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Abstract

:

Chikungunya virus (CHIKV) was first extensively described in children during outbreaks in India and South Asia during the mid-1960s. Prior to the 2005 emergence of CHIKV on Reunion Island, CHIKV infection was usually described as a dengue-like illness with arthralgia in Africa and febrile hemorrhagic disease in Asia. Soon after the 2005 emergence, severe CNS consequences from vertical and perinatal transmission were described and as CHIKV continued to emerge in new areas over the next 10 years, severe manifestation of infection and sequelae were increasingly reported in infants and neonates. The following review describes the global reemergence and the syndromes of Chikungunya fever (CHIKF) in infants and children. The various manifestations of CHIKF are described and connected to the viral lineage that was documented in the area at the time the disease was described. The data show that certain manifestations of CHIKF occur with specific viral lineages and genetic motifs, which suggests that severe manifestations of CHIKF in the very young may be associated with the emergence of new viral lineages.
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1. Introduction


Chikungunya (CHIKV) is an alphavirus usually vectored by Aedes aegypti and Aedes albopictus mosquitoes [1]. CHIKV originated in Tanzania and is most closely related to o’nyong nyong virus, which originated in Uganda [2]. CHIKV is a small, enveloped virus with a single-stranded, positive-sense RNA genome approximately 12 kb long, which is divided into two open reading frames. The first section comprises the four non-structural proteins (nsP1, nsP2, nsP3, and nsP4) that are responsible for viral replication inside the host cell cytoplasm. The second open reading frame encodes the structural proteins (capsid, envelope 3 (E3), envelope 2 (E2), 6K, and envelope 1 (E1)). CHIKV can be classified into three genetic lineages based upon sequences of the E1 gene [3].



Since first reported in Tanzania in 1952, CHIKV has been identified in multiple outbreaks as a cause of dengue-like illness with arthralgia in Africa and febrile hemorrhagic disease in Asia [4,5,6,7,8,9,10,11]. Prior to the 2005 emergence of CHIKV on Reunion Island, chikungunya fever (CHIKF) was commonly misdiagnosed as dengue [12,13]. Misdiagnosis was common as both viruses occupy the same ecological niches and exhibit similar disease syndromes. In 2005, congenital and perinatal CHIKV infections were reported following delivery to mothers with documented viremia accompanied with symptoms of CHIKF [14,15,16]. Both congenital and perinatal CHIKV transmissions are directly associated with infected mothers. In this review, congenital transmission is indicated when viremia and symptoms are present in mothers at least one week to several weeks prior to birth and perinatal transmission is designated when mothers exhibit symptoms with viremia within a few days prior to or following delivery. Pediatric infection is indicated in individuals over two years of age. Here, reports of congenital and perinatal CHIKF are discussed as incidence of these infections, has occurred more frequently and have increased in severity since the 2014 global expansion (Figure 1). There is a significant need to understand CHIKV pathogenesis in children and neonates because the newly emergent genotypes of CHIKV cause multiple severe manifestations of infection, which can have significant, permanent consequences (Figure 1). Whether this is due to a change in the virus or just better diagnostics and reporting has not been proved.



The following review describes the global reemergence and the syndromes of CHIKF in neonates, infants, and children. The various manifestations of CHIKF in infants and children are described and matched to the viral lineage that was documented in the area at the time the disease was described. The data show that certain manifestations of CHIKF occur with specific viral lineages and genetic motifs, which suggest that severe manifestations of CHIKF in the very young may be associated with the emergence of new viral lineages.




2. CHIKV in Neonates and Children during the 1900s


CHIKF was first extensively described in children during outbreaks in India and South Asia during the mid-1960s (Table 1) [17,18,19,20,21]. In Thailand, CHIKF was described as a dengue-like illness with fever, rash, arthralgia, and myalgia, with occasional hemorrhagic manifestations [5,20,21,22,23,24]. In a cohort of 148 CHIKV-exposed children, Vu Qui et al. [18] described multiple dengue-like illnesses in the Saigon region that were difficult to diagnose during the acute period due to similar disease symptoms with dengue and that viral neutralization tests were necessary for a definitive diagnosis. During the 1964 CHIKV outbreak in Madras, India, Jadhav et al. [17] describe pediatric CHIKV infection in great detail. For 33 infants with a dengue-like illness, 11 were admitted to the hospital. All 11 infants had fevers with five having temperatures greater than 104 °F [17]. Ten of the 11 infants developed a macular erythematous rash [17]. Diarrhea was seen in four infants and severe arthralgia in one infant [17]. Two infants experienced febrile seizures [17]. Later studies explained that the outbreaks in Thailand and Vietnam were caused by CHIKV of the Asian lineage [25].



During the 1970s, additional clinical features were described for children and infants with CHIKF (Table 1). The 1974 CHIKV epidemic in Ibadan, Nigeria was caused by the West African genotype and was described as a febrile illness with rash and joint pain from which all children recovered [26,27]. During 1970–1972, CHIKV of Asian lineage caused hemorrhagic fever epidemics in children in Burma. The symptoms reported were indistinguishable from dengue and most infected individuals also presented with similar pulmonary hemorrhagic symptoms as Influenza A and B, which were also circulating at the time [9,10,25,28].



For the most part, prior to the outbreak in Reunion Island in 2005, CHIKF in children and the very young typically involved biphasic fever and rash with the occasional description of pain and/or hemorrhage (Table 1) [17,18,19,26,27]. Although neonatal and pediatric seizures and other CNS symptoms were reported in children during the early outbreaks, the onset of such symptoms was invariably linked with fevers greater than 104 °F [5,17,19,26,29].



It is of interest that arthralgia was less frequently reported for CHIKF caused by the Asian lineage than the African lineages (Table 1). Furthermore, hemorrhagic fever was more commonly diagnosed in children infected with CHIKV of the Asian lineage (Table 1). While genetic motifs related to viral pathogenesis haven’t been described for these three lineages, a unique V386G mutation was identified in the E2 gene of the Asian phylogroup [3]. The change from highly non-polar valine to a small polar glycine could have significant effects on protein structure and function though, since this particular residue is buried next to the capsid and is not likely to play a part in pathogenesis [30]. It is likely that there are other lineage-specific motifs that correlate with disease.




3. CHIKV in Neonates and Children after Re-Emergence


Soon after the emergence of CHIKV on Reunion Island, congenital transmission of CHIKV was hypothesized following reports of CHIKF in infants 2–4 days old because viremia had been shown to occur between 3–5 days following infection [98,99]. Beginning in 2006, congenital and perinatal transmission of CHIKV was reported in Reunion Island (Table 1) [14,15,16,98]. These reports were soon followed by thorough descriptions of CHIKF in patients from a few days old up through 18 years of age [36,100]. Here, most infants less than six months of age exhibited rash and dehydration while children between 3 and 18 years old did not exhibit rash, but, instead, were significantly more likely to have neurologic and digestive symptoms [36,101].



Severe CNS consequences from vertical and perinatal transmission were described for the 2005 Reunion Island outbreak and the 2006 outbreak in Bellary, India [16,36,37,102,103]. CNS involvement such as complicated seizures and abnormal MRI findings were reported in over half of patients [37,102]. Cardiac defects were identified in almost half of patients and included myocardial hypertrophy, ventricular dysfunction, pericarditis, and coronary artery dilatation [102]. In infants, these conditions can lead to death in the first year of life without significant medical intervention [104,105]. Touret et al. [15] reported three congenital infections that occurred between 12 and 15 weeks of pregnancy during the 2005 Reunion Island outbreak [15]. While all fetuses died, there were no apparent malformations. Lenglet et al. [14] also showed that congenital CHIKV infection could result in miscarriage if it occurred within the first 22 weeks of pregnancy. While they showed that, after 22 weeks, congenital infection did not cause any apparent defects, there was about 50% perinatal infection risk for mothers with viremia at delivery though he did not report significant consequences or sequelae in offspring [14].



At that time, it was shown that the Reunion Island outbreak strain possessed an alanine to valine substitution at residue 266 in the E1 protein [3]. It was also of note that all patients with symptoms of neuroinvasive disease were infected with this A226V variant strain (21). The A226V mutation has been shown to enhance the transmission of CHIKV in Ae. albopictus mosquitoes which has significantly increased the geography of the virus [106]. Viral pathogenesis studies of this variant showed that CHIKV localized to neuronal cells of the cerebellum and induced a significant upregulation of Toll-like receptor-3 (TLR3) in mice [107]. However, these studies employed a strain with several other mutations such that the precise role of the A226V mutation in CHIKF cannot be defined.



During the 2006–2007 CHIKV outbreak in Sri Lanka, children born to women infected with CHIKV during the first two trimesters of pregnancy had less than 50% chance of a healthy birth [38]. Many neonates infected during the first and second trimester exhibited abnormalities including hyperpigmentation, pre-term birth, fever, and various cardiac defects including atrial septal defect, patent ductus arteriosus, and persistent foramen ovale [38]. Third trimester and term infants with congenital infections were reported to have fever, hyperpigmentation and CNS involvement including meningoencephalitis, microcephaly, seizures, and developmental delays [38]. Genetic studies of these Sri Lankan outbreak strains have indicated that they were of the East/Central/South African (ECSA) lineage with novel mutations that formed a unique cluster, completely separate from other CHIKV isolated in other areas of Sri Lanka and in subsequent outbreaks [39,40]. While this virus lacked the A226V mutation, the virus exhibited unique mutations at nsP1, nsP2, and the capsid protein, which have yet to be characterized [40].



Conversely, the 2005 CHIKV outbreak in Karnataka, India, the 2006–2007 outbreak in Gabon, the 2008–2009 CHIKV outbreak in Thailand, and the 2010 outbreaks in Senegal and India reported dengue-like illness or undifferentiated fever with rash (Table 1) [34,41,44,45]. Furthermore, CHIKV infection of fetuses, neonates, or children caused no significant effects or long-term sequalae [44]. This is puzzling since the ECSA genotype was identified as the cause of all but one of these outbreaks [34,35,41,42,43,48,49]. Furthermore, the Thailand 2008 and the India 2010 outbreak strains were shown to have the same A226V mutation identified in the Reunion Island 2005 outbreak [42,50]. This suggests that the A226V mutation probably doesn’t contribute to viral pathogenesis and that there are likely uncharacterized viral mutations present in these outbreak genomes that are contributing to disease.




