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Figure 3. Phylogenetic reconstruction and positioning of CHIKV genome obtained in this study using
maximum likelihood. (a) Full phylogeny including all available West African, East/Central/South
African (ECSA)—Indian Ocean lineages and Asian/Caribbean using complete and draft genomes >8 kb.
(b) Phylogenetic analysis focusing on Brazilian genomes of a subset of ECSA and Asian/Caribbean
CHIKYV genomic sequences from the full CHIKYV tree. (c) Distribution of the number of CHIKV genomes

sequenced per state. State colors follow tip colors in panel B.

We found a small number of SNPs per sample, varying from 17 in the CHIKYV to 30 in the MAYV
genome (Figure 3). For CHIKYV, six SNPs found were non-synonymous and 11 were synonymous.
For MAYYV, seven SNPs found were non-synonymous and 22 were synonymous. Moreover, we found
several specific mutations restricted to the genomes sequenced in this study: CHIKV presented four
new amino acid mutations, two in nonstructural proteins (nsP2-T31I and nsP3-A388V) and two in an
envelope protein (E3 T20I and H57R); MAYV presented two, both in the E1 protein (14255 and V427A)

(Supplementary Table S5; Figure 4).
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Figure 4. Single nucleotide polymorphism (SNP) analysis. Proportion of sequencing reads supporting
the reference nucleotide (REF—red) and the SNPs (ALT—blue) from the CHIKV and MAYV genomes
obtained in this study. Green, yellow and gray position names below each bar plot denote
non-synonymous, non-synonymous mutations found only in our genomes and synonymous SNPs.

We detected two previously reported CHIKV amino acid mutations in structural proteins:
E2-G60D, which contributes to the increased CHIKYV fitness in Ae. albopictus and Ae. aegypti [48],
and E1-T98A, which may increase the CHIKV infectivity for Ae. albopictus in the presence of E1-A226V
substitution [49]. Five amino acid mutations, that were previously described to be under positive
selection and to delineate the genotype L strains on vector infection, were revealed of MAYV. We also
found nsP1-L518A, nsP3-A298P, nsP3-V386T, nsP4-A249K and E1-L300T [50].

4. Discussion

Arboviruses are widespread and diverse in Brazil and impose a large public health burden on
the human population due to the abundance of sylvatic and urban vector species associated with
poor sanitation and living conditions. As expected in such tropical environments, the simultaneous
circulation and human co-infection of these viruses is common [51], imposing a great socioeconomic
impact. Most people recover from arbovirus infection with no major sequelae, although life-threatening
conditions can be identified such as hemorrhagic fever, Guillain-Barre syndrome and encephalitis [52].
Among a dozen arboviruses that currently circulate in Brazil and infect humans, dengue virus (DENV)
has largely predominated, causing several thousand infections every year in the country. In 2019
alone, around 1.5 million cases were reported, and at least 782 people died from DENV infection [53].
Besides DENV, several other arboviruses have been causing human infection over the years, such as
MAYYV [8,9], Zika virus (ZIKV), yellow fever virus (YFV) and CHIKYV, causing outbreaks with hundreds
of thousands of people infected annually [54].

Most of the arboviral diagnoses in developing countries are based on clinical and epidemiological
criteria, which leads to biased estimates of infection and produces underreports of less prevalent
arboviruses that are not investigated in the molecular diagnostic routine. Such sub-notification can
be clearly observed in Sinop from 2015 to 2019, where 7341 cases of DENV, 1324 of ZIKV and 15 of
CHIKYV were confirmed by laboratory tests, whereas the majority of the negative samples, around
44% of the cases investigated, were not tested for other arboviruses [55] (Supplementary Table S6).
The confirmation of chikungunya diagnosis by Mato Grosso State Department of Health has been
based on MAC-ELISA, while MAYV infection has not been investigated routinely yet. Meanwhile,
molecular studies using human samples in Sinop have described the silent circulation of SLEV in 2011
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and 2015 [56] and a MAYV annual incidence since 2011 [9]. Adding up to this scenario of simultaneous
arbovirus circulation, here, we confirm the circulation of CHIKV and MAYV in human samples through
molecular testing and genome sequencing.

