherapy during induction. The IT therapy varied by location. In Paraguay, both single-agent IT dexamethasone and triple IT (methotrexate, cytarabine, and dexamethasone) were used. A triple IT was also utilized in Ecuador composed of methotrexate, cytarabine, and hydrocortisone. In Bolivia, single-agent IT methotrexate and IT hydrocortisone were used. At the start of the study, Peru used triple IT with methotrexate, cytarabine, and dexamethasone, however, in 2015, they transitioned to “double” IT with methotrexate and cytarabine due to a lack of drug formulation availability. Radiation therapy was administered to 3.5% (n=24) of patients (n=6 cranial, n=18 craniospinal) with a median dose of 1800Gy (range 1000-3000Gy).





Chemotherapy response

At the end of induction (Day 29), 84.8% (n=588) of patients had an M1 marrow by morphology, 9.1% (n=63) had an M2 marrow, 1.9% (n=13) had induction failure with an M3 marrow, and data was not available in 4.2% (n=29). Minimal residual disease (MRD) was evaluated in 69.1% (n=516) of patients. Of the patients with end-of-induction MRD as per their institutional regimen (Day 29, Day 42, or Other), 70.4% (n=207/294) were MRD negative (<0.01%) (Table 3).

Table 3 | MRD monitoring for B-cell ALL.
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Following completion of the induction block, risk classification was changed in 15.3% (n=106) of patients. These changes were attributed to steroid pretreatment in 1.9% (n=2), biological features including FISH/cytogenetic results and DNA index in 6.6% (n=7), poor treatment response in induction in 88.7% (n=94), and not categorized/other in 2.8% (n=3) of patients. Minimal residual disease was used to determine treatment response in 60.4% (n=64). The resulting final risk group composition included 39.6% (n= 275) Standard Risk (SR), 54.0% (n= 375) High Risk (HR), and 4.2% (n=29) Very High Risk (VHR) per institutional risk classification system. Final risk classification was not available in 2.3% (n=16) of patients.

The AEFS and AOS were 61.0 ± 1.9% and 67.2± 1.8% at 3 years and 53.3± 3.2% and 61.5± 3.1% at 5 years, respectively (Figure 1A). The overall EFS and OS were 71.0 ± 1.8% and 79.6 ± 1.7% at 3 years and 62.5 ± 3.3% and 74.4 ± 3.0% at 5 years, respectively (Figure 1B). Due to small patient numbers and insufficient follow-up among those, only 3-year survival rates are reported for the various subgroups analyzed. Patients with B-cell ALL had a higher 3-year EFS at 72.8 ± 1.9% compared to T-cell ALL at 49.9 ± 7.2% (EFS p=0.0221) (Figure 1C). Based on initial risk classification, the 3-year EFS and OS for SR were 79.5 ± 2.3% and 85.9 ± 2.0% compared to 62.9± 2.8% and 73.5 ± 2.6% for HR (EFS p<0.0001; OS p=0.0076) (Figure 1D). Evaluation of survival outcomes based on final risk groups revealed a 3-year EFS for SR of 85.6 ± 2.3%, HR 70.9 ± 2.6%, and VHR 41.9 ± 11.3%, and 3-year OS for SR of 92.9 ± 1.7%, HR 81.0 ± 2.3, and VHR 55.8 ± 13.1% (EFS p<0.0001; OS p=0.0001) (Figure 1E). Analyses of AEFS and AOS by immunophenotype and risk groups are provided in the supplement (Supplemental Figure 1).
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Figure 1 | Outcome of pediatric ALL in 4 countries in South America. (A) Abandonment-sensitive EFS and OS for ALL; (B) Overall EFS and OS for ALL; (C) EFS by for B-cell and T-cell ALL; (D) EFS by Initial Risk Group classification based on institutional treatment regimen; (E) EFS by Final Risk Group classification based on institutional treatment regimen; (F) EFS by molecular biology for ALL.

For patients with B-ALL who were MRD negative (<0.01%) on day 29, the 3-year EFS was 95.3 ± 2.8% (p<0.001), and the OS was 96.9 ± 2.3 (p<0.001). The higher the level of MRD positivity at the end of induction, the lower the 3-year EFS with MRD 0.01-0.99% survival decreased to 57.9 ± 13.3%, and MRD ≥1% survival decreased to 33.3 ± 19.3% (p<0.0001).

This study also evaluated the impact of missed asparaginase. Incomplete asparaginase dosing, defined as missing one or more planned doses, was observed in 183 patients. These patients received a median of 50.9% (IQR 38.7) of the planned asparaginase doses for their treatment regimen and this group had a reduced 3-year EFS and OS at 51.2 ± 5.3% and 60.9 ± 5.3% compared to an EFS of 75.7 ± 1.9% and OS 84.2 ± 1.7% for patients who received an entire course (p<0.0001). This finding, however, is likely multifactorial given other aspects of treatment which could have been affected.





Impact by presenting features

Age and WBC at presentation were associated with poorer EFS and OS. Patients with age (≥1 and <10 years old) had a 3-year EFS of 75.8 ± 2.1% compared to children < 1-year-old and ≥ 10 years old (50.0 ± 13.4% and 60.2 ± 3.1%, respectively). Children with WBC < 20x103/µL at presentation had a 3-year EFS of 79.2 ± 2.13% compared to 64.8 ± 5.09% for patients with WBC 20-50x103/µL (p<0.0001). The 3-year EFS for patients with an initial WBC ≥100x103/µL (56.2 ± 7.29%) was no worse than for patients with an initial presentation of 50-100x103/µL (55.8 ± 6.89%) (Table 2). In multivariable Cox regression analysis, the difference in outcome by age remained significant after adjusting for day 29 MRD (HR 1.18, p=0.0203) (Supplemental Table 1). Univariate logistic regression showed that low WBC at diagnosis and lower final risk group classification were associated with negative MRD status on Day 29 (p=0.014 and p=0.0031, respectively) (Supplemental Table 2).

Survival significantly varied according to molecular characteristics at diagnosis (Table 2, Figure 1F). Patients with ETV6-RUNX1 (n=76) had a 3-year EFS and OS 85.7 ± 4.29% and 91.5 ± 3.41% respectively (EFS p<0.0001, OS p<0.0001). For the 24 patients with BCR-ABL1, the 3-year EFS and OS were 47.7 ± 11.50% and 60.7 ± 12.03%, respectively. Notably, while 24 patients were positive for BCR-ABL1 fusion, only 50% (n=12) received a tyrosine kinase inhibitor (imatinib) as part of the systemic therapy.





Toxicity and treatment-related morbidity

During the induction phase, 84.7% (n=631) of patients received a therapeutic course of antibiotics. Commonly observed infections included clinical sepsis in 55.3% (n=184), pneumonia in 49.8% (n=166), bacteremia in 44.1% (n=147), and meningitis in 0.6% (n=2) patients.

Substantial changes to the original treatment regimen were observed in 9.6% (n=72) of patients, with the most common causes including infection in 30.6% (n=22), modification at the start of treatment due to serious illness or clinical condition in 8.4% (n=6), and drug availability in 5.6% (n=4) of patients. Treatment delays of 2 weeks or more were observed in 56.0% (n=421) of patients (median duration 15 days). The most common causes of treatment delay included infection 63.2% (n=265) and other toxicity 47.3% (n=198). Varicella zoster infections were observed in 6.2% (n=46), resulting in a median 13-day (IQR 10) delay in therapy. Interestingly, patients who required treatment delay >2 weeks had a higher EFS (75.1 ± 2.3%) compared to the patients who did not experience treatment interruptions (66.0 ± 3.1%) (p=0.0002), however considering those who completed induction and continued to post-induction therapy the 3-year OS was not statistically significant between the two groups (p= 0.6352). Comparing events between the two groups, in the patients with treatment held > 2 weeks (n=421), relapse and death were observed in 95 and 20 patients, respectively, versus 52 and 61 patients in the group without treatment interruptions (n=325). The 3-year OS was 83.8 ± 2.0% for those with a treatment delay versus 74.1 ± 0.29% for those with no prolonged delay (p<0.0001).

Asparaginase-specific toxicities were evaluated (Table 4). Asparaginase-associated toxicity resulting in dose omission was observed in 18.9% (n=141) of patients. A third of patients (n=47) only required intermittent dose omission, while 2/3 (n=94) necessitated permanent discontinuation due to severe toxicity or lack of access. The most common reasons for dose omission or discontinuation of asparaginase included: systemic hypersensitivity 22% (n=31), infection 14.2% (n=20), local reaction 10.6% (n=15), pancreatitis (mild in 5.7% [n=8]; severe in 4.3% [n=6]), thrombosis 1.4% (n=2), and drug availability 2.1% (n=3).

Table 4 | Asparaginase associated toxicities.
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While most patients received all four doses of planned high-dose (HD)-methotrexate, 6.5% (n=44) of patients experienced a toxicity or access issue requiring dose omission. Of these patients, 84.1% (n=37) required permanent discontinuation due to severe toxicity or lack of access. The most common reasons for dose omission or discontinuation of methotrexate included: abandonment 67.6% (n=25), severe mucositis (> Grade 3) 9.1% (n=4), transfer to a different treatment center 8.1% (n=3), encephalopathy 6.8% (n=3), infection 4.5% (n=2), drug availability 4.5% (n=2), and vision loss 2.7% (n=1). Five patients discontinued HD-methotrexate due to relapse.

At the time of analysis, 13% (n=97) of patients had abandoned treatment, and 1.9% (n=14) had transferred to other treatment facilities.





Treatment-related mortality

During the study period, 19.5% (n=164) of patients died, with early deaths represented by an induction death rate of 6.4% (n=48/746) and a remission death rate of 3.8% (n=29/746). Infection was the most common cause of death during induction 89.6% (n=43). Of remission deaths, 20 occurred while the patients were still on therapy, of these 80% (n=16) were due to toxicity, and 9 occurred off therapy. Nine deaths were recorded following treatment abandonment or transfer to an alternate treatment center.





Relapses

Relapse was observed in 19.8% (n=147) of patients (isolated bone marrow n=84, isolated CNS n=35, mixed relapse n=23 [marrow and CNS], non-CNS extramedullary n=5). The cumulative incidence of isolated bone marrow relapse was 9.52 ± 1.14%, isolated CNS relapse was 4.35 ± 0.79%, and mixed relapse was 2.42 ± 0.59% at 3 years. There was no significant difference in the cumulative incidence of bone marrow (p=0.5165), isolated CNS (p=0.4850), or mixed relapse (p=0.3378) between those who received complete (n=599) vs incomplete asparaginase dosing (n=138).






Discussion

The survival outcomes from this study align with recently published estimates of pediatric ALL survival in the region arising from population-based cancer registries and simulation models.(4) These findings are also comparable to pediatric survival outcomes from countries with similar characteristics such as Brazil, Columbia, Guatemala, and Mexico, with reported 5-year OS of 52-69.5%, 55.6%, 64.1%, 61.8%, respectively, as well as regional collaborative groups such as AHOPCA with a 3-year AOS of 68.2% (12, 16, 24–27). However, outcomes remain lower than those achieved by Argentina, Uruguay, and Chile with 5-year OS of 86.2% as part of the international cooperative trial, ALL-IC-BFM 2009 (14). These results demonstrate a persistent survival gap compared with outcomes achieved through modern ALL regimens in higher-income settings (1–3, 7). While the historical emphasis on understanding gaps in survival has focused on either leukemia biology or local capacity, this evaluation attempts to bring together these multifactorial challenges and inform the development of regional initiatives. To support the goal of POLA in advancing cures for children with ALL these two elements, biology vs. capacity can be reframed as fixed or modifiable factors that can guide appropriate strategies to address current challenges and direct future efforts.

Fixed factors represent patient and clinical characteristics unique to pediatric ALL in the region, such as age, gender, immunophenotype, and unique leukemic profile. In this population from South America, a higher proportion of high-risk genetic markers and a lower proportion of low-risk molecular markers have been observed compared to the results from children in two collaborative groups in North America (7, 28, 29) While the observed pattern in this study is similar to results from a single center in Guatemala, the population in South America had a uniquely lower frequency of hyperdiploidy (15.6% vs. 24.1%) (26). This highlights a need to better characterize and understand the biological characteristics defining ALL across these diverse geographic and ethnic regions and given the potential for high-risk features, the need to proactively incorporate risk stratification and modern, targeted, and supportive care therapies to improve survival. Blind increases in treatment intensity without investment in comprehensive modern risk stratification can result in a detrimental influence on survival secondary to treatment-related morbidity and mortality. This retrospective study has provided insight into the frequency of these specific biological variations. Still, prospective work is needed to comprehensively evaluate prognostic features and measure the impact of context-appropriate, risk-adapted treatment elements on survival.

Applying an implementation lens to a well-described problem, this study also demonstrated capacity-based challenges or modifiable factors. These factors span multiple levels of the health system, including limitations in drug access to essential cancer medicines at the national level, supportive care and laboratory capacity at the hospital level, and socioeconomic challenges which contribute to persistently high rates of abandonment (13%) and treatment interruption at the patient level.

Across institutions, significant treatment-related toxicity was observed, including a high frequency of infections and drug-related toxicity. These infections resulted in substantial treatment delays and contributed to further resource strain in institutions where infrastructure limitations already impede care delivery. For example, providers indicated that 97 patients had treatment held because of resource constraints including bed availability. Treatment delays and drug omissions were also attributed to drug availability. There is a critical need to address the infrastructure for essential medicines like L-Asparaginase, but also proactively combat delayed translation of newer therapies replacing these drugs as the standard of care evolves, such as PEG-asparaginase and recombinant asparaginase. This rationale should also extend to targeted treatments such as tyrosine kinase inhibitors and bi-specific antibodies, which need to be investigated and may have a more significant relative benefit for populations with difficult-to-treat leukemia. The lack of access to cancer-directed therapy highlights the need for improved access to high-quality drugs and opportunities for innovative mechanisms such as the Global Drug Access Platform (30). This cross-sector collaborative effort with the World Health Organization, St. Jude Children’s Research Hospital, and global partners will forecast medication needs and work with local governments to increase access to an uninterrupted supply of essential cancer medicines.

Extending the theme of access challenges, this study demonstrated a clear need for improved laboratory capacity to support each step of clinical management. The feasibility and availability of advanced testing were widely varied across centers with cytogenetics, ETV6-RUNX1, BCR-ABL1, TCF3-PBX1, KMT2A-rearranged ALL, iAMP21, and DNA index accessible in 1.6-73% of cases (Table 5), and MRD available for 69.1% of patients. The disproportionately low proportion of patients with CNS involvement also highlights potential diagnostic challenges contributing to misdiagnosis. First, many patients lacked intrathecal evaluation prior to starting therapy due to clinical condition or provider comfort which may have resulted in missed diagnoses of CNS involvement. Second, the differentiation of CNS 2 required significant laboratory skill and expertise which may have compounded the underdiagnosis of CNS involvement. At the patient level, the limited feasibility of advanced diagnostic testing and MRD-based treatment response is a critical barrier to risk stratification and treatment intensification necessary to improve cures. More broadly, the lack of complete biological and genetic data about leukemic subtypes in these patients dramatically limits the ability to identify relevant risk factors for this growing population and inform adapted treatment to further improve survival outcomes in Hispanic children across this geographic and ethnically diverse region. This problem is not limited to patients living in this region but extends to the needs of patients with a shared background worldwide.

Table 5 | Availability of advanced testing and biological characteristics of 752 patients who participated in the study, 3 data points were missing.


[image: Table showing advanced testing sent and results available for 749 patients across various tests. Percentages for testing sent range from 2% to 81%. Results available range from 1.6% to 73%. Specific tests listed include Karyotype, DNA Index, t(12;21) ETV6-RUNX1, t(1;19) TCF3/PBX1, t(9;22) BCR-ABL1, t(4;11) KMT2A-rearranged ALL, and iAMP21, with various numbers and percentages for each category.]
There was also heterogeneity in treatment regimens utilized between the different real-world centers. Not only did institutions rely on different treatment backbones, but there was also variation in risk classification systems, the role and duration of steroid prephase, local availability of systemic and intrathecal chemotherapy, practices for CNS evaluation (before or after prephase), duration of induction (29 versus 42 days), and disease evaluation endpoints as demonstrated by the range of time points for MRD based disease evaluation on Day 8, 15, 29, or 42. The various time points for MRD-based disease evaluation prevented a robust comparison of early treatment response between the different regimens. Appreciating the current differences and understanding the rationale of approaches observed from this multinational study was essential to guide the next steps of collaborative expansion.





Limitations

While this study was multinational and conducted across varied contexts, as a retrospective study, the evaluation was limited by a short follow up time (median follow up 3.52 years) and missing or incomplete data. This was exacerbated by the onset of the COVID-19 pandemic when pediatric oncology resources were shifted to combat the increased stress of the global health system (31). This created an additional burden on practicing clinicians who assumed the role of data collection and database entry and further limited access to complete medical records.





Conclusion: informing future collaborative efforts

This evaluation demonstrates the multifactorial contributions to poorer survival for children in South America, including non-modifiable variations in ALL biological characteristics and opportunities to improve laboratory capacity, drug access, and supportive care in the region. This collaborative effort requires a conscious balance of strategies to address these fixed and modifiable challenges to enhance the outcomes of children with ALL in the region. Since the completion of this evaluation, additional regional enthusiasm has grown, and these considerations have guided the development of a feasible, evidence-based, consensus-derived, multinational treatment guideline with prospective data collection for pediatric ALL in the South American region, POLA (Pediatric Oncology Latin America) LLA00, which began enrollment in June 2023. Based on the experience with the retrospective evaluation, the POLA regimen includes specific resource-adapted guidelines for risk assignment, common diagnostic and treatment approaches, option for high-dose methotrexate administration based on resources, treatment modifications during drug shortages, dose adjustments to organ function and drug interactions, and an (Adapted Resource and Implementation Application) ARIA-guided simplified Adverse Events capturing. Most importantly a prospective registry for data collection was established and data managers at participating centers were trained in data entry. Weekly teleconferences are held to review the cases and discuss any challenges with the collaborating centers. Registry data will be reviewed and validated in real time to ensure data quality. The POLA group has approached the Ministry of Health (MOH) in their respective countries to advocate for this regional initiative. The plan is to maintain the dialog between the various collaborators (MOH, St. Jude Global, and the World Health Organization) to share data from the POLA registry to maintain engagement and inform healthcare systems in the region.
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Introduction

Acute promyelocytic leukemia (APL) is a rare myeloid leukemia subtype affecting adult and pediatric populations. APL constitutes 15-20% of all childhood AML in Latin America, compared to 7% in the non-Latino population. This leukemia has unique characteristics, such as its association with chromosomal translocations involving the retinoid acid receptor α (RARA) gene on chromosome 17. In addition, APL is also distinct from other AML subtypes due to its response to all-trans-retinoic acid (ATRA), which induces terminal granulocytic differentiation of blasts. Overall 5-year survival rates are generally reported to be greater than 80%.





Materials and methods

A study was conducted from January 2008 to December 2022 applying the IC-APL 2006 treatment protocol. This case series reports the clinical results of 22 children with APL. In all cases, the diagnosis was made by bone marrow aspiration and evaluation of the t(15:17) or t(11:17) transcripts.





Results

We identified 22 patients with APL, of whom 10 were female and 12 were male. Twelve patients debuted with coagulation abnormalities. The doses of anthracyclines varied according to the risk, with an average of 496.8 mgm2. The cardiological assessment was performed before and after chemotherapy, finding 2/22 patients with moderate sisto-diastolic dysfunction and one with mild pulmonary insufficiency at the end of treatment. There were 6/22 patients with complications related to ATRA treatment, the most frequent being pseudotumor cerebri. All complications were transitory and treated immediately without complications. In this series of cases, an overall survival of 90.6% and a relapse-free survival of 90.6% were recorded. The follow-up mean was 9.1 ± 3.8 years.





Conclusion

APL is a highly curable disease when combined with ATRA and anthracyclines. In this series of cases, good long-term results were observed with the IC-APL 2006 protocol. However, in Latin America, the availability of drugs such as arsenic trioxide as the first line of treatment is an unresolved challenge.
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Introduction

APL is a particular type of acute myeloid malignancy that is commonly characterized by the translocation t (15; 17)(q24.1;q21.2) and the resultant PML-RARA fusion gene (1). Since the protocolized use of all-trans retinoic acid (ATRA) in the 1980s and arsenic trioxide (ATO) in the 1990s, the outcomes of APL patients have improved substantially (2).

Over the last 60 years, APL has been recognized as the most malignant to the most curable form of acute leukemia (3, 4).

Even the epidemiology of lymphoid neoplasms has been widely studied, revealing that acute lymphoid leukemias are more frequent in the Latin American population (5, 6). On the other hand, myeloid malignancies are less studied. Data available from cross-sectional studies of APL patients in Latin America are scarce. Population-based information is not available due to inaccurate registries.

Douer et al. were the first to report specific features of APL in patients with ‘Latin’ and ‘non-Latin’ ancestry. The data suggested that the Latino population had a higher proportion of APL among all AML diagnoses, which reached 37.5% compared to 6.4% in the non-Latino population (7, 8).

APL is considered one of the most malignant forms of AML if it is not diagnosed and treated on time, because of the high rates of coagulopathy at diagnosis that can cause patient death (9).

The PETHEMA and GIMEMA (PETH/GIM) cooperative group identified risk factors associated with relapse and developed a predictive model based on white blood cell count (WBC) and platelet count (PLT) at diagnosis. This model was capable of stratifying patients into low risk (WBC < 10 x 109/L/PLT > 40 x 109/L), intermediate risk (WBC < 10 x 109/L/PLT < 40 x 109/L), and high risk (WBC > 10 x 109/L PLT < 40 x 109/L) groups (10).

However, patients who underwent treatment experienced impressive changes. First, the introduction of ATRA (all-trans retinoic acid) was added to chemotherapy protocols and led to survival rates above 90%, first applied in adults and later on replicating survival rates in children (11).

These regimens were associated with important morbidities, such as myelosuppression, secondary neoplasms, and anthracycline-related cardiomyopathy (12, 13).

Another substantial change in treatment was the introduction of arsenic trioxide (ATO), leading to entirely chemotherapy-free protocols in adults (14).

Novel treatment regimens for patients with high-risk APL, which included limited use of anthracycline (during induction therapy only) without other cytotoxic chemotherapy and shortened treatment duration without the use of maintenance therapy, set a new clinical therapeutic standard for childhood APL (14).





Materials and methods

From January 2008 to December 2022, 156 files were collected with pediatric patients diagnosed with AML, of which 25 referred to a diagnosis of APL, three files were discarded, two because the diagnosis of APL was not corroborated, and one due to loss of follow-up in our institution.

Of the 22 patients who entered this study, primary caregivers signed informed consent forms at the start of treatment. Patients were diagnosed according to morphological and molecular criteria (15). Bone marrow samples were collected, morphologically evaluated and processed for PML-RAR alpha rearrangement using reverse transcriptase. In cases where the PML-RAR alpha transcript could not be detected, tests for the PZLF-RARa transcript were performed. Immunophenotypic analyses were systematically performed at the time of diagnosis and in cases of relapse. The remission induction response was assessed according to the recently revised criteria by molecular remission, and relapse was defined as the disappearance and reappearance of positive RT-PCR tests for the PML-RAR alpha fusion transcript.

Relapse risk groups were defined as PETHEMA and GIMEMA (PETH/GIM) cooperative groups to identify risk factors associated with relapse and develop a predictive model based on white blood cell count (WBC) and platelet count (PLT) at diagnosis. This model was capable of stratifying patients into low risk (WBC < 10 x 109/L/PLT > 40 x 109/L), intermediate risk (WBC < 10 x 109/L/PLT < 40 x 109/L), and high risk (WBC > 10 x 109/L and PLT < 40 x 109/L) groups (10).

Hematologic toxicity was graded according to Common Terminology Criteria for Adverse Events (CTCAE) Version 5 (16).

The patients had no cardiac contraindications to anthracycline chemotherapy and had serum creatinine levels < 3 times the normal upper limit and serum alanine aminotransferase/aspartate aminotransferase (ALT/AST) levels < 3 times the upper normal limit.

Coagulopathy was considered a defect in any of the normal hemostatic components (vasculature, platelets, coagulation factors, and fibrinolytic proteins) (17).

Supportive PLT transfusions were administered in the presence of bleeding with or without laboratory signs of severe coagulopathy or if the PLT count was < 50 x 109/L. Blood cell units were transfused to maintain hemoglobin at levels > 8 g/dL. Treatment for differentiation syndrome involved the use of intravenous dexamethasone at a dose of 10 mg b.i.d. for a minimum of 3 days (12). The febrile episodes were treated according to the Guidelines for the Management of Fever and Neutropenia in Children with Cancer and Hematopoietic Stem-Cell Transplantation Recipients (18).

The treatment protocol comes from a consortium titled the International Consortium on Acute Promyelocytic Leukemia (IC APL) by The American Society of Hematology (19) (Figure 1).

[image: A chemotherapy regimen table for leukemia treatment. Remission induction for all patients includes DNR, ATRA, and dexamethasone. Consolidation is risk-adapted: Low-risk (WBC ≤ 10x10^9/L, Platelets > 40x10^9/L) includes DNR and ATRA; Intermediate-risk (WBC ≤ 10x10^9/L, Platelets ≤ 40x10^9/L) includes DNR and ATRA; High-risk (WBC > 10x10^9/L, Platelets ≤ 40x10^9/L) includes DNR, Ara-C, and ATRA. Two-year maintenance involves ATRA, methotrexate, and 6-mercaptopurine for all patients.]
Figure 1 | ASH International Committee Acute Promyelocytic Leukemia Protocol (IC-APL2006). ATRA: all-trans retinoic acid. DNR, daunorubicin; MTZ, mitoxantrone; Ara-C, cytarabine; CR, complete remission.

APL specialists from numerous countries have contributed to the IC APL. This protocol is similar to the PETHEMA 2005 protocol but idarubicin is replaced with daunorubicin. The chemotherapy protocol consisted of administering ATRA and daunorubicin in the remission induction phase, followed by 3 cycles of chemotherapy in the consolidation phase and two years of maintenance (Table 1).

Table 1 | General characteristics of the patients and clinical outcome.


[image: A table presents data on twenty-two patients, covering age ranges, gender, cell morphology, white blood cell counts, risk groups, coagulopathy status, PML-RARα transcript presence, and their current status. Age groups are divided into two to five years, six to twelve years, and thirteen to eighteen years. Morphology is either hypogranular or hypergranular. Risk groups range from one to three. Coagulopathy is noted as yes or no, and PML-RARα is either positive or negative. Current statuses include surveillance and outcomes relating to relapse or complications.]
Relapses were confirmed by morphology and molecular investigations. Patients were tested for t(15;17) by RT‐PCR. At suspected relapse evaluation, a diagnostic lumbar puncture was performed with adequate blood product cover as required. After the diagnosis of relapse, patients received induction treatment with a combination of ATRA and anthracycline.

Cardiac function monitoring was performed with an echocardiogram at two points, at diagnosis, before first anthracycline, and at the end of maintenance.

The Kaplan-Meier curve was used to estimate the survival function from censored data.

We calculated survival rates of our specific population over time, and relapse-free survival rates.





Results

Data were obtained from 22 patients over 14 years; the mean age at diagnosis was 8.6 years. Ten patients were female, and twelve were male.

The range of platelets at diagnosis was 4,000 to 116,000 x 109 L (Table 1).

Twelve patients debuted with coagulation abnormalities. In one case, it was fatal since one patient died (Case 22) in the induction of remission due to bleeding in the brain parenchyma.

Three patients were classified as low risk, 12 as intermediate risk, and seven as high risk.

In all cases, bone marrow aspiration was performed at diagnosis and smear review for morphology, immunophenotype analysis, and detection of PML-RAR alpha rearrangement using reverse transcriptase.

Only one case (Case 12) found that although the morphological diagnosis was compatible with APL, we could never have a positive transcript for PML-RAR alpha or PZLF-RARa transcript. In this case, other transcripts not associated with APL were also analyzed, and all were negative.

In all patients, an echocardiogram was performed at the beginning to assess the use of anthracyclines; there was no contraindication for the start of treatment. The dose of anthracyclines was adjusted to the clinical risk and, on average, was 496.8 mgm2. One patient did not receive anthracyclines since the patient died a few days after diagnosis (Case 22).

In three cases, we found posttreatment cardiac changes, which were associated with the use of anthracyclines (Cases 2, 3, and 10).

The cardiac alterations found in two to twenty-two patients were moderate sisto-diastolic dysfunction (cases 2 and 3) and mild pulmonary insufficiency at the end of treatment (case 10) (Table 2).

Table 2 | Cardiac function and complications secondary to the use of ATRA.
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Cases 2 and 3 corresponded to high risk, and case 10 corresponded to intermediate risk. The three patients are under clinical surveillance with no signs of deterioration in their functional class.

There were 6/22 patients with complications related to ATRA treatment. All complications occurred during induction to remission, and the most frequent complication was pseudotumor cerebri in 4 cases. Second, 3 patients had differentiation syndrome, and one patient presented skin toxicity with a generalized rash attributed to ATRA (Table 2).

All complications were transient and treated immediately without complications.

ATRA was never eliminated from treatment.

Two patients relapsed (Cases 4 and 17), the first with intermediate risk and the second with low risk.

Both relapses were confirmed by morphology and molecular investigations. Both patients were positive for t(15;17) by RT‐PCR. At suspected relapse evaluation, a diagnostic lumbar puncture was performed on these two patients with adequate blood product cover as required. After the diagnosis of relapse, patients received induction treatment with a combination of ATRA and anthracycline (19).

In case 4, relapse occurred 60 months after diagnosis; remission was again induced, and he is currently under oncological surveillance with molecular remission.

In Case 17, the patient relapsed 14 months after diagnosis, remission could not be achieved, and he died of infectious complications.

In the case of the two deaths (Cases 17 and 22), the first patient died during relapse, and the second case corresponded to a patient who died in the induction of remission with hemorrhagic complications in the central nervous system in the intensive care unit. Only ATRA was administered to this patient, who died a few days after admission.

In this series of cases, an overall survival of 90.6% and a relapse-free survival of 90.6% were achieved (Figure 2).

[image: Two Kaplan-Meier survival curves are shown. The left graph represents Overall Survival (OS) with a survival rate of 90.9%. The right graph represents Relapse-Free Survival (RFS) with a survival rate of 90.9%. Both graphs feature time on the x-axis and survival probability on the y-axis.]
Figure 2 | Overall Survival and Relapse free survival in study patients. Kaplan-Meier curves. Overall survival rates (left), and relapse-free survival rates over time (right) were calculated. OS, Overall Survival; RFS, Relapse free survival.

The follow-up mean was 9.1 ± 3.8 years.





Conclusion

Mexico is immersed in Latin America. The Latin America region presents an epidemiological challenge due to its population’s heterogeneity and socioeconomic inequality. Cancer treatment is expensive and prolonged; this area of ​​the world was hit the hardest by the pandemic (20). The region’s economy grew by 6.2% in 2021 and only expanded 2.1% in 2022. According to ECLAC, the emerging economies would only summarize these trends in 2025.” (21).

Recent studies (22) have found that childhood cancer in Mexico is affected by a mixture of factors such as molecular epidemiology, late/low precision diagnosis, limited access to treatment, toxicity associated with therapy, continuous exposure to environmental risk factors, and all of this cooperating to low rates of survival in low-to-medium-income countries.

Regarding ATO, it is not yet used as a first line in patients with APL in Mexico, and access to the most expensive anthracycline drugs is a challenge for public hospitals.

It is also important to mention that hospital infrastructure is critical in this type of leukemia, and access to blood banks and transfusion products is essential to avoid early mortality (23).

In our study, a series of cases of patients with APL is analyzed, constituting 14.1% of the total AML population, consistent with the international literature that indicates the higher frequency of this subtype of myeloid leukemia in Latin American countries (7, 8).

This long-term study shows a number of pediatric cases treated according to a protocol proposed by the International Consortium on Acute Promyelocytic Leukemia (IC APL) by The American Society of Hematology, where it is shown that patients benefit from the establishment of protocols adapted to the sociodemographic and economic situation; for example, anthracyclines such as idarubicin are substituted with daunorubicin, which is less expensive. Adhering to standardized protocols benefits overall and relapse-free survival. Our overall survival is reported to be above 90%, which is adequate.

In meta-analysis results comparing treatment regimens for patients with myeloid leukemia, results have been observed where regimens that include idarubicin have a better effect of inducing remission than those that include daunorubicin. The difference in adverse events and cytogenetic subgroup analysis between the idarubicin and daunorubicin groups were not statistically significant. Therefore, it is concluded that the idarubicin regimen can be applied in the clinic as an induction regimen for AML (24).

Subclinical cardiotoxicity or preclinical cardiotoxicity refers to the initial phase of this cardiomyopathy when the disease is not yet clinically manifested. Given that the current diagnosis of cardiotoxicity continues to be based on the appearance of heart failure symptoms or a decrease in the left ventricular ejection fraction (LVEF) and taking into account the existing interobserver variability in the determination of LVEF, the incidence of cardiotoxicity may vary depending on the type of antineoplastic treatment and the type of detection system used to establish the diagnosis. The use of highly sensitive cardiac troponin I and new echocardiographic parameters such as strain/strain rate and new biomarkers capable of identifying patients at risk for cardiac disease may help establish an early diagnosis of the disease (25).

In our study, echocardiographic estimation revealed that 13.6% of the patients had secondary damage to anthracyclines, which is high when compared to the data found in the literature.

In a retrospective analysis by Von Hoff et al. (26), the percentage of patients who had left ventricular dysfunction detected by echocardiographic estimation of LVEF with a cumulative dose of doxorubicin 400 mgm2 was 3% and increased to 7% with 550 mgm2 and 18% with 700 mgm2.

International clinical trials have found excellent patient survival rates, suggesting that ATRA/arsenic trioxide therapy is beneficial for treating pediatric patients with standard-risk and high-risk APL. The study results confirmed that pediatric patients with standard-risk APL could be safely treated with ATRA/arsenic trioxide therapy and achieve results similar to those in adult patients, for whom this treatment has become the preferred regimen. This will limit the use of anthracyclines and improve the morbidity rates associated with cardiotoxicity in the medium and long term (14). In Latin American countries, clinical trials support the use of new drugs that have been shown to be effective in other parts of the world and are also adopted as first-line treatments.

In a study with 509 patients carried out by Sanz et al. (12), it was observed that the most significant proportion of patients were classified as intermediate risk (57.9%), high risk (21.8%) and low risk (20.2%).

In our study, although the number of patients is smaller, the highest proportion of patients was intermediate risk (54.5%), followed by high risk (31.8%) and low risk (13.6%).

Regarding ATRA toxicity in the study patients, we report the resolution of all those that occurred, which shows that this therapy is very well tolerated in our population.

In this work, the most frequent complication was pseudotumor cerebri in 4 cases.

Pseudotumor cerebri (PTC) has frequently been described in the literature as an adverse effect of ATRA therapy, usually in cross sectional reports.

Coombs et al. reported the series of 240 patients in which there was a clinical suspicion for PTC.Probable PTC occurred in 1.7% of patients who received ATRA during induction and/or maintenance chemotherapy. In agreement with previous reports, the incidence of PTC in APL patients receiving ATRA was higher in the pediatric population.

One possibility is that the diagnostic criteria are different, so an important point to consider is standardizing criteria to compare the data reported in the literature (27).

The rarest complication was skin toxicity, previously described in other case reports with a broad spectrum of clinical manifestations (28).

We didn’t find a link between the two patients that relapsed, maybe because of the short number of relapses in this work.

While survival is the most critical outcome of cancer treatment, it will be essential that in this type of disease, where high cure rates are obtained, follow-up studies are generated that evaluate other improvements in patient survival, such as quality of life.

This work shows that despite the existing limitations in a country from Latin America, such as the difficulties in offering treatment with broader options from required medications, it is possible to obtain adequate results by making the correct adjustments based on scientific evidence.
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Background

Children with B-cell acute lymphoblastic leukemia (B-ALL) have an immune imbalance that is marked by remodeling of the hematopoietic compartment, with effects on peripheral blood (PB). Although the bone marrow (BM) is the main maintenance site of malignancy, the frequency with which immune cells and molecules can be monitored is limited, thus the identification of biomarkers in PB becomes an alternative for monitoring the evolution of the disease.





Methods

Here, we characterize the systemic immunological profile in children undergoing treatment for B-ALL, and evaluate the performance of cell populations, chemokines and cytokines as potential biomarkers during clinical follow-up. For this purpose, PB samples from 20 patients with B-ALL were collected on diagnosis (D0) and during induction therapy (days 8, 15 and 35). In addition, samples from 28 children were used as a control group (CG). The cellular profile (NK and NKT-cells, Treg, CD3+ T, CD4+ T and CD8+ T cells) and soluble immunological mediators (CXCL8, CCL2, CXCL9, CCL5, CXCL10, IL-6, TNF, IFN-γ, IL-17A, IL- 4, IL-10 and IL-2) were evaluated via flow cytometry immunophenotyping and cytometric bead array assay.





Results

On D0, B-ALL patients showed reduction in the frequency of cell populations, except for CD4+ T and CD8+ T cells, which together with CCL2, CXCL9, CXCL10, IL-6 and IL-10 were elevated in relation to the patients of the CG. On D8 and D15, the patients presented a transition in the immunological profile. While, on D35, they already presented an opposite profile to D0, with an increase in NKT, CD3+ T, CD4+ T and Treg cells, along with CCL5, and a decrease in the levels of CXCL9, CXCL10 and IL-10, thus demonstrating that B-ALL patients present a complex and dynamic immune network during induction therapy. Furthermore, we identified that many immunological mediators could be used to classify the therapeutic response based on currently used parameters.





Conclusion

Finally, it is noted that the systemic immunological profile after remission induction still differs significantly when compared to the GC and that multiple immunological mediators performed well as serum biomarkers.





Keywords: childhood leukemia, cellular immunity, chemokines, cytokines, induction therapy, biomarkers, liquid biopsy




1 Introduction

B-cell acute lymphoblastic leukemia (B-ALL) is the most common pediatric cancer in the world and is characterized by an abnormal proliferation of malignant B-cell precursors in the bone marrow (BM), which results in their release into peripheral blood (PB) and extramedullary tissues (1, 2). Recently, with the introduction of intensive multi-agent chemotherapy regimens and therapy adapted to risk groups, the treatment of childhood B-ALL has significantly advanced, reaching 90% event-free survival (3, 4). However, a significant number of children have side effects and develop comorbidities induced by chemotherapy, with approximately 20% of patients with B-ALL suffering from relapses and showing an unsatisfactory therapeutic response (5–7).

Clinical, biological, and genetic characteristics have been reported to be predictors of the response to therapy and the likelihood of relapse in children with B-ALL (3, 8, 9). In addition, studies have shown that characteristics related to the immunological profile, based on the levels of cytokines and chemokines, in addition to the frequency and phenotype of cell populations, can also be used as potential prognostic biomarkers in children and adults (10–15). Furthermore, our studies have previously demonstrated, through characterization of the network of soluble immunological mediators in the bone marrow compartment, that particular mediators can provide valuable information about the stage of malignancy in relation to leukemic burden, risk group stratification, and detection of measurable residual disease (16, 17).

In fact, evidence indicates that children with B-ALL have an imbalance in the soluble immunological mediators, already at birth, which accompanies the different stages of development and progression of the disease (16, 18–20). Thus, after malignant transformation, as leukemic cells replace normal hematopoietic stem cells, there is a remodeling in the immunological landscape, which is marked by changes in cell phenotypes and changes in the network of immunological mediators. These events aim to support leukemogenesis, cell survival, self-renewal, immune evasion and therapeutic resistance by providing an immunosuppressive and permissive microenvironment for leukemic progression (21–24).

Although the bone marrow is the main site of control and maintenance of malignancy, the frequency with which components of the leukemic microenvironment can be monitored is limited, especially in children. These problems are associated with the discomfort and practical difficulties posed by collecting bone marrow samples. However, this difficulty can be overcome by identifying evaluation methods related to leukemic cells, immunity to cancer and normal hematopoiesis, at the systemic level, in peripheral blood (liquid biopsy), therefore allowing sequential monitoring of the disease’s evolution. Thus, we characterize here the systemic immunological profile in children with B-ALL undergoing remission induction therapy, and evaluate the performance of these immunological mediators as potential biomarkers. Our data demonstrate that these patients exhibit a complex and dynamic immune network during remission induction; many immunological mediators exhibited high performance for classifying therapeutic response and may be potential serum biomarkers.




2 Materials and methods



2.1 Study population and design

This study was carried out at Fundação Hospitalar de Hematologia e Hemoterapia do Amazonas (HEMOAM), which is the state referral center for diagnosis and treatment of hematological diseases and is located in Manaus, Amazonas state, Brazil. A total do 20 patients with newly diagnosed B-cell acute lymphoblastic leukemia (B-ALL), of either gender (14 males and 6 females, median age = 3 years; interquartile range [IQR] = 2-9) were enrolled. The diagnosis was performed according to the classification criteria and guidelines of the World Health Organization (25). In addition, 28 children without leukemia, of either gender (15 males and 13 females, median age = 7 years; IQR = 4-11) were included as a control group (CG). B-ALL patients underwent remission induction therapy, according to the protocol and guidelines found in the Brazilian Group for Treatment of Childhood Leukemia (version 2009) (GBTLI-LLA-2009). Remission induction therapy consists of an intensive chemotherapy stage of fundamental importance for the prognosis of patients, whose objective is to achieve complete clinical remission in four weeks. The treatment regimen includes the drugs prednisone, dexamethasone, vincristine, daunorubicin, L-asparaginase and MADIT (intrathecal methotrexate, cytarabine and dexamethasone) (26). The demographical and clinical features of the study population are summarized in Table 1.

Table 1 | Demographical and clinical features of the study population.


[image: Table displaying variables for two groups, CG (n=28) and B-ALL (n=20). It includes gender distribution, age (median with IQR), age groups (1 to <5, 5 to <9, 9 to <14, 14 to <18), immunophenotyping, treatment risk stratification and re-stratification, and measurable residual disease. CG has an equal male/female ratio, median age 7. B-ALL has more males, median age 3. B-ALL has 100% CD10+ immunophenotyping, with varying risks and measurable residual disease percentages. Definitions for CG, IQR, and MRD are included.]



2.2 Ethical approval and consent to participate

The study was submitted to and approved by the Ethical Committee at Fundação HEMOAM, under the protocol registration number #739.563/2014. The parents or legal guardians read and signed the informed consent form prior to inclusion of the pediatric subjects in the study. The study fulfills the principles of the Helsinki declaration and the 466/2012 resolution of the Brazilian National Health Council for research involving human participants.




2.3 Data collection and peripheral blood sampling

Demographic and clinical data were collected from medical records kept at the Medical & Statistical Service, as well as from the Hematology Laboratory records. Peripheral blood samples were obtained via venipuncture in EDTA vacuum tubes (BD Vacutainer EDTA K2) at four consecutive time points during induction therapy in accordance with the protocols and guidelines of the GBTLI-LLA-2009 (26), and denominated as: on diagnosis baseline (D0); day 8 and day 15 of induction therapy (D8 and D15, respectively); and at final of remission induction therapy (D35). In parallel, peripheral blood samples from children without leukemia were used as a reference value in the analyses. The children included in the study had not had any previous infections for at least four weeks and did not present any immunological changes in the leukocyte series. Patients and controls samples were subjected to centrifugation at 900 x g for 15 min at 4°C to obtain approximately 1 mL of plasma samples. Subsequently, the plasma was aliquoted and immediately stored at -80°C until processing for the quantification of soluble immunological mediators that occurred within 6 months after collection. Finally, the whole blood was used for immunophenotyping to evaluate cell populations.




2.4 Immunophenotypic characterization

The immunophenotypic characterization was performed using flow cytometry. The cells were obtained from an aliquot of 100 μL of peripheral blood and were incubated in the presence of the following fluorescent-labeled specific anti-human cell surface monoclonal antibodies: anti-CD3-PercP/CD16-FITC/CD56-PE to identify natural killer cells (NK) and natural killer T cells (NKT); anti-CD3-PercP/CD4-PE/CD8-FITC to identify CD3+ T cells, CD4+ T cells and CD8+ T cells; and anti-CD4-PE/CD25-FITC/FoxP3-APC to identify regulatory T cells (Treg). Following the incubation, the cells were treated with 2 mL of erythrocyte BD FACS™ Lysing Solution for 10 min at room temperature. After two centrifugation steps and two wash steps with PBS, the cells were resuspended in 300 μL PBS. For intracellular labeling of FoxP3, the cells were fixed with BD Cytofix™ Fixation Buffer and permeabilized with BD Phosflow™ Perm Buffer III. Centrifugation, washing, and incubation steps were carried out with anti-FoxP3-APC antibody for 20 minutes at room temperature and protected from light. At the end, the samples were acquired in the cytometer. The sample acquisition was performed in a flow cytometer (FACSCalibur, BD® Biosciences, San Jose, CA, USA) at Fundação HEMOAM. A total of 10,000 or 100,000 (Treg cells) events were acquired for each sample in order to quantify cell populations. Lymphocyte subsets were quantified first by specific gating strategies, using the FlowJo software (version 9.4.1, TreeStar Inc. Ashland, OR, USA) as represented in Supplementary Figure 1. The results were expressed initially as percentage of positive cells within the lymphocyte gate. Furthermore, FlowJo software was used for the morphometric and immunophenotypic identification of the cells with the gates designed to select the target populations in graphs that combine morphological characteristics (size and complexity) with immunophenotypic characteristics through the fluorescence of the monoclonal antibodies used to identify the target cells.




2.5 Quantification of soluble immunological mediators

Soluble immunological mediators, including chemokines and cytokines (CXCL8, CCL2, CXCL9, CCL5, CXCL10, IL-6, TNF, IFN-γ, IL-17A, IL-4, IL-10 and IL-2) were measured from the peripheral blood plasma samples using cytometric bead array (CBA) (BD™ Human Chemokine and BD™ Human Cytokine Th1/Th2/Th17 kits, San Diego, CA, USA) assays, according to the manufacturer’s instructions. Samples were evaluated in a flow cytometer (FACSCantoII, BD® Biosciences, San Jose, CA, USA) at Instituto Leônidas e Maria Deane (FIOCRUZ Amazônia). FCAP-Array software v3 (Soft Flow Inc., USA) was used for data analysis. Data were reported in picograms per milliliter (pg/mL) concentrations, according to the standard curves provided in the kit and mean fluorescence intensity (MFI).




2.6 Conventional data analysis and ROC curve

The comparative analysis between B-ALL patients and controls was carried out using Student’s t test. Multiple comparisons among the time points of induction therapy (D0, D8, D15 and D35) were performed using one-way ANOVA followed by the Tukey or Friedman tests followed by Dunn’s test; along with the paired t test or Wilcoxon matched-pairs signed-ranks test. In all cases, the Shapiro-Wilk test was used to verify the normality of the data and significance was considered when p was <0.05. The receiver-operating characteristic curves (ROC) and the area under the curve (AUC) were used as an indicator of global accuracy (27). Performance of the cell populations and the selected soluble immunological mediators (statistically significant - p<0.05) was calculated at a specific cut-off, and the AUC, sensitivity (Se), specificity (Sp), and likelihood ratio (LR) were considered as indicators of global accuracy. The GraphPad Prism Software v8.0.1 (San Diego, CA, USA) was used for statistical analysis and Biorender was used for graphical arts.




2.7 Ascendent curve of cell populations and soluble immunological mediators

The overall signature of the cell populations and soluble immunological mediators was determined according to Kerr et al. (2021) (17), by converting the original results of each variable expressed as a continuous variable into categorical data, using the global median values obtained for the whole data universe from all participants (B-ALL patients on different days of induction therapy and the controls) as the cut-off to segregate patients with low and high frequency of cell populations, and chemokines and cytokines levels. The following cut-off points were used: NK=4.18; NKT=1.96; CD3+ T=64.40; CD4+T=49.50; CD8+T=37.10; Treg=2.88; CXCL8 = 1058.64; CCL2 = 628.35; CXCL9 = 2001.07; CCL5 = 209502.20; CXCL10 = 4846.97; IL-6 = 216.79; TNF=83.44; IFN-γ=81.95; IL17A=81.95; IL-4 = 156.45; IL-10 = 123.67; and IL-2 = 137.08, expressed as a percentage for cell populations, and MFI for chemokines and cytokines. The assembling of the ascendant frequency of cell populations, and chemokines and cytokine levels of the CG generated the reference ascendent curves, which were applied to identify changes in the immunological profile of the B-ALL patients during induction therapy (D0, D8, D15 e D35). Relevant differences were considered when values were above the 50th percentile of the study group. Color charts were used to summarize the proportion of subjects that presented decrease, unaltered or increase in immunological mediators in relation to the CG. A Venn diagram was designed (http://bioinformatics.psb.ugent.be/webtools/Venn/) and used to identify common and selective alterations at each time point.




2.8 Integrative network of cell populations and soluble immunological mediators

Correlation networks were assembled to evaluate the multiple associations among the immunological elements in B-ALL patients during induction therapy and in the controls. The association between the frequency of cell populations and levels of chemokines, cytokines and growth factors were determined by using the Pearson and Spearman correlation coefficient in GraphPad Prism, version 8.0.1 (GraphPad Software, San Diego, CA, USA), and statistical significance was considered only if p was <0.05. After performing the correlation analysis, a database was created using the Microsoft Excel program. Then, the significant correlations were compiled using the open source Cytoscape software, version 3.0.3 (National Institute of General Medical Sciences, Bethesda, MD, USA). Biological networks were constructed using circular layouts in which each molecule is represented by a globular node. The correlation indices (r) were used to categorize the correlation strength as negative (r <0), moderate (0.36≥ r ≤0.68), and strong (r >0.68), which were represented by connecting edges, as proposed by Taylor (1990) (28).





3 Results



3.1 B-ALL patients exhibit an increase in CD4+ T and CD8+ T cells along with a peculiar profile of soluble mediators marked by an increase in CXCL9, CXCL10, IL-6 and IL-10

The characterization of the immunological profile of the B-ALL patients is presented in Figure 1. The data demonstrated that B-ALL patients displayed a lower frequency of NK-cells, NKT-cells, and CD3+ T. On the other hand, the number of CD4+ T and CD8+ T cells was higher increased (Figure 1A). In addition, the measurement of soluble immunological mediators demonstrated an increase in the chemokines CCL2, CXCL9 and CXCL10. Increased levels of IL-6 and IL-10 were also observed in B-ALL patients. In contrast, when compared to the CG, a decrease in levels of CCL5 and TNF was observed (Figure 1B).

[image: Bar graphs depicting cell populations and soluble immunological mediators in control group (CG) versus B-ALL patients. Section A shows decreased NK-cells and NKT-cells, increased CD3+, CD4+, and CD8+ T cells in B-ALL. Section B illustrates changes in mediators like CXCL8, CCL2, CXCL9, CCL5, CXCL10, IL-6, TNF, IFN-γ, IL-17A, IL-4, IL-10, and IL-2, with levels varying significantly between groups. The legends indicate changes as decreased, unaltered, or increased levels compared to CG.]
Figure 1 | Characterization of the systemic immunological profile of pediatric patients diagnosed with B-ALL. The cell populations (A) and soluble immunological mediators (B) were measured at the time of diagnosis in B-ALL patients ([image: Blueprint-style illustration of a rectangular stadium with labeled sections and entry points. The image includes scale measurements and a detailed layout of the stadium's structure and features.]) and in the control group (CG) ([image: Cat perched on a tree branch, looking downward. The feline has striped fur and one paw extended forward as if in motion. Green leaves surround the branch.]). The behavior of immunological mediators in relation to the controls is highlighted using the background color in the following manner: decreased levels vs CG ([image: A close-up of a twenty dollar bill featuring elements of security, including microprinting and color-shifting ink, displaying intricate designs and numerals in various shades of green.]); unaltered levels vs CG ([image: A theatrical poster featuring a group of men dressed in dark jackets, standing in front of a large concrete wall with their shadows behind them. "Reservoir Dogs" is prominently displayed at the bottom against a bold red background.]); and increased levels vs CG ([image: A group of five people standing together, smiling at the camera. They are casually dressed and standing in front of an ornate, historic building with intricate architectural details. The weather appears sunny and pleasant.]). The immunophenotypic characterization was performed using flow cytometry, while chemokines and cytokines were quantified via CBA, as described in the Materials and Methods section. Data are reported as mean with standard error expressed in percentage of cells and in picograms per milliliter (pg/mL) concentration, respectively. Statistical analyses were performed using Student’s t test or the Mann-Whitney test and significant differences are highlighted by asterisks for p<0.001 (***) p<0.01 (**) or p<0.05 (*).




3.2 B-ALL patients exhibit a clear change in the immunological profile after induction therapy

Kinetic analysis of the cell populations, chemokines and cytokines was performed on D0, D8, D15, and D35 to assess the behavior of these immunological mediators during induction therapy, as shown in Figure 2. The data demonstrated that, compared to D0, on D35, B-ALL patients displayed an increase in most of the evaluated cell populations, including NKT-cells, T cells, CD4 T cells and Treg cells (Figure 2A). However, the dosage of soluble immunological mediators showed a significant decrease in levels of CXCL9, CXCL10 and IL-10 on D35, together with an increase in the levels of the chemokine CCL5. While CCL2 and IL-6 showed a decline on D8 and D15 (Figure 2B). In addition, compared to the CG, on D35, the B-ALL patients displayed a significant increase in the frequency of NKT-cells, CD3+ T, CD4+ T cells, CD8+ T cells, and Treg cells, along with an increase in IL-6 and IL-10 levels.

[image: Graphs showing changes in cell populations and soluble immunological mediators during induction therapy. Panel A shows percentages of NK, NKT, CD3+, CD4+, CD8+, and Treg cells over time, with some increases and decreases highlighted. Panel B displays serum levels of CXCL8, CCL2, CXCL9, CCL5, CXCL10, IL-6, TNF, IFN-γ, IL-17A, IL-4, IL-10, and IL-2, indicating changes across therapy days. Color codes indicate trends: green for decrease, gray for no change, red for increase.]
Figure 2 | Kinetics of the systemic immunological mediators during induction therapy of pediatric patients with B-ALL. The cell populations (A) and soluble immunological mediators (B) were measured on D0, D8, D15, and D35 to assess the behavior of these immunological mediators during remission induction therapy. The behavior of immunological mediators during induction therapy were highlighted using the plotting area colors, in the following manner: decreased during induction therapy ([image: A close-up of a twenty dollar bill featuring elements of security, including microprinting and color-shifting ink, displaying intricate designs and numerals in various shades of green.]); unaltered during induction therapy ([image: A theatrical poster featuring a group of men dressed in dark jackets, standing in front of a large concrete wall with their shadows behind them. "Reservoir Dogs" is prominently displayed at the bottom against a bold red background.]); and increased during induction therapy ([image: A group of five people standing together, smiling at the camera. They are casually dressed and standing in front of an ornate, historic building with intricate architectural details. The weather appears sunny and pleasant.]). Data are reported as mean with standard error expressed in percentage of cells and in picograms per milliliter (pg/mL) concentration, respectively. Statistical analyses were performed using a paired t test or Wilcoxon matched-pairs signed-rank test for comparisons between D0, D8, D15 and D35, while Student’s t test or the Mann-Whitney test was used for comparison with the control group (CG). Significant differences (p<0.05) between the days of induction therapy are represented by the following letters: (a, b, c), which refer to the comparisons with D0, D8 and D15, respectively. Significant differences in relation to the CG are highlighted by asterisks for p<0.001 (***) p<0.01 (**) or p<0.05 (*).




3.3 Overall signature of systemic immunological mediators highlighted distinct production profiles during induction therapy

An additional analysis was carried out to further characterize the profile of immunological mediators in B-ALL patients, as presented in Figure 3. For this purpose, we calculated the global median for cell populations, chemokines and cytokines, and used these values as a cut-off point to classify the study population as being a low or high producer for the parameters evaluated. Then, according to the ascending frequency of production of the immunological mediators in the CG, reference curves were assembled and applied to identify changes during induction therapy in the immune signature of patients with B-ALL (Figure 3A). In addition, color charts were used to summarize the behavior of the immunological mediators (Figure 3B).

[image: Overall signature of cell populations and soluble immunological mediators in B-ALL patients during induction therapy. The image consists of multiple panels. Panel A shows graphs of ascendant frequency of immunological mediators with reference curves labeled from CD4+ T to TNF. Panel B displays ascendant profiles in B-ALL groups across days zero, eight, fifteen, and thirty-five with a color key indicating decreased, unaltered, and increased levels. Panel C includes a Venn diagram illustrating overlaps of immunological mediators across the same days.]
Figure 3 | Overall signature of systemic immunological mediators during induction therapy of pediatric patients with B-ALL. (A) The overall signature of cell populations, chemokines and cytokines in B-ALL patients was assembled on D0, D8, D15, and D35. The ascendant frequency of the control group (CG) was used to generate the reference curves (-[image: A simple black and white drawing of a small, filled square centered within a larger outlined square, creating a framed effect.]-), which were applied to identify changes in the overall signature of B-ALL patients during induction therapy. Data, originally expressed as a percentage of cells and mean fluorescence intensity (MFI) were converted into categorical data using the global median values, which were used as a cut-off point to classify the study population as being a low or high producer of the parameters evaluated. The overall signatures were assembled in bar graphs using the 50th percentile as the threshold (central line) to identify systemic immunological mediators with increased levels. (B) Color charts were used to summarize the ascending profile of immunological mediators on D0, D8, D15, and D35. The colors represent the behavior in relation to the CG, such as decreased levels vs CG ([image: A close-up of a twenty dollar bill featuring elements of security, including microprinting and color-shifting ink, displaying intricate designs and numerals in various shades of green.]), unaltered levels vs CG ([image: A theatrical poster featuring a group of men dressed in dark jackets, standing in front of a large concrete wall with their shadows behind them. "Reservoir Dogs" is prominently displayed at the bottom against a bold red background.]), and increased levels vs CG ([image: A group of five people standing together, smiling at the camera. They are casually dressed and standing in front of an ornate, historic building with intricate architectural details. The weather appears sunny and pleasant.]). (C) Venn diagram analysis highlights common immunological mediators between days of induction therapy.

Based on this approach, the data demonstrated that on D0, there was a profile of lower production of immunological mediators, with high frequency/levels of CD8+ T, IL-6, CXCL10 and IL-10. On D8 and D15 of induction therapy, the B-ALL patients showed a similar production profile, with high frequency/levels of CD4+ T, CD8+ T, Treg, IFN-γ, CCL2 and, selectively, IL-10 and NKT, on D8 and D15, respectively. On D35, a distinct profile was observed in relation to D0, which was marked by increased production of immunological mediators, especially cell populations, with high frequency/levels of CXCL10, IFN-γ, IL-6, CD8+ T, NKT, CD4+ T, Treg and CCL2. Finally, a Venn diagram with the immunological mediators was used to identify common and selective alterations at each time point of induction therapy (Figure 3C). The analysis of the intersections showed that the high production of IL-10 occurs only at the beginning of the treatment, on D0 and D8; the frequency of NKT increases on D15 and D35; CD4+ T, Treg, CCL2 and IFN-γ increased on D8, D15 and D35; while the CD8+ T frequency was elevated throughout the induction therapy, from D0 to D35.




3.4 The integrative networks identify a robust participation of Treg cells, together with common correlations axis throughout induction therapy

In order to demonstrate the interactions between cell populations, chemokines and cytokines and during remission induction therapy, integrative networks were constructed, as shown in Figure 4. In addition, aiming to provide a more detailed view of the biological networks, the number of correlations and the selective axes of each time point were highlighted. The analysis of integrative networks revealed that, on D0, B-ALL patients selectively presented a network with a robust participation of Treg cells, and a greater number of connections between regulatory cytokines, related to the Th2 and Treg profile, in comparison to Th1 and Th17. On the other hand, the CG exhibited a discrete number of connections between cell populations, and were characterized by a mixed profile of T helper cytokines, and without interactions mediated by Treg cells.

[image: Integrative networks diagram showing the relationships between cell populations and soluble immunological mediators in B-ALL patients during induction therapy. The diagram includes five panels: CG, B-ALL D0, B-ALL D8, B-ALL D15, and B-ALL D35. Each panel indicates correlations between factors like NK, Treg, NKT, CD8+T, CD3+T, CD4+T, cytokines (e.g., IL-6, IL-2, IL-10), and chemokines (e.g., CXCL8, CXCL10, CCL2). It highlights the total and selective correlation counts within each panel, showing dynamics during different therapy stages.]
Figure 4 | Networks of the systemic immunological mediators during induction therapy of pediatric patients with B-ALL. Integrative networks were assembled to identify the complex interactions among of cell populations, chemokines and cytokines during induction therapy. Colored nodes are used to identify the immunological mediators on D0 ([image: A small, dark circle with subtle variations in shades of blue and green, resembling a marbled or textured surface.]), D8 ([image: A turquoise textured circle resembling a gemstone or mosaic with various shades of blue and green.]), D15 ([image: A solid turquoise circle with a slight shadow effect around its edges.]) and D35 ([image: Blue circular gradient transitioning from light turquoise at the center to a slightly darker blue at the edge, with a subtle glowing effect.]) of B-ALL patients and in the control group (CG) ([image: It seems there is no image attached. Please try uploading the image again, and I will assist you in generating the alternate text.]). Correlation analysis was employed to construct integrative networks according to significant “r” scores at p<0.05 using Pearson and Spearman correlation tests. Connecting edges illustrate positive (continuous lines) and negative (dashed lines) correlations between pairs of attributes, according to the strength of correlation, as follows: weak ([image: A completely black image with no discernible features or elements.]); moderate ([image: Completely black image without visible features or distinguishable elements.]); and strong ([image: Black square with no visible details or features.]), as described in the Materials and Methods section. Different colored lines are used to represent common connections between time points (gray lines) and selective connections (lines colored according to the respective time points).

During induction therapy, on D8, a clear decline in the number of correlations was observed, which was marked by the loss of interactions mediated by Treg cells, and the emergence of negative correlations. On D15, a significant increase was observed in the correlations, and this was marked by interactions between cell populations, with emphasis on CD4+ T and CD8+ T cells. Finally, on D35, B-ALL patients again showed a decrease in the number of correlations, and they evolved towards a pro-inflammatory profile, different from what was observed on D0, and was marked by increased connections between the cytokines IFN-γ and IL-17A, with a decrease in Treg and regulatory cytokines. Of note, two common correlations were observed throughout induction therapy, between CXCL10/IL-6 and CXCL8/IL-10.




3.5 Performance of systemic immunological mediators as prognostic biomarkers in B-ALL patients during induction therapy

In order to transpose the findings for the immunological profile of B-ALL patients into clinically applicable biomarkers, translational analysis was carried out to determine the performance of cell populations and soluble immunological mediators measured in peripheral blood. Accordingly, ROC curves were constructed based on five laboratory parameters of classification of response to induction therapy (29–31) (Supplementary Tables 1–5). The performance (AUC, Se, Sp and LR) of the immunological mediators that had proven statistical significance is represented in Figure 5. Data analysis showed that several immunological mediators showed high performance in classifying patients based on the parameters used. For absolute neutrophil counts on D0, five potential biomarkers were identified, two of which are early biomarkers, CD8+ T on D0 and TNF on D8. In parallel, for absolute neutrophil counts on D8, 17 potential biomarkers were identified, the early ones being CCL2 and IFN-γ on D0, and CXCL8, CCL2, CXCL9, CXCL10 and IL-10 on D8. Regarding the absolute blast counts on D8, only IFN-γ also occurred on D15. For the absolute lymphocyte counts on D35, 7 early biomarkers were identified, CXCL9 also occurred on D0, and CD4+ T, IL-17A and IL-4 also occurred on D8. Finally, for platelet counts on D35, 19 potential early biomarkers were identified, CD8+ T, CCL5, TNF and IL-17A on D0, and Treg, CCL5 and TNF at D8.

