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Reuniu-se, em 23 de agosto 2024, ás 13 h e 30 min, por vídeo conferência, a Banca
Examinadora designada pelo Colegiado do Programa de Pós-
graduação em Imunologia e Parasitologia Aplicadas, assim composta pelos
titulares: Presidente: Profa. Dra. Ana Carolina Gomes Jardim - ICBIM/UFU
(orientadora da candidata); Profa. Dra. Jaquelline Germano de Oliveira, Instituto
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Iniciando os trabalhos o(a) presidente da mesa Profa. Ana Carolina Gomes Jardim,
apresentou a Comissão Examinadora e o(a) candidato(a), agradeceu a presença do
público, e concedeu ao(à) Discente a palavra para a exposição do seu trabalho. A
duração da apresentação do(a) Discente, o tempo de arguição e resposta foram
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A seguir, o(a) senhor(a) presidente concedeu a palavra, pela ordem sucessivamente,
aos(às) examinadores(as), que passaram a arguir o(a) candidato(a). Ultimada a
arguição, que se desenvolveu dentro dos termos regimentais, a Banca, em sessão
secreta, atribuiu o resultado final, considerando o(a) candidato(a): 

 

APROVADA

Esta defesa faz parte dos requisitos necessários à obtenção do título de Mestre. O
competente diploma será expedido após cumprimento dos demais requisitos,
conforme as normas do Programa, a legislação pertinente e a regulamentação
interna da UFU.
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Nada mais havendo a tratar foram encerrados os trabalhos. Foi lavrada a presente
ata, que após lida e achada conforme, foi assinada pela Banca Examinadora.

Documento assinado eletronicamente por Ana Carolina Gomes Jardim,
Professor(a) do Magistério Superior, em 23/08/2024, às 16:04, conforme
horário oficial de Brasília, com fundamento no art. 6º, § 1º, do Decreto nº 8.539, de
8 de outubro de 2015.

Documento assinado eletronicamente por Rafael Borges Rosa, Usuário
Externo, em 23/08/2024, às 16:05, conforme horário oficial de Brasília, com
fundamento no art. 6º, § 1º, do Decreto nº 8.539, de 8 de outubro de 2015.

Documento assinado eletronicamente por Jaquelline Germano de Oliveira,
Usuário Externo, em 26/08/2024, às 13:52, conforme horário oficial de Brasília,
com fundamento no art. 6º, § 1º, do Decreto nº 8.539, de 8 de outubro de 2015.

A autenticidade deste documento pode ser conferida no site
https://www.sei.ufu.br/sei/controlador_externo.php?
acao=documento_conferir&id_orgao_acesso_externo=0, informando o código
verificador 5616490 e o código CRC 261E117F.

Referência: Processo nº 23117.051057/2024-41 SEI nº 5616490
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Research article 
Development and validation of Mayaro virus with luciferase 
reporter genes as a tool for antiviral assays 
Mikaela dos Santos Marinho a,1, Ya-Nan Zhang b,1, Natasha Marques Cassani a, Igor 
Andrade Santos a, Ana Laura Costa Oliveira a, Anna Karla dos Santos Pereira c, 
Pedro Paulo Corbi c, Bo Zhang b,**, Ana Carolina Gomes Jardim a,d,* 

a Laboratory of Antiviral Research, Institute of Biomedical Science, Federal University of Uberlândia (UFU), Uberlândia, MG, Brazil 
b Key Laboratory of Virology and Biosafety, Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, 430071, China 
c Institute of Chemistry, University of Campinas (UNICAMP), Campinas, SP, Brazil 
d Institute of Biosciences, Humanities, and Exact Sciences, São Paulo State University (UNESP), Campus, São José do Rio Preto, SP, Brazil   
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A B S T R A C T   

Arboviruses are etiological agents in an extensive group of emerging diseases with great clinical 
relevance in Brazil, due to the wide distribution of their vectors and the favorable environmental 
conditions. Among them, the Mayaro virus (MAYV) has drawn attention since its emergence as 
the etiologic agent of Mayaro fever, a highly debilitating disease. To study viral replication and 
identify new drug candidates, traditional antiviral assays based on viral antigens and/or plaque 
assays have been demonstrating low throughput, making it difficult to carry out larger-scale 
assays. Therefore, we developed and characterized two DNA-launched infectious clones re-
porter viruses based on the MAYV strain BeAr 20290 containing the reporter genes of firefly 
luciferase (FLuc) and nanoluciferase (NLuc), designated as MAYV-firefly and MAYV-nanoluc, 
respectively. The viruses replicated efficiently with similar properties to the parental wild-type 
MAYV, and luminescence expression levels reflected viral replication. Reporter genes were also 
preserved during passage in cell culture, remaining stably expressed for one round of passage for 
MAYV-firefly and three rounds for MAYV-nanoluc. Employing the infectious clone, we described 
the effect of Rimantadine, an FDA-approved Alzheimer’s drug, as a repurposing agent for MAYV 
but with a broad-spectrum activity against Zika virus infection. Additionally, we validated MAYV- 
nanoluc as a tool for antiviral drug screening using the compound EIDD-2749 (4′-Fluorouridine), 
which acts as an inhibitor of alphavirus RNA-dependent RNA polymerase.   

1. Introduction 

Arboviruses make up an extensive group of emerging pathogens of great clinical relevance in Brazil, due to the wide distribution of 
their vectors, mediated by favorable environmental conditions [1]. Although their circulation is geographically restricted by vectors 

* Corresponding author. Institute of Biomedical Science, ICBIM/UFU, Avenida Amazonas, Bloco 4C – sala 216, Umuarama, Uberlandia, MG, CEP: 
38405-302, Brazil. 
** Corresponding author. 
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and reservoir hosts, arboviruses have the potential to adapt to infect new organisms, spreading beyond the endemic areas [2]. In this 
sense, the global emergence and resurgence of those pathogens lead to management and preparedness efforts for possible new out-
breaks, including the search for antivirals against them [3]. 

Mayaro virus (MAYV; specie Alphavirus mayaro) is a single-stranded positive-sense RNA (ssRNA+) arbovirus, that belongs to the 
Togaviridae family and the genus Alphavirus [4]. The viral genome encodes MAYV structural proteins (CP, E3, E2, 6k/TF, E1) and 
non-structural proteins (nsP1, nsP2, nsP3, nsP4), which are involved in virus replication and pathogenesis [5]. It was first described in 
Trinidad in 1954 [6], and since then, several localized outbreaks of MAYV have been reported, especially in northern region of Brazil, 
due to increased trade and climate changes [1]. 

MAYV is the etiologic agent of Mayaro fever, a disease characterized by joint inflammation and arthralgias, which can progress to a 
chronic condition and cause clinical complications [7]. As an aggravating factor, there is no approved antiviral drug to treat Mayaro 
fever, and the treatment for the disease is based on controlling symptoms [4]. Another fact is that the virus is maintained in a wild 
enzootic cycle and the occurrence of spillover into the urban environment has drawn attention due to the potential to remain in an 
urban cycle [8,9]. 

On this basis, the emerging character of MAYV combined with the lack of antivirals to control infections caused by this pathogen 
demonstrates the need to search for molecules with the potential to treat the disease. In this context, drug repurposing can be an 
effective and rapid strategy to identify new indications of existing drugs to control virus spreading [10]. Rimantadine is an approved 
antiviral drug, which exhibits structural stability, good thermal and oxidative stability, extreme lipophilicity, and low consumption of 
energy [11]. In addition, it inhibits the influenza A virus by blocking the M2 ion channel, preventing viral uncoating, and its antiviral 
profile makes rimantadine an attractive candidate for drug repurposing [12]. 

Nevertheless, traditional antiviral assays based on viral antigens and/or plaque assays demonstrate low throughput, making it 
difficult to carry out larger-scale assays [13]. As a response, reporter viruses are an alternative system for high-throughput antiviral 
assays since the insertion of a specific reporter gene into the viral genome facilitates and provides a more efficient way of measuring 
viral replication, pathogenesis, and/or dissemination in infected cells and animals [14]. 

Previous investigations described the development and applicability of several viruses inserted with reporter genes, such as the 
Dengue virus [15], Influenza virus [16], Hepatitis C virus [17], Poxviruses [18], Sindbis virus, Chikungunya virus [19], and more 
recently, SARS-CoV-2 [20]. In a previous study, we also developed and characterized a stable enhanced green fluorescent protein 
(eGFP) reporter virus for the MAYV strain BeAr 20290, providing an interesting tool for antiviral screening assays [21]. Alternatively, 
Ramjag and coworkers described and characterized the MAYV expressing nanoluciferase (MAYV E2nLuc) [22].However, both of these 
systems are based on the bacteriophage T7 and SP6 promoter, respectively [21,22], and therefore, depends on the transcription of 
backbone plasmid into infectious RNA to produce virions in eukaryotic cells [23,24]. This is an interesting technique; however, it 
presents limitations due to the instability of the RNA transfection into host cells, making it susceptible to degradation [25] In addition, 
the viral RNA can induce cellular immune response, compromising the efficient production of recombinant viruses and stimulating 
undesired mutations [26]. In contrast, cytomegalovirus (CMV) promoter-driven systems exhibit a less laborious and more efficient 
rescue process in eukaryotic cells, allowing transcription of the cDNA clone to be initiated directly by cellular RNA polymerase II (Chey 
et al., 2021). This system exhibits robust activity in mammalian cells, resulting in high levels of gene expression and increased pro-
duction of viral particles [27]. In addition, it also presents higher accessibility, cost-effectiveness, and production speed than 
bacteriophage-driven systems, which makes it ideal for the efficient and economical production of viral vectors in research [28]. 

In this sense, we developed and characterized two stable infectious clones harbouring the luciferase reporters under the CMV 
promoter for antiviral screening assays, based on the strain BeAr 20290 of MAYV, Brazil [29]. The inserted reporter genes of firefly 
luciferase (FLuc) and nanoluciferase (Nluc) were designated as MAYV-firefly and MAYV-nanoluc, respectively. Additionally, we 
employed the system to identify Rimantadine hydrochloride (rtdH) as a repurposing drug, as well as validated MAYV-nanoluc as a tool 
as a powerful tool for high-throughput antiviral screening by using the compound EIDD-2749 (4′-Fluorouridine), which acts as an 
inhibitor of alphavirus RNA-dependent RNA polymerase [30]. Furthermore, rtdH presented a potential broad-spectrum activity by 
inhibiting the Zika virus (ZIKV). 

2. Methods 

2.1. Cells and compound 

Vero E6 cells (kidney tissue derived from a normal adult African green monkey, ATCC E6) were cultivated on Dulbecco’s Modified 
Essential Medium (DMEM, GIBCO) supplemented with 100 U/mL penicillin (Sigma-Aldrich), 100 mg/mL streptomycin (Sigma- 
Aldrich), 1 % (v/v) non-essential amino acids (Sigma-Aldrich) and 10 % (v/v) fetal bovine serum (FBS; Hyclone) at 37 ◦C in a hu-
midified 5 % CO2 incubator. Cell line was monthly tested to avoid mycoplasma infection. 

The Rimantadine hydrochloride (rtdH, C12H22NCl, 99 %) was purchased from Sigma-Aldrich Laboratories and 4′-Fluorouridine 
(EIDD-2749, 98 %) was purchased from Cayman Chemical. The compounds were dissolved in DMSO (dimethyl sulfoxide), stored at 
−20 ◦C, and diluted in media at time of the assay. 

2.2. Generation of the MAYV reporter construct 

Using the previously constructed infectious cDNA clone of MAYV with the T7 promotor (termed as T7-MAYV) as a backbone (Li 
et al., 2019), the CMV-MAYV-nanoluc and CMV-MAYV-firefly were constructed under the control of the CMV promoter, in which a 
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cassette expressing the NLuc or/FLuc gene and a repeated sub-genomic (sg) promoter was inserted between the nonstructural nsP4 
gene and the 5′-terminal of structural genes (Fig. 1). To achieve this, T7-MAYV-nanoluc was initially constructed and details for 
construction were as follows. Three individual fragments, respectively encompassing the sequences from part of nsp4 to the first sg 
promotor of the NLuc gene, and from the second sg promotor to the most of E1, were amplified and fused followed by pasting into the 
T7-MAYV backbone at EcoR I and Rsr II restriction sites to generate T7-MAYV-nanoluc clones. To facilitate the construction of the 
firefly reporter clone, AscI and PacI restriction sites were introduced at both ends of the NLuc gene, and the T7-MAYV-firefly clone was 
generated by replacing the NLuc gene of the T7-MAYV-nanoluc clone with FLuc through AscI and PacI sites. Then, the fragment 
encompassing the sequences from CMV promotor to nsp2 was obtained by fusion PCR and replace the corresponding part of T7-MAYV- 
nanoluc and T7-MAYV-firefly clones by BamH I and Mlu restriction sites. The resulting plasmids were confirmed by sequencing and 
named as CMV-MAYV-nanoluc and CMV-MAYV-firefly. All primers used for PCRs were listed in Table 1, and the full-length sequences 
of the clones are available in Supplementary Material 1. 

2.3. MAYV plasmids amplification and purification 

Initially, 1 μg of the plasmids CMV-MAYV-nanoluc or CMV-MAYV-firefly was added to 200 μL of competent DH5-α Escheria coli and 
incubated on ice for 30 min. Subsequently, the bacteria were submitted to a thermal shock at 42 ◦C for 45 s, returned to ice for 2 min, 
and incubated with SOC medium at 37 ◦C for 1 h 200 rpm. Then, the DH5-α cells were streaked for isolation in solid Luria Berthani (LB) 
medium supplemented or not with Ampicillin (Sigma-Aldrich) at 50 μg/mL, for control based on the antibiotic resistance gene inserted 
in the plasmids. Afterward, the transformed bacteria were grown for 24 h and lysed to obtain the amplified plasmids. The purification 
process was performed by Plasmid Maxi kit (QUIAGEN) protocol, and the amount of DNA extracted was quantified through Nanodrop 
(Thermo Fisher). 

2.4. MAYV infectious clone rescue 

To produce the MAYV-nanoluc and MAYV-firefly virions, 1 × 106 BHK-21 cells/well seeded in 6 well plates were transfected with 5 
μg of CMV-MAYV-nanoluc or CMV-MAYV-firefly plasmids using the LipofectamineTM LTX Reagent with PLUS Reagent (Thermo Fisher 
Scientific) and Optimem Medium following the manufacturer’s instructions. After 48 h, the supernatant was collected and stored at 
−80 ◦C. The expression of NLuc and FLuc genes were assessed by luminescence reading on Glomax microplate reader (Promega), 
through the Renilla luciferase Assay System (Promega) or Luciferase Assay System (Promega), respectively, at different time-points 
post-transfection. 

To determine viral titers, 8 × 104 Vero E6 cells/well were seeded in 24 wells plate, and 24 h later, the cells were infected with ten- 
fold serial dilutions of each MAYV infectious clone. Cells were incubated with viruses for 1 h at 37 ◦C and 5 % CO2, followed by the 
inoculum removal, washes with PBS to remove the unbound virus, and addition of fresh medium supplemented with 1 % dilution of 
stock of penicillin and streptomycin, 2 % FBS, and 1 % carboxymethyl cellulose (CMC). Infected cells were incubated for 2 days in a 
humidified 5 % CO2 incubator at 37 ◦C, followed by fixation with 4 % formaldehyde and staining with 0.5 % violet crystal. The viral 
foci were visualized to determine plaque morphology. Images were analyzed at EVOs M5000 Cell Imaging Systems (Thermo Fisher 
Scientific). 

All work was performed at biosafety level 2 under the authorization number SEI: 01245.006267/2022-14 CBQ: 163/02 from the 
CTNBio — National Technical Commission for Biosecurity from Brazil. 

2.5. MAYV-nanoluc and -firefly growth kinetics 

To assess the growth kinetics of both MAYV-nanoluc and MAYV-firefly, 1 × 105 Vero E6 cells were seeded in 12 well plates 24 h 
before infection. Later, cells were infected with MAYV wild-type strain BeAr 20290 (MAYVWT), MAYV-nanoluc, or MAYV-firefly at the 
MOIs of 0.01, 0.05, and 0.1. After 2 h of incubation, the supernatants were removed, and cells were washed with PBS (1x) three times 
and replaced with fresh medium supplemented with 2 % FBS. At different time-points post-infection (4, 6, 12, 24, 36, and 48 h.p.i.), the 
culture medium was collected and stored at −80 ◦C. 

Fig. 1. Scheme of plasmid construction of MAYV-nanoluc and –firefly. The constructions were developed based on the sequence of MAYV BeAr 
20290 strain, isolated in Brazil in 1960 from Haemagogus mosquitoes, belonging to genotype L. The marker genes that express the protein Nano-
luciferase (A) and Firefly luciferase (B) were inserted in the viral genetic sequence between the non-structural proteins and capsid encoding genes. 
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The viral titer of each time-point was determined by TCID50 (Median Tissue Culture Infectious Dose). To this, 5 × 103 Vero E6 cells 
were seeded in each well of a 96 well plate, were infected with ten-fold serial dilutions of the viral stocks, and incubated for 72 h at 
37 ◦C, with 5 % CO2. Subsequently, viral titers were calculated according to the Spearman-Kärber algorithm as described by Killington 
and Hierholzer [31,32]. 

2.6. Stability of the reporter viruses in cell culture 

To analyze whether the FLuc and NLuc reporter genes can be stably maintained after cell culture passaging, MAYV-firefly and 
MAYV-nanoluc were serially passaged in Vero E6 cells. For this, 1 × 106 cells were seeded in a T25 cm2 and infected with each MAYV 
infectious clone at an MOI of 0.1. Virus supernatant was stored at −80 ◦C, titrated through plaque reduction assay, and used to infect a 
new T25 cm2 flask using the same MOI. The cell passaging was performed 5 times. Additionally, the plaque focus was captured at EVOs 
M5000 Cell Imaging Systems (Thermo Fisher Scientific), and the morphology was compared among viruses. 

To access the luciferase level expression during each passage, Vero E6 cells were seeded in a 48-well plate at a density of 2 × 104 

cells per well and infected with each passage of the virus at an MOI of 0.1 for 24h. Afterward, cells were washed with PBS [1x] and 
harvested using Renilla-luciferase lysis buffer (Promega). Virus replication levels were quantified by measuring NLuc or FLuc activity 
through the Renilla luciferase assay system (Promega) or the Luciferase Assay System (Promega), respectively. 

2.7. Determination of cytotoxic concentration of 50 % (CC50) 

Cell viability was measured by the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (Sigma-Aldrich) assay as 
previously described [33,34]. Briefly, Vero E6 cells were plated to 24 well plates at a density of 8 × 104 cells/well for MAYV assays, or 
5 × 103 cells/well in 96 well plate for ZIKV assays and incubated at 37 ◦C and 5 % CO2. After 24h, medium containing two-fold serial 
dilutions of rtdH or EIDD-2749 (4′-Fluorouridine) was added to cells in concentrations ranging from 1.6 to 400 μM 1.56–200 μM, 
respectively. Since the CC50 was performed simultaneously with viral infection, the analysis for ZIKV was conducted after 72 h, and 
MAYV after 48 h. Then, the medium was replaced by MTT solution at 1 mg/mL for 30 min and replaced by 100 μL of DMSO (dimethyl 
sulfoxide) to solubilize the formazan crystals. The absorbance was measured at 490 nm on the Glomax microplate reader (Promega). 
Cell viability was calculated according to equation (T/C) × 100 %, where T and C represent the mean optical density of the treated and 
untreated control groups, respectively. The cytotoxic concentration of 50 % (CC50) was calculated using GraphPad Prism 8.0. 

2.8. Determination of effective concentration of 50 % (EC50) using MAYV-nanoluc 

To identify the effect of Rimantadine hydrochloride (rtdH) in MAYV replication, the MAYV-nanoluc was employed. To this, Vero E6 
cells were plated in microplates of 48 wells at a concentration of 2 × 104 cells/well and incubated at 37 ◦C and 5 % CO2 for 24 h. RtdH 
was diluted in a two-fold serial dilution following the concentrations of 1.6–400 μM, in the presence of the virus in a MOI of 0.1. The 
dose-response assay was also performed with EIDD-2749, a broad-spectrum inhibitor of alphaviruses (positive control) [30] in a 
two-fold serial dilution from 1.56 to 200 μM. After 24 h of incubation, the supernatant was removed, cells washed and lysed according 
to the Renilla Luciferase Assay System (Promega) kit protocol, and subsequently submitted to a luminescence analysis on the GloMax 
(Promega) plate reader. The effective concentration of 50 % inhibition (EC50) was calculated using GraphPad Prism 8.0 software. 

2.9. ZIKV assays 

A wild-type ZIKV isolate from a clinical sample of a patient in Brazil (ZIKVPE243) [35] was amplified employing infected Vero E6 
cells in a 75 cm2 flask for 3 days. It was produced, rescued, and titrated as previously described [34]. 

For determination of the EC50 using ZIKVPE243, Vero E6 cells were seeded at a density of 5 × 103 cells per well into 96 well plates, 
infected with ZIKVPE243 at a MOI of 0.01 and simultaneously treated with rtdH at concentrations ranging from 1.6 to 400 μM. For EC50, 

Table 1 
Primers used for construction of infectious MAYV reporter clones.  

Primer Sequence 
EcoRI-MAYV nsp4-F CCGGAATTCACAGAGAGCTGGTTCGCCGCC 
Nanoluc-F CTACACGACACCTATTCCACCCGGCGCGCCATGGTCTTCACACTCGAAGATTTC 
Nanoluc-R GGCGCGCCGGGTGGAATAGGTGTCGTGTAGAGCACCTATTTAGGACCGCC 
MAYV-Nanoluc-Sg-Linker-F ACGCATTCTGGCGTAATTAATTAATGTCATACATCTGTACGGCGGTCC 
MAYV-Nanoluc-Sg-Linker-R GTATGACATTAATTAATTACGCCAGAATGCGTTCGCACAGCCGCCAGCCGG 
MAYV-E1-RsrII GGTCGGACCGGATTTGTCTGGATTATG 
AscI-Firefly-F TTGGCGCGCCATGGAAGACGCCAAAAACATAAAG 
PacI-Firefly-R TCCTTAATTAATTACACGGCGATCTTTCCGCCCTTC 
CMV promoter-5′UTR-F GCTCGTTTAGTGAACCGTATGGCGGGCAAGTGACAC 
5′UTR + MAYV-nsp2-Mlu I–R CG ACGCGTCAATAGGACATTGACGTGTT 
BamH I - CMV promoter-F CGCGGATCC CATTGATTATTGACTAGTTA 
CMV promoter-5′UTR-R GTGTCACTTGCCCGCCATACGGTTCACTAAACGAGC  
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cells were also. After 72 h, cells were fixed with 4 % formaldehyde, washed with PBS, and added of blocking buffer (BB) to perform an 
immunofluorescence assay [34]. The same protocol was performed in parallel in the absence of ZIKVPE243 to determine CC50. The CC50 
and EC50 were calculated using GraphPad Prism 8.0 software. These values were used to calculate the selectivity index 
(SI––CC50/EC50). 

All work was performed at biosafety level 2 under the authorization number SEI: 01245.006267/2022-14 CBQ: 163/02 from the 
CTNBio — National Technical Commission for Biosecurity from Brazil. 

2.10. Statistical analysis 

Individual experiments were conducted in triplicates and all assays were performed a minimum of three times to confirm the 
reproducibility of the results. All data were normalized and expressed as mean and standard deviation. Differences between mean 
readings were compared using analysis of variance (one-way and two-way ANOVA) or Student’s t-test, with p values < 0.05 considered 

Fig. 2. Characterization of MAYV infectious clones. Analysis of luminescence expression in Vero E6 cells transfected with CMV-MAYV-nanoluc 
and CMV-MAYV-firefly and. Vero E6 cells were transfected with 1 μg of each plasmid and the expression of Nanoluciferase (A) and Firefly luciferase 
(B) were detected through Luciferase and Renilla luciferase assay system after transfection, respectively. (C) Plaque morphology of the recombinant 
viruses MAYV-nanoluc and MAYV-firefly, and the wild type. (D) Focus morphology of each virus in Vero E6 cells. Images were analyzed at EVOs 
M5000 cell imaging systems (Thermo Fisher Scientific). Scale bar 100 nm. 
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significant. GraphPad Prism 8.0 software was used to assess statistical differences of means of readings using a non-linear regression. 

3. Results 

3.1. Construction of MAYV-nanoluc and –firefly 

To construct the cDNA clones of MAYV reporter viruses, we utilized the protocol reported to the construction of an eGFP Chi-
kungunya reported in our previous study [36]. Briefly, a cassette expressing the NLuc or/FLuc gene and a repeated sub-genomic (sg) 
promoter was inserted between the nonstructural nsP4 gene and the 5′-terminal of structural genes. In addition, to avoid steps such as 
transcription to obtain viral RNAs in vitro, the reporter cDNA clones were placed under the control of CMV promotor (Fig. 1). The 
resulting plasmids were confirmed by sequencing and named as CMV-MAYV-nanoluc and CMV-MAYV-firefly. 

3.2. Characterization and growth kinetics of MAYV-nanoluc and -firefly 

The plasmids of CMV-MAYV-nanoluc and CMV-MAYV-firefly were transfected into Vero E6 cells to evaluate the efficacy of the 
infectious clone in producing an infectious particle. At different time points post-transfection, supernatants were collected and sub-
jected to plaque assay to determine plaque morphology and virus production (Fig. 2). As shown in Fig. 2A, Relative Light Units (RLUs) 
were detectable at 1 h post-transfection (h.p.t.) for MAYV-nanoluc and increased until 24 h.p.t., reaching 1 × 108 RLUs (Fig. 2A). 
Alternatively, luminescence levels in cells transfected with MAYV-firefly were also detected 1 h.p.i., however, RLU values were 
maintained in about 1 × 102 RLUs until 24 h.p.t. (Fig. 2B). 

After 48h, the supernatant of transfected cells was titrated employing the plaque formation assay, and as a result, the viral plaque 
morphology was homogeneously between MAYVWT, MAYV-nanoluc, and –firefly (Fig. 2C). Visualization at a digital inverted micro-
scope demonstrated that the MAYV-nanoluc and MAYV-firefly presented similar foci morphology, being those larger foci and with 
rounded edges when compared to MAYVWT, which presented smaller and not defined foci (Fig. 2D). 

Given the high stability and expression level of luciferase protein for both viruses at the first passage, we performed a growth ki-
netics comparison curve of the P1 from MAYV-nanoluc, -firefly, and MAYVWT. To this, Vero E6 cells were infected with these three 
viruses at MOIs of 0.1, 0.05, and 0.01, and viral supernatant was collected at the time points 4, 6, 12, 24, 36, and 48 h.p.i. and titrated 

Fig. 3. Replication kinetics of MAYV in cell culture. (A) Schematic representation of replication kinetics assay. Growth kinetics of the wild type 
MAYV (indicated by ●), MAYV-nanoluc (indicated by ■), and MAYV-firefly (indicated by ▴). Vero E6 cells were infected with the three viruses at 
MOIs of 0.01 (B), 0.05 (C), and 0.1 (D), viral supernatant was collected at different time points up to 48 h.p.i. and titrated by TCID50. 
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by TCID50. As an outcome, the viral titers increased in a dose- and time-dependent manner (Fig. 3A). At all MOIs, both reporter viruses 
and MAYVWT presented low titers at 4 h.p.i., ranging between 1.45 and 3.88 pfu/mL (Fig. 3). At the MOIs of 0.1 (Figs. 3B) and 0.05 
(Fig. 3C), the reporter viruses presented lower titers than the MAYVWT until 24h.p.i. However, MAYV-nanoluc reached a similar titer to 
MAYVWT at 36 h.p.i, presenting even higher titers than MAYVWT and MAYV-firefly at 48h.p.i. (Fig. 3B and C). Additionally, MAYV- 
firefly presented slightly higher titers than MAYVWT at the MOI of 0.05 at 48 h.p.i. (Fig. 3C). At the lowest MOI, MAYV-nanoluc 
presented higher titers than both MAYV-firefly and MAYVWT 24h.p.i., while MAYV-nanoluc and MAYV-firefly overcame MAYVWT titers 
at 48 h.p.i (Fig. 3D). These results demonstrated that the reporter viruses could efficiently replicate in Vero E6 cells, reaching similar 
growth rates to MAYVWT. 

3.3. Nluc and Fluc reporter genes present different stability and luminescence expression levels in cell culture 

To analyze the in vitro stability and expression of the FLuc and NLuc genes, the viruses were serially passaged on Vero E6 cells for 
five times at an MOI of 0.1 for 48 h (Fig. 4A). The passages were titrated by plaque-forming assay, and the luciferase expression of each 
passage was measured by infecting Vero E6 cells with -nanoluc, at an MOI of 0.1 and MAYV-firefly at an MOI of 1, due to the contrast in 
the luminescence activity among the constructs. As an outcome, MAYV-nanoluc showed strong and consistent luminescence signals 
until the third passage, indicating the NLuc gene was stable for a minimum of three passages of infectious virus (Fig. 4B). Differently, 
MAYV-firefly presented a significant decrease in luminescence signal from the first to the second passage, indicating the loss of the FLuc 
gene probably due to selective pressure (Fig. 4C). Despite the gradual loss of reporter gene expression, viral titers were stable during 
passaging, varying from 2.67 × 106 to 2 × 108 PFU/mL. 