Genome-wide phylogenetic analysis of MAYV confirmed the circulation of the L genotype in Sinop
city, as previously demonstrated [9]. The obtained genome clustered with a genome from an isolate
from the state of Para (PA). Genotype D (widely dispersed) currently covers a broad geographic area
from Trinidad and Tobago to Brazil, Peru, Bolivia, Venezuela, Haiti and French Guiana, with several
available full-genome sequences (51 genomes). On the other hand, genotype L (limited) has only
a limited number of complete genomes available, consisting of ten isolates obtained over the years
1955 to 1991 from PA and two recent isolates: one from Haiti and another from the State of Sao
Paulo, imported from PA [57]. Due to the limited data, it is not possible to precisely determine the
L genotype’s dispersion throughout the Amazonian region and its borders. Other studies have also
detected fragments of L and D genotypes in other municipalities in MT [58], whereas molecular studies
in other border states with MAYV circulation have not been performed yet [59].

We detected two non-synonymous amino acid substitutions 14255 and V427A in the MAYV E1
protein, but whether these substitutions played any role in the cell entry capacity and viral persistence
is unknown. Alphavirus glycoproteins E1/E2 mediate host recognition and entry into the cell [60].
These proteins are useful in the development of vaccines and serodiagnostic assays as they hold
most of the immunogenic epitopes [61,62]. However, the constant humoral immune pressure creates
amino acid variations in these proteins that may lead to viral evasion, influence cross-neutralization
activity and allow host-switching [63]. Reverse genetic studies are needed to determine whether any
of these substitutions may cause major changes in viral fitness. Continued genome-based molecular
investigation of MAYV is recommended in order to understand the spread and maintenance of MAYV in
the Southern Amazon region and assess antigenic variations that might impact cross-immunity between
alphaviruses and affect the sensitivity of diagnostic tests based on protein binding (immunoassays) [64].

Our CHIKYV isolate belonged to the ECSA lineage, sharing 99.8% of its nucleotide identity with
isolates from Bahia, a state in Northeast Brazil. The CHIKV genome from Sinop did not cluster with
other genomes from MT [65]. The distinct evolutionary divergence from the monophyletic MT clade
suggests that CHIKV was introduced into MT by at least two independent CHIKV ECSA variants,
which are likely co-circulating in the state [66]. With the current data, the circulation of CHIKV
genotypes other than ECSA in MT cannot be ruled out, especially in light of the circulation of the
Asian/Caribbean genotype in the Amazon region (states of Para, Roraima and Amapa), highlighting
the need for continuous molecular surveillance in the region.

Genome analysis revealed mutations E1-T98A and E2-G60D in the glycoprotein of the CHIKV
strain from Sinop. The E2-G60D amino acid change was reported to contribute to CHIKV’s fitness
increase in both Ae. albopictus and Ae. aegypti [48] and is currently detected in all the Asian/Caribbean
and ECSA lineage genomes that are available. Meanwhile, the E1-T98A amino acid change has
been found in all available ECSA genomes and may increase CHIKV infectivity for Ae. albopictus in
the presence of E1-A226V substitution [49]. We did not detect other amino acid changes in the E1
glycoprotein previously associated with CHIKYV fitness-enhancing in Ae. aegypti (E1-A226V, E1-K211E
and E2-V264A) [67] and Ae. albopictus (E1-A226V, E2-1211T) [68,69], suggesting that the CHIKV lineage
circulating in Sinop likely does not have a higher fitness compared to other CHIKV lineages circulating
in Brazil. However, the ECSA genotype is currently spreading all over South America and infecting
an abundant and diverse Ae. aegypti and Ae. albopictus population. Since the E1-T98A amino acid
substitution is fixed in all ECSA strains from Brazil, including the one sequenced in this study, if the
E1-A226V change occurs, CHIKV’s lineage would likely gain increased fitness in Ae. albopictus. In this
scenario, transmission of this virus could be exacerbated throughout Brazilian and South American
territories, as Ae. albopictus is already spread over the entire continent [70]. Finally, other sample
specific mutations were also detected in the Sinop CHIKV genome, but further genetic studies are
required to understand their importance in the virus’ fitness, if any.
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As previously discussed, MAYV is endemic in the Southern Amazon region, where many outbreaks
have been reported in the last decade [9,58,71]. Considering that alphavirus antibody cross-immunity
has already been reported [72], people living in the Southern Amazon region may have alphavirus
cross-immunity due to a previous infection by MAYV. In fact, it has been suggested that infection
by CHIKV may confer cross-protection from MAYYV, following the use of sera from CHIKV-exposed
patients to cross-neutralize MAYV in vitro [73]. Such cross-immunity could be the reason why CHIKV
only emerged in Sinop in 2018 and has not caused large outbreaks since then. Likewise, the restricted
spread of CHIKYV in other MAYV endemic areas of the Amazon has been pointed out [74]. However, a
comprehensive serological investigation based on neutralization assays or new diagnostic tools must
be performed in order to assess the role of alphavirus cross-immunity in such areas.

