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Cytogenetic changes in oral mucosal cells of human
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undergoing antiretroviral treatment
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SUMMARY

OBJECTIVE: The objective of this study was to evaluate possible cytogenetic changes in children and adolescents with human immunodeficiency
virus on antiretroviral therapy, through the micronucleus test in oral mucosa.

METHODS: This was a prospective study consisted of 40 individuals, of whom 21 comprised the human immunodeficiency virus group and 19
comprised the control group. Children and adolescents with human immunodeficiency virus were enrolled. The inclusion criteria were <18 years
old and consent in participating in the study. The exclusion criteria were the presence of numerous systemic comorbidities, oral lesions, the habit of
smoking, alcohol consumption, and X-rays or CT scans taken within 15 days prior to sample collection. A gentle scraping was performed on the inner
portion of the jugal mucosa on both sides. A total of 2,000 cells per slide were analyzed for the determination of mutagenicity parameters as follows:
micronuclei, binucleation, and nuclear buds. For measuring cytotoxicity, the following metanuclear changes were evaluated: pyknosis, karyolysis, and
karyorrhexis, in a double-blind manner. The repair index was also evaluated in this setting.

RESULTS: The human immunodeficiency virus group showed high frequencies of micronuclei (p=0.05), binucleated cells (p=0.001), and nuclear
buds (p=0.03). In the cytotoxicity parameters, represented by the cell death phases, there was an increase with statistical difference (p<0.05) in the
karyorrhexis frequency (p=0.05). Additionally, repair index was decreased in the human immunodeficiency virus group.

CONCLUSION: These results indicate that human immunodeficiency virus -infected individuals undergoing antiretroviral therapy have cytogenetic
changes in oral mucosal cells.
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INTRODUCTION

to their mechanism of action. There are more than 25 drugs

Currently, 79 million people have been infected worldwide with
the human immunodeficiency virus (HIV), whose predilection
for immune system cells, which induces acquired immunode-
ficiency syndrome (AIDS), has been responsible for the death
of 39 million people since the beginning of the epidemic'.
Still, it is responsible for 88% of contaminations of children
up to 13 years. From this age, the main route of contamination
is sexual. During the past 10 years, there has been an increase
of 64.9% in young males aged 15-19 years, while there has
been a significant decrease among women in this age group”.

Antiretroviral therapy (ART)), started in the late 1980s, has
been constantly evolving, acting especially on the replication
of the virus in several stages and combining different classes

of antiretrovirals. Antiretroviral drugs are classified according

divided into six types: nucleoside reverse transcriptase inhibi-
tors, non-nucleoside reverse transcriptase inhibitors, protease
inhibitors, fusion inhibitors, integrase inhibitors, and entry
inhibitors. In fact, ART has shown a reduction in mortality
and a significant increase in survival. It also shows an improve-
ment in the quality of life and suppression of viral load in many
cases, which decreases the chance of transmission, preventing
vertical transmission>®. In 2004, a study reported that only
26% of children achieved complete viral suppression with
72 weeks of ART?, in contrast to the percentage observed
by Gulick et al.® whose remission in adults was 89% after 48
weeks of ART treatment. In the same study, Aboulker et al.”
demonstrated 30% of selection of HIV resistance mutations

in children, leading to virological failure, and emphasized the
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importance of early initiation of ART in children. In Europe
and the United States, the infant mortality rate fell between
80 and 90% after the introduction of ART, and although it
is considered a chronic disease at present, it is estimated that
the survival of these children is 30 times lower than a healthy
child®. However, metabolic, neurological, cardiovascular, renal,
and cancer disorders are the complications not related to AIDS,
but related to the set of aging conditions mediated by HIV, or
even by the persistent inflammatory immune process, even if