4. CHIKV in Neonates and Children after Global Expansion


With the awareness of the potentially serious consequences of neonatal and pediatric CHIKV infections, much greater attention is now given to arboviral infection in infants and children. The identification of CHIKV in neonates has occurred more frequently in recent outbreaks and infection typically occurs during delivery (Table 1) [102]. The recent increase in CHIKV infections in children could be explained as a function of better reporting and diagnostics than what was available during the early outbreaks [108,109,110]. However, the scientists who described the early outbreaks were fully capable of documenting febrile disease in pregnant mothers and newborns. They provided comprehensive reports of severe disease and death in the young and old, and they documented abnormal syndromes thus, why would they not have reported symptoms seen in today’s outbreaks if they were present? The modern technology explanation is not sufficient as early scientists used techniques such as ELISA and plaque reduction neutralization tests which are still used today and are gold standards for identifying CHIKV as a causative agent [111,112]. It is far more likely that virus evolution during reemergence and expansion has resulted in increased pathogenesis in man.



Prior to the epidemics in 2005 and the emergence of CHIKV in the Western Hemisphere, there were three distinct lineages of CHIKV that were described [28]. These lineages are anchored to geographical locations where circulating isolates showed little genetic variation [25,28]. ECSA with the A226V mutation is thought to be the most pathogenic, CHIKV-Western Hemisphere (CHIKV-WH) of intermediate pathogenesis, and the unmodified ECSA and West African strains the least pathogenic [113,114]



With the spread of CHIKV into South America and the Caribbean, and the invasion of the ECSA lineage into India, multiple reports of CHIKF in children have been published since 2014. Now, it is relatively common for congenital and pediatric CHIKF to have debilitating, permanent consequences (Table 1).



4.1. The West African Lineage


This genotype circulates in the western sub-Saharan regions of Africa and hasn’t been identified outside of this region. It has been documented in periodic outbreaks in Senegal and Nigeria and is typically associated with dengue-like illness accompanied by arthralgia [26,27,45,90,115,116,117,118]. In children, the disease is a minor and self-limiting febrile illness with no debilitating or neurological sequelae reported, even in recent outbreaks (Table 1) [45].




4.2. The East Central South African lineage


Historically, this genotype has been identified in all other regions of Africa. It was the virus identified in the early accounts described as a dengue-like illness punctuated by severe arthralgia [4,11,27]. In Africa, the pathology of this genotype hasn’t changed as recent outbreaks report similar syndromes to epidemics during the 1900s (Table 1) [7,41,51,52,59,89,90,91]. However, once this virus was imported into new regions, mutations contributing to its spread were identified. Mutations contributing to increased pathogenesis have not been identified though recurrent genetic motifs have been documented through efforts to track the movement of CHIKV into new regions.



4.2.1. E1: A266V


The 2005 outbreak strains of CHIKV in Reunion Island possessed the E1: A266V mutation [3]. Vector studies showed that this mutation allowed for the virus to be transmitted by Ae. Albopictus, which led to a significant expansion in virus geography and emergence in temperate regions [106]. Thus, it was easy to associate this mutation with severe disease, especially when CHIKV with this mutation was isolated from neurologic and severe cases [119]. This assumption was supported by other CHIKV outbreaks with severe disease that also reported the E1 A226V mutation [42,50,54]. However, this mutation has not appropriately been characterized for pathogenesis. Studies aimed at characterizing the A226V mutation in neuroblastoma cells and mice found significant differences in innate immune responses [107,120]. However, these studies used clinically isolated CHIKV-ECSA with several other known mutations that could also contribute to severe disease [107].




4.2.2. E1: K211E


During November 2015 in Brazil, a newborn infected with CHIKV ECSA K211E mutation developed a macular erythematous rash and fever, which progressed into encephalitis with generalized seizures [77,84]. Fortunately, the infant fully recovered after a few weeks and no long-term sequelae were reported [84]. A short distance away in Salvador, Brazil, two vertically infected infants developed a rash, fever, and signs of bacterial infection but recovered within a month after delivery, even though one of the infants had developed a grade 1 intracerebral hemorrhage [83]. In 2016, a new E1: K211E mutation was identified in India, Bangladesh, and Brazil through phylogenetic studies (Table 1) [55,95]. It was shown that the E1: K211E mutation correlated with enhanced viral transmission in Ae. aegypti though studies linking this mutation with human disease have not been published [55]. Furthermore, published alignments show that many other mutations are present in these outbreak isolates.




4.2.3. E2: V264A


When CHIKV emerged in the Middle East in 2011, it was shown that the ECSA lineage had lost the A226V mutation and instead encoded a change at E2: V264A, which enhanced viral transmission in Ae. aegypti [55]. In India, severe manifestations of the ECSA genotype with the E1: K211E and E2: V264A mutations were reported in congenital and neonatal infections (Table 1) [55]. Specifically, encephalitis, hyperpigmentation, and severe cutaneous lesions were commonly seen in neonates and infants [55,93,94,121,122,123,124]. Other common symptoms included lethargy, poor feeding, and hypotonia [94,123]. In one study, three infants out of 13 had cystic encephalomalacia or diffuse cerebral atrophy three months following discharge [94]. In another report of vertically infected twins, both developed encephalopathy and seizures and MRI scans showed hemorrhagic leukoencephalopathy [125]. Both patients needed support from a ventilator, but both eventually fully recovered [125]. Reports of novel manifestations of CHIKF in infants and toddlers were also made as children began presenting with Stevens–Johnson syndrome and toxic epidermal necrolysis [93]. While neither the K211E nor the V264A are associated with increased human virulence, other CHIKV isolated during this period in this area possessed mutations located at virulence epitopes [55]. While there is likely a correlation, we could not connect these mutations with the isolates described in the above reports.





4.3. The Asian Lineage


The Asian genotypes historically circulated India, Indonesia, Singapore, Vietnam, Thailand and other lands in the West Pacific and East Indian Ocean [47]. Prior to the 2005 reemergence of CHIKV, the Asian genotype was commonly misdiagnosed as dengue [12]. Unlike the African genotypes, the Asian lineage was commonly associated with outbreaks of febrile illness punctuated by hemorrhagic fever (Table 1) [5,10,21,23,24,126]. Why this particular lineage produces hemorrhagic manifestations has not been explained, though it is most likely linked to a specific genetic motif present in this linage that has yet to be identified.




4.4. The Western Hemisphere Genotype of CHIKV (CHIKV-WH)


The CHIKV-WH genotype is a descendant of the Asian lineage and contains a four amino acid deletion in nsP3, an amino acid insertion at the 3’ UTR, and substitutions at E2: 368 and 6K: 20 [69,127]. In CHIKV, the nsP3 gene encodes a phosphoprotein required for RNA replication and is the major contributor to the virulence of alphaviruses because it interacts with a variety of host proteins (reviewed by Lark et al. [128]). The hypervariable region of nsP3 determines cell specificity for infection and replication [129]. The deletion of the nsP3 codons 379–382 is located within the hypervariable region of the protein [128,130]. Deletions within the hypervariable region of nsP3 in other alphaviruses has resulted in attenuation of virulence in mosquitos and decreased neurovirulence in mice [131,132,133]. In CHIKV, deleting even a single element of nsP3 can reduce replication [129]. It remains unknown how a 4-codon deletion has not affected the virulence of the CHIKV-WH genotype.



4.4.1. Uncharacterized CHIKV-WH


In 2014–2015, CHIKV-WH invaded Mexico and in July 2015 caused an outbreak in the Yucatan region. Here, a one-month old infant was admitted to hospital with CHIKV-WH infection [134]. He presented with fever, lethargy, an erythematous maculopapular rash, and was diagnosed with septic shock secondary to CHIKF [134]. The infant soon developed poor perfusion and was connected to a ventilator [134]. A few hours later, he developed tonic-clonic seizures and fatal septic shock [134]. The island of Curacao experienced an outbreak in 2014 in which three vertically infected neonates experienced severe CNS complications [74]. One infant experienced subdural and intraventricular hemorrhage; the cerebral bleeding was so extensive that the infant died [74]. A second infant developed fever, rash and seizure caused by diffuse white matter lesions [74]. At follow-up one year later, the infant had recovered [74]. A third infant developed fever, rash, and irritability four days after birth and fully recovered after 10 days [74].




4.4.2. E1: K211E


As with the K211E mutation in the ECSA lineage, this mutation also occurs within the CHIKV-WH genotype. This mutation has not been characterized for pathogenesis within this particular genotype though it is thought to be analogous to the K211E mutation in the ECSA lineage, which confers increased infectivity in Ae. aegypti [67,135]. Neonates and infants infected with this genotype during the 2014 outbreak in Norte de Santander, Colombia presented with fever, cutaneous eruptions, and diarrhea [64]. Many infants developed severe mucocutaneous, ulcerative lesions, the majority of which occurred in the genital and perianal rejoins [64].




4.4.3. E2: L248F


Most CHIKV-WH strains analyzed from the 2013–2015 outbreak in Colombia have possessed both the K221E and the E2: L248F mutations, which are also present in contemporary ECSA isolated from India and the Middle East. There is no phenotype associated with this mutation and it is unknown if this substitution contributes to viral pathogenesis [67]. It is unclear how this substitution would induce a phenotypic change since both amino acids have short non-polar side chains. Nevertheless, CHIKV with this genotype is linked to severe congenital and neonatal CHIKV disease. In Cartagena, Colombia, infants up to 24 months admitted to the emergency department were reported to have febrile illness easily confused with dengue virus [61]. Over the same time period, seven women from Sincelejo, Colombia infected with CHIKV-WH delivered eight babies [62,77]. The mothers presented with mild dengue-like illness, but the newborns presented with maculopapular rash (one with bullous dermatitis) [62]. Severe disease including meningoencephalitis, necrotizing enterocolitis, myocarditis, and respiratory distress were reported for the infants [62]. Three of the eight infants died including two infants with necrotizing enterocolitis [62]. In Segovia, Colombia, a vertically infected infant developed fever, rash and respiratory distress requiring ventilator support [136]. The patient fully recovered with no long-term sequelae reported at the six-month follow-up [136].




4.4.4. E2: A406V


The 2014 Jamaican CHIKV-WH strain caused excessive deaths, especially in children under four years of age, during the 2014 outbreak [70]. The death toll in Jamaica was 10 times greater than the reported CHIKV-fatalities of all Western hemisphere reports combined [70]. Many infants and children presented with fever, arthralgia, and a marked absence of rash or other cutaneous symptoms [68]. A case report of two vertically infected infants described that both developed poor perfusion leading to ischemic fingers and toes [71]. In addition, both infants developed significant idiopathic abdominal distension leading to rectal prolapse [71]. Genetic analysis of this strain showed a valine substitution at residue 406 of the E2 protein [69]. This is a homologous non-polar:non-polar substitution which should have little, if any, effect on the biology of the virus. Further examination of these isolates will likely yield more potential mutations associated with disease.