[image: Scatter plots show the performance of cell populations and soluble immunological mediators in classifying B-ALL patients during induction therapy. Four sections depict data for ANC, ALC, PLT, and ABC with variables such as CD8+T, TNF, CXCL9, and others over various days. Metrics include AUC, Sensitivity, Specificity, and Likelihood Ratio. Each plot compares two conditions: undetectable versus detectable cell counts.]
Figure 5 | Performance of the selected systemic immunological mediators to classify patients with B-ALL during induction therapy. The performance of cell populations, chemokines and cytokines was evaluated by receiver-operating characteristic (ROC) curves to verify their global accuracy (estimated by the AUC values) according to classical laboratory parameters used for predicting the therapeutic response (ANC at D0 > 1x103 cells/mm3; ANC at D8 > 1x103 cells/mm3; Undetectable ABC at D8; ALC at D35 > 1.5x103 cells/mm3; and PLT at D35 > 1x105 cells/mm3). The selected immunological mediators (statistically significant - p<0.05) were calculated at specific cut-off and the area under the curve (AUC), sensitivity (Se), specificity (Sp), and likelihood ratio (LR) considered as an indicator of global accuracy. Early biomarkers (D0 and D8) are highlighted by solid red ([image: A blurry image of a blank name tag with a red border. The tag lacks any visible text or designs due to the distortion.]) and dashed yellow rectangles ([image: A gold-bordered blank label with a scalloped edge, featuring a subtle gradient background. The design suggests a decorative or formal presentation often used for events or packaging.]), respectively. ANC, absolute neutrophil counts; ABC, absolute blast counts; ALC, absolute lymphocyte counts; PLT, platelet.





4 Discussion

Leukemias have unique characteristics when compared to other neoplasms and solid tumors (32, 33). During malignant hematopoietic disorders such as B-ALL, intrinsic and extrinsic signals, including those participating in immunosurveillance, influence the pathway of cell differentiation and contribute to the prognosis and outcome of malignancy (34, 35). Advances in immunotherapeutic approaches have enabled better mapping of the immunological microenvironment of leukemia; however, the immunological background of B-ALL still needs further investigation (22, 36–38). Thus, we evaluated cell populations and the chemokine and cytokine network in children with B-ALL both on diagnosis and during treatment, with the aim of providing even more insights into the systemic immunological profile.

Our data on the cellular profile shows that, at the time of diagnosis (D0), pediatric patients with B-ALL showed a decrease in the frequency of NK, NKT and CD3+ T cells, which can be explained by the biological characteristics of the patients, who have severe cytopenia and poor reconstitution of the innate and adaptive immune response. Thus, although normal lymphoid and myeloid cells are present in the hematopoietic compartment, their hematopoietic progenitor cells are reduced in number and biological activity (39, 40). It is important to highlight that, in general, an increase in the frequency of cell populations was observed at the end of the induction therapy, indicating the recovery of normal hematopoiesis.

When we evaluated the subpopulations of CD3+ T cells, an increase in CD4+ T and CD8+ T cells was observed in relation to the children in the control group, suggesting immunosurveillance or the establishment of specific antitumor responses. In B-ALL, it has been proposed that tumor-specific T cells are not adequately activated; instead they are energized or exhausted (41, 42). T-cell dysfunction is modulated especially by Treg cells and results in decreased proliferative capacity and effector function, with increased expression of multiple inhibitory receptors, in order to contribute to immune tolerance (43, 44).

In fact, Treg cells have been shown to play a central role in the cellular immunosuppression of pediatric patients with B-ALL, either in the medullary compartment or in the peripheral blood. Some studies have examined whether the number of Treg CD4+ cells present in peripheral blood mononuclear cells (PBMC) is modulated in patients with B-ALL (45–48). Bhattacharya et al. reported that patients have a decrease in the frequency of CD4+CD25+ Treg cells compared to healthy children, but that, on the other hand, they co-express higher levels of FoxP3, IL-10, TGF-β and CD152, and have greater immunosuppressive activity (45). Other studies have reported increased CD4+CD25+FoxP3+ Treg cells, along with elevated levels of IL-10 and TGF-β (47–49).

Our findings are in line with the results of Bhattacharya et al. and demonstrate a tendency towards a decrease in the frequency of circulating CD4+CD25+FoxP3+ Treg cells at the time of diagnosis (D0), followed by a continuous increase during induction therapy (D8, D15 and D35) (Figures 1A, 2A). Treg expansion in patients with B-ALL is expected, although these data may mean a migration of Treg CD4+CD25+FoxP3+ cells to the medullary compartment, the primary site of malignancy. Studies evaluating the bone marrow compartment of pediatric patients with B-ALL have reported an increase in the percentage of Treg cells compared to the peripheral blood systemic compartment and compared to the bone marrow of children without leukemia (48, 50).

The correlation between the frequency of tumor-infiltrating Treg cells and the prognosis has been described in several malignancies, including B-ALL (48, 50–52). Ultimately, these data indicate that, as in solid cancers, Treg cells infiltrate the medullary compartment and favor leukemic progression, thus determining a suppressive microenvironment. Reinforcing this scenario, although Treg cells showed a decreased frequency at D0, through the integrative networks, it was possible to observe that, specifically on D0, the patients presented a network that was characterized by the predominance of interactions mediated by circulatory Treg cells (Figure 4), as was also observed in a previous study in which we evaluated the bone marrow compartment of patients with B-ALL (16).

We also observed that, at the systemic level, these patients exhibit elevated levels of IL-10 on diagnosis. Concentrations decrease towards the end of remission induction therapy (Figures 1B, 2B) as Treg cell-mediated correlations are lost (Figure 4). Alterations in the balance of anti-inflammatory/pro-inflammatory cytokines have already been described in ALL and B-ALL (37, 38, 41). Some studies indicate that leukemic cells hinder immune activation by creating an immunosuppressive microenvironment from the overproduction of anti-inflammatory cytokines and block the release of pro-inflammatory cytokines such as IFN-γ and TNF (53–55). Consistent with this equilibrium, by assessing the general signature of immunological mediators during induction therapy, we observed distinct production profiles throughout treatment. On D0, there was an attenuated production of immunological mediators, followed by a progressive increase on D8, D15 and D35, with remodulation towards a more pro-inflammatory profile (Figure 3).

In B-ALL, in addition to regulatory cytokines, leukemic cells express and benefit from the chemokine network to reduce immunogenicity, and promote leukemic growth and invasion (56, 57). Chemokines correspond to a class of cytokines that play key roles in inducing chemotaxis, differentiation and multiplication of leukocytes, which promotes tissue extravasation (58). In this context, the CXCL9, CXCL10 and CXCL11/CXCR3 axis has been an important focus for research. CXCL9-10-11 are selective ligands for CXCR3, which is preferentially expressed on the surface of monocytes, T cells, NK-cells, dendritic cells and cancer cells (59). These molecules also regulate the differentiation of naive T cells into T helper 1 (Th1) cells, in addition to conducting the migration of immune cells, such as CTLs, NK-cells, NKT and macrophages to their focal sites; therefore, this axis is considered essential to the command of the immune system (60). However, studies suggest that the axis may also play a tumorigenic role, increasing tumor proliferation and metastasis (61, 62).

To our knowledge, few studies have investigated the role of the CXCL9-10-11/CXCR3 axis in ALL (11, 36). Some studies have observed that a relapse of ALL patients was associated with the survival of leukemic cells in extramedullary tissues, such as the central nervous system (CNS), in which levels of antileukemic drugs are decreased (63). In T-ALL, CXCL10 levels in cerebrospinal fluid were significantly higher among patients with relapses in the CNS. Furthermore, treatment in a leukemic mouse model with the CXCR3 antagonist, AMG487, has been shown to significantly reduce leukemic CNS infiltration (11). In B-ALL, studies have found that IL-15 can up-regulate CXCR3 in B-cell precursors, stimulating the migration of leukemic cells towards the CXCL10 gradient, which is detectable in cerebrospinal fluid samples from patients with B-ALL (64). These results indicate that the CXCL10/CXCR3 axis can promote an important infiltration of ALL cells in the CNS and in other tissues, where chemotherapy levels are suboptimal.

In addition, CXCL10 released by monocytes promoted migration and invasive capacity of B-ALL CXCR3+ precursor cells by inducing MMP9 expression and activity, thus favoring metastatic dissemination (65). The CXCL10/CXCR3 axis has also been shown to contribute to recurrence of ALL, with an increase in the survival rate of leukemic cells during treatment. Mechanically, CXCL10 increased the viability and drug resistance of leukemic cells by stabilizing Bcl-2 and then inhibiting the activation of the caspase cascade induced by antineoplastic agents such as cytarabine, indicating that axis blockade may have a positive effect in reducing relapses in ALL patients (11). Finally, through the evaluation of the plasmatic levels of immunological mediators in the bone marrow of adult patients, it was observed that the levels of CXCL9 and CXCL10 are elevated on diagnosis, and were related to positivity for measurable residual disease (MRD) and to the stages of severity of the B-ALL (12).

We previously demonstrated that the network of soluble immunological mediators in the bone marrow can be an attractive source for investigation of potential prognostic biomarkers (17). However, it must be considered that the collection of bone marrow samples is a very invasive procedure, especially in pediatric populations. From another perspective, the identification of immunological elements that are predictive of therapeutic response at the systemic level, in peripheral blood as a liquid biopsy, allows sequential monitoring of the disease’s evolution. In this sense, we identified candidates for prognostic biomarkers, with excellent performance among the cell populations and systemic soluble immunological mediators that were evaluated (Supplementary Tables 1–5
). Five laboratory parameters for classifying the response to induction therapy were used as a basis: absolute neutrophil counts on D0; absolute neutrophil count on D0 and D8; blast count on D8; absolute lymphocyte count on D35; and platelet count on D35 (29–31). Incredibly, our data showed that several immunological mediators performed extremely well in classifying patients based on the parameters used, many of which performed very well as early biomarkers (D0 and D8), indicating the potential of these mediators as a liquid biopsy strategy (Figure 5).

Of note, the present study has some limitations. Because the FACSCalibur cytometer only permits the detection of four distinct fluorescence, it was not possible to expand the study panel to investigate the phenotype of some of the cell populations evaluated, such as CD4+ T and CD8+ T cells. Furthermore, the number of individuals ended up being reduced due to segment losses, however, it is important to consider the difficulty of working with pediatric populations and the barriers to carrying out longitudinal investigations. Additionally, some data’s were reported in MFI, in function the observed values were larger and provided more visually elegant graphs. It is important to highlight that, the values in MFI can provide estimates of the concentration of cytokines and chemokines present in the kits, as this value is used to calculate concentrations based on normalization calculations and standard curve calibration. Finally, we encourage additional studies in a paired way, evaluating the network of immunological mediators at the bone marrow and systemic level, and with the addition of functional assays, in order to allow an even more comprehensive view of the immunological profile and mechanisms in B-ALL.




5 Conclusion

Finally, based on our results, we constructed a possible model of the remodeling of the systemic immunological profile during induction therapy (Figure 6). In summary, on D0, we generally observed a reduction in the frequency of cell populations, with the exception of CD4+ T and CD8+ T cells, which were increased, along with levels of CCL2, CXCL9, CXCL10, IL-6 and IL10, when compared to the CG. During the evaluation of the kinetics, it was possible to observe small changes on D8, such as a slight increase in the frequency of cell populations, and small changes in the levels of chemokines and cytokines, which were elevated. The same behavior was maintained on D15; while, on D35, it was possible to observe an opposite profile to that of D0, with an increase in NKT, CD3+ T, CD4+ T and Treg cells, together with CCL5, with a decline in CXCL9, CXCL10 and IL-10. Compared to the GC, there was an increase in NKT, CD3+ T, CD4+ T, CD8+ T and Treg cells, along with IL-6 and IL-10. Noteworthy, throughout the induction therapy, TNF levels remained low.

[image: Diagram illustrating cellular changes over days 0, 8, 15, and 35 during induction therapy. Each day shows different cell populations, including CD4⁺, CD8⁺ T cells, Treg cells, and NKT cells. Molecular markers like CCL2, CXCL9, CXCL10, IL-6, and IL-10 are noted. A graph below indicates the decreasing trend of CXCL9, CXCL10, and IL-10, and an increasing trend of NKT, CD4⁺, Treg cells, and CCL5 over time.]
Figure 6 | Remodeling of the systemic immunological profile of patients with B-ALL on the different days of induction therapy. Schematic presentation summarizing the main findings of the study, highlighting the immunological profile of B-ALL patients in relation to the controls, and the behavior of immunological mediators during remission induction therapy. Increased cell populations in B-ALL patients are represented by colors: ([image: A small, blurry turquoise circle with a thin, darker border.]) CD4+ T cells, ([image: A small blurred purple circle against a plain background.]) CD8+ T cells, Treg cells ([image: A small, light blue, blurry circle against a white background.]) and ([image: Blue circular icon with a subtle texture pattern.]) NKT-cells.

Furthermore, we provide important insights into the immune background in children with B-ALL both on diagnosis (D0) and during treatment (D8, D15 and D35). Our results demonstrate that patients with B-ALL present a complex and dynamic immune network during induction therapy. In addition, the frequency of cell populations and serum levels of chemokines and cytokines after remission induction still differ significantly when compared to the GC, indicating that this period is still short for complete immune reconstitution. Finally, we emphasize that the multiple immunological mediators show good performance in the classification of therapeutic response, many of which at an early stage, indicating their great potential as serum biomarkers.
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Supplementary Figure 1 | Representative flow cytometric analysis of cell populations. Peripheral blood lymphocytes were first selected based on their morphometric features (size/forward scatter - FSC and complexity/side scatter - SSC) on pseudo color plot (A). Following, the phenotypic features were evaluated to quantify cell-subsets, including, within CD3− and CD3+ events (B), CD3−CD16+CD56+ NK-cells (C), CD3+CD16+CD56+ NKT-cell (D), CD8+ T-cells (E), CD4+ T-cells (F) and CD4+CD25+FoxP3+ within CD3+ events-Treg cells (G). All analysis were performed using the FlowJo software (version 9.4.1, TreeStar Inc. Ashland, OR, USA).

Supplementary Table 1 | Performance of cell populations and soluble immunological mediators during induction therapy to classify B-ALL patients according to absolute neutrophil counts on diagnosis (D0).
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Supplementary Table 4 | Performance of cell populations and soluble immunological mediators during induction therapy to classify B-ALL patients according to absolute lymphocyte counts after induction therapy (D35).
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Introduction

The decisive key to disease-free survival in B-cell precursor acute lymphoblastic leukemia in children, is the combination of diagnostic timeliness and treatment efficacy, guided by accurate patient risk stratification. Implementation of standardized and high-precision diagnostic/prognostic systems is particularly important in the most marginalized geographic areas in Mexico, where high numbers of the pediatric population resides and the highest relapse and early death rates due to acute leukemias are recorded even in those cases diagnosed as standard risk.





Methods

By using a multidimensional and integrated analysis of the immunophenotype of leukemic cells, the immunological context and the tumor microenvironment, this study aim to capture the snapshot of acute leukemia at disease debut of a cohort of Mexican children from vulnerable regions in Puebla, Oaxaca and Tlaxcala and its potential use in risk stratification.





Results and discussion

Our findings highlight the existence of a distinct profile of ProB-ALL in children older than 10 years, which is associated with a six-fold increase in the risk of developing measurable residual disease (MRD). Along with the absence of CD34+ seminal cells for normal hematopoiesis, this ProB-ALL subtype exhibited several characteristics related to poor prognosis, including the high expression level of myeloid lineage markers such as MPO and CD33, as well as upregulation of CD19, CD34, CD24, CD20 and nuTdT. In contrast, it showed a trend towards decreased expression of CD9, CD81, CD123, CD13, CD15 and CD21. Of note, the mesenchymal stromal cell compartment constituting their leukemic niche in the bone marrow, displayed characteristics of potential suppressive microenvironment, such as the expression of Gal9 and IDO1, and the absence of the chemokine CXCL11. Accordingly, adaptive immunity components were poorly represented. Taken together, our results suggest, for the first time, that a biologically distinct subtype of ProB-ALL emerges in vulnerable adolescents, with a high risk of developing MRD. Rigorous research on potential enhancing factors, environmental or lifestyle, is crucial for its detection and prevention. The use of the reported profile for early risk stratification is suggested.
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1 Introduction

In Mexico, acute leukemias (AL) stand as the primary cause of mortality due to disease in children. Over a 20-year period (1998-2018), there has been a significant rise in mortality rates from AL in individuals younger than 19 years of age (1, 2). AL account for more than 50% of childhood cancer cases, with an overall survival rate close to 50%, and the age group 0-4 showing the highest incidence rate, while the group aged 15-19 experiencing the highest aggressiveness and mortality rates (3, 4). AL are characterized by the uncontrolled proliferation of oligoclonal precursors, either lymphoid or myeloid, within the bone marrow (BM), where pathological hematopoiesis coexists with residual hematopoiesis, leading to dysfunction in the formation of all types of blood cells due to tumor growth (5, 6).

Of note, it has recently been suggested that the genetic landscape of Mexicans may influence the biology and manifestation of leukemia, and contribute to the increase in the number of people with high-risk ALL (7, 8). Furthermore, the impact of social inequality on childhood cancer mortality rates in Mexico cannot be ignored, since disproportionately higher mortality rates are registered in States characterized by high or very high levels of marginalization (3). Moreover, clear differences in the incidence and risk prognosis of ALL are shown among age groups, with male adolescents being target of poor prognosis diseases (2). Such heterogeneity is not only associated with the molecular identity of the malignant tumor but is also a reflection of the social, economic, and geographical diversity of the Country, which denotes substantive gaps in access to health services, socioeconomic status, and environmental exposition. Indeed, the States of Puebla and Oaxaca, where marginated populations have limited access to health services and socioeconomic or environmental vulnerability are prevalent, have shown constant mortality increase (4). Thus, regionalization of childhood leukemia requires a systemic approach allowing the evaluation of environmental factors to establish more precise clinical and research approaches for the development of therapies adapted to local populations. Likewise, the identification of local risk factors involved in the development of leukemia is crucial for the correct sub-stratification of patients, registry, and prevention.

An early and accurate diagnosis to identify and classify leukemic cells is essential for appropriate risk stratification and the establishment of personalized treatment plans, less intensive and toxic for standard-risk cases compared to high-risk diagnosis. Unfortunately, only approximately 17% of cases at diagnosis exhibit genetic rearrangements associated with prognosis, which limits risk stratification. Furthermore, relapse frequency in Mexican standard-risk patients is 55%, suggesting that the sub-stratification of these patients is crucial (1–4, 6).

Immunophenotyping by multiparametric flow cytometry plays a pivotal role in the precise characterization and quantification of AL burden, making it invaluable for accurate classification of prognostic subgroups and monitoring treatment responses through the detection of MRD. It allows the classification into acute lymphoid leukemia (ALL), which can be further categorized as B-ALL or T-ALL, acute myeloid leukemia (AML) and mixed phenotype acute leukemia (MPAL), depending on the lineage precursor involved. Furthermore, several genetic features of leukemic cells are associated with the expression of specific antigens, aiding in risk group stratification (9). Given the high heterogeneity of the disease, it is crucial to identify immunophenotypic profiles that facilitate the sub-classification and risk stratification to contribute to the ongoing efforts to reduce mortality rates in vulnerable populations. At least three different clusters, within B-ALL, depending on the differentiation stage of the leukemic blasts have been clearly identified in Mexican children: ProB (CD34+CD10+CD19+), PreB (CD34-CD10+CD19+) or the combination of both ProB and PreB precursors (10).Moreover, hematopoietic stem cells (HSCs) reside and are maintained in specialized microenvironments within the BM known as niches, which are comprised of various cell types, including stromal cells, particularly mesenchymal stromal cells (MSCs) (11). BM niches play an important role in sustaining hematopoiesis (12), by influencing different functions of HSCs such as homing, mobilization, quiescence, self-renewal or lineage commitment, protecting the HSCs pool integrity, maintaining immune privileged zones to safeguard HSCs against insults or attack by immune cells (13). In ALL, leukemic cells hijack BM niches, promoting leukemia expansion and creating sanctuaries for tumor cells, in which MSCs play a fundamental role in the pathogenesis and drug resistance of B-ALL cells during chemotherapy, allowing for the reemergence of the disease (14–16). The evaluation of niches, particularly MSCs, offers new therapeutic opportunities due to their negative effect, which corresponds to a critical issue in the treatment of cancer patients.

Given the relevance of urgently addressing the early mortality of Mexican children with leukemia from vulnerable geographic regions in the Country, in this work, we have focused the subclassification by immunophenotype on the identification of risk profiles, considering, not only the tumor characteristics, but the immunological and microenvironmental context of the patients. Our results suggest the occurrence of a biologically distinct subtype of ProB-ALL in adolescents older than 10 years, with associated risk of MRD and a potentially suppressive niche.




2 Methods



2.1 Patient characteristics and sample collection

This research was performed in accordance with the Declaration of Helsinki and was approved by the Ethics, Research and Biosafety Committees from the National Committee of Scientific Research at IMSS (R-2020-785-177). All samples were collected after informed consent from parents. The study included 159 pediatric patients diagnosed with acute leukemia, who were referred to the Oncoimmunology and Cytomics Laboratory at IMSS for immunophenotyping test. This cohort consisted of pediatric patients from March 2022 to June 2023 attended at the Unidad Médica de Alta Especialidad (UMAE) Hospital de Especialidades IMSS, Hospital para el Niño Poblano, Hospital Infantil de Tlaxcala, Hospital de la Niñez Oaxaqueña and Hospital General de Zona No.1 IMSS. Control BM (No-leukemic patients) were obtained from patients with suspected leukemia but after immunophenotyping no blast cells were detected in the BM sample. BM specimens were collected by aspiration before any treatment and according to international and institutional guidelines.




2.2 Immunophenotyping and classification of acute leukemia

BM samples were stained and acquired for flow cytometry analysis according to EuroFlow guidelines. First, samples were stained using the Acute Leukemia Orientation Tube (ALOT) to determine the lineage of immature blast cell populations. We classified AL in five categories according to the affected cell lineage: ProB-ALL (CD34+ CD19+ cyCD79a+), ProB-PreB-ALL (CD34-/+ CD19+ cyCD79a+), PreB-ALL (CD34- CD19+ cyCD79a+), T-ALL (cyCD3+ smCD3lo CD7+) and AML (cyMPO+ or CD7+cyCD3-). Once identified the malignant hematopoietic lineage, complementary antibody panels were applied (BCP-ALL, T-ALL and AML, Supplementary Table 1). Sample acquisition was conducted using BD FACSCanto II or BD FACSLyric cytometers. Analysis of flow cytometry data was performed using Infinicyt 2.0 software.




2.3 Isolation, expansion and immunophenotyping of BM mesenchymal stromal cells

Mononuclear cells (2-4 x 106) from BM were placed in culture with low glucose Dulbecco´s modified Eagle´s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and 100 U/ml of penicillin/streptomycin (Gibco) (17). MSC were then isolated by their plastic adherence properties according to the International Society for Cellular Therapy (18). Upon confluence, cell monolayers were trypsinized and reseeded for their expansion and biological characterization. All experiments were conducted with harvested cells from the second passage. MSC staining for flow cytometry analyses was performed according to our previous report (17) for surface molecules of interest, including CD90, CD73, CD105 and CD45 markers for general MSC identification, and CXCL12, CXCL11, Galectin-9 (LGALS9), CD39 and IDO1 for immune regulatory functions.




2.4 High dimensional reduction analysis

Age, frequencies of residual and leukemic hematopoietic cell populations and blast expression based on mean fluorescence intensity of ALOT were subjected to unsupervised clustering using the graph-based visualization method Uniform Manifold Approximation and Projection (UMAP) and Principal Component Analysis (PCA). The analysis was performed in Rstudio with the library “umap” and GraphPad Prism 10.0.3 (La Jolla, California USA), respectively.




2.5 Statistical analysis

Bar graphs show mean values and standard deviation (SD). GraphPad Prism version 10.0.2 for Windows (La Jolla, California USA) was used for data analysis. Differences within groups were established by the non–parametric Kruskal–Wallis with Dunn’s post–test to compare continuous variables. Relative risk (RR) and 95% confidence interval (CI) was calculated with Koopman asymptotic score. Relative risk values of detectable MRD (RRMRDd) were calculated by classification (each group vs PreB-ALL), sex (males vs females), age group I (1-9 vs 10-18 years old group), age group II (each age group vs 5-9 years old group), phenotype classification and age group (each group vs the ProB-PreB-ALL 1-9 years old group) and by UMAP cluster (each group vs group 1). To generate phenotypic signatures using Principal Component Analyses (PCA), we used frequencies and mean fluorescence intensities of each tumoral and immunological populations. Pearson’s test was used to determine correlations between signatures. p values < 0.05 were considered statistically significant.





3 Results



3.1 ProB-ALL with high expression of myeloid markers is prevalent in Mexican children from vulnerable regions

This study includes a cohort of 159 pediatric patients aged 1 to 17 years, with a median age at presentation of 9 years. The age distribution of cases shows the highest incidence occurring within the 10-14 age group, accounting for 33.96% of cases. While the age group of 1-4 years constituted 29.56% of cases and the 5-9 years age group accounted for 27.04%, adolescents 15-18 years old showed a notably lower incidence rate of 9.44% (Figure 1A). Among these patients, 51.57% were males, although females were more prevalent in the 1-4 age group, while males in the 10-14 age group (Figure 1B). At clinical diagnosis, the distribution of leukemia subtypes was: 78.62% of patients were classified as B-ALL (mainly categorized as ProB-ALL), 3.14% T ALL, 16.98% AML, 0.63% MPAL (mixed phenotype acute leukemia) and 0.63% blastic plasmacytoid dendritic cell neoplasm (BPDCN). A noticeable trend emerges, showing a positive correlation between the incidence of ProB-ALL cases and age, in contrast to the negative correlation between ProB-PreB cases and age. Remarkably, all cases of T-ALL were exclusively observed in the 10-14 age group (Figure 1C).

[image: A series of charts depict demographic and cellular data related to different leukemia types. Panel A shows an age distribution pie chart. Panel B displays gender distribution with nearly equal percentages. Panel C presents a pie chart showing the frequency of leukemia subtypes, and a bar graph correlates leukemia subtypes to age groups. Panel D includes bar graphs of cellular frequencies in various leukemia types. Panel E features multiple bar graphs showing mean fluorescence intensity for different cell surface markers across leukemia subtypes, indicating variations in marker expression levels.]
Figure 1 | Cellular epidemiology of acute leukemias (AL) in Mexican children from Puebla, Oaxaca, and Tlaxcala. Distribution of AL cases by (A) age groups, (B) sex, (C) AL subtype according to age (D) Cell frequencies of normal and malignant hematopoietic populations at diagnosis by AL subtype. Bar graphs exclude MPAL and BPDCN due to the limited occurrence of cases (one each). (E) Marker expression patterns in B-ALL subtypes. AL, Acute Leukemia ALL, Acute Lymphoblastic Leukemia; AML, Acute Myeloid Leukemia; MPAL, Mixed Phenotype Acute Leukemia; BPDCN, Blastic Plasmacytoid Dendritic Cell Neoplasm; NK, Natural Killer; MFI, Mean Fluorescence Intensity; nuTdT, nuclear Terminal deoxynucleotidyl Transferase. * p<0.05, ** p<0.01, ***p<0.001. Bar plots shown mean ± standard deviation. n AL cases=159.

At the onset of AL, normal CD34+ hematopoietic stem and progenitor cells (HSPCs) coexists with malignant blasts within the same hematopoietic niche, so they and their progeny recurrently show a crucial reduction in cell frequencies. When investigating both residual and malignant cell populations to evaluate the degree of differentiation imbalance based on the AL subtype, we observed that patients with AML debut with a significantly lower tumor burden compared to those with ProB-ALL. Accordingly, ProB-ALL cases exhibit the lowest frequencies of normal CD34+ seminal cells, as well as T, B and NK lymphoid lineage cells (Figure 1D). Strikingly, ProB-ALL leukemic cells show higher expression levels of myeloid markers such as CD66c, CD33 and the immaturity marker CD123, along with the apparent downregulation of CD20, CD38, CD81 and CD24 expression. In contrast, PreB-ALL blasts display significantly lower expression levels of such infidelity markers, including CD66c and CD33, while the highest expression of CD81 and CD24 was recorded in this ALL subtype. Interestingly, the potentially transitional ProB-PreB-ALL subtype exhibited the highest co-expression of myeloid marker CD15 and lymphoid proteins such as nuTdT, CD10 and CD20 (Figure 1E).




3.2 Adolescents aged 10-18 years suffering ProB-ALL or AML face the highest relative risk of residual disease

To identify potential patient groups with more susceptibility to adverse events, we calculated the relative risk (RR) of detecting MRD based on variables such as AL subtype, sex, age and combined stratification of AL subtype and age range. Regarding AL subtype, patients with AML demonstrated a significantly higher risk. A tendency for higher risk was observed in patients with ProB-ALL, followed by patients with ProB-PreB-ALL, although these did not reach significance. No significant difference was observed between females and males. On the other hand, patients older than 10 years were found to have a 2.649-fold increased risk of detectable MRD. Of note, within this age range, patients aged 10-14 years exhibited the highest RR value. By combining AL subtypes and age, patients aged 10-18 with AML display a 10-fold increase in risk, followed by patients with ProB-ALL aged 10-18, with 7-fold increased risk (Table 1).

Table 1 | Relative risk (RR) of detectable MRD by immunophenotype, sex and age in 159 pediatric acute leukemia cases.


[image: A table with comparative data on leukemia patients, categorized by leukemia type, sex, and age groups. It includes columns for non-detectable and detectable measurable residual disease (MRD), relative risk (RR) with confidence intervals, and p-values. A horizontal bar chart represents RR values visually. Significant p-values are bolded, indicating statistical significance.]



3.3 UMAP-based clustering identifies a poor prognosis ProB-ALL subgroup

To identify patients at risk of developing adverse events, we used the high dimensional reduction algorithm UMAP, which generate unsupervised clusters based on factors such as age, the protein expression of leukemic cells (CD45, CD34, CD19, cyCD79a, cyCD3, smCD3, CD7 and cyMPO) and the frequencies of residual and pathological hematopoietic populations detected in the ALOT assay at the time of diagnosis. Our high precision analysis revealed eight distinct clusters (Figure 2A). Cluster 1 primarily comprises PreB-ALL cases, with only one exception, and includes some ProB-PreB cases. Of note, this cluster exhibited the lowest number of detectable MRD and was therefore used as the reference group for comparisons. Interestingly, cluster 1 had a significantly lower mean age than cluster 5, along with a higher frequency of normal CD34+ cells (HSPCs) and the lowest expression of CD34 marker on blast cells. AML cases were primarily clustered in groups 2 and 4. Although no significant difference in age was observed between them, group 2 exhibited the top risk of detectable MRD. This group was characterized by high frequency of blasts and higher expression levels of cyMPO, along with a reduction in the neutrophil and T cell compartments. In this group, leukemic cells lack CD34.

[image: Panel A shows a UMAP scatter plot classifying different leukemia subtypes with distinct clusters. Panel B features multiple bar graphs comparing cell type frequencies and Median Fluorescent Intensity (MFI) across these subtypes. Panel C is a dot plot depicting the relative risk of MRD for each subtype with significant differences marked.]
Figure 2 | UMAP: an innovative approach to leukemic profiles of prognostic value in childhood acute leukemias. Risk stratification in acute leukemias was explored by Uniform Manifold Approximation and Projection (UMAP). (A) Identification of 8 leukemia clusters by UMAP analysis of 159 AL cases based on age, cell frequencies of normal and leukemic hematopoietic cell populations and expression levels of ALOT markers based on mean fluorescence intensity. (B) Cell populations and blast expression patterns in UMAP clusters. (C) RR values of detectable MRD (RRMRDd) were calculated by UMAP clusters (each group vs group 1). UMAP, Uniform Manifold Approximation and Projection; NK, Natural Killer; MFI, Mean Fluorescence Intensity; nuTdT, nuclear Terminal deoxynucleotidyl Transferase; cy-, cytoplasmic; sm-, surface membrane; RR, Relative risk; MRD, Measurable Residual Disease; MRDd, detectable MRD. * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001. Bar plots shown mean ± standard deviation. RR plot shown RR value ± 95% confidence intervals.

Group 3 mainly contained T ALL cases and one AML case with aberrant expression of CD7 and CD56 according to the AML panel, and a RR value of 9.00, although with no statistical significance. While groups 5 and 7 primarily consisted of ProB and ProB-PreB cases, group 5 had a higher risk, with a 6.231-fold increase compared to the 2-fold increase in group 7. Notably, group 5 included older patients with leukemic blast cells showing a tendency toward lower expression of cyCD79a. Group 6 had a RR value of 5.143, although it did not reach statistical significance. This group consists solely of ProB-ALL cases with mean age of 5.61, a low frequency of B cells and the lowest expression of CD45, this group warrants attention as, based on the classification of AL subtype and age, it is categorized with lower risk. Lastly, group 8 encompassed all 5 subtypes of acute leukemia. Interestingly, this group coincided with the lowest frequency of blasts, concomitant with the highest frequency of B, T and NK cells (Figures 2B, C).




3.4 PCA-based profiles define signatures between B-ALL clusters

Although it is true that the evaluation of unique markers provides invaluable information about the behavior of the tumor, the understanding of its interaction with the surrounding microenvironment must be evaluated considering each of the variables that identify the complex intrinsic and extrinsic relationships of tumor cells. For this, an unsupervised analysis of all variables was performed. Principal component analysis was based on age, cell frequencies, and mean fluorescence intensity of normal hematopoietic (leukocytes, neutrophils, lymphocytes, B cells, T/NK cells, eosinophils, and erythroid precursor cells) and leukemic cell populations to identify unique profiles within groups 5, 6, and 7 (Figures 3A, B). The proportion of CD66c expression in neutrophils and blasts was used as an indicator of the level of expression of this aberrant marker. Loadings representing the correlation between the original variables and the principal components are shown (Figure 3A). The loadings of a PCA indicate the contribution of each variable to the corresponding principal component. Variables with high loadings (positive or negative) have a significant impact on that component, therefore, the loading profile between each signature is different. This highlighting that although groups 5 and 7 grouped by the UMAP are composed of ProB and ProB-PreB subtype leukemias, the identity profile shown by PCA is different between these groups. Leukocytes and neutrophils cell frequencies, MFI from blasts, eosinophils, erythroid precursors, and the expression ratio of the CD66c marker, clearly generate particularly different profiles between these clusters.

[image: Panel A shows three cluster plots, labeled Cluster 5, Cluster 6, and Cluster 7, illustrating principal component analysis (PCA) of immune cell types, where axes represent PC1 and PC2. Panel B presents three heatmaps corresponding to each cluster, displaying correlation values between various biological parameters. The color scale ranges from blue (negative correlation) to red (positive correlation), with specific values highlighted within the matrix.]
Figure 3 | Unsupervised sub-stratification of BCP-ALL defines unique phenotypic profiles. (A) Principal component analysis (PCA) and (B) Pearson correlation matrix of 5, 6 and 7 groups by UMAP clusters were performed based on age, cell frequencies and mean fluorescence intensity of normal (leukocytes, neutrophils, lymphocytes, B cells, T/NK cells eosinophils and erythroid precursor cells) and leukemic hematopoietic cell populations. The ratio of CD66c expression on neutrophils and blasts was used as indicator of level expression of this aberrant marker. p values are shown in correlation matrix.




3.5 A subtype of ProB- and ProB-PreB-ALL, but not PreB-ALL, are supported by a suppressive niche

Here, we investigated the expression level of a number of mesenchymal markers to identify a potential microenvironmental signature by the unique ProB-ALL subtype. Interestingly, our results suggest phenotypical differences between B-ALL subtypes. Exhaustive flow cytometry of CD105+ CD73+ CD90+ and CD45- MSCs cells, a likely suppressive phenotype, characterized by expression of CXCL11, Galectin-9 (LGALS9), CD39 and indolamine 2,3-dioxygenase (IDO1), was observed in ProB and ProB-PreB MSCs compared to PreB MSCs (Figure 4A). Lower expression of CXCL12 by BCP-ALL MSCs than No-ALL was confirmed (17).

[image: Five bar charts in two sections (A and B) show percentages of specific markers in mesenchymal stem cells (MSC) across different conditions. Section A compares markers across No-ALL, ProB, PreB, and ProB-PreB. Section B presents markers across numbers 4, 5, 6, and 7. Various markers include CXCL11, LGALS9, CD39, IDO1, and CXCL12, with data points represented by scattered dots and error bars indicating variability.]
Figure 4 | B-ALL BM niches are distinct in leukemic groups at debut. (A) Phenotypic evaluation of MSC stratified by B-ALL subtypes and No ALL-MSC. No ALL = 1, ProB-ALL = 10, PreB-ALL = 1, ProB-PreB-ALL = 4. (B) Percentage of CXCL11-, LGALS9-, CD39-, IDO1- and CXCL12- expressing MSC on clusters 4 (n=1), 5 (n=6), 6 (n=2) and 7 (n=5) according UMAP subclassification for Pro-B-ALL and Pro-B-Pre-B-ALL subtypes. B-ALL, B-cell precursor acute lymphoblastic leukemia; MSC, mesenchymal stromal cells; CXCL, chemokine (C-X-C motif) ligand (CXCL); LGALS9, galectin 9; IDO, Indoleamine 2,3-dioxygenase. Bar plots shown mean ± standard deviation.

To determine whether the phenotypic characterization of MSCs could also be associated with any of the clusters depicted from UMAP analysis, we identified the leukemia cases corresponding to the mesenchymal subtypes within the UMAP clusters (Figure 4B). While CXCL11 was apparently a marker for cluster 7, LGALS9 and CD39 show the lowest expression in cluster 6. In contrast, clusters 5 and 7 exhibit high percentages of MSCs positive for these markers, suggesting they may promote suppressive conditions in some ProB and ProB-PreB-ALL. Preliminary, cluster 4 lacks expression of IDO while showing the highest cell frequencies of CD39 positive MSCs.




3.6 A risk profile for children over 10 years of age emerges from integration of the leukemic phenotype, the immunological context, and the tumor microenvironment

We focused on a subset of B-ALL cases, the ProB subtype cases within the UMAP clusters 5-7. Our primary goal was to gain insights into the immune context, tumor immunophenotype and microenvironment components in order to identify a potential risk-prognostic profile.

Cluster 5, characterized by the highest rate of MRD, predominantly consisted of patients older than 10 years, showing a tendency for increased neutrophils and NK cell frequencies and less burden of blast cells, compared to values from clusters 6 and 7 (Figure 5A). HSPC normal counterpart is exceptionally low in ProB-ALL from cluster 5. Strikingly, when analyzing the immunophenotype of tumor cells within this cluster, an upward trend in the expression levels of CD19, CD34, CD24, CD20, nuTdT, cyMPO, and CD33 was recorded (Figure 5B). Conversely, there was a downward trend in the expression of CD9, CD81, CD123, CD13, CD15, and CD21 markers. Regarding the microenvironment profile, cases from cluster 5 displayed a tendency toward elevated expression of Gal9 and IDO, along with reduced expression of CXCL11 in their MSC, compared to their counterparts from clusters 6 and 7 (Figure 5C). Thus, a different tumor ecosystem in children who show a higher risk of relapse is suggested.

[image: Three panels labeled A, B, and C, each containing bar charts comparing various biological parameters across categories 5, 6, and 7. Panel A shows categories like Age and Neu; Panel B includes markers like CD19 and CD34; Panel C features factors like LGALS9 and CD39. The bars are gradient-colored from dark purple to pink, indicating differing values on an accompanying scale.]
Figure 5 | Identity of ProB-ALL within UMAP clusters. The comparison of ProB-ALL immunological context (A), malignant cell immunophenotype (B) and mesenchymal stromal microenvironment immunophenotype (C) within UMAP clusters 5 to 7 is represented by heatmaps. Mean values of age, frequency of hematopoietic cell populations, MFI of tumor cell markers and percentage of mesenchymal stromal cells expressing CD markers, are shown. UMAP, Uniform Manifold Approximation and Projection; NK, Natural Killer; MFI, Mean Fluorescence Intensity; nuTdT, nuclear Terminal deoxynucleotidyl Transferase; MPO, myeloperoxidase; CXCL, C-X-C motif chemokine; IDO1, Indoleamine-pyrrole 2,3-dioxygenase; cy-, cytoplasmic; sm-, surface membrane; CD, cluster differentiation.





4 Discussion

Due to the high incidence of relapse in Mexican children from vulnerable populations, there is an urgent need of a comprehensive prognostic profile in those who debut even with a standard risk diagnosis to precisely target the risk and ultimately improve their clinical outcomes.

In acute leukemias, the principal contribution to disease free survival is provided by an adequate treatment of the disease, according to patient risk stratification and identifying relapse factors (6). Although the wide range of immunophenotypic and molecular profiles of leukemic cells contribute to the risk of relapse (19), the identification of a single biomarker associated with prognosis has proven to be insufficient. Of note, leukemic burden, and progression in acute leukemias are shaped not only by the neoplastic cell component but are also influenced by elements within the tumor microenvironment (20).

Here, we conducted for the first time, an integral analysis of the immunophenotypic profile, hematopoietic and microenvironmental cell populations, and age distribution among 159 pediatric patients recruited from five hospitals located in Puebla, Oaxaca and Tlaxcala, Mexico, from March 2022 to June 2023. The highest incidence was registered within the 10-14 years age group, with a male-to-female ratio of 0.74 among children aged 1 – 4 years and 1.35 among those aged 10-14 years. This differs from the findings of the Cancer Registry in Children and Adolescents of Mexico, where the highest incidence is recorded among children aged 1–4 years, and a predominance of male patients is observed across all age groups (21). A total of 35.22% of the cohort had a high-risk diagnosis due to the age group (>10 years old). It is worth noting that the absence of clinical parameters, such as leukocyte count and molecular biology test, may potentially lead to an underrepresentation of the number of cases within this specific category.

ALL emerged as the most prevalent lineage affected, accounting for the substantial 81.76% of all cases. Within the ALL category, the B-cell subtype was predominant at 96.15%, while the T-cell subtype was observed in 3.85% of cases. This, again, contrasts with the worldwide distribution of ALL, which consists of approximately 85% B-cell subtype and 15% T-cell subtype cases (22). Among the B ALL cases 84.8% displayed CD34 expression, which aligns with previous work indicating that CD34 is present on the outer membrane of blast cells in 60-83% of patients with B-lineage ALL (23).

At the debut of the disease, leukemic cells exert a detrimental impact on both resident HSPC and the microenvironment (24). Our findings revealed that, on average, blast cells occupied 77% of the bone marrow space. This displacement led to a reduction in the frequency and functionality of the normal progenitor compartment. Here, the ProB-ALL cases exhibited lower frequencies of normal CD34+ cells, along with reduced frequencies of B, T and NK cells, as previously reported by Ramírez et al. (25). Accordingly, Balandrán et al. reported that lower cell frequencies of HSPC in ProB-ALL correlated to high-risk prognosis at disease debut (10). Demanou-Peylin et al. reported that, in the context of B-ALL at the initial diagnosis, the limited number of HSPCs demonstrated diminished hematopoietic potential, with a high mortality rate, which can be explained by their low intrinsic functional activity (24). In AL, consequently, this results in severe pancytopenia that clinically includes anemia, recurrent infections and petechiae (1).

Aberrant immunophenotypes have been investigated as prognostic factors in AL by several studies (26–28). In this cohort, we evaluated the presence of cross-lineage myeloid markers such as CD66c, CD33, CD13 and CD15, some associated with specific molecular abnormalities including NG2 and CD9, and overexpression of B-cell lineage markers in B-ALL cases. Notably, our findings reveal that the ProB-ALL subtype display significantly elevated expression levels of myeloid markers, including CD66c, CD33 and CD13, concomitant by a tendency toward lower expression of CD9, this profile contrasts to the PreB-ALL cases. The glycoprotein CD66c is abnormally expressed on blast cells, particularly in cases with the t(9;22) translocation that originates the BCR::ABL1 fusion protein and in some hyperdiploid molecular subgroups (26). BCR::ABL positive cases often display increased expression of myeloid markers like CD13 and CD33, alongside a CD34hi and CD38lo profile, typically without expression of CD117 (29). Regrettably, among our B-ALL cases, approximately 44% correspond to the ProB subtype. The identification of this B-ALL subtype with this profile increases the likelihood of encountering this gene fusion, which is associated with a poor prognosis. The ProB-PreB-ALL cases exhibited the highest expression of CD15, CD10 and CD20. Positive CD10 expression has been associated with favorable clinical outcomes in children (30). Indeed, Kulis et al., found a strong association between the high expression of CD10 and the presence of the ETV6::RUNX1 gene fusion (9, 31). The analysis by Bhojwan et al. revealed that ETV6::RUNX1 is associated with patients aged 1-9 years, categorized as low-risk before treatment, and displaying lower levels of MRD on day 19 of therapy (p<0.001) (32). Very interestingly, in the Mexican population, the occurrence of ETV6::RUNX1, which is generally associated with a standard prognosis, is less common. Instead, rearrangements involving CRLF2 and iAMP21, which confer a high risk for leukemia, are more frequently observed among Mexican patients (8). The prognostic significance of CD20 in pediatric B-ALL has yielded conflicting results across studies, in contrast to adult B-ALL that have consistently shown that CD20 positivity is typically linked to a less favorable outcome (26).

Based on the computed relative risk (RR) values for detectable MRD reported in this study, it was evident that patients with AML exhibited the highest risk of detecting residual disease. Among all cases of B-ALL, the ProB-ALL subtype showed a notable tendency towards the highest RR value, followed by ProB-PreB-ALL. These subcategories are primarily distinguished by the expression of CD34, a transmembrane protein initially identified on HSPCs. CD34 plays a pivotal role in facilitating the attachment of these progenitor cells to the stromal microenvironment components, thereby supporting their growth and differentiation (33). Our observations align with the findings of Modving et al., who demonstrated that a lack of CD34 expressions serves as a favorable prognostic factor in ALL (34). Conversely, high CD34 expression is associated with poor therapy response and an altered gene expression profile resembling that of migrating cancer stem-like cells (35). Our findings revealed that the age group between 10 and 14 years exhibited a significant RR for detectable MRD. This contrasts with the previously reported data indicating that individuals aged 15 to 19 experience the highest levels of aggressiveness and mortality rates (4). Among the cases of B-ALL recorded in patients aged 10 years and older, it was observed that the ProB-ALL subtype exhibited a substantial increase in the likelihood of presenting adverse events. In contrast, the PreB-ALL subtype continued to demonstrate a favorable prognosis even within this age group.

UMAP analyses have clearly shown that the highest RR value is in a cluster of AML cases, where blast cells exhibited the absence of CD34 expression and a trend of higher cyMPO expression. The literature offers no definitive consensus regarding the prognostic significance of CD34 expression in AML. Some studies have reported that its expression is associated with a favorable prognosis (33), while others have suggested that CD34 expression correlates with poor clinical outcome, and CD38-negative CD34-positive leukemic cells demonstrate enhanced leukemia-initiating capacity and exhibit stem-like features, including a quiescent phenotype and increased expression of adhesion-related molecules such as CD44, CXCR4, integrins, as well as the growth guidance receptor ROBO4 (35). Significantly, the UMAP analysis identified an immunophenotype profile associated with a poor prognosis in AML cases, despite the absence of statistical differences in age between clusters 2 and 4. To investigate deeper into ProB-ALL cases within cluster 5, which predominantly comprised adolescent patients older than 10 years old, our risk stratification analysis, exhibited a distinct tumor cell profile in cluster 5, compared to ProB-ALL cases within cluster 7, which had a lower RRMRDd. Firstly, there was a higher expression of CD34, a marker often linked to poor outcomes in ALL. Secondly, the elevated expression of CD20, typically associated with a less favorable prognosis in adult patients. Additionally, cluster 5 exhibited significantly higher levels of cyMPO (higher expression than other B-ALL cases but lower compared to AML or MPAL cases, that cannot be categorized as positive), a marker known to be associated with an increased risk of relapse and even worse event-free survival, even in the absence of other myeloid markers (36). Also, the presence of the aberrant marker CD33 (Figure 5). Notably, the ProB-ALL cases in cluster 5 displayed several features associated with a less favorable prognosis.

Novel immunological treatments are gaining interest in the treatment of ALL, so it is elemental to examine ALL immunobiology in more detail (37). The tumor microenvironment (TME) plays a critical role in cancer development (from the first steps of initiation, through invasion and metastasis) (34, 38). Within this intricate milieu, it is becoming increasingly evident that understanding the dynamic interplay between tumor cells and their microenvironment is of greatest importance. The analyses of TME may also provide more detailed information on tumor ecosystems and predict the response and applicability of immunotherapy (39). Accordingly, at least 2 differential niches of MSCs that may have clinical implications for ALL patients, and a detailed transcriptional fingerprint in healthy BM samples have enabled to define phenotypically and functionally distinct stromal subsets (40).

Inflammation is an important hallmark of cancer and is associated with many types of malignancies (34). The adaptability of the BM niche to stress suggests that there may be premalignant niches which could support the expansion of clones with some growing advantages. BM-MSC can play both inflammatory and anti-inflammatory functions. MSC derived from a healthy donor can suppress T-cell proliferation and NK cytotoxicity by the expression of PD-L1, IL-10, IDO1 and TGFβ (13, 41). Thus, the functional role of MSCs depends on the components within the microenvironment (42).

Furthermore, adenosine production increases during inflammation by CD39 and CD73 that act sequentially limiting immune response. CD39 is an ecto-nucleoside enzyme that binds ATP and converts it to adenosine. By converting ATP into AMP, CD39 increases adenosine production via CD73, which is also an ecto-enzyme that acts by hydrolyzing AMP into adenosine. The co-expression of both ectoenzymes is high in human tumors (41, 43). The BM niches recruit Treg cells via CD39 activity (13). Although CD73 is a major cell surface marker for MSCs, the knowledge about the role of this molecule in the regulation of these cells is very low (44). CD73 apparently participates in tumor immune-escape by inhibiting activation, clonal expansion, and homing of tumor-specific T cells, impairing tumor cell killing and enhancing the conversion of antitumor type 1 macrophages into protumor type 2 macrophages. Thus, CD73 expressed on stromal cells or tumor cells contributes to tumor-induced immune suppression (44). On the other hand, CXCL11 is a chemokine with a key role in immune and inflammatory responses by promoting the recruitment and activation of different subpopulations of leukocytes. IL1β, IFN-γ and IFN-β have been reported to increase the production of CXCL11 (45). This chemokine has the highest affinity with CXCR3, and also can bind CXCR7 (46). Our discovery of its absence in the niches supporting the ProB subtype, associated with a higher risk of relapse in older children, aligns with the concept of an immunosuppressive identity present from the early stages of the disease.

This study has notable strengths, such as the inclusion of samples collected at the time of diagnosis from vulnerable regions across the country, which is particularly significant as most of the existing literature consists primarily of patient cohorts in Mexico City. By encompassing a more geographically diverse patient population, our study allows for a comprehensive analysis of the interplay between tumor and microenvironment components and the age-specific characteristics of this high-mortality region. Limitations of our study include the absence of detailed information on key laboratory parameters, including leukocyte, neutrophil, and platelet counts. Additionally, our work lacks comprehensive data on comorbidities and the occurrence of adverse events, such as opportunistic infections, which can significantly impact patient outcomes. Furthermore, the limited availability of monitorization test (MRD) from only 95 patients in the cohort (59.7%), may restrict the generality of our conclusions. Also, we have a small sample size of 5 patients with T-ALL, this limited number of cases may impact the observed trends, warranting careful consideration and potential cautious interpretation. A more extensive dataset would provide a more robust basis for obtaining comprehensive insights and making broader recommendations.

Here, we successfully identified immunophenotypic profiles associated with clinical prognosis, addressing an urgent need considering the constrained access to molecular biology tests within public health systems, which are used to assign AL cases to risk groups. These limitations arise due to the considerable expenses involved and a shortage of human resources. Overall, this study reveals the substantial importance of risk stratification beyond the tumor immunophenotype, especially in Mexican patients who present greater vulnerability conditions. We have discovered the integrated ecosystem of a leukemia with ProB tumor characteristics and myeloid elements, which grows at the expense of normal hematopoietic differentiation and in a potentially suppressive microenvironmental context. It is highly relevant to thoroughly investigate the signals and environmental factors that induce this phenotype for further intervention.
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Introduction

Epidemiological studies around the world on acute leukemia (AL) and risk factors in infants are scarce. Infant AL has been proposed to originate in utero, which facilitates its study by establishing a short exposure time in pregnant women to environmental and dietary factors that could contribute to the risk of or protection against leukemia. We hypothesized that maternal diet during pregnancy may be an important factor involved in AL in offspring.





Methods

We conducted a hospital-based case-control study from 2010 to 2019 on maternal diet during pregnancy in nine high-specialty public hospitals of different health institutions that diagnose and offer treatment to children with AL in Mexico City. Cases (n=109) were children ≤24 months of age with de novo diagnosis of AL, and controls (n=252) were children obtained in hospitals from second-level medical care matched for age, sex, and health institution. Maternal diet during pregnancy was obtained by a semiquantitative food frequency questionnaire. Unconditional logistic regression models were used to assess the association between food groups and infant AL. Potential confounders were assessed by constructing directed acyclic graphs (DAGs) with Dagitty software in which adjusted options were identified for the construction of unconditional logistic regression models.





Results

Cases were slightly predominantly female (52.3%). The years of education of the mother in cases and controls was 0-9 on average, and those who reported smoking cigarettes and consuming alcohol during pregnancy did so at a low frequency. Regarding the mother’s diet, the main findings were that the consumption of allium vegetables during pregnancy was inversely associated with AL for medium and high consumption (OR=0.26, 95% CI 0.14-0.46; P-trend< 0.001). In contrast, the high consumption of high-fat dairy products had a positive association with AL (OR=2.37, 95% CI 1.30-4.34; P-trend<0.001). No association was found between consumption of topoisomerase II inhibitor foods during pregnancy and AL.





Conclusion

The results suggest that maternal intake during pregnancy of allium vegetables, specifically garlic, is inversely associated with the development of AL in children ≤24 months old. On the other hand, consumption of high-fat dairy products is positively associated with AL in children ≤24 months old.
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1 Introduction

Leukemia is the most common childhood malignancy worldwide (1). Acute leukemias (AL) are the most frequent among all leukemias in children, the most important subgroups among them being acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML). ALL is the most frequent type of leukemia constituting 80%, followed by AML with a little more than 10%, together ALL and AML comprise about 30%-35% of all cancers diagnosed in children under 15 years of age (1, 2). Leukemia occurring in the first 12 months of age is rare, nevertheless it is the second most frequent type of cancer in children under one year of age, and distinct from leukemia in older children by clinical, biological and epidemiological characteristics, for example, ALL in children under 1 year of age are considered to be at high risk for relapse or death (3, 4). Another important aspect to highlight in infants with acute leukemia (AL) is the survival compared to older children once they start the treatment protocol, reporting a very low 5-year survival rate (~50% vs. 67-87%) (5).

To date there is convincing evidence that infant leukemia originates in utero before birth, demonstrated by analysis of neonatal blood spots or Guthrie cards, in which the same sequence of fusion genes has been observed in a neonatal blood spot as in the patient’s leukemic cells at the time of diagnosis. In addition, studies performed in twins and analysis of the Guthrie cards corresponding to those twins provides unequivocal proof that acute leukemia is of fetal origin in all infants (6).

Maternal diet plays an integral role in shaping newborn body composition, genome stability and immune system development. Thus, maternal diet is crucial for fetal development and predisposition to disease (7). In addition, the study of AL in infants and maternal diet during pregnancy is absolutely necessary because they have a very short latency period, which represents a unique opportunity in the etiology of the disease.

Epidemiological studies on maternal diet and AL have focused mainly on school-age children, identifying some foods, beverages and supplements associated with the development of AL in children, and there is even consistency in the results with which it has been possible to recommend a balanced diet during pregnancy. The results of these studies support that the consumption of vegetables, fruits, seafood, tea, folate supplementation, vitamins A and D during pregnancy decrease the risk of AL in their children (8–10). Conversely, the consumption of smoked meats, red meats, sugars, sweet syrups, coffee, cola and alcohol during pregnancy increases the risk of AL in their children (11–15).

The study of maternal diet in infants has been little studied, epidemiological studies have focused on the diet with foods that inhibit the function of the enzyme DNA Topoisomerase II, as it has been reported that infants with AL have a chromosomal aberration called KMT2A-r (also known as MLL -mixed-lineage or myeloid-lymphoid leukemia- gene at 11q23), at a frequency of 31% to 79% (16). This enzyme is responsible for unwinding and rebinding DNA during cell division (3). KMT2A-r was identified as a secondary outcome of treatment of AL in adults with drugs such as epipodophyllotoxins, which are inhibitors of the enzyme DNA topoisomerase II (17). However, it was necessary to know whether maternal diet during pregnancy with inhibitors of the enzyme DNA Topoisomerase II, contained in some foods naturally, could be a risk for the development of AL in their children. The list of foods included legumes, onions, apples, soy products, coffee and other caffeinated beverages such as black tea, green tea, cocoa and red wine (18). They found a significant positive association with increased consumption of foods containing enzyme DNA Topoisomerase II inhibitors for medium and high consumption during pregnancy and risk of AML in infants; for ALL, they found no significant risk or trend. Subsequently, the Children Oncology Group (COG) continued this study with a greater number of infant cases and controls, finding an association between consumption of foods containing enzyme DNA Topoisomerase II inhibitors and risk of AML with KMT2A-r (+). Also, they observed a trend in risk with increasing consumption of enzyme DNA Topoisomerase II inhibitor (19). Afterwards, Petridou et al. conducted a study on maternal diet during pregnancy and its association with ALL in young children aged 12 to 59 months. They found a risk of ALL associated with the consumption by the mother during pregnancy of sugars and syrups, meat and its derivatives, and a protective effect of the consumption of fruits and vegetables (20).

Surprisingly, the studies were not replicated in infants to test the findings that foods that inhibit the function of the enzyme DNA Topoisomerase II included in the maternal diet during pregnancy are a risk for AL in infants, nor were the studies replicated in infants to test the findings that foods that inhibit the function of the enzyme DNA Topoisomerase II included in the maternal diet during pregnancy are a risk for AL in infants, neither, have not been replicated in Hispanic population and have not been studied in the Mexican population residing in Mexico City. Therefore, a study focused on maternal diet in our population is needed to determine its role in the development of AL among in their offspring.

The aim of the present study was to evaluate maternal diet during pregnancy and its association with AL in their offspring in Mexico City.




2 Materials and methods

A hospital-based case-control study was conducted in Mexico City during the period 2010 to 2019. The study population consisted of mother-child pairs identified in nine high-specialty public hospitals (Centro Médico Nacional La Raza “Dr. Gaudencio González Garza” IMSS, Hospital Infantil de México “Federico Gómez” Ssa, Hospital Pediátrico de Moctezuma SS CDMX, Hospital de Pediatría “Dr. Silvestre Frenk Freund” Centro Médico Nacional Siglo XXI IMSS, Instituto Nacional de Pediatría Ssa, Hospital Juárez de México Ssa, Hospital General de México “Dr. Eduardo Liceaga” Ssa, Centro Médico Nacional “20 de Noviembre” ISSSTE, Hospital General Regional No. 1 “Dr. Carlos MacGregor Sánchez Navarro” IMSS). Patients included in this study were all the public hospitals (i.e., dependent on the government) that provide medical care for children with leukemia in Mexico City. It has been shown that these public hospitals treat 97.5% of all the cases of leukemia occurring in Mexico City (21). Controls were collected from hospitals that treat the four basic specialties: internal medicine, surgery, pediatrics, and gynecology-obstetrics of the same health institutions where the cases were diagnosed and treated. The protocol was approved by the IMSS National Committee for Scientific Research with number 2010-785-064.

Patients had to be biological children of the person identified as the mother of the child in order to apply the semi-quantitative food frequency questionnaire. This would allow us to know what foods were consumed during pregnancy. The other criterion was their residence in Mexico City and in the State of Mexico, because although these hospitals receive some pediatric patients from other states in the interior of the country, it would not be possible to obtain information from control children from the same states as the cases and also the diet varies by state of the Mexican Republic, so the way to use a standard instrument is that it could clearly delimit the area where both the case children and the control children came from. On the other hand, if the parents of the children refused to participate in the study, these patients were excluded from the study.



2.1 Cases

Cases were children ≤ 24 months old with a diagnosis of de novo AL confirmed by bone marrow smear, histochemical tests (myeloperoxidase, Sudan black B reaction, esterases, periodic Schiff reaction [PAS], and acid phosphatase), and immunophenotyping. A total of 250 patients were identified using the following eligibility criteria: age range between 0 and 24 months, residents of Mexico City and the State of Mexico, confirmed and recent diagnosis of AL treated in one of the nine high-specialty public hospitals, and living with their biological mother who had agreed to participate in the study. Of the 250 eligible pairs, 13 were excluded because the child had Down syndrome, 127 pairs could not be given the diet questionnaire (11 patients were diagnosed in 2010 when the instrument was not yet available and could not be recovered, 11 patients whose mothers did not agree to participate, 10 patients who were treated in an institution that did not participate in the study, 55 patients who died within 2 months of diagnosis and could not be interviewed, 2 patients who were lost due to the COVID-19 pandemic, and 38 patients who were lost to follow-up and were not administered the maternal diet questionnaire), leaving 110 pairs participating. Thus, the participation rate of the study was 44.0% (Annex 1).




2.2 Controls

The children who were selected as controls were those younger than 36 months and who were selected from the same health institution from which the cases emerged at second-level hospitals. The Mexican public health system is structured in three levels of care: first level or primary units that provide medical care mainly by family physicians; if patients require care from specialist physicians, they are sent to the second level where four basic specialties are concentrated (internal medicine, surgery, pediatrics, and gynecology-obstetrics). In the third level of public health care in our country, the most complex diseases are treated, which require specialized equipment and facilities, such as cancer, cardiac, orthopedic, metabolic, cardiovascular, renal, ophthalmologic, neurological, rheumatologic diseases, etc. (22). Controls were recruited at second-level hospitals from ambulatory surgery services (e.g., for circumcision, hernioplasty, orchidopexy, tonsillectomy) in short-stay facilities and in the emergency department (e.g., for trauma, intoxication, first and second level burns). The selection criteria were living with their biological mother who agreed to participate in the study. In total, 277 eligible controls were identified, 24 of whom did not accept to participate, leaving 253 participating pairs, a participation rate of 91.3% (Annex 1).




2.3 Interviews

Prior to the interview, informed consent to participate was obtained from the parents. The mothers of both cases and controls were interviewed directly in the hospitals by trained personnel to obtain information on sociodemographic variables, child birth, parental alcohol and tobacco consumption, and maternal diet during pregnancy.




2.4 Maternal diet

Mothers were interviewed about the consumption of 109 foods and beverages, as well as 7 dishes during the pregnancy of the recruited child, using a semi-quantitative food frequency questionnaire (FFQ). The reproducibility of this instrument was evaluated in Mexican women, to whom the questionnaire was administered twice in a 1-year interval, whereas its validity was estimated using 24-hour reminders at 3-month intervals as a reference (23).

According to the methodology suggested by Willett et al. (24), the FFQ includes 10 frequency of consumption response options ranging from “never” to “6 or more times a day”, as well as predetermined portions for each food as follows: one glass (for milk and wine), one cup (for yogurt, some fruits and vegetables, tea, juices, alcoholic beverages and soft drinks), one spoon (for oils, sour cream, sauces and nuts), one slice (for cheeses, some fruits and meats), one plate (for legumes and local dishes), and one piece (for some fruits and breads).

A database was created with the nutritional and energy content of each food obtained from the nutritional composition tables of the United States Department of Agriculture (25), which include a wide variety of foods consumed in Mexico. For local foods not included in these tables, such as tejocote, reference tables from the Instituto Nacional de Ciencias Médicas y Nutrición Salvador Zubirán were used (26). Two foods were not found in any of the tables (soy juice and soy beer) and, therefore, were not included in the subsequent calculation of total energy intake.

The mothers’ total daily kilocalorie intake was calculated by adding the kilocalories contributed by the respective foods, beverages, and dishes reported during pregnancy. Because some fruits and vegetables are only consumed during some seasons of the year, their energy intake was adjusted according to their availability; for example, only 50% of the kilocalories of plums were considered because they are available only during 6 months of the year (27). A serving, or serving size, is the amount of food listed on a product’s Nutrition Facts label, or food label. Different products have different serving sizes. Sizes can be measured in cups, ounces, grams, pieces, slices, or numbers. Depending on how much you choose to eat, your serving size may or may not match the serving size. To find out how many servings a container holds, look at the top of the label. “Servings per container” appears just above “Serving Size” (28).

In this phase of the study, one case was eliminated because the total estimated energy was less than 525 kcal, which corresponds to ± 2 standard deviations of the daily intake observed in a study with pregnant Mexican women (29). Therefore, the final sample size was 109 cases and 252 controls.