3.4. Employing MAYV-nanoluc reporter virus to identify rtdH as a drug candidate to be repurposed against MAYV infections 

In order to validate the employment of MAYV reporter viruses as tools for antiviral screening, and considering the high stability and 
sensibility of NLuc for in vitro assays, we used this reporter virus to analyze the antiviral activity of rtdH on MAYV replication. 
Additionally, the potential of MAYV-nanoluc as a powerful tool for antiviral screening was validated by treating infected cells with 
EIDD-2749. 

To this, Vero E6 cells were infected with MAYV-nanoluc and treated with rtdH or EIDD-2749 for 24h. Afterward, the cells were lysed 
and subjected to a luminescence analysis to evaluate the reporter gene expression. Cell viability assay was performed in parallel. As a 
result, rtdH had an EC50 of 88.5 μM and a CC50 of 291.9 μM. Further, EIDD-2749 inhibited MAYV-nanoluc replication with an EC50 of 
2.76 μM and CC50 of 4.99 × 107 μM. The calculated selectivity index (SI––CC50/EC50) for rtdH and EIDD-2749 were 2.3 and 1.8 × 107, 
respectively (Fig. 5). These results indicated that the MAYV-nanoluc reporter virus could be a useful tool for the evaluation of com-
pounds presenting an anti-MAYV activity. 

Fig. 4. Stability of the MAYV-nanoluc and -firefly viruses in cell culture. The luciferase expression of the different passages of MAYV-nanoluc (A) 
and –firefly (B) in Vero E6 cells. Vero E6 cells were serially infected with viruses for five passages. Viruses from each passage (P1–P5) were used to 
infect 1 × 105 Vero E6 cells at an MOI of 0.1, and the expression of luciferase proteins were detected 48 h.p.i. through Luciferase and Renilla luciferase 
assays, respectively. Mean values of three independent experiments each measured in triplicate including the standard deviation are shown. P 
values < 0.05 were considered significant. (**) P < 0.01, (***) P < 0.001 and (****) P < 0.0001. 

M.S. Marinho et al.                                                                                                                                                                                                    

44



Heliyon 10 (2024) e33885

8

3.5. RtdH also presents antiviral activity against ZIKV 

The results presented here suggested that rtdH exerts its antiviral function against MAYV with a SI of 2.3, and, recently, it was 
described to possess activity against CHIKV [37]. Therefore, this drug could also present an antiviral activity on other arboviruses. To 
further investigate its broad-spectrum activity, we evaluated the inhibitory effects of rtdH on ZIKV replication. To this, Vero E6 cells 
were treated with the compound in a two-fold serial dilution ranging from 1.5 to 400 μM, along with the infection with ZIKVPE243 at an 
MOI of 0.01 for 72h, when immunofluorescence assay was performed [34] (Fig. 6A). The results demonstrated that rtdH was able to 
inhibit ZIKV infection in a dose-dependent manner. The EC50 calculated by fluorescence value reduction was 80.3 μM and the CC50 of 
194.3 μM, with an SI of 2.4 (Fig. 6B). Taken together, our findings demonstrate that rtdH presented an interesting antiviral effect 
against MAYV and ZIKV infections in vitro. 

4. Discussion 

The use of infectious clones of emergent viruses has been increasing in the past few years [13]. The insertion of specific reporter 
genes into the viral genome is a powerful tool to monitor the viral replication into infected mammalian cells, for applications such as 
high-throughput screening (HTS) for antiviral drug discovery [38]. Traditional plaque reduction assay for antiviral screening requires 
weeks to complete, while infectious clones expressing reporter genes can be done in days [39]. 

Here, we described the development of two DNA-launched replicative efficient MAYV-luciferase systems, expressing NLuc and FLuc 
genes. The NLuc or FLuc gene was inserted between the nonstructural nsP4 gene and the 5′-terminal of structural genes, and expressed 
under the control of sg promotor. Transfection of Vero E6 cells with the CMV-MAYV-nanoluc and –firefly plasmids resulted in detecting 
luminescence from the luciferase reporters. The reporter viruses were infectious to Vero E6 cells, with robust luciferase levels pro-
duction. While MAYV-nanoluc maintained the NLuc gene expression for three passages, MAYV-firefly was able to maintain the reporter 
gene for only one passage. Compared with the wild-type virus, the viral-growth kinetics were similar for both clones, showing 
indistinguishable replication efficiency. Additionally, we confirmed the usefulness of the MAYV-nanoluc for rapid antiviral screening 
assay using the Rimantadine hydrochloride, a well-known antiviral agent against the Influenza A virus. The broad-spectrum antiviral 
properties of rtdH were also demonstrated against ZIKV. 

While the FLuc gene has more than 1.6 kb and encodes a 61 kDa protein, the nLuc gene has about three times fewer base pairs that 
encode a 19 kDa protein, being considered to present higher sensitivity and luminescent signal than FLuc [40]. In previous studies, 

Fig. 5. Antiviral activity of Rimantadine hydrochloride on MAYV infectious clone. (A) Schematic representation of MAYV-nanoluc assay. Vero 
E6 cells were infected with MAYV-nanoluc at a MOI of 0.01 and treated with two-fold serial dilutionss of rtdH (1.6–400 μM) (B) or EIDD-2749 
(1.56–200 μM) (C) for 24 h, when luminescence levels were measured by Renilla luciferase assay (indicated by ■) and cellular viability 
measured using MTT assay (indicated by ●). The effective concentration of 50 % (EC50) and cytotoxic concentration of 50 % (CC50) were deter-
mined. Mean values of three independent experiments each measured in quadruplicate including the standard deviation are shown. 
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constructs of the Sindbis virus (SINV) that presented the insertion of FLuc or NLuc genes, demonstrated different stability after cell 
passaging. In agreement with our data, the NLuc gene presented gene stability in SINV for ten passaging rounds, while the FLuc gene 
expression was only detected until the third passage [19]. Furthermore, in our study, the virus passages were performed in Vero E6 
cells, which lack innate immune defenses and offer the potential for virus genetic drift, which possibly could also favor the loss of 
reporter genes during passaging [41]. 

Nevertheless, the FLuc system is applied in vivo due to the free diffusion of Firefly luciferase protein across the cell membrane [42]. 
FLuc possesses stable glow kinetics in the presence of its substrate and presents longer periods of photon emission than the nano-
luciferase protein [43]. However, the Fluc gene presented low stability in MAYV infectious clones and was lost after the first passage, 
equivalent to about 4–6 rounds of virus infection [44]. This instability limits the utility of the FLuc marker for long-term studies or 
multiple rounds of viral replication, making it unsuitable for antiviral screening assays. Additionally, the bioluminescent activity of 
FLuc and NLuc originated through the reaction with different substrates that do not show cross-reactivity. In this sense, the systems can 
be applied concurrently for in vivo and in vitro dual bioluminescence analyses, allowing the simultaneous characterization of two 
different organisms or two separate biological processes [45]. 

Recently, our group pointed out rtdH as an inhibitor of CHIKV, an arbovirus that belongs to the same family and genus as MAYV, 
demonstrating promising results [37]. We proposed that the compound exhibits multiple effects on CHIKV, impairing mostly the early 
stages of the viral cycle, due to a virucidal action that involves viroporin blocking and interaction with the virus envelope [37]. Here, 
we described the antiviral properties of rtdH on both MAYV and ZIKV infections, presenting a SI of 2.3 and 2.4, respectively. In this 
sense, considering that rtdH has a known pharmacological profile and is an approved drug to treat Influenza A infection, it could be 
further evaluated in pre-clinical studies as a drug to be repurposed against MAYV, CHIKV and ZIKV infections, being applied more 
quickly than novel antivirals. Additionally, it could be used as a template to develop more potent drugs against MAYV, CHIKV and 
ZIKV infections. However, further studies are necessary to elucidate the mechanism of action on MAYV and ZIKV viroporins, which can 
be hypothesized by the differences between their structure and distribution in host cells. In addition, the compound EIDD-2749, 
previously described as RNA-dependent RNA polymerase (RdRp) inhibitor against MAYV [30] was used to validate MAYV-nanoluc 
as a potent tool for antiviral screening, presenting a SI of 1.8 × 107, in agreement with the previously published data. In summary, the 
results with rtdH and EIDD-2749 demonstrate that MAYV-nanoluc is a useful tool for HTS assays to detect inhibitors in different 
compound libraries for future antiviral research. 

5. Conclusion 

Considering the data described here, the reverse genetic system for MAYV employing DNA-launched plasmids containing NLuc and 
FLuc reporter genes were efficiently rescued and presented efficient replication as the wild-type virus in Vero E6 cells. Due to the high 

Fig. 6. Anti-ZIKV activity of Rimantadine hydrochloride. (A) Schematic representation of ZIKVPE243 assay. (B) Vero E6 cells were treated with 
rtdH at concentrations ranging from 1.6 to 400 μM and the effective concentration of 50 % (EC50) and cytotoxic concentration of 50 % (CC50) were 
determined. ZIKV replication was measured by FFU/mL (indicated by ■) and cellular viability measured using MTT assay (indicated by ●). Mean 
values of three independent experiments each measured in triplicate including the standard deviation are shown. 
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stability of MAYV-nanoluc activity, which accurately represents virus replication rates, it is an applicable tool for antiviral assays that 
could facilitate the antiviral screening for novel anti-MAYV agents. Furthermore, we highlight the repurposing potential of Riman-
tadine hydrochloride as a broad-spectrum antiviral drug against MAYV and ZIKV. 
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Abstract: The Mayaro virus (MAYV) is an arbovirus with emerging potential, though with a limited
understanding of its epidemiology and evolution due to the lack of studies and surveillance. Here, we
investigated 71 MAYV genome sequences from the Americas available at GenBank and characterized
the phylogenetic relationship among virus strains. A phylogenetic analysis showed that sequences
were grouped according to the genotypes L, D, and N. Genotype D sequences were closely related to
sequences collected in adjacent years and from their respective countries, suggesting that isolates
may have originated from circulating lineages. The coalescent analysis demonstrated similar results,
indicating the continuous circulation of the virus between countries as well. An unidentified sequence
from the USA was grouped with genotype D, suggesting the insertion of this genotype in the country.
Furthermore, the recombination analysis detected homologous and three heterologous hybrids which
presented an insertion into the nsP3 protein. Amino acid substitutions among sequences indicated
selective pressure sites, suggesting viral adaptability. This also impacted the binding affinity between
the E1–E2 protein complex and the Mxra8 receptor, associated with MAYV entry into human cells.
These results provide information for a better understanding of genotypes circulating in the Americas.

Keywords: arboviruses; genomic variability; phylogenetic analysis; Mayaro virus; Mayaro fever

1. Introduction

The Mayaro virus (MAYV) was first identified in 1954 in Trinidad and Tobago, in
samples of febrile forest workers [1], later described as the etiologic agent of Mayaro fever.
This disease is characterized by fever, headache, vomit, diarrhea, muscle pain, skin rashes,
and long-lasting arthralgia [2]. In severe cases, MAYV infection can result in chronic
polyarthritis, neurological complications, hemorrhage, and myocarditis, which can lead to
death [3].

Mayaro fever in humans is mainly observed in Central and South Americas, pre-
dominantly in the Amazon Forest, Atlantic Forest, and nearby regions; however, it was
also reported in subtropical regions [2]. Additionally, the disease presents dengue-like
symptoms and it is present in endemic areas common to other arboviruses [4]; therefore, the
differential diagnosis is difficult, which also contributes to the underreporting of Mayaro
fever cases and genome sequences available in databanks [5]. Furthermore, there is no data
about the circulating virus in other tropical regions, such as Africa and Asia [1].

The main vector for MAYV transmission is Haemagogus sp. mosquitoes [1]. However,
the virus was also isolated from different nonurban arthropod genera such as the Culex,
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Mansonia, Psorophora, and Sabethes, as well as Aedes albopictus and Aedes aegypti species,
demonstrating a high susceptibility to MAYV transmission, indicating an intense viral
adaptability to new vectors [6]. Further, the distribution of these species in tropical and
subtropical countries associated with globalization, climatic anomalies, deforestation, and
the growing contact of humans with animal reservoirs/vectors is an aggravating factor,
increasing the risk of MAYV dissemination [1,4]

The MAYV is a member of the Togaviridae family and Alphavirus genus and is classified
into the genotypes D (widely dispersed), L (limited), and N (new), the latest being repre-
sented by a single sequence isolated in Peru [7]. The virion particle possesses a positive
single-stranded RNA of approximately 11.5 kb, associated with a capsid protein (C), and
involved in a host–lipid membrane envelope inserted of the E1 and E2 glycoproteins [8]
(Figure 1). The MAYV genome is constituted of two open reading frames (ORFs), one in
the 5′ UTR region, responsible for encoding the non-structural proteins (nsP1, nsP2, nsP3,
and nsP4), and the second ORF after the nsP4 gene, which encodes the structural proteins
(CP, E3, E2, TF, 6k, and E1) [3] (Figure 1).

ff

′

ff

Figure 1. Schematic representation of Mayaro virus structure and genome. (A,C) The virion is
composed of the E1–E2 trimmer, the capsid protein, and the ssRNA+. (B) The viral genome encodes
structural and non-structural proteins. The figure design was based on Cryo-EM structure of mature
MAYV. (PDB ID: 7KO8) [9].

It is also important to emphasize the higher rates of mutations within RNA viruses,
which leads to an intra-host variability of the viral population [10]. Therefore, phylogenetic
analyses represent important methodologies for developing epidemiological studies, al-
lowing the correlation of data derived from different regions and presuming the history of
the dissemination of viral variants [11]. Currently, only a few epidemiological studies on
MAYV are reported, with a limited number of genome sequences available in databanks.
Considering the severe symptoms caused by MAYV, and that this virus is responsible for a
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neglecting disease, allied with the possibility of the emergence of new variants, or addi-
tional transmitting vectors, the study of the viral genome variability represents an essential
tool to investigate the virulence and transmissibility of the different viral genotypes [11].

In this context, genetic and phylogenetic analyses of MAYV complete-genome se-
quences were carried out here to investigate genomic variations and the phylogenetic
relationships among the MAYV strains from samples collected in the Americas. Thus, an
overview of the main features of the MAYV genomic variability was obtained, indicat-
ing evolutionary forces that could drive the evolution of the viral genome, and possibly
contribute to viral adaptation.

2. Materials and Methods

2.1. Collection and Alignment of MAYV Genome Sequences

Sequences of the complete genome and complete CDS of MAYV (about 11,147 nu-
cleotides) were collected from the GenBank database, and organized according to the year
of collection, origin, genotype, host, length of the sequenced genetic material, article of
reference, and reference of the genotype identification (Supplementary Table S1). The
dataset containing all 71 sequences was submitted to alignment by the ClustalW multiple
alignment method, using the program Bioedit 7.2 [12]. The NCBI sequence NC_003417.1
was used as a reference sequence, and the parameters of alignment used were defined by
the program’s default configuration.

2.2. Detection of Individual Recombination Events

Due to the identification of MAYV sequences initially classified as genotype L as L/D
hybrids by previous studies, KY985361.1 (Haiti, 2014) [13] KX496990.1 (Haiti, 2015), and
KT818520.1 (Brazil, 2014) [14], the 71 genome sequences of MAYV were evaluated for
potential recombination events using Recombination Detection Program 4 (RDP4) [15].
RDP4 was used with the default parameters, applying all available methods through the
full exploratory recombination scan (Recombination Detection Program, Bootscan, MaxChi,
GENECONV, Chimaera, SiScan, 3Seq, LARD, and Phylpro). The recombination breakpoints
suggested by RPD4 were used to identify the potential recombinant sequences.

2.3. Phylogenetic Analysis of MAYV Genomic Sequences

To this, the recombinant regions of MAYV strains were removed and the phylogenetic
tree was reconstructed employing PhyML 3.0 through the ATGC- Montpellier Bioinformat-
ics Platform [16]. The method employed was maximum-likelihood analysis (ML), and the
GTR + G model of substitution, as determined by the Smart Model Selection in PhyML [17].
A thousand replicates were used to test the support given by the data to the clusters of
the tree topology, and bootstrap values > 70 were considered significant (McCormack &
Clewley, 2002). The phylogenetic tree was edited using the program FigTree v.1 4.4 [12].

2.4. Coalescent Analysis

The optimal substitution model for the alignment was assessed using ModelFinder in
IQ-TREE v2.1.4-beta (GTR + F + I + G4), generating a maximum likelihood tree. Root-to-tip
correlation (>0.8) for the consensus tree was inspected in TempEst v1.5.3 with best-fitting
root and residual mean square function, suggesting a strict molecular clock. The alignment
was then imported into BEAUti v1.10.4 using tip dates parsed (year only) from the sequence
names. The GTR substitution model was selected with empirical base frequencies and
gamma (4 categories) plus invariant sites. We selected a strict clock type and a coales-
cent tree, previously, with constant size, and a random starting tree. Other parameters
remained unchanged. Further, a Markov chain Monte Carlo with 100 million interactions
using BEAST v1.10.4 was performed, logging the results at every 1000 interactions. The
convergence of the model parameters was inspected using Tracer v1.7.2, confirming that
the ESS for each statistic was >400 at the end of the runs. Tree annotator v1.10.4 was then
employed to generate a maximum clade credibility tree with median heights for all trees
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generated, following the removal of the first 10% as burn-in. The final tree was inspected,
and a figure was generated using IcyTree [18].

2.5. Analysis of Amino Acid Substitutions and Selection Pressure

Sequences were aligned according to their genotype, resulting in two datasets:
(1) sequences identified as genotype D, using DQ001069.1 as the reference sequence, and
(2) sequences identified as genotypes L and L/D, employing as reference the genotype
L sequence NC_003417.1. The alignments were edited according to the protein-coding
regions and the translation was performed. Amino acid substitutions were analyzed in
comparison to the reference sequence. The selective pressure analysis was performed on
MAYV protein-coding sequence subsets through the Datamonkey Adaptive Evolution
Server [19], to identify and localize statistically supported positive and negative selective
pressure sites, as previously described [20]. To predict the impact of each substitution
in protein selection, the fast unconstrained Bayesian approximation (FUBAR) model was
used, which applies a maximum-likelihood (ML) approach to infer nonsynonymous (dN)
and synonymous (dS) substitution rates on a per-site basis for a given coding alignment
and corresponding phylogeny [21]. In addition, the fixed effects likelihood (FEL) model
was employed to compare the results obtained. The selection pressure for each site was
considered constant throughout the entire phylogeny. The statistically supported selective
pressure sites considering Bayes factor (BF) > 30 and p value < 0.05 were reported.

2.6. Protein Modeling and Docking

The structure of the E1 and E2 from MAYV from different isolates were modeled
together with its human natural ligand Mxra8 using SWISS-MODEL server [22]. In order
to construct the complexes, a template from an electron cryo-microscopy of Chikungunya
virus spike protein in complex with mouse Mxra8 receptor (PDB id:6NK7) was used. After
the complexes’ generation, the results and the template structure (6NK7) were submitted to
two servers, PRODIGY [23] for binding affinity prediction and PLIP [24] for hydrophobic,
hydrogen bond, and salt bridge interactions. The best E1E2-Mxra8 binding affinity complex
was presented in a 3D view using ChimeraX [25].

3. Results

3.1. Epidemiological Features of MAYV in the Americas

The 71 complete genome sequences obtained from GenBank were collected between
1954 and 2016, in Brazil, Trinidad and Tobago, Haiti, United States of America (USA),
Bolivia, Peru, French Guiana, and Venezuela (Figure 2). All MAYV sequences and the
related data employed in this study are shown in Supplementary Table S1.

3.2. Individual Recombination Events Detected among MAYV Sequences

The submission of the complete alignment with all analyzed sequences from genotypes
D, L, and L/D on RDP4 showed evidence of a heterologous recombination among the
sequences KY985361.1 (Haiti, 2014), KX496990.1 (Haiti, 2015), and KT818520.1 (Brazil,
2014) (Figure 3). The recombination event was positive in all seven methods listed above
(p < 0.05), being inconclusive only for LARD and Phylpro, also used in the analysis of the
sequences (Supplementary Table S2).

Furthermore, the sequence MK288026.1 (Venezuela, 2016) was identified as a homol-
ogous hybrid between DQ001069.1 (genotype D, French Guiana, 1998) and KY618134.1
(genotype D, Brazil, 1991) (Figure 3). The isolate DQ001069.1 was the most closely related to
the likely hybrid, being a major parent, and KY618134.1 was identified as the minor parent.
In addition, the sequence KT818520.1 (Brasil, 2014) was identified as an L/D hybrid, with
supported evidence of a similar origin or same recombination event as KX496990.1 (Haiti,
2015) (Figure 3), as previously described by Mavian and collaborators [14]. Additionally,
KY985361.1 (Haiti, 2014), also previously reported as genotype L [2], and subsequently
identified as a hybrid [13], was also identified here as an L/D hybrid by all RDP4 conclusive
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analyses. The sequence was identified as originating from the major parent KY618133.1
(Genotype L, Brazil, 1988) and the minor parent KY618131.1 (Genotype D, Brazil, 1978)
(Figure 3). Interestingly, as with the other sequences, KY985361.1 (Haiti, 2014) also showed
a higher similarity to its major parent of genotype L. All the recombination events men-
tioned presented p-values ≤ 4523 × 10−2 (Supplementary Table S2), being considered
potential recombinant events.

Figure 2. Geographical distribution of the analyzed sequences collected from GenBank. The
71 complete-genome sequences selected in the study were collected between 1954 and 2015, in
Brazil, Trinidad and Tobago, Haiti, United States of America (USA), Bolivia, Peru, French Guiana,
and Venezuela.
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Figure 3. Schematic representation of the recombination event in sequences classified as hybrids.
The dataset containing the 71 sequences was submitted to the RDP4 software program v.4.101.
KY985361.1, from Haiti, 2014, was identified as an L/D hybrid between the major parent KY618133.1
of Genotype L, Brazil, 1988 (blue) and the minor parent KY618131.1 of Genotype D, Brazil, 1978
(purple). The other hybrids, KX496990.1 (Haiti, 2015) and KT818520.1 (Brazil, 2014), have their L
major parents represented in blue and the D minor parents represented in grey. The homologous
hybrid MK288026.1 (Venezuela, 2016) had DQ001069.1 (genotype D, French Guiana, 1998) as a major
parent and KY618134.1 (genotype D, Brazil, 1991) as a minor parent.

3.3. Phylogenetic Relationships and Coalescent Analysis of MAYV Complete Genomic Sequences

The phylogenetic analysis revealed that sequences were grouped according to the
MAYV genotypes (D, L, and N) (Figure 4). Twelve sequences were identified as genotype L,
fifty-five as genotype D, and, as previously reported, one was identified as genotype N and
three as hybrids L/D [13,14]. Furthermore, in both coalescent and phylogenetic trees, the
characterized sequences exhibited a closer grouping with those isolated in the same country
and in proximate years (Figures 4 and 5). It suggests that the clustered sequences may
have originated from circulating lineages due to the phylogenetic and genomic similarity
among the isolates. In this sense, the biggest clade comprehending sequences isolated from
Brazil (1981–2011) also present phylogenetic similarity (bootstrap of 94.8) and share the
same ancestry, with a time to the most recent common ancestor (tMRCA of 143.75 and
posterior probability of 1), indicating the persistent circulation of the virus. Intriguingly,
certain groupings within the clusters were associated with notable outbreaks, such as those
in Venezuela (2010) and Peru (2010–2013) [26]. It is noteworthy that these strains share
a common ancestry with a tMRCA of 73.713 and a high posterior probability of 99.97%.
Similarly, six sequences isolated in Brazil (1978) and one from French Guiana (2013) were
grouped in the same clade (bootstrap of 100%) and had the same ancestor with a tMRCA
of 136.76 and posterior probability of 1, which could indicate the continuous circulation of
the virus between countries (Figures 4 and 5).
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Figure 4. Midpoint-rooted phylogenetic tree reconstruction using 71 sequences of the MAYV complete
genome. The sequences were aligned employing the ClustalW multiple alignment method and
the phylogenetic tree was reconstructed employing PhyML 3.0, through the ATGC- Montpellier
Bioinformatics Platform, using maximum-likelihood analysis (ML), and the GTR + G + I model of
substitution, as determined by the Smart Model Selection in PhyML. The NCBI reference sequence
NC_003417 (Genotype L) was used as the reference sequence. The sequences from the genotypes D, L,
L/D, and N are highlighted in blue, light blue, lilac, and purple, respectively. A thousand replicates
were used to test the support given by the data to the clusters of the tree topology, and bootstrap
values > 70 were considered significant.

Furthermore, the sequence MT227562.1, isolated from a sample of an allochthonous
case in Louisiana (USA), which had no previous description regarding its genotype, formed
a cluster with sequences of the genotype D (Figure 4), suggesting this sequence as belonging
to this genotype. This strain was closely related to isolates MK070492.1 (1954), MK573240.1
(1957), and MK5732402.1 (1957) from Trinidad and Tobago in the phylogenetic tree, sup-
ported by a bootstrap of 100%. The same outcome was observed in a coalescent analysis,
with a tMRCA of 71.663 and a posterior probability of 1, indicating that the sequences share
the same origin (Figure 5).

Regarding the analysis of genotypes L and N, the lack of sequencing data hindered
the undertaking of a coalescent analysis for these specific sequences. The topology of the
phylogenetic tree demonstrated that L/D sequences formed a cluster with sequences of
the L genotype, suggesting a higher genomic similarity. The sequence KX496990.1–Haiti,
2015 (L/D) showed a phylogenetic proximity with one of the L/D sequences from Brazil
(KT818520.1, 2014), (Figure 4). Interestingly, these sequences were collected in subsequent
years (2014–2015), which may suggest a possible route of transmission of MAYV.
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Figure 5. Coalescent analysis of genotype D sequences. The sequences were aligned employing
the ClustalW multiple alignment method, and the optimal substitution model for the alignment
was assessed using ModelFinder in IQ-TREE v2.1.4-beta (GTR + F + I + G4), generating a max-
imum likelihood tree. The sequences were submitted to a strict molecular clock using the GTR
substitution model.

3.4. Follow-Up of the Amino Acid Substitutions and Selection Pressure among MAYV Sequences

The analysis of the amino acid substitutions and their effects on viral protein structures
was performed using the fixed effects likelihood (FEL) and fast unconstrained Bayesian
approximation (FUBAR) DataMonkey softwares v. 2.0 to detect the presence of neutral
(synonymous), adaptative (non-synonymous), and purifying (non-synonymous) substitu-
tions, under a p-value < 0.05 (Table 1; Figure 6). Additionally, the Bayes factor (BF) was
also employed to measure the relative evidence of substitutions, with values higher than
30 characterized as very strong evidence of the positive selection pressure hypothesis at
the site [27]. As a result, several substitutions were identified among the MAYV sequences
with three of those sites identified to be under positive/adaptative selection (two in geno-
type D and one in genotype L–L/D) (Table 1; Figure 6). For genotype D, the amino acid
substitutions V89M and S190G were observed in nsP1, with a Bayes factor (BF) of 10.065
and 489.759, respectively (Table 1; Figure 6). On the other hand, genotype L demonstrated
amino acid substitution in the E1 protein (T300A: BF of 36.041) (Table 1; Figure 3).

Table 1. Sites of the MAYV genome under positive selection pressure based on FUBAR and FEL that
presented amino acid substitutions.

Genotype Protein Site Method Alpha Beta Bayes Factor p-Value

D nsp1

89
FUBAR 0.992 11.058 10.065 <0.05

FEL - - - -

190
FUBAR 0.619 15.575 489.759 <0.05

FEL 0.000 8.352 n/a 0.0144

L E1 300
FUBAR 2.252 28.971 36.041 <0.05

FEL - - - -
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Figure 6. Amino acid substitutions and selection pressure among MAYV sequences. The most
relevant amino acid substitutions among the sequences of the complete genome of MAYV that
presented positive selection pressure with a p-value under 0.05 and a Bayes factor (BF) > 30 are shown
(BF of 30–100: very strong evidence for positive selection pressure). DQ001069.1 isolated from a
sample of Homo sapiens in French Guiana was used as the reference sequence for genotype D. The
NCBI reference sequence NC_003417.1 isolated from Brazil was used for genotype L and L/D. The
frequency of the substitutions is presented as a percentage, where 0% is represented in light blue and
100% in red.

The sequences of the MAYV genome also presented amino acid substitutions charac-
terized as neutral or under negative selection pressure in all viral proteins. The prevalence
of amino acid substitutions was high across most MAYV proteins, particularly within
sequences belonging to genotype D, which outnumbered those of genotype L and L/D
with 55 sequences compared to 12 sequences, respectively.

The insertion of the amino acids ACQDT (nucleotide sequence: AGCGTGCCAA-
GACAC) between the amino acid positions 443–444 of the nsP3 was found in three se-
quences already described as L/D (KX496990.1—Haiti, 2015; KT818520.1—Brazil, 2014; and
KY985361.1—Haiti, 2014) (Figure 7). Interestingly, the isolate KM400591.1 (Brazil, 2014),
classified as MAYV genotype D, also presented the same insertion and was identified as a
minor parent for the heterologous hybrid KX496990.1 (Haiti, 2015), which also presented
this characteristic.

 
 

Figure 7. Schematic representation of the nucleotide insertion in the nsP3 observed in the sequences
KY985361.1 (Haiti, 2014), KX496990.1 (Haiti, 2015), KT818520.1 (Brazil, 2014), and KM400591.1
(Brazil, 2014).