It is worth noting that, despite the underreports, the highest CHIKV incidence rate in the
central-west region of Brazil has been reported in MT (387.6 cases per 100,000 inhabitants), also in
2018 [23]. Noticeably, reports in Sinop did not follow the same trend, both using PCR diagnostic and
serological assays, as most of the cases concentrated in the southern cities of the state (Supplementary
Table S6). Continuous molecular surveillance is required in order to monitor how the spread of recently
emerged viruses will unfold [13].

5. Conclusions

Epidemiological surveillance based on genome-scale sequencing of the circulating viral strains
is valuable for the prompt detection of adaptive mutations, which is essential for understanding
transmission patterns, assessing the risk of emergence and intervening in vector control strategies [75].
In this study, we found new mutations in the strains of MAYV and CHIKV and observed that
these strains clustered with genomes from geographically distant Brazilian states, suggesting that
their spread occurred through infected patients that traveled between states. Further studies are
encouraged in order to follow the spread of these viruses within the Southern Amazon region, in order
to further understand the importance of mutations in the maintenance and spread of MAYV and
CHIKV. This need is reinforced by the large outbreaks of CHIKYV in Brazil and the underreporting of
MAYYV infections [76,77]. New genomic data can clarify the epidemiological characteristics, such as
adaptation to vector spread and impact on human infection, where arboviruses of the same viral family
co-circulate and may have cross antibody reactivity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2414-6366/5/2/105/s1,
Table S1. Primer sets used for whole MAYV genome amplification. Table S2a. Sixty-six complete Mayaro virus
genomes, belonging to the D and L genotypes, used to reconstruct ML phylogenetic analysis. Table S2b. 930
complete and near-complete Chikungunya virus genomes, belonging to the West African, East/Central/South
African and Asian/Caribbean genotypes, used to reconstruct ML phylogenies. Table S3. Chikungunya and Mayaro
viruses distribution throughout the years. Table S4. Clinical and epidemiological features of patients who tested
positive for MAYV and CHIKYV in Sinop, MT, from 2014 to 2018. Table S5. SNPs called from each genome and
associated statistics. Table S6. DENV, ZIKV and CHIKYV notified and positive cases in Sinop, confirmed by the
Mato Grosso State Department of Health, from 2014 to 2019.