2.5 Food groups

The foods and beverages contained in the FFQ were categorized into 28 food groups taking into account the similarity in macronutrient and micronutrient content (e.g., fat, carbohydrates, protein, vitamins, sodium), added sugar content (e.g., dairy with added sugar, cereals with fat and added sugar), and type of fat (saturated or vegetable). Some of the individual foods were considered as groups by themselves because their nutritional content did not meet the criteria for belonging to any particular group (e.g., egg, chicken, blueberries) or because of their high consumption among the population (e.g., corn tortilla and corn). In addition, a group was formed of Mexican dishes and another group of foods previously identified as inhibitors of the enzyme DNA topoisomerase II (apples, strawberries, dried blueberries, onion, beans, soy milk, soy cheese, soy meat, red wine, soda, energy drinks, coffee, black tea, green tea) (18, 19).

Sociodemographic variables were categorized based on previous studies (30, 31): sex (male, female), child’s age (≤12 months, >12-24 months), mother’s age at pregnancy (< 35 years, ≥35 years), birth weight (≤3500 grams, >3500 grams) (32), breastfeeding (≤6 months, >6 months), and parents’ years of schooling (0-9 years, 9.1-12.9 years, and ≥13 years). In addition, they were asked about habits such as parental smoking during pregnancy (yes, no) and alcohol consumption during pregnancy (yes, no). Socioeconomic status was analyzed using the mother’s years of education as in studies such as those of the Childhood Leukemia International Consortium (CLIC) (33, 34). The number of persons/bedroom in the dwelling (the overcrowding index was included as an initial variable for socioeconomic level) was also considered (low socioeconomic level ≥1.6 persons, moderate and high <1.6 persons) (35).




2.6 Statistical analysis

Median consumption of food groups and total energy were compared between cases and their respective controls using the Mann-Whitney U test. Non-conditional logistic regression models were used to assess the association between tertiles of consumption of each food group, (according to the distribution of consumption, is per day observed in the control group) and childhood leukemia. Potential confounders were assessed by constructing directed acyclic graphs (DAGs) (36) with Dagitty software (version 3.0) and two adjustment options were identified. The criteria established in epidemiology that a confounding variable must meet were considered in the DAG (37). The DAG was included in Annex 2. The variables required in model A were mother’s age, state of residence, person/bedroom ratio, breastfeeding, supplement consumption, tobacco, and alcohol. The adjustment variables in model B were mother’s years of education, state of residence, supplement consumption, alcohol, and tobacco. Model B was selected. Trend was assessed by logistic regression analysis using food groups as a continuous variable in the models. Results with a P-value <0.05 were considered significant.





3 Results

A total of 109 cases and 252 controls participated in this study (Table 1). Among the cases, the female sex predominated (52.3%), the age at diagnosis of AL was mostly between 12 and 24 months of life (68.8%), with a lower proportion among those younger than 12 months of life (31.2%). In relation to birth weight and having been breastfed, no differences were observed between the groups, except when breastfeeding older than 6 months was evaluated, as the frequency was higher among the controls. Regarding maternal characteristics, most of the mothers in both cases and controls were under 35 years of age at the time of pregnancy. The years of maternal education among cases was up to 9 years of schooling (51.4%), whereas mothers of controls had slightly more years of education on average (9 to 12 years of education). We found that the frequency of smoking in both case and control mothers was higher one year before pregnancy than the frequency reported during pregnancy; they decreased their cigarette consumption during pregnancy, however, although they decrease their cigarette smoking, there are women who continue to smoke even during pregnancy (3.7% and 2.8%). Notably, the mothers of the cases reported less alcohol consumption during pregnancy, whereas the mothers of the controls reported more alcohol consumption at this stage (3.7% vs. 12.3%; OR = 0.27, 95% CI 0.09-0.79). A slightly greater percentage was observed among the mothers of the controls who took iron vitamins and minerals during their pregnancy compared to the mothers of the cases. Regarding the characteristics of the parents of cases and controls, on average they reported an age <35 years at the time of pregnancy, and the level of education was very similar between the parents of cases and controls, being 9 years of study on average. Parents of cases reported slightly less alcohol and tobacco use 1 year before pregnancy compared to parents of controls (Table 1).

Table 1 | Characteristics of study participants.


[image: Table displaying various maternal and child health variables comparing cases and controls. Variables include child's sex, age, birth weight, breastfeeding status, maternal age, mother's education, smoking habits, alcohol use, use of vitamins and minerals, drug use, paternal age, father's education, place of residence, health institution, and overcrowding index. Each variable shows group distribution, number of cases, percentage of cases, controls, odds ratio, confidence interval, and p-values.]
The dietary characteristics of the women during pregnancy are shown in Table 2, which reports the consumption of food groups by percentile, with the average consumption at the 50th percentile and the minimum and maximum consumption at the 10th and 90th percentile, respectively. Significant differences were observed between cases and controls in the consumption of some foods, such as high-fat dairy products, saturated fats, allium vegetables, corn, alcohol drinks, avocado, and dishes (P<0.05). The most striking food group in this study was allium vegetables, which were consumed at higher levels during pregnancy among mothers of controls than among mothers of cases (P=0.0001).

Table 2 | Dietary characteristics of the study sample (Energy (kcal/day).


[image: A data table compares energy intake from various food groups in kcal per day among three categories: all participants, cases, and controls. It shows food items, percentile values, and p-values indicating statistical significance. High-fat dairy products, citrus fruits, other fruits, egg, chicken, processed meats, and other categories are listed with specific kcal ratios. Significant p-values are noted for high-fat dairy, saturated fats, garlic, and atole.]
Table 3 presents the results of the logistic regression analysis adjusted for the variables obtained by the DAGs. The two models were model “A”, adjusted for mother’s age, state of residence, person/habitation ratio, breastfeeding, consumption of food supplements, and tobacco and alcohol consumption, and model “B”, adjusted for mother’s education, state of residence, dietary supplement consumption, smoking, and alcohol consumption. Both models had very similar results.

Table 3 | Association between food groups and acute leukemia.


[image: Table displaying odds ratios (OR) and confidence intervals (CI) for various food groups and their association with health outcomes. Categories include high-fat dairy, citrus fruits, red meat, and cereals, among others. Each row specifies servings per day with corresponding OR, CI, and P-trend values, adjusted for variables like age, residence, and lifestyle factors. Some entries highlight statistically significant trends.]
The results revealed that the consumption of allium vegetables during pregnancy was significantly negatively associated with AL for both medium and high consumption (OR=0.26, 95% CI 0.14-0.46), showing a trend in both models. Corn consumption was also negatively associated with AL (OR=0.32, 95% CI 0.16-0.64), with a P-trend for medium and high consumption levels. This was not observed for corn tortilla consumption, which was analyzed as a separate group. In the consumption of alcoholic beverages and avocado, something similar was observed for both models in the highest consumption group. Conversely, the consumption of high-fat dairy products during pregnancy was positively associated with AL at the medium and high consumption levels, with significance at the latter consumption level for both models (OR=2.37, 95% CI 1.30-4.34). In addition, a trend was found for the consumption of this food group (P<0.001). For other food groups studied, negative associations were found in model B, although they were not significant and were not observed to have trends in consumption during pregnancy, as in the high consumption level for citrus fruits (OR=0.56, 95% CI 0.32-0.98), foods rich in saturated fats (OR=0.38, 95% CI 0.20-0.69), cereals (OR=0.50, 95% CI 0.28-0.89), and Mexican dishes (OR=0.53, 95% CI 0.29-0.94). No association was found between consumption of topoisomerase II inhibitor foods during pregnancy and AL in this study group (Table 3).




4 Discussion

To the best of our knowledge, this is the first study to evaluate diet and the association with AL in children ≤24 months old in Mexico City. The results show a negative and positive association with maternal diet during pregnancy and AL in infants, with significant dose-response trends.

The negative association found between the consumption of allium vegetables during pregnancy and AL in their offspring is very interesting. Allium vegetables include garlic and onions, which are used worldwide in cooking for seasoning. There are numerous publications on the beneficial properties of these vegetables, but research in recent years has focused on the anti-cancer potential of these vegetables and their components. Allium vegetables contain water, carbohydrates, proteins, fiber, and fat, as well as essential amino acids, vitamins, and minerals (38). When garlic is minced or crushed, its membrane is ruptured and the S-allylcysteine sulfoxide (alliin) is enzymatically transformed into allicin by alliinase (39). Allicin is converted to mono-, di-, and tri-sulfide and other compounds, such as ajoene. Onions also contain mainly S-propenylcysteine sulfoxide and other sulfoxides, such as S-propylcysteine sulfoxide and S-methylcysteine sulfoxide (40). These organosulfur compounds are attributed with anticarcinogenic effects. The possible mechanisms of cancer prevention are suppression of mutagenesis, free radical scavenging, regulation of enzymatic activities, inhibition of protein folding in the endoplasmic reticulum, and inhibition of carcinogenic activity, such as proliferation, resistance to apoptosis, and evasion of immunosurveillance (41). Epidemiological studies provide various results on the cancer-preventive properties of allium vegetables; the strongest results are for the prevention of cancers of the gastrointestinal tract, including to some extent gastric, colorectal, and esophageal cancers (42). However, research studies are still underway to improve the method of assessing allium vegetable consumption and the amount needed to reduce the risk of cancer (43).

Similarly, the positive association observed between consumption of high-fat dairy foods during pregnancy and AL in infants is controversial. In general, consumption of milk and dairy products is recommended, especially during pregnancy, because they are an important source of protein, calcium, and B vitamins (thiamine, riboflavin, niacin, vitamin B6, and folate), also providing vitamin A, vitamin C, magnesium, and zinc (44). They also contain carbohydrates (lactose) and monounsaturated fats, both at low levels, and are one of the main sources of conjugated linoleic acid in the diet (45). The study of milk consumption worldwide and its relationship with cancer has yielded various results; some studies have shown that milk consumption has a protective effect for some types of cancer, such as colorectal cancer, breast cancer, ovarian cancer, bladder cancer, and prostate cancer (42). However, some studies have associated the consumption of milk and its derivatives as a risk factor for some types of cancer, such as prostate cancer, ovarian cancer, breast cancer, and bladder cancer (42–45). Milk has also been reported to contain estrogens, such as testosterone (46), which leads to increased cell division, activation of proto-oncogenes, and inactivation of tumor suppressor genes (47). Cow’s milk has also been reported to contain insulin-like growth factor I (IGF-I), which at high levels influences the regulation of proliferation, differentiation, apoptosis, and the development of neoplasms (48). Obesity leads to enhanced circulating levels of insulin, IGF-I, IGF-II and IGF-binding proteins (IGFBP-3), while reducing levels of the low molecular weight IGF-binding proteins (IGFBP-1, IGFBP-2). The effect of these changes is increased signaling through the insulin and IGF-I receptors, with resultant increased mitogenesis and decreased apoptosis, increasing the risk of carcinogenesis (49). In addition, other contaminants are likely to be present in milk, such as pesticides and veterinary drugs, and the process of homogenization or pasteurization by means of high temperatures potentiates the oxidation of fats, which can lead to the formation of free radicals and polymerized compounds that are carcinogenic (44). These mechanisms have not yet been studied in childhood AL, which would be a window of opportunity in this field.

The results in the present study cannot be compared to what has been published to date on maternal diet and AL development in children ≤24 months of age. Most epidemiological studies that have evaluated maternal diet and its association with AL in offspring have been in school-aged children and adolescents (8–15), because gathering an appropriate sample size in infants is difficult, options such as those proposed by CLIC of forming international groups to gather large sample sizes and look for associations (50).

Some of the findings in this study, such as the negative association with the consumption of fruits and vegetables, coincides with the findings reported by Jensen et al., who found that high consumption of fruits and vegetables by the mother during pregnancy decreases the risk of ALL (10), similar to what was also reported in the recent meta-analysis by Blanco-Lopez et al. (51). In contrast to the findings of Ross et al. (18), when we analyzed foods containing topoisomerase II inhibitors as a food group, among them coffee, we did not find an association with AL, similar to that reported by Milne et al. (52).

When interpreting the results of this study, the low response rate among cases and the random measurement error in the FFQ must be considered. Another limitation of this study are the collection on maternal feeding during pregnancy data after the diagnosis of AL in the cases and the interview in the controls, so there may be recall bias typical of case-control studies. However, the mothers who were interviewed did not know the main hypothesis of the study, and the methods used for data collection were the same between cases and controls; thus, any bias would be the same between cases and controls. Not knowing the study hypothesis prevented the mothers of the cases or controls from making a special effort to recall the consumption of a specific type of food that they believed was associated with AL. Similarly, not knowing the hypothesis prevented them from denying the consumption of any food that they believed could have caused leukemia. This reduced the risk of a differential error in the study. The questionnaire with sociodemographic variables included an open-ended question asking the mother why she believed her child had developed leukemia. This question helped us to identify how many mothers attributed their child’s disease to diet, and we identified 9 mothers who gave this answer and were therefore excluded from the analysis; this did not change the results (data not shown).The controls who participated in the study tended to have a higher socioeconomic status and education level than the cases, which could suggest selection bias. Importantly, participation of controls with better socioeconomic and education status has also been reported in population-based case-control studies, which have a higher willingness to participate (53).

Having controls with high socioeconomic status could produce an inverse association between, for example, the consumption of alcohol, foods rich in saturated fats, and Mexican dishes, which were foods that were identified as having negative associations for AL but without a significant trend. Thus, it would seem that the higher socioeconomic status in the control group favors the purchase and consumption of these foods. Nevertheless, in model B, we adjusted for maternal education and other variables, with no effect on the result.

Furthermore, we did not consider other variables as possible confounders, such as weight and height before pregnancy and weight gained during the trimesters of pregnancy in the mothers who participated in the study, or if it would have been possible to obtain data on body mass index (BMI) or fat mass index. This information would allow us to determine whether the mothers who participated were obese as, according to the literature, maternal obesity introduces genetic, hormonal, and biochemical changes in the intrauterine environment (54). Excess body weight is associated with increased levels of IGF-1 and IGF-2 and decreased levels of IGFBP-1 and IGFBP-2, which may result in increased mitogenesis and decreased apoptosis, increasing the risk of carcinogenesis (54, 55).

We also did not ask the mothers as to whether she had gestational diabetes during her pregnancy, which has been associated with the development of ALL in offspring (55). Insulin resistance may also play a role in the relationship between maternal obesity and the risk of ALL in offspring through inflammation (56). Inflammation, in turn, can promote leukemogenesis via several mechanisms, including through cytokines and chemokines, nuclear factor kappa B transcription factors, and signal transducer and activator of transcription 3 (STAT3) (57).

Epidemiological studies on diet or other environmental factors in infants are absolutely necessary for the study of leukemogenesis because they have a short period of exposure (before and during pregnancy) for the manifestation of the disease (58). The usefulness of identifying food groups or specific foods associated with AL in children allows the planning of prevention strategies to promote an increase or decrease in their consumption in pregnant women or women planning to become pregnant with the purpose of adding to the health recommendations in this reproductive stage with implications not only for AL in infants, but also for the development of AL in children and adolescents in the future.



4.1 Conclusion

In conclusion, the results of this study suggest that maternal intake of allium vegetables, specifically garlic, during pregnancy is inversely associated with the development of AL in children ≤24 months of age. On the other hand, consumption of high-fat dairy products, particularly milk, Oaxaca cheese, Manchego cheese, and fresh cheese, is positively associated with AL in children ≤24 months of age. Further research with some methodological considerations is required to corroborate the findings of this study.
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Annex 1

[image: Flowchart detailing case-control selection for a study in Mexico City hospitals from 2010-2019. For cases: 343 infants with suspected acute leukemia, with 93 foreign infants excluded, 250 metropolitan infants considered. 13 with Down syndrome excluded, and 127 did not complete a maternal diet questionnaire, leaving 110. One excluded for extreme calorie consumption, resulting in 109 cases. For controls: 276 met criteria, 24 did not agree to participate, resulting in 252 controls.]
Figure 1 | Diagram of the search and selection of the case and controls infant’s ≤ 24 months of age attended in public hospitals in Mexico City and State of Mexico 2010-2019. *11 patients were diagnosed in 2010 when the instrument was not yet available and could not be recovered, 11 patients whose mothers did not agree to participate, 10 patients who were treated in a institution that did not participate in the study, 55 patients who died within 2 months of diagnosis and could not be interviewed, 2 patients who were lost due to the COVID-19 pandemic, and 38 patients who were lost to follow-up and were not administered the material diet questionnaire.




Annex 2

[image: A directed acyclic graph (DAG) illustrating relationships among factors affecting acute leukemia. Nodes represent factors such as maternal education, hospital, child's age at diagnosis, maternal diet, and breastfeeding. Arrows indicate causal relationships, highlighting influences on acute leukemia, marked by a central blue node. Pathways depict complex interactions, including maternal tobacco/alcohol use affecting both maternal diet and acute leukemia risk.]
 Directed acyclic graph of maternal diet intake and acute leukemia. White circles= adjusting variables; red circles= ancestor of exposure and outcome that does not need to be adjusted for; blue circle other than acute leukemia circle= ancestor of outcome. Green lines correspond to direct and indirect causal paths between maternal diet and Acute Leukemia, the latter are mediated by child’s age at diagnosis and weight of the child at birth.






Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2024 Pérez-Saldivar, Flores-García, Núñez-Villegas, Fajardo-Gutiérrez, Medina-Sanson, Jiménez-Hernández, Martín-Trejo, López-Santiago, Peñaloza-González, Cortés-Herrera, Merino-Pasaye, Amador-Sánchez, García-López, Pérez-Lorenzana, Román-Zepeda, Castañeda-Echevarría, López-Caballero, Martínez-Silva, Rivera-González, Granados-Kraulles, Flores-Botello, Medrano-López, Rodríguez-Vázquez, Torres-Valle, Mora-Rico, Mora-Ríos, R.García‐Cortés, Salcedo-Lozada, Flores-Lujano, Núñez-Enríquez, Bekker-Méndez, Mata-Rocha, Rosas-Vargas, Duarte-Rodríguez, Jiménez-Morales, Hidalgo-Miranda, López-Carrillo and Mejía-Aranguré. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




REVIEW

published: 09 January 2024

doi: 10.3389/fonc.2023.1299355

[image: image2]


The genetic risk of acute lymphoblastic leukemia and its implications for children of Latin American origin


Adam J. de Smith 1,2*, Silvia Jiménez-Morales 3 and Juan Manuel Mejía-Aranguré 4,5


1 Center for Genetic Epidemiology, Department of Population and Public Health Sciences, University of Southern California Keck School of Medicine, Los Angeles, CA, United States, 2 USC Norris Comprehensive Cancer Center, University of Southern California Keck School of Medicine, Los Angeles, CA, United States, 3 Laboratorio de Innovación y Medicina de Precisión, Núcleo A, Instituto Nacional de Medicina Genómica, Ciudad de México, Mexico, 4 Laboratorio de Genómica Funcional del Cáncer, Instituto Nacional de Medicina Genómica, Ciudad de México, Mexico, 5 Facultad de Medicina, Universidad Nacional Autónoma de México, Ciudad de México, Mexico




Edited by: 

Paulo S. Pinheiro, University of Miami, United States

Reviewed by: 

Mohammadreza Bordbar, Shiraz University of Medical Sciences, Iran

Bruno Lopes, National Cancer Institute (INCA), Brazil

Jamie Shoag, Cleveland Clinic, United States

*Correspondence: 

Adam J. de Smith
 desmith@usc.edu


Received: 22 September 2023

Accepted: 12 December 2023

Published: 09 January 2024

Citation:
de Smith AJ, Jiménez-Morales S and Mejía-Aranguré JM (2024) The genetic risk of acute lymphoblastic leukemia and its implications for children of Latin American origin. Front. Oncol. 13:1299355. doi: 10.3389/fonc.2023.1299355



Acute lymphoblastic leukemia (ALL) is the most common cancer in children, and disproportionately affects children of Hispanic/Latino ethnicity in the United States, who have the highest incidence of disease compared with other racial/ethnic groups. Incidence of childhood ALL is similarly high in several Latin American countries, notably in Mexico, and of concern is the rising incidence of childhood ALL in some Hispanic/Latino populations that may further widen this disparity. Prior studies have implicated common germline genetic variants in the increased risk of ALL among Hispanic/Latino children. In this review, we describe the known disparities in ALL incidence as well as patient outcomes that disproportionately affect Hispanic/Latino children across the Americas, and we focus on the role of genetic variation as well as Indigenous American ancestry in the etiology of these disparities. Finally, we discuss future avenues of research to further our understanding of the causes of the disparities in ALL incidence and outcomes in children of Latin American origin, which will be required for future precision prevention efforts.
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Introduction

Acute lymphoblastic leukemia (ALL) is the most commonly occurring malignancy in children, with a peak age at diagnosis of 2 to 5 years of age, and it remains a leading cause of childhood mortality (1, 2). The etiologies of childhood ALL are multifactorial, with several established risk factors that have large effects on disease susceptibility but are uncommon in the population, such as ionizing radiation and genetic syndromes, as well as more common exposures with small to moderate effects including birth weight, male sex, and single nucleotide polymorphisms (SNPs) (3, 4). Thus, not all children have an equal likelihood of developing ALL; for example, those harboring pathogenic germline variants in ALL predisposition genes have a relatively high risk of disease (5, 6). Furthermore, individuals of self-reported Hispanic/Latino ethnicity have the highest reported risk of developing ALL out of any population group in the United States (7, 8). We note that race/ethnicity groupings are socially constructed, and that Hispanics/Latinos are a highly heterogeneous group comprising individuals who originate from countries across the Americas and who are culturally, phenotypically, and genetically diverse. Nevertheless, the disparity in ALL incidence that disproportionately affects Hispanic/Latino children warrants investigation (9) – understanding the etiologies of childhood ALL and the causes of disparities in incidence will be essential for future disease prevention. In this review, we describe the disparities in ALL incidence and patient outcomes in children of Latin American origin and discuss the contribution of genetic variation and future directions of research.





Disparities in ALL incidence in children of Latin American origin




Hispanics/Latinos in the United States

In the United States, there is a well-established racial/ethnic disparity in childhood ALL incidence rates, as reported in the National Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) program (Figure 1). Hispanic/Latino children have an approximately 30 to 40 percent increased risk of developing ALL than non-Hispanic White children, and a more than 2-fold higher risk than African American/Black children (8). Hispanics/Latinos are in general a genetically admixed population, with genetic ancestry largely derived from Indigenous American, European, and African populations (10). Thus, in the United States, individuals harboring greater proportions of Indigenous American ancestry in their genomes appear to have a higher risk of developing ALL, which may be related to differences in exposures to environmental risk factors but also suggests a role for genetic variation, as discussed later.

[image: Bar chart showing rates per 100,000 for different race/ethnicity groups. Hispanic any race has a rate of about 5.0, Non-Hispanic American Indian/Alaska Native about 6.0, Non-Hispanic Asian/Pacific Islander around 4.0, Non-Hispanic Black approximately 2.5, and Non-Hispanic White nearly 3.5. Each bar includes an error bar.]
Figure 1 | 5-year age-adjusted incidence rates of childhood acute lymphoblastic leukemia across population groups in SEER, 2016-2020. Incidence rates are per 100,000 including both sexes and individuals < 20 years of age, and are age-adjusted to the 2000 US standard population. Bars represent 95% confidence intervals. Incidence data for Hispanics and non-Hispanics are based on the NAACCR Hispanic Latino Identification Algorithm. Rates for Non-Hispanic American Indian/Alaska Native include cases that are in a Purchased/Referred Care Delivery Area. Figure generated from data downloaded from the SEER*Explorer website (reference 16).

An association between lower socioeconomic status (SES) and an increased risk of childhood ALL was reported in Hispanics/Latinos in the United States using SEER data, which contrasted the positive relationships found in other racial/ethnic groups (11). Further analysis within each SES strata revealed that the difference in childhood ALL incidence between Hispanics/Latinos and non-Hispanic Whites was greatest in the lowest SES stratum and narrowed with increasing SES, becoming non-significant in the highest stratum (12). Given that Hispanics/Latinos with higher SES will on average harbor higher proportions of European ancestry (13), this suggested that the inverse relationship between SES and ALL risk may be confounded by Indigenous American ancestry and its potential association with an increased genetic risk for ALL and possibly with environmental risk factors (14).

The significant disparity in ALL incidence in the United States persists across the lifespan, with Hispanic/Latino adolescents and young adults (AYAs) as well as older adults having an approximately 2-fold greater risk of ALL than their non-Hispanic White counterparts (8). Furthermore, assessment of the trends of SEER incidence rates over time have revealed that the age-adjusted incidence rate of ALL in all age groups has been increasing significantly over recent decades in Hispanics/Latinos but not in non-Hispanic Whites (8, 15), with annual percent changes of ~0.64% in Hispanic/Latino children and ~2.0% in AYAs from 2000 to 2016. The causes of the rising incidence rates of ALL are unknown, but it suggests that the disparity in ALL incidence between Hispanics/Latinos and other population groups may increase further in the coming years. We do note that the most recent data in SEER (16) show that the incidence of ALL in Hispanics/Latinos appears to have stabilized in children since 2016, although it is still rising in AYAs, and it will be important to monitor these trends moving forwards.





Hispanics/Latinos in Latin America

Outside of the United States, some of the highest global incidences of childhood ALL have been reported in Mexico and Costa Rica (17–19). In Mexico City, for example, the most recently estimated age-adjusted incidence rate of ALL in children aged 0-14 years was 5.3 per 100,000 (20), which is similar to the 5.1 per 100,000 rate reported in Hispanic/Latino children of the same age group in the United States (8). Among the municipalities in Mexico City, the highest incidence rates of ALL were reported in Iztacalco (6.9 per 100,000), Venustiano Carranza (6.7 per 100,000), and Benito Juárez (6.3 per 100,000), which are characterized by a low SES. This pattern may reflect an association between Indigenous American ancestry and ALL risk, given that poverty rates are higher among Indigenous people in Mexico (21, 22), but also highlights a potential role for environmental exposures linked to lower SES, such as air pollution, severe infection, and low-frequency magnetic fields (23, 24).

In South America, the highest incidence rates of ALL among countries with available data were reported in Ecuador and Colombia, countries similar to Mexico in that their populations are predominantly of mixed European and Indigenous American ancestry (“mestizo”), whereas the lowest incidence was reported in Argentina, a country where the population is largely European in its origins (19). Furthermore, in Brazil there is remarkable variation in ALL incidences between different regions in the country itself. The highest age-adjusted incidence rate (5.7 per 100,000) has been reported in Manaus, a city in the Amazonas region in which the population is highly indigenous, whereas lower incidences (2.2 to 4.6 per 100,000) are reported in regions along the Atlantic coast where the Brazilian population has greater contributions of European and African ancestry (19, 25). It is interesting to note that in the United States, non-Hispanic American Indian/Alaskan Native children have the highest incidence of ALL, at 5.0 per 100,000 individuals, although this is based on a small sample size available in SEER data (Figure 1). Together, these patterns in ALL incidences across the Americas suggest a possible association between Indigenous American ancestry and childhood ALL risk, which is supported by results from genetic studies as discussed below.

It has recently been reported that the incidence of ALL in Hispanic/Latino children in Puerto Rico is lower than in the rest of the Hispanic/Latino population in the United States, even with an incidence similar to that reported in non-Hispanic Whites (26). However, the childhood ALL incidence in Puerto Rico has been increasing significantly over recent years, at an annual percent change of almost 5%, although the causes of which remain to be determined (26). This may be analogous to the accelerated increase in ALL incidence in Mexico City in the 1980s (27), whereby the incidence of ALL was initially even lower than the average incidence in the United States but eventually overtook and subsequently exceeded it by almost 40%. It is possible that this may be occurring in the population of Puerto Rico and that in the near future the incidence of childhood ALL may reach a level higher than that of non-Hispanic Whites and similar to that of Hispanics/Latinos in the United States (28).

Considering these trends in Mexico City in the 1980s and currently in Puerto Rico, the high incidence rate of childhood ALL among Hispanics/Latinos may be a relatively recent phenomenon (28). It is possible that the susceptibility of Hispanics/Latinos to ALL has historically been relatively high but more recent exposures to physical, chemical, or biological factors may have led to an increase in ALL prevalence over time. In this review, we present evidence from studies of genetic variation in childhood ALL which, in addition to the aforementioned observations from cancer incidence data, suggest that Hispanics/Latinos are more susceptible to developing ALL than other racial/ethnic groups.






Disparities in survival of childhood ALL patients of Latin American origin




Inferior survival of Hispanic/Latino ALL patients in the United States and Latin America

The inferior survival and outcomes of Hispanic/Latino childhood ALL patients in the United States have been known for decades (29–31) and persist despite improvements in patient outcomes over time (32). In Latin American countries, even though ALL treatment is based on chemotherapy schemes used in high income countries (HICs), little improvement in overall survival (OS) and disease-free survival rates in pediatric ALL patients has been observed. Regarding event-free survival (EFS), during the last two decades 5-year survival rates for pediatric ALL patients in Mexico have been reported at between ~52 to 62% (33–35). Similarly low EFS has been reported for childhood ALL patients in El Salvador and Guatemala, with EFS of only 48% and 56%, respectively (36, 37). In a multinational study that included children (0-14 years) with ALL diagnosed during 2010-2014 from 61 countries, 5-year net survival rates were reported to be >80% in HIC, reaching more than 95% in Finland and Qatar (38). In contrast, Latin American countries displayed a wide range of lower survival rates with, for example, the lowest survival rate in Ecuador (50%), followed by Mexico (53%), and Peru (60%). Puerto Rico was the only region in Latin America showing a similar survival rate to many HICs (93%) (38, 39).

Further, and in contrast to HICs, high mortality rates persist for Hispanic/Latino pediatric patients with ALL. Some of the highest mortality rates have been reported in Mexico and Ecuador (40) and unfortunately, mortality rates in Mexican children with ALL were recently reported to have increased between 1998 and 2018 (41). Indeed, the age-adjusted mortality rates in childhood ALL patients in Mexico were reported to be 2.5-fold higher than the mortality rates of Mexican American patients in California (born in the United States but of Mexican origin) (42).





Indigenous American ancestry and ALL patient outcomes

Higher rates of relapse in Hispanic/Latino ALL patients in the United States and in Latin American countries contribute to their inferior OS and EFS (43–45). The causes of the differential survival rates of ALL patients among Hispanic/Latino populations are, however, complex and multifactorial. It is well known that superior rates of OS are influenced by more effective risk-directed therapies, implementation of supportive strategies to overcome chemotherapy toxicity, accurate diagnostic tools, targeted treatment base on the genomic background, more accessibility to bone marrow transplantation, better access to care, and treatment adherence (45–47). SES has been shown to significantly mediate the survival disparity between Hispanic/Latino and non-Hispanic White ALL patients, although the disparity remains after accounting for SES (48). There is evidence that genetic ancestry can influence treatment response and survival of ALL patients in Hispanic/Latino populations (45). Furthermore, in a population-based study in the United States, Shoag et al. found that mortality rates in “Continental” Hispanic/Latino childhood ALL patients, i.e. those originating from Mexico, Central America, or South America, were approximately two-fold higher than the mortality rates in Hispanic/Latino patients of Caribbean (Puerto Rico, Cuba, Dominican Republic) origin (49). In studies considering patient genomic characteristics, it has been reported that approximately two-thirds of the ancestry-related differences in EFS may be explained by ALL molecular subtypes (50). In addition to having a lower frequency of good prognostic molecular subtypes including ETV6::RUNX1 fusion gene and high hyperdiploidy, childhood ALL patients with more Indigenous American ancestry had a higher frequency of the poor prognosis molecular subtypes, such as CRLF2 rearrangements and Philadelphia chromosome-like (Ph-like) ALL (50). A similar finding was reported by Gupta et al. who found that after controlling for treatment regimen and insurance type, Hispanic/Latino children with B-cell ALL still had shorter survival than children of other race/ethnicities; however, these differences by race/ethnicity were not found in children with T-cell ALL (32). Furthermore, Lee et al. (50) reported an association between Indigenous American ancestry and poor prognosis, even with contemporary ALL therapy and after adjusting for genomic and clinical features, suggesting additional factors contribute to this disparity.

Latin America is a large region comprising South America, Central America, Mexico, and the Caribbean territories made up of 26 countries, and Latin American populations are ancestrally heterogeneous originating from ancient and dynamic migration processes of Northeastern Asia into America, the European colonization beginning in the 16th century, and the transatlantic slave trade from West Africa (51). Considering the findings showing an association between Indigenous American ancestry and poor survival in Hispanic/Latino patients, it is notable that populations in Guatemala (55%), Mexico (62%), Ecuador (51%), and Peru (50%) have the highest proportions of Indigenous American genetic ancestry compared with other Latin American populations (52–54). Given the high mortality rates of ALL among Latin American populations, and that genetic ancestry has been shown to contribute to the variance in EFS independent of molecular subtypes (50), consideration of ancestry in addition to molecular subtype information may improve outcomes of ALL patients and contribute to the establishment of evidence-based health policies. Further, to alleviate this disparity in children’s health, it is essential to gain a full understanding of the etiologies underlying the increased risk of childhood ALL in children of Latin American origin. Below, we summarize the current knowledge on the role of genetic variation in childhood ALL risk in Hispanics/Latinos, largely based on studies performed in the United States, and the implications for children in Latin America.






Genetic variation and ALL risk in Hispanic/Latino children in the United States

Genome-wide association studies (GWAS) have established a genetic contribution to the development of childhood ALL, with common variants identified in at least a dozen well-replicated risk loci (Table 1) (55–67). Several of the implicated ALL risk genes, including IKZF1, ARID5B, CEBPE, GATA3, and ERG, encode transcription factors that are involved in lymphocyte development and hematopoiesis, suggesting that disruption of blood cell regulation and immune function are involved in the etiology of childhood ALL. Several ALL-associated SNPs, or variants in nearby genomic regions, have also been associated with variation in blood cell phenotypes (60, 61, 68). Moreover, in a recent Mendelian randomization study of blood cell traits in childhood ALL, it was demonstrated that a genetic predisposition to overproduction of lymphocytes is associated with an increased ALL risk, albeit this study was limited to individuals of European ancestry (69).

Table 1 | Childhood acute lymphoblastic leukemia (ALL) GWAS association loci and their risk allele frequencies across populations.
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Most GWAS of childhood ALL have also been performed in individuals of predominantly European ancestry, although there have been several studies conducted in the United States that included Hispanic/Latino subjects in multi-ancestry analyses or that focused specifically on this population (60, 61, 64–67, 70). For several of the ALL-associated SNPs, including in ARID5B, GATA3, and PIP4K2A (70–73), the risk allele frequencies have been reported to be higher in Hispanic/Latino populations than in Europeans in reference population databases such as the Genome Aggregation Database (gnomAD) (Table 1), supporting a role for genetic variation in the higher incidence of ALL in Hispanics/Latinos. For example, the risk allele frequencies for the ARID5B SNP rs7090445, the GATA3 SNP rs3824662, and the PIP4K2A SNP rs7088318 are 44%, 29%, and 70% in Latino/Admixed American populations versus only 32%, 18%, and 60% in non-Finnish European populations, respectively, as reported in gnomAD (v3.1) (74) (Table 1). ARID5B and GATA3 SNPs have also been associated with an increased risk of relapse in childhood ALL patients (59, 71, 75), supporting that genetic variation in these genes also contributes to the inferior outcomes of Hispanic/Latino patients.

The GATA3 risk locus appears to contribute specifically to the increased prevalence of the high-risk Ph-like subtype of ALL in Hispanic/Latino patients (59) – the noncoding GATA3 variant rs3824662 was associated with minimal residual disease after induction therapy (75) and was recently demonstrated to have a functional role in the development of CRLF2 rearrangements that frequently drive the Ph-like ALL phenotype (76). More specifically, the rs3824662 risk allele increases the expression of GATA3, which binds to the promoter of CRLF2 and appears to induce looping of this locus on chromosome X to a downstream super-enhancer at P2RY8, resulting in the chromatin region between these two loci becoming more open and susceptible to rearrangements (76). The Ph-like subtype and CRLF2 rearrangements have been found to be more prevalent in AYA and older adult ALL patients than in childhood ALL (77), and in particular among older Hispanic/Latino patients (78, 79). For example, in a study of adult patients with Ph-like ALL, 68% were Hispanic/Latino and 23% were non-Hispanic White, whereas among B-other ALL patients only 30% were Hispanic/Latino and 51% were non-Hispanic White (78). Adults appear to be more susceptible to developing Ph-like ALL than children, and the GATA3 risk SNP rs3824662 may be a major factor underlying the ~2-fold greater risk of ALL in Hispanic/Latino adults than in non-Hispanic Whites (8). Another interesting aspect is that a higher percentage of Hispanic/Latino ALL patients than non-Hispanic White patients are diagnosed over the age of 10, an age group where the Ph-like phenotype is also more common (20).

In addition to the higher risk allele frequencies of ARID5B, GATA3, and PIP4K2A SNPs in Hispanic/Latino populations, their risk alleles are positively correlated with proportions of Indigenous American ancestry among Hispanic/Latino individuals (71–73). Furthermore, genetic variation at the ERG gene was found to be significantly associated with childhood ALL risk in Hispanics/Latinos but not in non-Hispanic Whites and, among Hispanics/Latinos, the ERG risk alleles were associated with Indigenous American ancestry and the effects of this locus on ALL risk were larger in individuals with increased Indigenous American ancestry (64, 65). Results from the analyses of individual ALL-associated SNPs, therefore, suggest that Hispanics/Latinos may harbor more risk alleles on average than individuals of European ancestry. To systematically study this, we recently calculated a polygenic risk score (PRS) to aggregate the effects of the known ALL GWAS SNPs. This revealed that the ALL PRS was on average significantly higher in Hispanics/Latinos than in non-Hispanic Whites, in both cases and controls separately (66).

It is possible that additional genetic loci, or variants within known loci, contribute to the increased ALL risk in Hispanics/Latinos. Indeed, we recently conducted a fine-mapping analysis across the IKZF1 gene at chromosome 7p12.2 and discovered a novel association signal, with a lead SNP rs76880433 that is relatively common in Hispanic/Latino populations (17.6%) but almost absent in non-Finnish Europeans (0.2%) in gnomAD (v3.1), and that confers an effect size of ~1.44 per risk allele (80). Indeed, Hispanic/Latino populations appear to be unique in harboring three independent risk loci at the IKZF1 region. Similar to previous findings for ALL risk SNPs in ARID5B, GATA3, PIP4K2A, and ERG, the IKZF1 SNP rs76880433 risk allele was positively associated with global and local Indigenous American ancestry. This newly discovered association locus at IKZF1 appears to explain a substantial portion of the increased ALL risk in Hispanics/Latinos compared to non-Hispanic Whites. There are likely additional as yet undiscovered risk variants that contribute to this disparity in ALL incidence, which may require studies with larger sample sizes to detect variants with smaller effects or sequencing studies to identify variants that may have been missed by standard GWAS approaches (for example, structural variants or SNPs in repetitive genomic regions).





Genetic variation and ALL risk in children in Latin America

Genome-wide genetic studies of ALL in Hispanic/Latino children have largely been confined to the United States. These studies have revealed novel insights into the genetic architecture of ALL and discovered genetic loci that appear to contribute to the increased ALL risk in Hispanics/Latinos; however, the composition of the Hispanic/Latino population in the United States does not fully represent the diversity of populations in Latin America, in terms of country of origin and, thus, genetic ancestry. For example, according to the 2022 Census Bureau, people of Mexican origin comprised ~61% of the ~63 million Hispanics/Latinos living in the United States, followed by Puerto Rico (~9%) and Cuba (~4%) as the other main places of origin (81). This is clearly distinct from the constitution of populations across Latin America itself, where Brazil contributes the largest number of individuals. Thus, the relevance of findings from genetic studies conducted in Hispanics/Latinos in the United States will vary depending on the Latin American country in question, especially given the regional variability in the relative proportions of Indigenous American, European, and African ancestries, as discussed earlier.

The findings from United States-based studies of Hispanics/Latinos are clearly of high relevance in Mexico, and a previous study of 285 childhood ALL cases and 476 controls in the Mexican Interinstitutional Group for the Identification of the Causes of Childhood Leukemia (MIGICCL) confirmed the association of ARID5B SNPs with ALL risk in the Mexican population (82). In another study in MIGICCL, a gene-environment interaction analysis identified a possible interaction between a variant in the xenobiotic metabolism gene NAT2 and certain exposures including fertilizers and an increased childhood ALL risk (83). SNP array genotyping has been performed in a study of almost 200 childhood ALL patients from Guatemala, in which the majority of individuals have high (>75%) proportions of Indigenous American ancestry. In this patient cohort, Indigenous American ancestry was positively associated with the frequency of somatic CRLF2 rearrangements and with an increased risk of relapse (50). In a case-control study of childhood ALL in Brazil, including 121 cases and 155 controls, genotyping of a small number of candidate SNPs as well as ancestry informative markers was performed. An association with ALL risk SNPs in ARID5B and CEBPE was confirmed, and as might be predicted the Brazilian childhood ALL cases had significantly higher Indigenous American ancestry proportions than controls (34% vs. 28%) (84). These few examples notwithstanding, genetic association studies of childhood ALL in Latin America are lacking. Additional studies are warranted to investigate the effects of known ALL risk variants in children across Latin America and potentially discover novel risk loci, and to incorporate germline genetic information in studies of environmental risk factors in epidemiological studies of childhood ALL, for example in the MIGICCL.

As discussed earlier, GWAS of childhood ALL have identified several risk loci that are associated with Indigenous American ancestry and have demonstrable differences in risk allele frequency and/or in effect size across population groups. In Table 1, we have summarized the childhood ALL-associated SNPs previously reported by GWAS. We obtained the risk allele frequencies of each SNP reported in Latino/Admixed American, non-Finnish European, and African American populations in gnomAD (v3.1). For more than one-third (10/28) of SNPs, the risk allele frequency in Latinos/Admixed Americans was at least 5% higher than in Europeans, including the aforementioned SNPs in ARID5B, GATA3, and PIP4K2A, as well as two SNPs in IKZF1, and one variant each in CEBPE, MYB/HBS1L, JMJD1C, ELK3, and IKZF3 (Table 1). In addition to comparing the absolute differences in risk allele frequencies, we calculated the percent difference in risk allele frequency between Latino/Admixed American and European populations (Figure 2). There are 13/28 SNPs with a risk allele frequency at least 10% higher in Latinos/Admixed Americans than Europeans versus only 7 SNPs with a frequency >10% higher in Europeans. Notably, the ARID5B SNP rs7090445 and GATA3 SNP rs3824662 risk allele frequencies are 36% and 68% higher in Latinos/Admixed Americans than in Europeans, respectively. In addition, the risk allele frequencies of two SNPs at IKZF1, including the newly discovered independent association signal at this locus, have markedly higher risk allele frequencies in Latinos/Admixed Americans than Europeans (Figure 2).
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Figure 2 | Risk allele frequency of selected SNPs associated with childhood acute lymphoblastic leukemia risk. Single nucleotide polymorphisms (SNPs, n=28, Table 1) are grouped by nearest genes in each panel. Left: Absolute difference in risk allele frequency between Latinos/Admixed Americans and non-Finnish Europeans in gnomAD v3.1. Right: Percentage difference in SNP risk allele frequencies between Latinos/Admixed Americans and non-Finnish Europeans. Percentage change equation: {[(Risk allele frequency of Latinos/Admixed Americans)/(Risk allele frequency of non-Finnish Europeans)] - 1} x 100. Horizontal bars are colored by the direction of percentage difference.

We also examined the risk allele frequencies of childhood ALL-associated SNPs in Indigenous American individuals from the Human Genome Diversity Project (HGDP) (85). Although based on a small sample size of 35 individuals, it is interesting to note that for several of the loci the risk allele frequencies are highest in Indigenous Americans compared to Latinos/Admixed Americans and other populations, including at ARID5B, GATA3, CEBPE, IKZF1, and ERG (Table 1). This has further implications for childhood ALL risk in countries across Latin America, particularly those with highly indigenous populations.





Conclusions and future directions

In this review, we discuss the role of genetic variation in the increased risk of childhood ALL in Hispanics/Latinos compared to non-Hispanic individuals, and the implications for children living in Latin America. Based on the research to date, it appears that children of Hispanic/Latino ethnicity both in the United States and in Latin America, and particularly those who harbor greater proportions of Indigenous American ancestry in their genomes, are more likely to carry a larger number of genetic risk alleles that predispose to the development of ALL. There are, however, several unanswered questions that warrant further research.

In terms of genetic risk, the extent to which common variants account for the increased ALL risk in Hispanics/Latinos has not been formally tested. This is true both for the individual variants that have higher risk allele frequencies in Hispanic/Latino populations, for example in ARID5B, GATA3, and IKZF1, and for the combined effects of all known ALL risk SNPs. Furthermore, the question of why there appears to be a higher frequency of ALL risk alleles in Hispanics/Latinos remains unanswered. It is possible that these variants conferred some evolutionary advantage in Indigenous American populations, perhaps following European colonization of the Americas which led to the decimation of indigenous populations in part because of a lack of immunity to the pathogens brought over by Europeans (86–88), and analysis of signals of selection at ALL risk loci is warranted.

Specific to children in Latin America, how do the effect sizes of ALL risk SNPs compare to those determined from GWAS of childhood ALL conducted in Hispanics/Latinos in the United States, given the potential differences in environmental exposures between countries? To answer this will require genome-wide SNP genotyping or sequencing of childhood ALL cases and controls from countries across Latin America. This is already under way for Mexican ALL cases and controls included in the MIGICCL study, and similar efforts in other countries are needed. Furthermore, it will be important to understand the genetic diversity that exists across Latin American populations as well as Indigenous American subpopulations (e.g., in Mexico there are at least 60 Indigenous American groups) (51, 89–91) and, in turn, how different Indigenous American ancestries might influence allele frequencies and effect estimates at childhood ALL risk loci. Moreover, it is essential to consider the heterogeneity of Hispanic/Latino populations in epidemiological studies that investigate the racial/ethnic disparities in ALL incidences.

In addition, sequencing studies in familial and sporadic ALL patients have discovered rare pathogenic germline variants in genes encoding hematopoietic transcription factors including IKZF1, PAX5, and ETV6 (5, 92–96); however, the frequency of such rare variants in ALL predisposition genes across different racial/ethnic groups of patients, and hence their potential role in the increased risk of ALL in Hispanics/Latinos, has not been addressed. This would require sequencing studies in large numbers of childhood ALL cases across different Hispanic/Latino populations in the Americas, which may also discover population-specific founder mutations that predispose to ALL similar to the Brazilian founder mutation in TP53 (97).

Although we focus on genetic risk in this review, there are likely to be environmental factors that contribute to the differences in ALL incidence rates between populations. Indeed, recently discovered risk factors including cytomegalovirus infection at birth and Cesarean section were found to confer a greater effect on ALL risk in Hispanics/Latinos than in non-Hispanic Whites (98, 99). In contrast, the reported protective effect of early-life exposure to common infections on childhood ALL risk, which supports the Greaves’ “delayed infection” hypothesis (4, 100), appears to be reduced in Hispanics/Latinos (101, 102). This could perhaps be a consequence of the fact that infectious agents are more common in Hispanic/Latino populations. Overall, little is known regarding the contribution of environmental exposures to the disparity in ALL risk in Hispanics/Latinos, or how genetic variants may interact with environmental exposures in the development of ALL.

It is important to highlight that in recent decades the incidence of childhood ALL (and of ALL in AYAs and older adults) has been increasing significantly in Hispanics/Latinos but not in other racial/ethnic groups in the United States (8, 15), and this certainly warrants further investigation. Given that the frequencies of ALL risk alleles are unlikely to have changed over such a short period of time, there may be environmental exposures or non-genetic factors that have been on the rise recently and that may confer risk of ALL. One such factor may be childhood obesity, which has increased in incidence in the United States in recent years (103), has a higher prevalence among Hispanic/Latino children (104, 105), and has been associated with an increased risk of ALL in Hispanics/Latinos (106) and with an increased frequency of somatic CRLF2 rearrangements among Hispanic/Latino ALL patients (107). In Mexico, the incidence of ALL has been reported to have remained stable over recent years, although the analysis was limited to patients treated at public hospitals. We acknowledge that high-quality cancer registry data have been lacking for several countries in Latin America (108), although progress has been made in recent years (109). The lack of reliable population-based data may impact the comparison of reported ALL incidence rates between countries as well as the reported trends in ALL incidence over time; however, the acute nature of childhood ALL means it is unlikely to be over diagnosed and the relatively high incidence reported in countries such as Mexico may actually be an underestimation. Further research on the trends in ALL incidence rates across countries in Latin America is needed.

Accessibility to health systems may also be linked to the trend in ALL incidences and patient outcomes in Latin American countries (110, 111). In Mexico, the government program known as Seguro Popular (Popular Insurance) that aimed to provide universal healthcare has recently disappeared, leaving children with cancer without the possibility of free medical care (110). The possibility that the poorest populations, where there is a greater prevalence of indigenous ancestry, do not go to highly specialized hospitals for medical care because they do not have the economic resources to pay for it could lead to changes in the reported incidence of these diseases. Because of the rarity of this disease, the underreporting of even a small number of patients may lead to a failure to detect an increasing trend in ALL incidence over time. Unfortunately, this situation may exist in several Latin American countries.

It is important to keep in mind that ALL remains a relatively rare disease in children, including in Hispanics/Latinos, and that the lifetime risk of developing ALL even among children with high Indigenous American ancestry would remain relatively low. However, elucidating the causes of the increased risk of ALL in Hispanic/Latino children remains a research priority, both in the United States and for countries across Latin America. Characterizing the genetic risk associated with childhood ALL could improve our understanding of the disparities in ALL incidence across populations. Finally, identifying children with a higher risk of developing ALL, via genetic screening and exposure analysis, will be important for future precision prevention efforts that aim to alleviate the disparity in childhood ALL incidence in Hispanics/Latinos.
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Background

Advances in the understanding of the pathobiology of childhood B-cell acute lymphoblastic leukemia (B-ALL) have led towards risk-oriented treatment regimens and markedly improved survival rates. However, treatment-related toxicities remain a major cause of mortality in developing countries. One of the most common adverse effects of chemotherapy in B-ALL is the hematologic toxicity, which may be related to genetic variants in membrane transporters that are critical for drug absorption, distribution, and elimination. In this study we detected genetic variants present in a selected group genes of the ABC and SLC families that are associated with the risk of high-grade hematologic adverse events due to chemotherapy treatment in a group of Mexican children with B-ALL.





Methods

Next generation sequencing (NGS) was used to screen six genes of the ABC and seven genes of the SLC transporter families, in a cohort of 96 children with B-ALL. The grade of hematologic toxicity was classified according to the National Cancer Institute’s Common Terminology Criteria for Adverse Events (CTCAE) version 5.0, Subsequently, two groups of patients were formed: the null/low-grade (grades 1 and 2) and the high-grade (grades 3 to 5) adverse events groups. To determine whether there is an association between the genetic variants and high-grade hematologic adverse events, logistic regression analyses were performed using co-dominant, dominant, recessive, overdominant and log-additive inheritance models. Odds ratio (OR) and 95% confidence intervals (95% CI) were calculated.





Results

We found two types of associations among the genetic variants identified as possible predictor factors of hematologic toxicity. One group of variants associated with high-grade toxicity risk: ABCC1 rs129081; ABCC4 rs227409; ABCC5 rs939338, rs1132776, rs3749442, rs4148575, rs4148579 and rs4148580; and another group of protective variants that includes ABCC1 rs212087 and rs212090; SLC22A6 rs4149170, rs4149171 and rs955434.





Conclusion

There are genetic variants in the SLC and ABC transporter families present in Mexican children with B-ALL that can be considered as potential risk markers for hematologic toxicity secondary to chemotherapeutic treatment, as well as other protective variants that may be useful in addition to conventional risk stratification for therapeutic decision making in these highly vulnerable patients.
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1 Introduction

Acute Lymphoblastic Leukemia (ALL) is the predominant form of cancer in children (1). According to its cellular lineage, ALL is classified as T-cell ALL (T-ALL) and B-cell ALL (B-ALL); the latter type is the most frequent and comprises 80%-85% of ALL patients (2). Despite the existence of efficient treatment protocols for childhood ALL, 75% of patients experience therapy-related adverse effects, and 5% die from treatment toxicity (3–5). Among the most frequent side effects are hematologic adverse events leading to immunosuppression and myelosuppression and, consequently, an increased risk of infections (6, 7). Moreover, the effects of chemotherapy toxicity lead to treatment modifications or discontinuations which compromise the outcome (8–10).

The processes of drug transport and cellular detoxification involve the so-called ABC transporters, which comprise a superfamily of proteins that use ATP to move substrates across membranes (11). This superfamily consists of 49 members that are divided into 7 subfamilies from A to G according to sequence similarity, domain organization, and by function, whether importing or exporting (12, 13). The transport mechanisms in which these proteins participate are essential for the uptake of drugs through the intestinal wall, their expulsion from the tissues into the systemic circulation and, finally, their elimination through the kidneys and liver. Particularly, within this family of transporters, ABCC1-6 are involved in the transport of chemotherapeutic agents, such as adriamycin, vincristine, etoposide, 6-mercaptopurine, and methotrexate (14–16).

In addition, there are the SLC transporters that represent a superfamily with more than 400 members. Like the ABC family, they are classified into subfamilies according to sequence similarity (17). Their functions include a role in drug absorption and excretion, especially the SLC22 and SLCO subfamilies that are predominantly expressed in kidney, liver, and intestine. There is a broad consensus on the importance of these transporters in the mechanisms concerning the pharmacokinetics and pharmacodynamics of drugs used in chemotherapy, as well as the significance of genetic variants that alter their structure and function. As particular examples, the SLC22A6, SLC22A8 genes have been identified as involved in the methotrexate pathway and some variants in these genes are associated with a delay in their clearance (18, 19).

Some pharmacogenetic tests are now available to help in detecting key variants related to response and side effects to chemotherapy treatment in B-ALL patients. This information represents a valuable tool in making therapeutic decisions aimed at reducing the risk of toxicity before starting chemotherapy. However, the routinely analyzed variants are limited, and a high prevalence of toxicity is still observed in patients with B-ALL (20, 21). Furthermore, it is important to note that the frequency of some of the variants associated with an increased risk of toxicity in Caucasian population may differ in populations of a different genetic background such as the Hispanics. Taking the above into account, the aim of this study was to detect genetic variants present in a selected group genes of the ABC and SLC families that are associated with the risk of high-grade hematologic adverse events due to chemotherapy treatment in a group of Mexican children with B-ALL.




2 Materials and methods



2.1 Patients and samples

The study included ninety-six pediatric patients with B-ALL, diagnosed between 2014 and 2019 in public hospitals, members of the Mexican Interinstitutional Group for the Identification of the Causes of Childhood Leukemia (MIGICCL). These hospitals provide treatment to about 95% of pediatric patients with leukemia in Mexico City. The diagnosis of B-ALL was made at each institution by bone marrow aspirate for histopathological analysis and immunophenotyping. Peripheral blood samples were obtained at the end of remission induction. The pre-analytical sample processing route was performed by trained personnel assigned to each step following official Mexican regulations. The personnel assigned to each hospital attended every day to collect blood samples and/or bone marrow aspirate from the patients; and these were immediately transported to the laboratory where they were processed on the same day of collection, separating the different fractions. For this work, genomic DNA was extracted from the leukocyte fraction and, once the nucleic acids were extracted, the samples were stored properly labeled with a format to preserve patient anonymity in a biobank at -70°C until their use. The sample identification data and clinical characteristics of the patient are integrated in both physical and digital records. Patients were treated using one of two protocols, modified HP09 ALL Berlin-Frankfurt-Münster 95 protocol or St. Jude Total Therapy XIIIB modified (Supplementary Tables S1
, S2), depending on the hospital in which they were assisted. All biological samples and clinical information were obtained under written informed consent signed by parents and informed assent from children aged ≥ 8 years. A structured and exhaustive review of the medical records was performed to capture information related to hematologic toxicity from admission onwards. In case of death, the death certificate was consulted. The correlation between genetic variants and risk of hematologic toxicity was performed in the period of the first 100 days, from the beginning of therapy to the end of the consolidation phase of treatment, since during this period the differences in the physiological response to chemotherapy are clearer because these are the most intense phases of treatment. The grade of severity of each adverse event (AE) was defined according to the Common Terminology Criteria for Adverse Events (CTCAE), version 5, of the National Cancer Institute (22). Five severity event categories were considered: grade 1 (mild), clinical or diagnostic observations, asymptomatic laboratory signs or mild symptoms requiring no intervention; grade 2 (moderate), requiring minimal, local or noninvasive interventions; grade 3 (severe), requiring or prolonging hospitalization or incapacitating; grade 4 (life-threatening), when urgent medical intervention was required; and grade 5 (death), when death was related to the AE. Based on this classification two comparative groups were formed; the first,named as the null/low-grade adverse event group, included patients with no manifestations of hematologic toxicity during the established period as well as patients with adverse events grade 1 or 2. The second, termed high-grade adverse events group, consisted of patients with grade 3 and 4 with episodes of severe and life-threatening hematologic toxicity, respectively; and the only deceased patient in category 5 whose death was due to the hemato-toxic effects of chemotherapy. The total number of events per group is shown in Supplementary Figure S1. This study was approved by the ethics and scientific boards of the Mexican Institute of Social Security (IMSS) (registration number R-2015-785-121).




2.2 DNA extraction

DNA was extracted from peripheral blood samples using Maxwell® 16 Blood DNA Purification Kit (Promega, Madison, WI, USA) according to manufacturer’s recommendations. The purity and concentration of the DNA samples were measured using a Qubit 4 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA).




2.3 Data collection

Information regarding sex, age at diagnosis, white blood cells (WBC) count in peripheral blood at diagnosis confirmation, immunophenotype, gene rearrangement characterization, and chemotherapeutic scheme was collected from patient records by personnel with prior standardized training. The four most common gene rearrangements with a known impact on the prognosis of children with leukemia (ETV6::RUNX1, TCF3::PBX1, BCR::ABL1, and KMT2A::AFF1), were examined by RT-PCR. Risk classification was determined at the time of diagnosis according to the NCI criteria: standard risk (ages from 1-9.99 years; WBC count <50,000/μl) or as high risk (age <1 or ≥10 years or WBC ≥50,000/μl).




2.4 Next-generation sequencing

Variants of the genes of interest were detected by next-generation sequencing (NGS) with a custom panel (Agilent, Santa Clara, CA, USA) to target coding regions, UTRs and some intronic variants of the transporters of the ABC and SLC family that had been previously reported as risk variants for hematologic toxicity: ABCC1, ABCB1, ABCC2, ABCC4, ABCC5, ABCG2, SLC19A1, SLC29A1, SLC22A1, SLC28A3, SLC22A8, SLC22A6 and SLC25A37. Capture-based enriched libraries were pooled (12 indexed libraries per pool) and sequenced on a Nextseq 500 System (Illumina, San Diego, CA, USA). Sequencing depth coverage was 60 to 100 X for all target regions. Genetic variant detection was analyzed with the Genome Analysis Toolkit (GATK, Broad Institute, Cambridge, UK).




2.5 Statistical analysis

The clinical characteristics of the two groups, with null/low or high toxicity, were compared either by chi square test (two-sided) or Fisher’s Exact Test when expected values were less than five, using SPSS Statistics 24.0 (IBM Canada Ltd.). P-values ≤0.05 were considered statistically significant. Deviation from Hardy–Weinberg equilibrium (HWE) of genetic variants was calculated based on chi-square test. Association analysis between single nucleotide variants (SNVs) and hematologic adverse events grade under five models of inheritance (codominant, dominant, recessive, overdominant, and log-additive model) were performed using online SNPStats program (http://bioinfo.iconcologia.net/SNPStats). The strength of association was measured by odds ratio (OR) with a 95% confidence interval (CI). The best model of inheritance for each SNV was selected based on Akaike (AIC) and Bayessian (BIC) information criteria. Linkage disequilibrium (LD) and haplotypes were analyzed using the online program SNPStats, and the LD plot was generated in Haploview version 4.1 software.





3 Results



3.1 Patients general characteristics

A total of 96 patients with B-ALL aged less than 16 years of age were included in the present study (Table 1). Of these, 44 were female and 52 were male. In terms of child´s sex, age, leukocyte count at baseline, chemotherapy protocol and risk classification, no statistically significant differences were found between groups. Fusion transcripts were not detected in most patients, and in 11 cases these data were not available. Most of the adverse events of chemotherapy were detected in the consolidation phase.

Table 1 | Clinical features of the study population according to hematologic adverse events grade classification in patients B- ALL.


[image: A table comparing null/low-grade and high-grade adverse events (AEs) in children concerning sex, age, white blood cell count, NCI risk, chemotherapy protocol, AE grade, and gene rearrangement. Values are shown in numbers and percentages, with p-values indicating significance. Statistical significance is determined at p ≤ 0.05.]



3.2 Genetic variants associated with risk of high-grade hematologic adverse events

Through NGS screening, some variants were detected in the ABC and SLC gene families that were associated with the risk of developing hematologic toxicity events of high grade. This association was analyzed using codominant, dominant, recessive, overdominant and log-additive models of inheritance (Supplementary Table S3). Selection of the inheritance model was based on Akaike and Bayesian informative criteria (data not shown). All genotype frequencies were in accordance with the Hardy-Weinberg equation. Table 2 shows the frequencies of variants detected with a statistically significant association with an increased risk of high-grade adverse events. The adjustment of our correlation analysis was performed considering the effect of homocedasticity and the effect of gender, age at diagnosis, white blood cell count at baseline, and genetic rearrangements. All detected risk variants belong to the ABCC gene family (Supplementary Table S4); two of them under the dominant model: ABCC1 rs129081, OR=2.58, 95% CI=1.01-6.57, p=0.047; and ABCC4 rs2274409, OR=2.9, 95% CI=1.16-7.27, p=0.014 (Table 2). Additionally, a risk association was found with a group of ABCC5 variants (r3749442; rs4148580; rs4148579; rs4148575 and rs939338), all of them under the recessive model. Among these ABCC5 variants it is noteworthy that genotypes rs3749442 AA (p=0.0066) and rs4148580 TT (p=0.019) are present only in individuals in the high-grade adverse events group. We then analyzed the linkage disequilibrium (LD) of the ABCC5 variants group using Haploview 4.1. The pairwise D’ values obtained are higher than 0.9 (p<0.001), so we can confirm that these nine variants of the ABCC5 gene are commonly inherited as a block (Figure 1). On the other hand, in this same gene we found four variants with OR values of 7.12 p=0.021, but broad confidence intervals (CI) ranging from 0.88 to 57.70 (Supplementary Table S5); therefore, although a trend is observed as risk variants, statistical significance was not obtained. For the SLC transporter family, no statistically significant association was found between any of its variants and the risk of high-grade hematologic adverse events.

Table 2 | Association of high-grade hematologic adverse events risk with genetic variants in ABC and SLC genes.
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Figure 1 | Linkage disequilibrium plot generated by Haploview software of the genetic risk variants of the ABCC5 gene. Linkage disequilibrium (LD) is shown as pairwise D' values. The unnumbered black diamonds correspond to D' values of 1.0.




3.3 Genetic variants protective of high-grade hematologic adverse events

Along with the risk variants, we found protective variants in genes of both gene families under a dominant model of inheritance (Table 3, Supplementary Table S4). The rs212087 and rs212090 variants of the ABCC1 gene, showed a protective association (OR=0.32, 95% CI=0.14-0.93, p=0.03; and OR=0.36, 95% CI=0.15-0.99, p=0.044, respectively). For the SLC family, a protective effect was observed from the rs4149170 and rs4149171 variants of the SLC22A6 gene in linkage disequilibrium (pairwise D’ value 1), and a value of OR=0.32, 95% CI=0.12-0.91, p=0.030 in both cases. In the same gene, the rs955434 variant was detected as protective for high-grade hematologic adverse events (OR=0.37, 95% CI=0.14, p=0.040) in the study population.

Table 3 | Protective variants for high-grade hematologic adverse events in ABC and SLC genes.


[image: Table showing the association between genetic variants and adverse events in a dominant inheritance model. Variants ABCC1 rs212087 and rs212090, and SLC22A6 rs4149170, rs4149171, and rs955434 are listed. Genotypes are noted with frequencies and significance levels. Odds ratios and confidence intervals indicate the statistical association, with p-values showing significance for all variants.]