3.5. Molecular Modeling and Docking

Binding affinity predictions showed that the isolate KT818520.1 (Figure 8) presented
the best binding affinity (lowest energy) result among the complexes; however, the reference
sequence NC_003417.1 presented the highest number of interactions overall (Table 2).
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Interestingly, the sequence MK573239.1, featuring a positive selection site (T300A) on
the E1 protein, displayed a binding energy slightly lower than the reference sequence.
Another finding was the lower binding affinity observed in the MAYV heterologous hybrids
KT818520.1 and KX496990.1, originating from the same parental strains. This affinity was
notably lower than that of KY985361.1, which stemmed from the same parental strain
of genotype L but was a distinct strain from genotype D. Additionally, the complex of
Chikungunya virus E1–E2 and mouse Mxra8 obtained from the protein data bank, used as
template in the modeling phase, showed the worst binding affinity (highest energy) and a
small number of salt bridges when compared to the human complexes (Table 2).

ffi
ffi

ffi

ffi

ffi

ffi ff

Δ −

−
−
−
−
−

−

Figure 8. MAYV E1 (red) and E2 (blue) octamer complexed with human Mxra8 (green). The result
was generated by MAYV isolate KT818520.1 modeling.

Table 2. E1E2-Mxra8 binding affinity and number of interactions from the different complexes.

Genbank ID Binding Affinity ∆G (kcal mol−1) Hydrophobic Interaction Hydrogen Bond Salt Bridge

KT818520.1 −13.2 8 11 6

KX496990.1 −13.1 9 10 7

MT227562.1 −13.1 9 11 7

MK573239.1 −13.1 9 11 7

NC_003417.1 −13.0 9 12 7

KY985361.1 12.9 9 12 6

DQ001069.1 −12.9 8 10 7

PDB: 6NK7 −11.2 9 12 1
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4. Discussion

The incidence of MAYV infections has been mainly described in Latin America, with
most Mayaro fever cases reported in Brazil [6]. In agreement with these data, the majority
of genomic sequences analyzed here were obtained from samples collected in Brazil,
which included MAYV isolates of the genotypes L, D, and L/D. Although most cases of
Mayaro fever have been observed in South America, there are reports of outbreaks in
Haiti, indicating that the virus is also circulating in Central America [28]. Mayaro fever
was likewise reported in Europe [3]; however, there are no epidemiological studies that
describe the introduction of the genotypes in the region, or whether the infection has
spread by local vectors. Furthermore, to the best of our knowledge, there is no current
data on the circulation of MAYV in Africa and Asia, due to the lack of data reported
on these continents [1]. It is also observed that there is poorly described information
concerning the MAYV strains, such as the N genotype, isolated in Peru in 2010, with
no current description of its dissemination degree [2]. Therefore, studies that aim to
investigate the epidemiological characteristics of MAYV worldwide, as well as the genetic
and phylogenetic relationship among circulating viral strains, are essential.

Here, we analyzed the MAYV genomic variations in sequences from different regions
of America and characterized the phylogenetic relationship among these virus strains, to
investigate the main evolutionary forces driving the evolution of the viral genome and
their possible effect on viral activity, associating them with the dissemination of MAYV.
Concerning the genetic variability among the viral genome sequences, it is important
to emphasize the higher genetic plasticity and mutational rate of RNA viruses, which
leads to an intra-host variability of the viral population, as well as the emergence of new
species, genera, and/or new viral families [10,29]. Moreover, arboviruses exhibit bottleneck-
mediated drift due to constriction points during vector infection and transmission, as well as
within the transmission cycle itself [30]. This dynamic can significantly impact the future of
arboviral epidemics and disease outcomes. Herein, a high incidence of polymorphisms was
found in MAYV sequences, with several of those substitutions classified within purifying
selection sites, which demonstrates mechanisms to eliminate deleterious mutations and
maintain the accumulated characteristics of the virus [31]. These polymorphisms were
widely observed when the genomic regions related to most viral proteins were evaluated,
some of them directly involved in viral replication. This demonstrates an attempt to
constrain the variability at the protein level since the negative selection tends to conserve
the sequence and the structural characteristics of active motifs of the proteins [32]. The
proteins from the replicative complex as well as the structural proteins were found under
negative pressure in several positions in almost all analyzed sequences, which may suggest
that the circulating genotypes have an adapted fitness. The genetic variability and the
evolution potential within a population are the product of a balance of selection and genetic
drift [32], and, therefore, further analysis regarding the up and down fluctuation of viral
fitness is necessary to achieve knowledge of the gain or loss of function due to substitutions
observed over the viral genome. However, the restricted number of sequences of MAYV
poses a delay in the analyses of the persistence and disappearance of polymorphisms
over time, as well as the difficulty in the suggestion of adaptability to the host, higher
transmissibility, or immune escape [33].

Alternatively, we also identified positive selection pressure sites, which drives the
accumulation of mutations or genetic variations that confer advantages in the viral popula-
tion, such as immune evasion and host-jumps [34]. Among the sequences of the genotype L,
it was observed only in the sequence MK573239.1 (Brazil, 1984) at the E1 protein. Interest-
ingly, the substitution into the E1 (T300L) protein was not identified by FEL, which utilizes
a maximum-likelihood (ML) method to spot genetic variations [21]. In contrast, the poly-
morphism was identified through the analysis carried out with FUBAR, which produces
similar information to FEL but employs a Bayesian approach to infer nonsynonymous (dN)
and synonymous (dS) substitution rates [21]. Interestingly, a single mutation in the CHIKV
E1 protein (A226V) allowed the virus to infect a new vector species, Aedes albopictus [35,36],
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facilitating the spread of the virus and leading to outbreaks in non-endemic areas [35].
In this context, given the susceptibility of Aedes albopictus and other mosquito species to
MAYV infection, coupled with this new mutation found in MAYV E1 protein, it is possible
to suggest that a similar outcome might be expected. In addition, the molecular modeling
indicated that this positive selection site induced a slightly lower binding energy between
the E1–E2 trimmer and the receptor Mxra8, resulting in a higher affinity. However, this
polymorphism was not found in other isolates, which may suggest that these substitutions
did not sustain their circulation at low frequency. In this sense, these mutations can also be
associated with immune response escape, as demonstrated by Earnest and colleagues [37].
Their study evaluated different monoclonal IgG antibodies against the MAYV strain con-
taining substitutions on the E1 protein and only 4 of 18 antibodies demonstrated elite
neutralizing activity against this virus [37]. Similarly, Rangel and colleagues pointed out
that the single mutations V156A and K211T can influence antibody neutralization against
CHIKV and increase virus replication and virulence in mice, emphasizing the role of the
mutation in escaping immune response and infectivity increase [36].

In addition, amino acid substitutions identified in the genomic regions of the nsP1
of sequences of genotype D were found to be under positive selection pressure (Figure 2,
Supplementary Table S2), suggesting the possible viral adaptability and improvement of
fitness during viral replication. The nsP1 protein is directly involved in the initiation of virus
replication, responsible for interacting with the inner face of the plasma membrane and
promoting the formation of the spherules, which are vesicles where the replicative process
initiates [38]. Even though the presence of polymorphisms by positive selective pressure is
relevant due to its impact on virus evolution, the low level of positive selection suggests
that the amino acid changes have been a result of random genetic drift. Interestingly, the
same pattern was seen in other RNA viruses such as the West Nile virus and Hepatitis C
virus [39].

Another finding was the insertion of the amino acids ACQDT into nsP3 found in three
sequences identified as L/D hybrids (KX496990.1—Haiti, 2015; KT818520.1—Brazil, 2014;
and KY985361.1—Haiti, 2014) and one genotype D strain (KM400591.1—Brazil, 2014). A
study conducted by Neyret and colleagues demonstrated that the deletion of an upstream
FGAP sequence in the G3BP binding sequence present in nsP3 damages the nsP3/G3BP
interaction and infectivity of MAYV, resulting in lower rates of viral replication [40]. Differ-
ently, in our study, we observed insertions in nsP3 located between positions 443–444, close
to the canonical binding site of nsP3 G3BP (associated with residues between 456–478). In
this sense, considering that nsP3 plays a critical role in the infectivity of alphaviruses, this
insertion may favor the replication of the L/D strains or make them unfeasible.

Our phylogenetic analysis demonstrated that the sequence MT227562.1 was classified
as genotype D. This sequence was obtained from a sample of an allochthonous case in
Louisiana (USA), isolated from Icterus spurius, a bird with a migratory route between
Central America, Colombia/Venezuela, and the USA [41]. Furthermore, within the phylo-
genetic tree, this sequence exhibits a close grouping with sequences isolated in Trinidad and
Tobago between 1954 and 1957. Remarkably, our coalescent analysis indicated that these
sequences also present a common ancestral source. Therefore, it is possible to infer that the
bird was infected in nearby regions of Trinidad and Tobago, and, during its migration to
the USA, this led to the insertion of the genotype in the region, given the predominance of
genotype D in the Americas.

Furthermore, the L/D sequences were phylogenetically closer to the sequences of
genotype L, demonstrating a higher genomic similarity with the L genotype sequences,
as indicated by previous studies [13,14]. It is important to emphasize that L/D hybrids
were initially classified as members of the L genotype, prior to the recognition of the L/D
recombination [42,43]. Among these, KT818520.1 (Brazil, 2014) and KX496990.1 (Haiti, 2015)
were identified by RDP4 as potentially originating from the same recombination event,
which may suggest a possible route of dissemination of MAYV. Furthermore, the emergence
of MAYV recombinants/hybrids demonstrates the potential for the emergence of a future
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new genotype and its dissemination, highlighting the need for genomic surveillance for
this pathogen. It has also been described for other RNA viruses, such as in Chikungunya
virus (CHIKV), that homologous recombination resulted in cross-species transmission,
and, therefore, impacted virus evolution, emergence, and epidemiology [44]. In addition,
the interspecies recombination was also identified in other types of Alphavirus, such as
Eastern equine encephalitis virus (EEEV) and Sindbis-like virus (SIN), originating from
the Western equine encephalitis virus (WEEV), Highlands J virus (HJV), and Fort Morgan
virus (FMV) [45]. In this context, MAYV recombinants could emerge and spread as new
strains with an increased fitness in human and Haemagogus vector hosts, as well as adapt to
new hosts.

5. Conclusions

In conclusion, the data presented here demonstrate that sequences of the complete
genome of MAYV are under negative and positive selection pressures, emphasized by
the high number of purifying selection sites, that might result in the emergence of new
strains. Moreover, the study highlights the concerning absence of surveillance efforts for
MAYV. Despite sequences being collected across decades, they share common ancestors
and exhibit phylogenetic proximity, suggesting the sustained circulation of the virus. In
this sense, it is essential to diagnose and sequence the MAYV genome to characterize the
virus adaptation and transmissibility. Therefore, these data can be used to define the degree
of MAYV dissemination and implement protective measures to manage Mayaro fever.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v16050809/s1, Table S1: MAYV sequence data from the analyzed
sequences. Contains year of collection, origin, genotype, host, size of the sequenced genetic material,
reference article for sequencing, and reference of genotype identification.; Table S2: Recombination
confirmation provided by RDP4. Presents the recombination event, methods applied, and p-value.

Author Contributions: Collation of data and results analysis: M.d.S.M., I.A.S., G.M.F., N.N.-J. and
T.d.L.C.; drafting of the manuscript: M.d.S.M., I.A.S., G.M.F.; V.R.G., N.N.-J. and T.d.L.C.; figures:
V.R.G.; dtudy design, supervision, and critical revision: I.A.S., G.M.F. and A.C.G.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to the absence of the participation of humans and animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the sequencing data used in this article can be found at PubMed
Genbank database.

Acknowledgments: ACGJ is grateful to Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES)—Brasil—Prevention and Combat of Outbreaks, Endemics, Epidemics, and Pandemics—Finance
Code #88881.506794/2020-01, and to FAPEMIG (Minas Gerais Research Foundation APQ-03385-18).
MDSM thanks FAPEMIG for scholarship # 12152. IAS thanks CNPq for scholarship # 142495/2020-4,
FAPEMIG # 67355, and CAPES. Print scholarship # 88887.700246/2022-00.4. GMF and VRG thanks
CAPES for scholarships # 88887.571465./2020-00 and # 88887.505971/2020–00.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Diagne, C.T.; Bengue, M.; Choumet, V.; Hamel, R.; Pompon, J.; Missé, D. Mayaro Virus Pathogenesis and Transmission
Mechanisms. Pathogens 2020, 9, 738. [CrossRef] [PubMed]

2. Caicedo, E.-Y.; Charniga, K.; Rueda, A.; Dorigatti, I.; Mendez, Y.; Hamlet, A.; Carrera, J.-P.; Cucunubá, Z.M. The Epidemiology of
Mayaro Virus in the Americas: A Systematic Review and Key Parameter Estimates for Outbreak Modelling. PLoS Negl. Trop. Dis.

2021, 15, e0009418. [CrossRef] [PubMed]
3. Acosta-Ampudia, Y.; Monsalve, D.M.; Rodríguez, Y.; Pacheco, Y.; Anaya, J.-M.; Ramírez-Santana, C. Mayaro: An Emerging Viral

Threat? Emerg. Microbes Infect. 2018, 7, 1–11. [CrossRef] [PubMed]

64

https://www.mdpi.com/article/10.3390/v16050809/s1
https://www.mdpi.com/article/10.3390/v16050809/s1
https://doi.org/10.3390/pathogens9090738
https://www.ncbi.nlm.nih.gov/pubmed/32911824
https://doi.org/10.1371/journal.pntd.0009418
https://www.ncbi.nlm.nih.gov/pubmed/34081717
https://doi.org/10.1038/s41426-018-0163-5
https://www.ncbi.nlm.nih.gov/pubmed/30254258


Viruses 2024, 16, 809 14 of 15

4. Lorenz, C.; Freitas Ribeiro, A.; Chiaravalloti-Neto, F. Mayaro Virus Distribution in South America. Acta Trop. 2019, 198, 105093.
[CrossRef] [PubMed]

5. Vieira, C.J.d.S.P.; da Silva, D.J.F.; Barreto, E.S.; Siqueira, C.E.H.; Colombo, T.E.; Ozanic, K.; Schmidt, D.J.; Drumond, B.P.;
Mondini, A.; Nogueira, M.L.; et al. Detection of Mayaro Virus Infections during a Dengue Outbreak in Mato Grosso, Brazil. Acta

Trop. 2015, 147, 12–16. [CrossRef] [PubMed]
6. Ganjian, N.; Riviere-Cinnamond, A. Mayaro Virus in Latin America and the Caribbean. Rev. Panam. Salud Pública 2020, 44, 1.

[CrossRef]
7. Diop, F.; Alout, H.; Diagne, C.T.; Bengue, M.; Baronti, C.; Hamel, R.; Talignani, L.; Liegeois, F.; Pompon, J.; Morales Vargas, R.E.; et al.

Differential Susceptibility and Innate Immune Response of Aedes Aegypti and Aedes Albopictus to the Haitian Strain of the
Mayaro Virus. Viruses 2019, 11, 924. [CrossRef]

8. Choi, H.; Kudchodkar, S.B.; Reuschel, E.L.; Asija, K.; Borole, P.; Ho, M.; Wojtak, K.; Reed, C.; Ramos, S.; Bopp, N.E.; et al. Protective
Immunity by an Engineered DNA Vaccine for Mayaro Virus. PLoS Negl. Trop. Dis. 2019, 13, e0007042. [CrossRef]

9. Ribeiro-Filho, H.V.; Coimbra, L.D.; Cassago, A.; Rocha, R.P.F.; Guerra, J.V.d.S.; de Felicio, R.; Carnieli, C.M.; Leme, L.; Padilha, A.C.;
Paes Leme, A.F.; et al. Cryo-EM Structure of the Mature and Infective Mayaro Virus at 4.4 Å Resolution Reveals Features of
Arthritogenic Alphaviruses. Nat. Commun. 2021, 12, 3038. [CrossRef]

10. Duffy, S. Why Are RNA Virus Mutation Rates so Damn High? PLoS Biol. 2018, 16, e3000003. [CrossRef]
11. Chesnut, M.; Muñoz, L.S.; Harris, G.; Freeman, D.; Gama, L.; Pardo, C.A.; Pamies, D. In Vitro and In Silico Models to Study

Mosquito-Borne Flavivirus Neuropathogenesis, Prevention, and Treatment. Front. Cell. Infect. Microbiol. 2019, 9, 223. [CrossRef]
[PubMed]

12. Hall, T.A. BioEdit: A user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucl.

Acids. Symp. Ser. 1999, 41, 95–98.
13. White, S.K.; Mavian, C.; Elbadry, M.A.; Beau De Rochars, V.M.; Paisie, T.; Telisma, T.; Salemi, M.; Lednicky, J.A.; Morris, J.G.

Detection and Phylogenetic Characterization of Arbovirus Dual-Infections among Persons during a Chikungunya Fever Outbreak,
Haiti 2014. PLoS Negl. Trop. Dis. 2018, 12, e0006505. [CrossRef] [PubMed]

14. Mavian, C.; Rife, B.D.; Dollar, J.J.; Cella, E.; Ciccozzi, M.; Prosperi, M.C.F.; Lednicky, J.; Morris, J.G.; Capua, I.; Salemi, M.
Emergence of Recombinant Mayaro Virus Strains from the Amazon Basin. Sci. Rep. 2017, 7, 8718. [CrossRef] [PubMed]

15. Martin, D.P.; Murrell, B.; Golden, M.; Khoosal, A.; Muhire, B. RDP4: Detection and Analysis of Recombination Patterns in Virus
Genomes. Virus Evol. 2015, 1, vev003. [CrossRef] [PubMed]

16. Guindon, S.; Dufayard, J.-F.; Lefort, V.; Anisimova, M.; Hordijk, W.; Gascuel, O. New Algorithms and Methods to Estimate
Maximum-Likelihood Phylogenies: Assessing the Performance of PhyML 3.0. Syst. Biol. 2010, 59, 307–321. [CrossRef] [PubMed]

17. Lefort, V.; Longueville, J.-E.; Gascuel, O. SMS: Smart Model Selection in PhyML. Mol. Biol. Evol. 2017, 34, 2422–2424. [CrossRef]
[PubMed]

18. Vaughan, T.G. IcyTree: Rapid Browser-Based Visualization for Phylogenetic Trees and Networks. Bioinformatics 2017, 33,
2392–2394. [CrossRef]

19. Delport, W.; Poon, A.F.Y.; Frost, S.D.W.; Kosakovsky Pond, S.L. Datamonkey 2010: A Suite of Phylogenetic Analysis Tools for
Evolutionary Biology. Bioinformatics 2010, 26, 2455–2457. [CrossRef]

20. Grosche, V.R.; Santos, I.A.; Ferreira, G.M.; Dutra, J.V.R.; Costa, L.C.; Nicolau-Junior, N.; Queiroz, A.T.L.; José, D.P.; Jardim, A.C.G.
Insights on the SARS-CoV-2 Genome Variability: The Lesson Learned in Brazil and Its Impacts on the Future of Pandemics.
Microb. Genom. 2021, 7, 000656. [CrossRef]

21. Murrell, B.; Moola, S.; Mabona, A.; Weighill, T.; Sheward, D.; Kosakovsky Pond, S.L.; Scheffler, K. FUBAR: A Fast, Unconstrained
Bayesian AppRoximation for Inferring Selection. Mol. Biol. Evol. 2013, 30, 1196–1205. [CrossRef] [PubMed]

22. Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; de Beer, T.A.P.; Rempfer, C.;
Bordoli, L.; et al. SWISS-MODEL: Homology Modelling of Protein Structures and Complexes. Nucleic Acids Res. 2018, 46,
W296–W303. [CrossRef] [PubMed]

23. Xue, L.C.; Rodrigues, J.P.; Kastritis, P.L.; Bonvin, A.M.; Vangone, A. PRODIGY: A Web Server for Predicting the Binding Affinity
of Protein–Protein Complexes. Bioinformatics 2016, 32, 3676–3678. [CrossRef] [PubMed]

24. Adasme, M.F.; Linnemann, K.L.; Bolz, S.N.; Kaiser, F.; Salentin, S.; Haupt, V.J.; Schroeder, M. PLIP 2021: Expanding the Scope of
the Protein–Ligand Interaction Profiler to DNA and RNA. Nucleic Acids Res 2021, 49, W530–W534. [CrossRef] [PubMed]

25. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Meng, E.C.; Couch, G.S.; Croll, T.I.; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX:
Structure Visualization for Researchers, Educators, and Developers. Protein Sci. 2021, 30, 70–82. [CrossRef] [PubMed]

26. Pezzi, L.; Rodriguez-Morales, A.J.; Reusken, C.B.; Ribeiro, G.S.; LaBeaud, A.D.; Lourenço-de-Oliveira, R.; Brasil, P.; Lecuit, M.;
Failloux, A.B.; Gallian, P.; et al. GloPID-R Report on Chikungunya, o’nyong-Nyong and Mayaro Virus, Part 3: Epidemiological
Distribution of Mayaro Virus. Antivir. Res. 2019, 172, 104610. [CrossRef] [PubMed]

27. Dittrich, D.; Leenders, R.T.A.J.; Mulder, J. Network Autocorrelation Modeling: A Bayes Factor Approach for Testing (Multiple)
Precise and Interval Hypotheses. Sociol. Methods Res. 2019, 48, 642–676. [CrossRef]

28. Blohm, G.; Elbadry, M.A.; Mavian, C.; Stephenson, C.; Loeb, J.; White, S.; Telisma, T.; Chavannes, S.; Beau De Rochar, V.M.;
Salemi, M.; et al. Mayaro as a Caribbean Traveler: Evidence for Multiple Introductions and Transmission of the Virus into Haiti.
Int. J. Infect. Dis. 2019, 87, 151–153. [CrossRef] [PubMed]

65

https://doi.org/10.1016/j.actatropica.2019.105093
https://www.ncbi.nlm.nih.gov/pubmed/31325416
https://doi.org/10.1016/j.actatropica.2015.03.020
https://www.ncbi.nlm.nih.gov/pubmed/25817238
https://doi.org/10.26633/RPSP.2020.14
https://doi.org/10.3390/v11100924
https://doi.org/10.1371/journal.pntd.0007042
https://doi.org/10.1038/s41467-021-23400-9
https://doi.org/10.1371/journal.pbio.3000003
https://doi.org/10.3389/fcimb.2019.00223
https://www.ncbi.nlm.nih.gov/pubmed/31338335
https://doi.org/10.1371/journal.pntd.0006505
https://www.ncbi.nlm.nih.gov/pubmed/29851952
https://doi.org/10.1038/s41598-017-07152-5
https://www.ncbi.nlm.nih.gov/pubmed/28821712
https://doi.org/10.1093/ve/vev003
https://www.ncbi.nlm.nih.gov/pubmed/27774277
https://doi.org/10.1093/sysbio/syq010
https://www.ncbi.nlm.nih.gov/pubmed/20525638
https://doi.org/10.1093/molbev/msx149
https://www.ncbi.nlm.nih.gov/pubmed/28472384
https://doi.org/10.1093/bioinformatics/btx155
https://doi.org/10.1093/bioinformatics/btq429
https://doi.org/10.1099/mgen.0.000656
https://doi.org/10.1093/molbev/mst030
https://www.ncbi.nlm.nih.gov/pubmed/23420840
https://doi.org/10.1093/nar/gky427
https://www.ncbi.nlm.nih.gov/pubmed/29788355
https://doi.org/10.1093/bioinformatics/btw514
https://www.ncbi.nlm.nih.gov/pubmed/27503228
https://doi.org/10.1093/nar/gkab294
https://www.ncbi.nlm.nih.gov/pubmed/33950214
https://doi.org/10.1002/pro.3943
https://www.ncbi.nlm.nih.gov/pubmed/32881101
https://doi.org/10.1016/j.antiviral.2019.104610
https://www.ncbi.nlm.nih.gov/pubmed/31545981
https://doi.org/10.1177/0049124117729712
https://doi.org/10.1016/j.ijid.2019.07.031
https://www.ncbi.nlm.nih.gov/pubmed/31382049


Viruses 2024, 16, 809 15 of 15

29. Higuera, A.; Ramírez, J.D. Molecular Epidemiology of Dengue, Yellow Fever, Zika and Chikungunya Arboviruses: An Update.
Acta Trop. 2019, 190, 99–111. [CrossRef]

30. Weaver, S.C.; Forrester, N.L.; Liu, J.; Vasilakis, N. Population Bottlenecks and Founder Effects: Implications for Mosquito-Borne
Arboviral Emergence. Nat. Rev. Microbiol. 2021, 19, 184–195. [CrossRef]

31. Lin, J.-J.; Bhattacharjee, M.J.; Yu, C.-P.; Tseng, Y.Y.; Li, W.-H. Many Human RNA Viruses Show Extraordinarily Stringent Selective
Constraints on Protein Evolution. Proc. Natl. Acad. Sci. USA 2019, 116, 19009–19018. [CrossRef] [PubMed]

32. Domingo, E.; Escarmís, C.; Sevilla, N.; Baranowski, E. Population Dynamics in the Evolution of RNA Viruses. In Coronaviruses

and Arteriviruses. Advances in Experimental Medicine and Biology; Springer: Boston, MA, USA, 1998; pp. 721–727.
33. Cong, M.; Heneine, W.; García-Lerma, J.G. The Fitness Cost of Mutations Associated with Human Immunodeficiency Virus Type

1 Drug Resistance Is Modulated by Mutational Interactions. J. Virol. 2007, 81, 3037–3041. [CrossRef] [PubMed]
34. Poirier, E.Z.; Vignuzzi, M. Virus Population Dynamics during Infection. Curr. Opin. Virol. 2017, 23, 82–87. [CrossRef] [PubMed]
35. Tsetsarkin, K.A.; Vanlandingham, D.L.; McGee, C.E.; Higgs, S. A Single Mutation in Chikungunya Virus Affects Vector Specificity

and Epidemic Potential. PLoS Pathog. 2007, 3, e201. [CrossRef] [PubMed]
36. Rangel, M.V.; McAllister, N.; Dancel-Manning, K.; Noval, M.G.; Silva, L.A.; Stapleford, K.A. Emerging Chikungunya Virus

Variants at the E1-E1 Interglycoprotein Spike Interface Impact Virus Attachment and Inflammation. J. Virol. 2022, 96, e0158621.
[CrossRef] [PubMed]

37. Earnest, J.T.; Basore, K.; Roy, V.; Bailey, A.L.; Wang, D.; Alter, G.; Fremont, D.H.; Diamond, M.S. Neutralizing Antibodies against
Mayaro Virus Require Fc Effector Functions for Protective Activity. J. Exp. Med. 2019, 216, 2282–2301. [CrossRef]

38. Zhang, K.; Law, Y.-S.; Law, M.C.Y.; Tan, Y.B.; Wirawan, M.; Luo, D. Structural Insights into Viral RNA Capping and Plasma
Membrane Targeting by Chikungunya Virus Nonstructural Protein 1. Cell Host Microbe 2021, 29, 757–764.e3. [CrossRef] [PubMed]

39. Beasley, D.W.C.; Davis, C.T.; Guzman, H.; Vanlandingham, D.L.; Travassos da Rosa, A.P.A.; Parsons, R.E.; Higgs, S.; Tesh, R.B.;
Barrett, A.D.T. Limited Evolution of West Nile Virus Has Occurred during Its Southwesterly Spread in the United States. Virology

2003, 309, 190–195. [CrossRef]
40. Neyret, A.; Bernard, E.; Aïqui-Reboul-Paviet, O.; Bakhache, W.; Eldin, P.; Chaloin, L.; Briant, L. Identification of a Non-Canonical

G3BP-Binding Sequence in a Mayaro Virus NsP3 Hypervariable Domain. Front. Cell. Infect. Microbiol. 2022, 12, 958176. [CrossRef]
41. DeBrock, S.; Cohen, E.; Balasubramanian, S.; Marra, P.P.; Hamer, S.A. Characterization of the Plasmodium and Haemoproteus

Parasite Community in Temperate-Tropical Birds during Spring Migration. Int. J. Parasitol. Parasites Wildl. 2021, 15, 12–21.
[CrossRef]

42. Lednicky, J.; de Rochars, V.M.B.; Elbadry, M.; Loeb, J.; Telisma, T.; Chavannes, S.; Anilis, G.; Cella, E.; Ciccozzi, M.; Okech, B.; et al.
Mayaro Virus in Child with Acute Febrile Illness, Haiti, 2015. Emerg. Infect. Dis. 2016, 22, 2000–2002. [CrossRef] [PubMed]

43. Mota, M.T.O.; Vedovello, D.; Estofolete, C.; Malossi, C.D.; Araújo, J.P.; Nogueira, M.L. Complete Genome Sequence of Mayaro
Virus Imported from the Amazon Basin to São Paulo State, Brazil. Genome Announc. 2015, 3, e01341-15. [CrossRef] [PubMed]

44. Casal, P.E.; Chouhy, D.; Bolatti, E.M.; Perez, G.R.; Stella, E.J.; Giri, A.A. Evidence for Homologous Recombination in Chikungunya
Virus. Mol. Phylogenet. Evol. 2015, 85, 68–75. [CrossRef] [PubMed]

45. Allison, A.B.; Stallknecht, D.E.; Holmes, E.C. Evolutionary Genetics and Vector Adaptation of Recombinant Viruses of the Western
Equine Encephalitis Antigenic Complex Provides New Insights into Alphavirus Diversity and Host Switching. Virology 2015, 474,
154–162. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

66

https://doi.org/10.1016/j.actatropica.2018.11.010
https://doi.org/10.1038/s41579-020-00482-8
https://doi.org/10.1073/pnas.1907626116
https://www.ncbi.nlm.nih.gov/pubmed/31484772
https://doi.org/10.1128/JVI.02712-06
https://www.ncbi.nlm.nih.gov/pubmed/17192300
https://doi.org/10.1016/j.coviro.2017.03.013
https://www.ncbi.nlm.nih.gov/pubmed/28456056
https://doi.org/10.1371/journal.ppat.0030201
https://www.ncbi.nlm.nih.gov/pubmed/18069894
https://doi.org/10.1128/JVI.01586-21
https://www.ncbi.nlm.nih.gov/pubmed/34935436
https://doi.org/10.1084/jem.20190736
https://doi.org/10.1016/j.chom.2021.02.018
https://www.ncbi.nlm.nih.gov/pubmed/33730549
https://doi.org/10.1016/S0042-6822(03)00150-8
https://doi.org/10.3389/fcimb.2022.958176
https://doi.org/10.1016/j.ijppaw.2021.03.013
https://doi.org/10.3201/eid2211.161015
https://www.ncbi.nlm.nih.gov/pubmed/27767924
https://doi.org/10.1128/genomeA.01341-15
https://www.ncbi.nlm.nih.gov/pubmed/26607884
https://doi.org/10.1016/j.ympev.2015.01.016
https://www.ncbi.nlm.nih.gov/pubmed/25701772
https://doi.org/10.1016/j.virol.2014.10.024
https://www.ncbi.nlm.nih.gov/pubmed/25463613


Vol.:(0123456789)1 3

Archives of Microbiology (2023) 205:106 

https://doi.org/10.1007/s00203-023-03441-y

MINI REVIEW

An update on the development of antiviral against Mayaro virus: 
from molecules to potential viral targets

Marina Paschoalino1 · Mikaela dos Santos Marinho1 · Igor Andrade Santos1 · Victória Riquena Grosche1,2 · 

Daniel Oliveira Silva Martins1,2 · Rafael Borges Rosa3,4 · Ana Carolina Gomes Jardim1,2

Received: 19 November 2022 / Revised: 16 January 2023 / Accepted: 15 February 2023 / Published online: 7 March 2023 

© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Mayaro virus (MAYV), first isolated in 1954 in Trinidad and Tobago islands, is the causative agent of Mayaro fever, a disease 
characterized by fever, rashes, headaches, myalgia, and arthralgia. The infection can progress to a chronic condition in over 
50% of cases, with persistent arthralgia, which can lead to the disability of the infected individuals. MAYV is mainly trans-
mitted through the bite of the female Haemagogus spp. mosquito genus. However, studies demonstrate that Aedes aegypti 
is also a vector, contributing to the spread of MAYV beyond endemic areas, given the vast geographical distribution of the 
mosquito. Besides, the similarity of antigenic sites with other Alphavirus complicates the diagnoses of MAYV, contributing 
to underreporting of the disease. Nowadays, there are no antiviral drugs available to treat infected patients, being the clinical 
management based on analgesics and non-steroidal anti-inflammatory drugs. In this context, this review aims to summarize 
compounds that have demonstrated antiviral activity against MAYV in vitro, as well as discuss the potentiality of viral pro-
teins as targets for the development of antiviral drugs against MAYV. Finally, through rationalization of the data presented 
herein, we wish to encourage further research encompassing these compounds as potential anti-MAYV drug candidates.