Author Contributions: Conceptualization, R.V.d.M.B. and G.d.L.W.; Data curation, C.J.d.S.P.V. and D.J.Ed.S.;
Formal analysis, C.J.d.S.P.V.,, DJ.ES., and G.d.L.W.; Funding acquisition, L.J.P, R.V.d.M.B. and G.d.L.W;
Investigation, C.J.d.S.P.V,, D.JJEd.S., JRK. and L.C.M.; Methodology, C.J.d.S.P.V,, DJ.Ed.S., JRK, L.CM,,
R.V.d.M.B., and G.d.L.W.; Project administration, R.V.d.M.B. and G.d.L.W.; Resources, LJ.P., R.V.d.M.B., and
G.d.LW.; Software, C.J.d.S.P.V. and G.d.L.W.; Supervision, R.V.d.M.B. and G.d.L.W.; Validation, C.J.d.S.P.V,,
D.JEdS., JRK, and L.C.M,; Visualization, C.J.d.S.P.V. and G.d.L.W.; Writing—original draft, CJ.d.S.P.V,, D.J.Ed.S,,
and G.d.L.W,; Writing—review & editing, C.J.d.S.P.V,, D.J.Ed.S., JRK, L.CM., L].P, RV.d.M.B.,, and G.d.L.W.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fundagdo de Amparo a Pesquisa do Estado de Mato Grosso
(FAPEMAT/SES-MT/CNPq 002/2013, grant number 228398/2013 and FAPEMAT 007/2016, grant number
499331/2016), Fundagao de Amparo a Ciéncia e Tecnologia do Estado de Pernambuco (FACEPE, grant number
APQ-0078-2.02/16) and Conselho Nacional de Desenvolvimento Cientifico e Tecnologico-CNPq for the research
grant number PQ-2 of Wallau, GL (303902/2019-1).

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

55



Trop. Med. Infect. Dis. 2020, 5,105

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ebel, G.D. Promiscuous viruses—how do viruses survive multiple unrelated hosts? Curr. Opin. Virol. 2017,
23,125-129. [CrossRef]

Marcondes, C.B.; Contigiani, M.; Gleiser, R M. Emergent and Reemergent Arboviruses in South America and
the Caribbean: Why So Many and Why Now? . Med. Entomol. 2017, 54, 509-532. [CrossRef]

World Health Organization Dengue and severe dengue. Available online: https://www.who.int/news-room/
fact-sheets/detail/dengue-and-severe-dengue (accessed on 30 April 2020).

Rocco, I.M.; Santos, C.L.S.; Bisordi, I.; Petrella, S M.C.N.; Pereira, L.E.; Souza, R.P.; Coimbra, T.L.M.;
Bessa, T.A.E,; Oshiro, FM.; Lima, L.B.Q.; et al. St. Louis encephalitis virus: First isolation from a human in
Sao Paulo State, Brazil. Rev. Inst. Med. Trop. Sao Paulo 2005, 47, 281-285. [CrossRef]

Mondini, A.; Bronzoni, R.V.d.M.; Cardeal, I.L.S.; dos Santos, TM.LL.; Lazaro, E.; Nunes, S.H.P; Silva, G.C.D;
Madrid, M.C.ES.; Rahal, P;; Figueiredo, L.T.; et al. Simultaneous infection by DENV-3 and SLEV in Brazil.
J. Clin. Virol. 2007, 40, 84-86. [CrossRef]

Vieira, M.A.C.e.S.; Aguiar, A.d.AX,; De Borba, AS.; Guimardes, H.C.L., Euldlio, K.D.;
de Albuquerque-Neto, L.L.; Salmito, M.d.A.; Lima, O.B. West Nile fever in Brazil: Sporadic case, silent
endemic disease or epidemic in its initial stages? Rev. Inst. Med. Trop. Sao Paulo 2015, 57, 276. [CrossRef]
Martins, L.C.; Da Silva, E.V.P; Casseb, LM.N.; Da Silva, S.P.,; Cruz, A.C.R.; De Sousa Pantoja, ].A.; De Almeida
Medeiros, D.B.; Filho, A.].M.; Da Cruz, E.D.R.M.; De Araujo, M.T.F,; et al. First isolation of west nile virus in
brazil. Mem. Inst. Oswaldo Cruz 2019, 114. [CrossRef] [PubMed]