4.4.5. nsP1: K224N


In 2015, a three-month old infected with CHIKV was admitted to the emergency room after returning from Honduras with fever, rash, respiratory distress and edema [137]. The infant was placed on a ventilator and treated with antibiotics, vasoactives, and fluids with a diagnosis of septic shock secondary to CHIKV infection [137]. The patient fully recovered and was discharged after 10 days [137]. This child was shown to be infected with CHIKV with a K224N substitution of the nsP1 gene. The nsP1 gene in alphaviruses encodes a Rossman-like methyltransferase that is involved in protein capping [130]. nsP1 is also involved in host membrane associations [130,138]. How or if modifications to nsP1 affect CHIKV virulence is unknown, but the substitution of a basic lysine for a polar, amidic asparagine could likely cause significant modifications to the protein structure and function. The K224N mutation is located in a portion of the protein associated with host cell binding [138,139]. Recent work to identify viral resistance to polyamine depletion in mammalian cells identified a mutation G230R, which was found to enhance viral binding with host cells [139]. Perhaps this mutation confers increased infectivity in humans.




4.4.6. nsP3: I285V


The substitution of a non-polar isoleucine for a non-polar valine with a similar side chain would not likely cause any significant changes in protein structure. However, this mutation occurs within the alphavirus unique domain, which contains a zinc coordination site within a protein fold [140]. Examinations of this domain have indicated that it is necessary for viral replication and mutations in this region are unstable and reduce virulence [140]. This could be a cause of the reduced pathogenicity reported in Puerto Rico, 2014. Here, perinatal transmission of this particular CHIKV-WH genotype resulted in rash followed by eczema [72].




4.4.7. nsP4: R99Q


During the 2014–2015 outbreak in Guiana, 26 febrile children under three months of age infected with CHIKV-WH with a R99Q substitution at nsP4 were hospitalized [76]. The most common symptoms reported were fever, rash and edema of the hands and feet indicating possible problems with perfusion [76]. The nsP4 gene is the most highly conserved gene of the alphaviruses and encodes an RNA-dependent-RNA-polymerase that functions in producing the synthetic properties of the viral replicase complex [130,141]. Research investigating amino acid substitution of this protein has shown reduction in viral replication [141]. The R99Q substitution replaces a positively charged, basic arginine with an electronegative, polar glutamine. This change could cause changes to protein structure and function, though it is unknown how this mutation may have contributed to disease.




4.4.8. nsP4: A459V


This substitution was associated with CHIKV-WH circulating in Haiti during 2014-2015 [69]. In a report describing arboviral infections in school-age children, the major symptoms seen were fever, arthralgia, and myalgia [73]. Rash was observed in only 4% of patients [73]. As with other substitutions discussed, the alanine to valine substitution reflect non-polar aliphatic to non-polar aliphatic and should not cause any major changes to the protein structure.






5. Consequences of Co-Infection


Case reports have indicated that congenital co-infection of CHIKV with another pathogen significantly increases the pathology of infection and, in most cases, leads to miscarriage. However, co-infections in children do not show increased pathology. Following the 2015 CHIKV and Zika outbreaks in Colombia, a 25-week pregnant mother was diagnosed with Toxoplasma gondii, Zika virus, and CHIKV-WH in her amniotic fluid [142]. Severe neurological and physical deformities were identified resulting in early termination of pregnancy [142]. In March the following year, a female in her second trimester was diagnosed by RT-PCR with a CHIKV-WH-Zika virus co-infection following an abnormal sonogram, which indicated no fetal heartbeat [143]. An autopsy of the fetus showed low weight along with renal and placental calcifications [143]. Conversely, a three-year old patient from New Delhi was co-infected with CHIKV ECSA, dengue, and Plasmodium vivax but fortunately was not ill enough to warrant hospitalization [144]. The strain circulating in the area at the time of this child’s infection contained the E1: K211E and E2: V264A mutations, which were identified in pediatric and neonatal cases with severe cutaneous manifestations. Furthermore, infants infected with both CHIKV-WH and dengue virus during the 2014 outbreak in Colombia did not exhibit more serious manifestations of disease [64]. In Haiti as well, school-age children co-infected with CHIKV-WH and Zika virus did not exhibit worse disease than singly infected patients [73].




6. Conclusions


CHIKV has been reported as a cause of febrile illness in children and neonates since the 1960s. Following the reemergence of CHIKV in the regions surrounding the Indian Ocean and the expansion of CHIKV into the Western Hemisphere, CHIKV-WH infections in children and neonates are reported more frequently and with more severe syndromes and sequelae (Table 1). Furthermore, congenital CHIKV infection has evolved from causing minor, self-limiting disease to resulting in multiple severe manifestations and death (Table 1). While severe CHIKV disease can be linked to unique viral genotypes, the contribution of novel mutations to disease pathogenesis has yet to be described. For instance, the K221E mutation occurs in both the ECSA and CHIKV-WH genotypes and has been identified in neonatal and pediatric infections with severe cutaneous lesions (Table 1). Furthermore, if the K211E mutation, is combined with a second mutation (ECSA E2: V264A and CHIKV-WH E2: L284F), there is a marked increase in disease severity, though it is unclear if these mutations are the cause (Table 1). Characterization of other mutations present in these isolated genomes has not been performed. This is unfortunate as the non-structural proteins have been shown to be involved in viral pathogenesis and neuroinvasiveness more frequently than envelope proteins due to their myriad of functions in viral replication, whereas the functions of the structural proteins are for host cell recognition, binding, and entry [131,132,133,138,139,140,145,146,147,148,149]



This review highlights the limitations of our knowledge regarding CHIKV pathogenesis. This is likely a result of the disconnect between clinical and basic science. In clinical research, the main focus is diagnosis, treatment, and prevention. Viral disease is often diagnosed via serological or nucleic acid tests that focus on small portions of the genome (usually the envelope protein). Viral lineages and mutations are rarely emphasized unless the knowledge could direct patient care or impact diagnostic assays. Point mutations are usually ignored as long as a definitive diagnosis can be made. On the contrary, basic phylogenetic research focuses primarily on the genetic sequence. Often times, genomes are derived and characterized from insect samples and, when obtained from patient specimens, little if any attention is given to the clinical profiles of patients. Furthermore, very few viral genomes have been obtained from children and neonates given their inherent vulnerability as a research population.



It is of interest that divergent and geographically distinct CHIKV genotypes can induce similar disease syndromes. If a single mutation can confer increased vector competence, as with the A226V mutation, then surely there are viral mutations that contribute to viral replication in skin, placental, or CNS tissues. There are hundreds, if not thousands, of mutations that have yet to be characterized. Through the use of site-directed mutagenesis of infectious clones or sub-genomic replicon strategies, it is possible to evaluate functional mutations in a silent background. With over 6100 CHIKV sequences available on GenBank, we just need to look.







Author Contributions


K.L.B. performed conceptualization, investigation, and writing of the manuscript. V.V. performed investigation and writing of the manuscript.




Acknowledgments


We thank Brian Brooks and Dwayne Simmons for their encouragement and support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mangiafico, J.A. Chikungunya virus infection and transmission in five species of mosquito. Am. J. Trop. Med. Hyg. 1971, 20, 642–645. [Google Scholar] [CrossRef] [PubMed]

	



Powers, A.M.; Brault, A.C.; Shirako, Y.; Strauss, E.G.; Kang, W.; Strauss, J.H.; Weaver, S.C. Evolutionary relationships and systematics of the alphaviruses. J. Virol. 2001, 75, 10118–10131. [Google Scholar] [CrossRef]

	



Schuffenecker, I.; Iteman, I.; Michault, A.; Murri, S.; Frangeul, L.; Vaney, M.C.; Lavenir, R.; Pardigon, N.; Reynes, J.M.; Pettinelli, F.; et al. Genome microevolution of chikungunya viruses causing the Indian ocean outbreak. PLoS Med. 2006, 3, e263. [Google Scholar] [CrossRef] [PubMed]

	



Mason, P.J.; Haddow, A.J. An epidemic of virus disease in Southern Province, Tanganyika Territory, in 1952–53; an additional note on Chikungunya virus isolations and serum antibodies. Trans. R. Soc. Trop. Med. Hyg. 1957, 51, 238–240. [Google Scholar] [CrossRef]

	



Hammon, W.M.; Rudnick, A.; Sather, G.E. Viruses associated with epidemic hemorrhagic fevers of the Philippines and Thailand. Science 1960, 131, 1102–1103. [Google Scholar] [CrossRef] [PubMed]

	



Filipe, A.F.; Pinto, M.R. Arbovirus studies in Luanda, Angola. 2. Virological and serological studies during an outbreak of dengue-like disease caused by the chikungunya virus. Bull. World Health Organ. 1973, 49, 37–40. [Google Scholar] [PubMed]

	



Muyembe-Tamfum, J.J.; Peyrefitte, C.N.; Yogolelo, R.; Mathina Basisya, E.; Koyange, D.; Pukuta, E.; Mashako, M.; Tolou, H.; Durand, J.P. Epidemic of chikungunya virus in 1999 and 200 in the democratic Republic of the Congo. Med. Trop. Rev. Corps Sante Colon. 2003, 63, 637–638. [Google Scholar]

	



Lam, S.K.; Chua, K.B.; Hooi, P.S.; Rahimah, M.A.; Kumari, S.; Tharmaratnam, M.; Chuah, S.K.; Smith, D.W.; Sampson, I.A. Chikungunya infection—An emerging disease in Malaysia. Southeast Asian J. Trop. Med. Public Health 2001, 32, 447–451. [Google Scholar] [PubMed]

	



Khai Ming, C.; Thain, S.; Thaung, U.; Tin, U.; Myint, K.S.; Swe, T.; Halstead, S.B.; Diwan, A.R. Clinical and laboratory studies on haemorrhagic fever in Burma, 1970–1972. Bull. World Health Organ. 1974, 51, 227–235. [Google Scholar] [PubMed]

	



Thaung, U.; Ming, C.K.; Swe, T.; Thein, S. Epidemiological features of dengue and chikungunya infections in Burma. Southeast Asian J. Trop. Med. Public Health 1975, 6, 276–283. [Google Scholar] [PubMed]

	