Keywords Mayaro fever · Mayaro virus · Antiviral · Natural and synthetic compounds · Viral targets

Introduction

The Mayaro virus (MAYV) belongs to the Togaviridae 
family and Alphavirus genus, which is composed of a posi-
tive single-stranded RNA of 11,5 kb in length, covered by 
an icosahedral capsid and viral envelope (Fig. 1) (Diagne 
et al. 2020). It was first isolated in 1954 in Trinidad and 

Tobago islands from the blood of five febrile rural workers 
(Anderson et al. 1957). Since then, sporadic outbreaks have 
been identified in countries with tropical forests, including 
Brazil, Bolivia, Suriname, Peru, Equator, Venezuela, and 
recently Haiti (Aguilar-Luis et al. 2020). In addition, cases in 
North America (Taylor et al. 2005) and Europe (Theilacker 
et al. 2013) were reported in citizens who traveled to South 
America.

MAYV belongs to the Semliki Complex, a subgroup 
of the Alphavirus genus that includes Bebaru virus, Chi-
kungunya virus (CHIKV), Getah virus, Una Forest virus 
(UNAV), O’nyong-nyong virus, among others. Viruses from 
this complex are classified into the same serological group, 
sharing common antigenic sites, resulting in cross-reactivity 
in conventional serological tests, complicating the accurate 
diagnosis of MAYV infections and the underreporting of the 
disease (Acosta-Ampudia et al. 2018).

MAYV infection is the causative agent of the Mayaro 
Fever, a disease characterized by acute fever, rashes, head-
ache, retro-orbital pain, nausea, diarrhea, myalgia, and 
arthralgia (Acosta-Ampudia et al. 2018) that remain for 
months or years in over 50% of cases (Mackay and Arden 
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2016; Li et al. 2019), culminating in physical disability (Fer-
reira et al. 2018). In severe cases, Mayaro fever can cause 
intermittent fever, neurological complications, myocarditis, 
and ultimately death (Acosta-Ampudia et al. 2018).

MAYV is transmitted through the bite of the Haema-

gogus spp. mosquito, usually from infected non-human 
primates, birds, rodents, and small mammals to susceptible 
humans (Esposito and Fonseca 2017). The vector compe-
tence of Aedes aegypti mosquitoes in the transmission of 
MAYV is also known, and considering the wide geographic 
distribution of the Aedes genus, there is a concern about 
virus spread beyond endemic areas (Long et al. 2011; Choi 
et al. 2019).

The MAYV replication begins with virus entry into the 
host cells via specific receptors on the cell surface, such 
as MXRA8, triggering clathrin-mediated endocytosis or, 
alternatively, through a caveolin-coated pit (Carvalho et al. 
2017; Zhang et al. 2018). Through pH changes in the endo-
some, the interaction between the endosome membrane and 
the viral envelope leads to the viral RNA release into the 
cytoplasm. MAYV RNA is composed of two open read-
ing frames (ORFs). The first ORF is translated in the non-
structural viral proteins (nsP) nsP1, nsP2, nsP3, and nsP4, 
which form the replicative complex (RC), responsible to pro-
duce a negative strand from the viral genome, that serves as 
templates for the synthesis of new positive-sense strands, 
besides the sub-genomic 26S RNA (Diagne et al. 2020). 
The other ORF is transcribed from the negative strand, and 

translated into a polyprotein which is cleaved to the struc-
tural proteins C, E1, E2, E3, and 6K (viroporin). Addition-
ally, a frameshift event occurs during translation of the 6K 
gene, yielding the production of the transframe (TF) protein, 
comprised of a C-terminal extension of the 6K protein in 
the − 1 ORF. TF protein has been associated with alphavi-

rus budding efficiency and/or assembly (Firth et al. 2008; 
Snyder et al. 2013). The replication process is followed by 
the assembling of the viral components and virus release 
through budding in mammalian cells membrane (Jose et al. 
2017; Brown et al. 2018) (Fig. 2), or through an alternative 
exocytosis pathway in insect cells (Acosta-Ampudia et al. 
2018).

Despite the chronic condition of a high number of MAYV 
infections, there is no licensed antiviral against Mayaro 
fever. The treatment is palliative and consists in managing 
the symptoms using analgesics and/or non-steroidal anti-
inflammatory drugs (Sun and Wu 2019). Therefore, research 
data have been produced on the potential of natural and syn-
thetic molecules against MAYV. Here we summarize the 
natural and synthetic compounds previously described to 
possess antiviral activity against MAYV (Table 1). Thus, we 
critically compare molecules that could be further investi-
gated in vivo and suggest protein targets to be further evalu-
ated as anti-MAYV molecules. Finally, we aim to encourage 
further research encompassing these compounds as potential 
anti-MAYV drug candidates to treat infected patients.

Fig. 1  Schematic structure of MAYV virion. Electron microscopy 
data show that the viral particle is about 70  nm in diameter. The 
virion is composed of a positive single-stranded RNA with an icosa-
hedral capsid formed by the capsid protein (C), covered by an enve-
lope membrane inserted of the E1, E2, and E3 glycoproteins. The E3 

protein is not shown since it detaches from the E2 protein at the viral 
surface during maturation (Ribeiro-Filho et al. 2021). Viral structure 
was based on Cryo-EM structure of mature MAYV (PDB ID: 7KO8) 
(Ribeiro-Filho et al. 2021)
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Fig. 2  Schematic representation of MAYV replicative cycle. The rep-
licative cycle and genomic structure of MAYV. E envelope, nsP non-
structural protein, UTR  untranslated region, nt nucleotides. MAYV 
attaches to the host cells through the interaction between the host 
receptors and glycoproteins. Endocytosis occurs through a clathrin-
coated pit or, alternatively, a caveolin-coated pit; virus internaliza-
tion starts after interaction with host cell receptors; the low pH in the 
endosome leads to structural modifications in the viral envelope that 
reveal the E1. The latter mediates cell membrane-virus fusion, and 
later, endosomal cell membrane-virus fusion. Viral uncoating results 
in the release of the viral genome, and the replication stage occurs 
(translation and transcription). From the RNA of the virus, nsP pre-
cursors are generated; the replication complex is obtained from nsP 
proteins. This complex thus allows the synthesis of a minus-strand 
RNA, and it is used as the template to generate both genomic and 

subgenomic RNAs. Polyprotein precursor is cleaved by an autopro-
teolytic serine protease; and genomic RNA involved in nucleocapsid 
core assembly and genomic RNA packaging. Maturation of glyco-
proteins pE2 and E1 occurs. In the Golgi, processed glycoproteins 
are associated. Then they are transported into the cell membrane. At 
the cell membrane, the pE2 is split into E2 and E3; there is also the 
association of the viral RNA with the capsid C and the recruitment of 
E1 allows viral assembly. Last, particles of MAYV associated with 
the core are released outside of the host cell through the membrane. 
Compounds with antiviral activity against MAYV are indicated in 
each step of the virus replication cycle: (i) Viral Entry; (ii) Post-Entry 
(Maturation, RNA and Protein Synthesis); and (iii) Protective Effect 
on Host Cells. Viral cycle was based on the work of Diagne and col-
leagues (Diagne et al. 2020)
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Natural compounds as inhibitors 
of the replicative cycle of MAYV

Some of the first natural molecules tested for their 
potential to inhibit MAYV replication in  vitro were 

Prostaglandin A1 (PGA1) and Prostaglandin B2 (PGB2) 
(Ishimaru et  al. 1998). PGA1, a natural molecule that 
possesses a hormone-like lipid structure, is produced by 
cells in the presence of injury and/or inflammation (Cal-
das et al. 2018). Alternatively, PGB2 is a lipid mediator 

Table 1  Compounds with antiviral activity against MAYV
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that acts as an auxiliary signal to T lymphocyte activation 
(Ishimaru et al. 1998; Raulin 2002). The antiviral effects 
of PGA1 and PGB2 against MAYV were investigated by 
using the plaque reduction assay in infected green mon-
key kidney cells (Vero cells) (Ishimaru et al. 1998). Cells 
were infected with MAYV at a concentration of 1 plaque-
forming unit (pfu) per cell for 1 h, followed by the admin-
istration of PGs at concentrations ranging from 0 to 10 µg/
ml for 1 h. The  EC50 was observed with doses of 3 µg/
ml for PGA1 and 8 µg/ml for PGB2. A higher antiviral 
effect was observed when compounds were added up to 
2 h post-infection (h.p.i.) (Ishimaru et al. 1998). PGA1 
was more effective than PGB2, being able to inhibit the 
production of glycoproteins E1 and E2 by over 50% at 

10 µg/ml, resulting in a decrease of infectious particles 
(Ishimaru et al. 1998).

Later, Burlandy and Rebello corroborated the anti-MAYV 
activity of PGA1 that reduced 99% of MAYV replication 
in vitro at 10 µg/mL through a reduction plaque assay (Bur-
landy and Rebello 2001). Moreover, to suggest which stage 
of the replicative cycle was affected, a time-of-drug addition 
assay was performed. The results showed that PGA1 pos-
sesses the strongest effect when added to the cells simulta-
neously to the virus. The authors also identified a reduction 
in the synthesis of E1, E2, and C, and in the precursors of 
virus proteins, which suggests the effect in the early stages of 
viral replication. Additionally, an increase in the heat shock 
protein 70 (HSP70) was detected, and since this molecule is 

Table 1  (continued)

ND not described, EC50 effective concentration of 50%, CC50 cytotoxic concentration of 50%, NA not applicable

*A list of abbreviations was provided as supplementary material
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responsible for protein folding, disaggregation, and degrada-
tion to ensure proper cell function (Holbrook et al. 1992), it 
is possible to suggest a mode of action for PGA1(Burlandy 
and Rebello 2001). Caldas and coworkers also assessed the 
effect of PGA1 on MAYV replication and the relevance of 
HSP70 in this process (Caldas et al. 2018). Human cervix 
carcinoma cells (Hep-2 cells) were infected with MAYV 
with a multiplicity of infection (MOI) of 1 for 1 h and treated 
with different concentrations of the compound. According to 
the authors, the PGA1 was not cytotoxic, presented an  EC50 
of 1 μg/mL, and inhibited up to 95% of viral production 
at 6 μg/mL. In agreement with the previous studies, PGA1 
impaired p110, p62, E1/E2, and C synthesis, as well as a 
significantly increased HSP70 expression (Ishimaru et al. 
1998; Caldas et al. 2018). The HSP70 increase seems to be 
related to the PGA1 antiviral effect since the inhibition of 
viral replication was only observed in PGA1 concentrations 
that induced the production of this HSP. In this context, the 
authors proposed that PGA1 may act in different stages of 
viral replication due to the different strategies presented by 
the molecule.

Alternatively, Carvalho and colleagues proposed the natu-
ral macromolecule Lactoferrin, a globular glycoprotein, as 
a candidate for treatment against MAYV (Carvalho et al. 
2014). This molecule is produced by exocrine glands, such 
as mammary and lacrimal glands (Kell et al. 2020) and has 
been used as apolactoferrin, its apo form found in bovine 
whey (bLf). To assess the effect of Lactoferrin against 
MAYV, Vero cells were infected with viral particles labeled 
with DiD (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbo
cyanine,4-chlorobenzenesulfonate salt), a lipophilic carbo-
cyanine marker that expresses red fluorescence, and then 
incubated with bLf at concentrations ranging from 0.2 to 
1.0 mg/mL. BLf inhibited viral replication in a dose-depend-
ent manner, with 1 mg/mL being able to inhibit 85% of viral 
infection. Furthermore, a time-of-drug addition assay was 
also carried out to investigate which stage of the replication 
cycle was affected (Carvalho et al. 2014). The bLf mainly 
acted on virus entry, suggesting that this molecule may inter-
act with the sulfate groups of the glycosaminoglycans layer 
(GAGs) of the host cells, preventing the attachment of the 
virus. However, since the specific MAYV receptor at the 
time of the study was unknown (Carvalho et al. 2014), fur-
ther studies involving the Mrxa8 are needed to corroborate 
this mechanism of action.

Other potential antiviral candidates tested against 
MAYV were the flavonoids 4′-O-methylepigallocate-
chin (MEP) and the proanthocyanidin [(−)-epicatechin-
(4β → 8)-(−)-4′-methylepigallocatechin] (PAC), an MEP 
dimerized with the epicatechin, isolated from Maytenus 

imbricata roots (Ferraz et al. 2019). The viability of MEP 
and PAC was evaluated through an MTT ([(3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide)] assay 

using Vero cells, and both demonstrated no cytotoxic 
effect, with  CC50 over 1640 µM. To assess the antiviral 
effect, cells were infected with MAYV and treated with 
concentrations of MEP and PAC. No activity was observed 
against MAYV with MEP, even at the highest tested con-
centration (1000 μM). However, the treatment of MAYV-
infected cells with PAC resulted in  EC50 of 37.9 μM and a 
SI (selectivity index) higher than 43. The treatment at dif-
ferent stages of the virus cycle demonstrated the virucidal 
activity of PAC, which was confirmed by a dialysis mem-
brane assay. The authors proposed that the mechanism of 
action may be related to the interaction of proanthocyanins 
with the envelope glycoproteins, decreasing the infectivity 
of viral particles (Ferraz et al. 2019).

The antiviral effect of the flavonoid Quercetin, as 
well as the EtOAc, and n-BuOH fractions, isolated from 
Bauhinia longifólia, was investigated by employing the 
viral yield inhibition assay. Vero cells with MAYV (MOI 
of 0.1) for 1 h, and then treated for 24 h with the sub-
stances (0–100 μg/ml). Subsequently, the culture superna-
tants were recovered and tittered to calculate the extracel-
lular infectious viral particles using the plaque reduction 
assay. Among the tested compounds, quercetin and the 
fractions of EtOAc, and n-BuOH had an  EC50 of 10 µM, 
5 µM, and 3 µM, respectively. EtOAc had the highest SI 
(623), followed by n-BuOH (208) and quercetin (94). The 
mechanisms of action of these substances still need to be 
elucidated. It has been suggested that quercetin may act 
inhibiting viral RNA polymerase (dos Santos et al. 2014).

The antiviral activity of Quercetin against MAYV was 
also studied by Bakhache and coworkers, in addition to the 
compounds Cerulenin, Orlistat, and CAY10566 (Bakhache 
et al. 2019). These molecules are known to interfere with 
fatty acid synthase (FASN) or stearoyl-CoA desaturase 
(SCD1), cofactors of MAYV infection. To assess the their 
antiviral activity, human embryonic epithelial kidney cells 
(HEK293T) were infected with the MAYV-Luc reporter 
virus in an MOI of 1, and Quercetin, Cerulenin, Orlistat, 
and CAY10566 were added 1.5 h before or 1.5 h after the 
cell infection at concentrations of 0–150 μM, 0–25 μM, 
0–100 μM, and 0–7.5 μM, respectively. Luciferase activ-
ity was then monitored for 6, 16, and 24 h.p.i.. As an out-
come, the inhibitors induced a dose-dependent inhibitory 
effect on MAYV, when added before or after the infection. 
Among the tested drugs, Cerulenin presented the high-
est antiviral activity, demonstrating an increased abil-
ity to inhibit MAYV infectivity when added before the 
viral infection. The authors also screened these molecules 
against CHIKV, which demonstrated to decrease CHIKV 
genome replication due to the interference with FASN or 
SCD1 enzymatic activity, proposing that these compounds 
act in a similar mechanism against MAYV.
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Similarly, the antiviral activity of EtOAc, n-BuOH, and 
EtOAc-Pp, extracted from Cassia australis, against MAYV 
were evaluated (Spindola et al. 2014). The production of 
MAYV in Vero cells decreased by about 70% and 85% in the 
presence of EtOAc and n-BuOH at 25 μg/mL, respectively, 
while EtOAc-Pp at 10 μg/mL decreased 90% the viral prog-
eny production. The authors proposed that the highest antivi-
ral effect of EtOAc-Pp may be due to the condensed tannins, 
which are present only in this substance. Tannins are a class 
of polyphenols, characterized by having different molecular 
sizes and degrees of polymerization, which affect their phar-
macokinetics and antiviral activity (Maugeri et al. 2022). 
Condensed tannins have previously demonstrated antiviral 
activity against other viruses, such as the respiratory syncy-
tial virus (RSV), influenza A virus (FLU-A), and parainflu-
enza virus (PIV) (Bruyne et al. 1999). The authors suggested 
that the mechanism of action of EtOAc-Pp is related to the 
binding of tannins with viral envelope proteins, resulting in 
the inhibition of viral binding and penetration into host cells.

What is more, the EtOH fruit extract from Punica gra-

natum (Pomegranate), and its two main fractions, one con-
taining the α and β anomers of Punicalagin and another the 
Pomegranate ethanol extract, were assessed by their anti-
MAYV activity (Salles et al. 2021). To this, Vero cells were 
infected with MAYV at an MOI of 0.1 for 1 h, and then 
added of medium-containing substances at concentrations 
of 12.5, 25, 50, and 100 µg/ml. Virus was titrated 24 h.p.i. 
and titrated by the  TCID50. As a result, P. granatum etha-
nolic extract demonstrated strong antiviral activity against 
MAYV infection, with a  CC50 of 590.8 µg/mL and an  EC50 
of 12.3 µg/mL. The fraction containing punicalagin as the 
main component also showed strong antiviral activity, with 
a  CC50 of 523.1 µg/mL and an  EC50 of 62.5 µg/mL. The 
authors performed a virucidal assay, incubating the virus 
with each substance at 200 µg/mL for 1 h at 37 °C. Pome-
granate ethanol extract showed 98% virucidal activity 
against MAYV particles, and punicalagin showed no visible 
virucidal activity, being the results confirmed by immuno-
fluorescence microscopy.

Another natural compound identified to possess anti-
MAYV activity is Epicatechin, isolated from extracts of 
Salacia crassifolia, which belongs to a genus of plants 
known by its use against diabetes, and as an anti-inflam-
matory, in folk medicine (Ferreira et al. 2018). Ferreira and 
coworkers selected Epicatechin for in vitro analysis after 
performing in silico screening tests that suggested a potential 
binding interaction with MAYV C protein. To assess the 
in vitro antiviral activity, cells were pretreated for 30 min 
with dilutions of the compound (0.013 to 0.574 μmol/mL), 
and then infected with MAYV at an MOI of 0.1 or 5 for 
48 h. Epicatechin presented  EC50 of 0.247 μmol/mL, and 
prevented approximately 100% of the cytopathic effect in 
MAYV-infected cells at 0.430 μmol/mL. A time-of-drug 

addition assay was also performed, and when added after 
infection, epicatechin reduced virus production by two logs 
in the first 12 h. The authors suggested that the compound 
acts in the second cycle of infection, when mature virions 
are released into the extracellular environment, but did not 
exclude an intracellular action in the late stages of viral rep-
lication, considering the MOI used in the assay, concluding 
that epicatechin acts by binding to components of the viral 
particle, but not to cellular components.

Ginkgolic Acid (GA), a compound isolated from Ginkgo 

biloba, is widely used in traditional Chinese medicine 
(Campos et al. 2020), reported to possess biological activi-
ties, such as anti-tumor (Ma et al. 2015; Qiao et al. 2017), 
antibacterial (Hua et al. 2017), anti-parasitic (Chen et al. 
2008), and antiviral (Lü et al. 2012). Campos and colleagues 
evaluated the effects of GA on CHIKV, MAYV, and UNAV 
replication. Through a plaque reduction assay using epi-
thelial cervical cancer cells (HeLa cells), it was found that 
GA at 10 µM reduced the MAYV viral progeny in almost 2 
 log10 at 16 h.p.i.. To confirm these results, an immunofluo-
rescence assay was performed, demonstrating that treated 
cells presented a decrease in viral antigens. Additionally, a 
time-of-drug-addition assay was performed by adding GA to 
the cells hourly after adsorption, and supernatants were col-
lected 24 h.p.i. to measure viral progeny yields. As a result, 
the compound was able to mainly inhibit the initial stages 
of the viral cycle, which was confirmed by the suppression 
of E1 and E2 viral proteins in western blot (Campos et al. 
2020). Despite the promising effects of GA against MAYV 
in vitro, the molecule demonstrated to be toxic in other cell 
lines and animal studies (Berg et al. 2015; Qian et al. 2017). 
Therefore, the authors suggest that further investigations are 
needed to confirm the safety of the treatment, and the anti-
viral activity against MAYV.

Another promising inhibitor of MAYV is Silymarin, a 
compound extracted from Silybum marianum. This molecule 
is widely used for the treatment of liver disorders (Camini 
et al. 2018), and was described to have antiviral activity 
against the Hepatitis C virus (Wagoner et al. 2010) and 
CHIKV (Lani et al. 2015). Camini and coworkers assessed 
the effects of Silymarin using hepatocarcinoma cells (HepG2 
cells), which resulted in  CC50 of 103.5 µg/mL and  EC50 of 
3.58 µg/mL. Then, HepG2 cells were treated with 25 μg/
mL of Silymarin and simultaneously infected with MAYV 
at an MOI of 5. Supernatants were collected 48 h.p.i. and 
used to infect naïve Vero cells. The results demonstrated a 
reduction of up to two logs in MAYV replication, inhib-
iting almost 100% of the cytopathic effect. The produc-
tion of reactive species of oxygen (ROS) was measured by 
employing infected HepG2 cells with a fluorogenic marker, 
confirming that MAYV infection increased ROS generation 
in a time-dependent curve. Other oxidative stress biomark-
ers were quantified, such as malondialdehyde (MDA) and 
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carbonyl protein, in the presence of MAYV and Silymarin, 
which culminated in a drop of these biomarkers, suggesting 
a protective effect on host cells, associated with the antiviral 
activity (Camini et al. 2018).

Finally, Valdés-Torres and collaborators investigated the 
potential of Honokiol and α-Mangostin against MAYV (Val-
dés-Torres et al. 2022). Primary human dermal fibroblasts 
(HDFs), Vero-E6, and HeLa cells were infected with MAYV 
at an MOI of 1 for 1 h, and then treated with Honokiol (5 
to 10 μM) or α-Mangostin (1 to 5 μM) for 24 h. Honokiol 
and α-Mangostin reduced MAYV-induced cytopathic effects 
in a dose-dependent manner and inhibited the production 
of viral progeny in pretreatment assay. MAYV-infected 
HDFs revealed that α-Mangostin at 1 µM affected MAYV 
binding to the host cells, while Honokiol showed a modest 
effect at 10 µM. The viral entry was partially disturbed by 
α-Mangostin, but not by Honokiol. Both compounds affected 
the post-entry stage of MAYV infection. The authors also 
evaluated the expression of Interferon (IFN) type I and spe-
cific genes stimulated by IFN in treated or untreated HeLa 
cells through quantitative RT-PCR. As an outcome, treat-
ment with Honokiol and α-Mangostin promoted a signifi-
cant increase in IFN type I and interferon-stimulated genes. 
In addition, the compounds decreased the expression of 
MAYV E1 and nsP1, and affected viral RNA replication. 
The authors pointed out that Honokiol and α-Mangostin are 
post-entry inhibitors impairing MAYV replication through 
different mechanisms of action, and may act as potential 
broad-spectrum antivirals, also inhibiting UNAV, CHIKV, 
and Zika virus (ZIKV).

Synthetic and semi‑synthetic inhibitors 
of MAYV replicative cycle

Natural compounds may present limitations in terms of 
large-scale production and patentability, and therefore, the 
production of synthetic and semi-synthetic compounds is 
an alternative and attractive approach to the development of 
antiviral candidates (Ortholand and Ganesan 2004).

Among the synthetic molecules, the Thienopyridine 
derivatives were described as antimicrobial agents against 
bacteria (Aly et al. 2011), protozoa (Pinheiro 2012), viruses 
(Bernardino et al. 2004), and parasites (Rolim Bernardino 
et al. 2006). In this context, Amorim and coworkers con-
ducted a study based on the antiviral activity of thieno[2,3-
b]pyridine derivatives 101 to 113 on the MAYV replica-
tive cycle in vitro, using Vero cells (Amorim et al. 2017). 
Among the non-cytotoxic compounds, molecule 104 was the 
most viable compound, presenting  CC50 of 2500 µM,  EC50 
of 20.0 µM, and an SI of 125. To further assess the effect 
of molecule 104 on viral protein synthesis, Vero cells were 
infected with MAYV at an MOI of 0.05 and treated with 

100 µM of the compound in a time-of-drug addition assay. 
Through the quantification of the plaque-forming assay, it 
was observed that 104 presented a higher effect when added 
prior or during the virus infection. Therefore, a virucidal 
assay was performed by incubating the virus and the com-
pound for 1 h prior to the infection, confirming the viru-
cidal effect of 104 at concentrations higher than 25 µM. The 
authors also showed a decrease in protein synthesis in the 
presence of 104, by labeling viral proteins with 35S-methio-
nine, confirmed by transmission electron microscopy, which 
demonstrated a reduction in the number of intracytoplasmic 
nucleocapsids and mature virus particles in treated cells.

Porphyrins are organic molecules that can bear a metal 
ion in the center of their tetrapyrrolic structure (Assunção-
Miranda et al. 2016). These molecules are capable of absorb-
ing light and are widely used in photodynamic therapies. 
The porphyrins have also been shown to inactivate viral 
particles by targeting the viral envelope of Dengue virus 
(DENV) and Yellow Fever virus (YFV) (Neris et al. 2018). 
Neris and coworkers evaluated the antiviral potential of the 
heme porphyrins Co-protoporphyrin IX (CoPPIX) and Sn-
protoporphyrin IX (SnPPIX) in the presence or absence of 
light against MAYV using Baby Hamster Kidney Fibro-
blast (BHK-21) or Vero cells (Neris et al. 2018). With no 
light stimulation, CoPPIX and SnPPIX presented a  CC50 of 
762.3 µM and 816 µM, respectively, while in the presence of 
light, the compounds demonstrated a  CC50 of 1018 µM and 
20.7 µM, respectively. Later,  107 PFU of viruses were pre-
incubated with different concentrations of each compound 
in the absence of light for 1 h at 37 °C, and then used to 
infect the cells with an MOI of 0.1. CoPPIX and SnPPIX at 
300 μM were able to completely inactivate MAYV, with an 
 EC50 of 5.94 µM and 5.99 µM, respectively. Additionally, 
light-stimulated for 10 min before incubation for 1 h in the 
dark resulted in  EC50 of 0.09 µM for SnPPIX and 7.48 µM 
for CoPPIX. To further investigate the CoPPIX and SnPPIX 
inhibition, MAYV was labeled with DiD to follow fusion 
between virus and endosomal membranes during endocy-
tosis. After treatment with CoPPIX or SnPPIX at 300 μM 
with no light stimulation, and SnPPIX at 10 μM with light 
stimulation, MAYV was unable to efficiently fuse with the 
endosomal membrane. The authors highlighted that the por-
phyrins are hydrophobic molecules, that might interact with 
viral envelope lipids, impairing the attachment and entry of 
the virus into the cells. Furthermore, the photoactivation of 
SnPPIX generates ROS, which can modify viral proteins 
in the envelope environment, producing an antiviral activ-
ity. The authors emphasized that a single intensity of light 
stimulation was performed and suggested that an increase 
in luminous intensity might increase SnPPIX virucidal effi-
ciency (Neris et al. 2018).