Terzian, A.C.B.; Auguste, A.J.; Vedovello, D.; Ferreira, M.U.; Da Silva-Nunes, M.; Speranga, M.A.; Suzuki, R.B.;
Juncansen, C.; Jo, ].P.A.; Weaver, S.C.; et al. Isolation and characterization of Mayaro virus from a human in
Acre, Brazil. Am. ]. Trop. Med. Hyg. 2015, 92, 401-404. [CrossRef]

Vieira, C.J.d.S.P;; da Silva, D.J.E;; 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]

Ahmed, A; Dietrich, I.; Desiree LaBeaud, A.; Lindsay, S.W.; Musa, A.; Weaver, S.C. Risks and challenges of
arboviral diseases in Sudan: The urgent need for actions. Viruses 2020, 12, 81. [CrossRef] [PubMed]

Pfeffer, M.; Dobler, G. Emergence of zoonotic arboviruses by animal trade and migration. Parasites and Vectors
2010, 3, 35. [CrossRef]

Go, Y.Y,; Balasuriya, U.B.R.; Lee, C. Zoonotic encephalitides caused by arboviruses: Transmission and
epidemiology of alphaviruses and flaviviruses. Clin. Exp. Vaccine Res. 2014, 3, 58. [CrossRef] [PubMed]
Levi, L.L; Vignuzzi, M. Arthritogenic alphaviruses: A worldwide emerging threat? Microorganisms 2019,
7,133. [CrossRef] [PubMed]

Casals, J.; Whitman, L. Mayaro virus: A new human disease agent. I. Relationship to other arbor viruses.
Am. ]. Trop. Med. Hyg. 1957, 6, 1004-1011. [CrossRef] [PubMed]

Mason, PJ.; Haddow, A.J. An epidemic of virus disease in Southern Province, Tanganyika Territory,
in 1952-1953. Trans. R. Soc. Trop. Med. Hyg. 1957, 51, 238-240. [CrossRef]

Lorenz, C.; Freitas Ribeiro, A.; Chiaravalloti-Neto, F. Mayaro virus distribution in South America. Acta Trop.
2019, 198. [CrossRef]

Ganjian, N.; Riviere-Cinnamond, A. Mayaro virus in Latin America and the Caribbean. Rev. Panam. Salud
Piiblica 2020, 44, 1. [CrossRef]

Chen, R.; Puri, V.; Fedorova, N.; Lin, D.; Hari, K.L.; Jain, R.; Rodas, ].D.; Das, S.R.; Shabman, R.S.; Weaver, S.C.
Comprehensive Genome Scale Phylogenetic Study Provides New Insights on the Global Expansion of
Chikungunya Virus. . Virol. 2016, 90, 10600-10611. [CrossRef]

Weaver, S.C. Arrival of Chikungunya Virus in the New World: Prospects for Spread and Impact on Public
Health. PLoS Negl. Trop. Dis. 2014, 8. [CrossRef]

Silva, J.V]., Jr.; Ludwig-Begall, L.E,; Oliveira-Filho, E.F.d.; Oliveira, R.A.S.; Duraes-Carvalho, R.; Lopes, TR.R;;
Silva, D.E.A.; Gil, LH.V.G. A scoping review of Chikungunya virus infection: Epidemiology, clinical
characteristics, viral co-circulation complications, and control. Acta Trop. 2018, 188, 213-224. [CrossRef]
Nunes, M.R.T.; Faria, N.R.; de Vasconcelos, ].M.; Golding, N.; Kraemer, M.U.G.; de Oliveira, L.F.; da Silva
Azevedo, R.d.S.; da Silva, D.E.A ; da Silva, E.V.P; da Silva, S.P; et al. Emergence and potential for spread of
Chikungunya virus in Brazil. BMC Med. 2015, 13, 102. [CrossRef]

56



Trop. Med. Infect. Dis. 2020, 5,105

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Teixeira, M.G.; Andrade, A.M.S.; Da Costa, M.C.N.; Castro, ].5S.M.; Oliveira, FL.S.; Goes, C.S.B.; Maia, M.;
Santana, E.B.; Nunes, B.T.D.; Vasconcelos, PE.C. East/central/South African genotype chikungunya virus,
Brazil, 2014. Emerg. Infect. Dis. 2015, 21, 906-908. [CrossRef] [PubMed]