4 Discussion

Childhood type B acute lymphoblastic leukemia is the main type of childhood cancer in our country and, although survival rates have increased significantly in developed countries, in Mexico there is still a high mortality rate, part of which is associated with the adverse effects of chemotherapeutic treatment (23, 24). The individual’s ability to metabolize chemotherapeutic drugs depends on numerous factors including environment, gender, age, nutritional status, and genetic profile (25). The latter is of great relevance as it can cause changes in the structure of enzymes involved in drug metabolism and transport. These interindividual differences are the cause of treatment-related toxicities in a fraction of the pediatric ALL population, which can affect different organs and can range from mild to life-threatening (26). Currently, the application of FDA-approved pharmacogenetic testing has yielded promising results and encourages physicians to prescribe individualized medications (27). Nevertheless, a high percentage of patients continue to experience the effects of toxicity associated with chemotherapy treatment, the most frequent being hematologic toxicity (26, 27). Currently, the most successful example of pharmacogenetics in ALL in a clinical setting is the detection of genetic variants of genes encoding TPMT and NUDT enzymes prior to the prescription of thiopurine drugs and, although it has been implemented in different parts of our country, hematologic toxicity still occurs with high frequency (28). Since most of the studies related to this topic have been performed in Caucasian populations with different genetic backgrounds, it is essential to carry out pharmacogenomic studies in other populations. Therefore, in the present work, the main interest was to describe the association of genetic variants present in genes encoding drug transporters with high-grade hematologic adverse events caused by chemotherapeutic treatment in Mexican children diagnosed with B-ALL.

The uptake of chemotherapeutic treatment drugs used by blast cells may be affected by different transporters, including upstream and downstream transporters, especially solute transporters (SLC) and ATP-binding cassette (ABC) family pumps, respectively. Previous pharmacogenetic studies have suggested that single nucleotide variants of SLC and ABC transporters may play a promising role in drug exposure and have been associated with clinical response and toxicity. ABC transporters harness energy from ATP hydrolysis and function as efflux transporters, whereas SLC transporters are mainly involved in small molecule uptake into cells (29). In this study, we analyzed, by NGS, thirteen genes from these families selected based on the background of their association with risk of drug toxicity in the treatment of B-ALL. From this analysis we detected this type of association between ABC family variants and hematologic toxicity as risk factors in our group of B-ALL patients, particularly in ABCC1, ABCC4 and ABCC5.

ABCC1 transports a wide range of antineoplastic agents, including methotrexate, anthracyclines, vinca alkaloids, and numerous glucuronidated, glutathionylated, and sulfated derivative agents. ABCC1 gene sequence is highly conserved, however, genetic variants in its sequence have been associated with neurotoxicity, cardiotoxicity, and hematologic toxicity (30, 31). Vulsteke et al. (2013), reported the association of three variants in the ABCC1 gene with hematologic toxicity during chemotherapy in a Belgian population of women with breast cancer (32). In this study, we found that the ABCC1 rs129081 variant is associated with risk of high-grade hematologic toxicity. On the other hand, we observed that the ABCC1 rs212087 and rs212090 variants are protective against high-grade adverse events. When contrasting these results with other populations, we found data confirming the presence of risk or protective variants in ABCC1. In this sense, Gutiérrez-Camino et al. (2018) reported that the rs3743527 variant was associated with protection against anthracycline cardiotoxicity in Mexican pediatric patients with ALL treated with a traditional chemotherapeutic regimen (33). On the other hand, Kunadt et al. (2020) analyzed the presence of ABCC1 rs129081, rs212090 and 212091 variants located in the 3′ UTR region, finding an association with overall survival and disease-free survival in patients with AML. Although they did not conduct functional analyses, they propose that the change of nucleotides in these non-coding regions modifies the binding capacity of regulatory miRNAs with consequences on mRNA and protein expression (34). Thus, we can observe the duality between the presence of different variants in the same gene associated alternatively with risk or protection against high-grade hematological adverse events, which seem to influence the different responses to chemotherapeutic treatment.

Regarding the pharmacogenomics of the ABCC4 gene, the association of certain variants with 6-mercaptopurine intolerance has been described in Chinese children with ALL, while an association with hematologic toxicity was found in an Egyptian population with ALL (35, 36). Similarly, we found a risk association between high-grade hematologic adverse events and the ABCC4 rs2274409 variant. Besides, Krishnamurthy et al. (2008) observed that the rs3765534 missense variant reduces the function of the transporter by preventing its membrane localization, causing an accumulation of 6-thioguanine nucleotides in myeloid precursor cells (37). Although a possible negative dominant effect of this variant was ruled out, it was shown in a subsequent study in a Japanese population that the combination of rs3765534 with other NUDT15 intermediate activity variants in ALL patients caused intolerance to 6-mercaptopurine and marked leukopenia (38). Therefore, in future studies it will be important to intentionally search for combinations of risk variants that may be particularly affecting our population.

As for ABCC5, it is an efflux transporter for cyclic nucleotides and nucleotide analogues (39). Some of its genetic variants have previously been associated with doxorubicin cardiotoxicity in survivors of childhood ALL in a cohort of Canadian patients (40). In this study, we observed a clear association between high-grade hematologic adverse events and six ABCC5 gene variants, all in linkage disequilibrium. In addition, we found four more variants with a trend as risk factors, however, the confidence intervals are outside the limits of what can be considered a statistically significant association. In particular, the rs939336 variant stands out, which generates a stop codon that translates into a truncated protein that could affect its function in the transport of antineoplastic drugs (Supplementary Table S4). We consider that with a larger sample size it is very likely that this association between ABCC5 variants and hematologic toxicity will be confirmed; in any case, the results obtained already reflect the importance of this gene in the pharmacogenomics of B-ALL in Mexican pediatric population.

Regarding the SLC family, it has been demonstrated in other populations that certain variants are associated with the risk of different manifestations of toxicity (41). Although several genes of the family were considered within the sequencing strategy of this work, we only observed a protective association against high-grade hematologic adverse events in the SLC22A6 rs4149170, rs4149171 and rs955434 variants. To our knowledge, this is the first report of such an association with these specific variants. These results are in addition to those described by Visscher et al. (42), who demonstrated an association between the genetic variant rs7853758 of the SLC28A3 gene as a protective factor against anthracycline-induced cardiotoxicity in the pediatric population. Although the most clinically relevant approach in the study of genetic variants usually focuses on the description of risk variants, it is also important to have information on protective variants.

The major limitation of this study was the small sample size. In a next phase, we plan to increase the number of patients and, additionally, to analyze the ancestry of the participants from different regions of the country. Equally important, it will be to complement this information with the detection of genetic variants clearly associated with hematological toxicity such as those of the TPMT and NUDT15 genes. The objective is to have enough information to integrate it into a risk stratification algorithm according to the genetic background of each population and finally to be able to offer a personalized treatment with the lowest possible risk of side effects.




5 Conclusions

In summary, we found genetic variants within genes of the SLC and ABC transporter families as risk markers for high-grade hematologic adverse events risk from chemotherapeutic treatment of ALL in Mexican children, as well as other protective variants. These results show us that interindividual patient variability in these drug transporter coding genes should be considered in the management of their treatment as part of a personalized medicine strategy to improve the likelihood of a successful outcome in ALL patients.
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Background

The “Bridge Project” is a Mexico in Alliance with St. Jude (MAS) initiative developed in 2019 to improve access, accuracy, and timeliness of specialized diagnostic studies for patients with suspected acute lymphoblastic leukemia (ALL). The project strategy relies on service centralization to improve service delivery, biological characterization, risk-group classification, and support proper treatment allocation.





Methods

This is an ongoing prospective multisite intersectoral quality improvement (QI) project available to all patients 0-18 years of age presenting with suspected ALL to the 14 actively participating institutions in 12 Mexican states. Institutions send specimens to one centralized laboratory. From a clinical standpoint, the project secures access to a consensus-derived comprehensive diagnostic panel. From a service delivery standpoint, we assess equity, timeliness, effectiveness, and patient-centeredness. From an implementation science standpoint, we document feasibility, utility, and appropriateness of the diagnostic panel and centralized approach. This analysis spans from July 2019 to June 2023.





Results

612 patients have accessed the project. The median age was 6 years (IQR 3-11), and 53% were males. 94% of the specimens arrived within 48 hours, which documents the feasibility of the centralized model, and 100% of the patients received precise and timely diagnostic results, which documents the effectiveness of the approach. Of 505 (82.5%) patients with confirmed ALL, 463/505 (91.6%) had B-cell ALL, and 42/505 (8.3%) had T-cell ALL. High-hyperdiploidy was detected by DNA index in 36.6% and hypodiploidy in 1.6%. 76.6% of the patients had conclusive karyotype results. FISH studies showed t(12;21) in 15%, iAMP21 in 8.5%, t(1;19) in 7.5%, t(4;11) in 4.2%, t(9;22) in 3.2%, del(9)(p21) in 1.8%, and TRA/D (14)(q11.2) rearrangement in 2.4%. Among B-cell ALL patients, 344/403 (85.1%) had Day 15 MRD<1% and 261/305 (85.6%) Day 84 MRD<0.01. For T-cell ALL patients 20/28 (71.4%) had Day 29 MRD<0.01% and 19/22 (86.4%) Day 84 MRD<0.01%.





Conclusions

By securing access to a standardized consensus-derived diagnostic panel, the Bridge Project has allowed better characterization of childhood ALL in Mexico while producing unprecedented service improvements and documenting key implementation outcomes. We are using these results to inform iterative changes to the diagnostic panel and an associated treatment guideline (MAS-ALL18).





Keywords: acute lymphoblastic leukemia, pediatric, clinical characteristics, epidemiology, diagnostic panel, Mexico, multisite, consensus-derived




1 Introduction

Childhood cancer survival has significantly improved in high-income countries (HIC) over the last five decades (1, 2). For acute lymphoblastic leukemia (ALL), survival has improved for children 0-14 years old from 73% before the 1990s to 93% since 2010, and for adolescents 15 to 19 years old from 55% to 74% (3). These improvements result from the evolution of risk-adapted therapies, which now include clinical, biological, and genomic variables, and aim to maximize cure while minimizing toxicity (4). However, these advances have not been translated to low- and middle-income countries (LMIC), where most of the children with cancer live and where suboptimal health system performance, results in significant underdiagnosis and poor survival for thousands of children every year (5).

In 2004, Mexico pioneered financing innovations to respond to the increasing burden of childhood cancers among low-income families through the Fund for Protection Against Catastrophic Expenditures (“Seguro Popular”) (6). The program provided coverage for ALL starting in 2005, expanded to all childhood cancers by 2007, and accredited about 55 national hospitals to care for these children nationwide (7). However, by 2015, the documented 5-year net survival for childhood ALL remained below 60%, even after adjustment for a very high background childhood mortality (8). Seguro Popular prioritized increasing access to treatment through service decentralization. This approach, doubled the annual number of children with ALL accessing treatment (from 535 in 2005 to 1,070 in 2015), but the 5-year overall survival remained constant (at 61.8%; 95CI 60.8-62.9%), and wide gaps in survival and service delivery were documented (9, 10). The 5-year state-specific survival for children with ALL ranged from 43.7% to 74.7% throughout the country (9). Bottlenecks, inequities, and variations in quality across pediatric cancer centers prevailed, and rigidities in payment systems and treatment guideline accreditation delayed the adoption of innovations and hindered patient-centered, multi-site collaboration (6, 10). While Seguro Popular was specifically launched for the uninsured population, similarly low ALL survival was documented for the population with Social Security benefits and in multisector cohorts during the same period (11, 12). In 2020, Seguro Popular was suddenly dissolved, and the established national drug procurement systems were rapidly dismantled. Since then, the Mexican health system has been in constant redesign (6, 13). New models of care, health governance, and health financing are underway, but details on if, when, and how the health system will achieve new levels of system performance remain to be determined.

Mexico in Alliance with St. Jude (MAS) emerged in 2016 as a multi-center, interdisciplinary, and intersectoral collaboration to improve the quality of care and survival for children and adolescents with cancer in Mexico through innovative education, treatment, and research strategies (14). It was formally launched as a cooperative group in 2017 by 11 founding healthcare institutions, with support from St. Jude Children’s Research Hospital’s “St. Jude Global” (St. Jude), “Casa de la Amistad para Niños con Cancer (CDLA),” and the Gonzalo Rio Arronte Foundation (FGRA) (15–17). Despite the aforementioned changes in the Mexican health system and the COVID-19 pandemic, MAS has grown to engage over 70 healthcare institutions in Mexico in collaboration and quality improvement activities and over 25 in modernization and evidence activities (see Figure 1). MAS has documented health system challenges to improve outcomes for children with ALL (18, 19), operationalized a model to increase access to specialized diagnostic testing for children with suspected ALL (20), developed and implemented an evidence-based consensus-derived ALL treatment guideline (21), expanded early detection of inpatient clinical deterioration utilizing pediatric early warning systems (22), improved time to antibiotic administration in patients with suspected febrile neutropenia (23, 24), helped sustain treatment continuity during the COVID-19 pandemic (25, 26), developed human resources for quality improvement and research (27), and nurtured collaboration with over 20 government agencies, professional organizations, and foundations (28).

[image: Diagram illustrating the strategy "Mexico in Alliance with St. Jude" to improve childhood cancer survival. Features four components: Collaboration, Modernization, Quality, and Evidence. Each component has specific actions, such as "Modernization" focusing on diagnosis standardization and "Quality" enhancing care with systems like Pediatric Early Warning. The alliance involves multidisciplinary work, matching funds, and annual reviews since the strategy's launch in 2017.]
Figure 1 | Mexico in Alliance with St. Jude (MAS) strategy.

This manuscript focuses on the “Bridge Project”, an ongoing, prospective, multisite, and intersectoral quality improvement (QI) project launched by MAS in 2019 to improve access, accuracy, and timeliness of specialized diagnostic studies for children with suspected ALL. It secures access to a consensus-derived diagnostic panel with the support and funding of local foundations and international collaborators. The diagnostic panel provides clinical teams with the essential information for precise ALL risk-group classification. Secondary aims include generating evidence for the feasibility and utility of carefully selected centralization practices, improving the understanding of the epidemiology of ALL in Mexico, and informing best practices for conducting multicenter and intersectoral collaborative work in diverse real-world settings. Although the project was not designed as a cancer outcomes study and cannot report on all clinically relevant characteristics, the results generated for ongoing service delivery and project oversight allow reporting on the clinical and epidemiological characteristics observed and the service and implementation outcomes obtained.




2 Methods



2.1 Project Design

The Bridge Project is an ongoing, prospective, multisite, and intersectoral quality improvement (QI) project that draws from improvement science to increase service equity, timeliness, effectiveness, and patient-centeredness and applies strategies of consensus development, prioritization, centralization, standardization, optimization, and training to meet these goals. It also draws from implementation science to document feasibility, utility, and appropriateness. It has continuously collected deidentified operational data with an improvement mindset since its activation in 2019.




2.2 Population

All consecutive patients 0-18 years of age presenting with suspected ALL to the participating MAS member institutions after their site-specific project launch (see “Project Context” and “Implementation Strategy” for details) were eligible to participate. Suspicion of ALL is determined locally by the pediatric hematology and/or oncology physician, utilizing clinical judgement and blood marrow morphology on light microscopy; a local immunophenotype or complementary diagnostic test is not required. This manuscript includes data gathered from all specimens collected between July 1st, 2019, and June 30th, 2023.




2.3 Project Development

From 2016 through 2019, MAS member institutions conducted weekly virtual meetings and eight strategic in-person meetings every six months. During these meetings, existing literature and local evidence were reviewed, multiple situational analyses were performed, and consensus on the preferred diagnostic panel, implementation strategy, and therapeutic approach were achieved (18, 19). Existing capacity and capability, logistics, preferences, and cost considerations were key for prioritization of the selected diagnostic panel, the sequence of training and external validation activities, and the focus on service centralization as a core improvement and implementation strategy. This experience led to the development, implementation, and early evaluation of MAS-ALL18, an evidence-based consensus-derived ALL treatment guideline, which most closely resembles Total XV, but incorporates several strategic evidence-based reductions to treatment intensity (21, 29).




2.4 Project Oversight

Participating institutions sign collaborating, billing, and data-sharing agreements with the three coordinating institutions: St. Jude Children’s Research Hospital (“St. Jude Global”; technical advisor), Hospital Infantil Teletón de Oncología (“HITO”; centralized laboratory), and Casa de la Amistad para Niños con Cancer (“CDLA”; administrative hub) (15, 16, 30). Participating institutions also obtain context-specific authorizations for participation and parents sign consent to collect and ship specimens following clinical institutional policies and procedures. Oversight of the project is jointly conducted by an advising committee comprised of five technical experts (PF, HR, PG, DA1, DA2), four members of the MAS steering committee (PF, HR, PG, LA), and two administrative staff (NE, NM). Project implementation meetings occur weekly and administrative oversight meetings occur monthly. The project obtained competitive grant funding from Gonzalo Río Arronte Foundation in 2017 and 2022 (17). Progress report for this external audience occurs at pre-set timelines every 8-12 months.




2.5 Project Context

The project is actively running in fourteen MAS member institutions in twelve Mexican states (see Table 1 and Figure 2). Participating institutions include general, pediatric, and specialty hospitals with pre-established/mature pediatric hematology and/or oncology (PHO) wards. Regarding eligibility and readiness, HITO was identified early on as the most suitable location for the centralized laboratory based on its existing equipment, human resources, procurement capability, leadership buy-in, and openness to complete thorough external validation and training activities (31, 32). Additional institutions were invited to participate if they were already actively participating in other MAS projects, verbalized interest and commitment to the project goals, formed a multidisciplinary team and engaged their leadership to sign the required collaborative agreements. Sites unable to sign or renew the collaborating agreements could participate in learning and knowledge-sharing activities (including in-person and virtual meetings) but could not ship specimens to the centralized laboratory.

Table 1 | Population: bridge project participating centers, volume, and engagement.


[image: Table listing hospitals participating in a project, detailing their cohort, start dates, and patient numbers. Columns include hospital names, first shipment dates, suspected and confirmed cases, MAS-ALL-18 start dates, and patients on MAS-ALL-18. Some entries have "NA" for not applicable.]
[image: Map of Mexico titled "Bridge Project Map June 2023" showing locations of centers shipping samples to the Centralized Laboratory in Querétaro. Cohort 1 (2019) includes Sinaloa, Jalisco, Baja California, and Yucatán. Cohort 2 (2021) includes Chihuahua, Guanajuato, Michoacán, Estado de México, Hidalgo, Chiapas, Campeche, and Tamaulipas. Routes from each location converge on the laboratory.]
Figure 2 | Geographic distribution of participating centers.




2.6 Consensus-derived diagnostic panel

The consensus-derived diagnostic panel has been previously published and includes bone marrow morphology, immunophenotype, DNA index, karyotype (with analysis of 20 metaphases), fluorescence in situ hybridization, and minimal residual disease (MRD) evaluation by flow cytometry at two-time points (day 15, and/or day 29, and day 84) depending on the ALL lineage and specifications on the MAS-ALL18 or institutional treatment guideline (33). The flow cytometry diagnostic and MRD panels were developed in collaboration with and through external validation with Boston Children’s Hospital and St. Jude Children’s Research Hospital (31, 32). The diagnostic flow cytometry panel includes B lineage markers (CD20+, CD10+, CD19+), T lineage markers (CD3+, CD4+, CD8+, CD7+, CD5+), myeloid lineage markers (HLDR, CD15+, CD13+, CD117+, CD33+, CD16+), cytoplasmic and nuclear markers (TdT, myeloperoxidase, CD3+, CD79a, IgM) and non-specific lineage markers (CD81+, CD58+, CD34+, CD38+, CD99+). The B-cell ALL MRD panel includes B lineage markers and non-specific lineage markers (CD81+, CD20+, CD10+, CD19+, CD58+, CD34+, CD38+). The T-cell ALL MRD panel includes T lineage markers (CD3+, CD4+, CD7+, CD8+, CD5+), CD34+, and CD99+. The FISH panel for B-cell ALL includes KMT2A, ETV6/RUNX1, BCR/ABL, E2A/PBX1, and iAMP21 and the FISH panel for T-cell includes KMT2A, BCR/ABL, E2A/PBX1, TLX1, TLX3, CDKN2A, and TRA/D. See Tables 2, 3 for diagnostic panel results. Costs of the diagnostic panel are available in the Supplemental Material (see Supplementary Resource 1).

Table 2 | Clinical and molecular characteristics observed.


[image: Data table on leukemia patient characteristics with values. Key points:   - Male suspected and confirmed Acute Lymphoblastic Leukemia (ALL) cases: 53.1%.  - Median age: 6 years.  - Final diagnosis: 82.5% ALL, 6.9% Acute Myeloid Leukemia (AML).  - Confirmed ALL immunophenotypes: 91.6% B cell, 8.3% T cell.  - Age category: 68.7% aged 1-10 years.  - DNA index shows 49.1% normal diploid.  - Karyotype: 50.7% abnormal.  - FISH positive: 72.1%.  - Positive FISH results include gene gains and specific abnormalities.]
Table 3 | MRD results.


[image: Table displaying the results of MRD testing on patients with B cell and T cell acute lymphoblastic leukemia (ALL) at days 15, 29, and 84. For B cell ALL, percentages of patients with MRD values less than 0.01%, between 0.01% and 1%, and greater than or equal to 1% are provided, along with those with no results. Similar data is shown for T cell ALL patients. Notes indicate percentages of patients who had MRD performed at specific days and note that some existing billing bases lack MRD results.]
Implementation strategy: MAS member institutions meeting eligibility/readiness criteria (see “Project context”) are invited to participate. The institutions form improvement teams and undergo QI training and coaching to standardize the diagnostic specimen collection, packing, handling, and shipment process. The teams develop a situational analysis, a block diagram, and a set of checklists to guide every step of the local process, follow a common theory of change, apply the measurement strategy, develop change ideas, and conduct and document Plan-Do-Study-Act (PDSA) cycles. Teams also learn to use standardized project forms (see “Data and Data Collection”). Finally, two members of each team complete a certificate-based training on the proper handling and shipping of biological specimens (“Online Biological Substance Category B IATA” by the Dangerous Goods International Training Center).

Before sending the first patient specimen, each team must develop and prototype a diagnostic specimen collection and shipment process that allows most specimens to arrive Monday through Friday at the centralized laboratory. To achieve this, each team must send at least five empty boxes on five different days (covering Monday through Friday). Teams may utilize existing or try out new couriers and can send additional empty boxes if a pattern and/or courier preference can’t be established. During this phase, teams typically make changes to their systems and processes, restructuring procedure days, times, and personnel to optimize their strategy. Specialty couriers allow Friday collection and Saturday arrival, but teams are asked to limit their use to serve unstable new patients due to cost considerations (specialty shipping costs are 4x baseline).

Once the institution is deemed ready, the team can start sending patient specimens for all consecutive patients that meet the project inclusion criteria (see “Population”). Teams collect the specimen, fill out the project forms, document relevant times (See Figure 3), ship the specimen, and alert the laboratory that a specimen is in transit. Upon receipt, HITO documents specimens’ arrival time and conditions utilizing a standardized checklist (see Supplementary Resource 2). The laboratory inspects and evaluates the condition of each tube/specimen upon arrival and labels each one as “adequate”, “conditioned”, or “rejected”. The threshold to label specimens as “conditioned” is low and most often includes non-critical clerical errors, hemolysis, or clotting, among others. However, all “adequate” and “conditioned” specimens have been processed and a “conditional” status has not been associated with challenges in interpretation. We have continued the three-tier categorization despite “conditional” labeling having little to no clinical consequence, as a mechanism to raise awareness and train participating institutions on the value of optimizing the pre-analytical sample conditions. If a specimen is rejected, typically due to critical delays, temperature, clerical errors, spills, or clotting clearly affecting sample quality, HITO contacts the treating physician immediately to request another specimen. Finally, HITO provides clinical results to the treating physician listed in the requisition within specific timelines (immunophenotype is reported within 48 hours from receipt date/time, FISH within six days, and karyotype within 26 days). The laboratory team at HITO is available to answer questions from the treating physician about the specimen, panel, studies, and clinical impressions. In addition, HITO provides feedback to the implementing team about arrival time, package, and specimen conditions shortly after every shipment. This allows the implementing teams to make real-time iterative improvements to their diagnostic specimen collection, handling, and shipment process. The multidisciplinary teams (pediatric oncologists, research coordinators, nurses, social workers, and laboratory technicians) from the participating hospitals hold weekly meetings to learn and guide QI activities.

[image: Flowchart illustrating a specimen processing pathway in the Bridge Project. It includes three main phases: hospital participation, specimen shipment and transit, and centralized laboratory processing. Steps are: specimen collection, packaging, form completion, shipment notification, transit, arrival at centralized lab, processing, and result reporting. The timeline shows intervals T0, T1, T2, and T3, representing different stages from collection to result reporting.]
Figure 3 | Process map and relevant times.

The cost of the consensus-derived diagnostic panel has been covered by the 2017 and 2022 FGRA grants, which provide funding for over 1,000 patients with confirmed ALL. Detailed cost of the diagnostic panel is available in Supplementary Resource 1. CDLA covers the costs of diagnostic tests not included in the diagnostic panel, which are needed when identifying non-ALL diagnoses. St. Jude provides funding for project management, two laboratory technicians at the central laboratory, one research coordinator at each participant institution, training/certification for the shipment of biological specimens, supplies included in the shipping kits, and courier expenses. HITO and CLDA handle billing following national and institutional standards.




2.7 Data and Data Collection

All diagnostic specimens sent utilizing the described Bridge Project mechanisms are included in the operational database. Data is collected through standardized project forms (laboratory requisition, clinical summary, sharing data agreement, and shipment notification form). Clinical data to deliver patient care is collected and shared on a need-to-know basis following institutional and national policies and procedures. Only the treating physicians and the laboratory staff that receive, process, and interpret specimens have access to patient identifiers. Technical experts, steering committee, and project staff work exclusively with deidentified data.




2.8 Data analysis

Operational definitions for service and implementation outcomes are provided in Table 4 and Figure 3. Descriptive statistics were utilized to summarize patient characteristics.

Table 4 | Service and Implementation outcomes.


[image: Table showing service outcomes of interest related to diagnostic processes. Categories include timeliness, effectiveness, patient-centeredness, and equity. Each lists definitions, results, associated implementation outcomes, and interpretations. Results range from 93.9% to 100%, indicating feasibility, utility, appropriateness, and equitable access. Additional notes describe the criteria for diagnostic reports and access to panels.]



2.9 Ethics

This is a quality improvement project and was exempt from IRB review.





3 Results



3.1 Population (Centers)

As seen in Table 1, sixteen institutions have joined the Bridge Project since it launched and fourteen (88%) are actively participating. Thirteen of the fourteen active institutions are public hospitals serving the needs of predominantly low to lower-middle income patients without social security or employment-based benefits. Four institutions have been actively shipping specimens to the centralized laboratory since 2019 and 2020 (the pilot, “Cohort 1”), ten joined the expansion cohort (“Cohort 2) in August 2021, and two (12.5%) were unwilling or unable to continue shipping specimens (“NA”). One institution is close to the United States border (in Tijuana) and was able to procure access to a diagnostic panel in the United States with local foundation support and one institution (in Xalapa) has been unable to sign the new version of the required agreements due to changes in the administrative officials. The geographic distribution of the fourteen actively participating institutions and the centralized laboratory are shown in Figure 2. A total of 612 cases have been sent for review for suspected ALL to the centralized laboratory, and ALL has been confirmed in 505 (82.5%). Twelve active institutions (86%) are standardizing and optimizing their treatment approach by adopting MAS-ALL18, an evidence-based consensus-derived treatment guideline. Four institutions adopted the diagnostic panel and treatment guideline at the same time; the others did it sequentially. As seen in Table 1, eleven institutions see <35 new ALL patients per year.




3.2 Population (Patients)

Table 2 displays the clinical and epidemiological characteristics available through the Bridge Project. Among 612 patients with suspected ALL, the median age was 6 years, and 53.1% were males. Ten percent of patients did not have leukemia, 6.9% had acute myeloid leukemia, and 0.7% had other leukemias. These findings are within the expected range when sending specimens of suspected ALL based on clinical presentation and morphology without additional confirmatory tests. Most patients with confirmed ALL had B-cell (91.6%) and were in the 1-10 age group.




3.3 Molecular characteristics

DNA index, karyotype, and FISH results were available for 501 (99.2%), 498 (98.6%), and 498 (98.6%) of patients, respectively. Hypodiploidy was identified in 1.6% of patients by DNA index. Relevant mutations were more frequently identified through FISH (72.1%) than with karyotype (50.7%). The frequency of t(12;21) by FISH was 15%, t(1;19) was 7.5%, t(4;11) was 4.2%, and t(9;22) was 3.2%. The frequency of iAMP21 was 1.8% by karyotype and 8.5% by FISH. Among the 39 patients with T-cell ALL, the frequency increases to 30.7% and 23.1%, for TRA/D(14) (q11.2) and CDKN2A del(9)(p21), respectively.




3.4 MRD results

MRD results were available for 403 (87%) of 463 patients with B cell ALL at Day 15 and 305 (65.9%) on Day 84, and for 28 (66.6%) of 42 patients with T cell ALL on Day 29 and 22 (52.4%) at day 84. MAS-ALL18 and Total XV utilize MRD Lite at Day 15 to evaluate early response to therapy in patients with B-cell ALL. As shown in Table 3, 85.1% of patients B-cell ALL had MRD <1% at Day 15. Furthermore, 48.9% of patients with B-cell ALL had MRD<0.01% at day 15, 77.8% at day 29, and 85.6% at day 84. The numbers on day 29 are small because, in MAS-ALL18, MRD is not routinely sent on day 29 for patients with B-cell ALL; it is only sent if the treating physician is concerned about induction failure to support distinguishing blasts and hematogones. Day 29 results for patients with B-cell ALL reflect the use of Total XV as the institutional protocol or concerns for induction failure. For patients with T-cell ALL, 71.4% had MRD<0.01% at day 29 and 86.4% at day 84. The observed frequency of MRD evaluations was lower than anticipated. A sub-analysis of the causes for missed MRD showed that the main challenge to completing MRD evaluation was death prior to the established MRD evaluation timepoint, which occurred in 3% of B-cell ALL patients before day 15 and 8.2% of patients before day 84, and 33% of T-cell ALL patients before day 29 and 21.4% of patients before day 84. The second most common challenge was the institutional guideline not utilizing the MRD timepoint, which was specific to day 84 and occurred in 9.1% of patients with B-cell ALL and 7.1% of patients with T-cell ALL. Additional reasons to miss MRD evaluation included transfers to another facility, clinical instability, lack of coordination to send sample, and treatment abandonment. Details are provided in Supplementary Resource 3.




3.5 Service improvement and implementation results

Table 4 summarizes the service outcomes of interest as well as their associated implementation outcome and interpretation. Most (94%) of specimens have arrived within 48 hours of collection and 100% of patients received a diagnosis, regardless of whether they had ALL or not. Less than 2% of specimens had to be rejected and real-time communication allowed for all patients with rejected specimens the opportunity for timely shipment of a second specimen. Finally, we achieved 93.9% equitable access. The equity measure is defined by the percentage of consecutive patients with suspected ALL who access the panel. We have identified that up to 40 patients who presented to MAS member institutions but did not enter the Bridge Project. None were excluded due to their geographic location or ability to pay. Patients were excluded due severe clinical deterioration, weekend presentation with urgent need to start therapy, lack of sufficient specimen, or immediate transfer to a hospital with access to specialized diagnostic studies. The service outcomes help us evaluate the implementation outcomes of interest, including feasibility, utility, and appropriateness. See Table 4 for details.





4 Discussion

By securing access to a standardized consensus-derived diagnostic panel, the Bridge Project has allowed better characterization of childhood ALL in Mexico while producing unprecedented service improvements and documenting key implementation outcomes. We have been able to prospectively apply the full diagnostic panel as part of routine care, support proper risk-group assignment, and document the frequency of classic molecular alterations, as well as the value of a carefully selected centralized approach. We are using these results to inform iterative changes to the diagnostic panel, support knowledge-transfer to additional reference laboratories, and solidify the multi-site expansion, implementation, and impact evaluation of an associated evidence-based consensus-derived ALL treatment guideline (MAS-ALL18).

Situational analyses conducted prior to launching the Bridge Project showed that while the access to diagnostic confirmation by immunophenotype was high (97%), access to specialized studies was limited; up to a third of patients with confirmed ALL lacked access to karyotype, DNA index, and MRD evaluation, and up to two-thirds of patients lacked access to FISH and PCR studies (18, 19). These and other findings identified during situational analyses, were recently confirmed and more thoroughly evaluated in an expanded cohort, including 2,116 patients <18 years of age diagnosed at sixteen Mexican institutions between 2011-2019 (34).

Through the Bridge Project, 100% of patients with suspected ALL at participating institutions had access to a timely and precise diagnostic evaluation, 98.2% patients with confirmed ALL benefited from application of the full day zero diagnostic panel, and an estimated 95.7% of patients with access to the day zero panel, gained access to it. Service delivery has improved in the following four quality dimensions: equity, timeliness, effectiveness, and patient-centeredness and the improvements have been achieved through a combination of consensus development, prioritization, centralization, standardization, optimization, and training. A multisite harmonized diagnostic approach has been achieved despite the Bridge Project not forcing institutions to apply a unified therapeutic protocol or approach (see Supplemental Resource 4 for details). Additional details about the theory of change and measurement strategy, including change ideas, PDSA cycles, and time series charts (run and control) will be reported elsewhere. From an implementation standpoint, the feasibility, utility, and appropriateness of the diagnostic panel have also been established.

The Bridge Project has served as a demonstration project for the value of centralization and external validation of specialized studies – two concepts that were not being pursued when the project was conceived and are gaining acceptance in the pediatric hematology-oncology community in Mexico. The project is expanding to more referring institutions and two additional laboratories (a government-designated national flow cytometry laboratory and a government-designated national genomics laboratory). While organizing state-by-state or regional strategies is outside MAS’ scope and capability, conducting knowledge-transfer and incorporating these two national laboratories will extend the service and training opportunities to governmental laboratories and help expand training and external validation activities nationally. In addition, the training curriculum and external validation opportunities developed to conduct knowledge-transfer, will support local laboratories at MAS member institutions that procure equipment and want to engage in systematic local capacity and capability building activities in collaboration with other members of the cooperative group to offer these high-quality diagnostic panel services locally or regionally.

For risk-stratification, before the Bridge project, most patients (82%) were classified as high-risk, despite half of them not meeting NCI criteria for high-risk classification (19). Although are not able to report on preliminary or final risk stratification in this manuscript due to the multitude of modified treatment guidelines used by the institutions and the absence of WBC count in our service and billing datasets, Cohort 1 participating institutions utilizing MAS-ALL18 have looked at this in detail and noticed a shift towards a more classic risk-group distribution after introducing the diagnostic panel. For the first 137 patients utilizing MAS-ALL18, 49.5% of patients were classified as favorable, 20.8% as intermediate, and 29.7% as high-risk (21). Per discussion with participating institutions, the new risk-group distribution has been sustained as the project has continued. We are designing a hybrid type 3 effectiveness-implementation study that will retrospectively validate the diagnostic panel and prospectively assess its impact on proximal and distal clinical outcomes.

Through the Bridge Project, we also documented the frequency of classic molecular alterations in a larger sample of Mexican children with ALL than in past studies, which have historically included 53-298 Mexican nationals (35). Consistent with the literature, we observed a lower frequency of t(12;21)/ETV6-RUNX1 compared to non-Hispanics (15.0% in our cohort, compared to 8.4-14.9% in other Mexican and Hispanic cohorts and 24% in Non-Hispanic cohorts) in the United States (35). We also observed a higher frequency of iAMP21 (8.5%) in Mexicans, compared to Hispanics (1%) and Non-Hispanics (2%) (36, 37) and a higher frequency of t(1;19)/EA2-PBX1 (7.5%) compared to baseline studies in Non-Hispanics (5%) (38). EA2-PBX1 and iAMP21 findings are consistent with prior reports in Mexican patients, where EA2-PBX1 has been identified in 7.2% of patients and iAMP21 in up to 10% of patients (35). Our observed frequencies for t(4;11)/KMT2A and t(9;22)/BCR-ABL (4.2% and 3.2%, respectively) are consistent with the literature for all three ethnicities (36, 39). Finally, our observed frequency of hypodiploidy by IDNA (1.6%) is lower than reported in Mexican series, but consistent with the reported frequency in Hispanics and Non-Hispanics in the United States (1 and 2%), respectively (35, 36).

With regards to disease evaluation and downstream tests included in the diagnostic panel, during the Bridge Project, minimal residual disease (MRD) has been performed in 403 (87%) of 463 patients with B-cell ALL at day 15 and in 305 (65.9%) at day 84, and for 28 (67%) of 42 patients with T-cell ALL at day 29 and 22 (52.4%) at day 84. These frequencies are better than those identified during situational analyses, where MRD during induction was shown to be performed in only 61% of patients (19). However, they are lower than desirable. In HIC manuscripts <2% of new diagnosis patients lack MRD results (40). We first thought this was due to use of non-MRD based protocols because at the start of this project, the national protocol was based on Total XIIIB (a non-MRD protocol), but realized that explains a small fraction of cases. Based on additional situational analyses and recent abstracts, we hypothesized the lack of access to MRD evaluation likely resulted from a combination of early death (8-12%), treatment abandonment (2-6%), induction failure (1-2%), lack of clearance for the procedure due to toxicity or poor health status when MRD is due, and scheduling conflicts or misses (18, 19, 21). A sub-analysis on the distribution of causes for missed MRD confirmed death before MRD timepoints as the main contributor to missed MRD evaluation (affecting 3-24% of patients in this cohort, depending on the timepoint), followed by not utilizing the timepoint in the institutional guideline (specific to day 84), transfers to another facility, clinical instability, lack of coordination at site to ship the sample, and treatment abandonment (see Supplemental Resource 3). Although we did not aim to conduct a cancer outcomes analysis, understanding the reasons for missing MRD evaluation allowed us to document major challenges with mortality in the first 90 days for B-cell and T-cell patients, since 38/463 (8.2%) patients with B-cell ALL and 9/42 (21.4%) patients with T-cell ALL were reported as diseased before day 84 MRD evaluation (see Supplemental Resource 3). Finally, considering negative MRD a value <1% at day 15 and a value <0.01% at 84, 85.4% and 85.6% of B-cell ALL were documented to have negative MRD during induction and at the end of consolidation, which is consistent with the literature (40, 41).

The clinical, molecular, and response to therapy attributes observed in this cohort after securing access to a comprehensive diagnostic panel do not fully explain the rapid decline in survival (with ≥20% of patients not reaching day 15 in a clinical condition amenable to obtaining an MRD sample) and support what other authors have called the “triple-hit explanation” for worse ALL outcomes among Mexican and Hispanic children (35). The theory incorporates high incidence and burden of leukemia, higher frequency classic and novel adverse biologic features (such as iAMP21, t(1;19)/EA2-PBX1, CRLF2, TPMT, and NUDT15 mutations), and suboptimal treatment among Mexican and Hispanic children to explain the poor outcomes. To improve the understanding of factors influencing poor outcomes for children with ALL in Mexico, we introduced next-generation sequencing in the recently awarded 2022 Gonzalo Rio Arronte Foundation grant and have started collecting results. A comprehensive survival analysis is currently beyond the scope of the current version of the Bridge Project. However, as MAS-ALL18 expands, more detailed clinical annotation and a thorough survival analysis will be pursued. We also continue to support the large-scale implementation of a variety of evidence-based supportive care initiatives, as described in the MAS Strategy (Figure 1).

Two years designing and four years implementing the Bridge Project have offered many opportunities to discuss the role and value of centralization vs. decentralization in pediatric oncology-wise health systems. Decentralization offers the advantage of bringing care closer to where the patient and their family live, which can reduce treatment abandonment and the economic burden of disease. However, it also creates challenges by diluting resources and limiting access to volume-based expertise. Centralization offers the advantage of concentrated technology and expertise but poses challenges to the patients and families who live far away and have relevant competing priorities. However, in recent years, models for shared care have expanded and the tension between centralization and decentralization through the application of telemedicine and various levels of pediatric hematology/oncology care has increased (42, 43). In 2020, the Lancet Oncology Commission for Sustainable care for children with cancer proposed a facility levels and country tiers framework, as a mechanism to address and harmonize the approach to these challenges (5). In MAS, we have learned the value of multi-site collaboration and the implementation and optimization of a carefully selected centralized approach. As a result, we are expanding the project to incorporate two additional strategically located laboratories. In the case of diagnostic specimens that do not require the patient to travel, navigating the logistics so that every child with suspected ALL has the same opportunity of accessing a comprehensive diagnostic panel is worthwhile.

We conclude by addressing some of the limitations of this project. Given its emphasis on service improvement and implementation evaluation, we have not routinely collected all the clinical variables that would be of interest for a full ALL epidemiologic analysis and are not able to document the prognostic significance of the molecular findings. However, we are expanding the project as described above and expect to be able to generate this analysis in the future.
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Leukemias are the most common type of pediatric cancer around the world. Prognosis has improved during the last decades, and many patients are cured with conventional treatment as chemotherapy; however, many patients still present with a refractory disease requiring additional treatments, including hematopoietic stem cell transplantation. Immunotherapy with monoclonal antibodies or cellular therapy is a promising strategy for treating refractory or relapsed hematological malignancies. Particularly, CAR-T cells have shown clinical efficacy in clinical trials, and different products are now commercially approved by regulatory agencies in the USA and Europe. Many challenges still need to be solved to improve and optimize the potential of these therapies worldwide. Global access to cell therapy is a significant concern, and different strategies are being explored in the middle- and low-income countries. In Mexico, leukemias represent around 50% of total cancer diagnosed in pediatric patients, and the rate of relapsed or refractory disease is higher than reported in other countries, a multi-factorial problem. Although significant progress has been made during the last decades in leukemia diagnosis and treatment, making new therapies available to Mexican patients is a priority, and cell and gene therapies are on the horizon. Efforts are ongoing to make CAR-T cell therapy accessible for patients in Mexico. This article summarizes a general landscape of childhood leukemias in Mexico, and we give a perspective about the current strategies, advances, and challenges ahead to make gene and cell therapies for leukemia clinically available.
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Introduction

Leukemia is the most common cancer in children, its diagnosis and treatment have favorably changed in the last 50 years. Many factors contribute to a better prognosis, including improvements in diagnosis, biologic classification, and the development of new therapeutics, causing overall survival rates to improve from 30% in the 1960s to over 80% in this decade in developed countries. Low-risk pediatric leukemias currently have a survival of 95% in the ideal scenario, although refractory and relapsed leukemia still cause high mortality and disease-burden (1). Notable is the emerging field of cellular immunotherapy, where Chimeric Antigen Receptor (CAR) T cells show encouraging results in hematologic malignancies (2).

Access to new diagnostic and therapeutic options is not equally available worldwide. In low- and middle-income countries (LMIC) like Mexico many challenges need to be addressed in different areas, including clinical care, basic and clinical research, education, funding, and regulation to allow access to more cell and gene therapies.

In this paper, we describe some important aspects of the past and current healthcare status for pediatric leukemias in Mexico, review the basic and clinical aspects of CAR-T cell therapy, and discuss the challenges to make this therapy available.





Leukemia treatment in Mexico

Leukemias account for around 50% of newly diagnosed cancer in children (3, 4). Acute lymphoblastic leukemia (ALL) is the most common type of childhood leukemia (83%), followed by acute myeloid leukemias (13.1%), chronic myelocytic leukemia (2.8%), and myelodysplastic syndromes (1%) (5). Between 1998-2018, the proportion of leukemias as a cause of pediatric deaths increased from 0.3% to 1.3% (6). It represents a public health problem with socio-economic and psychological impact on patients and families. In general, the mortality rate is higher when compared with developed countries (3).

Mexico has a population of 130 million, the healthcare services are diverse. Health insurance is limited, and costly procedures like cancer treatment and HSCT are challenging to fund. The IMSS (Instituto Mexicano del Seguro Social) provides healthcare to the formally employed citizens, the ISSSTE (Instituto de Seguridad y Servicio Sociales de los Trabajadores del Estado) to the bureaucrats, and the SSA (Secretaría de Salud) covers population without a formal employment. Less than 7% of Mexicans have Private healthcare (7). Currently, there are certified pediatric oncologists and certified centers in every State of the Country. However, disparities in access to diagnostic and therapeutic procedures exist among centers and public and private hospitals (3). Nine centers are accredited to perform HSCT in pediatric patients distributed in Mexico City, Puebla, Guadalajara, and Monterrey (8).

In Mexico, the poor prognosis of children with ALL is multifactorial including biological and sociocultural factors. Pivotal studies in Mexico identified nutritional problems as a significant adverse prognostic factor for patients with leukemia (9). It has been reported that these two factors were not significant for early mortality, but they condition a higher risk of infections during treatment, leading to increased overall mortality (10). Currently, nutritional interventions must be part of the clinical care for all children with leukemia.

Before 2005, pediatric cancer was not part of Mexico’s National Health Program. The introduction of a National Health Program in 2005 provided specific financial coverage for leukemia treatment and national treatment protocols based on risk stratification, leading to improved prognosis. It also allowed broader access to hematopoietic stem cell transplantation (HSCT) for relapsed and refractory leukemias, increasing survival from 16% to 50% (11, 12). A retrospective analysis for pediatric ALL treated between 2005 and 2015 showed an estimated overall 5-year survival rate of 61.8%; the annual number of treated children doubled from 535 in 2005 to 1,070 in 2015 (13). Several factors contribute to the low survival rates for pediatric ALL in Mexico, including specific molecular epidemiology, late diagnosis, low precision diagnostic methods, limited access to treatment, therapy-related toxicity, exposure to environmental risk factors, high frequency of early relapse, lack of collaborative work, insufficient involvement in clinical trials, and lack of continuous medical education (14–16).

Significant effort has taken place to improve the diagnosis and treatment of pediatric leukemias. In 2016, a collaborative program with St. Jude Hospital (USA) started, seeking to develop multi-site protocols for clinical care. An initial retrospective evaluation showed that 82% of patients were classified as high-risk leukemia at diagnosis and that tests for minimal residual disease or molecular classification were unavailable on 28% of patients, highlighting challenges for evaluation and classification at diagnosis (17). More than 57 centers are now enrolled in this initiative, and a National Program for Pediatric Leukemia Treatment (MAS-ALL18 AMG) exists for the first-line treatment protocols (18). Other initiatives, such as ONCOCREAN, are taking place to improve regional clinical care and access to more precise diagnosis and classification methods. HSCT programs are available in many parts of the country, and now is considered a standard of care in refractory/relapsed ALL. Although access to new therapies and clinical trials improves slowly, there are positive developments. In a recent study that included 41 Mexican patients with CD19+ ALL treated with blinatumomab, 78% showed a complete response (Unpublished). Additionally, 63% of them received haploidentical HSCT after blinatumomab, with a significant improvement in survival compared to conventional chemotherapy (19).

The National Council for Humanity, Science and Technology (CONAHCYT) launched an initiative in 2020 to fund basic and clinical research to improve the prognosis of pediatric patients with leukemia (PRONACES SALUD) and reduce the gap between different regions across the country. We highlight three research areas from this initiative: 1) The national harmonization of flow cytometry tests for diagnosis and follow-up, 2) Improving knowledge about clinical and molecular epidemiology of Mexican patients with leukemia, 3) The development of a clinical program for CAR-T cell therapy (20).

Pediatric leukemia outcomes are sub-optimal in Mexico, especially for relapsed and refractory leukemias. The field is evolving rapidly worldwide and immune effector cell therapy, particularly CAR-T cells, is an area of great interest and opportunity for the upcoming years.





Understanding the designs and clinical concepts of CAR-T cells

CAR-T cells are genetically engineered T cells expressing a CAR directed against a specific target. In oncology, CAR-T cells are directed against tumoral antigens, enabling the destruction of cancer cells without needing an interaction between T and antigen-presenting cells (21). The CAR design is an essential part of the success of this therapy. CARs combine a monoclonal antibody’s specificity with T cells’ effector functions. CAR-T cells express engineered receptors composed of four main domains: 1) an antigen-binding extracellular domain, which is typically a single-chain variable fragment (scFv) of monoclonal antibody (mAb), 2) a spacer domain that provides flexibility and helps to position the CAR toward the target, 3) a transmembrane domain that contributes to the stability and promotes cytokine release, and 4) an intracellular domain which provides T cell activation and expansion signals (22, 23) (Figure 1A). In addition, to enhance the activity, persistence, and safety of CAR-T cell therapy, different intracellular scaffolds have been designed and currently classified into five generations (Figure 1B) (24–27).
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Figure 1 | Main structure and evolution of CARs design. (A), The core structure of a CAR highlighting the major components, 1) extracellular domain: antigen-recognition domain, a single-chain fragment variant (scFV), 2) space domain, 3) transmembrane domain, and 4) an Intracellular domain. (B), the CAR evolution is classified into five generations: the first one, only contain the CD3ζ, the second one includes additional costimulatory signaling domains (CD28 or 4–1BB), while, the third-generation combine multiple co-stimulatory domains, such as CD28–41BB or CD28-OX40 and the fifth generation contain an extra intracellular domain. This CAR comprise truncated intracellular domains of cytokine receptors (IL-2Rβ) with a motif for binding transcription factors such as STAT-3/5.

The CAR-T cells have emerged as an effective therapy for treating relapsed and refractory (R/R) B-ALL in children and adults (27). CD19/CAR-T cell infusion treatment induced high complete remission (CR) rates in patients with poor prognosis and few therapeutic options in clinical trials and real-life treatment reports (27, 28). However, this therapy still has significant limitations, such as long manufacturing times, high costs, its autologous nature, and resistance mechanisms that could reduce its effectiveness (25). Despite encouraging responses, more than half of patients will experience a relapse in the long term (29). Consolidation with allogeneic HSCT could improve long-term outcomes (30).

Some approaches to enhance efficacy and avoid resistance to CAR-T cells involve alternative targets, such as CD20 and CD22, and the design of bi- and tri-specific CAR-T cells (31). Additionally, new platforms are developing to shorten the CAR-T cell manufacturing process (32). Another approach to increase the availability of CAR-T therapy involves knocking out the native human leukocyte antigen (HLA) and T-cell receptor (TCR) genes in T cells obtained from healthy donors to avoid compatibility issues, thus enabling the development of universal, off-the-shelf CAR-T cell therapies, which could expand accessibility to a more significant number of patients (25).




Improving access to CAR-T cell therapy

By April 2022, there were 2,756 active cell therapy agents in immune-oncology research worldwide, a 36% increase compared to 2021. Remarkably, these therapies have yet to be geographically distributed significantly in recent years, with most clinical trials in the USA and a few European countries (33). Barriers to the wider clinical use of CAR-T cells include costs, patient health status, a limited number of treatment and manufacturing centers, and geographic distance (34).

India recently initiated a phase III clinical trial at a Mumbai Hospital (35, 36) with a strategy to manufacture CAR-T cells on-site, aiming to reduce ten-fold costs compared to commercial products. Brazil has authorized more than 18 clinical trials with Advanced Therapy Products since 2018, and in July 2022, the first CAR-T cell therapy clinical trial was authorized (37, 38). Initiatives for global access to CAR-T cell therapies are ongoing in different parts of the world (39). A Latin American Consortium initiated in collaboration with Caring Cross in 2022, where specialists from Brazil, Argentina, Chile, Mexico, and Colombia regularly meet and discuss advances and challenges for national and regional implementation (40).





Regulatory framework

CAR-T cell research and clinical use must join a regulatory framework. 2017, the first CAR-T cell therapy received FDA approval (41). Currently, six CAR-T cell products are approved by the FDA (USA)/EMA (Europe) for the treatment of hematologic malignancies (Table 1). Heterogeneity in regulation worldwide adds significant challenges to advancing gene and cell therapy. The FDA considers gene therapy products to be biologics, and the regulatory framework is issued by the Center of Biologics Evaluation and Research (CBER). EMA considers CAR-T cells as cellular products and regulates them under the Advanced Therapy Medicinal Products (ATMP) framework. Both agencies published regulatory guidelines that agree on the importance of controlling the quality of each element involved in CAR-T cell production (42, 43).

Table 1 | Approved CAR-T cell products.
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World Health Organization (WHO) also published a document recognizing that this type of product requires specific regulation and classifies CAR-T cells as ATMP´s (44).

Regulatory frameworks from the FDA, EMA, and WHO may serve as a basis for establishing regulations worldwide. Regulation must be dynamic to facilitate accessibility while maintaining high-quality standards. Some of the difficulties in Mexico and Latin America in establishing a clear regulatory framework include a) the lack of specific laws or regulatory documents regarding gene and cell therapies, b) the absence of expert committees to evaluate these products and, c) the lack of financial support for the research and development of regulation.






Overcoming limitations to enhance CAR-T cell therapy accessibility in Mexico

Interest in CAR-T cell therapy has increased in Mexico in the last few years. Currently, there is only one clinical trial, led by the Autonomous University of Nuevo León, approved by the Mexican Regulatory Agency COFEPRIS for treating adults with CD19-positive leukemia or lymphoma. Notably, in early 2023, their group successfully imported a clinical-grade lentiviral vector for the first time in Mexico (45). Our group is developing a clinical trial for treating pediatric leukemia with CD19 CAR-T cells using an on-site semi-automated manufacturing process in a closed system. This manufacturing process has shown previously effective and reproducible cellular and clinical results (46).




Costs

The cost of CAR-T cell therapy is currently estimated between US$373,000 and $475,000 per infusion, not including patient care expenses (47). There is a need for cost-effective strategies and efforts to optimize patient access (48).

In resource-limited settings, where many other healthcare problems need to be solved, the cost of CAR-T cell therapies is a significant barrier. Commercial CAR-T cells with centralized manufacturing have very high costs (49). Point-of-care manufacturing reduces costs significantly while maintaining good quality standards. The use of automated CAR-T cell manufacturing equipment has been demonstrated to be feasible in HIC and LMIC (35, 46). A recent study from India demonstrates the feasibility of a decentralized automated process of anti-CD19 CAR-T cells with fulfillment of all standard criteria assays for clinical application at a significantly reduced manufacturing cost of US$35,107 (excluding the cost of the lentiviral vector, which may vary from $5,000 to $28,889 per patient) (35). Real-world data on manufacturing costs in Mexico is lacking, but our estimates are around $30,000 per product. Costs of clinical care, apheresis, management of adverse reactions, and monitoring will add to the final treatment costs.

This high financial burden will need to be analyzed within the healthcare systems and the real impact these therapies will have on the general population (49). It is necessary to use different economic approaches to evaluate these therapies and see the potential long-term benefits (50, 51). For every child who does not survive cancer, there is a loss of 70 productive years for the Society (6). We performed a cost-benefit analysis using the social return on investment method, and we estimate that if 21 pediatric patients with refractory/relapsed leukemia are successfully treated with CAR-T cells, there is a social return of $5.43 for each $1 invested in the funding (unpublished). CAR-T cells may represent a cost-effective option for pediatric R/R B-ALL if a one-year survival above 70% is achieved (52).





Regulatory framework

In Mexico, a robust regulatory framework is needed. There are issues that require our attention: a) general regulation for the clinical use of genetically modified cells and tissues, b) the regulation for the import/export, use, and manufacture of viral and non-viral vectors for clinical use, c) regulation of the manufacturing process, d) guidelines and regulation of specialized centers for clinical use of cell and gene therapies. In 2023, the Mexican Health Regulatory Agency (COFEPRIS) established for the first time a group of experts in advanced therapies from different fields, including academic, medical, scientific, pharmaceutical, and regulatory areas. The aim is to develop an initial regulatory framework.





Access to clinical-grade vectors

Another limiting factor for CAR-T cell therapy is the accessibility clinical-grade viral vectors due to their high cost. In the future, local or regional manufacturing of GMP clinical-grade viral vectors may help to improve accessibility and reduce costs. Our group, in collaboration with Triovance, designed and produced a research-grade humanized lentiviral vector encoding for anti-CD19 CAR. Ongoing studies at the Faculty of Pharmacy at the Universidad Autónoma del Estado de Morelos are evaluating the CAR-T cell production processes using this vector (transduction, cell culture, cell expansion, and modified-T cells functionality) in a pre-clinical cellular model.





Developing clinical care CAR-T cell programs

While cellular product manufacturing is a significant component of CAR-T cell therapy, specialized clinical centers and multi-disciplinary personnel are also needed to treat patients (53, 54). Starting to develop local and national clinical guidelines for CAR-T cell therapy will be beneficial to this field, as well as looking for accreditations from International standards (i.e. FACT) which strengthen our ability to manufacture cells and treat patients according to international quality standards, broadening also international collaborations (55).





HSCT programs as a pathway to successful clinical CAR-T programs implementation

HSCT is formally available in Mexico since 1995, and currently, around 15 centers have experienced and well-established programs in public and private hospitals, with variable capacity to perform autologous and allogeneic procedures from compatible related and unrelated, cord blood, or haploidentical donors (8, 56). There are several reports of the Mexican HSCT experience, which can be comparable with the success in other developing and developed countries (57). Mexican reports have shown how specific transplantation models adapted to our reality can maintain good clinical results at reduced costs (58). This infrastructure and experience may serve as a basis for developing local and National immune effector cell programs to broaden the impact and reach more patients. There is a need of establishing thoughtful, focused, and efficient care models to achieve maximum benefits in resource-limited areas.






Discussion

The historical journey of pediatric leukemia diagnosis and treatment in Mexico shows remarkable improvements during the last decades and the capacity for change within healthcare systems.

CAR-T cell therapies have demonstrated efficacy and safety in recent clinical trials, leading to exponential progress in research in this field. In the upcoming years, these therapies will likely become part of conventional treatments for refractory or relapsed leukemias.

Currently, CAR-T cell therapy is not an essential or cost-effective treatment for emerging economies. There are also opinions on the need for more rationale for providing this therapy at the public expense of patients (50). However, with the early clinical successes and current advancements, much funding has been pouring into the field, and rapid improvements in equipment, reagents, and methods will eventually start to push down the costs. Research, non-profitable models, and academic collaborations between public and private institutions may help generate real-world data in the coming years.

Several key issues must be addressed to improve global access in Mexico, including infrastructure and material resources, training of human resources, reducing supplies and manufacturing costs, gaining clinical experience through clinical trials, and establishing an appropriate regulatory framework. Support from health authorities, collaborative efforts of academic, scientific, and private institutions, and increased investment in health and research are all indispensable. Specific research on the Mexican population is also required to determine whether specific characteristics might impact the outcomes of these treatments.

Implementing cellular therapies in Mexico and Latin America is feasible and necessary. With the potential growth of these therapies in the upcoming years, we need to start working and tackling challenges. There is infrastructure and previous experience in cancer diagnosis and treatment, with high-quality transplant programs and blood banks at the national level, which will serve as a basis for implementing CAR-T cell therapy programs.

It is necessary to increase awareness and knowledge about cell and gene therapy and to encourage investment in research and healthcare. Initial steps are ongoing, and the goal is clear: making these therapies a reality for children around the globe. Different groups are now looking for options to implement CAR-T cell and other immune effector therapies in Mexico, and we believe this is a time of opportunity to establish national and international collaborations and share ideas to achieve this goal and benefit more patients in the future.
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Background

The incidence rate of childhood acute lymphoblastic leukemia (ALL) differs worldwide, and the interplay between hemostasis actors and the maladaptive responses to environmental exposures has been explored. It has been proposed that endogenous cortisol, induced by different triggers, would eliminate pre-leukemic clones originated in utero. Herein, we tested if the interaction between CRHR1rs242941 C>A, MC2Rrs1893219 A>G, NR3C1rs41423247 G>C, and GLCCI1rs37972 C>T (players in glucocorticoid secretion) and birth characteristics would be associated with ALL risk.





Methods

Children aged <10 years were enrolled within the EMiLI project (period: 2012 to 2020). The study had three steps: (1) observational analysis of birth characteristics (n = 533 cases and 1,603 controls); (2) genotyping to identify single-nucleotide variants (n = 756 cases and 431 controls); and (3) case-only to test gene–environment interactions (n = 402 cases). Genetic syndromes were exclusion criteria. The controls were healthy children. The distribution of the variables was assessed through Pearson’s chi-square test. Logistic regression (LR) tests were run fitted and adjusted for selected covariate models to estimate the association risk. Formal interaction analysis was also performed. Genotyping was tested by qPCR with TaqMan probes (NR3C1) or by high-resolution melting (MC2R and GLCCI1). Hardy–Weinberg equilibrium (HWE) was accessed by the chi-square test. The genotype–risk association was tested in co-dominant, dominant, and recessive models. The gene–environment interaction odds ratio (iOR) was assessed in case-only.





Results

Low birthweight, C-section, and low maternal schooling were associated with increased risk for ALL, adjOR 2.11, 95% CI, 1.02–4.33; adjOR 1.59, 95% CI, 1.16–2.17; and adjOR 3.78, 95% CI, 2.47–5.83, respectively, in a multiple logistic regression model. MC2R rs1893219 A>G was negatively associated with ALL (AG: OR = 0.68; 95% CI = 0.50–0.94 and GG: OR = 0.60; 95% CI = 0.42–0.85), while for GLCCI1 rs37972 C>T, TT was positively associated with ALL (OR = 1.91; 95% CI = 1.21–3.00). The combination of genotypes for MC2R (AA) and GLCCI1 (TT) increased ALL risk (OR = 2.61; 95% CI = 1.16–5.87). In a multiplicative interaction, MC2R rs1893219 A>G was associated with children whose mothers had less than 9 years of schooling (iOR = 1.99; 95% CI = 1.11–1.55).





Conclusion

Our study has demonstrated a significant association between MC2R rs1893219 A>G (reduced risk) and GLCCI1 rs37972 C>T variants (increased risk) and childhood ALL susceptibility. Based on this evidence, genes controlling the HPA axis activity may play a role in leukemogenesis, and further investigation is needed to substantiate our findings.





Keywords: MC2R rs1893219 A>G, GLCCI1 rs37972 C>T, acute lymphoblastic leukemia, interaction, Brazil




1 Introduction

The causal mechanism for leukemia gathers environmental factors, inherited susceptibility from polygenic variants, and chances of interactions. Models for interplay of such chances have been proposed for childhood acute lymphoblastic leukemia (ALL) mainly concerning B-cell precursor-ALL (Bcp-ALL), in which chromosomal translocations can arise in utero (1–3). Greaves and collaborators have unraveled the clonal evolution of Bcp-ALL endorsing the model of multiple gene–environment factors in the causal mechanisms of ALL pathogenesis (4–6). One of the pillars supporting the Greaves hypothesis is the epidemiological association of birth characteristics, the first year of the child’s life hygiene and socialization, as well as immune responses to early infections (3, 7). This biological evidence has opened avenues to the so-called “adrenal hypothesis” that has also emerged from observational studies of global differences on ALL incidence rate and environmental exposures in less developed societies (8). These differences led to the speculation that the hypothalamic–pituitary–adrenal (HPA) axis decreases the kinetics of disappearance of pre-leukemic clone through qualitative and quantitative plasma cortisol levels in populations with deprivation and infection exposures (8). Differences in the reactivity of the HPA axis have been proposed at genomic levels and its setting occurs during the intrauterine life, although it can also be reset by stressful experiences in early life or chronic stress as individuals go through threatening experiences (9, 10).

Physiologically, cortisol and cortisone, the so-called endogenous glucocorticoids (GCs), are released according to a cascade of interacting signals and actions from different organs of the HPA axis, initiated by corticotrophin-releasing hormone (CRH). CRH acts through the interaction with the CRHR1 receptor in the hypothalamus, leading to the release of the adrenocorticotropic hormone (ACTH). In the adrenal cortex, ACTH binds its receptor MC2R (melanocortin type 2 receptor), stimulating cortisol secretion. Cortisol will ultimately bind to its receptor NR3C1 (receptor nuclear subfamily 3, group C, member 1) in the target cell and stimulate the expression of target genes (11, 12). Glucocorticoid Induced 1 (GLICCI1) is one of these genes and, although its functions are not completely elucidated, it seems to both modulate glucocorticoid efficiency and regulate apoptosis (13). Based on their key functions in the HPA axis as well as on our interest of evaluating the different steps in this pathway, CRHR1, MC2R, NR3C1, and GLICCI1 were selected to evaluate the possible contribution of genetic variants to the variability in GC secretion levels. The specific variants were selected based on their frequencies and on previous studies suggesting their association with GC-associated outcomes (14–16).

In addition, we have recently described the association between being born through Cesarean-section (C-S), being the first child, and low birth weight (LBW) with increased risk for ALL, although the biological plausibility remains speculative and deserve further studies (17). Researchers claim that mode of delivery through C-S and children with LBW would present low epinephrine, cortisol, and cytokine levels, elements necessary to establish a healthy microbiome and a harmonic immune system (10). Herein, we hypothesized that gene variants may impact the GCs’ endogenous levels, subsequently allowing the expansion of possible leukemic clone that arose in utero, contributing to ALL development. Therefore, the aim of the study was to investigate whether ALL risk is associated with child’s birth characteristics and genetic susceptibility involving the HPA axis.