Another promising compound is β-D-N4-hydroxycytidine 
(EIDD-1931), a ribonucleoside analogue which previously 
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demonstrated antiviral activity against RNA viruses, such 
as SARS-COV-2, Equine Encephalitis Virus, and CHIKV 
(Yousefi et al. 2021; Langendries et al. 2021). EIDD-1931 
can rapidly reach plasma, is efficiently distributed in mice 
organs, and also presents a high genetic barrier for the devel-
opment of viral resistance (Painter et al. 2019; Yousefi et al. 
2021). A study conducted by Langendries and coworkers 
screened compounds with previously reported antiviral 
activity against other arboviruses, such as EIDD-1931, Favi-
piravir, and Suramin, against MAYV (strain TC625, MOI 
of 0.01), using Vero cells (Langendries et al. 2021). The 
experiments demonstrated  CC50 of > 100 µM, > 2000 µM, 
and 2837 µM, and  EC50 of 1.6 µM, 124 µM, and 79 µM 
for EIDD-1931, Suramin, and Favipiravir, respectively. To 
evaluate which stage of the replicative cycle was affected by 
these compounds, a time-of-drug-addition assay was car-
ried out. Vero cells were incubated with 300 µM Favipiravir, 
500 µM Suramin, and 25 µM EIDD-1931 2 h before infec-
tion, and 0, 2, 4, 6, and 8 h.p.i. at an MOI of 1. Through 
end-point titration at 10 h.p.i and qRT-PCR quantification, 
the authors demonstrated that EIDD-1931 impaired viral 
replication when added at 0, 2, and 4 h.p.i., with a moderated 
effect if added at 6 h.p.i. Differently, Suramin and Favipira-
vir reduced viral titers at 0 and 2 h.p.i., respectively. From 
the results and previous data in the literature, the authors 
suggested that EIDD-1931 and Favipiravir impair viral RNA 
synthesis, resulting in non-functional copied viruses due to 
a large number of mutations in the viral genome (Joshi et al. 
2021; Langendries et al. 2021). It was also proposed that 
Suramin acts during the early steps of the MAYV replicative 
cycle, more specifically in the viral entry, in a similar mecha-
nism demonstrated by studies with CHIKV (Albulescu et al. 
2020) and SARS-CoV-2 (Salgado-Benvindo et al. 2020).

Cyclic ketones are natural and synthetic compounds with 
antiviral (Sivropoulou et al. 1997; Chung 2017), antioxidant 
(Pombal et al. 2017), and antifungal (Pizzolitto et al. 2015) 
properties. The antiviral activity of 24 cyclic ketones was 
assessed by Fernandes and coworkers, by screening these 
compounds, using MAYV-infected Vero cells (MOI 1), 
treated with each compound at concentrations ranging from 
1 to 100 µM for 24 h. Among them, 8 compounds showed 
viability ≥ 50% and were selected for viral inhibition assay. 
A plaque-forming assay was performed, and among the 8 
compounds, the Xanthenodione 9-(5-(4-chlorophenyl]furan-
2-yl)-3,6-dimethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
1,8(2))-dione inhibited the MAYV with  EC50 of 21.5 µM 
and SI of 15.8. The authors also performed a time-of-drug 
addition assay and found that the compound inhibits viral 
replication in the prior and post-treatment assays (Fernandes 
et al. 2021).

The Proteasome inhibitors MG132 and Lactacystin are 
also antiviral candidates against MAYV (Llamas-González 
et al. 2019). MG132 acts as a reversible inhibitor of the 

chymotryptic activity of the proteasome, and Lactacystin is 
an irreversible inhibitor capable of binding to the catalytic 
β subunits of the 20S proteasome (Llamas-González et al. 
2019). The anti-MAYV activity of these compounds was 
evaluated by Llamas-González and colleagues. Vero-E6 or 
HeLa cells were treated with MG132 at 10 μM or Lactacys-
tin at 25 μM for 1 h, and then infected with MAYV (MOI 
of 1 or 10) for 1 h, when the inoculum was replaced by 
fresh medium-containing compounds. Viruses were titrated 
by plaque-forming assay 24 h.p.i.. MG132 and Lactacystin 
low cytotoxicity and significant antiviral effect using either 
cell lines. The authors also performed immunofluorescence 
of MAYV-infected HeLa cells, which demonstrated a sig-
nificant reduction in the percentage of MAYV-positive cells 
under treatment, resulting in < 5% for MG132 and < 10% for 
Lactacystin, versus > 20% in the untreated control group. 
Viral titers were lower when compounds were added in the 
early stages of infection, and the treatment with MG132 or 
Lactacystin affected the production of viral proteins nsP1 
and E1, showed by the reduced expression of MAYV pro-
teins under the treatment with these proteasome inhibitors.

Exploiting host factors, the Src family of protein tyrosine 
kinases (SFK) are involved in intracellular signaling path-
ways related to virus elimination (Broeckel et al. 2019). 
However, during infection, the virus can interact with 
kinases favoring viral replication. Therefore, cell signaling 
inhibitors, including SFK inhibitors, have been tested for 
their antiviral activity against Alphavirus in human fibro-
blasts (Broeckel et al. 2019). Since the knowledge of the 
signaling profile of SFK during Alphavirus is limited, the 
authors carried out a range of experiments using CHIKV 
infection, as a base to identify the kinase pathways involved 
in this genus infection. The SFK-phosphatidylinositol 
3-kinase (PI3K)-Akt-mTOR signaling was demonstrated to 
be the main pathway during CHIKV infection. Then, the 
authors evaluate the effects of dasatinib and Torin, inhibi-
tors of this pathway, on fibroblasts infected with MAYV. 
Through the viral titration of the supernatant collected from 
infected and treated cells, it was shown that MAYV was 
significantly reduced by these inhibitors. The authors dem-
onstrated that the SFK inhibitors blocked the subgenomic 
RNA translation, resulting in the impairment of Alphavi-

ruses replication (Broeckel et al. 2019).
A non-natural interferon (cIFN) that was designed 

according to the analysis of the amino acid sequences pre-
sent in several subtypes of IFN-α was investigated by its 
anti-MAYV activity by Grabarz et al. (2021). Vero cells 
were treated with increasing concentrations of cIFN for 
two hours and then infected with MAYV (MOI = 0.1) for 
48 h. MAYV infection was inhibited by cIFN inhibited, with 
EC50 of 35.7 fg/mL, being possible to obtain about 80% and 
100% cell confluency with concentrations of 81.4 fg/mL, and 
162.8 fg/mL of the compound, respectively. In comparison, 
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untreated cells showed almost complete destruction of the 
cell monolayer 24 h.p.i. with MAYV. In this study, cIFN 
was also able to inhibit the cytopathic effect of other viruses, 
such as ZIKV, CHIKV, and SARS-CoV-2.

Another promising compound is N-(methylcarbamoyl)-
2-{[5-(4-methylphenyl)-1,3,4-oxadiazol-2-yl]sulfanyl}-
2-phenylacetamide (known as C11), a molecule that induces 
type I IFN-dependent activity in human cell lines (Gall et al. 
2018). In this context, Gall and collaborators produced THF 
cells and MM6 cells with deletion of the stimulator of inter-
feron genes (STING), such as the RIG-1 mitochondrial 
antiviral signaling (MAVS) and the TIR-domain-contain-
ing adapter-inducing interferon-β gene (TRIF), related to 
the activation of the immune response. To assess the anti-
viral activity of C11, these cells were treated for 2 h with 
C11, IFN-β, or DMSO at non-cytotoxic concentrations and 
then infected with MAYV at an MOI of 1. The results dem-
onstrated that C11 had an effective concentration of 90% 
 (EC90) of 25.19 μM against MAYV. STING-deleted cells 
showed no inhibition of virus replication in the presence 
of the compound. C11 was also evaluated against CHIKV, 
VEEV, and RRV viruses in human cells, resulting in reduc-
tions in the virus titer, but when evaluated using non-human 
cells (RAW264.7 monocytic cells), a lack of antiviral activ-
ity in the murine RAW264.7 cell line was noticed. The 
authors proposed that C11 acts by activating specifically 
the human type I IFN response through a STING-dependent 
process, leading to the generation of an IFNAR-mediated 
antiviral cellular state.

Molecular target to drug development 
against MAYV

Drug development can be a time-consuming process, which 
can result in unexpected outcomes (Adamson et al. 2021). 
Additionally, the lack of treatment against viral infections, 
mainly for neglected diseases, may jeopardize the control 
of the disease, as well as its consequences, such as the loss 
of human lives (Young et al. 2019). In this context, several 
strategies can be applied to accelerate the progress toward 
the development of novel molecules. Therefore, this section 
focuses on the MAYV proteins which could be exploited as 
a target for antiviral development, considering the factors: 
(i) previously described compounds with antiviral activ-
ity against MAYV and/or other Alphaviruses, (ii) resolved 
structure of viral proteins deposited in databanks, and (iii) 
structural similarity and conservation among viruses.

The glycoprotein E1 possesses an ectodomain, subdi-
vided into subdomains I, II, and III, and a transmembrane 
subdomain (TM). Similarly, the E2 ectodomain is composed 
of subdomains A, B, C, and D, and a TM portion (Filho 
et al. 2020). The ectodomains of E1 and E2 interact with 

each other to form a portion of the spike structure outside 
the envelope: the glycoproteins E1 and E2 interact form-
ing a dimeric unit (Fig. 3A) that is further associated with 
additional two dimers to form the spike (Fig. 3B–D). The 
TM portions of E1/E2 bind the spike to the lipid membrane, 
while E2 C-terminal connects the spike to the capsid protein, 
through a well-described TPY consensus motif (West et al. 
2006; Ribeiro-Filho et al. 2021), forming an E1–E2-cap-
sid unit (Fig. 3C, E). As observed for other Alphaviruses, 
MAYV possesses an asymmetric unit formed by the assem-
bling of four E1–E2-capsid units resulting in 80 spikes 
(Filho et al. 2020). MAYV belongs to the arthritogenic 
class of viruses, and, therefore, it is possible to suggest that 
Mxra8 is the main receptor related to the MAYV entry into 
host cells (Fig. 3E) (Powell et al. 2020). In this context, 
considering that the glycoprotein protein complex inter-
acts with Mxra8, mainly through E2, this interaction could 
be impaired by active molecules through interference or 
destabilization of E2 binding sites (Zhang et al. 2018; Filho 
et al. 2020). Molecules were previously described to bind 
to viral glycoproteins of other arthritogenic viruses, such as 
CHIKV, consequently inhibiting viral entry to the host cells. 
For instance, Oliveira and coworkers described the in vitro 
virucidal activity of a coordinated organic compound against 
CHIKV, and demonstrated that in silico analysis suggested 
interactions between the compound and CHIKV E2 domain 
(Oliveira et al. 2020). Additionally, studies encompassing 
the compounds PAC (Ferraz et al. 2019), bLf (Carvalho 
et al. 2014), CoPPIX, and SnPPIX (Neris et al. 2018), which 
are discussed here, also demonstrated a virucidal activity 
against MAYV infection. Even though these molecules were 
not rationally designed for specific targets, further studies 
could investigate whether their mode of action is related to 
these hint targets.

Another spot protein in MAYV replication is the nsp4, 
an RNA-dependent RNA polymerase (RdRp) essential to 
the viral replication (Rubach et al. 2009). Therefore, it is an 
attractive target to the development of antiviral drugs. To the 
best of our knowledge, the RdRp crystal structure of MAYV 
has not been determined and characterized yet, which might 
postpone drug design applied to this target. Regardless, the 
RdRp amino acid sequence is commonly conserved among 
viruses from the Alphaviruses genus, and especially between 
the Semliki Forest serocomplex members (Rupp et al. 2015). 
Therefore, the RdRp structure from the Ross River virus 
(RRV) (Fig. 4), another member of the Alphavirus genus 
might be employed as a template for drug development. Its 
structure is composed of fingers, the palm containing the 
GDD active site, and thumb domains (Rubach et al. 2009). 
Therefore, it is possible to hypothesize that compounds 
with antiviral activity described against the RdRp of other 
viruses could act against MAYV infection (Chen et  al. 
2017). Indeed, most of the described and approved drugs are 
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nucleoside and non-nucleoside inhibitors that impair viral 
infections through RNA synthesis inhibition. Among them, 
Remdesivir, Azidothymidine (AZT), Sofosbuvir, and Lopi-
navir/Ritonavir, are licensed antivirals used to treat Ebola 
virus, Hepatitis C virus, and Human immunodeficiency 
virus infections (Tian et al. 2021).

The MAYV nsP3 is another protein that represent a target 
for antiviral development (Tsika et al. 2019). It is a modular 
protein with three domains: the N-terminal macro domain, a 
central zinc-binding domain, and the C-terminal hypervari-
able domain (Fig. 4) (Götte et al. 2018). Each domain plays 
a different role in viral replication and interferes with the 
virulence among Old and New World Alphaviruses, being 
necessary for RNA synthesis (Rupp et al. 2015). The MAYV 

macro domain possesses four alpha-helices and six beta-
strands (Malet et al. 2009; Melekis et al. 2015). On the other 
hand, the central zinc-binding domain plays an undefined, 
but essential role in minus-strand RNA synthesis, through 
an association with the macro domain, forming a ring-like 
structure to RNA binding (Shin et al. 2012). Alternatively, 
the hypervariable domain is a large protein that upholds sev-
eral insertions and deletions, and is responsible for interac-
tions with multiple host proteins during viral replication, 
probably favoring virulence (Davis et al. 1989; Dé et al. 
2003; Uversky 2013). However, the macro domain is the 
most conserved site in the protein structure and could be 
exploited for drug development, particularly as a broad-spec-
trum antiviral. The macro domain site binds to ADP-ribose, 

Fig. 3  Schematic structure of MAYV glycoprotein. The glycoproteins 
E1 and E2 interact forming a dimeric unit (A), that is further associ-
ated to two additional dimeric units to form a trimer (B). The locali-
zation of the trimers is demonstrated in (C), and a diagram of the E1–
E2 trimer is shown in (D). The interaction between the glycoproteins 

and the MRXA8 receptor in host cells is demonstrated in E. MAYV 
E1 and E2 structure were based on Cryo-EM structure of mature 
MAYV (PDB ID: 7KO8) (Ribeiro-Filho et al. 2021), and the receptor 
was based on human MXRA8 (PDB ID: 6JO8) (Powell et al. 2020)
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dephosphorylate ADP-ribose-1′-phosphate, and possesses a 
de-ADP-ribose hydrolase activity, which is essential to viral 
replication (McPherson et al. 2017). Several compounds 
were virtually screened employing the nsP3 macrodomain 

of CHIKV (Nguyen et al. 2014; Shimizu et al. 2020; Subu-
dhi et al. 2018), SARS-CoV-2 (Jung et al. 2020), and the 
Venezuelan equine encephalitis virus (VEEV) (Atasheva 
et al. 2014) as targets. Shimizu and collaborators selected 

Fig. 4  Schematic structure of MAYV genome and the crystal struc-
ture of nsP3 macrodomain and nsP4. Nsp3 is a modular protein with 
three domains: the N-terminal macro domain, a central zinc-binding 
domain, and the C-terminal hypervariable domain, being the macro 
domain constituted by four alpha-helices and six beta-strands. The 
nsP4 protein acts as an RNA-dependent RNA polymerase (RdRp), 

and its structure is composed of fingers, the palm containing the 
GDD active site, and thumb domains. Since RdRp crystal structure of 
MAYV has not been determined and characterized yet, the template 
used in the figure was obtained from Ross River virus RdRp (PDB 
ID: 7F0S) (Tan et al. 2022). The nsP3 structure was based on MAYV 
macro domain structure (PDB ID: 5IQ5) (Tsika et al. 2019)
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compounds that targeted the nsP3 macro domain of CHIKV 
by in silico analysis, and validated their antiviral activity 
performing in vitro assays (Shimizu et al. 2020). Therefore, 
it is possible to suggest the nsP3 macrodomain of MAYV as 
a relevant target for future antiviral discovery.

Furthermore, components of virus lipidic membrane are 
also potential targets yet to be explored. Among membrane 
components, the cholesterol is an important molecule related 
to alphavirus stability, infectivity, and assembly (Sousa et al. 
2020). This molecule was recently associated with the suc-
cessful infection in several viruses (Sun and Whittaker 2003; 
Huang et al. 2006), being also modulated to increase the 
infection efficiency (Zhang et al. 2019). Cholesterol can be 
found in increased proportions in MAYV viral particles iso-
lated from vertebrate cells, being associated with the lateral 
organization of the viral envelope and binding to the host 
membrane (Sousa et al. 2020). Additionally, a decrease in 
alphavirus infectivity is observed when the arrangement of 
the viral envelope is disturbed, suggesting that the lateral 
membrane organization is important for the physical sta-
bility of the viral particle and, consequently, for virus-cell 
interactions (Kielian et al. 2010). Cholesterol is also associ-
ated with MAYV entry, being used as an alternative pathway 
for its entry through cholesterol-enriched caveolae-derived 
vesicles and release (Carvalho et al. 2017). Therefore, target-
ing cholesterol from the viral lipidic membrane represent an 
interesting approach for antiviral drug development. How-
ever, designing and identifying active compounds focus-
ing on these components can be challenging, due to their 
similarity to the host cell membrane (Sousa et al. 2020). 
Interestingly, the compound 25-hydroxycholesterol (25HC), 
a reactive oxysterol catalyzed by cholesterol-25-hydroxy-
lase, is a promising molecule that can interact with lipids 
on viral membrane, and demonstrated broad-spectrum anti-
viral activity, low toxicity, and ability to reduce viremia 
and protect embryonic mice against ZIKV in vivo (Li et al. 
2017; Mao et al. 2022). In this context, molecules focused 
on interacting with cholesterol could be employed to drug 
development against MAYV. ed to drug development against 
MAYV.

Perspectives

MAYV infection can impact the quality of life of infected 
patients, due to the chronic condition that can result in pro-
gressive arthralgia and disabling disease. Besides that, the 
lack of approved antiviral treatment and vaccines against 
MAYV, associated with the presence of susceptible vec-
tors in tropical and subtropical countries, can lead to future 
outbreaks.

In this context, this review summarized and discussed 
the literature concerning the compounds with anti-MAYV 

activity, as well as presented possible viral proteins that 
could be further exploited as targets for drug development. 
To the best of our knowledge, only the studies described here 
reported antiviral activity against MAYV infection, demon-
strating that further research on treatments against Mayaro 
fever is urgent. It is important to emphasize that the data 
presented here employed different methodologies, includ-
ing cell lines, MOI for infection assays, and the design of 
the assays. However, these studies present relevant informa-
tion on the antiviral activity of a range of molecules (natu-
ral and synthetic) against MAYV, and suggested possible 
mechanisms of action (MOA) related to each compound. 
The characterization of the MOA of these molecules rep-
resents an advance for further studies, providing informa-
tion concerning the interactions among host cells, viruses, 
and compounds (Iorio et al. 2010; Salters-Pedneault 2014). 
Besides, the MOA of several compounds against MAYV are 
still unknown (Figueiredo et al. 2019). From the compounds 
discussed here, Lactoferrin, molecule 104 (thienopyridine 
derivative), and Silymarin presented significant antiviral 
activity against MAYV in vitro, with low or no cytotoxicity. 
The repurposing antiviral agent EIDD-1931 is also a promis-
ing treatment since it was able to completely inhibit MAYV 
replication in vitro. However, these compounds need to be 
further investigated in vivo against MAYV. Ginkgolic Acid 
(GA) was one of the most active compounds, and the only 
molecule tested in vivo, however demonstrating hepatotoxic-
ity and nephrotoxicity effects, as well cytotoxicity in differ-
ent cell lines. Qian and collaborators also observed that rats 
treated with either, high or low doses of GA, showed histo-
pathological changes in the liver and kidneys. In addition, 
the serum levels of urea nitrogen and creatinine increased in 
the blood, and total protein and albumin decreased, indicat-
ing kidney dysfunction and liver damage (Qian et al. 2017). 
On the other hand, the genotoxicity evaluation of GA evi-
denced a low risk of genotoxicity in vivo (Berg et al. 2015). 
Therefore, more studies in human cells and animal models 
are necessary to analyze the safety of this compound.

Furthermore, we discussed and highlighted MAYV pro-
teins that could represent relevant targets for drug develop-
ment, acknowledging that focusing on host factors might 
produce cytotoxicity in vitro, and adverse effects in vivo. 
Here, we suggested the glycoproteins complex, the nsP4 
(RdRp), and the nsP3 macro domain as targets. The lack 
of resolved structures of several MAYV proteins, such as 
nsP1, nsP2, C, and E, invalidate them as targets for drug 
development.

Finally, licensed drugs employed in the treatment of 
several diseases have the potential to be repurposed to 
target the viral molecules underlined here. In this sense, 
Langendries and colleagues identified EIDD-1931, favip-
iravir, and suramin, three licensed antivirals, with activity 
against MAYV (Langendries et al. 2021). Additionally, the 
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potential of Lactacystin (Llamas-González et al. 2019), 
Cerulenin, Orlistat (Bakhache et al. 2019), and Quercetin 
(dos Santos et al. 2014), as repurposing therapy against 
MAYV was also discussed. The compounds were active 
with low  EC50 and low cytotoxicity, and showed poten-
tial to be applied as antiviral therapy in the treatment of 
infections caused by this pathogen, being a prospective 
target for further research. The use of approved drugs as 
repurposing therapy may favor patient access to drugs 
due to the potential to result in shorter clinical studies, 
since these molecules have their pharmacological profile 
and adverse effects already described (Santos et al. 2022). 
Bearing that in mind, it is an inconsistency that repurpos-
ing drugs against MAYV have been understudied. There-
fore, we further emphasize and encourage researchers to 
screen licensed drugs against MAYV.

Conclusions

The spread of MAYV infections in tropical and subtropical 
regions represents a threat to developing countries. Addi-
tionally, the lack of epidemiological data on Mayaro fever 
might underestimate the importance of this disease and its 
consequences. There is an urgent need for studies to under-
stand the biology of the virus, thus creating paths to combat 
future outbreaks. In this context, the compounds described 
to possess anti-MAYV activity, and the possible targets dis-
cussed herein, may contribute to the future development of 
antiviral drugs against MAYV.
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SUMMARY

The emergence and rapid spread outside of monkeypox virus (MPXV) to non-
endemic areas has led to another global health emergency in the midst of the
COVID-19 pandemic. The scientific community has sought to rapidly develop
in vitro and in vivo models that could be applied in research with MPXV.
In vitro models include two-dimensional (2D) cultures of immortalized cell lines
or primary cells and three-dimensional (3D) cultures. In vitro models are consid-
ered cost-effective and can be done in highly controlled conditions; however,
they do not always resemble physiological conditions. In this way, several in vivo

models are being characterized to meet the growing demand for new studies
related to MPXV. In this review, we summarize the main MPXV models that
have already been developed and discuss how they can contribute to advance
the understanding of its pathogenesis, replication, and transmission, as well as
identifying antivirals to treat infected patients.

INTRODUCTION

The etiologic agent of zoonotic monkeypox disease (MPX) is themonkeypox virus (MPXV). Belonging to the

family Poxviridae and the genusOrthopoxvirus, this virus was isolated for the first time in 1958 from vesico-

pustular lesions of infected cynomolgus monkeys kept for research.1 The virus can be divided into two viral

clades: the Congo Basin (clade I) and theWest African (clade II). The Congo Basin viruses are more virulent,

with human case fatality rates during outbreaks in parts of Africa estimated to be around 10%. Although

monkeypox is so named because researchers first detected it in monkeys, the virus is believed to be trans-

mitted by wild animals such as rodents or infected people.2 These animals can transmit the disease to hu-

mans and secondarily the disease is limited through person-to-person transmission.3

Patients affected by the disease may initially present with fever, headache, back pain, asthenia, myalgia, rash,

and lymphadenopathy. Lymphadenopathy is a distinctive feature of the disease that can be used to differen-

tiate it fromother infections that have similar clinical presentation at onset (chickenpox,measles, smallpox).3 In

more severe cases, monkeypox complications can cause pneumonitis, encephalitis, vision hazard keratitis, and

secondarybacterial infections.4,5Previous studies showthatmortality rates vary substantially andare vulnerable

to case finding bias.6 Historically, the case fatality rate of monkeypox ranges from 0% to 11%, with young chil-

drenbeing themost vulnerablegroup. In the recent epidemics, the case fatality ratio has varied from3%to 6%.3

Since the first human monkeypox infection was reported in 1970, most outbreaks have been confined to

central Africa. The first significant outbreak outside Africa occurred in 2003 in the U.S. and was epidemio-

logically linked to imported exotic pets (Gambian pouched rats and dormice) from Ghana that spread the

virus to pet prairie dogs and from them to humans.7 In recent years, both travel-related and non-travel-

related cases have been reported outside of West and Central Africa, which are considered endemic areas.

Europe, North America, Australia, and Asia had records of the disease.8 However, the number of cases

registered outside endemic areas has increased considerably. As of November 7, 2022, more than 78 thou-

sand cases of monkeypox with 43 fatalities have been reported in a total of 109 countries (102 non-endemic

and 7 endemic countries).9 On July 23, 2022, World Health Organization (WHO) declared the current

monkeypox epidemic represents a Public Health Emergency of International Concern (PHEIC).10

Since its discovery to date, several research models have already been developed mimicking the patho-

physiology of the disease. In this review, we summarize the main models in vitro (2D and 3D cell culture)
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and in vivo developed to study monkeypox biology and discuss its advantages, disadvantages, and how

these models can contribute to coping with the disease.

IN VITRO MODELS

In order to study viral infections, tools rather than the natural host are needed due to the impact and

lethality of the disease caused by viruses.11 As a solution, Renato Dulbecco andMarguerite Vogt proposed

the use of cell lineages in viral research in late 1950, which revolutionized how knowledge is acquired by

facilitating the study of viral infection and its replication kinetics.12,13 It also resulted in the evolution of

the previous time-consumption drug discovery process to an optimized and high selective one,14 added

to the alignment with the ethical desire for reducing animal use.15 In this context, it is possible to hypoth-

esize the importance of knowing the most suitable cell culture model to be applied in the studying of the

MPXV pathogenesis or to the screening and identification of active molecules that might be capitalized

into the clinical treatment of the disease. The in vitro assays have shown that the cells Vero, Vero 76,

Vero E6, LLC-MK2, BSC-40, BSC-1, PEK, HEP-2, HeLa, MA-104, HFF, and Balb/3T3 clone A31 are suscep-

tible and capable of maintaining theMPXV replication, resulting in a high titer stock of virus, added of inter-

ested applicability into antiviral identification. The cell culture models, their characteristics, as well as their

advantages and disadvantages are detailed below and summarized in Table 1.

CELL LINEAGES DIRECTLY EMPLOYED IN THE MPXV STUDY

MPXV was isolated in non-human primates in 1958 from pustules present on cynomolgus monkeys.1 For

this, HeLa, monkey kidney, and human amnion cells were incubated with the supernatant of the emulsified

pustules. The presence of cytopathic effect was observed 2–3 days after infection. The three types of in-

fected cells were characterized by presenting alterations in their morphological structure.1

In humans the MPXV was first isolated from a human host in 1970 in the Democratic Republic of the Congo

by material collected from skin lesions.16 The isolation and characterization of the cytopathic effect were

performed by infecting four immortalized cell lines Vero (African green monkey kidney), PEK (pig embry-

onic kidney cells), and HEP-2 (Homo sapiens epithelial carcinoma cells) with a 10-fold TCID50 serial dilution

of MPXV and analyzed up to 7 days post-infection (d.p.i.). In Vero cells, the MPXV formed larger plates than

the variola virus with a pattern of internal structure characteristic of other MPXV isolated from monkeys. In

addition, when comparing all cell lines, Vero cells were more sensitive to MPXV when compared with

HEP-2, and PEK, producing higher titers (about 107 to 108 TCID50). The MPXV can be distinguished from

variola and vaccinia viruses in PEK cells by its lower replication and the lack of hemadsorption phenomena.

In the attempt to identify antiviral molecules capable of inhibiting the MPXV replication cycle as well as un-

derstanding its replication mechanism, several methodologies were employed throughout the literature.

Baker and coworkers used Vero 76 (African green monkey kidney), Vero E6 (African green monkey kidney

deficient in type I interferon [IFN-I]), LLC-MK2 (Rhesus monkey kidney cells), and BSC-40 cells. The BSC-40

is a continuous cell line derived from BSC-1 cells (Vervet monkey kidney cell)18,31 and is suitable for ampli-

fication and isolation of large viruses such as the poxviruses due to their resemblance with the natural host.