Ministério da Satide Ministério da Satide, 2020. Monitoramento dos casos de arboviroses urbanas transmitidas
pelo Aedes (dengue, chikungunya e Zika), Semanas Epidemioldgicas 01 a 52. Available online: https://www.
saude.gov.br/images/pdf/2020/marco/06/Boletim-epidemiologico-SVS-10.pdf (accessed on 8 May 2020).
Mayer, S.V.; Tesh, R.B.; Vasilakis, N. The emergence of arthropod-borne viral diseases: A global prospective
on dengue, chikungunya and zika fevers. Acta Trop. 2017, 166, 155-163. [CrossRef] [PubMed]

Izurieta, R.O.; DeLacure, D.A.; Izurieta, A.; Hoare, .A;; Reina Ortiz, M. Mayaro virus: The jungle flu.
Virus Adapt. Treat. 2018, Volume 10, 9-17. [CrossRef]

Gould, E.; Pettersson, J.; Higgs, S.; Charrel, R.; de Lamballerie, X. Emerging arboviruses: Why today?
One Heal. 2017, 4, 1-13. [CrossRef]

Long, K.C.; Ziegler, S.A.; Thangamani, S.; Hausser, N.L.; Kochel, T.J.; Higgs, S.; Tesh, R.B. Experimental
transmission of Mayaro virus by Aedes aegypti. Am. J. Trop. Med. Hyg. 2011, 85, 750-757. [CrossRef]
[PubMed]

Wiggins, K.; Eastmond, B.; Alto, B.W. Transmission potential of Mayaro virus in Florida Aedes aegypti and
Aedes albopictus mosquitoes. Med. Vet. Entomol. 2018, 32, 436—442. [CrossRef] [PubMed]

Pereira Serra, O.; Fernandes Cardoso, B.; Maria Ribeiro, A.L.; dos Santos, F.A.L.; Dezengrini Slhessarenko, R.
Mayaro virus and dengue virus 1 and 4 natural infection in culicids from Cuiaba, state of Mato Grosso,
Brazil. Mem. Inst. Oswaldo Cruz 2016, 111, 20-29. [CrossRef]

Lwande, O.W.; Obanda, V.; Lindstrém, A.; Ahlm, C.; Evander, M.; Naslund, J.; Bucht, G. Globe-Trotting Aedes
aegypti and Aedes albopictus: Risk Factors for Arbovirus Pandemics. Vector-Borne Zoonotic Dis. 2020, 20, 71-81.
[CrossRef]

Vieira, C.J.d.S.P.; Machado, L.C.; Pena, L.J.; de Morais Bronzoni, R.V.; Wallau, G.L. Spread of two Zika virus
lineages in Midwest Brazil. Infect. Genet. Evol. 2019, 75, 103974. [CrossRef]

Forrester, N.L.; Palacios, G.; Tesh, R.B.; Savji, N.; Guzman, H.; Sherman, M.; Weaver, S.C.; Lipkin, W.I.
Genome-Scale Phylogeny of the Alphavirus Genus Suggests a Marine Origin. |. Virol. 2012, 86, 2729-2738.
[CrossRef]

Schneider, A.d.B.; Ochsenreiter, R.; Hostager, R.; Hofacker, L.L.; Janies, D.; Wolfinger, M.T. Updated phylogeny
of Chikungunya virus suggests lineage-specific RNA architecture. bioRxiv 2019, 698522. [CrossRef] [PubMed]
de Morais Bronzoni, R.V.; Baleotti, E.G.; Nogueira, M.R.R.; Nunes, M.; Figueiredo, L.T.M. Duplex Reverse
Transcription-PCR Followed by Nested PCR Assays for Detection and Identification of Brazilian Alphaviruses
and Flaviviruses. J. Clin. Microbiol. 2005, 43, 696-702. [CrossRef] [PubMed]