Robinson, M.C. An epidemic of virus disease in Southern Province, Tanganyika Territory, in 1952–53. Trans. R. Soc. Trop. Med. Hyg. 1955, 49, 28–32. [Google Scholar] [CrossRef]

	



Kuno, G. A re-examination of the history of etiologic confusion between dengue and chikungunya. PLoS Negl. Trop. Dis. 2015, 9, e0004101. [Google Scholar] [CrossRef] [PubMed]

	



Carey, D.E. Chikungunya and dengue: A case of mistaken identity? J. Hist. Med. Allied Sci. 1971, 26, 243–262. [Google Scholar] [CrossRef] [PubMed]

	



Lenglet, Y.; Barau, G.; Robillard, P.Y.; Randrianaivo, H.; Michault, A.; Bouveret, A.; Gérardin, P.; Boumahni, B.; Touret, Y.; Kauffmann, E.; et al. Chikungunya infection in pregnancy: Evidence for intrauterine infection in pregnant women and vertical transmission in the parturient. Survey of The Reunion Island outbreak. J. Gynecol. Obstet. Biol. Reprod. 2006, 35, 578–583. [Google Scholar] [CrossRef]

	



Touret, Y.; Randrianaivo, H.; Michault, A.; Schuffenecker, I.; Kauffmann, E.; Lenglet, Y.; Barau, G.; Fourmaintraux, A. Early maternal-fetal transmission of the chikungunya virus. Presse Med. 2006, 35, 1656–1658. [Google Scholar] [CrossRef]

	



Robillard, P.Y.; Boumahni, B.; Gérardin, P.; Michault, A.; Fourmaintraux, A.; Schuffenecker, I.; Carbonnier, M.; Djémili, S.; Choker, G.; Roge-Wolter, M.; et al. Vertical maternal fetal transmission of the chikungunya virus: Ten cases among 84 pregnant women. Presse Med. 2006, 35, 785–788. [Google Scholar] [CrossRef]

	



Jadhav, M.; Namboodripad, M.; Carman, R.H.; Carey, D.E.; Myers, R.M. Chikungunya disease in infants and children in Vellore: A report of clinical and haematological features of virologically proved cases. Indian J. Med. Res. 1965, 53, 764–776. [Google Scholar]

	



Vu Qui, D.; Nguyen-Thi, K.-T.; Ly Quoc, B. Study of anti-chikungunya antibodies in Vietnamese children in Saigon. Bull. Soc. Pathol. Exot. Fil. 1967, 60, 353–359. [Google Scholar]

	



Carey, D.E.; Myers, R.M.; DeRanitz, C.M.; Jadhav, M.; Reuben, R. The 1964 chikungunya epidemic at Vellore, South India, including observations on concurrent dengue. Trans. R. Soc. Trop. Med. Hyg. 1969, 63, 434–445. [Google Scholar] [CrossRef]

	



Halstead, S.B.; Udomsakdi, S.; Singharaj, P.; Nisalak, A. Dengue chikungunya virus infection in man in Thailand, 1962–1964. 3. Clinical, epidemiologic, and virologic observations on disease in non-indigenous white persons. Am. J. Trop. Med. Hyg. 1969, 18, 984–996. [Google Scholar] [CrossRef] [PubMed]

	



Nimmannitya, S.; Halstead, S.B.; Cohen, S.N.; Margiotta, M.R. Dengue and chikungunya virus infection in man in Thailand, 1962–1964. I. Observations on hospitalized patients with hemorrhagic fever. Am. J. Trop. Med. Hyg. 1969, 18, 954–971. [Google Scholar] [CrossRef] [PubMed]

	



Halstead, S.B.; Nimmannitya, S.; Margiotta, M.R. Dengue and chikungunya virus infection in man in Thailand, 1962–1964. II. Observations on disease in outpatients. Am. J. Trop. Med. Hyg. 1969, 18, 972–983. [Google Scholar] [CrossRef] [PubMed]

	



Halstead, S.B.; Scanlon, J.E.; Umpaivit, P.; Udomsakdi, S. Dengue and chikungunya virus infection in man in Thailand, 1962–1964. IV. Epidemiologic studies in the Bangkok metropolitan area. Am. J. Trop. Med. Hyg. 1969, 18, 997–1021. [Google Scholar] [CrossRef] [PubMed]

	



Halstead, S.B.; Udomsakdi, S.; Scanlon, J.E.; Rohitayodhin, S. Dengue and chikungunya virus infection in man in Thailand, 1962–1964. V. Epidemiologic observations outside Bangkok. Am. J. Trop. Med. Hyg. 1969, 18, 1022–1033. [Google Scholar] [CrossRef]

	



Powers, A.M.; Logue, C.H. Changing patterns of chikungunya virus: Re-emergence of a zoonotic arbovirus. J. Gen. Virol. 2007, 88, 2363–2377. [Google Scholar] [CrossRef] [PubMed]

	



Tomori, O.; Fagbami, A.; Fabiyi, A. The 1974 epidemic of chikungunya fever in children in Ibadan. Trop. Geogr. Med. 1975, 27, 413–417. [Google Scholar] [PubMed]

	



Moore, D.L.; Reddy, S.; Akinkugbe, F.M.; Lee, V.H.; David-West, T.S.; Causey, O.R.; Carey, D.E. An epidemic of chikungunya fever at Ibadan, Nigeria, 1969. Ann. Trop. Med. Parasitol. 1974, 68, 59–68. [Google Scholar] [CrossRef] [PubMed]

	



Powers, A.M.; Brault, A.C.; Tesh, R.B.; Weaver, S.C. Re-emergence of chikungunya and o’nyong-nyong viruses: Evidence for distinct geographical lineages and distant evolutionary relationships. J. Gen. Virol. 2000, 81, 471–479. [Google Scholar] [CrossRef]

	



Sarkar, J.K.; Chatterjee, S.N.; Chakravarty, S.K.; Mitra, A.C. Virological studies in nine fatal cases of fever with haemorrhagic manifestation in Calcutta. Indian J. Pathol. Bacteriol. 1966, 9, 123–127. [Google Scholar] [PubMed]

	



Voss, J.E.; Vaney, M.-C.; Duquerroy, S.; Vonrhein, C.; Girard-Blanc, C.; Crublet, E.; Thompson, A.; Bricogne, G.; Rey, F.A. Glycoprotein organization of chikungunya virus particles revealed by X-ray crystallography. Nature 2010, 468, 709. [Google Scholar] [CrossRef] [PubMed]

	



Basile, A.J.; Biggerstaff, B.J.; Kosoy, O.L.; Junna, S.R.; Panella, N.A.; Powers, A.M.; Stark, L.M.; Nemeth, N.M. Removal of species constraints in antibody detection 7. Clin. Vaccine Immunol. 2010, 17, 56–61. [Google Scholar] [CrossRef] [PubMed]

	



Brighton, S.W. Chikungunya virus infections. S. Afr. Med. J. 1981, 59, 552. [Google Scholar]

	



Brighton, S.W.; Prozesky, O.W.; De La Harpe, A.L. Chikungunya virus infection. A retrospective study of 107 cases. S. Afr. Med. J. 1983, 63, 313–315. [Google Scholar] [PubMed]

	



Siva, R.B.; Patel, A.K.; Kabra, S.K.; Lodha, R.; Ratageri, V.H.; Ray, P. Virus load and clinical features during the acute phase of chikungunya infection in children. PLoS ONE 2019, 14, e0211036. [Google Scholar]

	



Inamadar, A.C.; Palit, A.; Sampagavi, V.V.; Raghunath, S.; Deshmukh, N.S. Cutaneous manifestations of chikungunya fever: Observations made during a recent outbreak in South India. Int. J. Dermatol. 2008, 47, 154–159. [Google Scholar] [CrossRef] [PubMed]

	



Robin, S.; Ramful, D.; Le Seach, F.; Jaffar-Bandjee, M.C.; Rigou, G.; Alessandri, J.L. Neurologic manifestations of pediatric chikungunya infection. J. Child Neurol. 2008, 23, 1028–1035. [Google Scholar] [CrossRef] [PubMed]

	



Lewthwaite, P.; Vasanthapuram, R.; Osborne, J.C.; Begum, A.; Plank, J.L.; Shankar, M.V.; Hewson, R.; Desai, A.; Beeching, N.J.; Ravikumar, R.; et al. Chikungunya virus and central nervous system infections in children, India. Emerg. Infect. Dis. 2009, 15, 329–331. [Google Scholar] [CrossRef] [PubMed]

	



Senanayake, M.P.; Senanayake, S.M.; Vidanage, K.K.; Gunasena, S.; Lamabadusuriya, S.P. Vertical transmission in chikungunya infection. Ceylon Med. J. 2009, 54, 47–50. [Google Scholar] [CrossRef]

	



Hapuarachchi, H.C.; Bandara, K.B.; Sumanadasa, S.D.; Hapugoda, M.D.; Lai, Y.L.; Lee, K.S.; Tan, L.K.; Lin, R.T.; Ng, L.F.; Bucht, G.; et al. Re-emergence of chikungunya virus in South-East Asia: Virological evidence from Sri Lanka and Singapore. J. Gen. Virol. 2010, 91, 1067–1076. [Google Scholar] [CrossRef] [PubMed]

	



Lim, C.K.; Nishibori, T.; Watanabe, K.; Ito, M.; Kotaki, A.; Tanaka, K.; Kurane, I.; Takasaki, T. Chikungunya virus isolated from a returnee to Japan from Sri Lanka: Isolation of two sub-strains with different characteristics. Am. J. Trop. Med. Hyg. 2009, 81, 865–868. [Google Scholar] [CrossRef]

	



Peyrefitte, C.N.; Bessaud, M.; Pastorino, B.A.; Gravier, P.; Plumet, S.; Merle, O.L.; Moltini, I.; Coppin, E.; Tock, F.; Daries, W.; et al. Circulation of chikungunya virus in Gabon, 2006–2007. J. Med. Virol. 2008, 80, 430–433. [Google Scholar] [CrossRef]

	



Rianthavorn, P.; Prianantathavorn, K.; Wuttirattanakowit, N.; Theamboonlers, A.; Poovorawan, Y. An outbreak of chikungunya in southern Thailand from 2008 to 2009 caused by African strains with a226v mutation. Int. J. Infect. Dis. 2010, 14 (Suppl. 3), e161–e165. [Google Scholar] [CrossRef]

	