under treatment”'°.,

Micronuclei (MN) are small fragments of nuclei (DNA),
present in the cytoplasm of nucleated cells, and are used as a
sensitive biomarker of chromosomal damage, genome instability,
and mutagenicity'"'%. MN originate during cell division, from
a damage that exceeds the repair capacity, which can lead to the
loss of an entire chromosome (aneugenic event), or a chromo-
some fragment (clastogenic event), and that in the final phase
of cell division, telophase, receive a nuclear envelope, giving a
similar appearance to the nucleus with a smaller size in relation
to the main nucleus'. In the 1980s, Stich and Rosin proposed
a modification capable of identifying such MN in exfoliated
cells of the oral mucosa', with the advantage of being a less
invasive test and easy to perform in relation to other genetic
tests. This methodology has since proved to be an important
biomarker of effect, versatile, and low cost, which focuses on
prevention, predicting an interaction between a chemical, phys-
ical, or biological substance, with biological receptors, ideally
when there is no disease. It should be noted that these are not
diagnostic tests", but internationally recognized tests, which
are considered robust, simple, and amenable to automation,
with established regulatory guidelines'®. Based on the infor-
mation presented, the objective of this study was to evaluate
possible cytogenetic changes in children and adolescents with
HIV on ART, through the micronucleus test in oral mucosa.

METHODS

Casuistics
The study was approved by the Institutional Human Ethics
Committee from Federal University of Sao Paulo, under the
protocol 0485/2019. All the legal guardians of participants
signed the informed consent form and participants signed the
assent form.

This prospective study consisted of 40 individuals; of
whom 21 comprised the HIV group and 19 comprised the
control group. All participants received detailed informa-
tion about the project and the consent form was delivered
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to children and adolescents (<18 years), after being signed
by their respective guardians. Children and adolescents
(aged from 0 to 18 years), with HIV were enrolled, who
were regularly monitored at the Specialized Child Care
Service (SAE infantil) in the city of Santos — S, Brazil,
and whose total was 21 people from August to December,
2019. The inclusion criteria were <18 years old and con-
sent in participating in the study. The exclusion criteria
were the presence of systemic comorbidities, oral lesions,
the habit of smoking, alcohol consumption, and X-rays or
CT scans taken within 15 days prior to sample collection.
A single examiner, a dentist, collected, stained, and examined
the unidentified samples. The control group was enrolled by
direct approach randomly in public places in the city of Santos

— SP. Exclusion criteria were similar to that of HIV group.

Micronucleus test in oral cells
The buccal mucosal MN test followed the protocol described
by Belien et al.”” With the aid of a wooden spatula previously
moistened in saline solution, a gentle scraping was performed
on the inner portion of the jugal mucosa on both sides, for
approximately 10 times each side. The material was deposited
on a clean and dry histological slide. The slides were stained
by Feulgen-Fast-Green technique. A total of 2,000 cells per
slide were analyzed, at 1,000” magnification, for the determi-
nation of MN, binucleation (BN), and nuclear buds (NB),
and cytotoxicity parameters such as pyknosis (PK), karyoly-
sis (KL), and karyorrhexis (KR) in a double-blind manner.
The correct identification of such parameters was established
by Bolognesi et al.’®. For this purpose, the following criteria
were established for the correct identification of cytogenetic
changes of MN: (1) intact main nucleus and cytoplasm; (2)
one-third diameter of the main nucleus; (3) similar stain and
texture of the main nucleus; and (4) MN in the same focus
as that in the main nucleus; KR: the nucleus may also exhibit
extensive fragmentation indicative of advanced nuclear frag-
mentation; BN: two main nuclei within a single cell and the
nuclei are of similar size and staining intensity; NB: the main
nucleus has a sharp constriction forming a bud of nuclear mate-
rial being attached to the main nucleus by a narrow or wide
nucleoplasmic bridge; PK: the nucleus is small and shrunken
with a diameter that is approximately one-third of that in a
fully differentiated cell being uniformly and intensely stained;
and KL: they do not have a DNA-containing nucleus or other
structures that stain with Feulgen.

The repair index (RI), proposed by Ramirez and Saldanha',
represented by the formula RI=(KL+KR)/(MN+NB), was also
evaluated in this setting.
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Statistical analysis

All data were submitted to the normalization using Kolmogorov-
Smirnov test. After that, non-parametric data were confirmed
by all data collected in this setting. The test used to evaluate the
metanuclear alterations and DNA RI between the control group
and HIV was the non-parametric Mann-Whitney U test. The sta-
tistical significance level was set at 5%. The statistical analysis was
conducted by the Bio Stat software (version 5.0, Maringd-Brazil).