Therefore, this cell lineage was used by the authors for inoculation and amplification for 5 days and

collected by centrifugation associated with freeze-thaw cycles. As for the title of the MPXV, Vero E6 cells

were employed because it is deficient in an IFN-I pathway and might favor viral replication.32 The protocol

used by the authors was based on incubating the virus with cells for 2 h, adding a medium with carboxy-

methyl cellulose (CMC), analyzed for up to 3 or 5 days p.i. through fixation with crystal violet staining solu-

tion (1.3 mg/mL crystal violet, 5% ethanol, 30% formalin), and plaques counted visually. For antiviral assays,

the authors employed the neutral red uptake assay, an absorbance technique to assess cell viability where

healthy, uninfected cells will take up neutral red dye through pinocytosis, whereas cells infected with a cyto-

pathic virus will not. The Vero 76 and LLC-MK2 cell lines were infected with MOI of 0.01, 0.1, and 1 in the

presence of serial dilutions of each one of the 24 compounds analyzed in 96 well plates. The incubation

period was related to the presence of CPE in virus-infected and untreated cell control, and the assessment

of the potential compounds by IC50 values was better visualized in 5-day incubation and MOI of 0.1. Alter-

natively, the plaque-forming assay was also used, and the MPXV took 4–5 days to produce plaques of

similar size in Vero 76, Vero E6, or BSC-40 cells, whereas other poxviruses produced small plaques after

5–6 days with lower cytopathic effect. Following the technical protocol of plaque reduction assay, Rogers

and collaborators (2008) evaluated the effect of silver nanoparticles against MPXV, however employing only
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Table 1. Cells models used in the study of MPXV

Cell/tissue type Virus strain Viral cultivation Main applications Reference

Vero Congo-8 virus; VARV-UK-

60/Ind-3a, MPXV-

Copenhagen/Z79-I-005,

VACV- Copenhagen,

CPXV-Grishak, and ECTV-

K-1

Cells were cultured in

RPMI-1640 or MEM

supplemented with 2–10%

fetal bovine serum, at 37�C

in a 5% CO2 atmosphere.

Some authors mentioned

the use of antibiotics and

antimycotics

Virus isolation, plaque-

forming assay, virus

amplification, infection

characterization,

evaluation of host

responses, and evaluation

of antiviral activity

(Marennikova et al.16;

Rogers et al.17)

PEK, and HEP-2 Congo-8 virus; VARV-UK-

60, MPXV-Copenhagen/

Liberia-1/Liberia-2/V-70

1 266

a Cell susceptibility (Marennikova et al.16)

LLC-MK2 MPXV-V79-1-005-Scab/

Katako Kombe and

MPXV-GFP

Cells were cultured in

RPMI-1640 or OPTI-MEM-I

supplemented with 2-10%

fetal bovine serum, with

antibiotics and

antimycotics, at 37�C in a

5% CO2 atmosphere. Cells

were infected with an MOI

of 0.001, 0.01, 0.1, or 1 and

incubated for 1–8 days

Plaque-forming assay,

neutral red uptake assay,

MTT assay, virus

amplification, virus

isolation, infection

characterization,

evaluation of host

responses, evaluation of

antiviral activity, and siRNA

transfection

(Baker et al.18;

Alkhalil et al.19)

Vero 76 MPXV-V79-1-005-Scab,

VACV-Elstree/

Copenhagen, CPXV-

Marina/Brighton, and

CMLV-Somalia

Cells were cultured in

RPMI-1640 supplemented

with 2 or 10% fetal bovine

serum or Eagle’s EMEM

with Hanks’ salts and 5%

fetal calf serum,

supplemented with

antibiotics and

antimycotics, at 37�C in a

5% CO2 atmosphere. Cells

were infected with an MOI

of 0.01–1 or with 100

plaque-forming units (p.f.u)

of virus/well and incubated

for 3–6 days

Plaque-forming assay,

neutral red uptake assay,

virus amplification, virus

isolation, infection

characterization,

evaluation of host

responses, and evaluation

of antiviral activity

(Baker et al.18;

Yang and Schneller,20;

Smee et al.,21)

Vero E6 MPXV-V79-1-005-Scab,

MPXV-GFP-tdTR, Katako

Kombe and MPXV-GFP

Cells were cultured in

RPMI-1640, EMEM, or

DMEM supplemented with

2%–10% fetal bovine

serum, with antibiotics and

antimycotics, at 37�C in a

5% CO2 atmosphere. Cells

were infected with an MOI

of 0.1 or 5 and incubated

for 1–5 days

Plaque-forming assay,

neutral red uptake assay,

virus amplification, virus

isolation, infection

characterization,

evaluation of host

responses, evaluation of

antiviral activity, and

transfection

(Baker et al.18; Johnston

et al.22; Alkhalil et al.19)

MA-104 MPXV-GFP-tdTR/Z79-I-

005

Cells were cultured in MEM

supplemented with 10%

fetal bovine serum, with

antibiotics and

antimycotics, at 37�C in a

5% CO2 atmosphere. Cells

were infected with an MOI

Infection characterization,

evaluation of host

responses, evaluation of

antiviral activity

(Johnston et al.22)

(Continued on next page)
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Table 1. Continued

Cell/tissue type Virus strain Viral cultivation Main applications Reference

of 0.01 or 5 and incubated

for 24 h

HeLa MPXV-GFP-tdTR/Z79-I-

005

CPXV-Brighton Red,

VACV-WR-GFP/NLS/WR-

A4-YFP/LUC and AKMV

Cells were cultured in

DMEM supplemented with

2%–10% fetal bovine

serum or calf serum, at

37�C in a 5% CO2

atmosphere. Some authors

mentioned the use of

antibiotics and

antimycotics. Cells were

infected with an MOI of

0.01 or 5 and incubated for

16–24 h

MPXV isolation, plaque-

forming assay, infection

characterization,

evaluation of host

responses, evaluation of

antiviral activity,

immunofluorescent cell

staining, transfection, IFN I

response analysis

(Magnus et al.1;

Johnston et al.22;

Priyamvada et al.23;

Fernández de

Marco et al.24)

Balb/3T3 clone A31 MPXV-Z79-I005, VARV-

Copenhagen, CPXV-

Brighton, and CMLV-

Somalia

Cells were cultured in

medium supplemented

with 2% serum and infected

with 100 plaque-forming

units (p.f.u) of virus/well

and incubated for 3–6 days

Plaque-forming assay,

neutral red uptake assay,

infection characterization,

evaluation of host

responses, evaluation of

antiviral activity

(Smee et al.21)

BSC-40 MPXV-V79-1-005-Scab)/

V70-I-266/V78-I-3945/V81-

I-179/V77-I-823/V1979-I-

005/2003-RCG-358/2003-

USA-039/2003-USA-044/

RCG2003-RCG-358,

VARV-SOM77-ali/NEP73-

175/BSH74-sol/SUD47-

juba/SLN68-258/BRZ66-

39,

CPXV-Brighton Red,

VACV-WR-GFP/NLS/WR-

A4-YFP/LUC, and AKMV

Cells were cultured at 37�C

in a 5% CO2 atmosphere,

in Opti-MEM (Invitrogen)

or DMEM/RPMI-1640

supplemented with 2%–

10% fetal bovine serum,

antibiotics, and

antimycotics. Cells were

infected with an MOI of 0.1

or 10 PFU/cell and

incubated for 2–5 days

Plaque-forming assay,

neutral red uptake assay,

virus amplification,

infection characterization,

evaluation of host

responses, evaluation of

antiviral activity,

transfection

(Baker et al.18;

Smith et al.25;

Priyamvada et al.23;

Fernández de

Marco et al.24;

Fogg et al.26)

BSC-1 CPXV-Brighton/

GER_1990_2/

GER_1991_3/

GER_2002_MKY/CPXV-Br

(ATCC VR-302)/CPXV-

GFP,

MPXV-Z76/Z79-I-005/

MSF6 B16R,

VACV -WR (ATCC VR-

1354)/IHD-J/MVA (ATCC

VR-1508)/WR B18,

VARV-BSH1975 B17R

DMEM, RPMI

supplemented with 2%–

10% fetal bovine Serum or

with 5%–10% fetal calf

serum. Cells were infected

with an MOI of 0.01 or 1

Plaque-forming assay,

infection characterization,

analysis of the virus-cell

fusion process, evaluation

of host responses,

evaluation of antiviral

activity, and yield

reduction assay

(Altmann et al.27,28;

Bengali et al.29;

Fernández de

Marco et al.24)

A549 MPXV 2003-USA-044/

RCG2003-RCG-358

DMEM with 5%–10% fetal

calf serum

Transfection, IFN-III

response analysis

(Fernández de

Marco et al.24)

RK 13 MPXV WR-7-61 Cells were maintained in

MEM supplemented with

5% fetal bovine serum, at

37�C with 5% CO2

Plaque-forming assay (Arndt et al.30)

aNot reported; VARV: variola virus; MPXV: monkeypox virus; VACV: vaccinia virus; CPXV: cowpox virus; ECTV: ectromelia virus; CMLV: camelpox virus; AKMV:

Akhmeta virus; MOI: MOI; p.f.u: plaque formation unit.
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the Vero cells in 12 well plates. The cells were infected with 50 p.f.u/well for 1 h and further treated with a

serial dilution of the compound diluted into the medium with methylcellulose for 72 h.17

In another study, BSC-40 cells were also infected with MPXV V70-I-266 (Sierra Leone) to propagation final-

ity, but also for the antiviral screening protocols. The cells were seeded in 96 well plates, infected with MOI

of 0.1 for 1 h, removed, and replaced with ST-246 in 8 concentrations. After 3 days, the plate was stained

with 2x crystal violet, and absorbance was measured at 570 nm, where the intensity of treatment was

compared with the virus-infected control.25 Alternatively, the plaque reduction assay was performed by in-

fecting BSC-40 cells in six-well plates with 25 p.f.u for 1 h, added of media with CMC with the compound in

five concentrations for 3 days, fixed with 10% formalin, and submitted to immunohistochemistry polyclonal

rabbit anti-variola virus antibody and goat anti-rabbit immunoglobulin G-horseradish peroxidase conju-

gate. The effect of the compound ST-246 was observed by the protection of reducing the CPE, which

was seen even in low concentrations (0.015 mM). The BSC-40 was also employed by the authors in further

studies to confirm and evaluate results encountered in vivo and in clinical trials to find viral titer, evaluate

drug resistance, and perform serological analysis following the same protocols cited earlier.33,34

Differently, other authors employed the original BSC-1 cell line instead of the BSC-40 with interesting results.

The BSC-1 cells seeded in 24 well plates were infected with 100 PFU for 1 h, overlaid with agarose 2% in the

presence or absence of EB peptide (NH2- RRKKAAVALLPAVLLALLAP-COOH) to assess the reduction effect

on plaque formation. To this, BSC-1 cells were infected at an MOI of 0.01 with the MPXV or with an inoculum

containing the virus pre-treated with EB. Three days post-infection, cells were harvested by scraping, lysed

by repeated cycles of freezing and thawing, and tittered on BSC-1 cells. As a result, the MXPV infectivity was

significantly inhibited by the EB peptide, mainly in its attachment stage.27 To confirm, the authors based on

the fact orthopoxvirus cores are only accessible to antibodies after being released into the cytoplasm, which

allows the differentiation between attached and entered viruses using virion-specific or core-specific

antibodies, respectively.35 To examine whether EB was disrupting virus attachment or entry into the cells,

the number of attached and entered viruses per cell for 100 cells in the absence or presence of EB at 100 mM

was quantified in a fluorescence microscope. Samples for attachment staining were fixed with 4% paraformal-

dehyde, quenched for 5 min with 100 mM glycine, blocked with 10% FBS in PBS, and stained with 1:200 anti-

VACPXV antibody. Even if the compound is not capitalized in the clinic, it possesses the greatest potential

as a novel in vitro tool to study the poorly characterized early steps in infection with poxviruses.

Further studies conducted by Altmann and collaborators also employed the BSC-1 cells in the assays with

MPXV.28 Because the MXN is an intercalating agent and inhibits topoisomerase II function resulting in

impaired cellular DNA replication and RNA synthesis,36 the authors suggested the possibility of inhibiting

MPXV replication. Interestingly, to identify the activity of theMXN, a growth curve withMPXV at anMOI of 3

in the presence of the mitoxantrone (MXN) at 1 mM was generated. The supernatant was collected in time

intervals of 1, 2, 6, 12, 24, and 36 h post-infection (h.p.i.). The authors also used an MPXV containing a GFP

marker with MOI 1 in the presence of the serial dilutions of the MXN, which resulted in inhibition of MPXV

replication with a low EC50 (0.25 mM). In addition, Bengali et al. (2012) used BSC-1 cells to analyze and

compare characteristics involved in the cellular invasion of some orthopoxviruses strains in vitro, including

MPXV. For this, MPXV expressing luciferase was constructed, and its expression was measured during the

entry of the virus into the cell, using a luminometer. The authors observed that MPXV utilizes a low pH-

dependent endocytic pathway during cell invasion.29

Johnston and coworkers took a different approach and employed several cell lineages: Vero-E6, HeLa, and

MA-104. The Vero E6 cells were infected with MPXV and then transfected with a DNA plasmid containing

the GFP from the early viral synthetic E/L promoter and tandem dimer Tomato Red (TR). The assay resulted

in the production of MPXV-GFP-tdTR. After harvesting, the virus was amplified in MA-104 cells. These are

non-human primate cells isolated from a pure cell population of African green monkey kidneys, which are

also derived from the MPXV’s natural host. Further, the HeLa cells, naturally non-producing IFN-b cells37,38

were pre-treated with IFN-b in serial dilutions and then infected with the MPXV-GFP-tdTR in high (5) or low

(0.01) MOIs. The effect was assessed by titration in a plaque reduction assay and resulted in the identifica-

tion that MPXV is susceptible to IFN-b, even in low concentrations.22

In an attempt to identify antiviral molecules capable of inhibiting the MPXV replication cycle, Alkhalil and

coworkers evaluated the RNAi pathway as a new approach in drug discovery against poxviruses. For
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antiviral screening, siRNAs targeted against various monkeypox viral proteins were developed and

transfected into LLC-MK2 cells. The morphology of the transfected cells was analyzed with phase-contrast

light microscopy after transfection, and no signs of cytotoxicity were observed in cells treated with

the siRNA pools. The antiviral properties of the most potent siRNA constructs were characterized by

transfecting LLC-MK2 cells with a single serial dilution of each construct at six concentrations between

40 and 1.25 nM. Later, the transfected cells were infected with 100 p.f.u/well of MPXV, and viral replication

was examined at 48 h.p.i. The siA6-a siRNA was able to inhibit completely the MPXV infection at concen-

trations of R20 nM. The antiviral effects of siA6-a target the virus directly, silencing gene expression or

interfering with vDNA replication without disrupting host cell biology. The study of chemical modification

and the development of a siRNA delivery system are necessary before the evaluation of siA6-a in animal

models.19

Yang and Schneller (2005) investigated the antiviral potential of S-adenosyl-L-hemocosteine (AdoHcy) hy-

drolase inhibitors, important for interrupting methylation reaction processes essential for viral replication.

The experiments were performed using Vero 76 cells, MPXV, and 50Homoaristeromycin inhibitor. The au-

thors observed that the use of 50homoaristeromycin 0.12 mg/mL showed satisfactory results against MPXV

replication.20

To assess the antiviral activity of ribavirin and mycophenolic acid, Vero 76 and Balb/3T3 clone A31 cells

were infected with MPXV (Zaire strain). The reduction effect on plaque formation was observed from cells

infected with 100 plaque-forming units (p.f.u) of virus per well incubated for 1.5–2 h. Antivirals were incu-

bated for 6 days, and plate sizes were analyzed.21 In addition, Priyamvada et al. (2021) used HeLa cells

to test the antiviral effects of methylene blue derivatives against orthopoxviruses, including the MPXV

WA clade. For the plaque reduction assay, HeLa cells were incubated with MPXV and treated with PAV-

164 derived from PAV-866, a methylene blue analog, for 24 h. PAV-164 demonstrated efficiency in inhibiting

viral replication at concentrations of 5 mM and 1.6 mM.23

It has been reported that poxvirus evades the immune response through the expression of secreted inter-

feron (IFN) decoy receptors such as IFNa/b-binding protein (IFNa/bBP). These proteins prevent the inter-

action of IFN with cell receptors. Thus, de Marco et al. (2009) investigated the expression of IFNa/bBP in

MPXV, using BSC-1 cells. For this analysis, BSC-1 cells were infected with RCG or USA MPXV strains, and

after 40 h of incubation, their supernatant was collected and analyzed using the western blotting technique.

It was observed that MPXV secretes proteins with type I IFN inhibitory activity, which leads to a failure in the

antiviral response and disease progression. Furthermore, the antiviral activity induced by hIFNa-2b, hIF-

Na-A, or hIFNb was inhibited.24 In addition, Arndt et al. (2015) observed that in RK13 (rabbit kidney cells)

and BSC-40 cells treated with IFN-a A/D and infected with MPXV, viral replication was not affected. Similar

result was found in cells treated and infected with VACV.30

BSC-40 cells were used in a study to investigate the neutralizing potential of monkey sera previously immu-

nized with recombinant VACV protein. The results showed that MPXV incubated with monkey serum were

neutralized and had their ability to spread prevented.26

From what has been presented here, it is possible to suggest that MPXV can infect several mammalian cell

lineages independently of being a primate or non-primate host. This agrees with previous data described

in literature because poxviruses do not need specific receptors for attaching and entering the cells,39 as

they can interact with glycosaminoglycans or components of the extracellular matrix,40–43 and thus cytokine

receptors may favor the infection.39 In this context, poxviruses can enter permissive and restrictive cells, but

what will differentiate the establishment of infection will be the presence of machinery that can control

downstream intracellular events to favor or abort viral replication. It was demonstrated by Marennikova

and coworkers that HEP-2 and PEK cells produced low viral titer when compared with Vero cells, confirming

that those would not be a good fit for viral isolation, amplification, or research purposes.16 What is more

interesting is that a tissue-cell lineage is permissible and has the machinery needed for viral replication,

which can result in a good fit for in vitro infection; however, in normal conditions, the vertebrate species

might not be considered a permissive host.39 Therefore, the appropriated cell choice will be dependent

on the purpose and/or hypothesis to be evaluated. Given the continuous accelerated evolution of

MPXV, new studies with the currently circulating strains will contribute to understanding of viral infection

mechanism.
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IN VIVO MODELS

What is expected of an ideal animal model is that it can develop the viral infection in a similar way to what

occurs in humans, taking into account the pathogenesis of the disease and the clinical signs presented by

patients. It is possible to elucidate virus biology and the mechanisms of infection using in vivo approaches;

such findings are important for the definition of a suitable animal model for the development of studies

aimed at the search for new preventive and therapeutic therapies. Although each animal species has

some limitations as to inoculation route, dose, and age, in vivo experimental studies have demonstrated

a wide variety of species capable of efficiently modeling the cycle of infection caused by MPXV.44,45 The

main animal models already used in monkeypox studies will be detailed below, and their main character-

istics are summarized in Tables 2, 3, 4, 5, and 6. Because some of these studies were done with past MPXV

strains, these data should be interpreted with caution in the context of emerging viral lineages and strains.

MURINES

The mouse (Mus musculus) has been a widely used model since the discovery of MPXV. The pathogenesis

of the disease has been modeled largely from animal studies, with mice initially used in the evaluation of

ectromelia infection and to make kinetic observations of the spread of some viruses.98

Initial studies were devoted to investigating the susceptibility of mice to MPXV. In these tests, adult mice

were inoculated intracerebrally with MPXV recovered from infected monkeys. After infection, the animals

showed signs of encephalitis followed by 100% lethality. The brains of the animals were collected, pro-

cessed, and the supernatant reinoculated into a new group of animals, and all these succumbed to infec-

tion. A group of two-day-old suckling mice was also evaluated in this study. The animals were inoculated

intranasally. Both the virus passed into monkeys, and the virus passed into mice killed 100% of the animals.1

Mortality rates related to contemporary strains of MPXV are low compared with data with past strains.99

Lethal models certainly helped to elucidate the mechanisms that lead patients to death and contributed

to the prophylactic measures that are available. It should also be considered that the current mortality

rate may be underestimated considering the lack of adequate surveillance in some countries, in addition

to the possibility of new, more virulent variants as the virus circulates. For all these possibilities, lethal

models may contribute to further investigations on MPXV. Still, there is a need to develop new non-lethal

characterized models for studies of current circulating strains. Recently, Warner and coworkers demon-

strated that CAST/EiJ mice, a wild-derived inbred strain, does not succumb to infection with the 2022 circu-

lating strain following intranasal exposure, although they are highly susceptive to clade 1 and 2 MPXV and

developed fatal disease upon challenge.55

The subcutaneous paw pad inoculation route in adult mice was not efficient in infecting the A129, C57BL/6,

DBA, A/Ncr, C3HeJ, IFNgR�/�, and IFN-a/bR�/� strains. In animals characterized as not responding to IFN-

1-dependent or type 2 signaling pathways, on the other hand, infection occurred satisfactorily induced by

strain line 1 in C57BL/6 stat1�/� and 129 stat1�/� mice. Twenty-five percent death was observed in female

C57BL/6 stat1�/�mice 21 days post-infection, whereas 50% death was observed in male mice 12 days post-

infection. When infected at the higher dose (4,700 p.f.u), all animals died within 9 days post-infection

showing high viral titers in the lung. The immunodeficient SCID (severe combined immunodeficient) strain

was susceptible to an intranasal MPXV infection, as were C57BL/6 and 129 stat1�/�, which are due to their

failure to respond to STAT1 induced by IFN type 1 and 2 pathway signaling. Overall, high mortality was a

feature observed in STAT1-deficient mice, in addition to weight loss and viral presence in internal organs.46

Stabenow et al. (2010) showed a gender effect on MPXV-induced mortality in STAT1-deficient C57BL/6

mouse, with males showing higher mortality rate than females. New studies are needed to assess the

role of sex in monkeypox susceptibility and may elucidate mechanisms of host-pathogen interaction.

The importance of IFN in protection against MPXV infection has also been demonstrated by intranasal

administration of the cytokine in CAST/EiJ mice, which led to protection against MPXV. In addition,

C57BL/6 mice with inactivation of the IFN gene or the IFN receptor gene show increased sensitivity to

the disease.47 Interferon knockout mice are historically known as suitable models in studies of viral infec-

tions. Many viruses have infection mechanisms that can be easily interrupted by the natural defense of

mice with an intact immune system; this can be considered one of the reasons why the characterization

of immunocompetent models for studies on the development of antivirals and vaccines is still a difficult

task. For this reason, knockout models and/or immunocompetent mice at an age when the immune system
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Table 2. Mice used in the study of MPXV

Animal species Strain Age Viral strain

Route of infection/

dose Major findings Reference

Mouse (Mus muscullus) a Adults and 2-day-old Egg passage material

of the monkey agent

Intracerebral and

intranasal/agent

diluted 104

Adult mice inoculated

intracerebrally showed

signs of encephalitis

followed by 100%

lethality. Two-day-old

infant mice inoculated

intranasally showed

100% lethality

(Magnus et al.1)

C57BL/6, SCID, DBA,

A/Ncr, C3HeJ, IFN-

gR�/�, BALB/c, IFN-a/

bR�/�, 129 stat1�/�,

C57BL/6 stat1�/�

6- to 12-week-old MPXV-ZAI-79 Intranasal/a and

footpad 102–104 p.f.u/

mL

Footpad inoculation in

adult mice was not

efficient in infecting

strains characterized as

not responding to

IFN-1 or type-2-

dependent signaling

pathways, on the other

hand, infection

occurred satisfactorily

in C57BL/6 stat1�/�

and 129 stat1�/�

mice. In contrast, the

immunodeficient SCID

strain was susceptible

to an intranasal MPXV

infection, as were

C57BL/� and 129

stat1�/� 129 stat1�/

�. Overall, high

mortality was a feature

observed in STAT1-

deficient mice, in

addition to weight loss

and viral presence in

internal organs

(Stabenow et al.46)

CAST/EiJ, C57BL/6,

B6.129S7-IFNg, BALB/

c

a MPXV-Z79-I-005 and

MPXV-Z79-CB2

Intranasal102–106

p.f.u/mL

MPXV replicated in the

lungs to previous titers

from other sites in

CAST/EiJ mice.

Surprisingly, lung titers

(Earl et al.47)

(Continued on next page)
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Table 2. Continued

Animal species Strain Age Viral strain

Route of infection/

dose Major findings Reference

in dose-infected BALB/

c mice were similar to

titers in CAST/EiJ mice,

although all mice

survived. Animals

without IFN-g, treated

by gravity, or left by

weight presented an

upright posture and

became moribund. In

contrast, similar

disease symptoms

were delayed and

markedly less

pronounced in the

animals that received

IFN-g, and these

animals fully

recovered. Inoculation

of IFN in CAST/EiJ

mice led to protection

against MPXV. In

addition, C57BL/6

mice with inactivation

of the IFN gene or the

IFN receptor gene are

more sensitive to the

disease

a 2-, 8-, 12-, and 15-day-

old

Copenhagen Intraperitoneal and

intranasal/1,2x106

p.f.u/mL, footpad/

6x102 p.f.u/mL and

oral/a

When inoculated

intraperitoneally, all

animals showed similar

symptoms and

occurred as a result of

infection, whereas 50%

died infected via the

footpad and 40% died

orally. Sequential

evaluations showed

that the virus can be

(Marennikova and

Seluhina,48)

(Continued on next page)
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Table 2. Continued

Animal species Strain Age Viral strain

Route of infection/

dose Major findings Reference

found in the blood,

lungs, liver, spleen, and

kidneys, with

considerable amounts

of virus detected in the

lungs and other organs

in the acute phase of

the disease

BALB/c and SCID 3- to 4-week-old MPXV-2003-USA-044

and MPXV-Congo-

Luc+

Intraperitoneal/a In BALB/c mice, the

luminescent signal had

the highest peaks

between 96 and 120 h.

Greater replication and

faster dissemination

were observed mainly

to organs of the

peritoneal cavity, with

eventual dissemination

to axillary lymph. In

SCID mice, a more

intense luminescent

light was observed

after 96 h. It was spread

to organs and tissues in

the regions of the

abdominal, thoracic,

and axillary lymph

nodes, in addition to

showing visible signs in

the tail, feet, and nasal

region. Biophotonic

images also revealed

the tropism of MPXV

for ovarian tissues

(Osorio et al.49)

CAST/EiJ and BALB 9-week-old MPXV-z06 and MPXV-

z79-CB2

Intranasal/a High luminescence in

the nasal area with a

peak between 7 and

12 days after infection

was observed in the

(Earl et al.50)

(Continued on next page)
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Table 2. Continued

Animal species Strain Age Viral strain

Route of infection/

dose Major findings Reference

animals. With the

recombinant strain

MPXV-z79-CB2, CAST/

EiJ mice infected

intranasally showed

lethargy, hunched

posture, ruffled hair,

and severe weight loss

ICR 8- to 10-day-old MPXV-Z79-I-005 Intranasal/104–105

p.f.u/mL

Mice by MPXV

accumulations of nasal,

lung, and brain

pathogens. The

presence and

replication in primary

target cells and

traditional

observations of MPXV

(mononuclear

phagocytic cells and

tract epitheliocytes) are

present, as well as

some other cell types

(endothelial cells,

reticular cells,

connective tissue cells)

were also observed

(Sergeev et al.51)

129S1/SvlmJ, A/J,

BALB/cByJ, C3H/HeJ,

C57BL/6J, CAST/EiJ

(WD), DBA/2J, FVB/

NJ, SJL/J, SPRET/EiJ

(WD), AKR/J, C57 L/J,

C58/J, MOLF/EiJ (WD),

NOD/ShiLtJ, NZB/

BINJ, PERA/EiJ(WD),

PL/J, SM/J, SWR/J,

BUB/BnJ, C57BL/10J,

C57BLKS/J, CBA/J,

CZECHII/EiJ (WD), LP/

4- to 8- week-old and 5-

to 11-month- old

MPXV-Z79-I-005 and

MPXV-USA-2003-044

Intranasal and

intraperitoneal/102–

106 p.f.u/mL

Thirty-eight inbred

mouse strains were

tested for MPXV

susceptibility. Three

strains were

developed, from which

CAST/ were

developed. CAST/EiJ

exhibit weight loss,

morbidity, and death in

a dose-dependent

manner, whereas there

were no deaths of

(Americo et al.52)

(Continued on next page)
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Table 2. Continued

Animal species Strain Age Viral strain

Route of infection/

dose Major findings Reference

J, RIIIS/J, WSB/EiJ

(WD), BTBR T+ tf/J,

C57BR/cdJ, CE/J,

I/LnJ, MA/MyJ, NON/

ShiLtJ, NZW/LacJ,

PWK/PhJ (WD), SEA/

GnJ and BALB/c

BALB/c mice at high

doses. Both routes of

inoculation resulted in

replication in the

spleen

CAST/EiJ, C57BL/6,

B6:129X1-

Il15ratm1Ama/J and

B6-129X1

9- to 13-week-old MPXV-z06 Intraperitoneal/a Administration of IL-15

to CAST mice

transiently increased

NK and CD8+ T cells

that could express IFN-

g, indicating that

progenitor cells were

able to respond to

cytokines. However,

the number of NK cells

rapidly decreased,

indicating a defect in

their homeostasis. In

addition, antibodies to

interferon-g abrogated

the protection by

activated NK cells.