Theamboonlers, A.; Rianthavorn, P.; Praianantathavorn, K.; Wuttirattanakowit, N.; Poovorawan, Y. Clinical and molecular characterization of chikungunya virus in south Thailand. Jpn. J. Infect. Dis. 2009, 62, 303–305. [Google Scholar] [PubMed]

	



Laoprasopwattana, K.; Suntharasaj, T.; Petmanee, P.; Suddeaugrai, O.; Geater, A. Chikungunya and dengue virus infections during pregnancy: Seroprevalence, seroincidence and maternal-fetal transmission, southern Thailand, 2009–2010. Epidemiol. Infect. 2016, 144, 381–388. [Google Scholar] [CrossRef] [PubMed]

	



Sow, A.; Faye, O.; Diallo, M.; Diallo, D.; Chen, R.; Faye, O.; Diagne, C.T.; Guerbois, M.; Weidmann, M.; Ndiaye, Y.; et al. Chikungunya outbreak in Kedougou, southeastern Senegal in 2009–2010. Open Forum Infect. Dis. 2018, 5, ofx259. [Google Scholar] [CrossRef]

	



Wahid, B.; Ali, A.; Rafique, S.; Idrees, M. Global expansion of chikungunya virus: Mapping the 64-year history. Int. J. Infect. Dis. 2017, 58, 69–76. [Google Scholar] [CrossRef] [PubMed]

	



Cui, J.; Gao, M.; Ren, X. Phylogeny and homologous recombination in chikungunya viruses. Infect. Genet. Evol. 2011, 11, 1957–1963. [Google Scholar] [CrossRef] [PubMed]

	



Raghavendhar, B.S.; Ray, P.; Ratagiri, V.H.; Sharma, B.S.; Kabra, S.K.; Lodha, R. Evaluation of chikungunya virus infection in children from India during 2009–2010: A cross sectional observational study. J. Med. Virol. 2016, 88, 923–930. [Google Scholar] [CrossRef] [PubMed]

	



Shrivastava, A.; Waqar Beg, M.; Gujrati, C.; Gopalan, N.; Rao, P.V. Management of a vertically transmitted neonatal chikungunya thrombocytopenia. Indian J. Pediatr. 2011, 78, 1008–1009. [Google Scholar] [CrossRef] [PubMed]

	



Niyas, K.P.; Abraham, R.; Unnikrishnan, R.N.; Mathew, T.; Nair, S.; Manakkadan, A.; Issac, A.; Sreekumar, E. Molecular characterization of chikungunya virus isolates from clinical samples and adult aedes albopictus mosquitoes emerged from larvae from Kerala, south India. Virol. J. 2010, 7, 189. [Google Scholar] [CrossRef] [PubMed]

	



Nkoghe, D.; Kassa, R.F.; Caron, M.; Grard, G.; Mombo, I.; Bikie, B.; Paupy, C.; Becquart, P.; Bisvigou, U.; Leroy, E.M. Clinical forms of chikungunya in Gabon, 2010. PLoS Negl. Trop. Dis. 2012, 6, e1517. [Google Scholar] [CrossRef] [PubMed]

	



Nkoghe, D.; Kassa, R.F.; Bisvigou, U.; Caron, M.; Grard, G.; Leroy, E.M. No clinical or biological difference between chikungunya and dengue fever during the 2010 Gabonese outbreak. Infect. Dis. Rep. 2012, 4, e5. [Google Scholar] [CrossRef] [PubMed]

	



Horwood, P.F.; Duong, V.; Laurent, D.; Mey, C.; Sothy, H.; Santy, K.; Richner, B.; Heng, S.; Hem, S.; Cheval, J.; et al. Aetiology of acute meningoencephalitis in Cambodian children, 2010–2013. Emerg. Microbes Infect. 2017, 6, e35. [Google Scholar] [CrossRef] [PubMed]

	



Duong, V.; Andries, A.C.; Ngan, C.; Sok, T.; Richner, B.; Asgari-Jirhandeh, N.; Bjorge, S.; Huy, R.; Ly, S.; Laurent, D.; et al. Reemergence of chikungunya virus in Cambodia. Emerg. Infect. Dis. 2012, 18, 2066–2069. [Google Scholar] [CrossRef] [PubMed]

	



Patil, J.; More, A.; Patil, P.; Jadhav, S.; Newase, P.; Agarwal, M.; Amdekar, S.; Raut, C.G.; Parashar, D.; Cherian, S.S. Genetic characterization of chikungunya viruses isolated during the 2015–2017 outbreaks in different states of India, based on their e1 and e2 genes. Arch. Virol. 2018, 163, 3135–3140. [Google Scholar] [CrossRef] [PubMed]

	



Malik, M.R.; Mnzava, A.; Mohareb, E.; Zayed, A.; Al Kohlani, A.; Thabet, A.A.; El Bushra, H. Chikungunya outbreak in Al-Hudaydah, Yemen, 2011: Epidemiological characterization and key lessons learned for early detection and control. J. Epidemiol. Glob. Health 2014, 4, 203–211. [Google Scholar] [CrossRef]

	



Afzal, M.F.; Naqvi, S.Q.; Sultan, M.A.; Hanif, A. Chikungunya fever among children presenting with nonspecific febrile illness during an epidemic of dengue fever in Lahore, Pakistan. Merit Res. J. Med. Med Sci. 2015, 3, 69–73. [Google Scholar]

	



Elfving, K.; Shakely, D.; Andersson, M.; Baltzell, K.; Ali, A.S.; Bachelard, M.; Falk, K.I.; Ljung, A.; Msellem, M.I.; Omar, R.S.; et al. Acute uncomplicated febrile illness in children aged 2–59 months in Zanzibar—Aetiologies, antibiotic treatment and outcome. PLoS ONE 2016, 11, e0146054. [Google Scholar] [CrossRef] [PubMed]

	



Kajeguka, D.C.; Kaaya, R.D.; Mwakalinga, S.; Ndossi, R.; Ndaro, A.; Chilongola, J.O.; Mosha, F.W.; Schioler, K.L.; Kavishe, R.A.; Alifrangis, M. Prevalence of dengue and chikungunya virus infections in north-eastern Tanzania: A cross sectional study among participants presenting with malaria-like symptoms. BMC Infect. Dis. 2016, 16, 183. [Google Scholar] [CrossRef]

	



Chipwaza, B.; Mugasa, J.P.; Selemani, M.; Amuri, M.; Mosha, F.; Ngatunga, S.D.; Gwakisa, P.S. Dengue and chikungunya fever among viral diseases in outpatient febrile children in Kilosa district hospital, Tanzania. PLoS Negl. Trop. Dis. 2014, 8, e3335. [Google Scholar] [CrossRef]

	



Paternina-Caicedo, A.; De la Hoz-Restrepo, F.; Diaz-Quijano, F.; Caicedo-Torres, W.; Auxiliadora Badillo-Viloria, M.; Bula-Anichiarico, D.; Alvis-Guzman, N.; Mattar, S.; Constenla, D.; Pinzon-Redondo, H. Features of dengue and chikungunya infections of Colombian children under 24 months of age admitted to the emergency department. J. Trop. Pediatr. 2018, 64, 31–37. [Google Scholar] [CrossRef] [PubMed]

	



Villamil-Gomez, W.; Alba-Silvera, L.; Menco-Ramos, A.; Gonzalez-Vergara, A.; Molinares-Palacios, T.; Barrios-Corrales, M.; Rodriguez-Morales, A.J. Congenital chikungunya virus infection in Sincelejo, Colombia: A case series. J. Trop. Pediatr. 2015, 61, 386–392. [Google Scholar] [CrossRef] [PubMed]

	



Muianga, A.; Pinto, G.; Massangaie, M.; Ali, S.; Oludele, J.; Tivane, A.; Falk, K.I.; Lagerqvist, N.; Gudo, E.S. Antibodies against chikungunya in northern Mozambique during dengue outbreak, 2014. Vector Borne Zoonotic Dis. 2018, 18, 445–449. [Google Scholar] [CrossRef]

	



Muñoz, C.M.; Castillo, J.O.; Salas, D.; Valderrama, M.A.; Rangel, C.T.; Vargas, H.P.; Silva, D.C. Atypical mucocutaneous manifestations in neonates and infants with chikungunya fever in the municipalities of Cúcuta, Los Patios and Villa Del Rosario, Norte de Santander, Colombia, 2014. Biomédica 2016, 36, 368–377. [Google Scholar]

	



Figueiredo, M.L.; Figueiredo, L.T. Emerging alphaviruses in the Americas: Chikungunya and mayaro. Rev. Soc. Bras. Med. Trop. 2014, 47, 677–683. [Google Scholar] [CrossRef] [PubMed]

	



Mattar, S.; Miranda, J.; Pinzon, H.; Tique, V.; Bolanos, A.; Aponte, J.; Arrieta, G.; Gonzalez, M.; Barrios, K.; Contreras, H.; et al. Outbreak of chikungunya virus in the north Caribbean area of Colombia: Clinical presentation and phylogenetic analysis. J. Infect. Dev. Ctries. 2015, 9, 1126–1132. [Google Scholar] [CrossRef]

	



Rodas, J.D.; Kautz, T.; Camacho, E.; Paternina, L.; Guzman, H.; Diaz, F.J.; Blanco, P.; Tesh, R.; Weaver, S.C. Genetic characterization of northwestern Colombian chikungunya virus strains from the 2014–2015 epidemic. Am. J. Trop. Med. Hyg. 2016, 95, 639–646. [Google Scholar] [CrossRef] [PubMed]

	



Pham, P.N.; Williams, L.T.; Obot, U.; Padilla, L.A.; Aung, M.; Akinyemiju, T.F.; Carson, A.P.; Jolly, P.E. Epidemiology of chikungunya fever outbreak in western Jamaica during July–December 2014. Res. Rep. Trop. Med. 2017, 8, 7–16. [Google Scholar] [CrossRef] [PubMed]

	



Lanciotti, R.S.; Lambert, A.J. Phylogenetic analysis of chikungunya virus strains circulating in the western hemisphere. Am. J. Trop. Med. Hyg. 2016, 94, 800–803. [Google Scholar] [CrossRef] [PubMed]

	



Freitas, A.R.R.; Gerardin, P.; Kassar, L.; Donalisio, M.R. Excess deaths associated with the 2014 chikungunya epidemic in Jamaica. Pathog. Glob. Health 2019. [Google Scholar] [CrossRef] [PubMed]

	