RESULTS

In the HIV group, there was an exclusion of only one transsex-
ual teenager, who was a smoker and also used other drugs such
as LSD ((lysergic acid diethylamide) and ecstasy (3,4-meth-
ylenedioxy-methamphetamine). The distribution was 9 boys
and 11 girls, all of whom reported good eating habits including
fruits, except the 4-month-old baby who used milk formula.
Only one adolescent reported occasional use of marijuana and
eight reported the use of mouthwash. Only 4 cases were in treat-
ment between 1 and 3 years, and the other 16 cases were in treat-
ment from the beginning of life. Regarding the control group, all
participants were included and the distribution was 8 boys and
11 girls, of whom 6 reported using mouthwash and none were
using any medication. The groups are represented in Table 1.

The HIV group presented an increase in statistical difference
(p=0.05) in relation to the control group in the parameters of
mutagenicity, the frequency of MN (p=0.05), BN (p=0.001),
and NB (p=0.03), as shown in Table 2.

In the cytotoxicity parameters, there was an increase in sta-
tistical difference in the frequency of KR (p=0.05). KL and PK
showed no significant increase (p>0.05), as shown in Table 2.
Finally, the RI shown in Table 2 suggests a higher repair capac-
ity in the control group when compared to the HIV group.

DISCUSSION

Our results demonstrated that children infected with HIV
undergoing ART therapy possess cytogenetic damage in the

oral mucosa as depicted by increasing mutagenicity, cytotoxic-
ity, and low DNA repair capacity. It is important to highlight
that the success of ART is undeniable in relation to the higher
life expectancy and quality of life, giving chronicity status to
the infection caused by HIV. However, the side effects of ART
are well documented and others are still being studied. There
are 12 types of drugs used in this HIV group, in different con-
jugations, always using a cocktail of at least 3 drugs per individ-
ual, according to the guidelines commonly used for the man-
agement of HIV infection. Nucleosides reverse transcriptase
inhibitor drugs are essential constituents that make up ART,
and patients in general receive two drugs of this class in combi-
nation with a third active drug of another class". This protocol
may change according to the body response, from the viral load
and clinical response, and which can be influenced by both virus
mutations and individual interruptions or adverse reactions in
treatment. In a study with mice, alterations such as hepatocel-
lular adenomas, carcinomas, and pulmonary alveolar/bron-

chiolar adenomas were reported with the use of tenofovir and

Table 1. Demographic characteristics of study participants.

Control group HIV group

Mean age 6.9 (4.9) 13.1(4.72)
Gender 8/11 M/F 9/11 M/F
Time of therapy (years) - 9.3+6.1
Time of infection (years) - 9.4+6
Educational level

Primary level 19 21

Secondary level 0 0
Ethnicity

Black 0 0

White 14 11

Mixed 5 10
Use of mouthwash 6 8
Use of illicit drugs 0 1

Table 2. Total number [Median (Min-Max)] of oral cells presenting genotoxicity, cytotoxicity,and DNA repair index in children infected with human

immunodeficiency virus undergoing antiretroviral therapy

Groups Karyolysis | Karyorrhexis Pyknosis Micronucleus | Binucleation | Nuclear bud (KL+KR)/
P (KL) (KR) (PK) (MN) (BN) (NB) (MN+NB)

Control 1,633 199 227
(n=19) (1,556-1,748) (50-328) (é 34) (64-285) (O 1) (O 1) (O 1) (31-309)
HIV 1,618 220.5 435 1225 15 1.5 0 91
(n=20) (1,450-1,704) | (175-266) (34-53)* (63-182) (1-2)* (1-2)* (0-0) (33-309)*

*p<0.05 when compared to control.
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efavirenz®, but this risk with tenofovir and entecavir in humans
was not evident in the recent review published by Tseng et al.?!
Nephrotoxic effects, liver disease, and bone hypomineralization
have been described in nucleoside reverse transcriptase inhib-
itor drugs®. In this study, the HIV group presented statistical
difference in all mutagenicity parameters (MN, NB, and BN),
in relation to the control group of healthy children and ado-
lescents submitted to ART.