2 Materials and methods



2.1 Study design and subjects

Children with less than 10 years of age at diagnosis of Bcp-ALL and T-ALL, from a hospital-based case–control study, were included over the period of 2012 to 2020. The present study was part of the project “Epidemiology of Multi-institutional Study Group of Acute Leukemia (EMiLI)”, for which the enrollment of cases and controls was recently fully described (17). Herein, the analysis was carried out in three steps:

	(1) Case–control study (n = 2136) to revisit the birth characteristic’s risk estimate adjusted by maternal schooling. The variables for the models included leukemia subtypes (484 Bcp-ALL and 49 T-ALL), race/ethnicity, child sex, mode of child delivery, and birth weight, while maternal age at childbirth and maternal schooling were the covariates. The maternal schooling was assessed as a proxy for the child’s socioeconomic level.

	(2) Genotyping study. Genomic DNA from cases (n = 756) and controls (n = 431) was obtained from peripheral blood cells, using the salting-out method (15). To identify CRHR1 rs242942 C>T, MC2R rs1893219, and GLCCI1 rs37972 C>T variants, polymerase chain reactions followed by high-resolution melting (HRM) were performed. The oligonucleotides were designed to each region of interest and the protocol conditions are shown in Supplementary Table 1. Approximately 10 to 15 samples genotyped for each variant were randomly selected to validate the HRM results using Sanger direct sequencing. The electropherogram analysis was performed using the Mutation Survey software (SoftGenetics, Pennsylvania, USA). NR3C1 rs41423247 G>C allelic discrimination was performed using a TaqMan assay (C:86507873_10, Thermo Fisher) and TaqMan Genotyping Master MixTM (Thermo Fisher), in Rotor-gene 6000 (QIAGEN, Germany). The variables included in this step of the study were leukemia subtypes, racial/ethnicity, child sex, allele status, and genotype frequencies.

	(3) Case-only. In this step, the impact of the multiplicative interaction between genotypes and environmental exposures on ALL risk was estimated (18). For this, cases with and without the risk allele were compared with respect to exposure (19). The validity of this design to estimate the interaction odds ratio (IOR) depends on the assumption that among controls, genotype and exposure are independent, i.e., the fact of having the gene variant will not influence the exposure variable.






2.2 Statistical analysis

The sample size was calculated considering controls per case (ALL subtypes; ratio: 1:3), α = 0.05, β = 0.2 for power = 0.80. To explore the impact of the birth characteristics (C-S and LBW) considering the hypothesis of the intrauterine origin of ALL and the peak incidence, we have stratified the cases into two age strata: (1) children who were up to 5 years of age and (2) children aged older than 6 up to 10 years at the diagnosis. The association between C-S and LBW and ALL risk was estimated using multiple logistic regression (MLR) adjusted for the mother’s age at childbirth [adjusted odds ratio (adjOR) and 95% confidence interval (95% CI)]. The core model with variables of interest consisted of mode of delivery (C-S vs. vaginal), child’s ethnicity (White versus multiracial, as reference), birth weight [ ≤ 2,500, 2,500 to 3,500 (reference); >3,550], gestational age (<37; ≥37 weeks), maternal ages [<25; 25–34 (reference); ≥35 years old], and maternal schooling (≤9, >9 years).

Genotyping: The genotype frequency distribution in controls was analyzed to test the Hardy–Weinberg equilibrium (HWE) by Pearson’s χ2 test; p > 0.05 was in accordance with HWE. Frequency differences between cases and controls were assessed through logistic regression test, the OR and 95% CI were calculated in the codominant (heterozygous versus wild type and variant homozygous versus wild type), dominant (variant homozygous + heterozygous versus wild type), and recessive (variant homozygous versus heterozygous + wild type) models. Variants associated with ALL risk were also analyzed for gene–gene interactions. In the additive model, the relative excess risk due to interaction (RERI), attributable proportion (AP), and synergy index (SI) were measured. These values and their respective delta-method 95% CI were calculated as published by Anderson et al. (20).

Case-only: We used unconditional logistic regression to calculate the IOR 95% CI controlled by the child’s ethnicity (Whites as reference). Only genetic variants associated with ALL risk in step 2 were included in the model, and the non-risk alleles were used as reference. The risk factors analyzed included the mode of delivery (vaginal as reference), birth weight (2,500–3,499 as reference), and mother education (>9 years as reference). All statistical analyses were performed using R studio version R4.1.1 and IBM SPSS Statistics version 26.

Ethical aspects: All collaborating Brazilian institutions approved the study and written informed consents were obtained from mothers or relatives responsible for the enrolled children. The Ethics and Scientific Committees of Instituto Nacional de Cancer approved this study (INCA/CAEE #626.268; CEP/CONEP 1.394.043).





3 Results



3.1 Birth characteristics

In this study, a total of 2,136 children, including 533 ALL cases and 1,603 controls, were included in the initial phase. The case:control ratio was 1:3. Among cases, 484 (90.8%) were Bcp-ALL and 49 (9.2%) were T-ALL (Table 1). Most cases were children up to 5 years of age at diagnosis (mean age: 3.5 years). Missing information (MI) was less than 4.7% for both cases and controls in the variables of interest, notably mode of delivery, birth weight, and maternal age. Cases’ mothers have reported lower schooling than controls (p = 0.001). The proportion of mode of delivery was similar between the groups, while LBW (≤2,500) was more prevalent among ALL cases (p = 0.001).

Table 1 | Distribution of variable frequencies of 533 acute lymphoblastic leukemia and their 1603 controls.


[image: Table displaying demographic and clinical characteristics associated with leukemia cases and controls. Includes variables like leukemia subtypes, child's age, sex, ethnicity, mode of delivery, birth weight, maternal schooling, and age. Differences and statistical significance are noted, with p-values provided for comparison. Data covers cases (533) and controls (1603) in Brazil, 2012-2020.]
In the multiple logistic regression model (Table 2), both in the crude analysis and after adjustment by maternal age, LBW, C-section, and low maternal schooling were associated with increased risk for ALL, adjOR 2.11, 95% CI, 1.02–4.33; adjOR 1.59 95% CI, 1.16–2.17; and adjOR 3.78, 95% CI, 2.47–5.83, respectively.

Table 2 | Multiple logistic regression-derived odds ratio for childhood acute lymphoblastic leukemia and their controls and environmental exposure.


[image: A table comparing variables between ALL patients (n=492) and controls (n=1106) in terms of child's ethnicity, birth weight, mode of delivery, and maternal schooling. It includes crude and adjusted odds ratios with confidence intervals and p-values. Notably, lower birth weight and maternal schooling under nine years show significant adjusted odds ratios. Annotations clarify the statistical terms used.]



3.2 Genotyping

A total of 756 cases and 431 controls were genotyped for CRHR1rs242941 C>A, MC2Rrs1893219 A>G, NR3C1rs41423247 G>C, and GLCCI1rs37972 C>T variants, using only samples of optimal DNA quality (Table 3). There was no statistically significant difference between cases and controls regarding the variables included in the models. The controls’ genotypic frequencies for all variants were in HWE. A null result was found regarding the variants CRHR1rs242941 C>A and NR3C1rs41423247 G>C in all models assessed, while MC2R rs1893219 A>G and GLCCI1 rs37972 C>T were associated with genetic predisposition to ALL development (Table 4). MC2R rs1893219 A>G showed an inverse association in models adjusted by race (DM: adjOR, 0.65, 95% CI, 0.48–0.87), demonstrating a significant protective role, while GLCCI1 rs37972 C>T was positively associated in the recessive model (RM) (adjOR, 1. 64, 95% CI, 1.11–2.43). The analysis according to race, sex, ALL subtypes, and age strata are shown in the Supplementary Material. Among white children, the MC2Rrs1893219 A>G variant was negatively associated with ALL in the dominant model (DM) (OR, 0.58, 95% CI, 0.38–0.88) while GLCCI1rs37972 C>T was positively associated in the RM (OR, 1.83, 95% CI, 1.01–3.34) (Supplementary Table 2). The same risk association pattern was found in Bcp-ALL and T-ALL subtypes (Supplementary Table 3) and among male children (Supplementary Table 4).

Table 3 | Main characteristics and frequencies of gene variants of acute lymphoblastic leukemia and controls.


[image: Table comparing acute lymphoblastic leukemia (ALL) patients and controls by sex, race/skin color, ALL subtypes, and variant frequencies. For sex, males in ALL: 56.6% vs. 54.1% in controls; females in ALL: 43.4% vs. 45.9%. Multiracial ALL: 53.8%, controls: 55.7%. White ALL: 46.2%, controls: 44.3%. ALL subtypes show 86.5% BCP-ALL and 13.5% T-ALL. Variant frequencies include CRHR1, MC2R, NR3C1, and GLCCI1 with p-values ranging from 0.18 to 0.55. Study conducted in Brazil, 2012-2020.]
Table 4 | Gene variants and the genetic predisposition risks in acute lymphoblastic leukemia.


[image: A table displaying genetic association data for four genotypes, detailing cases and controls with percentages, crude odds ratios (OR), adjusted OR, and p-values. Significant associations are noted with p-values less than 0.05.]
The combination of wild-type homozygous genotype for MC2R (AA) and variant homozygous genotype for GLCCI1 (TT), risk genotypes for the respective genes, showed a stronger association with ALL if compared to the individual effect of each variant (OR = 2.61; 95% CI = 1.16–5.87). The sum of the interaction analysis shown in Figure 1, however, revealed no synergistic or inhibitory effect between the variants (RERI, 0.26; 95% CI, −2.01–2.54).

[image: Forest plot illustrating gene-gene interactions between MC2R rs1893219 A>G and GLCCI1 rs37972 C>T. Three interactions: GG+AG/TT, AA/CC+TT, and AA+TT, with odds ratios 1.74, 1.62, and 2.61 respectively. Confidence intervals and p-values are shown beside each interaction.]
Figure 1 | A graphic plot summarizing the effect of the interaction of MC2R rs1893219 and GLCCI1 rs37972 variants in acute lymphoblastic leukemia risk. The association between genotypic combinations of the MC2R rs1893219 A>G and GLCCI1 rs37972 C>T variants tested with adjusted odd ratio (adjOR) 95% confidence interval (CI) by race; GG+AG/TT, genotype of protection risk; AA/CC+TT, genotype of protection risk, AA+TT, genotype of high risk. The relative excess risk in the additive model was RERI=0.26 (-2.01-2.54), AP, attributable proportion=0.10 (-0.70-0.90) and SI, synergy index=1.19(0.7-5.19) (20).




3.3 Epidemiologic–genotyping assessment

Finally, the effect of MC2R rs1893219 A>G AA and GLCCI1 rs37972 C>T was tested for interactions with birth weight, mode of delivery, and maternal education (Table 5). The model adjusted by race did not show interaction with GLCCI1 rs37972 C>T risk, although an estimate risk factor was attributed to children with mothers of less than 9 years of schooling (iOR, 1.86, 95% CI = 1.06–3.26; Adj OR, 1.99; 95% CI = 1.11–3.55).

Table 5 | Case-only analysis of gene–environment interaction for MC2R rs1893219 A>G and GLCCI1 rs37972 C>T.


[image: Table comparing birth weight, mode of delivery, and maternal education between genetic variants MC2R rs1893219 A>G and GLCCI1 rs37972 C>T. It details numbers, percentages, interaction odds ratios, adjusted interaction odds ratios with confidence intervals, and p-values. Data from Brazil, 2012-2020. The reference group is indicated with an asterisk.]




4 Discussion

This is the first study that explores the HPA axis and childhood ALL through the effect of germline variants and a gene–environment interaction study model (8, 19). In the observational assessment, LBW, C-S, and low maternal schooling were positively associated with ALL risk. Worldwide, low education level is a proxy for socioeconomic status, and it has been associated with the functioning of the maternal HPA axis during pregnancy, impacting the health of the fetus. In populations with low human development index (HDI), LBW was associated with higher maternal cortisol levels at pregnancy, in turn leading to an LBW offspring with severe GC secretion deficiency (21, 22). However, the impact of gene variants in the HPA axis function has not been fully assessed. Within the complexity of ALL multifactorial etiopathogenesis, a role for genetic susceptibility involving genes responsible for GCs’ secretion cannot be dismissed (8, 23, 24).

This study focused on CRHR1, MC2R, NR3C1, and GLICCI1, four genes within the HPA axis, and the association of their variants with C-S, birthweight, and ALL. CRHR1 and NR3C1 variants did not show any association with birth weight and ALL. This result is in line with Schneider et al. (2020), who have found no association between genetic variants in the GC receptor gene and LBW (25). However, NR3C1 seems to be crucial to the induction of apoptosis mediated by GCs in lymphoblasts and its regulation is essential in ALL treatment. Therefore, the null results found here regarding the risk association with ALL do not exclude its relevance in investigations related to resistance to GC therapy.

MC2R, another key receptor in the HPA axis, is much less studied. The variant MC2R rs1893219 A>G, mapped to MC2R promoter region, is the most frequent variant (44%) worldwide and has been previously associated with decreased risk of cerebral hemorrhage and with clinical outcomes in ALL (15). In addition, the MC2R rs1893219 A>G variant was associated with better response to glucocorticoid treatment in infantile spasms (23). Herein, the MC2R rs1893219 A>G variant was found inversely associated with the risk of childhood ALL in both subtypes (Bcp-ALL and T-ALL), and a gene–environment interplay was observed in children whose mothers had low schooling. Low education is an important risk factor for the mother and the newborn, being associated with infant mortality, less prenatal care, preterm delivery, LBW, and lower breastfeeding (26–28). Since several of these characteristics are associated with maternal stress, they could lead to increased GC levels in the intrauterine environment (29, 30) . Therefore, these potential variations in GC production by the mother together with the potential modulation of MC2R expression levels by its genetic variant could affect the development and the response of the HPA axis in the fetus and modulated ALL risk.

Interestingly, the genetic variant of GLCCI1, another gene less explored in the literature, was positively associated with ALL risk. A literature review discloses only 52 articles exploring this gene, and the great majority evaluated the role of GLICC1 in the treatment response of inflammatory and immunological diseases (31). No studies in leukemias were found, even though GCs are crucial for ALL treatment and relapse prediction (32). The effects of GCs on lymphocytes are translated by the reduction of peripheral circulating lymphocytes through interaction with the GC receptor (GR). Initially, GlCCI1 was described to bind to specific GRs in the cytoplasm forming complexes and being transferred to the nucleus, thus regulating the transcriptional activity of GC response genes (33). However, recently, Kiuchi and colleagues showed that GLCCI1 is an early marker of apoptosis in murine thymocytes (34), corroborating the study of Tantisira and collaborators (14). In this context, since GLCCI1 rs37972 C>T leads to lower gene expression, a reduction of apoptosis of inflammatory cells is expected to take place. Thus, based on the biological mechanisms summarized above, we hypothesize that the effect of GLCCI1 rs37972 C>T in B and T cells in concert with environmental factors could facilitate the expansion of clonal cells of intrauterine origin. This is in accordance with the biological network proposed by Greaves and the adrenal hypothesis proposed by Schmiegelow regarding less fortunate societies and ALL incidence rates (3, 8).

Although the results found here are novel and shed light on the etiopathogenesis of ALL of intrauterine origin, limitations include the lack of knowledge of the functional effects of all genetic variants analyzed as well as the lack of evaluation of known environmental risk factor for ALL development, such as exposure to ionizing radiation and pesticides. Moreover, we encourage further research to explore additional common variants in the HPA axis pathway along with other modulators of the immune response, such as the history of early-life infections.




5 Conclusion

Our study has demonstrated a significant association between MC2Rrs1893219 A>G (protective) and GLCCI1 rs37972 C>T variants (increased risk) and childhood ALL susceptibility. Based on these lines of evidence, genes controlling the HPA axis activity may play a role in leukemogenesis and further investigation is needed to substantiate our findings.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving humans were approved by National Cancer Institute Ethics Committee: CEP/CONEP:1.394.043. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin.





Author contributions

VMC: conceptualization, methodology, formal analysis, writing the original draft, reviews, and editing. AACF: methodology, statistical analysis and writing the original draft, reviews. PCN: data curation, statistical analysis. FHPB: collaboration, data curation, reviews the manuscript. SCSL: conceptualization, methodology, formal analysis, writing and reviews. MSPO: conceptualization, data curation, writing and editing, funding acquisition. All authors contributed to the article and approved the submitted version.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by grants from Conselho Nacional de Desenvolvimento Cientıfíco e Tecnológico (CNPq #481104/2012-7), Fundacção de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ, E-26/110.712/2012), and TUCCA-Associacção para Criancças e Adolescentes com Cancer, São Paulo, Brazil. MP is supported by CNPq [#310877/2019-9], FAPERJ CNE #E-26/102.337/2013; CNE #E-26/202.577-2019; SC is supported by E-26/200.256/2023.




Acknowledgments

We thank the EMiLI Study participants who sent samples and clinical information: Alayde V. Wanderley and André S. Khayat (Belém, Pará); Carolina Iracema O. Rego and Patricia C. de Brito (Goiaênia, Góias); Isis M. Q. Magalhães (Distrito Federal); George S. Freitas-Junior (Cuiabá, Mato Grosso); Everaldo Ruiz-Junior (Goiaênia, Goiás); Rosania M. Basegio (Campo Grande, Mato Grosso do Sul); Andrea G. Nobrega (João Pessoa, Paraıba); Teresa Cristina C. Fonseca, Regiana Q. de Souza, and Fabia Idalina R. Neves (Itabuna, Bahia); Luciana N. Silva and Juliana Teixeira Costa (Salvador, Bahia); Ana Maria Marinho (Salvador, Bahia); Mauricio de Souza Meira (Feira de Santana, Bahia); Eda Manzo and Claudia Teresa de Oliveira (Jahu, São Paulo); Sidnei Epelman and Renato P.G. Oliveira (São Paulo, São Paulo); Gustavo R. Neves (Sorocaba, São Paulo, São Paulo); Lilian M. Cristofani (São Paulo, São Paulo); Patricia C. Lima (Chapecó, Santa Catarina); Imarui Costa (Florianópolis, Santa Catarina); and Mariana B. Michalowski, Adriano N.R. Taniguchi, and Rebeca F.Marques (Porto Alegre, Rio Grande ́ do Sul). We are also grateful to Eugenia Terra-Granado, Carolina Zampier, Bruno Aguiar, Gisele M. de Vasconcelos, Filipe V.S. Bueno, Yngrid Cabral, Paula Vieira, Elissa Morgado, and Kathleen Araújo for technical support in the laboratory.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.1274131/full#supplementary-material


References
	1. Enciso-Mora, V, Hosking, FJ, Sheridan, E, Kinsey, SE, Lightfoot, T, Roman, E, et al. Common genetic variation contributes significantly to the risk of childhood B-cell precursor acute lymphoblastic leukemia. Leukemia (2012) 26:2212–5. doi: 10.1038/leu.2012.89
	2. Evans, T-J, Milne, E, Anderson, D, de Klerk, NH, Jamieson, SE, Talseth-Palmer, BA, et al. Confirmation of childhood acute lymphoblastic leukemia variants, ARID5B and IKZF1, and interaction with parental environmental exposures. PloS One (2014) 9:e110255. doi: 10.1371/journal.pone.0110255
	3. Greaves, M. A causal mechanism for childhood acute lymphoblastic leukaemia. Nat Rev Cancer (2018) 18:471–84. doi: 10.1038/s41568-018-0015-6
	4. Swaminathan, S, Klemm, L, Park, E, Papaemmanuil, E, Ford, A, Kweon, S-M, et al. Mechanisms of clonal evolution in childhood acute lymphoblastic leukemia. Nat Immunol (2015) 16:766–74. doi: 10.1038/ni.3160
	5. Schäfer, D, Olsen, M, Lähnemann, D, Stanulla, M, Slany, R, Schmiegelow, K, et al. Five percent of healthy newborns have an ETV6-RUNX1 fusion as revealed by DNA-based GIPFEL screening. Blood (2018) 131:821–6. doi: 10.1182/blood-2017-09-808402
	6. Ford, AM, Colman, S, and Greaves, M. Covert pre-leukaemic clones in healthy co-twins of patients with childhood acute lymphoblastic leukaemia. Leukemia (2023) 37:47–52. doi: 10.1038/s41375-022-01756-1
	7. Marcotte, EL, Ritz, B, Cockburn, M, Yu, F, and Heck, JE. Exposure to infections and risk of leukemia in young children. Cancer Epidemiol Biomarkers Prev (2014) 23:1195–203. doi: 10.1158/1055-9965.EPI-13-1330
	8. Schmiegelow, K, Vestergaard, T, Nielsen, SM, and Hjalgrim, H. Etiology of common childhood acute lymphoblastic leukemia: the adrenal hypothesis. Leukemia (2008) 22:2137–41. doi: 10.1038/leu.2008.212
	9. Vogl, SE, Worda, C, Egarter, C, Bieglmayer, C, Szekeres, T, Huber, J, et al. Mode of delivery is associated with maternal and fetal endocrine stress response. BJOG (2006) 113:441–5. doi: 10.1111/j.1471-0528.2006.00865.x
	10. Thomas, S, Izard, J, Walsh, E, Batich, K, Chongsathidkiet, P, Clarke, G, et al. The host microbiome regulates and maintains human health: A primer and perspective for non-microbiologists. Cancer Res (2017) 77:1783–812. doi: 10.1158/0008-5472.CAN-16-2929
	11. Heitzer, MD, Wolf, IM, Sanchez, ER, Witchel, SF, and DeFranco, DB. Glucocorticoid receptor physiology. Rev Endocr Metab Disord (2007) 8:321–30. doi: 10.1007/s11154-007-9059-8
	12. Papadimitriou, A, and Priftis, KN. Regulation of the hypothalamic-pituitary-adrenal axis. Neuroimmunomodulation (2009) 16:265–71. doi: 10.1159/000216184
	13. Hu, X, Deng, S, Luo, L, Jiang, Y, Ge, H, Yin, F, et al. GLCCI1 deficiency induces glucocorticoid resistance via the competitive binding of IRF1:GRIP1 and IRF3:GRIP1 in asthma. Front Med (Lausanne) (2021) 8:686493. doi: 10.3389/fmed.2021.686493
	14. Tantisira, KG, Lasky-Su, J, Harada, M, Murphy, A, Litonjua, AA, Himes, BE, et al. Genomewide association between GLCCI1 and response to glucocorticoid therapy in asthma. N Engl J Med (2011) 365:1173–83. doi: 10.1056/NEJMoa0911353
	15. Park, H-K, Chon, J, Park, HJ, Chung, J-H, and Baik, HH. Association between two promoter polymorphisms (rs1893219 and rs1893220) of MC2R gene and intracerebral hemorrhage in Korean population. Neurosci Lett (2015) 602:1–5. doi: 10.1016/j.neulet.2015.06.032
	16. Duong-Thi-Ly, H, Nguyen-Thi-Thu, H, Nguyen-Hoang, L, Nguyen-Thi-Bich, H, Craig, TJ, and Duong-Quy, S. Effects of genetic factors to inhaled corticosteroid response in children with asthma: a literature review. J Int Med Res (2017) 45:1818–30. doi: 10.1177/0300060516683877
	17. Pombo-de-Oliveira, MS, EMiLI Study Group, Petridou, ET, Karalexi, MA, Junqueira, MER, Braga, FHP, et al. The interplay of cesarean-section delivery and first-birth order as risk factors in acute lymphoblastic leukemia. Cancer Epidemiol Biomarkers Prev (2023) 32:371–9. doi: 10.1158/1055-9965.EPI-22-0664
	18. Infante-Rivard, C. Diagnostic x rays, DNA repair genes and childhood acute lymphoblastic leukemia. Health Phys (2003) 85:60–4. doi: 10.1097/00004032-200307000-00012
	19. Khoury, MJ, and Flanders, WD. Nontraditional epidemiologic approaches in the analysis of gene-environment interaction: case-control studies with no controls! Am J Epidemiol (1996) 144:207–13. doi: 10.1093/oxfordjournals.aje.a008915
	20. Andersson, T, Alfredsson, L, Källberg, H, Zdravkovic, S, and Ahlbom, A. Calculating measures of biological interaction. Eur J Epidemiol (2005) 20:575–9. doi: 10.1007/s10654-005-7835-x
	21. Zadik, Z. Adrenal insufficiency in very low birth weight infants. J Pediatr Endocrinol Metab (2010) 23:1–2. doi: 10.1515/JPEM.2010.23.1-2.1
	22. Flom, JD, Chiu, Y-HM, Hsu, H-HL, Devick, KL, Brunst, KJ, Campbell, R, et al. Maternal lifetime trauma and birthweight: effect modification by in utero cortisol and child sex. J Pediatr (2018) 203:301–8. doi: 10.1016/j.jpeds.2018.07.069
	23. Ding, Y-X, Zou, L-P, He, B, Yue, W-H, Liu, Z-L, and Zhang, D. ACTH receptor (MC2R) promoter variants associated with infantile spasms modulate MC2R expression and responsiveness to ACTH. Pharmacogenet Genomics (2010) 20:71–6. doi: 10.1097/FPC.0b013e328333a172
	24. Barros, FC, Neto D de, LR, Villar, J, Kennedy, SH, Silveira, MF, Diaz-Rossello, JL, et al. Caesarean sections and the prevalence of preterm and early-term births in Brazil: secondary analyses of national birth registration. BMJ Open (2018) 8:e021538. doi: 10.1136/bmjopen-2018-021538
	25. Schneider, MO, Hübner, T, Pretscher, J, Goecke, TW, Schwitulla, J, Häberle, L, et al. Genetic variants in the glucocorticoid pathway genes and birth weight. Arch Gynecol Obstet (2021) 303:427–34. doi: 10.1007/s00404-020-05761-6
	26. Gage, TB, Fang, F, O’Neill, E, and Dirienzo, G. Maternal education, birth weight, and infant mortality in the United States. Demography (2013) 50:615–35. doi: 10.1007/s13524-012-0148-2
	27. Ruiz, M, Goldblatt, P, Morrison, J, Kukla, L, Švancara, J, Riitta-Järvelin, M, et al. Mother’s education and the risk of preterm and small for gestational age birth: a DRIVERS meta-analysis of 12 European cohorts. J Epidemiol Community Health (2015) 69:826–33. doi: 10.1136/jech-2014-205387
	28. Laksono, AD, Wulandari, RD, Ibad, M, and Kusrini, I. The effects of mother’s education on achieving exclusive breastfeeding in Indonesia. BMC Public Health (2021) 21:14. doi: 10.1186/s12889-020-10018-7
	29. Wadsby, M, Nelson, N, Ingemansson, F, Samuelsson, S, and Leijon, I. Behaviour problems and cortisol levels in very-low-birth-weight children. Nord J Psychiatry (2014) 68:626–32. doi: 10.3109/08039488.2014.907341
	30. Stoye, DQ, Boardman, JP, Osmond, C, Sullivan, G, Lamb, G, Black, GS, et al. Saliva cortisol diurnal variation and stress responses in term and preterm infants. Arch Dis Child Fetal Neonatal Ed (2022) 107:558–64. doi: 10.1136/archdischild-2021-321593
	31. Feng, W, Pu, W, Li, J, Yuan, Y, Yan, M, Yuan, S, et al. The GLCCI1 rs37973 variant and the efficacy of inhaled corticosteroids in the treatment of asthma: A meta-analysis. Clin Respir J (2023) 17:568–79. doi: 10.1111/crj.13627
	32. Bergeron, BP, Diedrich, JD, Zhang, Y, Barnett, KR, Dong, Q, Ferguson, DC, et al. Epigenomic profiling of glucocorticoid responses identifies cis-regulatory disruptions impacting steroid resistance in childhood acute lymphoblastic leukemia. Leukemia (2022) 36:2374–83. doi: 10.1038/s41375-022-01685-z
	33. Hu, C-P, Xun, Q-F, Li, X-Z, Hu, X-Y, Qin, L, He, R-X, et al. Effects of glucocorticoid-induced transcript 1 gene deficiency on glucocorticoid activation in asthmatic mice. Chin Med J (Engl) (2018) 131:2817–26. doi: 10.4103/0366-6999.246061
	34. Kiuchi, Z, Nishibori, Y, Kutsuna, S, Kotani, M, Hada, I, Kimura, T, et al. GLCCI1 is a novel protector against glucocorticoid-induced apoptosis in T cells. FASEB J (2019) 33:7387–402. doi: 10.1096/fj.201800344RR




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 de Carvalho, Chung-Filho, Braga, Chagas-Neto, Soares-Lima and Pombo-de-Oliveira. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 14 February 2024

doi: 10.3389/fonc.2024.1304633

[image: image2]


Evidence of spatial clustering of childhood acute lymphoblastic leukemia cases in Greater Mexico City: report from the Mexican Inter-Institutional Group for the identification of the causes of childhood leukemia


David Aldebarán Duarte-Rodríguez 1, Janet Flores-Lujano 2, Richard J. Q. McNally 3, María Luisa Pérez-Saldivar 2, Elva Jiménez-Hernández 4, Jorge Alfonso Martín-Trejo 5, Laura Eugenia Espinoza-Hernández 5, Aurora Medina-Sanson 6, Rogelio Paredes-Aguilera 7, Laura Elizabeth Merino-Pasaye 8, Martha Margarita Velázquez-Aviña 9, José Refugio Torres-Nava 4, Rosa Martha Espinosa-Elizondo 10, Raquel Amador-Sánchez 11, Juan José Dosta-Herrera 12, Javier Anastacio Mondragón-García 13, Juana Esther González-Ulibarri 14, Sofía Irene Martínez-Silva 15, Gilberto Espinoza-Anrubio 16, María Minerva Paz-Bribiesca 17, Perla Salcedo-Lozada 18, Rodolfo Ángel Landa-García 19, Rosario Ramírez-Colorado 20, Luis Hernández-Mora 21, Marlene Santamaría-Ascencio 22, Anselmo López-Loyola 23, Arturo Hermilo Godoy-Esquivel 24, Luis Ramiro García-López 25, Alison Ireri Anguiano-Ávalos 26, Karina Mora-Rico 27, Alejandro Castañeda-Echevarría 28, Roberto Rodríguez-Jiménez 29, José Alberto Cibrian-Cruz 30, Karina Anastacia Solís-Labastida 5, Rocío Cárdenas-Cardos 31, Norma López-Santiago 7, Luz Victoria Flores-Villegas 8, José Gabriel Peñaloza-González 9, Ana Itamar González-Ávila 11, Martin Sánchez-Ruiz 18, Roberto Rivera-Luna 31, Luis Rodolfo Rodríguez-Villalobos 25, Francisco Hernández-Pérez 26, Jaime Ángel Olvera-Durán 27, Luis Rey García-Cortés 32, Minerva Mata-Rocha 33, Omar Alejandro Sepúlveda-Robles 33, Vilma Carolina Bekker-Méndez 34, Silvia Jiménez-Morales 35, Jorge Meléndez-Zajgla 36, Haydée Rosas-Vargas 37, Elizabeth Vega 38, Juan Carlos Núñez-Enríquez 2,39*  and Juan Manuel Mejía-Aranguré 36,40*


1 División de Desarrollo de la Investigación en Salud, Coordinación de Investigación en Salud, Centro Médico Nacional (CMN) “Siglo XXI”, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 2 Unidad de Investigación Médica en Epidemiología Clínica, Unidad Médica de Alta Especialidad (UMAE), Hospital de Pediatría, Centro Médico Nacional (CMN) “Siglo XXI”, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 3 Population Health Sciences Institute, Newcastle University, Royal Victoria Infirmary, Newcastle upon Tyne, United Kingdom, 4 Servicio de Oncología, Hospital Pediátrico “Moctezuma”, Secretaría de Salud de la Ciudad de Mexico (SEDESA), Ciudad de Mexico, Mexico, 5 Servicio de Hematología, Unidad Médica de Alta Especialidad Hospital de Pediatría, Centro Médico Nacional (CMN) “Siglo XXI”, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 6 Departamento de Hemato-Oncología, Hospital Infantil de Mexico “Federico Gómez”, Secretaría de Salud (SS), Ciudad de Mexico, Mexico, 7 Servicio de Hematología, Instituto Nacional de Pediatría (INP), SS, Ciudad de Mexico, Mexico, 8 Servicio de Hematología Pediátrica, Centro Médico Nacional (CMN) “20 de Noviembre”, Instituto de Seguridad Social al Servicio de los Trabajadores del Estado (ISSSTE), Ciudad de Mexico, Mexico, 9 Servicio de Onco-Pediatría, Hospital Juárez de Mexico, SS, Instituto Politécnico Nacional 5160, Ciudad de Mexico, Mexico, 10 Servicio de Hematología Pediátrica, Hospital General de Mexico, SS, Ciudad de Mexico, Mexico, 11 Servicio de Hematología Pediátrica, Hospital General Regional (HGR) No 1 “Dr Carlos MacGregor Sánchez Navarro” Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 12 Servicio de Cirugía Pediátrica, Hospital General “Gaudencio González Garza”, Centro Médico Nacional (CMN) “La Raza”, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 13 Servicio de Cirugía Pediátrica, Hospital General Regional (HGR) No 1 “Dr Carlos MacGregor Sánchez Navarro” Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 14 Hospital Pediátrico de Iztacalco, Secretaría de Salud de la Ciudad de Mexico (SEDESA), Ciudad de Mexico, Mexico, 15 Hospital Pediátrico de Iztapalapa, Secretaría de Salud de la Ciudad de Mexico (SEDESA), Ciudad de Mexico, Mexico, 16 Servicio de Pediatría, Hospital General Zona (HGZ) No 8 “Dr Gilberto Flores Izquierdo”, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 17 Servicio de Pediatría, Hospital Juárez del Centro, SS, Cuauhtémoc, Ciudad de Mexico, Mexico, 18 Hospital General de Ecatepec “Las Américas”, Instituto de Salud del Estado de Mexico (ISEM), Ecatepec de Morelos, Mexico, 19 Hospital General “Dr. Manuel Gea González” SS, Ciudad de Mexico, Mexico, 20 Hospital Pediátrico “La Villa”, Secretaría de Salud de la Ciudad de Mexico (SEDESA), Ciudad de Mexico, Mexico, 21 Hospital Pediátrico “San Juan de Aragón”, Secretar´ıa de Salud de la Ciudad de Mexico (SEDESA), Ciudad de Mexico, Mexico, 22 Servicio de Pediatría, Hospital General Regional (HGR) No 72 “Lic. Vicente Santos Guajardo”, Instituto Mexicano del Seguro Social (IMSS), Tlalnepantla de Baz, Mexico, 23 Servicio de Cirugía Pediátrica, Hospital General Zona (HGZ) No. 32, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 24 Servicio de Cirugía Pediátrica, Hospital Pediátrico de Moctezuma, Secretaría de Salud de la Ciudad de Mexico (SEDESA), Ciudad de Mexico, Mexico, 25 Servicio de Pediatría, Hospital Pediátrico de Tacubaya, Secretaría de Salud de la Ciudad de Mexico (SEDESA), Ciudad de Mexico, Mexico, 26 Urgencias Pediátricas, Hospital General Zona (HGZ) No 47, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 27 Servicio de Cirugía Pediátrica, Hospital Regional “1° Octubre”, Instituto de Seguridad Social al Servicio de los Trabajadores del Estado (ISSSTE), Instituto Politécnico Nacional 1669, Revolución Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 28 Servicio de Pediatría, Hospital General Regional (HGR) No. 25 Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 29 Servicio de Pediatría, Hospital General de Zona con Medicina Familiar (HGZMF) No. 29, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 30 Servicio de Cirugía Pediátrica, Hospital General Zona (HGZ) No. 27, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 31 Servicio de Oncología, Instituto Nacional de Pediatr´ıa (INP), SS, Ciudad de Mexico, Mexico, 32 Delegación Regional Estado de Mexico Oriente, Instituto Mexicano del Seguro Social (IMSS), Naucalpan de Juárez, Mexico, 33 Laboratorio de Biología Molecular, Unidad Me´dica de Alta Especialidad (UMAE), Hospital de Pediatría, Centro Me´dico Nacional (CMN) “Siglo XXI”, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 34 Unidad de Investigación Médica en Inmunología e Infectología, Hospital de Infectología “Dr Daniel Méndez Hernández”, Centro Me´dico Nacional (CMN) “La Raza”, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 35 Laboratory of Innovation and Precision Medicine, Nucleus A. Instituto Nacional de Medicina Genómica (INMEGEN), Ciudad de Mexico, Mexico, 36 Laboratorio de Genómica Funcional del Cáncer, Instituto Nacional de Medicina Genómica (INMEGEN), Ciudad de Mexico, Mexico, 37 Unidad de Investigación Médica en Genética Humana, Unidad Me´dica de Alta Especialidad (UMAE), Hospital de Pediatría, Centro Me´dico Nacional (CMN) “Siglo XXI”, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 38 Instituto de Ciencias de la Atmósfera y Cambio Climático, Universidad Nacional Autónoma de Mexico (UNAM), Ciudad de Mexico, Mexico, 39 División de Investigación en Salud, Unidad Me´dica de Alta Especialidad (UMAE) Hospital de Pediatría “Dr. Silvestre Frenk Freund”, Centro Me´dico Nacional (CMN) “Siglo XXI”, Instituto Mexicano del Seguro Social (IMSS), Ciudad de Mexico, Mexico, 40 Facultad de Medicina, Universidad Nacional Autónoma de Mexico (UNAM), Ciudad de Mexico, Mexico




Edited by: 

Hajo Zeeb, Leibniz Institute for Prevention Research and Epidemiology (LG), Germany

Reviewed by: 

Irma Olarte, Hospital General de Mexico Dr. Eduardo Liceaga, Mexico

Zhongbo Hu, St. Jude Children’s Research Hospital, United States

Smitha Hosahalli Vasanna, Case Western Reserve University, United States

*Correspondence:
 Juan Manuel Mejía-Aranguré
 jmejia@inmegen.gob.mx
 arangurejm@gmail.com
 juan.mejiaa@comunidad.unam.mx
 Juan Carlos Núñez-Enríquez
juan.nuneze@imss.gob.mx
 jcarlos_nu@hotmail.com


Received: 29 September 2023

Accepted: 11 January 2024

Published: 14 February 2024

Citation:
Duarte-Rodríguez DA, Flores-Lujano J, McNally RJQ, Pérez-Saldivar ML, Jiménez-Hernández E, Martín-Trejo JA, Espinoza-Hernández LE, Medina-Sanson A, Paredes-Aguilera R, Merino-Pasaye LE, Velázquez-Aviña MM, Torres-Nava JR, Espinosa-Elizondo RM, Amador-Sánchez R, Dosta-Herrera JJ, Mondragón-García JA, González-Ulibarri JE, Martínez-Silva SI, Espinoza-Anrubio G, Paz-Bribiesca MM, Salcedo-Lozada P, Landa-García R&, Ramírez-Colorado R, Hernández-Mora L, Santamaría-Ascencio M, López-Loyola A, Godoy-Esquivel AH, García-López LR, Anguiano-Ávalos AI, Mora-Rico K, Castañeda-Echevarría A, Rodríguez-Jiménez R, Cibrian-Cruz JA, Solís-Labastida KA, Cárdenas-Cardos R, López-Santiago N, Flores-Villegas LV, Peñaloza-González JG, González-Ávila AI, Sánchez-Ruiz M, Rivera-Luna R, Rodríguez-Villalobos LR, Hernández-Pérez F, Olvera-Durán J&, García-Cortés LR, Mata-Rocha M, Sepúlveda-Robles OA, Bekker-Méndez VC, Jiménez-Morales S, Meléndez-Zajgla J, Rosas-Vargas H, Vega E, Núñez-Enríquez JC and Mejía-Aranguré JM (2024) Evidence of spatial clustering of childhood acute lymphoblastic leukemia cases in Greater Mexico City: report from the Mexican Inter-Institutional Group for the identification of the causes of childhood leukemia. Front. Oncol. 14:1304633. doi: 10.3389/fonc.2024.1304633






Background

A heterogeneous geographic distribution of childhood acute lymphoblastic leukemia (ALL) cases has been described, possibly, related to the presence of different environmental factors. The aim of the present study was to explore the geographical distribution of childhood ALL cases in Greater Mexico City (GMC).





Methods

A population-based case-control study was conducted. Children <18 years old, newly diagnosed with ALL and residents of GMC were included. Controls were patients without leukemia recruited from second-level public hospitals, frequency-matched by sex, age, and health institution with the cases. The residence address where the patients lived during the last year before diagnosis (cases) or the interview (controls) was used for geolocation. Kulldorff’s spatial scan statistic was used to detect spatial clusters (SCs). Relative risks (RR), associated p-value and number of cases included for each cluster were obtained.





Results

A total of 1054 cases with ALL were analyzed. Of these, 408 (38.7%) were distributed across eight SCs detected. A relative risk of 1.61 (p<0.0001) was observed for the main cluster. Similar results were noted for the remaining seven ones. Additionally, a proximity between SCs, electrical installations and petrochemical facilities was observed.





Conclusions

The identification of SCs in certain regions of GMC suggest the possible role of environmental factors in the etiology of childhood ALL.





Keywords: leukemia, child, spatial clustering, SaTScan software to analyze spatial, electromagnetic fields, environmental exposure, urban population, developing countries




1 Introduction

The frequency of childhood acute leukemias (AL) in Mexico City has been reported to be amongst the highest in the world, mainly, for the acute lymphoblastic leukemia (ALL) subtype (1–3). The etiology of AL remains unclear in most cases. It seems to be the result from an interaction between genetic susceptibility and exposure to environmental factors (4; 5–7).

The spatial analysis of disease incidence distribution has been acknowledged as a valuable approach for uncovering essential insights into the etiology of a disease. (8, 9). In Mexico, there have been limited spatial analysis studies conducted to date related to childhood leukemia. In a preliminary report, a significant spatial cluster (SC) of childhood ALL cases was detected at the eastern side of Mexico City (10). In another research, conducted in the city of Guadalajara, three SCs of ALL cases were also described (11).

On the other hand, in a recent investigation conducted in Mexico City, AL incidence rates displayed differences among municipalities suggesting a potential heterogeneous geographical distribution (3). Noteworthy, Mexico City and its surrounding metropolitan area [also known as the Greater Mexico City (GMC)] has seventy-five municipalities being one of the largest urban agglomerations globally. The core of the metropolis is a proper urban area whereas the outer is considered as a rural–urban fringe area (see Figure 1). When these areas are well-delimited they may significantly differ in demographic factors such as the population density, the main economic activities, exposure to environmental hazards among other which could have an impact in the incidence of childhood leukemia (12–14).

[image: Flowchart showing the selection process for acute lymphoblastic leukemia cases. Out of 1209 potential cases, 1194 had the disease. Of these, 1099 were in Greater Mexico City. Four did not provide addresses, and 41 had erroneous addresses. Ultimately, 1054 cases were included.]
Figure 1 | Geographic stratification of Greater Mexico City.

Several research studies have highlighted the potential associations between the exposure to environmental factors and the development of leukemia in the pediatric population of GMC. These factors include the exposure to extremely-low-frequency magnetic fields (ELF-MFs) (Juan C. 15, 16), the maternal and paternal ages at conception of the index child (17), a greater child´s birthweight (18), viral infections (19), father’s occupational exposure (20, 21), allergies (22), breastfeeding (J 23), and early-life infections (23). Additionally, the relationship between genetic and environment interactions has been explored. Particularly, for the exposure to fertilizers, insecticides, hydrocarbon derivatives and parental tobacco smoking (24).

The aim of the present study was to explore the geographical distribution of childhood ALL cases in GMC, a region characterized by a high incidence of the disease.




2 Methods



2.1 Population

A population-based case-control study was conducted. Children <18 years old, newly diagnosed with ALL and GMC residents represented the group of cases. They were recruited from public hospitals where it has been estimated that 97.5% of children with leukemia from GMC are attended (25). Case registration required that trained personnel were assigned to each participating hospital to identify incident cases of leukemia through reviews of clinical charts. Afterwards, parents were approached and invited to participate. Given that careful case registration is essential for successful conduct of case-control studies, we followed the recommendations of the IARC for the planning and development of population-based cancer registries (26).

ALL diagnosis was established based on clinical features, and bone marrow aspirate findings, including cell morphology, immunophenotype, and genetics, as defined in 2008 by the World Health Organization (WHO) for the classification of lymphoid neoplasms.

The controls were selected from second-level hospitals of the same health institution that referred the children with ALL to the third-level care hospitals. The controls were children without leukemia who were treated at different hospital departments, such as ambulatory surgery, pediatrics, orthopedic outpatient clinics and the emergency room. Children with diagnoses of neoplasms, hematological diseases, allergies, infections, and congenital malformations were not selected as controls. A frequency-matched approach was used between cases and controls according to the following variables: child´s sex, age (at diagnosis for cases, and at the time of the interview for the controls) and health institution. Age was estimated in months, with a difference between cases and controls no greater than 12 months.

There were two different periods for the ascertainment of cases and controls: Cases (Period 1: January 1, 2006, to December 31, 2007; Period 2: January 1, 2010, to December 31, 2012); Controls (Period 1: January 1, 2000 to December 31, 2007; Period 2: January 1, 2010 to December 31, 2013).




2.2 Data collection

Data collection was obtained by trained personnel through the revision of clinical charts and in-person interviews with the parents or guardians of the cases and controls (21) using a previously standardized questionnaire(J 23). The two periods for case ascertainment represent the complete years when sufficient financial support was available for conducting the interviews, clinical charts revisions and all the procedures required for the present research. Therefore, a representative sample of the incident cases with ALL diagnosed during those years in GMC was included. On the other hand, the control recruitment period started six years prior to the inclusion of cases and concluded one year after the end of the case ascertainment period. This allowed us for achieving a larger control pool for selecting the controls who had complete geolocation data and fulfilled the matching criteria.

Information recorded included: the postal addresses where the child lived the last year before the diagnosis (for cases) or at the moment of the interview (for controls). Additionally, random cross-checking telephone calls were performed by the supervisor of the personnel to ensure the accuracy of the information.




2.3 Geolocation of cases and controls, and study area

The street centroid was used for georeferencing the postal addresses, taking as the reference the intersection between the two closest streets where the child lived. Cartographic information was obtained through the country’s National Institute of Statistics and Geography (INEGI) information reported for 2010 (27) and by using Google Maps.

However, the information on postal addresses was partially obtained from the participants due to the following reasons: a) they felt distrustful, b) they did not know the postal address accurately, and c) they provided an address which differs from the officially recorded. In these situations, the neighborhood centroid strategy developed by Freire de Carvalho was followed (28).

When it was not possible to obtain the minimal information needed to geolocate or when the parents or guardians explicitly refused to provide their addresses, the individuals were excluded from the analysis.

Afterwards, Greater Mexico City was stratified into smaller spatial units: in order to differentiate between areas with different population density, the most urbanized part of the metropolis was classified as the urban area, whereas, the most external and least urbanized areas that are still quite rural were classified as rural–urban fringe area (see Figure 1), based on Duhau and Giglia (29). All the data were mapped and, to ensure the anonymity and confidentiality of the individuals participating in this work, none of the exhibited maps represent the children’s precise addresses so that they cannot be identified.




2.4 Spatial scan statistic

The spatial scan statistic proposed by Kulldorff (30, 31) using the SaTScan™ software was employed (Martin Kulldorff, Harvard Medical School and Harvard Pilgrim Health Care Institute, Boston, USA, https://www.satscan.org/). The probability model of Bernoulli was selected as it has been previously used in other studies on childhood leukemia (32, 33). Some of the advantages of this probability model are: 1) it is appropriate for detecting spatial clusters using case-control data (34); 2) it eliminates the disadvantage of studying areas with different population densities, as in Greater Mexico City; 3) it can control for covariates and 4) it controls for issues related to multiple testing (35). Inclusion of covariates allowed analysis of differences between urban and rural-urban fringe areas.

In addition, the method has been described as a scanning of the study area using a window of geometric exploration (36). This window is virtual and can take a circular or ellipsoidal geometric shape. Particularly, we chose for the circular shapes windows taking into account that the urban core of Greater Mexico City has the same length from north to south as from east to west. For each window location and size, the SaTScan calculates the number of observed and expected observations inside the window (37). Then, a relative risk (RR) was estimated for each childhood ALL cluster being the RR interpreted as the ratio of the probability of being within the cluster versus the risk of being outside the cluster. Additionally, the SaTScan Bernoulli model uses a log likelihood ratio test of the probability (LLR) which allows for identifying the main SC by selecting the circular window with the maximum LLR. To assess the precision and statistical significance of the findings, SaTScan simulates many random datasets to construct a distribution of geographic points that satisfies the assumptions of the null hypothesis (no clustering). The precision (p value) was assessed using 99999 simulations using the Monte Carlo hypothesis test. A p-value less than 0.05 was considered statistically significant.

In the present study, only the non-overlapping SCs with the largest LLRs, statistically significant (<0.05), with at least ten cases per cluster were reported. This last criterion was considered because few cases with ALL were included in the remaining detected SCs. This small number would hamper any epidemiological interpretation of findings as it represents less than 1% of the population of cases analyzed (n=1,054).





3 Results

A total of 1209 cases with childhood ALL were diagnosed during the study period. Of these, 1054 (95.9%) cases fulfilled the selection criteria and were included in the study (see Figure 2). The predominant sex of cases was male, accounting for 53% (n=559). The cases were distributed across the following age groups: <1 year: 38 (3.6%); 1-4 years: 417 (39.5%); 5-9 years: 305 (28.9%); 10-14: 234 (22.2%) and 15-17 years: 60 (5.6%). According to the morphological features of the malignant cells, patients with ALL were classified as: L1 (n= 708; 67.2%); L2 (n= 329; 31.2%); and L3 (n= 17; 1.6%). No statistically significant differences were observed between cases and controls according to sex, age and health institution (see Table 1: Demographic and other characteristics of cases and controls included in the present study).

[image: Map depicting Mexico City and surrounding areas, highlighting urban areas in orange and rural-urban fringe areas in yellow. A directional arrow and scale bar indicate orientation and distance. The map legend cites INEGI as the source.]
Figure 2 | Selection of cases included in the study.

Table 1 | Demographic and other characteristics of cases and controls included in the present study.


[image: Table showing demographic and institutional data for cases and controls, each with 1054 participants. Categories include sex, age group, and health institution. For sex, both groups have 53% male and 47% female with p-value 1.00. Age groups under one to seventeen vary slightly, with p-value 0.99. Health institution involvement shows IMSS, Minister of Health, and ISSSTE, with similar distributions between cases and controls, p-value 0.99. Chi-square test applied.]
In the present research, eight SCs of cases with ALL were found in Greater Mexico City (see Figure 3). The sum of cases with ALL within the eight clusters represented 38.7% (n=408) of the total children included. The main cluster (SC #1) had an LLR=15,317.30, a RR=1.61 and a p-value <0.0001. It also included the largest number of cases (n=132) in comparison to the other clusters with a radius greater than 40 km. The other SCs included the following number of cases: #2 (n=91); #3 (n=69); #9 (n=48); #13 (n=29); #16 (n=11); #19 (n=14) and the cluster #21 included 14 cases. Similar LLRs, RRs, and p-values were noted for these SCs (see Supplementary Table 1: Characteristics of spatial clusters of children with ALL identified in Greater Mexico City). When differences were examined based on study areas, no significant distinctions were observed between urban and rural-urban fringe areas.

[image: Map displaying spatial clusters of cases marked with distinct colored regions: turquoise (Cluster 1), yellow (Cluster 2), purple (Cluster 3), gray (Cluster 9), pink (Cluster 13), orange (Cluster 16), green (Cluster 19), and lavender (Cluster 21). Blue dots represent cases with ALL. Includes a scale and a north arrow. Source: INEGI.]
Figure 3 | Spatial clusters of ALL cases in Greater Mexico City.

Notably, six out of eight SCs were closed to high−voltage electric lines and high−voltage electric installations (Figure 4). Furthermore, it was also noted that the remaining two SCs were in proximity to areas where former petrochemical industrial facilities had been located (closed a decade before the beginning of the present study). One of these facilities, was the former Azcapotzalco Refinery, and the other, was the San Juan Ixhuatepec petrochemical storage and distribution plant.

[image: Map showing high-voltage electric lines in red, power stations as green hexagons, electrical substations as yellow triangles, and petrochemical facilities as orange droplets. Urban areas are shaded gray. A legend details each symbol, sourced from INEGI.]
Figure 4 | High-voltage electric and petrochemical installations in Greater Mexico City.




4 Discussion

In this study, a heterogeneous spatial distribution of children with ALL living GMC was identified. Additionally, eight SCs of children with ALL in Greater Mexico City were detected using the Kulldorff’s spatial scan statistics.

To our knowledge, the present work is one of the few studies conducted in a city from a developing country aimed to investigate the spatial distribution of pediatric cases with ALL (38). The vast majority of these types of analyses have been carried out in populations from developed countries with larger and very affluent geographic areas―like European whole countries―(39–41). The disadvantages of studying greater geographical areas for identifying SCs have been explained (42). In addition, it has been suggested that the best scale of geographic analysis to identify SCs is the small-scale, or when the territory has a high population density, such as is the case of GMC (42–44).

The identification of significant SCs of childhood ALL cases in the present research supports to various hypotheses regarding risk factors potentially implicated in the development of this neoplasm. These hypotheses include the association with identifiable sources of exposure to harmful environmental agents (such as pesticides, insecticides, etc.), the possibility of an infectious etiology, among other factors (8, 9). We did not observe differences in the SCs distribution between urban and rural−urban fringe areas, as it has been reported in other investigations (14, 45–47). One possible reason for this negative result could be the minimal differences between the studied areas regarding factors such as: the population density, demographics, education, lifestyle, economic activities, transportation, day-to-day activity, among others. All these, as a consequence of the metropolitan system dynamics of GMC which tends to homogenize the distribution of these factors between regions. Therefore, it is likely that the differences between urban and rural−urban fringe areas were so small that they could not be detected by our methodological approach.

Interestingly, most of the SCs detected in the present study were closed to electrical installations whereas other SCs were in proximity to potential sources of hydrocarbons (former petrochemical facilities).

Firstly, the association between living near to high−voltage transmission lines and the risk of childhood AL has been explored in different populations (48, 49). The mechanisms that could explain this association are related with the exposure to the generated extremely-low-frequency magnetic fields (ELF-MFs) and the ionized particles of air produced by corona discharge (50) which has been suggested as a possible explanation of the high incidence rates of childhood AL in Mexico City (51).

Specifically, the association between ELF-MFs and the risk of childhood ALL development has been reported in different studies conducted in Mexico City using direct or indirect methods for assessing the exposure. Particularly, a high frequency of exposure to increased levels of ELF-MFs has been reported in our population. Moreover, an association between ELF-MFs and the risk of childhood AL has been identified in children from Mexico City, a finding that has also been reported in other populations (15, 16).

On the other hand, the relationship between exposure to derivatives from the petrochemical industrial activity and risk of childhood leukemia has also been documented (52–54). Notably, in a study conducted in Mexico City it was reported that the interaction between hydrocarbon exposure and genetic polymorphisms of NAT2 is associated with a high risk of developing childhood ALL. (24). However, these hypotheses require further study.




5 Study limitations

A possible limitation of the present investigation was the fact that a hospital-based recruitment of controls was followed instead of a random recruitment of controls from the source population, which has been recommended for this type of studies (55, 56). Nevertheless, if this last strategy had been implemented, it could have generated a low participation rate and a high cost, which exceeded our budget. Another limitation was produced by the difference in the periods of recruitment of cases and controls which restricted the analysis to a spatial clustering approach instead of a space-time cluster analysis that could have provided more insights about the effect of environmental factors occurring at specific times and places; an example of this would be the ability to detect patterns of childhood ALL incidence in relation to the date of birth of the children, or in relation to the time of diagnosis of the disease. On the other hand, exploring the geographic distribution of ALL cases among different age groups would be interesting, given the variation in disease incidence across age groups. However, the limited sample size hinders the feasibility of conducting a stratified analysis with sufficient statistical power. Additionally, it is important to continue the study of the geographical distribution of childhood ALL cases by analyzing updated geolocation data considering the persistently high incidence rates of this neoplasm in GMC. Lastly, we also reiterate the relevance of developing and/or consolidating cancer registries as the base to conduct studies for identifying SCs and risk factors associated with the development of ALL in the pediatric population.




6 Conclusions

The geographical distribution of childhood ALL cases in Greater Mexico City was heterogeneous across the territory of the metropolis. The identification of spatial clusters in certain regions of GMC suggest the possible role of environmental factors in the etiology of the disease. However, further investigations are required to elucidate the environmental hazards associated.
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Introduction

The mechanistic/mammalian target of rapamycin (mTOR) is a serine/threonine kinase, which is downregulated or upregulated and is implicated in different types of cancer including hematologic neoplasms, skin prostate, and head and neck cancer.





Aim

The aim of this study was to explore the current knowledge of mTOR signaling in acute lymphoblastic leukemia and Hodgkin lymphoma.





Methods

A systematic review was performed according to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines, searching PubMed, Discovery Service for National Autonomous University of Mexico, Registro Nacional de Instituciones y Empresas Científicas y Tecnológicas (RENIECYT), and Scientific Electronic Library Online (SciELO) from 1994 to 2023. A total of 269 papers were identified for acute lymphoblastic leukemia, but based on specific criteria, 15 were included; for Hodgkin lymphoma, 110 papers were identified, but 5 were included after manual searching.





Results

A total of 20 papers were evaluated, where mTOR activity is increased in patients with Hodgkin lymphoma and acute lymphoblastic leukemia by different molecular mechanisms.





Conclusions

mTOR activity is increased in patients with both hematologic neoplasms and NOTCH; interleukin 4, 7, and 9, and nuclear proteins have been studied for their role in the activation of mTOR signaling.





Keywords: mTOR, acute lymphoblastic leukemia, Hodgkin lymphoma, mTORC1, mTORC2




1 Introduction

The mechanistic/mammalian target of rapamycin (mTOR) is a serine/threonine kinase. It functions as two distinct complexes named mTORC1 and mTORC2. Both complexes consist of mTOR, but differ in other proteins, like raptor (regulatory-associated protein of mTOR) and DEPTOR (DEP domain containing mTOR interacting protein) for mTORC1 and Rictor (rapamycin insensitive companion of mTOR) and Protor (protein observed with Rictor) for mTORC2. Both complexes regulate some factors that mediate protein synthesis/turnover, metabolism, autophagy, nucleotide synthesis, and cell migration (1).

Acute lymphoblastic leukemia is the most common childhood malignancy; it represents 30% of cancer cases. The survival rates have increased because of the effectiveness of its treatment in the last 20 years. In addition, progress has been made in diagnosis by morphology, immunophenotype, and genetic features with clinical relevance in staging the patients (2–4.) and providing better treatment.

Hodgkin lymphoma is an eponym that encompasses multiple B-cell neoplasms in which the immune microenvironment has a major contribution. These neoplasms can be divided into classical Hodgkin lymphoma, with Reed Sternberg cells that express CD15 and CD30 and the nodular lymphocyte predominant Hodgkin lymphoma, which only represents 5% to 10% of all Hodgkin lymphomas that have the “popcorn cells” that express OCT2 (5).

Most of the literature on mTOR and its role in Hodgkin lymphoma and acute lymphoblastic leukemia is about treatment and case reports. The use of mTOR inhibitors has been studied in some cases of these two neoplasms. It has been shown that some of these chemotherapeutic agents inhibited cell proliferation and induced apoptosis in leukemia cells (6–8).

Despite the use of mTOR inhibitors in both neoplasms, there is a shortage of information about the biological significance of mTOR signaling; the difference in the signaling complex is activated in the neoplastic and non-neoplastic cells. For that reason, our aim is to review the mTOR signaling pathway and its biological significance in both diseases.




2 Materials and methods

A literature search of English, German, and Spanish language studies about mTOR signaling in acute lymphoblastic leukemia and Hodgkin lymphoma was performed using PubMed, Discovery Service for National Autonomous University of Mexico, Registro Nacional de Instituciones y Empresas Científicas y Tecnológicas (RENIECYT), and Scientific Electronic Library Online (SciELO) from 1994 to 2023 to identify relevant papers on this topic.

In the case of acute lymphoblastic leukemia, the first search was made with the keywords “mTOR”, “signaling”, and “acute lymphoblastic leukemia”. A second search was made using the keywords “not therapeutics” and “not inhibitor”. With Hodgkin lymphoma, the keywords “mTOR”, “signaling”, and “Hodgkin lymphoma” were used. The literature search was performed by two researchers. The last search was performed on 20 September 2023. The complete algorithm is provided in annex 1.



2.1 Inclusion criteria

	- Hodgkin lymphoma and/or acute lymphoblastic leukemia

	- mTOR signaling

	- Studies in English, German, or Spanish

	- Preview reviews






2.2 Exclusion criteria

	- Studies about other lymphomas/leukemias

	- Studies in other languages

	- Studies focusing only on treatment/therapeutics

	- Studies focusing only on the inhibitors



The researchers have screened the selected literature according to the criteria. When titles and abstracts did not allow them to identify the criteria, the full text was reviewed for this analysis.

The extracted data included author name, publication year, and findings in mTOR signaling. This review was conducted using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. Flow diagrams for Hodgkin lymphoma (Figure 1) and acute lymphoblastic leukemia (Figure 2) are illustrated.

[image: Flowchart depicting the study selection process for mTOR signaling and Hodgkin Lymphoma. Identification: 383 records found from PubMed (110) and Discovery Service (273). Screening: 377 records excluded for reasons like irrelevant topics, language, or duplicates. Five full-text articles assessed and included in the review. No reports were unretrieved.]
Figure 1 | Flow diagram for mTOR signaling and Hodgkin lymphoma. Literature selection, according to PRISMA criteria. A total of 383 articles were identified; in the first revision, 377 were excluded. Five full-text articles were assessed and included in the study.

[image: Flowchart showing the identification process of studies for mTOR signaling and acute lymphoblastic leukemia. Records identified: 1014. Records removed before screening: 745. Records screened: 269. Full text assessed: 15. No reports were not retrieved. Studies included in the review: 15. Records excluded due to other topics, language, or duplicates.]
Figure 2 | Flow diagram for mTOR signaling and acute lymphoblastic leukemia. Literature selection according to PRISMA criteria. A total of 1,014 articles were identified in the first search. Then, the articles with the keywords therapeutic and inhibitor were removed; thus, 269 articles were screened. After duplicates, other languages and duplicates were removed; 15 studies were assessed and included.





3 Results

Based on the previously specified criteria, 20 papers (including original papers and review studies) were included in this review, 15 for acute lymphoblastic leukemia and 5 for Hodgkin lymphoma.

Data for the studies are shown in Tables 1, 2. The Hodgkin lymphoma study of Márk et al. showed that mTOR activity is increased in 93% of samples from Hodgkin lymphoma patients and that patients with good prognosis had low mTOR activity and patients with bad prognosis have high mTOR activity with no statistical significance. Two studies have shown that phospho-mTOR and its phosphorylated products are increased in Hodgkin lymphoma with emphasis in Reed Sternberg cells. The last two studies including information on mTOR are review papers with the same information.

Table 1 | mTOR and Hodgkin lymphoma.


[image: Table summarizing studies related to mTOR in Hodgkin lymphoma. It includes five entries with authors, years, and descriptions of findings. The studies span from 2005 to 2020, highlighting various insights into mTOR activity, phosphorylation, and expression in Hodgkin lymphoma and associated cell lines.]
Table 2 | mTOR and acute lymphoblastic leukemia.


[image: A table summarizes research studies on NOTCH and mTOR pathways. Columns include "Author," "Year," and "Description." Each row outlines a study from 2009 to 2022, detailing findings on mechanisms in T-cell acute lymphoblastic leukemia, such as mTOR activation, signaling pathways, and potential prognostic markers.]
Regarding acute lymphoblastic leukemia and mTOR signaling, 8 of 14 papers are related to NOTCH activation and its role in T-cell type leukemia, and 2 papers revealed the importance of interleukins in mTOR signaling, showing that IL4 and IL7 are important for the activation of downstream targets in the mTOR signaling pathway. Moreover, two studies show that nuclear proteins like Nucleophosmin/B3 and Sam68 have a regulating role in the activation of mTOR.




4 Discussion and conclusions

mTOR signaling is altered in hematologic neoplasms as can be seen in some reviews (12, 13), Hodgkin lymphoma and acute lymphoblastic leukemia being no exception. This signaling pathway is important for metabolism, apoptosis, protein synthesis, autophagy, and cell migration.