Evans-Gilbert, T. Chikungunya and neonatal immunity: Fatal vertically transmitted chikungunya infection. Am. J. Trop. Med. Hyg. 2017, 96, 913–915. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Nieves, M.; Garcia-Garcia, I.; Garcia-Fragoso, L. Perinatally acquired chikungunya infection: The Puerto Rico experience. Pediatr. Infect. Dis. J. 2016, 35, 1163. [Google Scholar] [CrossRef]

	



Ball, J.D.; Elbadry, M.A.; Telisma, T.; White, S.K.; Chavannes, S.; Anilis, M.G.; Prosperi, M.; Cummings, D.A.T.; Lednicky, J.A.; Morris, J.G., Jr.; et al. Clinical and epidemiologic patterns of chikungunya virus infection and coincident arboviral disease in a school cohort in Haiti, 2014–2015. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2019, 68, 919–926. [Google Scholar] [CrossRef] [PubMed]

	



Van Enter, B.J.D.; Huibers, M.H.W.; van Rooij, L.; Steingrover, R.; van Hensbroek, M.B.; Voigt, R.R.; Hol, J. Perinatal outcomes in vertically infected neonates during a chikungunya outbreak on the island of curacao. Am. J. Trop. Med. Hyg. 2018, 99, 1415–1418. [Google Scholar] [CrossRef]

	



Anfasa, F.; Provacia, L.; GeurtsvanKessel, C.; Wever, R.; Gerstenbluth, I.; Osterhaus, A.D.; Martina, B.E. Hyperferritinemia is a potential marker of chronic chikungunya: A retrospective study on the island of Curacao during the 2014-2015 outbreak. J. Clin. Virol. 2017, 86, 31–38. [Google Scholar] [CrossRef] [PubMed]

	



Elenga, N.; Folin, M.; Vandamme, Y.M.; Cuadro-Alvarez, E.; Long, L.; Njuieyon, F.; Martin, E.; Kom-Tchameni, R.; Defo, A.; Herinantenaina Razafindrakoto, S.; et al. Chikungunya infection in hospitalized febrile infants younger than 3 months of age. Pediatr. Infect. Dis. J. 2017, 36, 736–740. [Google Scholar] [CrossRef]

	



Wang, C.; Saborio, S.; Gresh, L.; Eswarappa, M.; Wu, D.; Fire, A.; Parameswaran, P.; Balmaseda, A.; Harris, E. Chikungunya virus sequences across the first epidemic in Nicaragua, 2014–2015. Am. J. Trop. Med. Hyg. 2016, 94, 400–403. [Google Scholar] [CrossRef]

	



Balmaseda, A.; Gordon, A.; Gresh, L.; Ojeda, S.; Saborio, S.; Tellez, Y.; Sanchez, N.; Kuan, G.; Harris, E. Clinical attack rate of chikungunya in a cohort of Nicaraguan children. Am. J. Trop. Med. Hyg. 2016, 94, 397–399. [Google Scholar] [CrossRef]

	



Kuan, G.; Ramirez, S.; Gresh, L.; Ojeda, S.; Melendez, M.; Sanchez, N.; Collado, D.; Garcia, N.; Mercado, J.C.; Gordon, A.; et al. Seroprevalence of anti-chikungunya virus antibodies in children and adults in Managua, Nicaragua, after the first chikungunya epidemic, 2014–2015. PLoS Negl. Trop. Dis. 2016, 10, e0004773. [Google Scholar] [CrossRef] [PubMed]

	



Stewart-Ibarra, A.M.; Ryan, S.J.; Kenneson, A.; King, C.A.; Abbott, M.; Barbachano-Guerrero, A.; Beltran-Ayala, E.; Borbor-Cordova, M.J.; Cardenas, W.B.; Cueva, C.; et al. The burden of dengue fever and chikungunya in southern coastal Ecuador: Epidemiology, clinical presentation, and phylogenetics from the first two years of a prospective study. Am. J. Trop. Med. Hyg. 2018, 98, 1444–1459. [Google Scholar] [CrossRef]

	



Escobar, M.; Nieto, A.J.; Loaiza-Osorio, S.; Barona, J.S.; Rosso, F. Pregnant women hospitalized with chikungunya virus infection, Colombia, 2015. Emerg. Infect. Dis. 2017, 23, 1777. [Google Scholar] [CrossRef] [PubMed]

	



Sahadeo, N.S.D.; Allicock, O.M.; De Salazar, P.M.; Auguste, A.J.; Widen, S.; Olowokure, B.; Gutierrez, C.; Valadere, A.M.; Polson-Edwards, K.; Weaver, S.C.; et al. Understanding the evolution and spread of chikungunya virus in the Americas using complete genome sequences. Virus Evol. 2017, 3, vex010. [Google Scholar] [CrossRef] [PubMed]

	



Lyra, P.P.; Campos, G.S.; Bandeira, I.D.; Sardi, S.I.; Costa, L.F.; Santos, F.R.; Ribeiro, C.A.; Jardim, A.M.; Santiago, A.C.; de Oliveira, P.M.; et al. Congenital chikungunya virus infection after an outbreak in Salvador, Bahia, Brazil. AJP Rep. 2016, 6, e299–e300. [Google Scholar] [PubMed]

	



Bandeira, A.C.; Campos, G.S.; Sardi, S.I.; Rocha, V.F.; Rocha, G.C. Neonatal encephalitis due to chikungunya vertical transmission: First report in Brazil. IDCases 2016, 5, 57–59. [Google Scholar] [CrossRef] [PubMed]

	



Sa, P.K.O.; Nunes, M.M.; Leite, I.R.; Campelo, M.; Leao, C.F.R.; Souza, J.R.; Castellano, L.R.; Fernandes, A.I.V. Chikungunya virus infection with severe neurologic manifestations: Report of four fatal cases. Rev. Soc. Bras. Med. Trop. 2017, 50, 265–268. [Google Scholar] [CrossRef]

	



Ramos, R.; Viana, R.; Brainer-Lima, A.; FloreAncio, T.; Carvalho, M.D.; van der Linden, V.; Amorim, A.; Rocha, M.A.; Medeiros, F. Perinatal chikungunya virus-associated encephalitis leading to postnatal-onset microcephaly and optic atrophy. Pediatr. Infect. Dis. J. 2018, 37, 94–95. [Google Scholar] [CrossRef]

	



Samra, J.A.; Hagood, N.L.; Summer, A.; Medina, M.T.; Holden, K.R. Clinical features and neurologic complications of children hospitalized with chikungunya virus in Honduras. J. Child Neurol. 2017, 32, 712–716. [Google Scholar] [CrossRef] [PubMed]

	



Cigarroa-Toledo, N.; Blitvich, B.J.; Cetina-Trejo, R.C.; Talavera-Aguilar, L.G.; Baak-Baak, C.M.; Torres-Chable, O.M.; Hamid, M.N.; Friedberg, I.; Gonzalez-Martinez, P.; Alonzo-Salomon, G.; et al. Chikungunya virus in febrile humans and aedes aegypti mosquitoes, Yucatan, Mexico. Emerg. Infect. Dis. 2016, 22, 1804–1807. [Google Scholar] [CrossRef]

	



Antonio, V.S.; Muianga, A.F.; Wieseler, J.; Pereira, S.A.; Monteiro, V.O.; Mula, F.; Chelene, I.; Chongo, I.S.; Oludele, J.O.; Kummerer, B.M.; et al. Seroepidemiology of chikungunya virus among febrile patients in eight health facilities in central and northern Mozambique, 2015–2016. Vector Borne Zoonotic Dis. 2018, 18, 311–316. [Google Scholar] [CrossRef] [PubMed]

	



Kolawole, O.M.; Bello, K.E.; Seriki, A.A.; Irekeola, A.A. Serological survey of chikungunya virus in Ilorin metropolis, Nigeria. Braz. J. Infect. Dis. Off. Publ. Braz. Soc. Infect. Dis. 2017, 21, 365–366. [Google Scholar] [CrossRef]

	



Waggoner, J.; Brichard, J.; Mutuku, F.; Ndenga, B.; Heath, C.J.; Mohamed-Hadley, A.; Sahoo, M.K.; Vulule, J.; Lefterova, M.; Banaei, N.; et al. Malaria and chikungunya detected using molecular diagnostics among febrile Kenyan children. Open Forum Infect. Dis. 2017, 4, ofx110. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, D.; Jajoo, M.; Saigal, K. Neonatal chikungunya during 2016 Delhi epidemic. Indian J. Pediatr. 2017, 84, 334–335. [Google Scholar] [CrossRef]

	



Garg, T.; Sanke, S.; Ahmed, R.; Chander, R.; Basu, S. Stevens-Johnson syndrome and toxic epidermal necrolysis-like cutaneous presentation of chikungunya fever: A case series. Pediatr. Dermatol. 2018, 35, 392–396. [Google Scholar] [CrossRef]

	



Maria, A.; Vallamkonda, N.; Shukla, A.; Bhatt, A.; Sachdev, N. Encephalitic presentation of neonatal chikungunya: A case series. Indian Pediatr. 2018, 55, 671–674. [Google Scholar] [CrossRef] [PubMed]

	



Vasconcellos, A.F.; Silva, J.M.F.; de Oliveira, A.S.; Prado, P.S.; Nagata, T.; Resende, R.O. Genome sequences of chikungunya virus isolates circulating in midwestern Brazil. Arch. Virol. 2019, 164, 1205–1208. [Google Scholar] [CrossRef] [PubMed]

	



Dias, J.P.; Costa, M.; Campos, G.S.; Paixao, E.S.; Natividade, M.S.; Barreto, F.R.; Itaparica, M.S.C.; Goes, C.; Oliveira, F.L.S.; Santana, E.B.; et al. Seroprevalence of chikungunya virus after its emergence in Brazil. Emerg. Infect. Dis. 2018, 24, 617–624. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, M.; Yamagishi, J.; Rahim, R.; Hasan, A.; Sobhan, A. East/central/south african genotype in a chikungunya outbreak, Dhaka, Bangladesh, 2017. Emerg. Infect. Dis. 2019, 25, 370–372. [Google Scholar] [CrossRef] [PubMed]

	



Gerardin, P.; Barau, G.; Michault, A.; Bintner, M.; Randrianaivo, H.; Choker, G.; Lenglet, Y.; Touret, Y.; Bouveret, A.; Grivard, P.; et al. Multidisciplinary prospective study of mother-to-child chikungunya virus infections on the island of La Reunion. PLoS Med. 2008, 5, e60. [Google Scholar] [CrossRef] [PubMed]

	