Regarding cytotoxicity, parameters were also altered, specif-
ically in KR, which may suggest that the organism is constantly
being challenged, by the mechanisms of cell cycle control and
tissue death. We can still observe that even with an increase in
the rate of cell death, which could mask the presence of muta-
genic alterations, MN, NB, and BNs were increased in the HIV
group, which suggests a high mutagenicity detectable by the
proposed methodology. These results were confirmed by the
decrease in the efficiency of the repair system in the experimen-
tal group. Despite few studies involving children, in 2007, Witt
et al.?? evaluated the chromosomal damage of infants exposed
to ART by transplacental route and observed increased MN
in erythrocytes in these infants born to seropositive mothers,
who used zidovudine during pregnancy, and were also prophy-
lactically medicated for 6 weeks after birth. The genotoxicity
and mutagenicity of this drug had already been described in
other studies in vitro and in animal models®. In 2013, Olivero
et al.* observed that the use of ART, with reverse transcrip-
tase inhibitor drugs (zidovudine, lamivudine, abacavir, and
nevirapine) in the offspring of pregnant monkeys not carrying
HIV, which were medicated during pregnancy and after birth,
revealed genomic instability and mutagenic effects that per-
sisted for 3 years (final year of research). Moraes Filho et al.”
evaluated that cytotoxicity and genotoxicity of different con-
centrations of ART composed of tenofovir, lamivudine, and
zidovudine, lamivudine, and efavirenz, in mice, through the
comet assay and bone marrow micronucleus test. The increase
of MN in buccal mucosal cells was observed by Lima et al.?,

REFERENCES

1. Borges JMC, Pinto JA, Ricas J. Criancas e adolescentes vivendo
com HIV/aids: “que doenca é essa?”. Reverso, Belo Horizonte
37:67-73. [cited on Feb 23, 2022] Available from: http://
pepsic.bvsalud.org/scielo.php?script=sci_arttext&pid=S0102-
73952015000200009&Ing=pt&nrm=iso

2. Ministério da Saude. Secretaria de vigilancia em saude. boletim
epidemiologico especial. Dez.2020. 68p. Boletim Epidemioldgico
HIV/Aids 2021 | Departamento de Doencas de Condicoes Cronicas
e Infeccoes Sexualmente Transmissiveis. [cited on Mar 03, 2022]
Available from: http://www.aids.gov.br/pt-br/pub/2021/boletim-
epidemiologico-hivaids-2021

4

in adults with HIV using ART, with low viral load. Our results
are in line with the studies identified above that evaluated the
effects on rodents and adult individuals.

This study has some limitations. First, it was not possible to
evaluate to what extent ART only is able to induce cytogenetic
damage in oral cells. Second, the lack of previous research studies
on the topic compromise an in-depth discussion regarding the
data. Taken together, our results indicate that children infected
with HIV and submitted to ART demonstrate genomic dam-
age and cytotoxicity in buccal cells. However, further studies
are necessary to elucidate the issue.

ETHICS APPROVAL AND CONSENT

TO PARTICIPATE

The project was approved by the Research Ethics Committee
of UNIFESP (Federal University of Sio Paulo) under proto-
col number #3.461.911.

AVAILABILITY OF DATA
AND MATERIALS

Data sharing are available upon request.

AUTHORS’ CONTRIBUTIONS

MESA: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Software,
Validation, Visualization, Writing — original draft, Writing —
review & editing. MMC: Conceptualization, Data curation,
Supervision, Writing — original draft. DVS: Methodology,
Software, Validation, Visualization. DAR: Conceptualization,
Formal Analysis, Funding acquisition, Project administra-
tion, Resources, Supervision, Visualization, Writing — original
draft, Writing — review & editing. CMCBM: Data curation,
Investigation, Writing — original draft.

3. Nance RM, Delaney JAC, Simoni JM, Wilson IB, Mayer KH,
Whitney BM, et al. HIV viral suppression trends over time among
hiv-infected patients receiving care in the United States, 1997
to 2015: a cohort study. Ann Intern Med. 2018;169(6):376-84.
https://doi.org/10.7326/M17-2242

4, Portilla-Tamarit J, Reus S, Portilla |, Fuster Ruiz-de-Apodaca MJ,
Portilla J. Impact of advanced HIV disease on quality of life and
mortality in the era of combined antiretroviral treatment. J Clin
Med. 2021;10(4):7 16. https://doi.org/10.3390/jcm 10040716

5. Aboulker JP, Babiker A, Chaix ML, Compagnucci A, Darbyshire
J, Debré M, et al. Highly active antiretroviral therapy started
in infants under 3 months of age: 72-week follow-up for CD4
cell count, viral load and drug resistance outcome. AIDS.