Thus, the inherent

susceptibility of CAST

mice to

orthopoxviruses may

be explained by a low

level of natural killer

(NK) cells

(Earl et al.53)

C57BL/6J, CAST/EiJ,

MOLF/EiJ, C58/J,

NZW/Lacj, CASA/Rkj

and BALB/c

a MPXV-Z79-CB2 and

MPXV-Z79-005

Intranasal/104–106

p.f.u/mL

NZW/Lac and C58

mice exhibited more

weight loss than other

classical inbred strains,

but all survived

intranasal MPXV

challenges. Mice from

three naturally derived

(Earl et al.54)

(Continued on next page)
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Table 2. Continued

Animal species Strain Age Viral strain

Route of infection/

dose Major findings Reference

strains, in addition to

CAST, exhibited severe

weight loss and died or

were euthanized

C57BL/6 and BALB/c 6- to 7-week-old MPXV-2003-044 and

MPXV-2003-358

Footpad and

intranasal/ 105 p.f.u/mL

Mice inoculated on the

footpad with the

Congo Basin strain

showed clinical signs of

the disease, with BALB/

c mice showing greater

edema compared with

C57BL/6 mice. One

mouse of the BALB/c

strain showed weight

loss, whereas no

mouse of the C57/BL6

strain showed this

clinical sign. When

inoculation took place

intranasally, weight

loss was observed in

both strains of mice.

On the other hand,

mice inoculated on the

footpad with MPXV

from West Africa

showed only mild

swelling at the

inoculation site. None

of the mice in the

group inoculated with

intranasal MPXV from

West Africa developed

any obvious signs of

morbidity

(Hutson et al.44)

CAST/EiJ mice 4- to 6-week-old 2022 MPXV isolate

(SP2833)

Inhalation/104 or

106 PFU

Although the virus

replicated efficiently in

the respiratory tract,

mice did not succumb

to the infection

(Warner et al.55)

aNot reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: monkeypox virus.
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Table 3. Non-human primates used in the study of MPXV

Animal specie Age Viral strain Route of infection/dose Major findings Reference

Cynomolgus (Macaca

fascicularis)

a Virus strain isolated from

pustules of naturally infected

animals

Intradermally/a The infected animal developed

a local pustule surrounded by

edema 7 days after inoculation.

Body temperature increased

slightly between the 5th and

9th day after inoculation, but

no propagation of the eruption

occurred

(Magnus et al.1)

a MPXV- Z79-005 Intravenous/5x106 and 5x107

p.f.u/mL

Unimmunized monkeys

became seriously ill with fever

and weight loss, with between

575 and 820 skin lesions. There

were fewer lesions in 65–140

immunized monkeys each, and

they were generally smaller

and atypical, developed less

synchronously, and healed

quickly

(Fogg et al.26)

a Strain recovered from naturally

infected monkey (Strain 1744)

Intravenous, intradermally and

subcutaneous/a
Acute disease was observed,

characterized by marked facial

swelling that extends to the

cervical region. Severe

difficulty in breathing, papular

eruptions throughout the

body, ulcerative lesions of the

oral mucous membrane, and

generalized lymphadenopathy

(Prier and Sauer,56; Prier

et al.57)

a Strain recovered from the

blood of an infected monkey

(Strain 10,001)

Intramuscular/10�1–10�6 After inoculation of graduated

doses of MPVX, the clinical

features emerging from the

infection at each dilution were

visibly indistinguishable. The

mortality rate reached 30%,

and a more intense rash was

observed in these animals,

followed by progressive

disease, prostration,

hypothermia, and collapse.

Severe illness lasted from 4 to

11 days; during this time the

(Wenner et al.58)

(Continued on next page)
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Table 3. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

animals became progressively

dehydrated and lost weight. In

some cases, there was

evidence of pyoderma

a a Intravenous, intramuscular,

intradermally or intradermally

combined and conjunctival

routes/a

The main events during the

course of the infection were

fever and cutaneous and oral

mucosal lesions. Some animals

developed a generalized

smallpox rash, whereas in

others only a few scattered

pustules were seen

(Wenner et al.59)

Immature a Intramuscular/a The skin lesions progressed

rapidly through the papular

and vesicular stages. The

pustular phase was of short

duration with formation of hard

crusts. Pustules were observed

on the scrotum of males,

lesions on the oral mucosa, on

the amygdala with histological

characteristics similar to those

described for the skin and

lymph nodes. Generalized

lymphadenopathy developed

during the first week and lasted

until the 3rd week of the

disease; there was moderate

enlargement of the spleen,

histological and cytological

changes in a combination of

diffuse and follicular

hyperplasia, reticular

lymphoblast proliferation

(Wenner et al.60)

6.2 G 0.7 year-old MPXV- Z79-005 Intravenous/5x107 p.f.u/mL MPXV infection caused a

vesiculopustular rash, fever,

lymphadenopathy,

splenomegaly, pulmonary

edema, increased white blood

(Huggins et al.61)

(Continued on next page)
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Table 3. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

cells, and the death of some

animals

3- to 6-year-old MPXV- Z79-005 Intravenous/5x107 p.f.u/mL Infected animals developed

severe clinical syndromes

consisting of anorexia,

extremely low temperature,

shock, disseminated

intravascular coagulation, or

respiratory distress leading to

death. Severe pathology was

characterized by generalized

smallpox lesions on the skin

and oral mucosa, notable

lymphadenopathy and

splenomegaly, and pulmonary

congestion/edema with gross

lesions

(Wei et al.62)

a MPXV- Z79-005 Intravenous/5x107 p.f.u/mL All infected and untreated

animals presented skin lesions

observed first in the mouth and

head that spread to the rest of

the body, progressive signs of

the disease that led to their

death

(Jordan et al.63)

a MPXV- Z79-005 Intravenous/5x107 p.f.u/mL Although the PCR data

suggested a low viremia, all

immunized animals remained

clinically well, whereas the non-

immunized animals became

extremely ill with fever, weight

loss, and decreased activity in

addition to having a large

number of smallpox skin

lesions that exhibited a

pustular progression

(Earl et al.64)

a MPXV- Z79-005 Intravenous/5x106 and 5x107

p.f.u/mL

A large number of skin lesions

appeared in control animals in

the first few days, coinciding

with high viremia, but

disappeared in 4 out of 6

(Earl et al.65)

(Continued on next page)
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Table 3. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

animals. Four untreated

animals had severe illness

requiring euthanasia. Although

treated animals had a high

lesion count, the viral load was

much lower than that of

unvaccinated animals

a MPXV- Z79-005 Intravenous/1 mL 2x107 p.f.u/

mL

Clinical symptoms and post-

challenge survival, lesion

counts, and viral loads were

analyzed. Unvaccinated

animals exhibited typical signs

of the disease, depression,

lethargy, pustule lesions, and

high peaks of viral load after

challenge

(Buchman et al.66)

Adults MPXV- Z79-005 Intravenous/5x107 p.f.u/mL Even the vaccinated animals

showed signs of the disease.

Untreated animals showed

increased body temperature,

weight loss, and a high number

of skin lesions succumbing to

the infection

(Denzler et al.67)

2- to 8-year-old MPXV- Z79-005 Intravenous/1,65x107 and 5,

4x107 p.f.u/mL

After the lethal challenge with

MPXV, the unvaccinated

control animals succumbed to

monkeypox 11 days after the

challenge, numerous lesions

were observed throughout the

body and a weak primary

immune response when

compared with the treated

animals

(Russo et al.68)

a a Exposure to aerosols/a The first sign of infection after

exposure was a rise in

temperature. From the 4th or

5th day after exposure, cough,

runny nose, apathy, and loss of

appetite were observed. Mild

rash with papules or pustules

(Hahon and McGavran,69)

(Continued on next page)
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Table 3. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

limited to face and hands is

observed. Histologically,

ulcerative bronchiolitis,

bronchitis, and peribronchitis

were observed; in addition,

fibrinous necrosis was found in

the bronchial walls,

peribronchial lymphoid tissues,

and bronchopulmonary lymph

nodes

2-4 years-old MPXV- Z79-005 Exposure to aerosols/2,6x105

p.f.u/mL

Untreated animals showed

severe infection, weight

decline, progressive

depression, dyspnea, and

nasal discharge. Skin lesions,

first appearing on day 6 after

challenge, live virus, and viral

DNA were detected in the

throats of all challenged

animals. Most of the tissues

analyzed were positive for the

virus, and there were

histological changes consistent

with focal acute necrotizing

bronchitis and

bronchopneumonia; focal,

fibrinous necrotizing alveolitis

often accompanied by edema;

and acute focal vasculitis,

sometimes accompanied by

thrombosis and perivascular

edema

(Hatch et al.70)

Youth to adults MPXV- Z79-005 Exposure to aerosols/a The animals presented

exanthema, enanthema, mild

anorexia, fever, cough, nasal

secretion, cutaneous, oral, and

gastrointestinal lesions.

Dyspnea, depression, severe

anorexia, and signs of

weakness were evident in all

(Zaucha et al.71)

(Continued on next page)
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Table 3. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

animals. Clinical signs

progressed to the animals’

natural death or euthanasia

a MPXV- Z79-005 Intratracheal/3,423106, 8,

373106 and 3,533107 p.f.u/

mL

Animals challenged with the

lowest dose had fever, weight

loss, pustular skin lesions, and

lymphadenopathy. Animals

exposed to the 8.37 3 106

p.f.u dose showed similar clear

signs but with some animals

dying and animals exposed to

the higher dose had a similar

disease course but with an

accelerated progression to

death

(Goff et al.72)

2- to 4-year-old MPXV-MSF#6 (Isolated human) Intratracheal/107 p.f.u i/5 mL Severe morbidity, extensive

skin lesions, dyspnea, and low

saturation were observed in all

control animals. Treated

animals showed mild morbidity

despite the typical signs of the

disease

(Stittelaar et al.73)

a MPXV- Z79-005 Exposure to aerosols/33104,

13105, 33105 and 93105

p.f.u/mL

Lesions appeared 6 days after

exposure in two animals at the

highest dose. One animal

succumbed with no apparent

injury and a single animal had

severe injuries. Another animal

that died presented

histopathologically with

pneumonia and intranuclear

inclusion bodies consistent

with smallpox infection.

Discoloration of the lung and

enlargement of the bronchial

lymph nodes were also

observed

(Barnewall et al.74)

a MPXV- Z79-005 Exposure to aerosols/43104,

13105, 43105 and 13106

p.f.u/mL

Clinical signs observed were

fever, decreased appetite and

activity, drowsiness,

(Nalca et al.75)

(Continued on next page)
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Table 3. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

depression, inguinal and

axillary lymphadenopathy, and

macules that progressed to

pustules. Necrotizing lesions

were also present on the skin,

gastrointestinal tract, mucosal

surfaces, and gonads. The

histological findings of animals

sacrificed during acute illness

were similar to those previously

reported for aerosolized MPXV

2- to 7-year-old MPXV- Z79-005 Exposure to aerosols/13105

p.f.u/mL

Challenged animals showed

typical signs of the disease,

fever, weight loss, papules and

pustules, weight loss, and

viremia detected in the first

day’s post infection. When

treated, they have a greater

survival with rapid

improvement of clinical signs

(Russo et al.76)

2-year-old MPXV- Z79-005 Exposure to aerosols/13105

p.f.u/mL

Typical signs of the disease

were observed, which included

increased weight loss,

dyspnea, anorexia and a spike

in body temperature. Viral RNA

was also identified in body

tissues such as lungs, spleen,

amygdala, tongue, kidney,

heart, cerebrospinal fluid, and

mediastinal lymph nodes.

Histological changes were

restricted to the respiratory

bronchioles in the lungs

(Tree et al.77)

a MPXV- Z79-005 Intravenous/5x104 to 5x107

p.f.u/mL and

Intrabronchial/5x104 to 5x106

p.f.u/mL

Both routes of inoculation

resulted in a rapid spread of

the virus; typical signs of the

disease from moderate to

severe were observed. Disease

progression was twice as rapid

for animals infected via the

(Johnson et al.78)

(Continued on next page)
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Table 3. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

intravenous route compared

with those infected via the

intrabronchial route. All

challenged animals resolved

the infection

Rhesus (Macaca mullata) a Virus strain isolated from

pustules of naturally infected

animals

Intradermally/a After inoculation none of the

challenged animals developed

any signs of disease

(Magnus et al.1)

a Strain recovered from naturally

infected monkey (Strain 1744)

Intravenous, Intradermally and

Subcutaneous/a
Intravenous infection resulted

in generalized rashes, the

subcutaneous one produced a

similar granuloma, and the

intracutaneous one caused

local lesions without spreading

to other parts of the body

(Prier and Sauer,56; Prier

et al.57)

a a Intramuscular/a Signs of typical disease in

cynomolgus were much less

pronounced in rhesus;

however, rash, dermal lesions,

and short-lived exanthema

were observed. None of the

animals looked remarkably

sick, and none specifically died

of the disease, but all

developed antibodies against

the virus

(Wenner et al.59)

2-5 years-old MPXV- Z79-005 Intravenous/1,65x107 and 5,

4x107 p.f.u/mL

Lethally challenged with

MPXV, the animals showed the

typical clinical signs of the

disease, skin lesions, strong

anamnestic responses to the

challenge, and a weak primary

immune response when

compared with treated

animals. Treated animals were

protected from lethal

challenge with MPXV

(Russo et al.68)

4- to 9-year old MPXV- Z79-005 Intrabronchial/23105 p.f.u/mL The challenge resulted in the

appearance of numerous

disseminated lesions, initially

(Estep et al.79)

(Continued on next page)
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Table 3. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

as pustules on the skin and oral

mucosa and then progressing

from pustular stages to crusts.

The animals also developed

coughing, symptoms of

labored breathing, and fever

Sagui (Callithrix jacchus) Adults MPXV- Z79-005 Intravenous/2,4x10,7 9,5 x 105,

7,8 x 104, 5x10,3 510 or 48

p.f.u/mL

All animals developed a similar

disease course and died or

were sacrificed. The different

doses also showed different

clinical progression, mainly the

temporal onset of the disease

and the phenotypic

presentation of rash. In

general, all animals had a skin

rash, significant

lymphadenopathy, and

pronounced lethargy, some of

which needed to be euthanized

(Mucker et al.80)

Adults MPXV- Z79-005 Intranasal/100, 1000, 5000

p.f.u/mL

The disease progressed in all

animals; the animals became

increasingly unresponsive and

lay down until they were

sacrificed or succumbed to the

disease. Other signs included

light sensitivity, swelling, runny

nose, swelling around the eyes,

skin lesions, papules,

petechiae, and crusts. They

also showed an increase in

white blood cells, a decrease in

platelets, lymphocytes, and

very high neutrophils

(Mucker et al.81)

aNot reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: Monkeypox virus.
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Table 4. Prairie dogs used in the study of MPXV

Animal specie Age Viral strain Route of infection/dose Major findings Reference

Prairie dog (Cynomys

ludovicianus)

3-year-old MPXV ROC-2003-358 Intranasal/105 p.f.u/mL Infected and untreated group:

facial swelling, nasal discharge,

nasal crust, bloody nose,

inappetence, weight loss,

pustular lesions, petechial rash,

mouth breathing. The treated

groups: prophylaxis (0) and

post-infection (3) did not

present symptoms of the

disease, whereas the

therapeutic group (after

the appearance of lesions)

presented facial swelling, nasal

discharge, nasal crust, bloody

nose, lack of appetite, weight

loss, pustular lesions

(Smith et al.33)

Adults MPXV-USA-2003-044 Intraperitoneal/10x1,5 p.f.u/mL

and intranasal/10x6.1 p.f.u/mL

Animals infected by the

intraperitoneal route died

approximately 8–11 days after

infection and no mucosal or

cutaneous lesions were

observed. Via the intranasal

route, 60% died similarly to the

animals in the intraperitoneal

group, and the survivors had

vesicular lesions on the lips and

tongue, along with nasal

congestion and mucopurulent

nasal secretion, but recovered

(Xiao et al.82)

3-year-old MPXV-USA-2003-044 and

MPXV-ROC-2003-358

Intranasal/104, 105, and 106

p.f.u/mL

Clinical signs were dose

dependent, ranging from

inappetence, facial edema,

forced breathing, nasal pus,

crusty nose, nasal blood,

swollen paws, crusted lesion on

the face, and death

(Hutson et al.83)

2-year-old MPXV-USA-2003-044 and

MPXV-ROC-2003-358

Intranasal and intradermal by

scarification/104,5 p.f.u/mL

The animals presented skin

lesions on the head, limbs, and

trunk. Animals infected with the

Congo strain showed a greater

(Hutson et al.84)

(Continued on next page)
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Table 4. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

increase in temperature and a

tendency to lose weight

compared with the African

strain

2- to 4- year-old MPXV-USA-2003-044 Intranasal/8,8x105 p.f.u/mL It was observed that animals

from all groups began to show

clinical signs about 8 days after

infection; among these signs

are inappetence, decreased

activity with recumbency and

reluctance to move, as well as

skin lesions; in addition, some

animals needed to be

euthanized due to clinical

condition. The survival rate of

the animals varied according to

the time of initiation of

treatment; the earlier it was

started, the greater the

effectiveness

(Hutson et al.85)

2-year-old MPXV-USA-2003-044 Intranasal/5x104 p.f.u/mL

(actual dose confirmed by

5.9x104 p.f.u/10 mL of WT and

4.3x104 p.f.u/10 mL of luc+

MPXV)

West African (WA) MPXV can

be visualized using in vivo

imaging in the nose, lymph

nodes, intestines, heart, lung,

kidneys, and liver at day 6 post-

infection. On day 9, lesions

became visible on the skin and,

in some cases, the spleen. After

day 9 post-infection, the

luminescent signal

representing replication either

increased, indicating a

progression to what would be a

fatal infection, or decreased as

the infection resolved

(Weiner et al.86)

20-month-old MPXV-USA-2003-044 Intranasal/9x103 p.f.u/mL Sharing contaminated bedding

led to all healthy animals

developing the disease. In the

group in which healthy animals

were in contact with the

(Hutson et al.87)

(Continued on next page)
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Table 4. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

challenged animal, clinical

signs of the disease also

developed. All four animals

that were experimentally

challenged recovered from the

infection. The euthanized

animals had severe diarrhea

and countless skin lesions

2-3-years-old MPXV-USA-2003-044 and

MPXV-ROC-2003-358

Intranasal/6x103 and 5x103

p.f.u/mL

Animals challenged with the

West African strain developed

skin lesions, crusty noses,

dehydration, and inappetence.

In the group challenged with

Congo Basin, all animals

showed inappetence,

dehydration, nasal congestion,

pus/blood in the mouth,

breathing difficulties, facial

edema, pus in the genitals, and

swollen paws, in addition to

skin lesions

(Hutson et al.88)

10-month-old MPXV-USA-2003-044 and

MPXV-ROC-2003-358

Intranasal/8x103 p.f.u/mL Animals infected with the

Congo Basin (CB) strain had

virus recovered from the nasal

mucosa, oropharyngeal lymph

nodes, and spleen in animals

challenged with on day 4 and in

animals challenged with the

West African (WA) strain on day

6. For In both groups, primary

viremia was observed from

days 6–9 to day 17. The CB

strain spread faster and

accumulated at higher levels,

causing greater morbidity in

the animals when compared

with the WA strain. The viral

antigen was abundant in all

organs tested, except for the

brain. Splenocytes were

(Hutson et al.89)

(Continued on next page)
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Table 4. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

labeled positive for apoptosis

more often than hepatocytes in

both groups

Adults MPXV-ROC-2003-358 Intranasal/4,3x106 and 2,

25x104 p.f.u/mL

The incubation period

presented by prairie dogs were

similar to that observed in

humans with systemic

orthopoxvirus infection.

Regarding the clinical signs

observed in the animals, the

occurrence of inappetence and

weight loss, as well as

cutaneous and mucosal

lesions, varying in degree of

intensity, stands out

(Shannon Keckler et al.90)

Not reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: monkeypox virus.
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Table 5. Squirrels used in the study of MPXV

Animal specie Age Viral strain Route of infection/dose Major findings Reference

Squirrel (S. tridecemlineatus) Adults MPXV-USA-2003-044 Intraperitoneal/105,1 and

intranasal/106,1 p.f.u/mL

The infection caused severe and

fatal disease in all animals in both

inoculation routes. High rate of

viral load and wide distribution of

the virus through the organs. The

squirrels were lethargic and

anorexic within 4 or 5 days, with

death within 9 days. No apparent

skin lesions were observed;

however, severe liver and spleen

lesions were seen in both groups;

in addition, necrosis of

peribronchial lymphoid tissue and

lymph nodes from other sites was

also observed in the group

challenged by the intranasal route

(Tesh et al.91)

a MPXV-ZAI-1979-005 and MPXV-

USA-2003-044

Subcutaneous/3,7x104 and 1,

8x104 p.f.u/mL

Clinical symptoms were earlier and

more severe in animals that

received strain Z79 and mortality in

these animals occurred between

days 6 and 11; on the other hand,

despite presenting a milder

symptomatology, death in animals

that received strain US03 occurred

in a very similar period. Animals

infected with the Z79 virus strain

showed consistently higher viral

titer in blood and lung tissue

compared with those infected with

US03 virus alone, but it was also

possible to identify virus titers in

the spleen and liver of these

animals

(Sbrana et al.92)

a MPXV-ZAI-1979-005 Subcutaneous/106,3 p.f.u/mL Infected and untreated animals

show signs of disease on day 4

post-infection, and all died

between 6 and 9 days post-

infection. The animals had a high

viral load; however, none of the

challenged and treated squirrels

developed detectable viremia

(Sbrana et al.93)

(Continued on next page)
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Table 5. Continued

Animal specie Age Viral strain Route of infection/dose Major findings Reference

Squirrel (Marmota bobak) 1–2-year-old MPXV-ZAI-1979-005 Subcutaneous/2.6, 4.1, 5.6, 7.1

log10 p.f.u/mL and intranasal/1.8,

0.2, 2.2, 3.7, 4.2, 5.0, 6.6 and 7.8

log10 p.f.u/mL

Virus was recovered from nasal

mucosa, oropharyngeal lymph

nodes, and spleen in animals

challenged by MPXV Congo Basin

(CB) on day 4 and in animals

challenged with the West African

(WA) strain on day 6. For both

groups, viremia primary was seen

from days 6–9 through day 17.

Although the histopathology and

immunohistochemistry findings

were similar, CB MPXV spread

faster and accumulated to higher

levels, causing greater morbidity in

animals when compared to WA

MPXV. Two animals that

succumbed to the disease showed

abundant viral antigen in all organs

tested, except the brain.

Interestingly, splenocytes were

labeled positive for apoptosis

more often than hepatocytes in

both MPXV groups

(Sergeev et al.94)

Squirrel (Funisciurus anerythrus) a Congo Basin MPXV/Luc+ Intranasal and intradermal/106

p.f.u/mL

MPXV infection in these animals

caused moderate to severe

morbidity and mortality, with

clinical signs including smallpox

lesions on the skin, eyes, mouth,

and nose, dyspnea, and profuse

nasal discharge. Both intranasal

and intradermal exposures

induced high levels of viremia,

rapid systemic spread, and long

periods of viral shedding. The

sentinel animal showed clinical

signs of infection including

increased respiratory rate, nasal

discharge and mouth lesions,

respiratory problems, weight loss,

and severe lethargy

(Falendysz et al.95)

aNot reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: Monkeypox virus.
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Table 6. Rabbits used in the study of MPXV

Animal species Age Viral strain

Route of infection/

dose Major findings Reference

Rabbit (Oryctolagus

cuniculus)

Adults and 2-day -old Serial dilutions of virus

recovered from

infected monkeys

Intradermal,

scarification, and

intracutaneous/a

Intradermal inoculation

led to severe

hemorrhagic reactions,

but unlike what is

observed with the

vaccinia virus, pustules

followed by necrosis

were also observed.

Lesions and pustules

were also observed by

scarification. Infection

was fatal for two-day-

old rabbits after

scarification or

intracutaneous

inoculation

(Magnus et al.1)

a a Scarification,

intravenous,

intradermally, and

subcutaneous/a

Scarification produced

confluent lesions

according to the

concentration used.

The virus was also

infectious by the

intravenous,

intradermal, and

subcutaneous routes.

The intradermal rout

caused after pulse

lesions followed by

secondary pustules

and the intravenous

route resulted in

generalized disease

although the animals

recovered

(Prier and Sauer,56;

Prier et al.57)

Adults a Intradermally/a Intradermal infection

led to hemorrhagic-

necrotic lesion in

rabbits

(Gispen and Brand-

Saathof,96)

Adults and 2-day-old Copenhagen and

MPXV-6-7255

Intracerebral and

intradermally/a
All strains caused

hemorrhagic necrotic

skin lesions.

Intracerebral infections

in adult and 2-day-old

rabbits were fatal with

the development of

adult

meningoencephalitis

(Gispen et al.97)

(Continued on next page)
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is still immature are well accepted. However, the use of these models increases the chances that the tests

were underestimated due to the absence of the antiviral defense of the model.

To address the limitation of using immunocompetent mice and to allow assessment of susceptibility and

the course of infection in this model, S. S. Marennikova and E. M. Seluhina, inoculated 1-, 2-, 8-, 12-, and

15-day-old mice with the Copenhagen strain of MPXV. The 8-day-old animals showed clinical signs such

as asthenia and loss of appetite when inoculated intraperitoneally or intranasally. Besides these signs,

the animals inoculated via plantar cushion showed edema in the foot. In these inoculation routes, all ani-

mals died as a result of infection, whereas the intradermal route resulted in the death of 50% of the inoc-

ulated animals. Mice inoculated orally became flabby and lost their appetite, leading to a 40% mortality

rate in the infected group. For 12-day-old mice, mortality occurred in only 14% of cases. On the other

hand, 100% mortality was observed in 15-day-old animals after intranasal inoculation. Sequential evalua-

tions showed that the virus could be found in the blood, lungs, liver, spleen, and kidneys, with a consider-

able amount of virus detected in the lungs and other organs in the acute phase of the disease.48 The fact

that young mice succumb to the disease caused by MPXV suggests the possibility of using this model for

viral adaptation, which would allow the development of an immunocompetent adult mouse capable of

modeling the disease. Serial passage studies of MPXV in young mice with intact immune system could

result in selection of an adapted strain that would cause disease in adult animals, considering the high

rate of viral mutation and adaptation by natural selection. These studies will be useful for the development

of challenge models for antivirals and vaccines testing using contemporary strain of MPXV.

The progression of infection caused byMPXV was also compared in mice with an intact immune system and

in immunodeficient mice using viruses with MPXV engineered to express luminescent markers. Viral infec-

tion of Balb/c (immunocompetent) and SCID (immunodeficient) mice was monitored using biophoton im-

aging. In BALB/c mice, the luminescent signal was visualized in the first 24 h extending to 96–120 h, where

higher peaks were detected. Higher replication and faster dissemination were observedmainly to organs in

the peritoneal cavity, with eventual dissemination to axillary lymph. After 240 h, the animals were able to

clear the infection. Balb/c mice have an immune response skewed toward a Th2 profile that not only nega-

tively regulates the secretion of Th1 cytokines but also inhibits and counteracts the activating actions of

IFNg and tumor necrosis factor alpha (TNF-a), deactivating the transcription and translation of several

genes in macrophages. Furthermore, interleukin-10 (IL-10) acts by negatively controlling the immune

response in general and mainly the inflammatory response and tissue damage.100,101 Therefore, although

they are immunocompetent mice, it is possible to observe the infection cycle with the appearance of some

disease phenotypes. In SCID mice, luminescence indicative of MPXV infection was also visible at 24 h and

limited to the peritoneal cavity. A more intense luminescent light was observed, and after 96 h it had

Table 6. Continued

Animal species Age Viral strain

Route of infection/

dose Major findings Reference

Rabbit (Oryctolagus

cuniculus domesticus)

10-day-old Copenhagen Intravenous/107 p.f.u

and scarification/105

and 106 p.f.u/0, 1 mL.

Oral route/1,4 x 106;

107; 108; 109 p.f.u/

2 mL.

Animals inoculated

with MPXV generally

had a generalized

process of fever,

conjunctivitis, rhinitis,

rash on the skin and

mucous membranes,

and weight loss.

Papules also appeared

that developed into

pustules and in some

cases became

hemorrhagic, with

younger animals being

more susceptible than

adults

(Marennikova and

Seluhina,48)

aNot reported; p.f.u: plaque formation unit; mL: milliliter; MPXV: monkeypox virus.
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already spread to other organs and tissues in the abdominal, thoracic, and axillary lymph node regions, in

addition to showing visible signs in the tail, feet, and nasal region when the evaluation reached 264 h. At

168 h after inoculation the animals died, biophotonics images also revealed the tropism of MPXV for

ovarian tissues.49

A study by Duggal and collaborators demonstrated the presence of MPXV in the interstitial cells and sem-

iniferous tubules of the testes, as well as in the lumen of the epididymis, which are the sites of sperm pro-

duction and maturation, in non-human primates.102 These findings, together with the work of Osorio et al.

(2009), support the potential sexual transmission of MPXV. New studies addressing the questions are ur-

gently needed. Studies carried out with Zika virus, a virus known to be sexually transmitted, can help as

a basis for investigations for MPXV. Viral load should be quantified in vaginal washes and semen from

male testes to have a better understanding of viral tropism for cells of the genitourinary system. Once

this potential has been identified, crossovers between infected and healthy mice should be performed

to determine the possibility and rates of sexual transmission. Vertical transmission also deserves attention.

Murine models may also help to discover whether contemporary strains of MPXV can infect fetuses and

what the consequences of infection to the offspring are.