Mondragón-Cardona, Á.E.; Villamil-Gómez, W.E.; Rodriguez-Morales, A.J. Chikungunya congénito y neonatal: Problemas emergentes en pediatría en Latinoamérica. Pediatría 2015, 42, 149–151. [Google Scholar][Green Version]

	



Ernould, S.; Walters, H.; Alessandri, J.L.; Llanas, B.; Jaffar, M.C.; Robin, S.; Attali, T.; Ramful, D.; Combes, J.C. Chikungunya in paediatrics: Epidemic of 2005–2006 in Saint-Denis, Reunion Island. Arch. Pediatrie Organe Off. Soc. Fr. Pediatrie 2008, 15, 253–262. [Google Scholar] [CrossRef] [PubMed]

	



Renault, P.; Josseran, L.; Pierre, V. Chikungunya-related fatality rates, Mauritius, India, and Reunion Island. Emerg. Infect. Dis. 2008, 14, 1327. [Google Scholar] [CrossRef] [PubMed]

	



Ramful, D.; Carbonnier, M.; Pasquet, M.; Bouhmani, B.; Ghazouani, J.; Noormahomed, T.; Beullier, G.; Attali, T.; Samperiz, S.; Fourmaintraux, A.; et al. Mother-to-child transmission of chikungunya virus infection. Pediatr. Infect. Dis. J. 2007, 26, 811–815. [Google Scholar] [CrossRef] [PubMed]

	



Ramful, D.; Samperiz, S.; Fritel, X.; Michault, A.; Jaffar-Bandjee, M.C.; Rollot, O.; Boumahni, B.; Gerardin, P. Antibody kinetics in infants exposed to chikungunya virus infection during pregnancy reveals absence of congenital infection. J. Infect. Dis. 2014, 209, 1726–1730. [Google Scholar] [CrossRef] [PubMed]

	



Maron, B.J.; Tajik, A.J.; Ruttenberg, H.D.; Graham, T.P.; Atwood, G.F.; Victorica, B.E.; Lie, J.T.; Roberts, W.C. Hypertrophic cardiomyopathy in infants: Clinical features and natural history. Circulation 1982, 65, 7–17. [Google Scholar] [CrossRef] [PubMed]

	



Sewell, E.K.; Keene, S. Perinatal care of infants with congenital birth defects. Clin. Perinatol. 2018, 45, 213–230. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Priya, R.; Patro, I.K.; Parida, M.M. Tlr3 mediated innate immune response in mice brain following infection with chikungunya virus. Virus Res. 2014, 189, 194–205. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, B.W.; Russell, B.J.; Goodman, C.H. Laboratory diagnosis of chikungunya virus infections and commercial sources for diagnostic assays. J. Infect. Dis. 2016, 214, S471–S474. [Google Scholar] [CrossRef] [PubMed]

	



Yap, G.; Pok, K.Y.; Lai, Y.L.; Hapuarachchi, H.C.; Chow, A.; Leo, Y.S.; Tan, L.K.; Ng, L.C. Evaluation of chikungunya diagnostic assays: Differences in sensitivity of serology assays in two independent outbreaks. PLoS Negl. Trop. Dis. 2010, 4, e753. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, L.R.; Powers, A.M. Chikungunya: Epidemiology. F1000Research 2016, 5, 82. [Google Scholar] [CrossRef]

	



Azami, N.A.; Moi, M.L.; Takasaki, T. Neutralization assay for chikungunya virus infection: Plaque reduction neutralization test. Methods Mol. Biol. 2016, 1426, 273–282. [Google Scholar] [PubMed]

	



Centers for Disease Control. Arboviral Diseases, Neuroinvasive and Non-Neuroinvasive|2015 Case Definition. Available online: https://wwwn.cdc.gov/nndss/conditions/arboviral-diseases-neuroinvasive-and-non-neuroinvasive/case-definition/2015/ (accessed on 13 December 2018).

	



Gerardin, P.; Freitas, A.R.R.; Sissoko, D.; Teixeira, M.G. Transmission dynamics and disease severity in children infected with east central South African (ECSA) or ECSA-diverged clades of chikungunya virus. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2019, 68, 171–172. [Google Scholar] [CrossRef] [PubMed]

	



Gordon, A.; Gresh, L.; Ojeda, S.; Chowell, G.; Gonzalez, K.; Sanchez, N.; Saborio, S.; Mercado, J.C.; Kuan, G.; Balmaseda, A.; et al. Differences in transmission and disease severity between 2 successive waves of chikungunya. Clin. Infect. Dis. Off. Publ. Infect. Dis. Soc. Am. 2018, 67, 1760–1767. [Google Scholar] [CrossRef] [PubMed]

	



Saluzzo, J.F.; Cornet, M.; Digoutte, J.P. Outbreak of a chikungunya virus epidemic in western Senegal in 1982. Dakar Méd. 1983, 28, 497–500. [Google Scholar] [PubMed]

	



Thonnon, J.; Spiegel, A.; Diallo, M.; Diallo, A.; Fontenille, D. Chikungunya virus outbreak in Senegal in 1996 and 1997. Bull. Soc. Pathol. Exot. 1999, 92, 79–82. [Google Scholar] [PubMed]

	



Furuya-Kanamori, L.; Liang, S.; Milinovich, G.; Soares Magalhaes, R.J.; Clements, A.C.A.; Hu, W.; Brasil, P.; Frentiu, F.D.; Dunning, R.; Yakob, L. Co-distribution and co-infection of chikungunya and dengue viruses. BMC Infect. Dis. 2016, 16, 84. [Google Scholar] [CrossRef] [PubMed]

	



Olajiga, O.M.; Adesoye, O.E.; Emilolorun, A.P.; Adeyemi, A.J.; Adeyefa, E.O.; Aderibigbe, I.A.; Adejumo, S.A.; Adebimpe, W.O.; Opaleye, O.O.; Sule, W.F.; et al. Chikungunya virus seroprevalence and associated factors among hospital attendees in two states of southwest Nigeria: A preliminary assessment. Immunol. Investig. 2017, 46, 552–565. [Google Scholar] [CrossRef] [PubMed]

	



Pellot, A.S.; Alessandri, J.L.; Robin, S.; Samperiz, S.; Attali, T.; Brayer, C.; Pasquet, M.; Jaffar-Bandjee, M.C.; Benhamou, L.S.; Tiran-Rajaofera, I.; et al. Severe forms of chikungunya virus infection in a pediatric intensive care unit on Reunion Island. Med. Trop. Rev. Corps Sante Colon. 2012, 72, 88–93. [Google Scholar]

	



Priya, R.; Dhanwani, R.; Patro, I.K.; Rao, P.V.L.; Parida, M.M. Differential regulation of TLR mediated innate immune response of mouse neuronal cells following infection with novel ECSA genotype of chikungunya virus with and without e1:A226v mutation. Infect. Genet. Evol. 2013, 20, 396–406. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, R.; Sharma, M.K.; Jain, S.K.; Yadav, S.K.; Singhal, A.K. Cutaneous manifestations of chikungunya fever: Observations from an outbreak at a tertiary care hospital in southeast Rajasthan, India. Indian Dermatol. Online J. 2017, 8, 336–342. [Google Scholar] [PubMed]

	



Kumar, S.; Agrawal, G.; Wazir, S.; Kumar, A.; Dubey, S.; Balde, M.; Yadav, B.S. Experience of perinatal and neonatal chikungunya virus (CHIKV) infection in a tertiary care neonatal centre during outbreak in north India in 2016: A case series. J. Trop. Pediatr. 2018. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, D.; Bose, A.; Rose, W. Acquired neonatal chikungunya encephalopathy. Indian J. Pediatr. 2015, 82, 1065–1066. [Google Scholar] [CrossRef] [PubMed]

	



Vasani, R.; Kanhere, S.; Chaudhari, K.; Phadke, V.; Mukherjee, P.; Gupta, S.; Kasliwal, C.; Poojary, S. Congenital chikungunya—A cause of neonatal hyperpigmentation. Pediatr. Dermatol. 2016, 33, 209–212. [Google Scholar] [CrossRef] [PubMed]

	



Karthiga, V.; Kommu, P.P.; Krishnan, L. Perinatal chikungunya in twins. J. Pediatr. Neurosci. 2016, 11, 223–224. [Google Scholar]

	



Chastel, C. Human infections in Cambodia by the chikungunya virus or an apparently closely related agent. II. Experimental pathological anatomy. Bull. Soc. Pathol. Exot. Fil. 1963, 56, 915–924. [Google Scholar]

	



Huang, J.H.; Yang, C.F.; Su, C.L.; Chang, S.F.; Cheng, C.H.; Yu, S.K.; Lin, C.C.; Shu, P.Y. Imported chikungunya virus strains, Taiwan, 2006–2009. Emerg. Infect. Dis. 2009, 15, 1854–1856. [Google Scholar] [CrossRef]

	



Lark, T.; Keck, F.; Narayanan, A. Interactions of alphavirus nsP3 protein with host proteins. Front. Microbiol. 2017, 8, 2652. [Google Scholar] [CrossRef] [PubMed]

	



Meshram, C.D.; Agback, P.; Shiliaev, N.; Urakova, N.; Mobley, J.A.; Agback, T.; Frolova, E.I.; Frolov, I. Multiple host factors interact with hypervariable domain of chikungunya virus nsP3 and determine viral replication in cell-specific mode. J. Virol. 2018, 92, e00838-18. [Google Scholar] [CrossRef] [PubMed]

	



Rupp, J.C.; Sokoloski, K.J.; Gebhart, N.N.; Hardy, R.W. Alphavirus RNA synthesis and non-structural protein functions. J. Gen. Virol. 2015, 96, 2483–2500. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Galbraith, S.E.; Sheahan, B.J.; Atkins, G.J. Deletions in the hypervariable domain of the nsP3 gene attenuate semliki forest virus virulence. J. Gen. Virol. 2006, 87, 937–947. [Google Scholar] [CrossRef] [PubMed]

	



Foy, N.J.; Akhrymuk, M.; Shustov, A.V.; Frolova, E.I.; Frolov, I. Hypervariable domain of nonstructural protein nsP3 of venezuelan equine encephalitis virus determines cell-specific mode of virus replication. J. Virol. 2013, 87, 7569–7584. [Google Scholar] [CrossRef] [PubMed]

	



Vihinen, H.; Ahola, T.; Tuittila, M.; Merits, A.; Kaariainen, L. Elimination of phosphorylation sites of semliki forest virus replicase protein nsP3. J. Biol. Chem. 2001, 276, 5745–5752. [Google Scholar] [CrossRef] [PubMed]

	