Rev Assoc Med Bras. 2023:69(10):e20230397


http://pepsic.bvsalud.org/scielo.php?script=sci_arttext&pid=S0102-73952015000200009&lng=pt&nrm=iso
http://pepsic.bvsalud.org/scielo.php?script=sci_arttext&pid=S0102-73952015000200009&lng=pt&nrm=iso
http://pepsic.bvsalud.org/scielo.php?script=sci_arttext&pid=S0102-73952015000200009&lng=pt&nrm=iso
http://www.aids.gov.br/pt-br/pub/2021/boletim-epidemiologico-hivaids-2021
http://www.aids.gov.br/pt-br/pub/2021/boletim-epidemiologico-hivaids-2021
https://doi.org/10.7326/M17-2242
https://doi.org/10.3390/jcm10040716

Alpire MES et al.

10.

11.

12.

13.

14.

15.

16.

17.

2004;18(2):237-45. https://doi.org/10.1097/00002030-
200401230-00013

Gulick RM, Ribaudo HJ, Shikuma CM, Lustgarten S, Squires KE,
Meyer WA, et al. Triple-nucleoside regimens versus efavirenz-
containing regimens for the initial treatment of HIV-1 infection.
N Engl J Med. 2004;350(18):1850-61. https://doi.org/10.1056/
NEJMo0a031772

Chiappini E, Bianconi M, Dalzini A, PetraraMR, Galli L, Giaquinto C,
et al. Accelerated agingin perinatally HIV-infected children: clinical
manifestations and pathogenetic mechanisms. Aging (Albany NY).
2018;10(11):3610-25. https://doi.org/10.18632/aging. 101622

Deeks SG, Phillips AN. HIV infection, antiretroviral treatment,
ageing, and non-AlDS related morbidity. BMJ. 2009;338:a3172.
https://doi.org/10.1136/bmj.a3172

Guaraldi G, Palella FJ. Clinical implications of aging with HIV
infection: perspectives and the future medical care agenda.
AIDS. 2017;31 Suppl 2:5129-35. https://doi.org/10.1097/
QAD.0000000000001478

Bonassi S, Znaor A, Ceppi M, Lando C, Chang WP, Holland N,
et al. An increased micronucleus frequency in peripheral blood
lymphocytes predicts the risk of cancer inhumans. Carcinogenesis.
2007;28(3):625-31. https://doi.org/10.1093/carcin/bgl177

Fenech M. Cytokinesis-block micronucleus cytome assay. Nat Protoc.
2007;2(5):1084-104. https://doi.org/10.1038/nprot.2007.77

Thomas P, Holland N, Bolognesi C, Kirsch-Volders M, Bonassi S,
Zeiger E, et al. Buccal micronucleus cytome assay. Nat Protoc.
2009;4(6):825-37. https://doi.org/10.1038/nprot.2009.53

Stich HF, Stich W, Rosin MP. The micronucleus test on exfoliated
human cells. Basic Life Sci. 1985;34:337-42. https://doi.
org/10.1007/978-1-4684-4976-1_22

Bolognesi C, Bonassi S, Knasmueller S, Fenech M, Bruzzone
M, Lando C, et al. Clinical application of micronucleus test in
exfoliated buccal cells: a systematic review and metanalysis. Mutat
Res Rev Mutat Res. 2015;766:20-31. https://doi.org/10.1016/].
mrrev.2015.07.002

Ramirez A, Saldanha PH. Micronucleus investigation of alcoholic
patients with oral carcinomas. Genet Mol Res. 2002;1(3):246-60.
PMID: 14963832

Knasmdiller S, Fenech M. The micronucleus assay in toxicology.
Royal Soc Chem. 2017;31 Suppl 2: S105-19.

Belién JA, Copper MP, Braakhuis BJ, Snow GB, Baak JP.
Standardization of counting micronuclei: definition of a
protocol to measure genotoxic damage in human exfoliated

5

18.

19.

20.

21.

22.

23.

24.

25.

26.

cells. Carcinogenesis. 1995;16(10):2395-400. https://doi.
org/10.1093/carcin/16.10.2395

Bolognesi C, Knasmueller S, Nersesyan A, Thomas P, Fenech M.
The HUMNXI scoring criteria for different cell types and nuclear
anomalies in the buccal micronucleus cytome assay - an update and
expanded photogallery. Mutat Res. 2013;753(2):100-13. https://
doi.org/10.1016/j.mrrev.2013.07.002

Wassner C,Bradley N, Lee Y. Areview and clinical understanding of
tenofovir: tenofovir disoproxil fumarate versus tenofovir alafenamide.
J Int Assoc Provid AIDS Care. 2020;19:2325958220919231.
https://doi.org/10.1177/2325958220919231