In Hodgkin lymphoma, the study of Márk et al. (MÁRK) showed that mTOR is increased in most Hodgkin lymphomas. One of the most interesting findings is the fact that 6 of 72 patients who had low levels of mTOR were in complete remission after 5 years; despite not finding a statistical difference, including more patients in this type of studies is necessary to determine whether this would be a good prognostic factor when staging the disease. Moreover, in this study, Rictor was overexpressed. The overexpression of Rictor and, in consequence, mTORC2, which is related to cell migration, proliferation, and cell survival, can explain why lymphomas overexpressing this protein had poorer prognosis.

Previous studies (9, 10) demonstrated that Hodgkin lymphoma cells in vivo overexpressed mTOR and their downstream products. It is important to note that the data were emphasized on Reed Sternberg cells; considering the importance of the microenvironment in Hodgkin lymphoma, the expression of mTOR in other cells needs to be assessed in future studies. In addition, the activation of this pathway has led to case reports and clinical trials using everolimus with good response in Hodgkin lymphoma (28–30).

In acute lymphoblastic leukemia, most of the studies explain the relation between mTOR and NOTCH in T-cell leukemia and how NOTCH activation leads to mTOR signaling. In the treatment of these leukemia, mTOR inhibitor combinations cited are those with inhibitors of the NOTCH1 signaling network. This evolutionally conserved signaling network represents the most common abnormality in this subtype. NOTCH1 can activate the PI3K/AKT/mTOR network at multiple levels, regulating cell size, glucose accumulation, and glycolysis during T-cell development (31). Consequently, inhibition of NOTCH1 correlates with the suppression of mTOR. Different PI3K upstream signaling receptors, such as the interleukin 7 receptor α chain, are upregulated by NOTCH1 signaling in T-cell progenitors (31).

It is important to note that there is a difference between B- and T-cell leukemia, and that, in B-cell leukemia, there is a low expression of DEPTOR in contrast with the high expression on T cells (13). This could explain the difference in papers published between these two neoplasms and the role of mTOR.

Some molecular lesions related to adverse clinical prognosis in ALL are involved in mTOR-mediated signaling with three classes of mTOR inhibitors included in the scenario of treatment: allosteric inhibitors (rapamycin and rapalogs like everolimus and temsirolimus) that mainly target mTORC1, ATP-competitive dual PI3K/mTOR inhibitors, and mTOR kinase inhibitors that target both mTORC1 and mTORC2 but not PI3K. Furthermore, rapamycin has been tested in combination with Janus kinase, cyclin D3, and CDK4/6 inhibitors, showing induction of autophagy in cancer cells. The second generation of mTOR inhibitors like AZD8055, AZD2014, and TAK-228 has reported apoptotic and anti-leukemic activity in vitro and in vivo (32). RAD001, a selective mTORC1 inhibitor, decreased cell viability, induced cell cycle arrest in the G0/G1 phase, caused apoptosis and autophagy, and was also induced in pre-B ALL cell lines (33). In relapse and refractory T-ALL, clinical trials using the combination of mTORC1 inhibitor temsirolimus and dasatinib are being used; dasatinib inhibits phosphorylation and activation of the lymphocyte-specific protein tyrosine kinase to blunt T-cell receptor and, combined with mTORC1 inhibition, induces T-ALL cell killing (34). In Hodgkin lymphoma, the actions of rapalog everolimus result in decreased protein synthesis and cell cycle arrest, showing efficacy as a single agent in heavily pretreated relapsed/refractory disease (7, 8).

Some interleukins and growth factors affect the expression and activation of mTOR in leukemic cells. The presence of IL4, IL7, and IL9 is important to activate mTOR and promote the survival of leukemia cells. In non-neoplastic cells, it has been found that the mTORC1 pathway is predominantly activated in pro-B, pre-B, and, to a lesser extent, immature and mature cells, which are consistent with the expression of the IL7-receptor during these maturation stages. Considering that IL7 is an important cytokine for survival and cell differentiation in normal cells, this function could be conserved in this neoplasia. Moreover, the reduction of IGF-1R could reduce levels of phosphor-mTOR (30); the relation between IGF-1R and mTOR is important for cell metabolism, and how it could change leading to glycolytic pathways, which can be important in cell survival. In the case of IL9, Sirtuin 1 is a deacetylase, which is a cellular metabolic sensor;, Sirtuin 1 targets the IL9 gene locus and controls IL9 production in human CD4+ T cells through the SIRT1-mTOR-HIF1-glycolysis pathway (35). There is an observation that IL9 synergizes with IL7 in inducing T-ALL cell proliferation (36).

In the T-ALL cell line TAIL7, IL4 induced phosphorylation of mTOR downstream targets p70 S6K, S6, and 4E-BP1; this event was inhibited by treatment with rapamycin (15).

Nucleophosmin/B23 is a nuclear protein with prosurvival and ribosomal ARN processing functions, and it has been studied that knockdown of nucleophosmin reversed the drug resistance by downregulating the Akt/mTOR signal pathway in the lymphoblastic cell line Molt-4/ADR (22). Sam68 belongs to the signal, transduction, and activation of the RNA family and it is linked to tumoral progression; in the study of Wang et al., Western blot showed that Sam68 knockdown resulted in the reduced expression of p-AKT, pFOX01, and mTOR; after restoring the expression of SAM68, these were recovered, which indicated that the apoptosis and S arrest phase of lymphoblastic cells may be mediated by the AKT downstream signaling pathway (25).

We need to emphasize that, in most studies, non-neoplastic cells were excluded, so there is an opportunity in studying these cells for their potential as a therapeutic target of mTOR inhibitors. mTOR research is important for new generations of scientists because it controls some of the most critical functions in cells; in addition, the polarization of the responses that it could create with the change in one molecule can determine how the immune response against cancer is shaped and it could help determine prognosis in patients. Furthermore, in the study of non-neoplastic and neoplastic cells in patients with cancer, there is a possibility that we find differences in a molecule that controls survival, proliferation, and cell metabolism in normal and neoplastic cells at the same time; thus, we could have a better understanding of cancer biology, and if we can find these differences, they can be targeted by molecules that have a good safety profile and have been used in other diseases.
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Introduction

Acute leukemias (AL) are the main types of cancer in children worldwide. In Mexico, they represent one of the main causes of death in children under 20 years of age. Most of the studies on the incidence of AL in Mexico have been developed in the urban context of Greater Mexico City and no previous studies have been conducted in the central-south of the country through a population-based study. The aim of the present work was to identify the general and specific incidence rates of pediatric AL in three states of the south-central region of Mexico considered as some of the marginalized populations of Mexico (Puebla, Tlaxcala, and Oaxaca).





Methods

A population-based study was conducted. Children aged less than 20 years, resident in these states, and newly diagnosed with AL in public/private hospitals during the period 2021-2022 were identified. Crude incidence rates (cIR), standardized incidence rates (ASIRw), and incidence rates by state subregions (ASIRsr) were calculated. Rates were calculated using the direct and indirect method and reported per million children under 20 years of age. In addition, specific rates were calculated by age group, sex, leukemia subtype, and immunophenotype.





Results

A total of 388 cases with AL were registered. In the three states, the ASIRw for AL was 51.5 cases per million (0-14 years); in Puebla, it was 53.2, Tlaxcala 54.7, and Oaxaca de 47.7. In the age group between 0-19 years, the ASIRw were 44.3, 46.4, 48.2, and 49.6, in Puebla, Tlaxcala, and Oaxaca, respectively. B-cell acute lymphoblastic leukemia was the most common subtype across the three states.





Conclusion

The incidence of childhood AL in the central-south region of Mexico is within the range of rates reported in other populations of Latin American origin. Two incidence peaks were identified for lymphoblastic and myeloid leukemias. In addition, differences in the incidence of the disease were observed among state subregions which could be attributed to social factors linked to the ethnic origin of the inhabitants. Nonetheless, this hypothesis requires further investigation.
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1 Introduction

Acute leukemias (AL) are the main types of cancer in children worldwide. In Latin American countries (LAC) high incidence and mortality rates have been reported (1–5). Moreover, for some LAC an increase in leukemia mortality has been predicted by 2030 (6). Mexico is among these populations along with Argentina, Brazil, Chile, Ecuador, Guatemala, Peru, Puerto Rico, and Uruguay. According to data from the National Institute of Statistics, Geography, and Informatics of Mexico (INEGI) in 2019 (the year previous to the COVID-19 pandemic), childhood leukemias ranked first among the leading causes of death in the 5 to 9 years age group, and second in the 10 to 14 years age group, only surpassed by motor vehicle accidents (7). Consequently, the problem of childhood leukemia in Mexico such as another LAC requires effective actions aimed at prevention in order to reduce the incidence and mortality of AL.

To date, few risk factors have been found to be associated with childhood leukemia and explain less than 10% of the causes of the disease (8). One of the regions of Mexico which has been explored further in previous studies is Greater Mexico City (GMC) where it has been reported that the incidence of AL is among the highest in the world (9). Moreover, the relapses and deaths in the early phases of treatment (first year after diagnosis) are at least three times more frequent than in high-income countries despite the use of the same chemotherapy regimens (10, 11). Then, it is evident that each country and regions within countries have their own particularities for considering the study of factors associated with both the etiology and the prognosis of the disease such as the environmental and socioeconomic conditions, lifestyle, and access to health services among others (12–15).

Since January 2021 a population-based leukemia registry was implemented in the States of Puebla, Tlaxcala, and Oaxaca located in the central-south region of Mexico as a first step for investigating for the first time the incidence and mortality rates of AL in the pediatric population, the needs for hospital services, the efficacy of current treatments, the discovering of the factors associated with therapeutic failure and the environmental risks factors associated with the development of the disease.

In the present report, we display the results of AL incidence after two years of the leukemia registry implementation in Puebla, Tlaxcala, and Oaxaca.




2 Materials and methods

Cases with AL were recruited from public and private hospitals of Puebla, Tlaxcala, and Oaxaca from 1 January 2021 to 31 December 2022. Additionally, those patients from these Mexican States who were diagnosed and/or treated in public hospitals of GMC during the study period were registered. In this regard, it is important to highlight that the public hospitals of GMC diagnos and treat patients from almost all the States of the country because of the infrastructure of the Institutions and relatively easy access for some families to reach them. Therefore, as part of the present study, all public hospitals of GMC that in the last 10 years had attended children from Puebla, Tlaxcala, and Oaxaca also participated (See the list of the participating institutions in Table 1).

Table 1 | Participating Institutions in the population-based registry of incident cases with childhood acute leukemias in Puebla, Tlaxcala and Oaxaca.


[image: Table listing hospitals and laboratories by state in Mexico, including Oaxaca, Puebla, Tlaxcala, and Mexico City, with their respective healthcare institutions such as IMSS, ISSSTE, and Private. Institutions include Hospital Especializado de la Niñez Oaxaqueña and Hospital Infantil de México Federico Gómez, among others.]


2.1 Ethical considerations

The protocol was approved by the National Scientific Research and Ethics Committee of the Mexican Institute of Social Security with the number R-2020-785-022. In addition, authorization was received from the Local Ethics and Research Committees of each participating institution.




2.2 Validity of methods

Trained and standardized personnel were assigned to each participating hospital for case registration, ensuring the identification and follow-up of incident cases of AL. Clinical and demographic data including: sex, age at diagnosis, municipality of residence, socioeconomic level (SES), and immunophenotype were recorded. In addition, face-to-face interviews were conducted with parents and tutors of patients with a confirmed diagnosis of AL in order to validate the information related to the place of residence of the families. Written informed consent was obtained from parents and informed assent was obtained from patients ≥8 years old, when feasible, to be included in the study. In this study, all parents/guardians agreed to participate in the enrollment phase. Therefore, our participation rate was 100%.

The diagnosis was established by pediatric hematologists/oncologists according to clinical features: cell morphology, immunophenotype, and genetics, as defined by the 2008 World Health Organization (WHO) classification of lymphoid neoplasms. According to ICD-O-3 and ICCC-3, the subtype of AL was classified into two groups: a) acute lymphoblastic leukemia (ALL) (9820, 9823, 9826,9827, 9831, 9833-9837, 9940, 9948); and b) acute myeloid leukemia (AML) (9840, 9860, 9861, 9866, 9867, 9870-9874, 9891, 9895-9897, 9910, 9920, 9931) (16, 17). In regard to the immunophenotype, ALL patients were classified into B-cell, T-cell, or acute leukemia of ambiguous lineage (ALAL) according to the WHO.




2.3 Participating institutions



2.3.1 Populations and methods for incidence rates estimations

The states of Puebla, Tlaxcala, and Oaxaca were studied. Population information for these three states was obtained from the 2015-2050 censuses of the National Population Council (CONAPO). The total average annual population <20 years of age (reference population) from Puebla, Tlaxcala, and Oaxaca was 6,092,475.

Incidence rates were calculated and reported per million population under 20 years of age at the state and sub-regional levels.





2.4 Crude incidence rates

The state-level crude incidence rate (cIR) was calculated by dividing the number of incident cases of acute leukemia during the period 2021-2022 by the population under 20 years of age projected by the CONAPO for the years 2021-2022 (18).

This rate was calculated to estimate the global incidence and by subgroups according to: a) demographic variables: sex and age groups (0-4 years, 5-9 years, 10-14 years, 15-19 years, 0-14 years, 0-19 years); b) clinical variables: leukemia subtype (ALL, AML, OL) and immunophenotype (B-cell, T-cell, and ALAL); c) geographic unit of analysis: states (Puebla, Tlaxcala, and Oaxaca); and subregions of the three states, Puebla (Sierra Norte, Sierra Nororiental, Valle de Serdán, Angelópolis, Valle de Atlixco y Matamoros, Mixteca, Tehuacán y Sierra Negra); Tlaxcala (Norte, Oriente, Poniente, Centronorte, Centrosur, Sur); Oaxaca (Cañada, Costa, Istmo, Mixteca Oaxaqueña, Cuenca del Papaloapan, Sierra Norte; Sierra Sur, Valles Centrales de Oaxaca). (19). In addition, the cIR by subregions was calculated using the summation of the population under 20 years of age from the municipalities conforming to each subregion projected by CONAPO for the period 2016-2050 (20).

It is worth mentioning that Puebla, Tlaxcala, and Oaxaca, are comprised of 847 municipalities ranging from 23 to 517,395 inhabitants under 20 years of age per municipality. Therefore, calculating the rates at the municipal level would generate unstable rates, and consequently random fluctuations, and this observation would not be accurate for this disease. For this reason, it was decided to calculate incidence rates by state subregions as smaller geographic units of analysis with the intention of identifying areas with high incidence rates of acute leukemias and reducing this difficulty derived from the scarcity of data at the municipal level (numerous strata with insufficient or no data). (New York State 1999; Washington State Department of Health 2012).




2.5 Standardized incidence rates

Standardized incidence rates (sIR) were calculated using both direct and indirect methods, which were also reported per million children under 20 years of age. The direct method compared age-standardized incidence rates of AL worldwide (ASIRw), with the reference being the world population reported by the WHO for the period 2000-2025 (21). The indirect method was used to calculate standardized incidence rates by geographic subregions. (ASIRsr), being the reference population the sum of the inhabitants under 20 years of age of Puebla, Tlaxcala, and Oaxaca in the 2020 census according to the National Institute of Statistics and Geography (INEGI). This method addressed not only the instability of standardized incidence rates in data-scarce locations but also identified the state subregions with the greatest incidence rates of AL.

Finally, to know the spatial distribution of the AL incidence in each state subregion, the ASIRsr results were mapped using the QGIS 3.26 software (Open-Source Geospatial Foundation, Beaverton, Oregon, USA, QGIS, RRID : SCR_018507) (Figure 1).

[image: Map comparison showing regions in Oaxaca, Puebla, and Tlaxcala, Mexico, with varying case densities. Map A uses green shades indicating low to high cases, Map B uses orange to red for lower to higher cases. A list identifies sub-regions.]
Figure 1 | Choropleth maps representation of standardized incidence rates of childhood acute leukemia reported for each state subregion. (A) Incidence rates by sub-regions in children with AL from 0-14 years of age. (B) Incidence rates by sub-regions in children with AL from 0-19 years of age.





3 Results

During the period 2021 to 2022, 461 cases with suspected childhood AL were registered in the participant institutions, still, 73 cases were not included in the present analysis because AL was discarded, some patients were from a different state of residence or had an age greater than 20 years old at the moment of diagnosis confirmation (Figure 2). Consequently, a total of 388 cases had a confirmed diagnosis of AL. Among these cases, 55.4% (215) were male. The predominant AL subtype was ALL in 81.7% (n=317), followed by AML with 17.3% (n=67), and finally OL with 1% (n=4). According to the immunophenotype for the ALL subgroup, B-cell leukemias represented 95.3% (n=302), followed by T-cell with 4.4% (n=14) and ALAL with 0.3% (n=1).

[image: Flowchart showing leukemia cases under 20 years old in Puebla, Tlaxcala, and Oaxaca from 2021 to 2022. Out of 461 total cases, 388 were analyzed. Of these, 215 were male (55.4%) and 173 were female (44.6%). Diagnoses include 317 with Acute Lymphoblastic Leukemia (81.7%), 67 with Acute Lymphoblastic Myeloid Leukemia (17.3%), and 4 with other leukemia (1%). Immunophenotype breakdown: 302 B-cell (95.3%), 14 T-cell (4.4%), and 1 acute leukemia ambiguous lineage (0.3%). Risk classification: 105 standard risk (33.1%) and 212 high risk (66.9%).]
Figure 2 | Flowchart of the selection process of children diagnosed with acute leukemia in the states of Puebla, Tlaxcala, and Oaxaca during the period 2021-2022. NCI, National Cancer Institute Classification.



3.1 Incidence rates by age groups



3.1.1 0 to 14 years

The global AL incidence rates of the three regions in this age group were the following: a cIR of 51.4 and an ASIRw of 51.5 cases per million. Regarding the most frequent subtype of AL, it was ALL with an ASIRw of 41.5; likewise, the most frequent immunophenotype for these states was B-cell, reporting an ASIRw of 39.6. The rest of the crude and standardized rates are displayed in Table 2.

Table 2 | Incidence rates of acute leukemias in children under 20 years of age from the states of Puebla, Tlaxcala and Oaxaca during the period 2021-2022.
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3.1.2 0 to 19 years

Subsequently, in this age group, the AL cIR was 44.1 cases per million for the three states and an ASIRw of 44.3. The ASIRw for ALL was 36.2, and for the B-cell subtype an ASIRw of 34.5.





3.2 Age incidence peaks by AL main subtypes

Two age incidence peaks for ALL were observed, the first between the ages of three and five years and the second between 13 and 16 years of age. For AML, also two incidence peaks were observed, a first at one year of age and a second at the age of 10 years.




3.3 Incidence rates by age group and states



3.3.1 0 to 14 years

State of Puebla: The cIR for AL was 53.3 cases per million, and when the rate was standardized, it showed an ASIRw of 53.2. Regarding the AL subtype, again, it was ALL the most common subtype with an ASIRw of 45.2. The B-cell immunophenotype showed an ASIRw of 43.0 (Supplementary Table 1).

State of Tlaxcala: The AL cIR in Tlaxcala was 53.4 cases per million with an ASIRw of 54.7. On the other hand, the ASIRw for the ALL subtype was 41.3 and for the B-cell subtype was 39.9 (Supplementary Table 2).

State of Oaxaca: The observed cIR for AL was 47.5 cases per million, and when analyzing the ASIRw it was 47.7 cases per million. The ALL subtype presented an ASIRw of 35.7; also, the B-cell immunophenotype had an ASIRw of 34.0 (Supplementary Table 3).




3.3.2 0 to 19 years

State of Puebla: This state showed a cAIR of 46.3 cases per million for AL, and when the rate was standardized, it was observed an ASIRw of 46.4. Regarding the AL subtypes, ALL presented an ASIRw of 39.6, and the B-cell immunophenotype had an ASIRw of 37.7 (Supplementary Table 3).

State of Tlaxcala: The AL cIR for Tlaxcala was 48.0 and an ASIRw of 48.2 per million. On the other hand, the ASIRw for the ALL subtype was 37.1, and the ASIRw for B-cell of 36.0 (Supplementary Table 2).

State of Oaxaca: An AL cIR of 39.3 cases per million was observed for this age group with an ASIRw of 39.6 cases per million. The ALL subtype presented an ASIRw of 30.6; also, the B-cell immunophenotype group had an ASIRw of 28.9 (Supplementary Table 3).





3.4 AL incidence rates by state subregions

The crude and standardized incidence rates of acute leukemia were reported for each subregion and represented on a choropleth map (Figure 1).

In the age group from 0 to 14 years, the Mixteca (Puebla) presented one of the highest rates, reporting an ASIRw of 96.7, followed by three regions with rates above 60 cases per million: the Mixteca Oaxaqueña (ASIRw 69.0), Valles Centrales of Oaxaca (ASIRw 67.0), Valle de Atlixco-Izúcar de Matamoros (ASIRw of 66.0) (Figure 1).

For the age group from 0 to 19 years, three regions stand out for their high rates: the Mixteca (Puebla) with an ASIRw of 88.5 cases per million, followed by the Center-South (Tlaxcala) with an ASIRw of 60.0, and ultimately, the region of Valles Centrales of Oaxaca with an ASIRw of 58.1 (Figure 1).

Remarkably, the North region of Tlaxcala showed an extremely higher rate in both age groups (0-14 and 0-19), with an ASIRw of 173.2 and 130.8, respectively. However, these data should be taken cautiously to avoid the fallacy of small numbers because this region has a low number of populations under 20 years of age, which makes its rates susceptible to random fluctuation.





4 Discussion

To our knowledge, this is the first population-based report on the incidence of childhood AL in the south-central region of Mexico. Although we only report the incidence of two years of registration (2021-2022), we consider this study to be representative of the population since it includes the participation of all hospitals attending children and adolescents with this disease. It is worth mentioning that this study continues with its active registration of incident cases.

The incidences for AL observed in this study for the three states were very relevant, as higher rates were observed in the 0 to 14 years group with 51.5 cases per million than in the 0 to 19 years group with 44.3.

The rates for the 0 to 14 years group were observed slightly above the rates reported for the African regions (0.5-33.6). (1, 22, 23), Asia (30.7-48.2) (24–31), and Central and South America (33.3-49.8) (1, 2, 32). However, these rates are intermediate in comparison to those reported for the European regions (42.1-57.1) (33–41) and Oceania (50.0-53.5) (42–44). They are lower than the rates reported for the North American regions (31.3-65.4) (1, 9, 45–53).

On the other hand, the rates reported for AL in the 0-19 years age group were similar to those reported for the Asian (42.5) (54) and Central and South American (34.8-58.5) regions (4, 32, 55). However, they were lower than those reported in the European regions (51.2-54.1). (56, 57) and North America (26.2-64.8) (58–61).

It has already been described that there are population groups that have a higher incidence of leukemia such as children of Latin American descent (Hispanics), Oceanian Americans, and Pacific Islanders, as their rates range between 54.0-65.4 cases per million for the group of 0-14 years, we consider it relevant to note that the rates reported in this study were lower despite the fact that it is a Latin American ancestry population. (1, 9, 45, 47–50, 53). Similarly, it was observed in the 0-19 age group, which, when compared to the rates of the North American population of Latin American descent, describe rates of 55.0-60.5 cases per million, which are reported to be higher than the rates described in this study (58, 59). When the incidence rates for AL reported in this study were compared with those reported recently in GMC, it was observed that, although the rates are not low, they are not as high as those reported for children in GMC (63.3) (9). Regardless, the rates obtained in the present report could be higher considering several possible factors such as lack of access to diagnosis, poverty, geographic inaccessibility, degree of marginalization of families, and ethnicity, among others. For example, the National Council for the Evaluation of Social Policy and Development (CONEVAL) estimated in 2018 that the lack of access to health services was 20.8% for the population of the state of Puebla, 16% for the population of Oaxaca and, 13.7% in Tlaxcala (62); thus, it is not uncommon to find family histories in these types of regions with long journeys for medical care. These journeys may involve several trips using different types of transportation, including extensive pedestrian travel.

The diagnosis of childhood leukemia requires specialized care, in some cases leading the parents to visit different physicians on multiple occasions because the symptoms of the child persist. All of this may result in economic expenses that low-income families often cannot afford, leaving uncertainty about the child´s diagnosis. This and other social factors become very relevant to take into account when incidence rates of leukemias are reported. Particularly, the incidence rate of AL obtained in the present study for the state of Oaxaca could be underestimated not only as a consequence of the previously mentioned factor. Oaxaca has a lot of municipalities and most of them are far from the center of the state where specialists in hemato-oncological diseases are commonly found (63). It could then be possible that children from these regions of Oaxaca become ill with leukemia and do not have the opportunity to receiving a confirmation of their diagnosis, and leukemia-associated deaths are being attributed to other diseases with similar symptomatology (64).

These situations may also occur in the states of Puebla and Tlaxcala. For example, the Mexican death system reported 1169 deaths that were certified with causes of death of nonspecific signs and symptoms (ICD10 codes, R00-R99), in the three study states, in children under 20 years of age, during the period 2015-2019 (65). This phenomenon has been reported by other investigators who have mentioned that while cancer incidence rates are higher in urban areas, mortality rates are higher in rural areas (66, 67). In addition, it has also been reported that patients in rural areas are frequently diagnosed at later stages, are less likely to receive standard treatments, optimal medical follow-up, or support services, and therefore experience worse health outcomes compared to non-rural patients (68, 69).

Another important aspect to note from the results of the present study is in relation to the biphasic pattern of age peak of incidence observed for ALL and AML. The first peak of presentation for ALL and AML are consistent with that reported in North American and European populations (between 2 to 6, and between 1 to 4 years old, respectively). Importantly, these age peaks have been related to good prognostic factors and specific cytogenic aberrations. (70–72). In ALL, the second age peak was between 9 and 14 years, while for AML it was between 7 and 13 years. These findings are consistent with what has been previously reported in the Mexican population of GMC, 11-14 years for ALL and 10-12 years for AML. (9). Remarkably, in this study, the second peaks of presentation had a longer duration (5 years for ALL and 6 years for AML) than in the study conducted in GMC (3 years for ALL and 2 years for AML) and their peak incidence points were significantly higher: at 13 years of age with a cIR 71 cases per million for ALL and at 10 years of age with a cIR 20 in AML. It is well known that the age at diagnosis of childhood AL is an important predictor of poor outcomes. Then, it would be important to identify the survival rates of adolescents in these country regions which could be lower than in other states. Additionally, it would be relevant to study the environmental factors related to the presentation of the disease during adolescence.

The regions of Puebla, Tlaxcala, and Oaxaca have a multicultural origin since their population has been made up of a mixture of different indigenous populations, as well as European and, to a lesser extent, African peoples (73, 74). Moreover, the region presents significant socioeconomic inequalities based on ethnic origin which results in high poverty rates and marginalization in different areas. Recently, according to official data from Mexico, it was reported that a high proportion of the population in the states of Puebla, Tlaxcala, and Oaxaca live in poverty (62.4%, 59.3%, and 61.7%, respectively) and these frequencies are higher than the national average (36.3%), which, among other aspects, makes these regions to be considered as marginalized populations (75–77).

Mexico does not have a census of indigenous population, the closest indicator being the proportion of households that speak indigenous languages from INEGI’s population census. With this reference, it is known that 6.1% of the Mexican population at the national level speaks an indigenous language, while in Puebla it is 9.9% with 7 native Amerindian ethnic groups, Tlaxcala 2.2% with 2 ethnic groups, and Oaxaca 31.2% with 16 ethnic groups and an important group of Afro-descendant population (4.7%) (78). From the results of the present study, the subregions with the highest incidence rates were located in the center of the study region, in the area connecting the capital cities of Puebla and Oaxaca. The Mixteca region (Puebla) showed an AL incidence rate of 96.7 and 88.5 cases per million, for groups 0-14 and 0-19, respectively. Likewise, the Northern region (Tlaxcala) reports rates of 173.2 and 130. 8 cases per million for the 0-14 and 0-19 age groups, respectively; however, these last rates should be taken with caution, because although they are high, we think that they may also be influenced by the concentration of cases due to the search for medical care between regions; or it is simply a random fluctuation due to the short time of registration along with a low population base of the Northern region (Tlaxcala) (23,000 inhabitants under 20 years of age). Nevertheless, further registration of incident cases is mandatory.



4.1 Study limitations and strengths

One of the possible limitations of this study could be that hospitals in nearby states were not included due to the logistics of the project; this would imply the loss of some cases of resident children who migrated to neighboring states in search of medical attention. However, the observed rates were high despite this limitation, in addition to the fact that we counted the participation of all public and private hospitals in the region that attend to patients with this condition. Additionally, we also have the participation of public hospitals located in GMC. GMC represents the center of the country and is close to the states of Puebla and Tlaxcala. These hospitals have specialists in pediatric hematology and oncology as well as the infrastructure for the diagnosis and treatment of children from these and other states of the country.

The inclusion of death certificates as a supplementary source of information for the registry was unfeasible given the fact that in Mexico the information from death certificates becomes available at least two years after the conclusion of the relevant year of interest. Notwithstanding, death certificate information serves as an additional avenue for identifying incident cases of neoplasms that may be diagnosable in alternative health institutions or laboratories not encompassed within our study. Furthermore, acute leukemias represent pathological entities exclusively diagnosed within highly specialized hospitals or laboratories, akin to the participating institutions in the present research. On the other hand, the methodology employed in the present study entailed an active process carried out by trained personnel consisting of cross-referencing daily hospital admission registries and patient lists within each pediatric hematology and oncology department. This is to ensure the identification and follow-up of all the potential cases with acute leukemia until diagnosis confirmation.

Notably, we consider that a strength of this study was to follow quality control recommendations for the validation of population-based cancer registries: a) comparability, b) internal consistency, c) validity, and d) timeliness (16, 17). In the first instance, to maintain comparability among studies international standard classification and coding systems of neoplasms (ICD-O3 and ICCC-3) were considered in the present research. Additionally, according to the agreed standards about the definition of the incidence date, in the present study, the date of leukemia confirmation through the morphological study of the bone marrow aspirate was used. Secondly, internal consistency was checked. For this purpose, the registrars were standardized before the study initiation, and they were supervised by a local coordinator on a weekly basis by corroborating the information through phone calls, clinical charts, and laboratory data before they were reported in the central database. Likewise, the validity of the information was gained through the active and systematic revision of the morphological study of the bone marrow aspirates, histochemistry staining, and the immunophenotype which are routinely performed in the participant institutions. The percentage of cases with a morphologically verified diagnosis was 100%. Furthermore, the rate of cases with missing data was 0%. In addition, we collected information regarding the cause of death within the study population. Finally, regarding timeliness, in the present investigation rapid reporting was achieved considering that the average time between case confirmation and report in the central database was seven days. Consequently, the data obtained in this study has been collected with sufficient rigor to constitute a first reference of the descriptive epidemiology of childhood acute leukemias in the states of Puebla, Tlaxcala, and Oaxaca.





5 Conclusion

The present work is a robust source of information on the incidence of acute leukemia in the south-central region of the Mexican Republic. These rates are within the range reported in other populations of Latin American origin. Two age peaks of occurrence were observed in the first years of life and a second peak after 7 years of life. Additionally, differences were observed between subregions that could be attributed to social factors linked to the ethnic origin of the populations, but further research is mandatory to elucidate this hypothesis. Finally, we consider this a valuable report for the planning of care and research strategies for acute leukemias in the region.
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Introduction

Management of pediatric cancer patients involves invasive procedures such as punctures, injections, catheter placements, and chemotherapy which can generate fatigue, nausea, vomiting, anxiety, and pain. Virtual Reality (VR) is a nonpharmacological intervention classified as a cognitive-behavioral method to relieve symptoms.





Methods

We designed a crossover protocol and included 20 patients between 9 and 12 years old; ten were male. All patients had acute lymphoblastic leukemia diagnosis and were treatedwith St. Jude’s XV protocol in the maintenance phase. Pain and anxiety were measured with validated scales in the pediatric population.





Results

Although we used a small group of patients, we found statistical difference in the reduction of anxiety and perception of time. 





Discussion

These results open a window to non-pharmacological treatments and show a strategy to improve quality of life in children inside the hospital.
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1 Introduction

In Mexico, cancer is the second most common cause of death in the pediatric population. We estimate that between 6000 and 7000 new cases are diagnosed per year (1, 2). Acute lymphoblastic leukemia is the most frequent cause of cancer in Mexico and around the world. During the diagnostic and therapeutic period, patients can be prescribed more than 10 drugs and undergo different painful procedures and hospitalization.

The symptoms associated with diagnosis, treatment, and rehabilitation of children with cancer such as fatigue, nausea, vomiting, anxiety, and pain affect their quality of life and the quality of life of their relatives. They also contribute to diminished adherence to treatment (3).

Virtual reality (VR) can be defined as a three-dimensional spatial environment generated by a computer with real-time participation. This can be achieved including three characteristics: immersion, presence, and interactivity (4). Because VR combines all three sensory modalities, this intervention is ideal for distraction as it captures the attention of various sensory modalities (visual, auditory, and kinesthetic) and diverts attention from the real world, including painful or discomforting stimuli (5). The development of VR has accelerated in recent years, with medical devices being one of the largest growing areas (6).

Virtual reality (VR) was defined in 2002 by Weiderhold and Rizzo as an advanced interface, defining interface as a functional connection between two systems (7, 8), for example between a computer and the computer user. This advanced interface allows the user to interact and feel immersed in a computer-generated environment. VR also allows individuals to hear and feel stimuli that are projected on the VR headsets and gadgets. It is considered immersive because it involves several senses at the same time, does not require previous training, and the headset prevents the user from experiencing external stimuli that compete with what they are perceiving (9, 10).

In Oncology, several protocols using VR as a distraction tool have been explored. In 1999, Schneider conducted a study on 11 children with leukemia or Hodgkin lymphoma, using a crossover model (11, 12). In 2007, Schneider used VR in the relief of symptoms such as anxiety, fatigue, and changes in the perception of time for adult cancer patients. The study also evaluated anxiety and fatigue through questionnaires such as the Revised Piper Fatigue Scale and State Anxiety Inventory (11–13). Because patients only received intervention with VR, no significant difference was found, although the study did observe an effect in the decrease in the perception of time. It was suggested to increase the number of interventions to influence the reduction of fatigue and anxiety.

VR has also been used for pediatric patients. The objective of these studies has been to evaluate the effect of VR in reducing chemotherapy-associated symptoms such as anxiety, pain, nausea, and fatigue immediately after treatment and 48 hours later. The measurement was carried out on three occasions (first event: control without VR; second event: with VR; third event; without VR) using the symptom distress scale (SDS) and State Trait Anxiety Inventory for Children (STAIC-1). The results showed a decrease in the distress symptom scale at the end of chemotherapy, however there was no effect after treatment (13, 14).

The perception of time during a chemotherapy session is an important aspect of the quality of life in patients. In a habitual environment, time is perceived by the comparison between operative memory (stores information for a short time) and a reference memory (stores information for longer time). Unpleasant stimuli cause a distortion in time perception, generally registering an increase of time perception. Introducing a distraction that diverts attention from the unpleasant stimulus means that the perception of time is quicker. In the study by Schneider, Kisby, and Flint, perception of time measurement began from the beginning of the infusion until the end of it and patients were asked about their perception of time. Results show that VR decreases perception of time (14).

Pain produced by cancer, the treatment, or medical procedures can alter patient’s quality of life. The visual analog scale to measure pain has been validated internationally (15, 16). In parallel, anxiety is a transitory state, normally due to a stressful situation, although it can be a personality trait (17). STAIC is a tool designed by Spielberg specifically to measure anxiety; it offers two evaluations: transitory anxiety and anxiety as a personality trait. The scale goes from A to E and includes 20 elements in which the person can indicate how they feel. For the scale A to E, answering options are “nothing”, “Some”, or “A lot”. The scale is used for patients between 9 and 15 years old and has been validated in English and Spanish (18).

Acute lymphoblastic leukemia is the most common malignant neoplasm in pediatrics (19). Survival can reach almost 90% in low-risk cases. Internationally, patients are treated with chemotherapy protocols (20). In Mexico, most of the patients receive St Jude’s XV, which consists of three phases: induction, consolidation, and maintenance (21). Patients in the maintenance phase are clinically stable. This phase last 120 weeks and is a long period for adherence to treatment. To achieve adherence, we must consider the type of disease, the type of treatment, and the management of side effects. The first two factors cannot be modified, but the side effects like nausea, pain, and anxiety can be treated with drugs. The side effects can also be ameliorated with psychological support with nonpharmacological treatments such as VR. VR has not been previously used in Mexico as a non-pharmacological therapy to reduce anxiety and pain during chemotherapy in children.

Our aim was to determine the effectiveness of virtual reality in reducing anxiety and pain in patients between 9 and 12 years old in the maintenance phase of acute lymphoblastic leukemia during the administration of chemotherapy.




2 Patients and methods

We designed a crossover protocol. We included 20 patients. The selection criteria were:

Inclusion criteria: Children between 9 and 12 years old in first remission of ALL who speak Spanish treated at the National Institute of Pediatrics in Mexico City from September 2018 to December 2018.

Exclusion criteria: Patients who could not answer the questionnaire, with convulsive crisis, visual or auditive deficiencies, a history of anxiety, or neurological problems.

Elimination criteria: Patients who died during the study development or had convulsive crisis or auditive or visual deficiencies after the study started were analyzed until the event.

We measured the following variables: age, sex, geographic origin, level of study of the patient and parents, risk of ALL, type of chemotherapy, week of treatment, date of chemotherapy application, time of beginning and ending of chemotherapy, pain visual scale before and after chemotherapy application, and anxiety scales before and after chemotherapy application.

All patients had a diagnosis of acute lymphoblastic leukemia and were in remission. All cases were classified and treated with St. Jude’s XV protocol in the maintenance phase. The maintenance phase is characterized by a weekly treatment. All the drugs are intravenous and injected in the ambulatory area of the Oncology Department. The patients are supervised by pediatric oncological nurses and a pediatric oncologist during the morning shift from Monday to Friday.

The consent and assent process were done in the outpatient clinic. In the first week of maintenance the protocol was implemented and patients received VR. Patients received VR with Oculus Go headsets with four videos. The weight of the visors was 468g with no cables. They did not need to be connected to a computer or a telephone. The audio system was included in the headset. Surfaces were smooth and could be easily disinfected.

All patients signed a consent letter for research. The protocol was approved by the ethics and research committee of the National Institute of Pediatrics (Approval number 2018-068/Approval date: November 29th, 2018). Twenty patients were included by convenience sampling.

Intervention: before and after the infusion of chemotherapy, the anxiety and pain questionnaires were applied. At the end of the infusion, we questioned the patients about their perception of time. We carried out the first two sessions of chemotherapy without the use of VR. From the fifth to the eighth chemotherapy session, VR was used. In each session the patient used the viewers for 30 minutes. Videos were changed in each session and were in the same order for all the patients. The content of the videos was consulted by a teacher and reviewed by a psychologist. Real time as well as the registration of the time perceived by the patient was recorded by the researcher. Each week, the patient arrived with their companion and all the treatment information was verified. After this, the researcher would go with the patient and apply the before questionnaire, then the patient received VR and, when the chemotherapy was finished, the after questionnaire was applied. All the questionnaires were self-conducted and were done in the same room as the ambulatory oncological area. Patients are with other pediatric oncologic patients in the same area and with one of their parents and a television. The patients included in the protocol had the same conditions as those not included in it. Pain and anxiety were measured with the STAIC questionnaire. We made eight measures. In all the events, we applied the questionnaire before and after the administration of chemotherapy. Although adverse events were not expected, emphasis was placed on the patient’s comfort. If the visor was not comfortable, it was removed. Patients wore disposable masks to avoid any infection from wearing the visor.

The contents of the videos were:

	Serengeti Tour: the patients “go” on board the Masai vehicle seeing up to 500 different species from the Serengeti reserve.

	Become a footballer: Patients “live” the training of professional soccer players of two professional Mexican teams.

	Fun on the go: Patients “ride” a roller coaster.

	Search and find in Art: Patients appreciate the work of different painters.



Descriptive analysis was carried out using measures of central tendency and dispersion. For quantitative variables, mean with standard deviation or median with minimum-maximum was obtained, while for qualitative variables, frequencies and proportions were calculated due to the distribution of their data with the Kolmogorov-Smirnov normality test. To identify the differences in the STAIC questionnaire score for anxiety and pain, before and after the VR application each week, the Mann-Whitney U test was performed using a significance value of 0.05.

Subsequently, regressions were performed for longitudinal data using fixed effects during the eight weeks of chemotherapy treatment in order to identify significant differences with the use of VR in the STAIC questionnaire score for anxiety and pain.




3 Results

We included twenty patients. Ten were male. Eight patients were in primary school, nine in secondary, and three in high school. All patients were from the metropolitan area, all parents were literate, and 13 patients had a high-risk leukemia. All patients were treated with St. Jude’s XV protocol, and all were in the maintenance phase (from week 20 to 45). As treatment is weekly, patients had their appointment every week. Metotrexate, cytarabine, steroids, and cyclophosphamide were the main chemotherapeutics.

The first data analysis we made was the comparison of STAIC questionnaire measures before and after chemotherapy infusion. The analysis considered was regression of fixed effects for longitudinal data. We reported eight weeks, with values before and after the infusion of chemotherapy. Measures were of anxiety state, anxiety status, and pain. In week 1, the average score of the questionnaire was 27 in the anxiety scale with a range between 21 and 43. The average score was 29.5 in the anxiety feature with a range between 21 and 46, and 1 in pain between 0 and 8. From week 1 to week 8 the variability was minimum and, when comparing before and after, we only achieved a significant difference on week 5. (Tables 1–3).

Table 1 | Comparison of STAIC questionnaire measures before and after chemotherapy infusion – National Institute of Pediatrics – September to December 2018.


[image: Table comparing pre- and post-chemotherapy median values (min-max) for anxiety state, anxiety feature, and pain over eight weeks. Notable results include a significant reduction in anxiety state at week 5 (P=0.04). Other P-values show no significant differences. The table notes that the regression of fixed effects is for longitudinal data.]
Table 2 | Time perceived (in minutes) – National Institute of Pediatrics – September to December 2018.


[image: Table comparing perceived time and real time over eight weeks, including median, minimum, and maximum values. Statistical significance is noted with an asterisk at 0.006 in week 5. Statistical test used: Mann Whitney U test.]
Table 3 | Comparison of the anxiety state, anxiety feature, and pain with and without VR– National Institute of Pediatrics – September to December 2018.


[image: Three tables display treatment data comparing conditions with and without virtual reality (VR). The first table shows anxiety states coefficient as 27.95 with VR and 27.38 without VR. The second table lists anxiety features coefficient as 32.37 with VR and 32.5 without VR. The third table presents pain coefficients, 1.77 with VR and 2 without VR. All p-values are 0.000, indicating significant results.]

In Table 2, we observe the differences between the real time and the time perceived by the patient. In week 1, the time perceived by the patient was on average 30 minutes contrasted with the real time registered which was 87.5 minutes. In week 2, the values were 40 minutes compared to 120 minutes; in week 5, it was20 minutes compared to 40 minutes. In week 1 as well in week 5 we observe statistical differences.

Table 3 show statistical differences with and without VR in the score in anxiety state, anxiety feature, and pain. Figures 1–3 shows this comparison.

[image: Line graph showing scores over eight weeks, comparing "Before VR" and "After VR" conditions. "Before VR" is in blue; "After VR" is in red. Both lines show a general decrease, with fluctuations, in scores from around 30 to 25. Error bars are present.]
Figure 1 | Comparison of the anxiety state before and after the use of VR according to the STAIC questionnaire.

[image: Line graph showing scores over eight weeks for two groups: "Before VR" and "After VR." Both groups show a general decline in scores, with "After VR" starting higher but converging with "Before VR" by week six. Error bars indicate variability.]
Figure 2 | Comparison of pain before and after the use of VR according to the STAIC questionnaire.

[image: Line graph showing time in minutes over eight weeks, comparing "Before VR" and "After VR" conditions. Time fluctuates, peaking in weeks four and seven. Two lines, blue and red, represent each condition with error bars.]
Figure 3 | Time perceived during chemotherapy.

We did not register any adverse events. Patients accepted and enjoyed the VR beyond the psychological tests.




4 Discussion

Higher anxiety levels experienced by children before and during medical procedures are associated with peri- and post-procedural pain and can lead to inadequate relief of pain and distress. The use of VR as a distraction helps to reduce anxiety and pain and is also linked to greater pain tolerance (22). In a study conducted in Australia and New Zealand by Evelyn Chan et al., with children aged 4-11 years undergoing intravenous cannulation, which is an invasive medical procedure, the use of VR proved to be efficacious in decreasing pain (23). Another study performed by Gerçeker GÖ, et al. found that VR distraction decreased the fear and anxiety feelings and also reduced the pain score results before and after the procedure of port needle insertions for Pediatric Hematology-Oncology patients aged 6-17 years (24). The selection criteria in age, disease, and state of the disease were strict so the study has a very high internal validity but low external validity. At this point, we consider that these characteristics give more power to the results and facilitate the creation of a new line of research.

The most interesting result considering a pediatric point of view is the reduction of perceived time of chemotherapy administration, as well as the reduction of anxiety and pain.

Analyzing results week by week, we observe that the main differences are registered in the first two weeks, week 5 and 6. This can be explained considering that week 1 is the first time the patients are exposed to the questionnaire and in week 5 it is the first time they are exposed to VR.

Analyzing the time perception, we observe the most important difference in week 5. This can be easily explained due to the use of VR. Current management of acute pain include opioids and physical exercise or therapy, but these interventions are inadequate. The current application of VR therapy demonstrates the potential to redefine a novel approach to treat acute pain in the clinical setting, because VR not only provides a distraction from pain stimuli but also a decrease of time perception (25). However, we observed a statistical difference in week 1 and in the first week we did not make an intervention. This difference suggests that patients usually perceive time in a different way or cannot measure time objectively. There is no information about the time perceived by patients in an ordinary setting. In our study we can assume that patients perceive time to be much longer than real time when chemotherapy is administrated. It is reported in literature that there is a close relation between a person’s current emotional status and their perception of time: entertainment activities appear to accelerate time flow, while the monotony of uneventful circumstances seems to instinctively decelerate time. This is an important topic for discussion in future research.

Although we included a small group of patients, we found statistical difference in anxiety. Although we made no difference in gender or age in the inclusion criteria, it is important to know that adolescents have a worse experience with the disease because of social changes. The adolescent population represents an important percentage of patients with cancer diagnosis, so in this specific population, it is necessary to implement novel strategies to decrease pain and anxiety associated with chemotherapy administration (24). The use of new technologies can help mitigate symptoms such as fatigue or depression. These types of interventions using VR before medical procedures will help reduce the fear associated with medical interventions and medical procedures, will increase pain tolerance, decrease healthcare-related anxiety levels, and help to prevent healthcare avoidance in adulthood (26).

Cancer treatment affects well-being and often prevents patients and caregivers from doing meaningful activities (27, 28).

These results open a window to non-pharmacological treatments to improve quality of life in children inside the hospital and consequently improve their treatment adherence.
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The main objective of the National Project for Research and Incidence of Childhood Leukemias is to reduce early mortality rates for these neoplasms in the vulnerable regions of Mexico. This project was conducted in the states of Oaxaca, Puebla, and Tlaxcala. A key strategy of the project is the implementation of an effective roadmap to ensure that leukemia patients are the target of maximum benefit of interdisciplinary collaboration between researchers, clinicians, surveyors, and laboratories. This strategy guarantees the comprehensive management of diagnosis and follow-up samples of pediatric patients with leukemia, centralizing, managing, and analyzing the information collected. Additionally, it allows for a precise diagnosis and monitoring of the disease through immunophenotype and measurable residual disease (MRD) studies, enhancing research and supporting informed clinical decisions for the first time in these regions through a population-based study. This initiative has significantly improved the diagnostic capacity of leukemia in girls, boys, and adolescents in the regions of Oaxaca, Puebla, and Tlaxcala, providing comprehensive, high-quality care with full coverage in the region. Likewise, it has strengthened collaboration between health institutions, researchers, and professionals in the sector, which contributes to reducing the impact of the disease on the community.
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1 Introduction

Acute leukemia (AL) has emerged as a major global health concern because it has the highest incidence rate among pediatric neoplasms, accounting for 28.2% of the overall incidence of cancer worldwide among children and adolescents aged < 19 years (1). Among the various subtypes of childhood leukemia, B-cell precursor acute lymphoblastic leukemia (B-ALL) is the most common, followed by acute myeloid leukemia (AML). T-cell precursor acute lymphoblastic leukemia (T-ALL) represents approximately 10% of all pediatric cases (2–6). Despite progress made through innovative therapies and treatment regimens, achieving disease-free survival rates of 90% in developed countries, hematological malignancies in children persist as the leading cause of disease-related deaths globally (1, 7).

In Mexico, the frequency of childhood leukemias, particularly, the incidence of ALL is among the highest reported in the world (8). Moreover, its mortality rate is 1.8 times higher than the global average (1). Within this oncological landscape, B-ALL is the most common, accounting for approximately 85% of ALL cases (9). The number of AML cases in children and adolescents in Oaxaca has increased and has been reported in 22.48% of AML cases and 70.64% of B-ALL cases. However, what stands out in AML cases, 65.31% of patients presented with genetic aberrations, a much higher frequency than the 18.83% of genetic anomalies found in patients with B-ALL. This high percentage of genetic alterations in AML is of particular concern and significantly different from that in B-ALL (10). A recent study conducted in Mexico City reported that the incidence of AL is 63.3 (cases per million), 53.1 for ALL, and 9.4 for AML, placing them among the highest recorded globally (8). Mexico’s incidence rate of AL surpasses that of many other countries, and Hispanics living in the United States have a particularly challenging prognosis (11–13). This disparity could be attributed to several factors, including modifications in diagnostic methodologies, changes in disease classification, environmental and lifestyle factors, genetic components, and ethnic and racial variance (14). It is imperative that all these aspects be considered in strategies aimed at identifying the etiology of AL and improving the prognosis of Mexican and other pediatric populations of Hispanic origin diagnosed with this disease.

Since 2021, the National Project for Research and Incidence of Childhood Leukemias, known by its spanish acronym PRONAII, has aimed to reduce early deaths in children with leukemia from vulnerable regions of the country, specifically, in the states of Oaxaca, Puebla, and Tlaxcala. It focuses on contextualized scientific research to propose innovative approaches for the control of AL, impacting clinical practice and public policies.

In Mexico City, where the main public pediatric hospitals in the country are located, with the best infrastructure available for the diagnosis and treatment of patients with AL, a high frequency of early relapses and deaths has been reported and efforts have been made to achieve better survival rates (15). Nonetheless, there were other regions in the country where this scenario is not observed, resulting in delayed diagnosis and a lack of timely treatment opportunities. According to official data from the National Council for Evaluation of Social Development Policy (CONEVAL) in 2018, Oaxaca, Puebla and Tlaxcala were considered among the most vulnerable regions of our country from a socioeconomic perspective. Specifically, they presented a high percentage of the population living in poverty: 66.4% in Oaxaca, 58.9% in Puebla, and 48.4% in Tlaxcala, reflecting the urgency of targeted interventions. In parallel, limited access to health services (16.3% in Oaxaca, 20.8% in Puebla, and 13.7% in Tlaxcala) (16) highlights the need to strengthen the infrastructure and health services.

In most of the states of our country, many public hospital centers do not have essential phenotyping services to adequately diagnose and classify AL. It is important to emphasize that it is estimated that 99.3% of the Mexican patients with childhood leukemia are attended in public hospitals. Likewise, they lack effective disease monitoring using MRD. Diagnoses in these states usually depend on institutional resources, and typing studies are sometimes referred to as private laboratories. This, in the absence of following a standardized protocol could lead to a uniformity in the diagnoses and impact in the classification and treatment assignment of each patient with leukemia. Furthermore, there is no standardized system for handling samples from hospitals in the diagnostic laboratories.

Accurate classification, appropriate treatment assignment, and constant monitoring have been shown to enhance the effectiveness of treatment in patients with childhood leukemia from different parts of the world, particularly in developed countries, where resources are sufficient. It is well known that the detection of MRD is the most significant predictor of unfavorable outcomes in patients with AL (17–24); however, there are other factors, such as molecular abnormalities, which are also important prognostic factors in AL. Moreover, an early diagnosis and timely initiation of treatment in children with acute leukemia translate to higher survival rates. Long periods between symptom onset and diagnosis confirmation, immunophenotype classification, and treatment initiation may compromise the overall survival of children with AL (25).

Therefore, addressing the high rates of relapse and early mortality associated with AL is a daunting challenge, underscoring the indispensable role of the PRONAII Childhood Leukemia in both medicine and the Mexican society. This project uses advanced scientific, technological, and social tools to provide personalized preventive and curative solutions to reduce the risk of relapse and early deaths in children with AL from vulnerable regions of Mexico (26). One of the pillar strategies of PRONAII Childhood Leukemia is the optimal functioning of the roadmap. This includes both the central urban areas and rural communities from Oaxaca, Puebla, and Tlaxcala. Through a systematized algorithm, starting from the patient’s arrival at the hospital to the issuance of the standardized report to the treating physician. The purpose was to guarantee a timely, complete, and continuous diagnosis and follow-up for each girl, boy, and adolescent with suspected childhood leukemia.




2 Methods



2.1 Essential elements of the intervention

Through an inter-institutional effort, the PRONAII Childhood Leukemia Incidence Roadmap was established, involving a collaborative network of approximately 50 specialists from various disciplines linked to the field of health. As shown in Figure 1, the pathway comprises multiple stages that are carefully systematized.

[image: Flowchart depicting a health sector process for precision diagnosis and prognosis within 72 hours. It begins with acute leukemia patients undergoing sampling in participating hospitals. The process involves sample transport, processing, and research. Steps include signing informed consent and standardized sample handling. Data from bone marrow, blood, and urine are collected. Results lead to classification, tumor quantification, and use of digital platforms for data integration. Hospitals involved include UMAE HE IMSS and others.]
Figure 1 | A roadmap for leukemia in vulnerable regions: Custody from clinical suspicion to comprehensive treatment. The process was structured into seven crucial phases that guaranteed the meticulous treatment of each leukemia patient sample. Furthermore, these stages ensure the adequate concentration, management, and analysis of the information produced. This approach supports accurate patient follow-up, focused research, and data-driven clinical decision making. In Puebla, the hospitals that collaborated in this process are the Unidad Médica de Alta Especialidad Hospital de Especialidades “Dr. Manuel Ávila Camacho” Hospital of the Instituto Mexicano del Seguro social (IMSS), the Hospital para el Niño Poblano (HNP) of the Ministry of Health, the Instituto de Seguridad y Servicios Sociales para los Trabajadores del Estado (ISSSTE), the Instituto de Seguridad y Servicios Sociales para los Trabajadores del Estado de Puebla (ISSSTEP) and the Hospital General del Sur. In Tlaxcala, collaboration came from the Hospital Infantil de Tlaxcala (HIT). In Oaxaca, the Hospital de la Niñez Oaxaqueña (HNO) of Instituto de Salud para el Bienestar (INSABI), and the Hospital General de Zona No. 1 (HGZ01) of the IMSS Oaxaca actively participated.




2.2 Health sector and patients

The process begins in the Health Sector, where hematologists and oncologists specialized in childhood cancer identify and initiate studies to confirm or rule out the diagnosis of leukemia in patients who present with signs, symptoms, and alterations in laboratory tests related to the disease, as well as in those who have already been diagnosed but require a follow-up analysis to monitor the response to treatment. Additionally, patients who experienced relapse of leukemia were included in this study.




2.3 Collection of clinical and demographic data

To ascertain on each participating hospital the PRONAII Childhood Leukemia Epidemiology Group is responsible for systematically recording all new cases of leukemia following international recommendations to conduct a population-based cancer registry. Patient parents or guardians were required to sign an informed consent form to authorize the use of data and samples for research. This process respects confidentiality by the assignment of a unique folio, which is a sequential numerical code that does not initially reveal his/her identity. To collect demographic and clinical information, face-to-face interviews with parents/guardians of children confirmed with AL are conducted by trained personnel. Data were entered into an electronic form that is part of the Clinical and Demographic Identity Database. This form includes variables such as patient sex, age at the time of diagnosis, municipality of residence, and socioeconomic level to facilitate epidemiological analysis (27). The digital platform used for this process was configured to allow access only to authorized researchers, thus ensuring the confidentiality and security of the information.




2.4 Folio number assignment

The folio consists in a sequential numerical code that was not directly linked to the individual’s identity in the initial phase. It comprises three numerical elements, the first of which indicates whether the patient has Down Syndrome. The number “1” is used to indicate patients without Down Syndrome and the number “3” indicates those who have it. The second element is the geographic location code, which reflects the state of the Mexican Republic in which patients receive medical care. The codes are specific for each state, assigning “1” for the State of Oaxaca, “2” for the State of Puebla and “3” for the State of Tlaxcala. Finally, folio includes a unique consecutive number for each patient within their respective statuses. Thus, folio 31145 specifically identifies a patient with Down Syndrome who is being treated in the state of Oaxaca and is the 145th patient registered in that state. This folio is essential for tracking the sample and related data such as clinical, demographic, and laboratory results.




2.5 Sampling

Bone marrow (BM) aspiration is performed by pediatric hematologists/oncologists who rigorously adhere to the quality and safety standards of medical care (Figure 1). It should be noted that each of these institutions validated and approved the research protocol through their Ethics and Research Committees. BM, urine, and peripheral blood samples were obtained at the time of diagnosis. Additional BM collection was performed at two critical treatment times: during the remission phase and in cases of disease relapse. Between March 2022 and August 2023, a total of 528 BM samples were collected from 345 pediatric patients to diagnose AL. The sex distribution was 193 boys and 152 girls, with ages ranging from 1 month to 19 years old. The median age of the patients was 10 years.




2.6 Sample transport

With the collaboration of properly trained personnel, BM samples are being sent to the Childhood Cancer Cytomics Laboratory, located at the Centro de Investigación Biomédica de Oriente (CIBIOR) of the IMSS. Sample shipping logistics is under the supervision of a specialized field coordinator, who ensures that each sample is transported within a triple packaging system to ensure its integrity and biological containment. This packaging complies with the national and international biosafety regulations for the handling and transportation of infectious substances. Moreover, a transporter is required to record the shipment details of a sample in a digital form. This documentation is crucial because it enables receiving laboratories to prepare for the sample’s proactive arrival. Such preparedness is key to ensuring seamless transition, preserving the chain of custody, and upholding the integrity of the sample at every stage.

To guarantee adequate tracking of the samples, two electronic forms were implemented that allowed real-time monitoring from the moment they left the hospital until they were received in the laboratory:

Sample output electronic form: This electronic form records crucial information, such as the patient’s Folio, the hospital of origin, the name of the treating physician, the date of collection, demographic details of the patient (age and sex), state of origin, type of analysis, immunophenotype or MRD requested by the hematologist, details about the type and quantity of sample, and, finally, the person in charge of transportation logistics.

The sample arrival electronic form contains details such as the Folio, laboratory that receives the sample, type of sample, and names of the people in charge of both transporting and receiving the sample.

These tracking systems ensure that each sample can be tracked and handled appropriately, reducing the risk of loss or confusion, and strengthening the confidence in the results obtained.

Delivery was guaranteed within a period of no more than 24 h to ensure the integrity and quality of the material, which is essential for the reliability of the results. Samples were not collected and shipped on holidays to ensure that their viability was not compromised. Once in the laboratory, sample typing was performed according to the instructions of a specialist hematologist. Depending on the patient’s clinical evaluation, a specialist may request immunophenotype analysis for diagnostic purposes or an MRD test to monitor disease progression.




2.7 Classification of acute leukemia by immunophenotyping

To identify and characterize acute leukemia, BM samples were stained, and EuroFlow™ antibody panels were used to detect normal, reactive, and malignant leukocytes (28) (Table 1). Additionally, to evaluate the treatment response, high-sensitivity MRD tests were performed by analyzing at least five million cells to ensure accuracy. This process utilizes the same antibody panels as the initial diagnosis, except for B-ALL, in which a specific panel is employed (29). The flow cytometers were standardized following the EuroFlow™ Standard Operating Protocol (SOP) for the configuration and compensation of the instruments. BD FASCCanto™ II cytometers (San Jose, CA, USA) equipped with BD FACSDivA™ software and BD FACSLyric™ cytometer equipped with BD FACSuite™ software were used. (www.euroflow.org; accessed September 12, 2023) (30). The Infinicyt™ software (version 2.0, Cytognos SL, Salamanca, Spain) was used for multiparametric cytometric analysis. The strategy for the detection and classification of acute leukemia through immunophenotyping using flow cytometry comprises of two fundamental stages. First, the suspicious sample was stained using an 8-color antibody panel (Acute Leukemia Orientation Tube, ALOT) that allowed the identification and enumeration of all hematopoietic cell populations, while enabling the determination of the lineage of the affected precursor cells. Subsequently, once the lineage of leukemic cells had been defined, multitube panels of antibodies were used to allow complete characterization and classification. These cells were classified into five groups according to their immunophenotype: ProB ALL (CD34+ CD19+ cyCD79a+), ProB-PreB ALL (CD34-/+ CD19+ cyCD79a+), PreB ALL (CD34- CD19+ cyCD79a+), T ALL (cyCD3+ smCD3lo CD7+), and AML (cyMPO+ or CD7+). By comparing the immunophenotypic profiles of the blast cells with those of their normal counterparts, it was possible to identify their maturation stage and aberrant phenotypes, such as lineage infidelity, asynchronous antigen expression, and absence or overexpression of markers. Leukemia was diagnosed by pediatric hematologist-oncologists based on a comprehensive evaluation. This included an assessment of clinical presentations, detailed analysis of BM aspirate, examination of cell morphology, immunophenotyping, and genetic characteristics, following the criteria established by the 2008 World Health Organization (WHO) classification for these disorders.

Table 1 | EuroFlow™ antibody panels for immunophenotyping acute leukemia.


[image: Table displaying cell markers for differentiating acute leukemia types: B-ALL, T-ALL, and AML. Markers such as CD45 and CD34 are listed with their presence indicated by Xs across respective leukemia types. Highlighted markers denote lineage while colored ones indicate maturation stage. Red, blue, and orange cells signify specific associations with leukemia types, aiding in characterizing blast populations.]



2.8 PRONAII childhood leukemia cell repository

This roadmap enabled the creation of a cell repository that groups several components extracted from three different samples from the same patient. The remaining BM samples used for diagnosis as well as the patient’s peripheral blood (PB) and urine samples were meticulously processed to obtain various blood and cell components.



2.8.1 Sample processing

BM was collected in BD Vacutainer® tubes containing EDTA (purple caps). Whole bone marrow (WBM) was stored, blood plasma (BP) was obtained by centrifugation, and leukocytes were isolated using a Lysis Buffer of red blood cells (RBC) (1X) from BioLegend®, mononuclear cells (MNC) were isolated by density gradient using Ficoll-Paque™ Plus from GE Healthcare, and mesenchymal stromal cells (MSC) were derived by culturing MSCs in Dulbecco’s Modified Eagle Medium (1x) from Gibco™ with 10% fetal bovine serum (FBS) from Gibco™ and 1% antibiotic-antimycotic (100X) from Gibco™. Once the cultures reached 80% confluence, MSC were recovered with trypsin-EDTA (0.25%) (Gibco™). PB samples were collected in BD Vacutainer® tubes with EDTA (purple cap) and without anticoagulant (red cap), which allowed whole blood, plasma, leukocytes, and serum to be collected and stored. PB samples were processed in a similar manner as MO samples to obtain whole blood (WB), plasma (P), leukocytes (L), and serum (S). Urine: The samples were labeled and stored without further processing. Prior to conservation, the WBM, WB, MNC, MSC, and L samples were mixed with SFB and 10% dimethyl sulfoxide (DMSO) from Sigma-Aldrich. Some leukocytes were stored in the lysis buffer (LB), whereas others were cryopreserved buffer-free (BF). All samples were stored in a deep freezer at -80°C.

Processing involves four different laboratories, all following rigorously approved protocols that ensure the integrity of the samples, ranging from processing to labeling, conservation, and biosafety. A form was implemented to generate a database in real time to track and document each stage of the Cell Storage Database: It includes the type of sample, stored component, processing date, quantity, status of origin, hospital of origin, name of the storage box, and exact storage coordinates. This meticulous process has resulted in valuable cell collection, providing essential samples from patients with Acute Leukemia for various research projects.