Mendez-Dominguez, N.; Achach-Asaf, J.A.; Basso-Garcia, L.M.; Quinones-Pacheco, Y.B.; Gomez-Carro, S. Septic shock secondary to non-congenital chikungunya fever in a young infant: A clinical case. Rev. Chil. Pediatr. 2016, 87, 143–147. [Google Scholar] [PubMed]

	



Shrinet, J.; Jain, S.; Sharma, A.; Singh, S.S.; Mathur, K.; Rana, V.; Bhatnagar, R.K.; Gupta, B.; Gaind, R.; Deb, M.; et al. Genetic characterization of chikungunya virus from New Delhi reveal emergence of a new molecular signature in Indian isolates. Virol. J. 2012, 9, 100. [Google Scholar] [CrossRef] [PubMed]

	



Cardona-Correa, S.E.; Castano-Jaramillo, L.M.; Quevedo-Velez, A. Vertical transmission of chikungunya virus infection. Case report. Rev. Chil. Pediatr. 2017, 88, 285–288. [Google Scholar] [CrossRef] [PubMed]

	



Dubrocq, G.; Wang, K.; Spaeder, M.C.; Hahn, A. Septic shock secondary to chikungunya virus in a 3-month-old traveler returning from Honduras. J. Pediatr. Infect. Dis. Soc. 2017, 6, e158–e160. [Google Scholar] [CrossRef] [PubMed]

	



Spuul, P.; Salonen, A.; Merits, A.; Jokitalo, E.; Kaariainen, L.; Ahola, T. Role of the amphipathic peptide of semliki forest virus replicase protein nsP1 in membrane association and virus replication. J. Virol. 2007, 81, 872–883. [Google Scholar] [CrossRef] [PubMed]

	



Mounce, B.C.; Cesaro, T.; Vlajnić, L.; Vidiņa, A.; Vallet, T.; Weger-Lucarelli, J.; Passoni, G.; Stapleford, K.A.; Levraud, J.-P.; Vignuzzi, M. Chikungunya virus overcomes polyamine depletion by mutation of nsP1 and the opal stop codon to confer enhanced replication and fitness. J. Virol. 2017, 91, e00344-17. [Google Scholar] [CrossRef]

	



Gao, Y.; Goonawardane, N.; Ward, J.; Tuplin, A.; Harris, M. Multiple roles of the non-structural protein 3 (nsP3) alphavirus unique domain (AUD) during chikungunya virus genome replication and transcription. PLoS Pathog. 2019, 15, e1007239. [Google Scholar] [CrossRef]

	



Pietilä, M.K.; Hellström, K.; Ahola, T. Alphavirus polymerase and RNA replication. Virus Res. 2017, 234, 44–57. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gunturiz, M.L.; Cortés, L.; Cuevas, E.L.; Chaparro, P.E.; Ospina, M.L. Congenital cerebral toxoplasmosis, zika and chikungunya virus infections: A case report. Biomédica 2018, 38, 144–152. [Google Scholar] [CrossRef] [PubMed]

	



Prata-Barbosa, A.; Cleto-Yamane, T.L.; Robaina, J.R.; Guastavino, A.B.; de Magalhaes-Barbosa, M.C.; Brindeiro, R.M.; Medronho, R.A.; da Cunha, A. Co-infection with zika and chikungunya viruses associated with fetal death—A case report. Int. J. Infect. Dis. 2018, 72, 25–27. [Google Scholar] [CrossRef] [PubMed]

	



Tazeen, A.; Abdullah, M.; Hisamuddin, M.; Ali, S.; Naqvi, I.H.; Verma, H.N.; Ahmed, A.; Parveen, S. Concurrent infection with plasmodium vivax and the dengue and chikungunya viruses in a paediatric patient from New Delhi, India in 2016. Intervirology 2017, 60, 48–52. [Google Scholar] [CrossRef]

	



Atkins, G.J.; Sheahan, B.J. Molecular determinants of alphavirus neuropathogenesis in mice. J. Gen. Virol. 2016, 97, 1283–1296. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Centers for Disease Control and Prevention. West Nile virus activity—United States, September 26-October 2, 2002, and investigations of west Nile virus infections in recipients of blood transfusion and organ transplantation 286. JAMA 2002, 288, 1975–1976. [Google Scholar] [CrossRef]

	



Heinz, F.X.; Stiasny, K.; Allison, S.L. The entry machinery of flaviviruses. Arch. Virol. Suppl 2004, 18, 133–137. [Google Scholar]

	



Modis, Y. Relating structure to evolution in class II viral membrane fusion proteins. Curr. Opin. Virol. 2014, 5, 34–41. [Google Scholar] [CrossRef][Green Version]

	



Sánchez-San Martín, C.; Liu, C.Y.; Kielian, M. Dealing with low pH: Entry and exit of alphaviruses and flaviviruses. Trends Microbiol. 2009, 17, 514–521. [Google Scholar] [CrossRef] [PubMed]








[image: Viruses 11 00294 g001 550]





Figure 1. Consequences of congenital, perinatal, and pediatric chikungunya infections are increasing. Chikungunya infection in newborns, infants, and children documented since 1960 are plotted against the most severe symptoms or sequelae identified in the associated report. 
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Table 1. Symptoms of chikungunya fever are associated with new viral genotypes. Chikungunya outbreaks with descriptions of chikungunya fever in children, infants, and neonates are matched with the genotype circulating in the region at the time the outbreak was reported. The contribution of these mutations to disease has not been explored.
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	Year
	Location
	Disease Presentation
	Viral Lineage
	Citations





	1960
	Philippines and Thailand
	Hemorrhagic fever
	Asian
	[5,25]



	1960
	Nigeria
	Dengue-like illness
	West African
	[25,26,31]



	1962–1964
	Thailand
	Dengue-like illness with hemorrhagic fever
	Asian
	[20,21,22,23,24]



	1964
	India
	Arthralgia, rash, fever
	Asian
	[17,19,25]



	1967
	Vietnam
	Dengue-like illness
	Asian
	[18,25]



	1970
	Burma
	Hemorrhagic fever
	Asian
	[9,25]



	1974
	Nigeria
	Dengue-like illness
	West African
	[25,26]



	1975
	South Africa
	Dengue-like illness
	ECSA
	[25,32,33]



	2005
	India
	Arthralgia, rash, fever
	ECSA
	[34,35]



	2005
	Reunion Island
	Perinatal infection

Rash > 3 CNS < 3
	ECSA

E1: A226V
	[3,36]



	2006
	Bellary, India
	CNS infections
	ECSA

E1: K211E

E1: A226V
	[37]



	2006/2007
	Sri Lanka
	Perinatal and Congenital infections

Pre-term birth

Hyperpigmentation, cardiac defects, CNS symptoms and defects
	ECSA

NSP1: R488Q

NSP2: A331V

C: V27I
	[25,38,39,40]



	2006/2007
	Gabon
	Dengue-like illness
	ECSA
	[41]



	2008
	Thailand
	Dengue-like illness
	ECSA

E1: A226V
	[42,43,44]



	2009/2010
	Senegal
	Dengue-like illness
	West African
	[25,45,46,47]



	2009/2010
	India
	Dengue-like illness

1 case report of vertical transmission resulting in respiratory distress, fever, and maculopapular rash
	ECSA

E1: A226V
	[48,49,50]



	2010
	Gabon
	Rash
	ECSA
	[51,52]



	2011
	Cambodia
	Dengue-like illness sporadic reports of Acute Meningoencephalitis
	ECSA

E1: A226V
	[53,54]



	2011
	Yemen
	Fever, arthralgia, rash
	ECSA E2: V264A
	[55,56]



	2011
	Pakistan
	Fever, arthralgia, rash
	ECSA E2: V264A
	[55,57]



	2011
	Tanzania
	Dengue-like illness
	ECSA
	[58,59]



	2013/2014
	Tanzania
	Fever, rash, cough
	ECSA
	[59,60]



	2013/2014
	Colombia (Cartagena)
	Congenital infections respiratory distress, necrotizing enterocolitis, meningoencephalitis, myocarditis, pericarditis and death
	Asian-WH
	[61,62]



	2014
	Mozambique
	Dengue-like illness
	ECSA
	[63]



	2014
	North Eastern Colombia
	Severe mucocutaneous lesions
	Asian-WH

E1: K211E
	[64,65,66,67]



	2014
	Jamaica
	Fever, arthralgia, excessive deaths

Vertical transmission
	Asian-WH

E2: A406V
	[68,69,70,71]



	2014
	Puerto Rico
	Perinatal Transmission—Eczema, Fever
	Asian-WH

NSP3 I285V
	[69,72]



	2014
	Haiti
	Dengue-like illness
	Asian-WH

NSP4 A459V
	[69,73]



	2014
	Curacao
	Neonatal seizures intracerebral bleeding, death
	Asian-WH
	[74,75]



	2014/2015
	French Guiana
	Fever, Rash, edema of the extremities
	Asian-WH

NSP4: R99Q
	[69,76]



	2014/2015
	Nicaragua
	Rash arthralgia
	Asian-WH
	[77,78,79]



	2014/2015
	Ecuador
	Rash arthralgia
	Asian-WH
	[69,80]



	2015
	Colombia
	Infant CNS, Rash > 3
	Asian-WH
	[77,81]



	2014/2015
	Brazil
	100% children with exanthema and open blisters. Neonates with fever, lethargy, pulmonary edema, encephalitis
	Asian-WH
	[82,83,84,85,86]



	2014/2015
	Honduras
	Fever, Rash, seizures, meningoencephalitis
	Asian-WH

NSP1: K224N
	[69,87]



	2015
	Yucatan
	Fever, Exanthema, blisters
	Asian-WH
	[82,88]



	2015/2016
	Mozambique
	Dengue-like illness
	ECSA
	[89]



	2015/2016
	Nigeria
	Dengue-like illness
	West African
	[90]



	2016
	Kenya
	Dengue-like illness
	ECSA
	[91]



	2016
	India
	Fever, Rash (erythematous maculopapular, purpuric, pustular, toxic epidermal necrolysis)

Stevens–Johnson syndrome Hyperpigmentation

Neonatal seizures
	ECSA

E1: K211E and E2: V264A
	[55,92,93,94]



	2016
	Brazil
	Dengue-like illness. 1 case report of vertically transmitted neonatal encephalitis.
	ECSA

E1: K211E and E2: V264A
	[69,84,95,96]



	2017
	Bangladesh
	Dengue-like illness
	ECSA

E1: K211E and E2: V264A
	[55,97]
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