Wu KM, Powley MW, Ghantous H. Timing of carcinogenicity studies
and predictability of genotoxicity for tumorigenicity in anti-HIV
drug development. Int J Toxicol. 2012;31(3):211-21. https://doi.
org/10.1177/1091581812439585

Tseng CH, Hsu YC, Chen TH, Ji F, Chen IS, Tsai YN, et al.
Hepatocellular carcinomaincidence with tenofovir versus entecavir
in chronic hepatitis B: a systematic review and meta-analysis.
Lancet Gastroenterol Hepatol. 2020;5(12):1039-52. https://doi.
org/10.1016/52468-1253(20)30249-1

Witt KL, Cunningham CK, Patterson KB, Kissling GE, Dertinger
SD, Livingston E, et al. Elevated frequencies of micronucleated
erythrocytesininfants exposedtozidovudine inutero and postpartum
to prevent mother-to-child transmission of HIV. Environ Mol
Mutagen. 2007;48(3-4):322-9. https://doi.org/10.1002/em.20266

Olivero OA, Torres LR, Gorjifard S, Momot D, Marrogi E, Divi
RL, et al. Perinatal exposure of patas monkeys to antiretroviral
nucleoside reverse-transcriptase inhibitors induces genotoxicity
persistent for upto 3years of age. J Infect Dis. 2013;208(2):244-8.
https://doi.org/10.1093/infdis/jit 146

Moraes Filho AV, Carvalho CJ, Carneiro CC, Vale CR, Lima
DC, Carvalho WF, et al. Genotoxic and cytotoxic effects of
antiretroviral combinations in mice bone marrow. PLoS One.
2016;11(11):e0165706. https://doi.org/10.1371/journal.
pone.0165706

Lima CF, Alves MGO, Furtado JJD, Marcucci M, Balducci |, Almeida
JD. Effect of HIV infection in the micronuclei frequency on the
oral mucosa. J Oral Pathol Med. 2017;46(8):644-8. https://doi.
org/10.1111/jop.12527

Gutiérrez-Sevilla JE, Cardenas-Bedoya J, Escoto-Delgadillo M,
ZUniga-Gonzalez GM, Pérez-Rios AM, Gémez-Meda BC, et al.
Genomicinstability in people livingwith HIV. Mutat Res Genet Toxicol
Environ Mutagen. 2021;865:503336. https://doi.org/10.1016/j.
mrgentox.2021.503336

Rev Assoc Med Bras. 2023;69(10):20230397


https://doi.org/10.1097/00002030-200401230-00013
https://doi.org/10.1097/00002030-200401230-00013
https://doi.org/10.1056/NEJMoa031772
https://doi.org/10.1056/NEJMoa031772
https://doi.org/10.18632/aging.101622
https://doi.org/10.1136/bmj.a3172
https://doi.org/10.1097/QAD.0000000000001478
https://doi.org/10.1097/QAD.0000000000001478
https://doi.org/10.1093/carcin/bgl177
https://doi.org/10.1038/nprot.2007.77
https://doi.org/10.1038/nprot.2009.53
https://doi.org/10.1007/978-1-4684-4976-1_22
https://doi.org/10.1007/978-1-4684-4976-1_22
https://doi.org/10.1016/j.mrrev.2015.07.002
https://doi.org/10.1016/j.mrrev.2015.07.002
https://doi.org/10.1093/carcin/16.10.2395
https://doi.org/10.1093/carcin/16.10.2395
https://doi.org/10.1016/j.mrrev.2013.07.002
https://doi.org/10.1016/j.mrrev.2013.07.002
https://doi.org/10.1177/2325958220919231
https://doi.org/10.1177/1091581812439585
https://doi.org/10.1177/1091581812439585
https://doi.org/10.1016/S2468-1253(20)30249-1
https://doi.org/10.1016/S2468-1253(20)30249-1
https://doi.org/10.1002/em.20266
https://doi.org/10.1093/infdis/jit146
https://doi.org/10.1371/journal.pone.0165706
https://doi.org/10.1371/journal.pone.0165706
https://doi.org/10.1111/jop.12527
https://doi.org/10.1111/jop.12527
https://doi.org/10.1016/j.mrgentox.2021.503336
https://doi.org/10.1016/j.mrgentox.2021.503336