2.9 Allocation of specimens to research initiatives

The purpose of this stage is to facilitate laboratories that need to access patient samples and clinical data for their research. To request samples and/or data, it is essential to contact the responsible researcher and sign a confidentiality commitment letter that ensures that both the data and samples will be used exclusively for research purposes.




2.10 Collaborative research

The use of digital platforms is crucial in the roadmap, and all data at each stage are entered and updated through digital forms, allowing real-time monitoring and guaranteeing efficient management. All the information generated in each process is concentrated in digital databases that allow the clinical information, test results, reports generated, and other relevant data to be stored and managed in a secure and organized manner, facilitating access to the information by the patients. Specialists involved in the project as well as collaboration and data exchange between different participating hospitals and laboratories, which allows epidemiological studies, trend analysis, and identification of risk factors.

The databases that originated from each procedure were updated and expanded using Google Forms. A specialist periodically monitored these databases to detect and correct any inconsistencies in recorded information. In addition, a backup copy of the information was made every three weeks to guarantee its preservation. Regarding computer security measures, each computer used was protected with passwords, and these computers were placed in a secure room with a biometric access system.





3 Results

From March 2022 to August 2023, the Epidemiology Group of the PRONAII Childhood Leukemia identified 346 suspected cases of childhood leukemia. The Childhood Cancer Cytomics Laboratory analyzed 281 cases, accounting for an 81.2% rate of participation (Table 2). Consequently, 18.8% of the cases were not evaluated, predominantly due to the inadequacy of the samples provided. Other specific reasons for these losses are detailed in Table 3. Sample shipping and processing have an approximate cost of $60 USD, including shipping services, local transportation, and pre-analytical sample processing. The cost of immunophenotyping for diagnosis or MRD assessment ranges from $449 to $1099 USD, depending on each clinical case.

Table 2 | Rate of participation for leukemia diagnosis confirmation analysis of the study population attended at public hospitals of Oaxaca, Puebla and Tlaxcala during March 2022 to August 2023.


[image: Table showing data from March 2022 to August 2023 for suspected acute leukemia cases. Puebla: 218 cases, 179 samples, 82.1% participation. Oaxaca: 109 cases, 83 samples, 76.1% participation. Tlaxcala: 19 cases, 19 samples, 100% participation. Global total: 346 cases, 281 samples, 81.2% participation.]
Table 3 | Factors contributing to non-assessment of initial bone marrow samples (at diagnosis) in the laboratory.


[image: Table showing reasons for sample issues, with frequencies and percentages. Insufficient samples lead with 19 cases, 29%. Technical issues: 14, 22%. Inactive processing: 13, 20%. Previous assessments: 6, 9%. Non-consent: 5, 7%. Private lab preference: 3, 5%. Collection difficulties and volcanic emissions each: 3 cases, 5% and 2 cases, 3%, respectively. Total cases: 65, 100%.]
Multiparametric flow cytometry immunophenotyping is crucial for the diagnosis and identification of posttreatment MRD. Antibody panels and immunophenotyping protocols standardized by the EuroFlow™ consortium were used in the Childhood Cancer Cytomics Laboratory. Figure 2 presents dot plots illustrating cases of acute leukemia, in which the leukemic cells are shown in red. The immunophenotypic profile was used to classify leukemia, ProB ALL, ProB-PreB ALL, PreB ALL, T ALL, and AML. In detectable B-ALL MRD, it is possible to identify the maturation stages of the normal and regenerating B cell lineages as well as the presence of leukemic cells that persist during treatment.

[image: Scatter plot grids displaying flow cytometry data for different leukemia types: ProB ALL, ProB-PreB ALL, PreB ALL, T ALL, AML, and B ALL MRD. Each grid shows markers like CD45, CD34, CD19, CD79a, and others, with distinct color-coded cell populations, including neutrophils, eosinophils, monocytes, CD34+ cells, B cells, precursor B cells, plasma cells, T cells, and blast cells, as depicted in the legend.]
Figure 2 | Immunophenotyping of acute leukemia using flow cytometry. This figure presents illustrative cases of various hematopoietic populations, including residual normal and pathological hematopoietic cells detectable in bone marrow samples from pediatric patients with different subtypes of acute leukemia, including ProB ALL, ProB-PreB ALL, PreB ALL, T-cell precursor acute lymphoblastic leukemia (T ALL), acute myeloid leukemia (AML), and detectable B ALL MRD. At diagnosis, dot plots of AL cases showed a blast population comprising more than 20% of nucleated cells, while in the B-ALL MRD test a representative plot detecting only 0.01% of blast is showed. Colors corresponding to each cell population are indicated at the bottom of the figure.

Between March 2022 and August 2023, 528 immunophenotype analyses were performed using multiparametric flow cytometry at the Childhood Cancer Cytomics Laboratory. Of the total tests, 53% were diagnostic and 73% were compatible with AL. 47% of the tests were performed to evalute MRD, of which 25% were detectable. The most common types of leukemia diagnosed were ProB ALL (38%), ProB-PreB ALL (23%), and AML (18%) (Figure 3A). No marked difference was observed between the type of leukemia and presence or absence of MRD, with the most frequent being Pro B ALL and AML in both cases.

[image: Panel A is a circular chart showing 528 tests with 53% positive diagnoses and 47% minimal residual disease. Leukemia subtypes include ProB ALL (38%) and B ALL (89%). Panel B is a map of Mexico highlighting 204 acute leukemia diagnoses, with percentages by region: Puebla (63%), Tlaxcala (7%), Oaxaca (29%), and Guerrero (1%). Panel C is a radar chart comparing leukemia subtype distributions by gender, with notable differences in Pro B-ALL prevalence. Panel D is a horizontal bar chart showing patient age distribution at diagnosis, segmented by gender.]
Figure 3 | Diagnosis and distribution of acute leukemia in Mexican childhood patients. (A) Donut chart detailing all the tests. Inner ring: total and minimal residual disease (MRD) diagnostic tests; second ring: percentage of positive and negative results; third ring: classification of acute leukemia. (B) Breakdown of the diagnostic tests performed in the states of Puebla, Oaxaca, and Tlaxcala, showing the frequency according to leukemia classification. (C) Radial graph showing the distribution of cases according to sex and acute leukemia subtype. (D) Histogram illustrating the number of pediatric acute leukemia cases and their distribution according to age and sex at the time of diagnosis.

A total of 204 acute leukemia diagnoses were confirmed in Mexican children and adolescents. Of these, 63% belonged to Puebla, 29% to Oaxaca, 7% to Tlaxcala, and 1% to Guerrero. In all states, the most prevalent leukemia was Pro-B-ALL, followed by ProB-PreB-ALL in Puebla. However, in Oaxaca and Tlaxcala, the second most common leukemia subtype was AML (Figure 3B). Only two patients were diagnosed in the state of Guerrero. Regarding the distribution of cases by sex, the types of leukemia were more frequent in males; however, cases diagnosed with T-ALL were more frequent in women (Figure 3C). The median age at diagnosis was 10 years, the distribution of which is shown in Figure 3D.



3.1 PRONAII cell repository for childhood leukemia

This collection offers a complete and diverse perspective on the biological profiles of pediatric patients. There was a cell collection of 5,130 specimens, most of which came from the states of Puebla and Oaxaca. Regarding the typology of the samples, 72% were BM samples, 24% were PB samples, and 4% were urine samples. Of the samples obtained from the BM, the majority were leukocytes, MNC, plasma, MSC, and WBM. PB samples included leukocyte, plasma, and serum samples (Figure 4A).

[image: Three donut charts labeled A, B, and C display patient specimen data. A shows 5,130 specimens from Puebla, Oaxaca, and Tlaxcala, focusing on bone marrow with percentages for various categories like FBS and leukocytes. B features data on 128 patient-derived MSC focusing on types like AML and DX. C represents 515 transferred patient specimens, showing distribution among MSC, leukocytes, and urine. Each chart highlights specific specimen details and their proportions.]
Figure 4 | PRONAII Cell Repository of Childhood Leukemia in Mexican Patients: (A) A total of 5,130 samples from patients with Oaxaca, Puebla, and Tlaxcala, in which different components of the bone marrow (blue graph) and peripheral blood (orange graph) were preserved, as well as urine samples (yellow graph). Stored components: RNA, ribonucleic acid; plasma, serum; WBM, whole bone marrow; MSC, mesenchymal stromal cells; MNC, mononuclear cells; BF, buffer-free leukocytes; LB, Leukocytes in Lysis Buffer; FBS, leukocytes stored in fetal bovine serum (FBS). (B) MSCs were obtained from 128 patients. These include patients with ALL and AML, both at diagnosis and at the minimal residual disease (MDR) stage, as well as those with mixed-phenotype acute leukemia (MPAL) and myelodysplastic syndromes (MDS) at diagnosis. Additionally, MSCs from patients with a negative diagnosis of acute leukemia (non-AL) were stored. (C) Different research projects have received 515 specimens from patients.

From the analysis of the BM samples, we established a unique collection of MSCs derived from 128 patients. The composition of this collection reflects the diversity of leukemic conditions, distributed as follows: 71.9%, ALL cases; 14.8%, acute leukemia (non-AL); 11.7%, AML; 0.8%, MDS; and 0.8%, MPAL. In addition, MSCs obtained from samples were available both at the time of diagnosis and in the MDR evaluation of the same patient, which applies to 13% of patients diagnosed with AL (Figure 4B). To date, there are no reports of a bank of MSCs derived from the BM of patients with childhood leukemia in Mexico. Therefore, this PRONAII cell repository represents the first of its kind in the country and is available as a resource to advance research on the leukemic microenvironment.

The PRONAII Childhood Leukemia Cell Repository has contributed significantly to various research projects. These projects have used cell collections for various purposes, including the evaluation of new diagnostic and prognostic tools, searching for possible therapeutic targets, conducting genomic studies, analyzing snoRNA expression, evaluating new pharmacological targets, and studying the tumor microenvironment, such as the creation of predictive profiles and how environmental contaminants affect the hematopoietic microenvironment. Of the total collection, 515 sample components were provided for these studies, including urine, serum, leukocytes, MSC, MNC, and WBM (Figure 4C).





4 Discussion

Before the implementation of the new diagnostic roadmap, hospitals lacked for a standardized approach for childhood leukemia diagnosis classification using the information derived from the immunophenotype. Particularly, the response to treatment assessment through MRD were carried out in only two hospitals. In this context, the Childhood Cancer Cytomics Laboratory has emerged as a pivotal entity for unifying immunophenotyping results. Moreover, approximately one year before the roadmap’s inception, St. Jude Total XV treatment protocol was adopted across different hospitals, leading to the establishment of individualized care guidelines that incorporated specific supportive care instructions.

One of the main results of the roadmap was to generate and deliver to each hematologist/oncologist a detailed report with the immunophenotype and MRD results of their patients within a period of no more than 72 h from the arrival of the sample to the laboratory. In this regard, it is well recognized that the combination of diagnostic precision and rapid delivery of reports is essential for facilitating opportune and personalized therapeutic decisions (25). According to the results from the epidemiology group, which is also part of this national strategy, one year before the implementation of the roadmap (2021) the average time for treatment initiation after patient arrival to the hospital was 12 days (27). At this moment (2023), treatment initiation has been reduced to six days on average in all participating hospitals. This may particularly be the result of accounting with the information of the immunophenotype in less than 72 hours from the BM collection at diagnosis helping to classify and start treatment in the patients with leukemia.

Biobanks not only serve as repositories of biological samples, but also guarantee their quality and authenticity, which is essential for obtaining reliable results in biomedical research (31). The Biobank of the Autonomous University of Guerrero (UAGro) plays a vital role in providing serum samples from pediatric patients with leukemia. On the other hand, the Leukemic Cell Research Biobank at the Federico Gómez Children’s Hospital of Mexico provides an invaluable resource by storing not only serum but also leukocytes from the BM and PB of pediatric patients with ALL. It is essential that these biobanks continue their work, and that the creation of more of these centers in Mexico and other parts of the world is promoted to facilitate the advancement of research on leukemia and other diseases (32). Access to a wide variety of samples from patients with different subtypes of leukemia and at different stages of the disease is essential to understand the underlying biology and develop more effective treatments (33). The PRONAII Childhood Leukemia Cell Repository stands out in Mexico as it houses a diverse array of biological components from individual pediatric leukemia patients.

In 2013, the Hospital General-Tijuana implemented the WHO Framework for Action, seeking to strengthen its health systems and improve care for ALL. They evaluated the clinical and survival data of children with ALL between 2008 and 2017, distinguishing between the pre- and post-program implementation periods. Thanks to this strategy, a department specializing in leukemia was established, implementing continuous training programs, projects aimed at clinical improvement, and guaranteeing financing for medications, supplies, and personnel through local alliances. After implementation, the 5-year survival rate of children with ALL increased from 59% to 65%. In particular, for children with standard-risk ALL, survival increased from 73% to 100%, and for those at high risk, from 48% to 55%. This transformation resulted in a substantial improvement in the care and survival of patients with ALL in a public hospital in Mexico (34).

Rigorous adherence and management of the childhood leukemia incidence roadmap has allowed for the first time in the region to influence diagnosis confirmation, initial classification, and monitoring of the disease in patients with leukemia by supporting extended immunophenotyping and MRD detection studies, which are currently considered among the most accurate tools for diagnosis, treatment assignment, and response monitoring to chemotherapy. This strategy also impacts in a very relevant way, since by promoting adequate allocation and monitoring of treatment in accordance with national and international recommendations, the damage to patients is limited, such as chemotherapy toxicity and relapses, and reduces the number of deaths and deaths related to disease treatment (23, 35, 36). Additionally, in collaboration with the PRONAII Epidemiology Group, this mechanism is aimed at researching modifiable risk factors associated with disease development. With cell collection, multiple additional studies have been conducted, including genetic, microenvironmental, and immunological studies, contributing to the advancement of comprehensive knowledge in the field of pediatric oncology.

The project encountered several challenges, notably the COVID-19 pandemic, which exerted a significant impact in 2021 and disrupted our implementation roadmap because the priority of that time was the clinical attention of patients with moderate and severe COVID-19, and no research studies that included biological sample collection were allowed by the participating hospital authorities to stop the spread of the virus. Additionally, the initial test phase revealed considerable administrative hurdles, including delays in obtaining ethics committee approval from participating hospitals. Furthermore, to ensure protocol compliance among the roadmap, nearly 100 collaborators were particularly challenging in terms of the timing of sample collection. Therefore, we conducted meetings to emphasize the critical nature of adhering to set deadlines. However, in infrastructure, we were initially equipped with only one flow cytometer. However, we successfully expanded our capabilities using two additional units. The scarcity of personnel for sample processing, exacerbated by the post-pandemic increase in case volume, necessitates the expansion of our team. We also encountered issues with sample quality and quantity; occasionally, we received incorrect samples, such as non-bone marrow specimens. Urgent cases often yielded samples that were inadequate for thorough analysis. Moreover, managing patients who presented with a preliminary leukemia diagnosis without a detailed classification posed a significant barrier to performing accurate comparative analyses.

The forthcoming strategic step involves initiating the formal accreditation process for the Childhood Cancer Cytomics Laboratory in accordance with the ISO 15189 standard, utilizing a Mexican accreditation body, specifically the entidad mexicana de acreditación (ema). This effort is crucial to achieving the goal of ensuring that every patient receives an accurate and timely diagnosis. With certification, the laboratory will not only comply with national and international quality standards but will also reinforce its credibility and reliability in clinical diagnosis. In addition, continuous improvements are planned in diagnostic protocols and processes as well as in cell collection to remain at the forefront of technological innovations and emerging best practices.

This initiative has significantly improved the diagnostic capacity of leukemia in girls, boys, and adolescents in the regions of Oaxaca, Puebla, and Tlaxcala, providing comprehensive, high-quality care with full coverage in the region. Likewise, it has strengthened collaboration between health institutions, researchers, and professionals in the sector, which contributes to reducing the impact of the disease on the community.
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Introduction

The Mexican Social Security Institute (IMSS) was created in 1943 as the main public institution in Mexico.





Methods

In 2020, the OncoCREAN (Centros de Referencia Estatal para la Atención del Niño y de la Niña con Cáncer) strategy was established and consists of reference centers of Pediatric Oncology created to provide equitable access to pediatric patients with cancer in Mexico and toimprove the disease survival through standardized immunophenotyping, harmonized diagnosis, homogenized treatment, staff training, and complication response.





Results

At 12 months of follow-up, overall survival is 89.9% in pediatric patients with acute lymphoblastic leukemia; we have no early death, and the main cause of death is still infection.





Discussion

The current procedure in terms of immune molecular diagnosis is to send samples to the first national system of samples reference for the immunological diagnosis of leukemias based on immunophenotyping in the Cytomics Laboratory of the IMSS Research Center in Puebla, as a strong collaborative alliance. We present a narrative description of the strategy as preliminary results.





Keywords: leukemia, Mexico, acute lymphoblastic leukemia, middle income countries (MIC), pediatric cancer




1 Introduction

The Mexican Social Security Institute (IMSS) was created in 1943 as the main public social institution with more than 80 million beneficiaries, including pediatric patients 18 years old or younger (1, 2). Forty-five percent of Mexican pediatric oncology patients are treated in IMSS, and the rest are treated in other social security institutions and the private system (3, 4). A national strategy was implemented through the IMSS National Oncologic Coordination to achieve equitable access and decreased mortality, regardless of the geographic area where patients live (1).

Pediatric cancer is a complex disease above all in the diagnostic and induction phases when oncological emergencies are more common and fatal. However, in the maintenance phase, patients are more stable, and treatment is generally less toxic. In countries like Chile, the first phase of treatment is given in the capital in a specialized hospital, and the maintenance phase is given in general hospitals closer to the patients’ home. Acute lymphoblastic leukemia (ALL) represents 48% of cancer diagnoses in childhood in Mexico. Overall survival is, on average, 57% in Mexico compared to 80%–90% in developed countries (5). For that reason, the strategy was implemented.




2 The OncoCREAN strategy

In the past, there were four main centers of clinical care for pediatric patients with cancer: two in Mexico City, one in Monterrey, and one in Guadalajara. The current organization involves the maintenance of these four centers with the addition of 32 areas inside pediatric hospitals where patients who already have their oncological diagnosis as well as the initial surgical treatment or induction therapy are treated. The implementation of the 32 centers was gradually carried out in approximately 24 months. Before 2020, the diagnosis of leukemia was done in each hospital when it was possible, or samples were sent to surrogate laboratories. Results in terms of survival toxicity and quality of life were local and not reported as an institutional study. Nowadays, all centers that receive patients with suspected leukemia are approached from the clinical aspect in the OncoCREAN. The bone marrow aspiration, as well as the staining, is done in the OncoCREAN to make the morphological diagnosis. In the same surgical time, the cytometry analysis sample is taken and sent to the West Biomedical Research Center (CIBIOR) located in the central area of Mexico. Samples arrive in less than 24 h via courier and are processed. The current procedure in terms of immune molecular diagnosis is to send samples to the first national system of samples reference for the immunological diagnosis of leukemias based on immunophenotyping in the Cytomics Laboratory of the IMSS Research Center in Puebla, as a strong collaborative alliance with the National Council of Humanities, Sciences, and Technologies (CONAHCYT). Thus, with the financial co-support from CONAHCYT and a new paradigm of research, the Cytomics Laboratory has been responsible for systematic sample preservation and exhaustive studies, for both diagnosis and measurable residual disease (MRD) as established international treatment protocols. Cytogenetics, according to the protocol, considers a DNA index of 1.16 or more and the translocation t (12,21) (ETV6-RUNX1) as provisionally classified as low-risk ALL. Patients with t (9,22) (BCR-ABL1) were considered to suffer from high-risk ALL, and the remaining patients were provisionally classified as having standard-risk (intermediate-risk) ALL.

The final risk status was determined based on the detection of MRD. Patients presenting with an MRD of 1% or more within the bone marrow aspirate on day 19 of remission induction or 0.10% to 0.99% after completion of 6 weeks of induction therapy were considered to have standard-risk ALL. MRD values of 1% or more after the completion of induction therapy indicated high-risk ALL. Immunophenotyping and classification of acute leukemia: BM samples were stained and acquired for flow cytometry analysis according to Euro Flow™ guidelines. First, samples were stained using the Acute Leukemia Orientation Tube (ALOT) to determine the lineage of immature blast cell populations. We classified AL into five review categories according to the affected cell lineage: Pro B-ALL (CD34+ CD19+ cyCD79a+), Pro B–Pre B-ALL (CD34−/+ CD19+ cyCD79a+), Pre B-ALL (CD34− CD19+ cyCD79a+), TALL (cyCD3+ smCD3lo CD7+), and AML (cyMPO+ or CD7+). Once the malignant hematopoietic lineage is identified, complementary antibody panels were applied (BCPALL, T-ALL, and AML). Sample acquisition was conducted using BD FACSCanto II or BD FACSLyric cytometers. Analysis of flow cytometry data was performed using Infinicyt 2.0 software.

When the diagnosis is made, each patient’s results are sent to the OncoCREAN in 24–72 h, the patient is stratified, and the induction therapy is planned and applied in one of the OncoCREAN centers. In January 2022, IMSS OncoCREAN started the implementation of the Total Therapy XV of St. Jude (TTXV) for leukemias that offers total access to and homogenization and decentralization of the treatment at a national level (6). The decision to choose the TTXV St Jude leukemia protocol was supported by the fact that Mexican pediatric oncologists, hematologists, and health professionals have strong experience due to the previous use of the Total XIII St Jude Leukemia protocol at a national level. All patients received the prednisone induction phase. Risk stratification was done as established in the TTXV protocol. Induction ended on day 33, while in this first-line treatment group, no patient received cranial radiotherapy. Toxicity was analyzed according to the National Cancer Institute classification.

The 36 centers have a pediatric oncologist/hematologist, a trained oncological nurse, and the resources to treat these diseases as well as their complications. All centers are connected to the National Coordination, having weekly communication to present new cases and reference stable patients. We are aware that, in the review, surveillance of all aspects of a patient’s life must be implemented, including how we evaluate the diagnosis, the timely treatment, and the presence of complications, nutrition, and psychological support. Pediatric oncologists/hematologists are the only ones responsible for the filing of documentations.




3 Results

So far, follow-up information is only 12 months. There were 809 patients, and the median age was 8.39 years old, with a minimum age of 4 months and a maximum age of 17 years. There were 471 male patients, with 468 being B-cell leukemias; 333 patients were classified as high-risk patients, 3 patients had central nervous system infiltration or mediastinal mass, and 6 patients relapsed. Overall survival is 89.9%; 82 patients died, the leading cause of which is infection. No deaths during the induction phase (early mortality) were reported.

There have been 72 online sessions with a frequency of one per week, in which all OncoCREANs have participated. Training in the protocol, the logistics of transporting samples, and the interpretation of diagnostic tests have been carried out. The current census indicates 91 oncologists and pediatric hematologists.

From CIBIOR, 275 patients were studied. For logistics, the country is divided into four regions (North, Northwest, Central, and South). Most of our patients corresponded to Pro B or Pro B–Pre B cell leukemia as seen in Figure 1.

[image: A composite image with three parts: A) A bar chart showing the number of acute leukemia cases by Mexican states, with Guerrero and Hidalgo having the highest counts. B) A map of Mexico with varying shades of blue indicating leukemia cases per region, highlighting areas with higher and lower incidences. C) A stacked bar chart depicting case frequencies by immunophenotype across northern, northwestern, central, and southern regions, categorized by labels such as ProB and AML.]
Figure 1 | (A, B) represent distribution by states. (C) shows the leukemia by types and regions. AML, acute lymphoblastic leukemia; T-ALL, T-acute lymphoblastic leukemia; MPAL, mixed phenotype acute leukemia; MSD, myelodysplastic syndrome; AML relapse, acute lymphoblastic leukemia relapse.




4 Discussion

In Mexico, this is a historic initiative because it brings patients with cancer equitable access to a standardized care protocol not only in the same care center but also at a national level in all IMSS hospitals. Considering that this has been described as a critical factor contributing to the increased survival of patients with ALL, we are sure that this strategy is changing the prognosis of this disease (7).

Death due to toxicity continues to be a determining factor, which is why in developing countries, such adaptations to chemotherapy protocols are made (7). It is imperative to intensify medical and nursing training of all OncoCREANs, emphasizing Golden Hour Pediatric Early Warning Score (PEWS) and the vascular line manual, which are strategies focused on early care of complications associated with treatment toxicity.

From 1950 to date, we have seen how systematization in treating patients with cancer has positively impacted survival. Despite this, we know that there are still global disparities in access to high-quality treatment for children with cancer (8). This work can be the beginning of a later analysis of how including patients with ALL in a standardized treatment protocol can allow us to make an individualized treatment according to the assigned risk and decrease the treatment’s long-term effects (6–10).

It would be the first time in Mexico that an institutional treatment strategy implemented at a national level is followed up with two main objectives: assistance and information generation for future research. In the IMSS, successful cooperation, central registration, precision, and quality of diagnosis and prognosis tests are changing the epidemiology of pediatric acute leukemias as well as the work organization. Analyzing the very preliminary information we have, early mortality is controlled probably due to the very close supervision of these patients in all the sections of health centers (emergency room, hospitalization, and outpatient clinic).

Considering the scalability of the strategy, we must consider the human infrastructure that at this moment at IMSS consists of 217 pediatric oncologists and 142 hematologists. On the other hand, cases of ALL were 800 per year with the number of cases increasing. The OncoCREAN system is designed to give attention to patients in the maintenance phase in which complications are less common to appear. This strategy has the advantage of patients being close to their homes; thus, the abandonment rate is decreasing (data not shown). Quality of life and school attendance must be studied in the future as social indicators of patient follow-up.

A formal survival analysis including all the variables associated with survival of patients with pediatric ALL was carried out and will be reported in a future study.




5 Conclusion

Implementing strategies to provide standardized diagnosis, prognosis, and treatment to patients with ALL are essential to improve survival (11). Moreover, training in support therapies for the care of complications secondary to treatment toxicity is indispensable. In review, OncoCREAN’s strategy in Mexico based on care and scientific research is bringing precision oncology closer to our pediatric population suffering from leukemia. This project has its share of challenges: this is one of the first attempts by IMSS to make a cooperative project at the national level at different centers, the time for the referral of samples at the CIBIOR, and the standardization of sample sending data. The strengths of this program include the fact that a national referral center for molecular diagnosis was made at the CIBIOR and the standardization of TTXV for the clinical centers.
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dairy products (0.29, 1.86)
Dairy with 029
I , t 0.29 (0.03, 1.07, 021 (0.02, 1.14, 0.7803
added sugar Ce:Creamy yoBMr ( ) ( ) (0.03, 1.02)
O 3 juice, t: ines, t ine juice, fruit, 0.71
Citrus fruits TATEED Oln Se s tngerine, tpsrne ik gmpe 064 (0.14,202) 053 (0.14, 1.82) 00917
grapefruit juice (0.14, 2.11)
Other fruits Bananas, Peaches, grapes, melon, wa‘lermelon, mango, pears, cactus fruit, 131 (049, 3.09) 121 (049, 3.14) 142 00844
papaya, pineapple, plums, blackberries, mamey, zapote (0.49, 3.10)
E; E 0.86 (0.13, 1.29) 0.86 (0.14, 1.57) 072 0.2326
88 88 h R : T (0.13, 1.29) h
Chicken Chicken 0.43 (0.14, 0.43) 043 (0.14, 0.79) 043 0.4847
X .14, 0 X .14, 0. (014, 0.43) :
" 0.49
Processed meats Sausage, ham, chorizo, bacon 0.49 (0.13, 1.21) 0.51 (0.13, 1.29) 013, 1.21) 0.6059
i 5 i 043
Red meat Beef, pork, cecina, barbecue, carnitas, liver 0.45 (0.12, 0.99) 0.48 (0.14, 1.01) (008, 0.92) 0.1278
: . 0.20
Fish and shellfish Tuna, fish, shellfish, sardines 0.20 (0.03, 0.58) 0.16 (0.03, 0.57) (003, 0.64) 0.1853
. . 0.70
Saturated fats Pork rinds, cream, butter, mayonnaise, lard 0.64 (0.16, 1.43) 0.45 (0.14, 1.57) (018, 1.43) 0.0042*
Crucife 0.21
Ve’;:ag::s Broccoli, cauliflower, cabbage 0.27 (0, 0.92) 0.29 (0.00, 0.92) (G0052) 0.6769
. . 0.79
Allium vegetables Garlic 0.79 (0.00, 1.00) 0.43 (0.00, 1.00) 0.0001*
(0.07, 1.00)
Green 0.49
Verdolagas, spinach, lettuce, it 0.46 (0.14, 1.43 045 (0.14, 1.16, 0.2362
leafy vegetables SLCOTagASISpIRAch; CELCE, Patsey” ( ) ( ) (0.13, 1.56)
- 2.19
Other vegetables Squash, chayote, stewed tomato, raw tomato, nopal, chili, squash flower 2.19 (1.04, 3.93) 2.15 (1.04, 4.58) (110, 3.67) 0.8159
Corn Corn 0.14 (0.00, 0.43) 0.07 (0.00, 0.43) 014 0.0154
| B ) R (0.00, 0.43) :
L Lentils, broad b 0.21 (0.02, 0.86) 0.15 (0.02, 0.71) 021 0.1176
egumes ntils, broad beans, peas . .02, 0. . .02, 0. 002, 0.86) f
4.00 4.00
Corn tortill Corn tortill: 4.71 (1.00, 12.50; 0.3818
orn fortia orn fortfa (129, 10.00) ¢ ) (157, 1000)
Cereals high in fat 0.51
ereals high in fat | 1 ies, cake, sweet bread 051 (013, 1L13) 051 (0.08, 1.29) 07229
and sugar (0.13, 1.08)
e . o - 0.00
Alcoholic drinks White wine, beer, spirits 0.00 (0.00, 0.08) 0.00 (0.00, 0.03) 000,0.13) 0.0159
0.00
Tea Herbal tea 0.00 (0.00, 0.43) 0.02 (0.00, 0.43) 0.3579
(0.00, 0.43)
Atole Atole 0.07 (0.00, 0.43) 0.07 (0.00, 0.43) 04 0.5533
X .00, 0 X .00, 0. (000, 0.43) X
Avocado Avocado 0.14 (0.00, 0.43) 0.14 (0.00, 0.43) 014 0.0121
. .00, 0 . .00, 0. 000, 0.79) X
3 i 5 5 0.46
Mexican dishes Pastor, quesadilla, pozole, gordita, pambazo, tamal, sope 046 (0.11, 1.12) 0.40 (0.03, 1.13) (0.16, 1.10) 0.0139
DNA Apples, strawberries, dried cranberries, onion, beans, soy milk, soy 260
topoisomerase 1T cheese, soy meat, soy sauce, red wine, soft drinks, energy drinks, coffee, 2.57 (1.31, 4.41) 2.49 (1.01, 4.61) a 45' 421) 0.1555

enzyme inhibitors  green tea, black tea

p50 (p10, p90) = Values are given as 50th percentile outside the parentheses and inside the parentheses 10th percentile and 90th percentile.
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Food group (servings/day) (Ca/Co) OR (95% CI)® OR (95% CI)*  P-tren

High-fat dairy products

<0.5716 (23/83) 1.00 1.00 1.00
<0.5716-<12143 (30/81) 134 (0.72, 2.49) 1.34 (069, 2.60) 1.35 (0.70, 2.60)

<0.001 <0.001 <0.001
>1.2143 (56/87) 2.32 (131, 4.11) 2.29 (1.25, 4.21) 237 (1.30, 4.34)

Dairy with added sugar

<0.1593 (47/88) 1.00 1.00 1.00
20.1593 - <0.4944 (23/76) 0.57 (0.32, 1.02) 0.49 (0.26, 0.91) 0.50 (0.27, 0.94)

0.786 0417 0.441
20.4944 (39/87) 0.84 (0.50, 1.41) 0.76 (0.43, 1.34) 0.77 (0.4, 1.33)

Citrus fruits

<0533 (39/84) 1.00 1.00 1.00
20.533, < 1.0546 (46/83) 040 (0.22, 0.73) 0.44 (0.24, 0.82) 0.43 (0.23, 0.81)
0.366 0237 0217
21.0546 (24/85) 0.61 (0.36, 1.04) 0.58 (0.32, 1.01) 0.56 (0.32, 0.98)
Other fruits
< 1.000625 (46/85) 1.00 1.00 1.00
> 1.000625- <1.980433 (39/82) 1.07 (0.59, 1.94) 1.21 (0.50, 2.10) 1.17 (0.67, 2.03)
0.262 0.139 0.14
>1.980433 (24/85) 0.62 (0.34, 1.13) 0.57 (0.31, 1.06) 0.57 (0.31, 1.06)
Egg
<0.2858 (18/48) 1.00 1.00 1.00
20.2858-<0.8572 (27/76) 0.95 (0.47, 1.90) 1.01 (0.48, 2.13) 1.00 (0.48, 2.09)
0.956 0932 0958
20.8572 (62/123) 1.34 (0.72, 2.50) 1.48 (0.76, 2.87) 1.46 (0.76, 2.81)
Poultry
<0.4286 (30/76) 1.00 1.00 1.00
<0.4286-<0.7857 (66/154) 1.09 (0.65, 1.81) 1.08 (0.62, 1.87) 1.10 (0.64, 1.89)
0327 0728 0.684
>0.7857 (13/22) 150 (0.67, 3.35) 1.37 (0.58, 3.25) 1.40 (0.60, 3.27)

Processed meats

<03516 (31/83) 1.00 1.00 1.00
20.3516 -<0.8515 (44/84) 1.40 (0.81, 2.43) 1.33 (0.74, 2.38) 1.37 (0.77, 2.44)
0.826 0715 0719
20.8515 (34/85) 1.07 (0.60, 1.90) 1.06 (0.58, 1.94) 1.05 (0.58, 1.92)
Red meat
<0296 (31/83) 1.00 1.00 1.00
20.296 -<0.5715 (31/80) 1.04 (0.58, 1.86) 1.27 (0.68, 2.37) 1.20 (0.65, 2.24)
0336 0225 0205
20.5715 (47/88) 1.43 (0.83, 2.46) 1.51 (0.84, 2.70) 1.48 (0.83, 2.64)

Fish and shellfish

<0.1429 (41/79) 1.00 1.00 1.00
20.1429 -<0.2909 (39/88) 0.85 (0.50, 1.46) 091 (0.52, 1.60) 091 (0.52, 1.59)

0.069 0.059 0073
>0.2909 (29/85) 0.66 (0.37, 1.16) 0.58 (0.31, 1.07) 062 (0.34, 1.14)

Rich in saturated fats

<0.4945 (62/79) 1.00 1.00 1.00
>0.4945-<0.9394 (23/88) 033 (0.19, 0.59) 0.36 (0.20, 0.65) 035 (0.19, 0.63)

0062 0.151 0.123
20.9394 (23/84) 0.35 (0.20, 0.62) 0.39 (0.21, 0.72) 0.38 (0.20, 0.69)

Cruciferous vegetables

<0.1316 (31/74) 1.00 1.00 1.00
20.1316 - 0.4286 (33/84) 094 (0.52, 1.68) 1.02 (054, 1.93) 1.07 (058, 1.97)

0828 0850 0820
20.4286 (45/94) 1.14 (0.66, 1.98) 1.10 (061, 1.99) L11 (062, 1.98)

Allium vegetables

<0.7857 (57/53) 1.00 1.00 1.00
20.7857 -<1 (17/102) 054 (0.25, 1.20) 0.15 (0.08, 0.30) 0.15 (0.08, 0.30)

0.004 <0.001 <0.001
>1 (34/97) 0.26 (0.15, 0.46) 0.27 (0.15, 0.49) 0.26 (0.14, 0.46)

Green leafy vegetables

<03403 (37/82) 1.00 1.00 1.00
20.3403 -<0.7144001 (49/86) 1.27 (0.75, 2.13) 1.38 (0.78, 2.44) 1.30 (0.74, 2.28)
0.047 0.042 0.037
20.7144001 (23/84) 0.61 (0.33, 1.11) 0.58 (0.30, 1.10) 0.57 (0.30, 1.08)
Other vegetables
< 1.84478 (47/84) 1.00 1.00 1.00
> 1.84478-<2.679343 (19/83) 0.41 (0.2, 0.76) 0.47 (0.35, 0.90) 0.46 (0.24, 0.86)
0357 0415 0523
22.679343 (42/84) 0.89 (0.53, 1.49) 0.89 (0.51, 1.54) 0.85 (0.50,1.47)
Corn
<0.1429 (66/112) 1.00 1.00 1.00
20.1429-<0.4286 (30/74) 0.69 (0.41, 1.16) 0.75 (0.43, 1.30) 0.73 (042, 1.27)
0.01 0.012 0.014
20.4286 (13/66) 0.33 (0.17, 0.65) 0.31 (0.15, 0.62) 0.32 (0.16, 0.64)

Root vegetables

<03516 (33/84) 1.00 1.00 1.00
20.3516 -<0.8572 (27/53) 1.30 (0.70, 2.40) 1.10 (0.56, 2.14) 1.12 (0.58, 2.17)
0.603 0.500 0592
20.8572 (48/115) 1.06 (0.63, 1. 80) 1.07 (0.62, 1. 86) 1.10 (0.63, 1.90)
Legumes
<0.1429 (38/74) 1.00 1.00 1.00
20.1429 -<0.3516 (40/91) 1.57 (0.55, 4.50) 0.94 (0.53, 1.68) 0.97 (0.55, 1.72)
0.102 0373 0323
20.3516 (31/87) 1.16 (0.4, 3.06) 0.79 (0.43, 1.43) 0.76 (0.42, 1.37)

Canned chili peppers

<0.0164 (29/68) 1.00 1.00 1.00
>0.0164-<0.1429 (34/50) 159 (0.86, 2.95) 1.77 (091, 3.44) 1.60 (0.83, 3.08)

0303 0300 0261
20.1429 (46/134) 081 (0.46, 1.39) 0.78 (0.44, 1.41) 074 (041, 1.33)

Corn tortilla

<3 (22/57) 1.00 1.00 1.00
23-<5 (33/91) 0.94 (050, 1. 77) 0.96 (0.49, 1.89) 0.90 (0.46, 1.76)
0391 0925 0.894
>5 (54/99) 1.41 (0.78, 2.56) 1.32 (0.70, 2.51) 1.24 (0.65, 2.37)
Cereals
<1.7144 (54/81) 1.00 1.00 1.00
21.7144-<2.5 (22/78) 042 (0.24, 0.76) 0.52 (0.28, 0.96) 0.48 (0.25, 0.86)
0431 0348 0253
2.5 (31/84) 0.55 (0.32, 0.95) 0.53 (0.30, 0.94) 0.50 (0.28, 0.89)

Cereals high in fat and sugar

<0.4286 (34/78) 1.00 1.00 1.00
20.4286-<0.6373 (36/82) 1.01 (0.57, 1.77) 0.81 (0.4, 1.48) 0.86 (0.45, 1.48)

0.330 0.958 0.889
20.6373 (39/91) 0.78 (0.57, 1.70) 0.75 (0.42, 1.35) 0.78 (0.4, 1.41)

Alcoholic drinks

0 (79/158) 1.00 1.00 1.00
>0-<0.0658 (24/42) 1.16 (0.65, 2.05) 1.09 (0.59, 2.00) 1.03 (0.56, 1.89)
0.003 0.002 0.001
20.0658 (5/52) 0.18 (0.07, 0.47) 0.17 (0.06, 0.47) 0.17 (0.06, 0.46)
Tea
0 (50/140) 1.00 1.00 1.00
>0-<0.4286 (38/59) 0.93 (0.37, 2.35) 1.82 (1.04, 3.17) 1.89 (1.09, 3.26)
0.503 0575 0.645
20.4286 (21/53) 049 (0.22, 1.12) 1.09 (0.58, 2.07) 1.13 (0.60, 2.12)

Corn-based drinks

<0.0658 (34/65) 1.00 1.00 1.00
20.0658-<0.1429 (26/60) 0.83 (0.45, 1.54) 0.98 (051, 1. 89) 0.95 (049, 1.81)
0.992 0.922
20.1429 (49/127) 0.74 (0.43, 1.25) 0.81 (046, 1.43) 0.76 (0.4, 1.34) 0.826
Avocado
<0.1429 (45/76) 1.00 1.00 1.00
20.1429-<0.4286 (38/80) 0.80 (0.47, 1. 37) 0.79 (045, 1. 40) 0.83 (0.47, 1.45)
0.015 0.053 0.040
20.4286 (26/96) 0.46 (0.26, 0.81) 0.55 (0.30, 1.00) 0.52 (0.29, 0.95)

Vegetable fats

<0.9286 (24/82) 1.00 1.00 1.00
20.9286 -<1.1429 (45/85) 1.81 (101, 3.23) 1.73 (093, 3.21) 1.79 (097, 3.31)

0.208 0310 0354
>1.1429 (38/81) 1.60 (0.88, 2.91) 1.60 (085, 3.03) 1.56 (0.83, 2.94)

Mexican dishes

<0.368 (51/83) 1.00 1.00 1.00
20.368-<0.6538 (28/84) 0.54 (0.31, 0.94) 0.53 (0.30, 0.96) 050 (0.28, 0.89)

0.114 0132 0115
>0.6538 (29/85) 0.56 (0.32, 0.96) 0.55 (0.31, 0.98) 0.53 (0.29, 0.94)

DNA topoisomerase Il enzyme inhibitors

<2.28585 (45/84) 1.00 1.00 1.00
22.28585-< 3.0987 (33/83) 0.74 (0.43, 1.28) 0.63 (0.35, 1.11) 066 (0.37, 1.16)

0212 0135 0.127
>3.0987 (31/85) 0.68 (0.39, 1.18) 0.62 (0.34, 1.11) 062 (0.35, 1.11)

“crude model,
®adjusted by mothers age, state of residence, person/room ratio (overcrowding level), breastfeeding, supplements, tobacco and alcohol consumption,
“adjusted by mother s education, state of residence, supplements, tobacco and alcohol consumption.
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Non-detectable Detectable MRD
5%
MRD n (%) n (%) RRpswecy @ 1 2 3 ¢ sito3psy palse
ProB-ALL 27(37.50) 10 (43.48) 3.5140.7165 - 20.7] H— o 02476
Classification ProB-PreB-ALL 24(3333) 5174 2241 [0.4089 — 14] ——————— 0.6468
according to leukemia PreB-ALL 12 (16.67) 1(435) 1.00[0.111-9.009] | —— 4§ >0.9999
immunophenotype T-ALL 1(1.39) 0(0) 0[0 69] ! —if >0.9999
AML 8(1L11) 7(3043) 6.067[1.211 -35.77) — e 0.0377
.
Female 31(43.06) 11 (47.83) 1.157 [0.5715 - 2.319] —o——i 08103
Sex .
Male 41 (56.94) 12 (52.17) 0.8645 [0.4312 - 1.75] o— 0.8103
19 44 (61.11) 7(3043) 03775 [0.1719-0.8053] | 1@ 1 0.0155 *
Age group 1 |
10-18 28 (38.89) 16 (69.57) 2.649[1.242 -5.817] | — | 0.0155 *
1-4 22 (30.56) 5(21.74) 2.222[0.5512 - 9.405] I—i—.— 4 0.4247
5-9 22 (30.56) 2(8.70) 1.00 [0.187 - 5.347] l—’* I >0.9999
Age group I H
10-14 18 (25.00) 13 (56.52) 5.032[1.48 - 18.99] | e 0.0065 **
|
15-18 10 (13.89) 3(13.04) 2.769 [0.606 — 12.57] —— 4 0.3209
ProB-ALL 1-9 15 (25.00) 3(13.04) 2286[03646-1532] | F——@—— 06184
Phenotype ProB-ALL 10-18 9(12.50) 7(30.43) 7.00 [1.348 — 41.46] Ve 0.0373 *
classification and age ! 4
group ProB-PreB-ALL 1-9 15 (20.83) 1(4.35) 1.00[0.1097-9.112] [ F—@———— >0.9999
'
ProB-PreB-ALL 10-18 9(12.50) 4(1739) 4923 [0.8519 - 30.83] @& —i 0.144

RR values were calculated by immunophenotype classification (each group vs PreB-ALL), sex (males vs females), age group I (1-9 vs 10-18 years old group), age group II (each age group vs 5-9
years old group), and by classification in each age group (each group vs the ProB-PreB-ALL 1-9 years old group). ALL, Acute Lymphoblastic Leukemia; AML, Acute Myeloid Leukemia; MRD,
Measurable Residual Disease. * p<0.05, ** p<0.01. RR plot shown RR value + 95% confidence intervals.

Bold values means statistically significant.
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Infant with suspected Dx Acute Leukemia at Hospitals

Patients who met the criteria to be a control group

of Mexico City 2010-2019. 276

343
Foreign infants with AL (excluded)
93
Infants Metropolitan Area with AL
250

Metropolitan infants with AL and
Down's syndrome (excluded)
13

Infants Metropolitan Area with AL and without Sx Down
237
Did not complete maternal diet
questionnaire 127*
Infants with maternal diet questionnaire
110

Excluded due to extreme calorie consumption data
1

They did not agree to
participate 24

Controls
252
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Genetic Inheritance Genotype Null/Low-grade AE High-Grade AE OR (95% CI) p-value

Variant Model N (%) N (%)

ABCCl Dominant G/G 8 (23.5%) 31 (50%) 1

15212087 - - 001
GIA-AIA 26 (76.5%) 31 (50%) 032 (0.12-0.83)

ABCC1 Dominant T 9 (265%) 32 (51.6%) 1

15212090 0.016
T/A- A/A 25 (73.5%) 30 (48.4%) 034 (0.14-084)

SLC2246 Dominant cic 20 (58.8%) 49 (79%) 1

154149170 0.038
C/T-TIT 14 (412%) 13 21%) 0.38 (0.15-0.95)

SLC2246 Dominant ™ 20 (58.8%) 49 (79%) 1

154149171 0.038
T/C-CC 14 (412%) 13 (21%) 038 (0.15-095)

o Dominant GIG 17 (50%) 47 (75.8%) 1 o

1955434 GIA-A/A 17 (50%) 15 (24.2%) 032 (0.13-0.78)

AE, Adverse Events; OR adjusted by sex, age at diagnosis, WBC count in peripheral blood, gene rearrangement and chemotherapy protocol. A value of p <0.05 was considered
statistically significant.
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Mexico In Alliance with St. Jude: A Comprehensive Strategy to Improve Childhood Cancer Survival in Mexico

First meeting: April 2016
Strategy launch: May 2017

Matching funds: FGRA 2017, 2021, 2022
Strategic workshops: 13
Review cycle: Yearly

Modernization

o I'\A/Iléxico en
ianza con
ﬁv St.Jude

Collaboration Evidence

Evolution from original strategy presented for Rio Arronte Grant 2017 and Friedrich et al. SIOP 2019

+@ Collaboration

Work that is multidisciplinary, multi-centric and intersectoral
* MAS Meetings and Communication

* Board of Directors and Committees

* Member Experience and Process Improvement

= Operational structure and data-centered Engagement: MAS Dashboards

Modernization

Harmonize and standardize diagnosis and treatment

« Leukemia Bridge Project (consensus-derived Dx/Tx approach)

« Validation of Flow Cytometry laboratories (Expanded Bridge Project)
“Introduction of Next-Generation Sequencing (Expanded Bridge Project, DIVIA)
« Solid Tumors Retrospective Histopathological Review

Pediatric Early Warning Systems (EVAT)

Time to antibiotic therapy (Golden Hour)

Nursing-centered interventions (Nurse Educator)

Infection Control and Prevention(PRINCIPAL, ICAT, Case Kiosk)

Palliative care awareness and utilization (ADAPT project, Comfort Promise)

+a Evidence

Generate and disseminate new knowledge

« Retrospective Project: Retro MAS-ALL

« Prospective Project: MAS-ALL18

« Human Resources for Research: Optimized Clinical Research Coordinator (CIC) Role
« Hospital-based Registry: SICARES

« Promotion of academic productivity
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Null/Low- High- p-
Grade AE Grade AE value
N (%) N (%)
Total 34 (35.4) 62 (64.2)
Child’s sex, n (%)
Female 15 (15.63) 29 (30.21)
0.48
Male 19 (19.79) 33 (34.37)
Age at diagnosis
1-9.9 years 22 (22.92) 35 (36.46)
0.28
>10 years 12 (12.5) 27 (28.12)
WBC count in peripheral blood
<50,000/uL 28 (29.17) 47 (48.96)
031
250,000/l 6 (625 15 (15.62)
NCI risk
Standard 21 (21.88) 27 (28.13)
0.06
High 13 (13.54) 35 (36.45)
Chemotherapy protocol
SJT XIIIB 25 (26.04) 40 (41.67)
0.25
BEM-95 9(9.38) 22 (2291)
Grade of adverse event
Null 17 (17.70) 0
Grade 1 7(7.29) 0
Grade 2 10 (10.42) 0
<0.001
Grade 3 0 18 (18.75)
Grade 4 0 43 (44.79)
Grade 5 0 1 (1.05)
Type of gene
rearrangement, n (%)
Not assessed/ 5/25 (31.26) 6/49 (57.29)
not detected
E2A:PBX1 2(2.08) 2 (2.08) 056
ETV6:RUNX1 2(2.08) 2 (2.08)
BCR:ABLI 0 3(3.13)

AE, Adverse Events; NCI, National Cancer Institute risk classification; WBC count in
peripheral blood; St. Jude Total XIIB, BEM- 95, Berlin-Frankfurt-Munster 95. p value
calculated by Chi square tests/Fisher’s exact test. A value of p < 0.05 was considered

statistically significant.
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Genetic Inheritance Genotype Null/Low-Grade AE High-Grade AE OR (95% CI)  p-value

Variant Model N (%) N (%)
ABCCI Dominant GIG 13 (38.2%) 12 (19.4%) 1.00
15129081 i 0.047
G/C-CIC 21 (61.8%) 50 (80.7%) 2.58 (1.01-6.57)
ABCC4 Dominant cic 23 (67.7%) 28 (45.2%) 1.00
152274409 0.014
CIT-T/T 11 (32.4%) 34 (54.8%) 2.90 (1.16-7.27)
ABCC5 Recessive GIG -AlIG 28 (82.3%) 38 (61.3%) 1.00
15939338 0.028
A/A 6 (17.6%) 24 (38.7%) 2.95 (1.06-8.17)
ABCC5 Recessive A/A-AIG 30 (88.2%) 43 (69.3%) 1.00
rs1132776 0.031
GIG 4 (11.8%) 19 (30.6%) 3.31 (1.02-10.73)
ABCC5 Recessive GIG -AIG 34 (100%) 54 (87.1%) 1.00
rs3749442 0.000
A/A 0 (0%) 8 (12.9%) NA (0.00-NA)
ABCC5 Recessive A/A-AIG 28 (82.3%) 38 (61.3%) 1.00
154148575 0.028
G/G 6 (17.6%) 24 (38.7%) 2.95 (1.06-8.17)
ABCC5 Recessive T/T-T/C 30 (88.2%) 43 (69.3%) 1.00
154148579 0.031
cic 4 (11.8%) 19 (30.6%) 331 (1.02-10.73)
ABCC5 Recessive T/T-T/C 34 (100%) 56 (90.3%) 1.00
rs4148580 0.019
cic 0 (0%) 6 (9.7%) NA (0.00-NA)

AE, Adverse Events; OR adjusted by sex, age at diagnosis, WBC count in peripheral blood, gene rearrangement, and chemotherapy protocol. A value of p <0.05 was considered statistically
significant. NA, not applicable.
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RAF absolute difference AMR vs. EUR RAF % difference AMR vs. EUR
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f F Fin RAF . 5
Ref Alt Risk subtype (QSC;RC” inR:FR ARV\/:R '*,‘ i I?UR RAF in HGDP Native
association = Americans ***
BCLIIA 2p16.1 152665658 c A A TCF3-PBX1 ALL 32892024 LeeSHR(021) | ZiE ":"6(:;)7 0461 0358 0363 0171
B-cell ALL Vijayakrishnan | 3.20E- 214
RPL6PS | 2q223  rsI7481869  C A A (ErveROND 29632299 Toom o | aeizsy | 002 0039 0081 0.000
- - Becell ALL Vijayakrishnan | 1.56E- 129
Csorf56 59311 5886285 T e T (High-hyperdiploidy) 31767839 ] 2019) e (L18-141) 0648 0323 0329 0.186
B-cell ALL Vijayakrishnan | 2.21E- 130
BAK1 6p21.31 s210143 T c C (High-hyperdiploidy) 31767839 ] 2019) 0 (119-143) 0735 0739 0718 0.700
MYB/ 823E-
it 6q23 n9376090 T C T ALL 34750507 Jeon $ (2021) G 127 0957 0841 0743 0900
Papaemmanuil | 1.00E- 169
IKZFI 7122 022724 | G A | A ALL 19684604 09 15 | aseisy | 80 0233 0271 0235
. de Smith 205E- 141
IKZFI 7122 917017 | G A A ALL N/A Sos 7| s | 0% 0432 0295 0.800
IKZF1 7122 resso33 | C T T ALL N/A de Smith A67E- L4 0033 0176 0002 0.443
A (2023) n (1.33-155)
Wiemels 305E- 127
CCDC26 | 8q2421 461718 | A G G ALL 29348612 e w i | 0147 0174 0013
CDKN2A | 9213 m373i29°  C T T ALL a6 WabhK ois) | O 27 0005 0026 0031 0.000
P 13 (222:39) . § .
CDK;'ZA/ 9p213 | U7l | T C it ALL 34750507 Jeons o21) | ! SISIE 136 0841 0889 0361 1.000
Hungate 3328 172
CDKN2B | 9p213 77728904 A C | C Becell ALL 26868379 S5 0015 & | sasy | 02 0060 0078 0.000
Vijayakrishnan | 2.11E- 152 N
TLEI 923l 576925697 A T | A Becell ALL 31767839 - o | g | 092 0.967 0963 1.000
LI3E- 140
PIPIK2A | 10p122 7088318 C A A ALL 23512250 Xu H (2013) o azsasy | 05 0.704 0,603 0.957
1511591377 de Smith 207E- 127
BMII 10p1231 7 G A G ALL 29923177 et 0 | daouss | 0907 0772 0789 0613
" i Perez-Andreu | 2.17E- 385
GATA3 10p14 13824662 c A A Bcell ALL (Pholike) 24141364 Pty v | oosey | 9 0294 0175 0543
Trevifo L40E- 191
ARIDSB | 10212 157090445 c|Tt]| ¢ ALL 19684603 4512008 s | sz | 22 0441 0324 0.671
7278
JMDIC | 10213 19415680 A G | A ALL 34750507 Jeon § (2021) 0 120 0040 0292 0.146 0714
o 3926
TETI 10q213 510998283 G A A ALL 34750507 Jeon $ (2021) 0 L5 0027 0141 0128 0057
Vijayakrishnan | 1.00E- 121
LHPP | 102613 35837782 A G | G Becell ALL 27694927 TG i sz | 0% 0546 0627 0529
i Vijayakrishnan | 8.00E- 119
ELK3 12q231  razess | AT T Becell ALL 27694927 Yoo o | iy | 8 0.426 0300 0.586
, 166E-
CEBPE | l4qll2  m2239630° | A G A ALL 29977016 Studd JB (2019) o 145 0866 0502 0452 0543
538E-
CEBPE | 14q112 60820638 = A C A ALL 34750507 Jeon $ (2021) is 119 0717 0719 0704 0.886
Usp7 16p132 74010351 A G G Tocell ALL 30938820 QanM oo | *OE L4 0180 0099 0067 0029
p13. 08 (127-165) 2 .
Wiemels 205E- 118
IKZF3 1721 290400 T C T ALL 29348612 el o | aiazs | 057 0562 0508 0557
- ~ L42E-
IKZF3 17211 wsl7607816 T C | C ALL 34750507 Jeon $ (2021) o 211 0004 0005 0028 0.000
Becell ALL Vijayakrishnan | 182E- 133
IGE2BPI | 17q2132 | m1088314 | C T T GrveRaD 31767839 Y01 o | qoraan | 066 0489 0507 0329
de Smith 876E- 123
ERG 2aq22  s8B3M%6 G C | C ALL 31296947 o] o | weey | P2 0358 0324 0471

Risk allele frequency (RAF) from gnomAD v3; populations, African/African American (AFR), Latino/Admixed American (AMR), and non-Finnish Europeans (EUR).
P-values and odds ratios (OR) obtained from the studies indicated by PubMed ID, first author, and year of publication.

* Includes the putative causal variant where reported.

** Bolded where RAF in AMR is 25% higher than in EUR among gnomAD populations.

*** Based on 35 Indigenous American individuals in the Human Genome Diversity Project (HGDP). Bolded where this population has the highest RAF.
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Variables CG (n=28) B-ALL (

Gender (n, male/female) 15/13 14/6
Age (median [IQR]) 7 [4-11] 3[29]
Age group

lto<5 9 (65%) 13 (65%)
5t0 <9 9 (5%) 1 (5%)
9to <14 7 (15%) 3 (15%)
14t0 <18 ‘ 3 (15%) 3 (15%)
Immunophenotyping

Common B-ALL (CD10") - 20 (100%)

Treatment risk stratification on DO

Low Risk (LR) - 13 (65%)
High Risk (HR) - 7 (35%)
Treatment risk re-stratification on D15

Low risk (LR) S 9 (45%)
High risk (HR) - 11 (55%)
Measurable residual disease on D35 ‘

MRD" - 9 (45%)
MRD - 11 (55%)

CG, control group; IQR, interquartile range; MRD, measurable residual disease.
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Generic
Name

Tisagenlecleucel

Axicabtagene
ciloleucel

Brexucabtagene
autoleucel

Idecabtagene
vicleucel

Lisocabtagene
maraleucel

Ciltacabtagene
autoleucel

Commercial
Name

Company

Indication

Target

Approved
FDA/EMA

Cost
per dose

Orphan
drug

Profit 2022

Kymriah

Novartis

Treatment of pediatric
and young adult
patients (age 3- 25
years) with B-cell ALL
that is refractory or in
second or later relapse.
Adult patients with (r/
r) LBCL
after two or more lines
of systemic therapy
including DLBCL,
HGBL and DLBCL
arising from FL.

CD19

August 17", 2017/
August 18" 2018.

$475,000

$139 M

Yescarta

Kite/Gilead

Treatment of adult
patients with (r/r)
LBCL after two or
more lines of
systemic therapy,
PMBCL, HGBL,
and DLBCL arising
from FL.

CD19

October 18", 2017/
August 23", 2018.

$373,000

$337 M

Tecartus

Kite/Gilead

Treatment of adult

patients with (r/r MCL).

CD19

July 24, 2020/
December 14", 2020.

$373,000

Yes

$82 M

Currently, there are only six FDA/EMA approved products for different cancer types.

——, No.

ABECMA

Bristol Myers
Squibb/Bluebird bio

Treatment of adult
patients with R/R
MM after four or
more prior lines

of therapy.

BCMA

March 26", 2021/
August 18™, 2021.

$545,000

$125 M

Breyanzi

Juno/Bristol
Myers Squibb

Treatment of adult
patients with r/r
DLBCL after two or
more lines of
systemic therapy,
HGBL, PMBCL, and
FL grade 3B.

CD19

February 5% 2021/
April 472022,

$470,940

$55 M

Carvykti

Janssen Biotech, Inc.

Treatment of adult
patients with relapsed
or refractory
multiple mieloma.

BCMA

February 28", 2022/
May 25™, 2022.

$504,344

$55 M
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Service

Associated
outcome o . .
oF Definition Result Implementation Interpretation
. outcome
interest
% of specimens arriving in <48hrs; Centralization of specialized diagnostic tests is feasible in
Timeliness based Ol'.l time betweefl specimen collection 94% Feasibility Mfﬂso; {ogisiics pose a challenge but knowledge gfzne.raﬁox? at
and arrival to centralized laboratory; from (n=612) institutions and knowledge transfer between institutions is
To to T, in Figure 3 feasible to meet the target.
% of patients with precise and timely
diagnostic confirmation; The workflows established meet the needs of patients with and
Effectiveness .based f)n the numbervof complete.‘ 100% Utility wiLho\An ALL. B ) -
diagnostic reports provided to treating (n=612) The results are useful to treating physicians making decisions
physicians over the total number of patient for patients with and without ALL.
specimens sent
% of ALL patients for whom all necessary
. clements .for prsjclse riskstratification at The consensus-derived diagnostic panel meets the needs of the
Patient- diagnosis were reported; 98.2% z % = X -
i Appropriateness patients with confirmed ALL; it allows precise and
centeredness based on the day 0 elements in the (n=505) L. . S
N . y comprehensive risk stratification.
consensus-derived diagnostic panel and
institutional protocol
% of consecutive patients with suspected
ALL who accessed the panel**; Secured financing and centralization of specialized diagnostic
Equi based on the number of patients with 93.9% Equi tests allows equitable access and offers same chance of risk-
uit uit
quity suspected ALL for whom a specimen was  (n=652) quity adapted therapy to all children with suspected ALL, regardless
sent over the total number of patients with of geographic location, health sector, or ability to pay

suspected ALL during the same period

*The definition of a complete diagnostic report varies depending on the morphology and immunophenotype identified. For a patient with ALL, it is the consensus-derived day 0 diagnostic panel.
For non-ALL, additional studies were only sent if deemed appropriate for the suspected diagnosis. Not all patients accessed MRD evaluation (see text for details).

**We have identified about 40 patients who presented to MAS member institutions but did not enter the Bridge Project. None were excluded due to their geographic location or ability to pay.
Patients were excluded due severe clinical deterioration, weekend presentation with urgent need to start therapy, lack of sufficient sample, or immediate transfer to a hospital with access to
specialized diagnostic studies.
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MRD D15 MRD D29 MRD D84

n (%) n (%) n (%)

n=407 n=37 n=32
*B cell ALL (n= n=305
463 patients) n=403 (87%) n=9 (1.9%) (65.9%)
<0.01% 197 (48.9%) 7 (77.8%) V 261 (85.6%)
>0.01% - <1% 147 (36.5%) 1(11.1%) 21 (6.9%)
>1% 48 (11.9%) | 0 (0%) 7 (2.3%)
No result available 11 (2.7%) 1 (11.1%) 16 (5.2%)
**T cell ALL (n= n=
42 patients) n= 4 (9.5%) 28 (66.6%) n= 22 (52.4%)
<0.01% 2 (50%) I 20 (71.4%) 19 (86.4%)
>=0.01% 2 (50%) 7 (25%) 2(9.1%)
No results available 1 (3.6%) 1 (4.5%)

*412 (88.9%) of 463 patients with B cell ALL had MRD performed at Day 15 or 29 and 305
(65.8%) at Day 84.

432 (76.1%) of 42 patients with T cell ALL had MRD performed at Day 29 or 15 and 22
(52.4%) at day 84.