Also using bioluminescence imaging, Earl et al. found high luminescence in the nasal area peaking

between 7 and 12 days post-infection, moving on to the lung. Using the recombinant strain MPXV-z79-

CB2, the study also demonstrated that CAST/EiJ mice infected intranasally showed lethargy, arched

posture, raised hairs, and severe weight loss.50

Intact 8- to 10-day-old male and female ICR mice were also challenged intranasally with MPXV showing no

lethality; however, after day 7 post-infection, clinical signs of disease such as purulent conjunctivitis,

blepharitis, and raised hairs were observed, which disappeared after 11–13 days.51

The CAST/EiJ mouse also proved to be an efficient model of MPXV infection, among 37mouse strains eval-

uated. In addition to CAST/Eij, MOLF/EiJ and PERA/EiJ also succumbed to the disease. Females between

5 and 11 weeks of age inoculated intranasally showed weight loss and lethality of 100%, 75%, and 40%,

respectively. CAST/EiJ mice showed greater sensitivity to MPXV when infected intraperitoneally. Both

routes of inoculation resulted in MPXV replication in the lung, spleen, and liver of the infected animals.52

Intranasal infection in CAST/EiJ mice also led to viral replication in lungs and dissemination to other organs

(liver, spleen, kidneys, and brain).47

The inherent susceptibility of CAST/EiJ mice can be explained by a low level of NK cells.53 Crossing of

CAST/EiJ mice with C57BL/6 or BALB/c was performed to investigate whether resistance or sensitivity to

MPXV is a dominant factor. The F1 progeny was relatively resistant to MPXV. However, there was a sex dif-

ference; some crossbred male mice succumbed to the disease, whereas all females survived.54

Mice were also models used in evaluations of phylogenetically distinct strains of MPXV. Hutson and co-

workers infected 6- to 7-week-old mice subcutaneously in the footpad or intranasally with a dose of 10.5

West African or Congo Basin MPXV strain. Mice inoculated in the footpad with the Congo Basin strain

showed edema in the inoculation region, which led to impaired locomotion of some animals, and BALB/

c mice had greater edema compared with C57BL/6 mice. BALB/c mice showed weight loss, whereas no

mice from the C57/BL6 strain showed this clinical sign. In general, 13 days after infection, the animals

had already recovered from the disease. When inoculation took place intranasally, weight loss was

observed in both strains of mice. Although weight loss has been verified, no obvious signs of morbidity

(ie, lesions) were observed, and all mice survived. On the other hand, mice inoculated in the footpad

with MPXV from West Africa showed mild swelling in the inoculation site. None of the animals lost weight

over the course of the study or developed some lesion, and all animals in this group survived the infection.

None of the mice in the group inoculated with intranasal MPXV from West Africa developed any obvious

signs of morbidity.103

NON-HUMAN PRIMATE MODELS

Reports of MXPV infection in non-human primates (NHPs) have been described in several studies, most of

which were carried out in cynomolgus (Macaca fascicularis) and rhesus (M. mulatta) monkeys,1,56 but there

are studies with Macaca philippinensis104 and Callithrix jacchus.80,81
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MPXV was first identified and isolated in 1958 in Copenhagen, Denmark, following the observation of two

non-fatal outbreaks of a disease in Asian macaques (mainly M. fascicularis) that had come from Singapore

for research of polio vaccines. The infected animals presentedgeneralizedpetechial eruption in the skin that

quickly evolved to amaculopapular eruption, with lesions observed throughout the body, particularly abun-

dant and developed on the palms of the hands and soles of the feet.1Magnus et al. (1959), after isolating the

virus from these animals, intradermally inoculated the palm of M. fascicularis with 0.2 mL of tissue culture

material from the pustules, which developed a local pustule surrounded by edema 7 days after inoculation

and elevation of body temperature between the fifth and the ninth day, but without propagation of the rash.

In 1960, Prier et al. confirmed the findings of Magnus et al. by performing challenges through the intrader-

mal, subcutaneous, and intravenous routes and demonstrated again the susceptibility of cynomolgusmon-

keys to MXPV infection. Intravenous inoculation resulted in generalized eruptions; the subcutaneous one

developed a granuloma and the intracutaneous one generated only local lesions.56,57,105

Subsequently, a series of experiments with non-human primate models were conducted. In the first exper-

iment, immature cynomolgus monkeys (M. fascicularis) were inoculated by the intravenous, intramuscular,

intradermal, or intradermal combined and conjunctival routes, and in the second experiment the monkeys

were inoculated by the intramuscular route. Assessed daily, the animals developed a typical papular rash

observed throughout the body, buccal mucosa, and soft palate.58–60

Cynomolgus monkeys infected with MPXV intravenously developed a uniformly lethal disease and had le-

sions like what is seen in human infection. After challenge, the animals developed a generalized vesiculo-

pustular eruption including fever, elevated white blood cell count, lymphadenopathy, splenomegaly, and

pulmonary edema that led to death between 7 and 15 days after infection.61 Severe pathology character-

ized by disseminated lesions, lymphadenopathy, pulmonary edema, and splenomegaly was also observed

in vaccine studies performed.62 In a drug trial in cynomolgusmonkeys, similar results were found; untreated

infected animals had disease progression presenting the main phenotypes and a high mortality rate.63

In human smallpox vaccine research, non-human primates are often challenged for MPXV, and cynomolgus

are the most used animal model. In the studies carried out, the animals were infected by the intravenous

route; those previously immunized were healthy without the appearance of lesions or with the appearance

of few and small lesions of rapid healing, unlike the non-immunized monkeys (control), which became seri-

ously ill with depression, lethargy, fever, weight loss, high number of lesions, high viremia, lymphadenop-

athy, even death.26,64–68

In studies carried out with aerosolized virus, these animals showed clinical signs of the disease and eleva-

tion of body temperature, cough, coryza, anorexia, eruptions, papules, and deaths in addition to histolog-

ical changes such as focal acute necrotizing bronchitis and bronchopneumonia; focal, fibrinous necrotizing

alveolitis often accompanied by edema; and acute focal vasculitis, sometimes accompanied by thrombosis

and perivascular edema.69,70Animals also showed exanthema and enanthema, depression, and anorexia in

addition to weakness and progression to natural death or euthanasia.71

Because of the efficiency of MPXV infection by aerosol exposure, new studies were carried out. In one of the

studies, the virus was deposited directly in the tracheal carina of the animals, whereas in others, aerosol

exposure systems were used for infection. In general, cynomolgus of both sexes with different ages and

weights succumb to the disease and develop similar signs such as decreased appetite and activity, eleva-

tion of body temperature, respiratory stress followed by bronchopneumonia, vesiculopustular lesions,

crusted skin lesions, oral ulcers, enlarged and proliferative peripheral lymph nodes, and necrotizing or ul-

cerative lesions in the esophagus, stomach, and urinary bladder. In addition, some animals still presented

subpleural hemorrhage and testicular hemorrhage, reaching death. In all animals, the presence of MPXV

was identified in blood, tissues, and mucosal smears.72–77

A comparison of the disease course after an intravenous and intrabronchial inoculation in cynomolgus

monkeys was performed using serial doses of MPXV. In both inoculation routes, a classic smallpox-like dis-

ease was observed. Animals infected by the intravenous route showed fever, appearance of lesions, peak

viremia, and viral shedding in nasal and oral smears while intrabronchial exposure beyond typical signs led

to the development of pneumonia and increased disease progression. The development of cutaneous
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lesions in relation to viremia also demonstrated that both routes of inoculation resulted in a rapid spread of

the virus to surrounding tissues, resulting in moderate to severe lesional disease.78

As identified in cynomolgus, Magnus et al. (1959) also observed a generalized picture of the disease in rhe-

sus monkeys. These animals showed the same signs, petechial eruption with evolution to maculopapular

eruption and lesions throughout the body, but when performing the same challenge intradermally inocu-

lating the palm of two rhesus monkeys with 0.2 mL of tissue culture material from the pustules, the animals

did not develop any signs of the disease.1

Rhesus monkeys challenged by inoculating the virus by intradermal, subcutaneous, and intravenous routes

resulted in generalized and/or local rashes and granulomas.56,57,105 In intramuscular inoculations, after

daily evaluation, it was observed that the animals developed less evident cutaneous eruptions along the

body and oral mucosa and short-lived exanthema. Although apparently healthy, all animals developed an-

tibodies against the virus.59

When inoculated intravenously, rhesus monkeys challenged with MPXV were shown to be highly suscepti-

ble to the disease. The animals presented a severe condition with all the typical signs and progressive

death. Viral titers were detected in the blood of all animals.68

To understand the differences in pathogenicity of Congo Basin (clade I) and theWest African (clade II) viruses,

Estep and collaborators deleted the MPXV inhibitor of complement enzymes (MOPICE) from the MPXV-Zaire

strain, which is not expressed by viruses of theWest African clade and infected rhesusmonkeys (n = 4) withwild

type and a virus lacingMOPICE through the intrabronchial route. Typical signs of the disease were observed in

both groups and, in general, the disease manifestations associated with both viruses were similar. However,

infection with the recombinant MPXV lackingMOPICE resulted in lethal disease in one animal, and all animals

in the wild type group survived infection. Analysis of viral loads in infected animals showed similar patterns

between bronchial alveolar lavage and whole blood samples, but viral load levels were higher in animals

infected with the virus lacking, suggesting that this protein is not the sole virulence factor of clade I viruses.79

Another animal model of non-human primates is the marmoset (C. jacchus). Adult males infected intrave-

nously through the tail vein, or through the saphenous vein, develop the normal course of the disease

caused byMPXV and died 15 days post-infection. Marmosets that receive higher doses show definable clin-

ical signs already on the second day post-infection in addition to decreased activity. Rash, significant

lymphadenopathy and pronounced lethargy were also observed in marmosets experimentally infected

with MPXV. In contrast, lymphadenopathy and rash in the lower-dose infected group were not observed.

Lesions in this group were much more discrete and were flat, well-defined lesions and never progressed

through the typical stages of the disease. In addition, later examinations showed high viremia, decreased

platelets, and an abbreviated acute phase, reflecting early type hemorrhagic smallpox.80

NewexperimentsbyMucker et al. (2018)withadultmaleand femalemarmosets infected via the intranasal route

wereperformed.All animals showedsignsof diseaseandwereeuthanizedor succumbed to thedisease15days

after exposure. Theonly animal thatwas exposed to adoseof 5,000p.f.u haddyspnea, a runnynose, and a tem-

perature rise of about 0.5�C above the pre-exposure temperature. Animals that received doses of 1,000 p.f.u

had different degrees of dyspnea. In general, all animals, regardless of the dose received, showed other signs

such as sensitivity to light, swelling around the eyes, some signs of photophobia, and skin lesions. Subsequent

immunological evaluations revealed an increase in white blood cells and a decrease in platelet counts, in addi-

tion to the presence of the virus in the oral cavity of all animals from the 15th day after infection, and the animal

with the highest dose was identified as having the virus on the sixth day post-infection.81

The evolutionary kinship of non-human primates with humans makes them effective models for compara-

tive studies. A great example of this is the fact that in the studies carried out so far, mice do not present one

of the main characteristics of the disease caused by MPXV—the formation of pustules, which is seen only in

non-human primates.

PRAIRIE DOGS

Prairie dogs (PD) (Cynomys ludovicianus) are highly susceptible to monkeypox virus (MPXV) infection, and

the pathogenesis and severity of the disease vary according to the route of infection, being 100% fatal by
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the intraperitoneal route, whereas the intranasal route had a mortality of 60%,82 being the main route of

choice for further studies. This animal species is an important model for the study of virulence factors, path-

ogenesis, transmission routes, and elimination of the MPXV virus, in view of its ability to mimic the way the

disease occurs in humans, including the different manifestations caused by different strains of the virus.83,84

It has also been a widely used model for testing new prophylactic and therapeutic measures.33,85

A study using two groups of animals, males and females approximately 2 years old, inoculated intranasally

with the West African strain, helped to understand the pathogenesis of the disease, and showed that both

showed similar symptoms, despite the difference when different doses were used. The results showed that

West African MPXV could be visualized using in vivo imaging in the nose, lymph nodes, intestines, heart,

lung, kidneys, and liver as early as day six post-infection. By day nine, it was possible to visualize the skin

lesions and, in some cases, also the spleen. After day nine, the luminescent signal representingMPXV repli-

cation increased in some animals, indicating a progression to what would be a fatal infection, and

decreased in others as the infection resolved. The use of recombinant MPXV luc+ allowed for a greater un-

derstanding of how MPXV spreads throughout the body in prairie dogs during the course of infection.86

Studies on the transmission routes using West African and Congo Basin strains showed that infected ani-

mals developed the disease and started shedding the virus at 6 and 10 dpi, through oral, nasal, ocular, and

fecal secretions, and that contamination of healthy animals occurred either by sharing bedding, fomites

and physical contact, or by respiratory secretion.84,87 Respiratory transmissibility was questioned in a later

study, according to which no healthy animals were infected by the West African MPXV carrier and only 25%

of healthy animals became infected from the Congo Basin MPXV carrier, indicating that transmission respi-

ration appears to be less efficient than contact as a transmission mechanism within this model.88 It is note-

worthy that the course of the disease was similar regardless of the transmission route, including weight loss,

the development of disseminated skin lesions, and antibody production, among others.87 In these studies,

the age of the animals ranged from 20 to 36 months, and the viral inoculation doses used were 5x103 96,

9x103 87 and 104.5 84 p.f.u, demonstrating the ability of the virus to develop disease even at lower doses.

Of note, the Congo Basin strain proved to be more pathogenic than the West African strain.84

Still on the study that compared the pathogenicity of the Congo Basin strain with that of West Africa, it is

noteworthy that the clinical symptoms observed in animals challenged with West African MPXV and that

developed the infection (3 out of 5) included skin lesions, crusty nose, dehydration, and inappetence. In

the group challenged with Congo Basin MPXV, all animals developed the infection and presented inappe-

tence, dehydration, nasal congestion, pus/blood in the mouth, breathing difficulties, facial edema, pus in

the genitals, and swollen paws, in addition to skin lesions. Of this group, 3 of the 5 infected animals were

euthanized due to the severity of the degree of morbidity presented, showing once again that Congo Basin

MPXV is more pathogenic than West African MPXV.88

A study carried out to verify the effectiveness of the antiviral ST-246 in prairie dogs aged approximately 3

years showed that the infected and untreated group had a mortality rate of 75%, in contrast to all animals in

the groups treated prophylactically at day 0 and at 3 days post-infection showed no symptoms of the dis-

ease and survived, whereas the therapeutic group, although treated after the appearance of lesions, also

resulted in a survival rate of 100%. The clinical symptoms observed in the animals that developed the dis-

ease were inappetence, facial swelling, nasal discharge, congestion, weight loss, and, to a lesser extent,

mucosal and cutaneous lesions in different degrees of severity. The results of this study suggest that this

anti-orthopoxvirus compound proved effective for prophylactic treatment, although some viruses were

recovered from treated animals, suggesting the possibility of resistant strains. The study was performed

with adult animals, inoculated intranasally with the strain from the Congo Basin.33

In order to better understand the differences in the pathogenesis of MPXV strains, groups of 10-month-old

prairie dogs were infected intranasally with the Congo Basin (CB) strain and the West African MPXV strain

(WA), and tissues were collected on days 2, 4, 6, 9, 12, 17, and 24 post-infections. Samples were evaluated

for the presence of viruses and macro and microscopic lesions. Virus was recovered from nasal mucosa,

oropharyngeal lymph nodes, and spleen in CB-challenged animals on day 4 and in WA-challenged animals

on day 6. For both groups, primary viremia was seen on days 6–9 through day 17. Although the histopathol-

ogy and immunohistochemistry findings were similar, CB MPXV spread faster and accumulated to higher

levels, causing greater morbidity in animals when compared with WA MPXV. Two animals that succumbed
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to the disease showed abundant viral antigen in all organs tested, except the brain. Interestingly, spleno-

cytes were labeled positive for apoptosis more often than hepatocytes in both MPXV groups. These find-

ings allow further characterization of differences between the pathogenesis of MPXV strains, including the

identification of important sites during early viral replication and cellular response to viral infection. Clinical

manifestations, when they occurred, were similar in both groups and included inappetence, maculopapular

skin lesions, nasal discharge, and respiratory depression under anesthetic effect.89

Subsequently, a study was carried out using smallpox vaccines post-monkeypox infection. Dryvax,

ACAM2000, and IMVAMUNE vaccines were tested in 2 groups of adult animals infected with the Congo

Basin strain intranasally at different doses. The study found that, for high doses of infection, none of the

vaccines showed efficacy, culminating in the death of all individuals in the groups tested, but for lower

doses of infection, vaccine efficacy is related to the interval of post-infection application and the vaccine

applied. The incubation period presented by prairie dogs was like that observed in humans with systemic

orthopoxvirus infection. In general, the animals showed prodromal symptoms, such as inappetence and

weight loss, in addition to an inflammatory reaction and cutaneous and mucosal lesions such as smallpox.

The incubation period presented by prairie dogs was like that observed in humans with systemic orthopox-

virus infection. In general, the animals showed prodromal symptoms, such as inappetence and weight loss,

in addition to an inflammatory reaction and cutaneous and mucosal lesions similar to smallpox.90

Recently, another study was carried out to test the effectiveness of Brincidofovir (BCV) against monkeypox

virus. Adult animals infected with theWest African strain intranasally were used. The results showed that the

plasma exposure to BCV observed in prairie dogs after 20 or 5 mg/kg was 2–4 times lower than the expo-

sure parameters observed in mice (ectromelia) and rabbits (cotopor) given the same doses. Our findings

suggest potentially suboptimal exposure; however, higher doses have been shown to be toxic to prairie

dogs. It is possible that the lower plasma exposure is due to the drug metabolization pathway by prairie

dogs. It was observed that animals from all groups began to show clinical signs about 8 days after infection;

the signs observed were inappetence, decreased activity with recumbency and reluctance to move, as well

as cutaneous lesions, which varied in intensity between the animals from each group. Some animals

needed to be euthanized due to the clinical condition. The survival rate of the animals varied according

to the time of initiation of treatment; the earlier it was started, the greater the effectiveness.85

Although prairie dogs show a satisfactory result in modeling MPXV infection; these animals are not consid-

ered conventional experimental models. The use of unconventional animals implies specialized labor,

differentiated facilities, and compliance with specific environmental legislation for this type of species.

Compared with conventional laboratory species, these animals do not have well-characterized genome

sequence, neither hematological and biochemical profile, and immunological reagents are very scarce.

SQUIRRELS

The use of ground squirrels (Sciuridae) in studies related to MPXV were considered when natural infections

began to be identified in the species, evidencing its importance for the epidemiology of the disease. In

addition, the data found suggested that the species has the potential to become a great experimental

model aimed at understanding the pathophysiology caused by MPXV and for testing therapeutic and pro-

phylactic countermeasures,98 such as antiviral medications and vaccines.

In 2004, a study was carried out in order to study the effects of MPXV infection in adult squirrels of the spe-

cies S. tridecemlineatus. Animals were infected with the MPX 2003 strain by the intraperitoneal and intra-

nasal routes with the dose of 106 p.f.u/mL. The infection caused severe and fatal illness in all animals in both

groups, suggesting that these animals are highly susceptible to the virus. The viral load and the wide dis-

tribution of the virus through the organs suggest that the infection was systemic. The squirrels were

lethargic and anorexic within 4 or 5 days, with death occurring within 9 days. No apparent skin lesions

were observed; however, severe liver and spleen lesions were seen in both groups. In addition, necrosis

of peribronchial lymphoid tissue and lymph nodes from other sites were also observed in the group

challenged by the intranasal route. It is noteworthy that the pathological features of MPXV in

S. tridecemlineatus were similar to severe smallpox virus infection in humans.91

In 2007, another study using the same species of squirrel was performed comparing the pathogenic ef-

fects of two strains of MPXV, MPX Z79 and MPX US03, inoculated subcutaneously at doses of 3.7 3 104
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p.f.u/mL and 1 0.8 3 104 p.f.u/mL US03, respectively. The research showed that clinical symptoms were

earlier and more severe in animals that received the Z79 strain and that mortality in these animals

occurred between days 6 and 11; on the other hand, despite presenting a milder symptomatology, death

in animals that received the US03 strain occurred in a very similar period, between days 7 and 11 after

infection. Animals infected with the Z79 MPX virus strain showed consistently higher viral titer in blood

and lung tissue compared with those infected with US03 virus alone, but it was also possible to identify

virus titers in the spleen and liver of these animals. Therefore, the results indicate that the US03 virus,

belonging to the West African MPX virus family, was less virulent than the Central African MPX virus

strains.93

In the same year, squirrels (S. tridecemlineatus) were used to investigate the efficacy of the antipoxvirus

compound ST-246, after infection by the strain MPX-ZAI-1979-005, inoculated by the subcutaneous route.

The results showed that all ground squirrels inoculated with the MPX virus and treated with ST-246 at 0, 24,

48, or 72 h after the challenge survived and none of these animals showed any apparent clinical symptoms.

However, 33% of the animals that received treatment from 96 h after infection died; the others survived

although some of them showed symptoms of the disease. In contrast, all animals infected with the MPX

virus and treated with placebo showed clinical symptoms and died. All animals inoculated with MPXV

and treated with placebo had a high MPXV load. However, none of the squirrels challenged with MPX virus

and treated with ST-246 at 0, 24, 48, and 72 h post-infection developed detectable viremia. Squirrels in the

ST-246-96h group that were humanely killed had low-titer viremia. None of the animals in the placebo or

ST-246-0h, ST-246-24h, ST-246-48h, and ST-246-72h treatment groups developed detectable antibodies to

the MPX virus. However, the two squirrels in the ST-246-96h group that became ill and recovered had

detectable MPX virus antibody titers at the end of the experiment.92

Subsequently, squirrels of the Marmota bobak species were inoculated with the V79-1-005 strain

by either subcutaneous or intranasal routes, at different doses, to verify the infective dose (ID50) and

the lethal dose (LD50), as well as the effects of antiviral drugsNIOC-14 and ST-246. The study demon-

strated that all doses of subcutaneous inoculation of the pathogen caused evident clinical symptoms,

such as hyperthermia, skin rash on the body and mucous membranes, serous and purulent rhinitis,

conjunctivitis, and incoordination, among others, culminating in the death of all infected animals. Clinical

manifestations were similar in both groups. However, the skin and mucosal eruptions were milder and

only 41.67% of the sick animals died. In the surviving animals, after the disappearance of clinical signs,

scars were formed at the sites of eruptive elements, like smallpox. It is noteworthy that no sign of the

disease was recorded in animals from experimental groups treated with NIOC-14 and ST-246 during

the entire observation period. In addition, sufficiently high MPXV antibody titers were detected in the

neutralization reaction in all animals in the experimental groups and surviving animals in the control

group.94

In 2017, a study aimed at characterizing the infection by the MPXV/Congo/Luc+ strain in squirrels (Funis-

ciurus anerythrus) was carried out. Animals were inoculated by intranasal and intradermal routes at a

dose of 1x106 p.f.u/mL. MPXV infection caused moderate to severe morbidity and mortality of 75% in

the intranasal group and 50% in the intradermal group, with clinical signs including lesions on the

skin, eyes, mouth, and nose, as well as dyspnea and profuse nasal discharge. Both intranasal and intra-

dermal exposure induced high levels of viremia, rapid systemic spread, and long periods of viral shed-

ding. Housed in the same room, albeit in a different cage, was the sentinel animal, which showed clinical

signs of MPXV infection, including increased respiratory rate, nasal discharge, and oral lesions and

needed to be euthanized due to respiratory problems, weight loss, and lethargy. This study suggested

that African rope squirrels develop severe pathology when infected with MPXV and that they shed large

amounts of virus, evidencing their role as a source of transmission of MPXV to humans and other animals

in MPXV endemic regions.95

Similar to prairie dogs, squirrels should be considered sparingly a model for MPXV as they are also uncon-

ventional species. In addition, there are countries where access to these animals is restricted.

RABBITS

Rabbits (Oryctolagus cuniculus) are generally resistant to infection caused by MPXV as adults, except in

albino rabbits by inoculations performed by the intracerebral route or by scarification. In contrast, animals
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up to 10 days of age can be easily infected by other routes of infection considering the absence of a robust

immune system at this stage of life. Intradermally, for example, hemorrhagic conditions, the appearance of

pustules, and lesions have already been reported.1,48,96

Intracerebral infections in adult and 2-day-old rabbits were fatal with the development of adult meningo-

encephalitis.97 Infection by scarification was fatal for 2-day-old rabbits. Albino adults had fever and lesions,

but recovered from the disease.1,48

Intravenous infection was more efficient in causing severe disease in adult rabbits when compared with the

subcutaneous route. When infected subcutaneously, the animals presented generalized smallpox lesions,

whereas in the intravenous route, an acute disease was observed with the presentation of papules that later

became pustules followed by crusts on the skin and mucous membranes. Although the disease was more

severe, the animals recovered.1,56,57

Oral infection in 10-day-old rabbits resulted in generalized disease and lesions on the skin, ears, and lips,

whereas intranasal infection resulted in weight loss in animals. In both infections the animals died. In adult

animals, no clinical signs of the disease were observed.48

The intravenous route seems promising for the development of a non-lethal adult model in rabbits.

Considering the low lethality of the new circulating strains of MPXV, this animal model has the potential

to become a cost-effective option, because it is an animal widely disseminated in animal experimenta-

tion units. Depending on the scientific question to be answered, other animal model options should be

considered, as adult rabbits, except for the intravenous route, do not present satisfactory answers,

requiring the use of animals with an incomplete immune system and/or inoculation routes with greater

complexity.

OTHERS ANIMAL MODELS

Guinea pigs (Cavia porcellus) infected via the footpad showed swelling and edema at the inoculation site

with thedevelopment of a granulomatous lesion. The animals showed antibody titers 14 days after infection.

No viral titers were found in collected organs. By scarification, a mild inflammatory reaction occurred on the

second day after infection and the development of discrete papules on the fourth day, followed by crusting

and subsequent healing. Other routes of infection (intravenous, intracerebral, subcutaneous, intraperito-

neal, intradermal, and oral) were evaluated, but the animals did not develop the disease.1,48,56,57,106

Similar to guinea pigs, hamsters (Cricetinae) were also not susceptible to attempts at infection by different

routes of inoculation byMPXV, although intraperitoneal and intracardiac infection of the virus was detected

in the lungs, liver, and spleen of the animals 7 days after infection. Focal lesions were observed only in the

liver, kidney, and brain. The main manifestations were perivascular lymphocytic infiltrate and damage to

the endothelial structure of blood vessels.48,107

Intravenous inoculation or scarification did not lead to overt in clinical disease in white rats (Rattus sp.) to.

However, in newborn rats (1–3 days old) infection reached 100%mortality with virus replication in the lungs

and liver after intranasal challenge.48

Cotton rats (Sigmodon sp.) can be infected intranasally, and these animals develop generalized disease

that led the animals to develop difficulty breathing, cough, rhinitis, conjunctivitis, and progressive weight

loss, which led to 50% mortality in the experimental group. High concentrations of virus were detected in

blood and organs.108

The rodent Kellen’s dormice (Graphiurus kelleni) challenged with MPXV had 100%mortality. In general, the

animals showed weight loss, dehydration, conjunctivitis, rhinitis, and lymphadenopathy. Necrosis in the

submandibular lymph nodes, spleen, and thymus; hepatocellular necrosis; and hemorrhage in the lungs,

stomach, and small intestine were also observed.109

Chickens (Gallus Gallus) aged 3 to 4 days or 4 to 8 weeks are permissible to infection when inoculated intra-

dermally but develop mild disease phenotypes. Once infected with MPXV, they present vesicles heal

10 days after infection. The same does not occur in adult animals.1,106
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Although the findings using guinea pigs, hamsters, rats, Kellen’s dormice, and chickens as an experi-

mental model have been limited, further research using the contemporary strain of MPXV may

change what we know about infection in these species and therefore further studies should be

considered.

Figure 1. Cellular and animal models for monkeypox studies

In vitro models (PEK, HEP-2, LLC, MK2, Vero, MA-104, HeLa, BALB3T3, Clone A31, BSC-40, BSC-1, A549, and RK13 cells)

and in vivo models (mice, rabbits, prairie dogs, non-human primates, and squirrels) are the basis for the elucidation the

biology of new viral strains and for the discovery of new drugs, treatments, and vaccines. Created with Mindthegraph.

com.
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Recently, Seang and colleagues described a case of possible human-dog transmission of human MPXV of

B.1 lineage, demonstrating the potential of the virus to perform host-jumps. The dog had no contact with

other animals, but co-slept with the infected tutors.110

CONCLUDING REMARKS

The number of monkeypox cases has increased outside endemic areas putting the world on alert. However,

great discoveries have already occurred and through them it was possible to develop new in vivo and

in vitromodels capable of mimicking aspects of viral biology and the pathology caused by the disease. Us-

ing the models described herein, the characterization of different viral strains and the development of vac-

cines and antiviral therapies has been successfully achieved. In experimental studies, the most adequate

models must provide reliable results that can be extrapolated to humans. Given the rapid evolution that

MPXV has undergone over the past few years, care should be taken in translating the findings produced

with historical strains to contemporary ones.

Many animal models have been shown to be susceptible to infection and develop clinical disease with vary-

ing degrees of severity, including cases of lethality. Each model has its own applicability for virus and dis-

ease studies. The choice of model is linked to the question to which one wants to answer, and each species

will have an adequate morphological or physiological particularity to contribute to the experimental

response. Mice and rabbits, for example, are readily available, easy to handle, have lowmaintenance costs,

and have a widely known genome, unlike unconventional laboratory species such as prairie dogs and squir-

rels. However, translating knowledge from rodent studies to the clinic can be a challenge. Non-human pri-

mates are genetically closer models to humans, but handling these animals can be costly, in addition to

having a longer life cycle, which makes the development of the model difficult.

The in vitro and in vivomodels developed so far can contribute to study several aspects of the disease and

mechanism of virus-host interactions. These models will be key to the development of new drugs and ther-

apies capable of blocking the advance of MPXV, as the virus is spreading around the world (Figure 1).
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