AExisting billing bases do not have MRD results available
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Characteristic Value, n (%)

Sex (n, %)

Suspected ALL, Male (n=612) 325 (53.1%)
Confirmed ALL, Male (n=505) 268 (53.1%)
Age (years)

Suspected ALL, Median (IQR) (n=612) 6 (3-11)
Confirmed ALL, Median (IQR) (n=505) 6 (3-11)

Final diagnosis (n=612)

Acute lymphoblastic leukemia (ALL) 505 (82.5%)
Acute myeloid leukemia (AML) 42 (6.9%)
Other leukemias 4 (0.7%)
No evidence of leukemia 61 (10%)

Confirmed ALL, Immunophenotype (n=505)
B cell ALL 463 (91.6%)
T cell ALL 42 (8.3%)

Confirmed ALL, Age category (years; n=505)

<1 7 (1.4%)
1-10 347 (68.7%)
>=10 151 (29.9%)

Confirmed ALL, DNA Index (n=505)

Abnormal (High-Hyperdiploid; >1.16) 185 (36.6%)
Abnormal (Hyperdiploid; 1.05 -1.16) 60 (11.9%)
Normal (Diploid; 0.9 - 1.05) 248 (49.1%)
Abnormal (Hypodiploid; <0.9) 8 (1.6%)
Not processed 4 (0.8%)

Confirmed ALL, Karyotype (n=505)

Normal 131 (25.9%)
Abnormal 256 (50.7%)
No development 111 (22.0%)
Not processed 7 (1.4%)

Confirmed ALL, Abnormal Karyotype (n=256)*

Hyperdiploid 86 (17.0%)
Complex karyotype 50 (9.9%)
t(1;19) 19 (3.8%)
del(12)(p12-13) 10 (2.0%)
iAMP dup(21)(q21q22) 9 (1.8%)
t(9:22) 10 (2.0%)
t(4511) 5 (1.0%)
del(11)(q21q23) 108%) |
Type T/del(9)(p21) 3 (0.6%) ‘
Other 60 (11.8%)

Confirmed ALL, FISH (n=505)

Positive 364 (72.1%)
Negative 134 (26.5%)
Not processed 7 (1.4%)

Confirmed ALL, Positive FISH Results (n=364)*

Gene gains 149 (29.5%)
t(12;21); ETV6-RUNXI1 76 (15.0%)
iAMP21 43 (8.5%)
t(1;19); E2A/PBX1 38 (7.5%)
t(4;11); KMT2A 21 (4.2%)
1(922); BCR/ABL 16 (3.2%)
TRA/D(14) (q11.2)** 12 (24%)
CDKN2A del(9)(p21)** 9 (1.8%)

*The denominator for the percentages listed is total number of confirmed ALL (n=505).
**These are specific for T lineage ALL. Among the 42 patients with T-lineage, percentage
increases to 28.67% and 21.4%, for TRA/D(14) (q11.2) and CDKN2A del(9)
(p21), respectively.
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Date of Patients
first ship- ALL Sus-  ALL Con- on
Rent pected firmed MAS-
(n=16) (n=612) (n=505) ALL18
=349)

Institution Hospital Name Cohort

Hospital Infantil Teleton de Oncologia (HITO)

I tralized L

b Querétaro, Querétaro Centializes Laborstory
Hospital Pediatrico de Sinals

1 aspital Pedintrico/de Stnaloa 1 July 2019 95 74 July 2019 58
Culiacan, Sinaloa
Hospital General “Dr. Agustin O’Horan”

2 , . 1 uly 2019 107 89 uly 2019 85
Meérida, Yucatan Tuly Tuly
Hospital G 1 de Tij

S OSPIE SRem SR S kans NA* August 2019 1 1 NA* NA*
Tijuana, Baja California
Centro Estatal de Cancerologia “Dr. Miguel

s Dorantes Mesa” NA* :‘;)g“ ot 2021092; 15 15 NA* NA*
Xalapa, Veracruz eony
Hospital G 1 Especialidades | Mari

ospital General con Especialidades “Juan Maria December

5 de Salvatierra” 1 February 2020 16 16 2021 5
La Paz, Baja California Sur

Hospital Civil de Guadalajara “Dr. Juan I.
6 Menchaca” 1 May 2020 130 112 June 2020 104
Guadalajara, Jalisco

g Hospital de. ’Especxaln'dades Pediatricas 3 June 2022 i o January ia
Tuxtla Gutiérrez, Chiapas 2023
Hospital Infantil de Especialidades del Estado de

; January

8 Chihuahua 2 January 2022 11 9 2022 9
Chihuahua, Chihuahua
Hospital General de Celaya February

9 2 Febs 2022 18 10 10
Celaya, Guanajuato it 2022
Hospital General de Leon

10 2 Feb: 2022 29 21 uly 2022 14
Leon, Guanajuato ARy July
Hospital para el Nifio del Instituto Materno

11 Infantil del Estado de México, Toluca, Estado 2 March 2022 33 31 NA* NA*
de México
Hospital Materno Infantil del Instituto de
Seguridad Social March

12 2 March 2022 10 9 4
del Estado de México y Municipios, Toluca, are 2023

Estado de México

Hospital Infantil de Morelia “Eva Samano de
13 Lopez Mateos”™ 2 March 2022 65 55 May 2022 40
Morelia, Michoacan

Hospital del Nifio DIF-Hidalgo

> April 2022 32 30 NA* NA*
Hidalgo, Pachuca BE

Centro Estatal de Oncologia “Dr. Luis Gonzalez Betober
15 Francis” 2 July 2022 6 4 2022 3
Campeche, Campeche

Hospital Infantil de Tamaulipas

16
Ciudad Victoria, Tamaulipas

2 March 2023 3 3 May 2023 3

*NA, Not applicable; not actively participating in the Bridge Project.
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461

Registered cases

2021-2022
<20 years old

388
Cases 73
Puebla-Tlaxcala- Excluded

Oaxaca
<20 years old

Male 215 (55.4%)

Female 173 (44.6%)

ALL 317 (81.7%)

OL 4 (1%)

52 Not acute Leukemia

4 Chronic Leukemia

16 Other states

1 >20 years old

Immunophenotype

Risk Classification

(NCT)

B-cell 302 (95.3%)

T-cell 14 (4.4%)

ALAL 1 (0.3%)

Standard risk
105 (33.1%)

High-risk
212 (66.9%)
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18 1laxcala - Norte
19 Tlaxcala - Oriente

20 Tlaxcala - Poniente
21 Tlaxcala - Sur
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Larson- 2009 | Review of the literature; NOTCH activates mTOR independent of PTEN/PI3K/Akt.
Gedman A

etal. (14)

Cardoso BA 2009 | IL4 induced phosphorylation of mTOR downstream targets in T cell acute lymphoblastic leukemia. Moreover, they demonstrated that IL4

etal. (15) mediates proliferation of cells via mTOR-dependent regulation of cell cycle progression.
Lee K 2012 T lineage cells require an intact mTORC2 to execute the biological effects driven by Notch; NF-KB activity and expression are reduced in Rictor
et al. (16) KO cells, and mTOR depletion lowered CCR7 expression in leukemic cells, which causes decreased tissue invasion.

Martelli AM 2012 In T-cell acute lymphoblastic leukemia cells, both IL7 and IL9 could activate the PI3K/Akt (mTORCI1) complex and also MEK/ERK signaling.

etal. (17) Both pathways converge on elF4B, which is important for protein translation.

Hales EC 2013 NOTCH 1 activating mutations were identified in more than 50% of all T-cell acute lymphoblastic leukemia, which, in turn, can activate the
etal. (18) PI3K-Akt-mTOR signaling, which contributes to the repression of p53-mediated apoptosis.

Nemes K 2013 The activity of mTOR is related to phosphoproteins p4EBP1 and pS6 and may serve as marker of prognosis, as patients with poor prognosis
etal. (19) showed higher levels on ELISA analysis.

Okuhashi 2013 NOTCH knockdown cells suppressed the expression and phosphorylation of mTOR; activation of NOTCH increased the level of mTOR

et al. (20) protein and its phosphorylation at 24 to 48 h after the stimulation.

Gopal PK 2014 In most T-ALL cases, constitutive activation of PI3K/Akt/mTOR has been reported. Inhibition of Notch activation rendered mTOR in an
etal. (21) inactive state.

Wang L 2014 | Nucleophosmin/B23 (NPM) is a nuclear protein with prosurvival and ribosomal RNA processing functions; when it is downregulated, the
etal. (22) proteins in the PI3K/Akt/mTOR pathway are downregulated; in addition, this signaling pathway is involved in drug sensitivity with inhibition

of cell proliferation after NPM silencing.

HuY 2016 = Demonstrate that NOTCH 1 bound and activated the human DEPTOR promoter in T-cell acute lymphoblastic leukemia, which contributes to
etal. (23) cell proliferation and viability and promotes glycolysis in the cells.

Chan SM 2016 | The withdrawal of Notch signals prevents the stimulation of mTOR pathway by mitogenic factors in T-cell acute lymphoblastic leukemia; in
etal. (24) addition, it is implicated that c-Myc is an intermediary between the Notch and mTOR signaling

Wang Q 2016 | Samé68 is an RNA-binding protein and an adaptor molecule; when it is depleted, there is a downregulation in p-Akt. The expression of mTOR
etal. (25) was downregulated with the knockdown of Sam68 in T-cell acute lymphoblastic leukemia cells.

Oliveira ML 2018  They review the effects of IL7 and IL7R in T-cell leukemia; IL7 is capable of activating Bcl 2 in an mTOR-dependent way in T-cell leukemia, in

et al. (26) contrast to normal cells that require STAT 5 for this function.

Wang ] 2019 Reduced IGF-IR signaling leads to reduced levels of phospo-AKT, phospho-P70S6K, and phosphor-mTOR.

etal. (27)

Griininger 2022 | The leukemic cells were strongly dependent on MTORC2 complex (RICTOR) but not on RAPTOR (MTORCI) for proliferation and survival.
PK Pharmacological inhibition of mTOR caused an increased dependence on glucose for the cells.

et al. (28)
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Dutton A 2005 = Downstream effectors of PI3K including mTOR substrates $670 and 4E-BP-1 were phosphorylated in Hodgkin lymphoma cell lines and in Reed
etal. (9) Sternberg cells in vivo.

De ] 2010 | phospho-mTOR has nuclear and membranous expression in six cases of classical Hodgkin lymphoma nodular sclerosis type. The

etal. (10) immunohistochemistry data suggest that it depends on mTORC2.

Mark A 2013 | Hodgkin lymphoma showed higher mTOR activity compared to normal lymphoid tissue by tissue microarrays in 93% of the cases with BCL-XL
etal. (11) and NF-KB expression correlated with this m-TOR activity. In addition, Rictor (mTORC2) was overexpressed in one Hodgkin lymphoma. Six of

72 cases with low mTOR activity were in complete remission with at least 5-year disease-free survival, and high mTOR activity was detected in the
biopsies of all patients who had poor prognosis and died.

Arita 2013 | Review article in hematologic neoplasms and hyperphosphorylation of mTOR in Reed Sternberg cells by measurement of Akt and
etal. (12) downstream effectors

Morales 2020 | Review article for hematologic neoplasms; it is stated that Deptor protein expression is high in classical Hodgkin lymphoma.
Martinez

M

etal (13)
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Controls

Variable = n= 1054
V4]
Sex
Male 559 (53) 559 (53)
1.00
Female 495 (47) 495 (47)
Age group (years)
<1 38 (3.6) 37 (3.5) ‘
1-4 417 (39.5) 413 (39.2)
59 305 (28.9) 312 (29.6) 0.99
10-14 ‘ 234 (22.2) 232 (22)
15-17 60 (5.6) 60 (5.7)
Health Institution
IMSS 441 (42) 438 (41.6)
Minister of Health 581 (55) 584 (55.4) 0.99
ISSSTE 3203 32(3)

*Chi-square test.
IMSS, Instituto Mexicano del Seguro Social; ISSSTE, Instituto de Seguridad Social al Servicio
de los Trabajadores del Estado.
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Variable MC2R rs1893219 A>G GLCCI1 rs37972 C>T

n =323 n =348
AG+GG, n iOR (95% AjiOR CC+CT,n iOR (95% AjiOR P-
(Al (¢l)] (%) Cl) value
Birth weight (g)
2,501~ 53 (66.3) 113 (57.1) 1.0 1.0* 30 (62.5) 172 (62.5) 1.0* 1.0*
3,500
2,500 9 (11.2) 11 (55) 205 (0.80-5.24)  2.15 (0.84- 0.11 3(63) 22 (8.0) 0.78 (0.22-2.78)  0.78 (0.22- 0.70
5.54) 2.77)
>3,500 18 (22.5) 74 (37.4) 0.61 (033-1.12)  0.59 (0.32- 0.09 15 (31.2) 81 (29.5) 1.06 (0.54-2.08)  1.05 (0.54- 0.88
1.09) 2.07)
Mode of delivery ‘
Vaginal 44 (49.4) 97 (41.5) 1.0 1.0* 20 (392) 132 (44.4) 1.0*
C-Section 45 (50.6) 137 (58.5) 072 (044-1.18)  0.72 (0.44- 0.20 31 (60.8) 165 (55.6) 1.24 (0.68-2.28)  1.23 (0.67- 0.50
1.18) 2.26)
Maternal education ‘
29 years 56 (67.5) 177 (79.4) 1.0 1.0* 38 (76.0) 207 (74.2) 1.0* 1.0*
<9 years 27 (32.5) 46 (20.6) 1.86 (1.06-3.26)  1.99 (1.11- 0.02 12 (24.0) 72 (25.8) 0.91 (0.45-1.83)  0.93 (0.46- 0.83
3.55) 1.88)

n, number; iOR, interaction odds ratio; AjiOR, interaction odds ratio adjusted for race/ethnicity; 95% CI, 95% confidence interval.
Brazil, 2012-2020. * reference group.
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Controls Crude OR AdjOR

Geneifpe n (%) (95% Cl) (95% Cl)

CRHR1 683 (100) 379 (100)

15242941 C>A

loel 264 (38.7) 136 (35.9) 1.0*

CA 315 (46.1) 185 (48.8) 0.88 (0.67-1.16) 0.89 (0.68-1.18) 0.42
AA 104 (15.2) ‘ 58 (15.3) 0.92 (0.63-1.35) 0.80 (0.56-1.14) 0.22
DM 0.89 (0.68-1.15) 0.94 (0.64-1.37) 0.74
RM 0.99 (0.70-1.41) 1.01 (0.71-1.43) 0.97
MC2R 608 (100) 401 (100)

151893219 A>G

AA 180 (29.6) 85 (212) 1.0*

AG 275 (45.2) 192 (47.9) 0.68 (0.49-0.93) 0.68 (0.50-0.94) 0.02
GG 153 (25.2) 124 (30.9) 0.58 (0.41-0.83) 0.60 (0.42-0.85) <0.001
DM 0.64 (0.48-0.86) 0.65 (0.48-0.87) <0.001
RM 0.75 (0.57-0.99) 0.76 (0.57-1.00) 0.05
NR3CI e (100) 407 (100)

1541423247 G>C

GG 410 (59.2) 244 (60.0) 1.0*

GC 243 (35,1) 136 (334) 1.06 (0.82-1.38) 1.05 (0.81-1.37) 0.71
CcC 40 (5,8) 27 (6.6) 0.88 (0.53-1.47) 0.88 (0.52-1.47) 0.62
DM 1.03 (0.81-1.33) 1.02 (0.80-1.31) 0.86
RM 0.86 (0.52-1.43) 0.85 (0.51-1.41) 0.52
GLCCII 678 (100) 410 (100)

1s37972 C>T

cc 273 (40.3) 187 (45.6) 1.0*

GT 305 (45.0) 184 (44.9) 1.14 (0.87-147) 1.13 (0.87-1.47) 0.35
TT 100 (14.7) 39 (9.5) 1.76 (1.16-2.66) 1.75 (1.16-2.65) 0.01
DM 1.24 (0.97-1.59) 1.24 (0.97-1.59) 0.09
RM | 1.65 (1.11-2.44) 1.64 (1.11-2.43) 0.01

n, number; OR, odds ratio; 95% CI, 95% confidence interval; RM, recessive model; DM, dominant model; AdjOR, adjusted odds ratio by race. *, reference group.
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Variables ALL Controls

N =756 (%) N = 431 (%)
Sex
Male 428 (56.6) 233 (54.1) 039
Female 328 (43.4) 198 (45.9)
Race/skin color
Multiracial 407 (53.8) 240 (55.7) 053
White 349 (46.2) 191 (44.3)
ALL subtypes
BCP-ALL [ 654 (86.5) - -
T-ALL 102 (13.5) -
Variant frequencies*
CRHRI rs242941 C>A ‘ 0.38 0.40 -
MC2R 51893219 A>G 0.48 0.55
NR3CI rs41423247 G>C 0.23 0.23
GLCCII 1537972 C>T 0.37 032

N, number; ALL, acute lymphoblastic leukemia includes T-cell ALL and B-cell precursor ALL; NA, not applicable; (*) the Hardy-Weinberg equilibrium was tested for CRHR1, MC2R, NR3CI,
and GLCCI1. p-values = 0.70, 0.50, 0.18, and 0.50, respectively, among the control group.
Brazil, 2012-2020.
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ALL Controls

Variables N = 492 (%) N = 1,106 (%) Crude OR 95% CI p-value adj OR 95%CI  p-value
Child’s ethnicity ‘
‘White 250 (50.8) 559 (50.5) 1.00* 1.00*
Multiracial 242 (49.2) 547 (49.5) 0.91 (0.73-1.13) 0.400 1.11 (0.82-1.50) 0.514
Birth weight () |
<2,500 36 (7.3) 24 (2.2) 2.87 (1.64-4.91) 0.001 2.11 (1.02-4.33) | 0.044
2,501-3,500 313 (63.6) 635 (57.4) 1.00* 1.00*
>3,550 143 (29.1) 447 (40.4) 0.65 (0.51-0.83) 0.001 0.45 (0.32-0.65) 0.002
Mode of delivery \
Vaginal 226 (45.9) 547 (49.5) 1.00* 1.00* 0.004 ‘
C-section 266 (54.1) 559 (50.5) 1.14 (0.92-1.43) 0.230 1.59 (1.16-2.17)

Maternal schooling (years) ‘
<9 129 (26.2) 84 (7.6) 422 (3.12-5.72) 0.001 3.78 (247-5.83) 0.001
29 (ref) 363 (73.8) 1,022 (92.4) 1.00* 1.00*

Al variables are in the model; Unconditional analysis; C-section and birthweight adjusted by maternal age, ALL, acute lymphoblastic leukemia; *, reference.
Brazil, 2012-2020. g, grams; n, number; OR, odds ratio; C-section, Cesarean section; 1.00%, reference group.
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Variables

Total

N, 2136 (%)

Cases
N, 533 (%)

Controls
N, 1603 (%)

Leukemia Subtypes
BCP-ALL - 484 (90.8) -
T-ALL - 49 (9.2) -
Child's age (years) 0.001
0-5 1570 (73.5) 431 (80.9) 1139 (71.1)
>6 566 (26.5) 102 (19.1) 464 (28.9)
Mean (min-max) SD 3.7 (0.0-10) 2.8 3.5 (0.0-10) 2.5 3.0 (0.0-10) 2.9
Sex 0.85
Females 950 (44.5) 239 (44.8) 711 (44.4)
Males 1186 (55.5) 294 (55.2) 892 (55.6)
Child’s Ethnicity 0.99
‘Whites 1058 (49.5) 264 (49.5) 794 (49.5)
Multiracial 1078 (50.5) 269 (50.5) 809 (50.5)
Mode of delivery 0.60
Vaginal 976 (45.7) 242 (45.4) 734 (45.8)
C-Section 1157 (54.2) 291 (54.6) 866 (54.0)
MI 3(0.1) 0(0.0) 3(02)
Birth Weight (grams) 0.001
<2500 87 (4.1) 40 (7.5) 47 (29)
2501-3500 1246 (58.3) 323 (60.6) 923 (57.6)
> 3500 777 (36.4) 145 (27.2) 632 (39.4)
MI 26 (1.2) 25(4.7) 1(0.1)
Mean (min-max) SD 3362(1153-6125) 492,1 3250(1153-5200) 523,6 3398(1805-6125)473,2
Maternal Schooling (years) 0.001
<9 223 (10.4) 139 (26.1) 84 (52)
>9 1413 (66.1) 375 (70.4) 1038 (64.8)
MI 500 (23.4) 19 (3.5) 279 (17.4)
Mean (min-max) SD 10.7 (0.0-26) 3.48 10.9 (0.0-26) 4.29 10.6 (0.0-25) 3.03
Maternal age 0.001
<25 783 (36.7) 228 (42.8) 555 (34.6)
25-34 1009 (47.2) 228 (42.8) 781 (48.7)
>35 325 (15.2) 64 (12.0) 261 (16.3)
MI 19 (0.9) 13 (2.4) 6 (0.4)

Mean (min-max) SD

27.1(13.0-51.0) 6.2

26.3 (13.0-43.0) 6.8

27.0(18.0-51.0) 6.1

BCP-ALL, B-cell acute lymphoblastic leukemia; T-ALL, T-cell Lymphoblastic Leukemia; N, number; MI, missing information; SD, standard deviation; Min, minimum; max, maximum.

Brazil, 2012-2020.
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Gene-gene interaction
MC2R 151893219 A>G/ GLCCII rs37972 C>T

OR (95% CI)*  P-value

GG+AG/TT - 1.74 (1.07-2.83) 0.03
AA/CC+TT - 1.62 (1.17-2.24)  <0.01
AA+TT ——— 2.61 (1.16-5.87) 0.02

OR (95% CI)
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Child
Sex, girls % (57) (100)
Age, months [mean + SD] (109) (252)
Birth weight, grams [mean + SD] (109) (252)
Breastfeeding, yes % (96) 88.07 (226) 89.68 0.651
Breastfeeding, months [p50(p10,p90)] (109) 6.00 (0.00,15.00) (252) 7.00 (0.00,18.00) 0.242
Mother
Age at pregnancy, years [mean + SD] (109) 25.94 + 641 (252) 25.58 + 6.33 0.615
Education, years [p50 (p10,p90)] (109) 9.00 (6.00,15.00) (252) 10.00 (7.00,13.60) 0.833
Smoking before pregnancy, yes % (31) 28.44 77) 30.56 0.687
Smoking during pregnancy, yes % (4) 3.67 7) 278 0.740
Alcohol consumption during pregnancy, yes % (4) (31)
Tron supplement during pregnancy, yes % (76) (216)
Vitamins supplement during pregnancy, yes % (98) 89.91 (238) 94.44 0.119
Drug use for genital infection, yes % (15) 1376 (34) 13.49 0.945
Father
Age at pregnancy, years [mean + SD] (105) 28.79 + 7.87 (250) 28.85 + 7.39 0.944
Education, years [p50 (p10,p90)] (104) 10.50 (6.00,15.00) (245) 9.00 (6.00,14.00) 0.226
Smoking before pregnancy, yes % (48) 47.06 (141) 58.02 0.062
Alcohol consumption before pregnancy, yes % (88) 85.44 (222) 90.61 0.158
Family
State of residence, %
Mexico City (42) (132)
State of Mexico (67) (120)
Health institution, %
Ministry of health* (62) 56.88 (164) 65.08
0.139
Mexican Institute of Social Security (47) 43.12 (88) 34.92
Person/room ratio, [p50(p10,p90)] (109) (252) _

*Includes Secretary of Health, Secretary of Health of Mexico City, State of Mexico Institute of Health (ISEM, by its acronym in Spanish), Institute of Security and Social Services for State Workers

(ISSSTE, by its acronym in Spanish). Shadowed numbers correspond to case-control differences within the variable with a p value <0.05.
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Nutrients/day

Reference intake
values/day ?

% of sample below

Cases

Controls

Energy and nutrient daily intakes

Cases

Controls

P50 (P10,P90)

Energy, kcal NA 2271.09 (1402.20,3425.84) 2364.81 (1460.25,3650.83) 0.479
Protein, g 71g b 3853 45.24 V 78.08 (47.54,128.44) 74.41 (47.67,114.79) 0.332
Carbohydrates, g 175 11.93 6.35 306.59 (166.58,499.26) ‘ 305.31 (190.38,489.72) 0.961
Fiber, g 28 3119 33.33 34.48 (17.74,51.33) 34.32 (19.05,56.02) 0.539
Saturated fats, g NA 24.85 (14.35,36.75) 22.66 (14.95,34.56) 0.050
Monosaturated fats, g NA 32.72 (20.12,53.14) 3191 (21.18,46.45) 0.652
Polyunsaturated fats, g NA 26.33 (15.07,46.80) 25.29 (17.10,45.87) 0.897
Cholesterol, mg NA 277.79 (134.97,497.26) 264.38 (127.72,444.88) 0.159
Retinol, mcg NA 292.56 (155.53,807.02) 246.78 (133.98,880.49) 0.093
Alpha carotene, mcg NA 1300.83 (137.63,2367.48) 1306.67 (278.26,2399.87) 0.260
Beta carotene, mcg NA 3900.32 (1301.29,7308.64) 3965.01 (1593.87,7645.98) 0.249
Thiamin, B1, mg 14 29.36 2540 1.68 (0.97,3.28) ‘ 1.73 (1.05,2.86) 0.499
Riboflavin, B2, mg 14 16.51 19.84 2.01 (1.21,3.80) 1.90 (1.08,3.17) 0.207
Niacin, B3, mg 18 46.79 45.63 18.85 (10.83,32.55) 18.71 (11.26,30.47) 0.586
Pyridoxine, B6, mg 19 39.45 39.68 2.09 (1.13,3.45) 2.13 (1.21,3.64) 0.499
Folate, mcg 600 78.90 73.02 411.26 (253.45,761.83) 445.81 (267.07,770.73) 0.153
Vitamin B12, mcg 26 10.09 17.86 4.67 (2.46,9.26) 4.55 (2.13,11.18) 0.824
Vitamin C, mg 85 14.68 13.10 136.96 (72.92,303.12) 164.70 (73.91,346.25) 0.110
Alpha tocopherol, mg NA 12.14 (8.01,21.08) 13.02 (8.97,19.45) 0.090
Vitamin K, mcg 90 40.37 39.51 105.46 (48.87,239.62) 110.48 (50.28,289.56) 0.275
Choline, mg 450 82.57 84.13 334.93 (199.15,488.57) 324.35 (187.07,486.27) 0.372
Calcium, mg 1000 64.22 72.62 865.59 (476.66,1588.50) 823.54 (438.22,1346.87) 0.076
Phosphorus, mg 700 1.83 3.97 1725.75 (991.11,2637.98) 1528.02 (936.46,2537.78) 0.085
Magnesium, mg 350-360 * 43.12 48.02 1 386.05 (218.54,616.16) 367.31 (218.63,588.96) 0.646
Iron, mg 27 90.83 93.25 13.97 (8.17,26.55) 15.01 (8.84,25.10) 0.193
Zinc, mg 11 38.53 46.03 12.17 (6.93,18.48) 11.31 (6.74,20.13) 0.432
Copper, mg 1 12.84 15.48 1.52 (0.89,2.83) 1.56 (0.91,2.91) 0.737
Sodium, mg 1500 5.50 3.97 2866.48 (1676.82,4731.28) 2861.20 (1770.68,4579.40) 0.714
Potassium, mg. 4700 85.32 85.32 3259.95(1951.05,5162.42) 3289.71 (1983.73,5104.27) 0.857
Caffeine, mg NA 38.05 (2.99,166.39) 52.30 (9.23,86.17) 0.264
Theobromine, mg NA 8.75 (1.34,20.42) 8.75 (1.34,20.42) 0.302
Methionine, g NA 1.59 (0.95,2.51) 1.50 (0.92,2.32) 0.113
Betaine, mg NA 29.81 (12.85,60.44) 32.39 (13.77,55.69) 0.147

2 Dietary Reference Intakes from the IOM, 2005; ® based on g protein per kg of body weight for the reference body weight, *360 was selected as the comparison value. NA, not available.
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Quintiles of daily nutrients intake

Boys
OR (95% ClI)*

Protein, g
Carbohydrates, g
Fiber, g

Saturated fat, g
Monosaturated fat, g
Polyunsaturated fat, g
Cholesterol, mg
Retinol, mcg

Alpha carotene, mcg

Beta carotene, mcg

Thiamine, B1, mg
Riboflavin, B2, mg
Niacin, B3, mg
Pyridoxine, B6, mg
Folate, mcg

Vitamin B12, mcg

1.13 (0.96,1.34)
086 (0.73,1.02)
086 (0.72,1.02)
[ T
1.08 (0.91,1.27)
092 (0.77,1.09)
1.19 (0.99,1.42)
1.13 (095,1.35)
097 (0.81,1.15)

0.89 (0.75,1.05)

115 (0.97,1.36)

0.99 (0.83,1.17)

Vitamin C, mg
Alpha tocopherol, mg
Vitamin K, mcg
Choline, mg
Calcium, mg
Phosphorus, mg
Magnesium, mg
Iron, mg

Zinc, mg

Copper, mg

Sodium, mg

091 (0.77,1.09)
1.11 (0.93,1.32)

1.13 (0.95,1.33)

1.03 (0.87,1.22)

1.06 (0.90,1.25)
0.86 (0.72,1.02)

0.95 (0.80,1.12)

1.12 0.89,1.40)
0.98 (0.78,1.23)
091 (0.72,1.15)
1.16 (0.93,1.45)
1.03 (0.81,1.30)
0.86 (0.67,1.10)
1.27 (0.99,1.62)
1.22 (0.96,1.56)
1.07 (0.84,1.36)

1.02 (0.80,1.30)

1.07 (0.81,1.41)
076 (0.57,1.01)
0.76 (0.56,1.03)
Feiwan]
1.07 (0.82,1.40)
1.05 (0.80,1.37)
1.05 (0.78,1.41)
1.00 (0.75,1.34)
0.89 (0.67,1.18)

0.78 (0.59,1.04)

1.06 (0.83,1.35)

0.95 (0.75,1.21)
0.87 (0.69,1.12)

1.00 (0.79,1.25)

1.10 (0.87,1.39)

093 (0.71,1.23)

0.76 (0.56,1.03)

1.02 (0.80,1.28)
0.87 (0.70,1.10)
0.96 (0.75,1.22)
1.25 (0.98,1.59)
1.14 (0.91,1.42)
1.10 (0.88,1.38)
1.00 (0.79,1.26)
0.96 (0.76,1.22)
0.97 (0.77,1.22)
1.01 (0.80,1.29)

1.12 (0.89,1.41)

079 (0.58,1.07)
0.88 (0.66,1.17)

1.07 (0.81,1.42)

1.00 (0.75,1.33)

1.06 (0.81,1.40)

0.75 (0.55,1.00)

Potassium, mg
Caffeine, mg
Theobromine, mg
Methionine, g

Betaine, mg

0.89 (0.75,1.05)
0.87 (0.73,1.03)

1.02 (0.86,1.21)

0.90 (0.76,1.06)

0.93 (0.74,1.17)
0.89 (0.70,1.12)
1.00 (0.79,1.27)
1.14 (0.91,1.43)

1.05 (0.83,1.33)

0.7 (0.57,1.03)
086 (0.65,1.14)
1.16 (0.87,1.55)

125 (0.93,1.69)

*Adjusted by state of residence, person/room ratio, breastfeeding, maternal age at pregnancy, as well as maternal tobacco and alcohol consumption and supplement use of iron and vitamins
during pregnancy. Bold and shadowed numbers correspond to case-control OR differences > or <1.00 with P-value <0.05.
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ALL AML

adjoR 95% adjOR 95%
al a

Hematological malignancies 96 (20.3) 72 24
First-degree relatives
No 78 (81.3) 64 (88.9) 1.00* 14 (58.3) 1.00* -
Yes 18 (18.8) 8 (11.1) 0.86 (0.76-0.96) 10 (41.7) 1.16 (1.03-1.30) 0.012

Second-degree relatives

No 52 (54.2) 37 (51.4) 1.00* 15 (62.5) 1.00* =
Yes 44 (45.8) 35 (48.6) 1.03 (0.86-1.24) 9 (37.5) 0.96 (0.80-1.16) 0.708
Non-hematological malignancies 376 (79.7) 280 96
First-degree relatives
No 353 (93.9) 266 (95.0) 1.00* 87 (90.6) 1.00* =
Yes 23 (6.1) 14 (5.0) 0.96 (0.88-1.05) 9 (10.0) 1.03 (0.94-1.31) 0.466

Second-degree relatives

No 136 (36.2) 104 (37.1) 1.00* 32(33.3) 1.00* -

Yes 240 (63.8) 176 (62.9) 1.03 (0.95-1.11) 64 (66.7) 096 (0.89-1.04) 0398

ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; adjOR, adjusted odds ratio for age as a continuous variable; N, number; OR, odds ratio; CI, confidence interval.
*Reference group.
P-value means statistical significance (P < 0,05).
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Reasons n %
Insufficient sample 19 29
Flow Cytometer technical issues 14 22
Shipment/processing of the samples inactive at weekends and
. . 13 20
national holiday days
Diagnosis samples previously assessed in other Institution 6 9
(private, other state, etc.)
Parents did not consent to participate in the study/Refused g .
treatment initiation
Clinicians prefer to send the samples to a private laboratory 3 5
Samples were not possible to collect due to the critical condition 3 5
of the patient
The laboratory was closed due to intense volcanic emissions of 2 3
the Popocatepetl
Total 65 100
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CD45

CD19

cyCD79a
cyCD3
CD7
smCD3
cyMPO
CD20 X
CD58 X
CD66¢ . X
CD10 X X X
CD38 X X
smlgk X
cylgn X
CD33 X X
CD117 X X X
smIgM X
smlgh X
CD9 X X
nuTdT X X X
CD13 X X
CD22 X X
CD24 X
CD21 X
CD15 X X
NG2 X X
CD123 ‘ X X
CD81 X
CD2 X
CDla X
CD5 X
CD8 X
CD9%9 X
CD4 X X
HLA-DR X
CD16 X
CD11b X
CD35 X
CDé64 X
CD300e X
CD14 X
CD36 X
CD105 X
CD71 X
CD56 ‘ X
CD42a/CD61 X
CD203c X
CD41 X
CD25 X
CD42b X

Blast cells were discerned through the identification of the immaturity markers CD45 and
CD34. AL cases were systematically classified into five categories based on the specific cell
lineage affected: ProB-ALL (CD34,CD19,cyCD79a,), ProB-PreB-ALL (CD34.,CD19
+cyCD79a,), PreB-ALL (CD34.CD19,cyCD79a,), T-ALL (cyCD3,smCD3loCD7,), and
AML (cyMPO, or CD7,cyCD3.). Complementary markers were used for comprehensive
characterization to further delineate the blast population. AL, Acute leukemia; ALL, Acute
lymphoblastic leukemia; AML, Acute myeloid leukemia; CD, cyCD79a; cy, cytoplasmic; sm,
surface membrane; nu, nuclear.

The highlighted markers correspond to those associated with the lineage of the blast cells,
while the colored markers indicate the maturation stage.
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Induction

Prednisone Oral 40 mg/mE+2/d x 28 days
Vincristine v 1.5 mg/mE+2 days 1, 8, 15, and 22
Daunorubicin v 25 mg/mE+2, days 1, 8, and 15
L-asparaginase ™ 10,000 U/mE+2 days 4, 10, 15, and 19,
Etoposide v 200 mg/mE+2 days 22 and 29
Cytarabine v 300 mg/mE+2 days 22, 25, and 29
Consolidation

V Methotrexate v 2 g/mE+2 by 2 h IV infusion days 44 and 51

Folinic acid Oral 10 mg/mE+2 every 4 h x 12 doses

Maintenance therapy

6-Mercaptopurine

Methotrexate

Drug
Methotrexate
Dexamethasone

Cytarabine

Oral 50 mg/mE+2/day
Oral 20 mg/mE+2/week
Intrathecal therapy
Dose
12 mg/mE+2
4 mg/mE+2 Days 22 and 43 during induction therapy and every 8 weeks during maintenance therapy for 2 years

25 mg/mE+2

"Oral methotrexate rounded to the next full dose according to tablet size with monthly pulses of rotating combinations of the same drugs used for induction (vincristine, daunomycin, and
asparaginase x 3 weekly doses, etoposide and cytarabine x 2 weekly doses; and MTX + folic acid x 1).
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Treatment Coefficient = IC95%

anxiety state

with VR 27.95 26.62 0.000*
to 29.29

without VR 27.38 26.04 0.000*
to 28.73

“Dynamic panel by fixed effects < 0.05 R* = 0.94, p model = 0.000.

Treatment Coefficient  1C95%

anxiety feature

with RV 3237 31.00 0.000*
to 33.74

without VR 325 3111 0.000*
to 33.88

*Dynamic panel by fixed effects < 0.05 R? = 0.95, P model = 0.000.

Treatment Pain Coefficient 1C95%
with VR 177 147 t0 2.07 ‘ 0.000%
without VR 2 1.69 to 2.30 ‘ 0.000%

*Dynamic panel by fixed effects < 0.05 R* = 0.94, P model = 0.000.
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Time perceived

Median (min
— max)

Real time
Median (min
— max)

Week 1 | 30 (1 to 180) 87.5 (1 to 210) 0.08
Week2 | 40 (2 to 780) 120 (5 to 1440) 0.61
Week 5 | 20 (3 to 600) 40 (10 to 1440) 0.006*
Week 6 30 (8 to 960) 47.5 (25 to 1440) 0.28
Week7 | 25 (2 to 1080) 32.5 (17 to 1440) 0.24
Week 8 | 22.5 (2 to 40) 3 (5 to 60) 0.20

Statistical test = Mann Whitney U test.
* 1t shows statistical significance.
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Variable Pre-chemo- Post-chemo- P
therapy therapy
Median (min median (min
- max) - max)
Week Anxiety 27 (21 to 43) 27.5 (21 to 46) 0.75
1 state
Anxiety 29.5 (25 to 50) 32.5 (23 to 50) 0.20
feature
Pain 1(0to8) 2(0t09) 0.30
week Anxiety 26 (20 to 43) 28.5 (21 to 50) 0.25
2 state
Anxiety 31 (22 to 45) 335 (21 to 48) 0.14
feature
Pain 2(0t08) 2 (0to 6) 0.14
week Anxiety 28 (20 to 43) 23 (20 to 40) 0.04*
5 state
Anxiety 30.5 (21 to 48) 31 (22 to 42) 0.73
feature
Pain 1(0to8) 1(0to 6) 0.73
week Anxiety 27 (20 to 35) 24.5 (20 to 44) 0.28
6 state
Anxiety 31 (22 to 42) 31.5 (21 to 44) 0.72
feature
Pain 1.5 (0 to 2) 1.5 (0 to 4) 1.00
week Anxiety 24.5 (20 to 39) 24.5 (21 to 42) 1.00
7 state
Anxiety 30 (24 to 43) 31 (3to42) 0.70
feature
Pain 1.5 (0 to 2) 1(0to2) 0.44
week  Anxiety 23 (20 to 45) 24.5 (20 to 50) 0.40
8 state
Anxiety 32 (22t0 47) 32 (22 to 46) 1.00
feature
Pain 1(0to2) 1.5 (0 to 4) 1.00

*Regression of fixed effects for longitudinal data.
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Age-specific rate

0 - 14y 0-1
559 10 - 14 -19 ASIRw 0-14 ASIRw 0
clR n cR n clR
Male 52 | 4777 63 56.26 71 | 6239 | 29 2584 185 5540 55.28 215 4811 4817
All-AL ‘ Female 57 | 5426 43 39.77 53 | 4801 & 20 @ 1817 153 47.29 47.39 173 39.90 4024
Total | 109 = 5096 = 106 | 10600 124 = 5531 @ 49 = 2204 338 5135 51.46 388 44.07 4426
Subtype
Male 48 4410 52 4644 56 | 4921 | 26 | 2317 156 4656 46.62 182 40.73 4083
ALL | Female 47 | 4474 35 3237 35 | 3171 18 | 1635 117 3616 36.34 135 3113 3145
Total 95 = 4441 = 87 | 87.00 91 | 4059 | 44 | 1979 273 4148 4153 317 36.00 3621
Male 4 3.67 11 9.82 14 | 1230 3 267 29 8.56 837 32 7.16 7.12
AML ~ Female 9 857 8 7.40 16 | 1449 | 2 1.82 33 1020 1013 35 8.07 8.10
‘ Total 13 | 608 19 19.00 30 | 1338 5 225 62 9.27 933 67 | 76l 7.60
Male 0 — 0 - 1 088 0 -—- 1 029 0.30 1 0.22 0.22
Other  Female |1 0.95 0 -— 2 1.81 0 — 3 0.93 0.92 3 0.69 0.69
Total | 1 047 0 -— 3 134 | 0 -— 4 0.61 0.60 4 045 045
Immunophenotype
Male 46 | 4226 49 = 4376 52 | 4569 | 25 | 2228 147 4389 1393 172 3849 38.60
B-cell ~ Female 47 | 4474 35 3237 31 | 2808 | 17 | 1545 113 3492 35.15 130 2998 3033
‘ Total 93 | 4348 = 84 | 8400 83 | 3702 42 1889 260  39.50 39.59 302 3430 3453
Male 2 1.84 3 268 3 264 1 0.89 8 238 239 9 201 2.02
T-cell ~ Female 0 0.00 0 0.00 1 362 1 091 4 124 119 5 115 L12
‘ Total | 2 0.94 3 3.00 7 312 | 2 090 12 1.82 1.80 14 1.59 1.58
Male 0 -— 0 -— 1 088 0 — 1 030 029 1 022 022
ALAL‘ Female 0 -— 0 -—- 0 -— 0 -— 0 — -— 0 -— -—
‘ Total 0 -— 0 -— 1 045 0 -— 1 0.15 0.15 1 0.11 0.11

AL, acute leukemia; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; ALAL, acute leukemias of ambiguous lineage.
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Oasaca s E—
Hospital General de Zona 1 “Dr. Demetrio .
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Laboratoros Juircz private
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UMAE Hospital de especaldades CMN
Manuel Avia Camacho (San José) s
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Insituto de Seguridad y Sericios Sociles de
Pucbla | los Trabojadores al Servicio de Los Poderes del 1SSSTEP
Estado de Pucbla

Hospital Genera del Sur INsaB!
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Patient Agerange (2-5 Age Agerange Gender Morphology Coagulopathy ~ Transcript = Current status

number years old) range (13-18 PML RAR
(6-12 years old) 1 o
years old)
1 X Female Hypogranular 13200 | 3 No + Surveillance
2 X Male Hypogranular 23800 | 3 No + Surveillance
3 X Male Hypergranular | 12300 3 Yes + Surveillance
4 X Male Hypergranular | 2700 | 2 Yes + Relapse, after 60 months of diagnosis, under

remission and under surveillance.

5 X Female Hypogranular 15600 3 Yes + Surveillance

6 X Male Hypergranular 3400 2 No + Surveillance

7 X Male Hypergranular 12900 3 No + Surveillance

8 X Male Hypergranular 4500 | 2 Yes + Surveillance

9 x Male Hypergranular 10300 3 Yes + Surveillance

10 X Female Hypergranular | 5300 2 Yes + Surveillance

1 X Male Hypergranular 1600 | 2 No + Surveillance

12 x Female Hypergranular 36300 3 Yes - Surveillance

13 X Male Hypergranular 5900 2 No + Surveillance

1 X Female Hypergranular 5300 | 2 No + Surveillance

15 X Female Hypergranular 1700 1 No + Surveillance

16 X Female Hypergranular 3000 1 No + Surveillance

7 X Male Hypergranular 4000 1 Yes + Relapsed, after 14 months from diagnosis and died

because infectious complications

18 X Female Hypergranular 600 2 Yes + Surveillance

19 X Female Hypergranular | 1180 2 No + Surveillance

20 X Female Hypergranular 7000 | 2 Yes + Surveillance

21 X Male Hypergranular 16000 | 2 Yes + Surveillance

2 x Male Hypergranular 12000 | 2 O¥es + Died because of bleeding complications during

remission induction

*Relapse risk groups were defined as PETHEMA and GIMEMA (PETH/GIM) cooperative groups (10). Low risk =1, Intermediate risk =2, and high risk
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Patient Initial Cardiological Cardiologic Assessment End of Cumulative dose of Complications

number Evaluation treatment racyclines associated
(mgm?) with ATRA

1 Normal LVEF 70% Normal LVEF 67% 450 Pseudotumor cerebri

2 Normal LVEF 86% Moderate systodiastolic dysfunction LVEF 70% 450 Skin rash

3 Normal LVEF 78% Disfuncion systodiastolic ventricular. LVEF 70% 450 None

4 Normal LVEF 82% Normal LVEF 74% 900 Pseudotumor cerebri

5 Normal LVEF 65% Normal LVEF 64%. 450 None

6 Normal LVEF 74% Normal LVEF 69% 530 Differentiation
syndrome

7 Normal LVEF 75%. Normal LVEF 60%. 450 None

8 Normal LVEF 72% Normal LVEF 61%. 530 Pseudotumor cerebri

9 Normal LVEF 70% Normal LVEF 65% 450 None

10 Normal LVEF 64% LVEF 56%. Normal biventricular function. Mild 530 None

pulmonary insufficiency

11 Normal LVEF 65% Not found 350 None

12 Normal LVEF 63% Normal LVEF 60% 450 Differentiation
syndrome

13 Normal LVEF 58% Normal LVEF 56% 530 None

14 Normal LVEF 74% Normal LVEF 61% 530 None

15 Normal LVEF 67% Normal LVEF 64% 430 None

16 Normal LVEF 68%. Mild Normal LVEF 63%. Mild tricuspid insufficiency 430 None

tricuspid insufficiency

17 Reported as Normal LVEF Not found 900 None

18 Normal LVEF 67% Not found 530 None

19 Normal LVEF 62% Not found 530 None

20 Normal LVEF 59%. Not found 530 None

21 Normal LVEF 72%. Not found 530 None

22 Reported as Normal LVEF Not found — None

LVEEF, left ventricular ejection fraction.
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Advanced Testing Results Available

Sent n(%), N=749 IVARNEYZ )
Karyotype 472 (63) 341 (46)
DNA Index 12 (2) 2 (1.6)
t(12;21) ETVe- 592 (79) 538 (72)
RUNX1
t(1;19) TCF3/ 577 (77) 521 (70)
PBX1
(9;22) BCR-ABL1 604 (81) 550 (73)
t(4;11) KMT2A- 558 (75) 503 (67)
rearranged ALL
iAMP21 316 (42) 101 (13)
Range 2-81% 1.6-73%

Of the remaining 749 patients, advanced testing was sent for 2-81% of patients, depending on
the test. Results available are represented by the sum of all resulted tests (positive and
negative), excluding results listed as “not available” or “not interpretable.”.
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Remission induction
(all patients)

DNR 60 mg/m2/day (days 2, 4, 6, and 8)
ATRA 45 mg/m2/day (day 1 until CR)
Dexamethasone 2.5 mg/m2/12 h x 15 (if WBC >5 x 109/L)

Consolidation Low-risk Intermediate-risk High risk
(risk-adapted) (WBC <10 x 10°/L (WBC<10x10°%/L (WBC >10x 10°/L
Platelets > 40 x 10°/L) Platelets < 40 x 10°/L) Platelets < 40 x 10%/L)
DNR 25 mg/m2/day DNR 35 m2/day DNR 25 mg/m2/day
(days 1,2,3,4) (days 1, 2, 3, 4) (days 1, 2,3, 4)
ATRA 45 mg/m2/day x 15  ATRA 45 mg/m2/day x 15 Ara-C 1,000 mg/m2/day

(days 1, 2, 3, 4)
ATRA 45 mg/m2/day x 15

MTZ 10 mg/m2/day MTZ 10 mg/m2/day MTZ 10 mg/m2/day
(days 1,2,3) (days 1, 2, 3) (days 1,2,3,4,5)
ATRA 45 mg/m2/day x 15  ATRA 45 mg/m2/day x 15 ATRA 45 mg/m2/day x 15
DNR 60 mg/m2/day (day 1) DNR 60 mg/m2/day (days 1,2)  DNR 60 mg/m2/day (day 1)
ATRA 45 mg/m2/day x 15  ATRA 45 mg/m2/day x 15 Ara-C 150 mg/m2/8 h

(days 1, 2, 3, 4)

ATRA 45 mg/m2/day x 15

Maintenance 2 years

(all patients)

ATRA 45 mg/m2/day x 15 (every 3 months)
Methotrexate 15 mg/m2/day (weekly)
6-Mercaptopurine 50 mg/m2/day
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racteristic lue (%)

Evaluation of MRD, n (%)

Yes 516 (69.1)

No 231 (30.9)
MRD D8, n (%) 91 (17.6)
<0.01% 40 (44.0)
0.01-0.99% 28 (30.8)
>=1% 23 (25.3)
MRD D15, n (%) 131 (25.4)
<0.01% 82 (62.6)
0.01-0.99% 26 (19.8)
21% 22(16.8)
Not sent/not interpretable 1(0.8)
MRD D29, n (%) 112 (21.7)
<0.01% 82(73.2)
0.01-0.99% 21 (18.8)
21% 8(7.1)
Not sent/not interpretable 1(0.9)
MRD D42, n(%) 35 (6.8)
<0.01% 19 (54.3)
0.01-0.99% 9(25.7)
>1% 6(17.1)
Not sent/not interpretable 1(2.9)
MRD other, n(%) 147 (28.5)
<0.01% 106 (72.1)
0.01-0.99% 24 (16.3)

>1% 16 (10.9)
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N=727 (%)

Asparaginase

Systemic Hypersensitivity 39 (5.4)
Local reaction 27 (3.7)
Hypofibrinogenemia 16 (2.2)
Pancreatitis 19 (2.6)
Mild 11 (1.5)
Severe 8 (1.1)
Hyperglycemia 9(1.2)
Thrombosis 7 (1.0)

Indirect hyperbilirubinemia 1(0.1)





OPS/images/back-cover.jpg
Frontiers in
Oncology

Advances knowledge of carcinogenesis and
tumor progression for better treatment and
management

The third most-cited oncology journal, which

therapeutics and management strategies.

Discover the latest
Research Topics

Averue du Trbunal-Fédéral 34
1005 Lausanne, Switzeriand
nontersinor.

Contactus
+41(0215101700

2 frontiers | Research Topics






OPS/images/fonc.2023.1290505/fonc-13-1290505-i003.jpg





OPS/images/fonc.2023.1290505/fonc-13-1290505-i004.jpg





OPS/images/fonc.2023.1290505/fonc-13-1290505-i005.jpg





OPS/images/fonc.2023.1290505/fonc-13-1290505-g005.jpg
Performance of cell populations and soluble immunological mediators selected to classify B-ALL patients during induction therapy
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Proportion of subjects above the global median cut-off ———————

Overall signature of cell populations and soluble immunological mediators in B-ALL patients during induction therapy
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Integrative networks of cell populations and soluble immunological mediators in B-ALL patients during induction therapy
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Characteristic ETV6-RUNX/t(12,21) BCR-ABL/t(9,22) E2A/PBX/(1,19) MLL (4,11) iAMP21

n (%) n (%) n (%) n (%) n(%)
Not done 716 (33.8) 566 (26.7) 786 (37.1) 796 (37.6) 1,472 (69.6)
Negative 872 (412) 1,054 (49.8) 873 (41.3) 894 (422) 200 (9.5)
Positive 106 (5.0) 74 (3.5) 74 (3.5) 40 (1.9) 14(0.7)
Not available 419 (19.8) 417 (19.7) 377 (17.8) 380 (18.0) 424 (20.0)
Not interpretable 3(0.1) 5(02) 6(03) 6(03) 6(0.3)

ALL, acute lymphoblastic leukemia.
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MRD D8 MRD MRD D29 MRD D42 MRD Other n (%)
n (%) n (%) n (%) n (%)

Tested 31(27) 411 (35.5) 337 (29.1) 44 (3.8) 335 (15.2)
<0.01% 24 (774) 282 (68.6) 235 (69.7) 24 (54.6) 216 (64.5)
0.01%-0.99% 3(97) 59 (14.4) 57 (16.9) 12 (27.3) 66 (19.7)
>1% 4(129) 59 (14.4) 23 (6.8) 2 (46) 37 (220)
Sent, not interpretable 0(0) 2(05) 19 (5.6) 6 (13.6) 15 (4.5)
Data not found 0(0) 9(22) 3(09) 0(0) 1(03)

MRD, minimal residual disease; AL, acute lymphoblastic leukemia.
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of patients Year EFS% (95% Cl)

All patients
Overall EFS and OS 2,106 57.6+ 1.6 660 + 1.5
Abandonment-sensitive EFS and OS 2,106 545+ 1.6 621+ 15
Age
<1 year 59 267+ 93 303+ 8.8
1-10 years 1,422 641+ 18 <0.0001 743+ 16 <0.0001
>10 years 625 45433 498 +32
Trisomy 21 61 37.7+94 - 53.8 £ 10.6

MRD performed
Yes 1,151 663 + 2.4 753 2.2
<0.0001 <0.0001
No 955 47.6 £ 2.0 553 £ 2.0

Treatment modification

No substantial change 1,784 59.2 169 68.0 + 1.6
<0.0001 <0.0001
Substantial change 322 49.0 + 4.3 553 + 4.4
B-cell ALL
All B-cell 1,881 589+ 1.7 67.5 + 1.6
CNS status
CNS-1 1,495 61.1+ 1.8 69.6 + 1.7
CNS-2 45 54.1 £11.1 67.2 £10.3
0.038 0.34
CNS-3 37 440 + 104 587 £10.4
Traumatic 11e5 57.3+ 84 64.6 + 7.9

WBC at diagnosis
<50,000/mm* 1,556 629+ 18 709 + 1.8
<0.0001 <0.0001
250-100,000/mm* 167 423+37 532 +38
Initial risk group
Standard risk 591 70.5+ 2.8 798 + 2.5
<0.0001 <0.0001
High risk 1,480 54.6 £ 2.0 629+ 2.0

Translocations

(9;22)(BCR-ABL1) 71 40.5 = 10.4 45.6 £ 9.7
(12;21)(ETV6-RUNX1) 104 722+ 81 812+ 68
(1;19)(E2A-PBX1) 69 68.9 £ 9.6 <0.0001 711 £9.0 <0.0001
KMT2A rearrangement 38 332+ 121 38.1 £13.4
iAMP21 14 709 £ 19.1 675 +19.2
Ploidy
>50 chromosomes 82 84.4 £ 5.6 914 + 4.3
0.0046 0.0085
<50 chromosomes 490 65.0 £33 74.6 £ 3.0
MRD Day 15
Negative 267 745+ 43 <0.0001 79.2 £ 3.0 0.0002
Positive 109 56.2+9.3 644 + 8.6
MRD Day 29
Negative 216 75:7:1:51 834 £43
0.093 0.254
Positive 72 66.6 + 7.9 80.0 + 6.6
T-cell ALL
All T-cell 158 474+ 59 543 £59
CNS status
CNS-1 107 51.8+£6.8 60.5 + 6.7
CNS-2 4 50.0 + 35.4 50.0 +35.4
0.85 0.73
CNS-3 13 50.8 £ 20.6 50.8 +20.6
Traumatic 9 64.8 +38.5 64.8 + 38.5

EFS, event-free survival; OS, overall survival; MRD, minimal residual disease; CNS, central nervous system; WBC, white blood cell; ALL, acute lymphoblastic leukemia.
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Multivariable analysis

Univariate analysis

(N = 367)
Hazard ratio Hazard ratio p-value
Age
<1 10 2.19 (0.80-6.02) 1.93 (0.69-5.34)
0.0013 0.0064
1-10 264 Ref Ref
210 111 1.97 (1.34-2.89) 191 (1.27-2.87)
Sex
Male 206 0.87 (0.60-1.27) 0.4770
Female 179 Ref
WBC (x10°/mm?)
<50 296 Ref 04733
250 74 1.18 (0.75-1.86)
CNS status
CNS-1 315 Ref
0.2824
CNS-2 7 045 (0.06-3.24)
CNS-3 13 1.75 (0.76-4.00)
Molecular biology
Favorable 16 Ref
0.8230
Neutral 60 1.28 (0.37-4.41)
Unfavorable 29 1.50 (0.41-5.53)
[ Initial risk group
Standard ' 82 Ref 0.0103 Ref 0.0992
High 294 215 (1.18-3.93) 1.73 (0.90-3.32)
Final risk group
Standard 68 Ref
0.0813
High 272 1.75 (0.93-3.28)
Very High 10 326 (1.04-10.23)
MRD Day 15 status
Positive 109 2.15 (147-3.15) <0.0001 2.16 (1.47-3.18) <0.0001
Negative 267 Ref Ref

EFS, event-free survival; ALL, acute lymphoblastic leukemia; MRD, minimal residual disease; WBC, white blood cell; CNS, central nervous system.
Bold values are those that have a p value of less than 0.05.
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Nutrient concomitant intakes

Negative Positive

OR (95% ClI)

All (109, 252) 1.55 (0.68,3.56)
Girls (57, 100) 1.00 (0.49,2.02)
Boys (52, 152) = -

In the body of the table, we show associations (odds ratios and 95% confidence intervals) between the respective concomitant intake (positive or negative) and childhood leukemia in the whole
sample and by sex, that were adjusted by: residence, person/room ratio, breastfeeding, maternal age at pregnancy, as well as maternal tobacco and alcohol consumption and supplement use of
iron and vitamins during pregnancy. In the case of boys, the above models did not converge due to lack of sufficient relevant odds ratios (given by their magnitude and standard error) between
each nutrient and acute leukemia. On the bottom line of the table, the odds ratios and 95% confidence intervals of the interaction term are presented between: negative (continuous) concomitant
intake and sex (categorical), as well as positive (continuous) concomitant intake and sex (categorical). Each energy adjusted nutrient intake was log-transformed and classified as quintiles. Bold
and shadowed numbers correspond to case-control OR differences > or <1.00 with P-value <0.05.





OPS/images/fonc.2023.1255555/crossmark.jpg
©

2

i

|





OPS/images/fonc.2023.1255555/fonc-13-1255555-g001.jpg
Survival

Event Free Survival

10

08

13

04

02

00

10

08

06

04

02

00

° s ry——
R e
o '
H] 8
g
3
2
- 9
2 2
2 o O s
a 3
¢ L 8
] H
@ -
£ 3 g q
H 2
| k]
2 —
N |-
g 3 s
— oust erasn)
= NS sy
Rt o
8 { - Troumanewp o115 H]
Years Vears
< A
3 3
2 H |
— Rk ey P ooon o | — Neoawe ezen peoo0n o | = roqermen P ooo0n
T St -sen {2 Potmreion 3 {7 Vel
o 12 s e R o 1 2 ' s e o 12 s e s 0o






OPS/images/fonc.2023.1255555/table1.jpg
Characteristic Value, n (%)

Treatment hospital city

Guadalajara 419 (19.8)
Toluca 368 (17.4)
Pachuca 282 (13.3)
Culiacdn 170 (8.0)
Toluca 2 129 (6.1)
Xalapa 120 (5.7)
Monterrey 116 (5.5)
Tijuana 114 (5.4)
Querétaro 86 (4.1)
Leon 68 (3.2)
Mérida 68 (3.2)
Morelia 59 (2.8)
Tapachula 35(1.7)
La Paz 34 (1.6)
Ciudad Victoria 27 (1.3)
Chihuahua 21 (1.0)
Sex (n, %)

Male . 1,188 (56.1)
Age (years)

Median (SD) 6.3 (4.6)

Age category (years)

<1 59 (2.8)
1-10 1,430 (67.6)
>10 627 (29.6)

WBC at diagnosis (x10°/mm?)

Median (SD) 11.2 (110.7)
CNS status

CNS-1 1,810 (85.5)
CNS-2 67 (3.2)
CNS-3 61(29)
Not evaluated 47 (2.2)
Result not available 130 (6.1)
Immunophenotype

B cell 1,889 (89.3)
T cell 160 (7.6)
Test sent, not interpretable 17 (0.8)
Test not sent/requested 11 (0.5)
Result not available 39 (1.8)
Karyotype

46 460 (21.7)
<45 26 (1.2)
47-50 46 (2.2)
>50 82 (3.9)
Test sent, not interpretable 203 (9.6)
Test not sent/requested 554 (26.2)
Result not available 745 (35.2)
Trisomy 21

No 2,055 (97.1)
Yes 61 (2.9)

WBC, white blood cell; CNS, central nervous system.
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No. of Patients 3-Year EFS% 3-Year OS%

Characteristic

(+ SE) (+ SE)
All patients
Overall Abandonment sensitive 746 60.96 + 1.86 - 67.19 + 1.80 -
Overall 746 7102 + 1.85 - 7959 + 1.67 -
Age
<1 year 14 5000 + 13.36 5000 + 13.36
1-10 years 525 75.84 + 2.07 <0.0001 8398 + 1.80 <0.0001
>=10 years 207 6021 + 3.84 7057 + 3.65
Trisomy 21
Yes 13 53.85 + 14.93 6838 + 14.53
0.1078 0.1445
No 724 7146 + 1.86 79.86 + 1.68
Ploidy
>50 chromosomes 53 8335+ 592 89.52 +4.90
0.1829 0.1813
<50 chromosomes 285 75.82 + 2.83 81.10 + 2.62
Translocations
1(9:22)(BCR-ABL1) 24 47.73 £ 11.50 60.67 + 12.03
1(12;21)(ETV6-RUNX1) 76 8573 + 4.29 91.55 + 3.41
t(1;19)(TCF3-PBX1) 43 81.08 + 6.79 <0.0001 8629 +6.15 <0.0001
KMT2A-rearranged ALL 11 N/A 11,67 +10.97
iAMP21 11 81.82 + 14.24 81.82 + 14.24
Treatment modification
Substantial change 72 5142 + 6.54 65.56 + 6.50
0.0028 0.0219
No substantial change 673 7324 £ 1.90 81.12 £ 1.70
B-cell ALL
All B-cell 687 7276 + 1.89 - 80.70 + 1.70 -
CNS status
CNS-1 352 7379 + 2.54 7896 +2.36
CNS-2/CNS-3 7 3333 +£19.25 0.0970 5000 + 20.41 0.0598
Traumatic 18 61.11 + 11.49 7143 £ 11.02
WBC
<20,000/pL 442 7921 +2.13 86.00 + 1.84
20-50,000/pL. 114 64.76 + 5.09 71.10 + 4.85
<0.0001 0.0007
50-100,000/uL. 62 55.84 + 6.89 69.41 + 6.68
2100,000/uL 64 56.15 + 7.29 69.90 +7.25
Initial risk group
Standard risk 353 79.61 + 2.31 86.14 + 2.00
0.0001 0.0148
High risk 332 6523 + 3.02 7471 £ 2.82
i
MRD Day 15
Negative 72 80.08 + 4.91 80.06 + 4.91
0.5961 0.1970
Positive 43 8140 +7.17 8825 +5.93
MRD Day 29
Negative 74 9532 +2.78 96.88 +2.29
<0.0001 0.0002
Positive 24 5115 + 11.31 84.69 +9.19
T-cell ALL
All T-cell 56 49.85 +7.21 - 6595 +7.15 -
CNS status
CNS-1 28 5000 +9.45 59.86 +9.48

“No relevant comparison.
NA, not applicable.
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Cluster Population at ri Observed cases Prevalence rat Excess risk P
Metropolitan Zone of 1 (west-central) 10,612 6 57 23 0.00032
Merida
2 (downtown) 30,984 14 45 19 0.00032
3 (East-central) 21,633 12 55 23 0.00032
Metropolitan Zone of 1 (north-central) 31,496 6 19 0.8 >0.05
San Luis Potosi
2 (downtown) 36,430 7 19 0.8 >0.05
3 (South-central) 33,302 7 21 09 >0.05
State of Mexico 1 (north-central) 17,305 8 4.6 1.9 0.00046
2 (central) 327,462 39 12 05 >0.05
3 (south-central) 27,439 15 55 22 0.00046
Tijuana 1 (west) 60,067 21 35 14 0.034
2 (east) 112,841 38 34 14 0.034

“Average data from 2010 and 2020 of the National Institute of Statistics and Geography (INEGI).

PRate calculated per 10,000 inhabitants.
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, N=752

Treatment center

Caja Petrolera Salud- Santa Cruz, Bolivia 1.2 (9)
Sociedad de Lucha Contra El Cancer SOLCA- Loja, Ecuador 5.3 (40)
Sociedad de Lucha Contra El Cancer SOLCA-Quito, Ecuador 24.1 (181)
i:::iclizln(’i; S:g::; Universidad Nacional de Asuncion- 262 (197)
Instituto Nacional de Enfermedades Neoplasicas- Lima, Peru 43.2 (325)
] Sex
Male 54.4 (409)
Age (years)
Median, IQR 5.52 (7.29)
Immunophenotype
B-cell 92.1 (690)
T-cell 7.5 (56)
Mediastinal Mass 4.1 (31)
Testicular involvement 0.2 (1)
Total WBC at diagnosis (x103/pL), Median, (IQR) 11.7, (36.5)
Risk group at the start of treatment
Standard 47.8 (357)
High 51.9 (388)
CNS status at diagnosis 57.3 (429)
CNS 1 (0 blasts) 93.7 (402)
CNS 2 (>1 blasts, <5 leukocytes/HPF) 1.6 (7)
CNS 3 (>1 blasts, >5 leukocytes/HPF) 0.7 (3)
Cranial Nerve Palsy 1.9 (8)
Results not available 2.1(9)
Not evaluated 42.7 (320)
Risk group at end of induction
Standard 36.5 (275)
High 50.0 (375)
Very high 39 (29)
Results not available 2.1 (16)
Missing 7.6 (57)

Follow-up information available 99.2 (746)
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Sex

Age group (years)

Metropolitan Zone of Merida Female 33 347 0-4 34
5-9 17 17.9
Male 62 65.3 10-14 30 316
15-19 14 147
Metropolitan Zone of San Luis Female 16 41.0 0-4 4 103
Potosi
5-9 17 43.6
Male 23 59.0 10-14 8 20.5
15-19 10 256
State of Mexico Female 93 48.4 0-4 15 7.8
5-9 70 36.4
Male 99 51.6 10-14 61 318
15-19 46 240
‘ Tijuana Female 40 342 0-4 38 325
5-9 35 29.9
Male 77 65.8 10-14 20 17.1
15-19 24 20.5
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