Guedes, D.R.; Paiva, M.H.; Donato, M.M.; Barbosa, P.P.; Krokovsky, L.; Rocha, SW.S.; La Saraiva, K.;
Crespo, M.M.; Rezende, T.M.; Wallau, G.L.; etal. Zika virus replication in the mosquito Culex quinquefasciatus
in Brazil. Emerg. Microbes Infect. 2017, 6, €69. [CrossRef]

Lanciotti, R.S.; Kosoy, O.L.; Laven, ].].; Panella, A.].; Velez, ].O.; Lambert, A.].; Campbell, G.L. Chikungunya
virus in US travelers returning from India, 2006. Emerg. Infect. Dis. 2007, 13, 764-767. [CrossRef] [PubMed]
Machado, L.C.; de Morais-Sobral, M.C.; Campos, T.d.L.; Pereira, M.R.; de Albuquerque, M.d. EP.M.; Gilbert, C.;
Franca, REO.; Wallau, G.L. Genome sequencing reveals coinfection by multiple chikungunya virus genotypes
in a recent outbreak in Brazil. PLoS Negl. Trop. Dis. 2019, 13, €0007332. [CrossRef]

Quick, J.; Grubaugh, N.D.; Pullan, S.T.; Claro, LM.; Smith, A.D.; Gangavarapu, K.; Oliveira, G.;
Robles-Sikisaka, R.; Rogers, T.F; Beutler, N.A.; et al. Multiplex PCR method for MinION and Illumina
sequencing of Zika and other virus genomes directly from clinical samples. Nat. Protoc. 2017, 12, 1261-1266.
[CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114-2120. [CrossRef]

Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357-359.
[CrossRef]

Robinson, J.T.; Thorvaldsdéttir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; Mesirov, J.P. Integrative
genomics viewer. Nat. Biotechnol. 2011, 29, 24-26. [CrossRef]

57



Trop. Med. Infect. Dis. 2020, 5,105

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Danecek, P.; Auton, A.; Abecasis, G.; Albers, C.A.; Banks, E.; DePristo, M.A.; Handsaker, R.E.; Lunter, G.;
Marth, G.T.; Sherry, S.T.; et al. The variant call format and VCFtools. Bioinformatics 2011, 27, 2156-2158.
[CrossRef]

Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT online service: Multiple sequence alignment, interactive
sequence choice and visualization. Brief. Bioinform. 2017, bbx108. [CrossRef] [PubMed]

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]

Pickett, B.E.; Sadat, E.L.; Zhang, Y.; Noronha, ].M.; Squires, R.B.; Hunt, V.; Liu, M.; Kumar, S.; Zaremba, S.;
Gu, Z.; et al. ViPR: An open bioinformatics database and analysis resource for virology research. Nucleic
Acids Res. 2012, 40, D593-D598. [CrossRef]

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

Rambaut, A. FigTree: Tree Figure Drawing Tool Version 1.4.3; Institute of Evolutionary Biology, Ed.; University
of Edinburgh: Edinburgh, UK, 2014.

Tsetsarkin, K.A.; McGee, C.E.; Volk, S.M.; Vanlandingham, D.L.; Weaver, S.C.; Higgs, S. Epistatic roles of E2
glycoprotein mutations in adaption of Chikungunya virus to Aedes albopictus and Ae. Aegypti mosquitoes.
PLoS ONE 2009, 4, €90972. [CrossRef]

Tsetsarkin, K.A.; Chen, R; Leal, G.; Forrester, N.; Higgs, S.; Huang, J.; Weaver, S.C. Chikungunya virus
emergence is constrained in Asia by lineage-specific adaptive landscapes. Proc. Natl. Acad. Sci. USA 2011,
108, 7872-7877. [CrossRef]

Auguste, AJ; Liria, J.; Forrester, N.L.; Giambalvo, D.; Moncada, M.; Long, K.C.; Morén, D.; de Manzione, N.;
Tesh, R.B.; Halsey, E.S.; et al. Evolutionary and ecological characterization of mayaro virus strains isolated
during an outbreak, Venezuela, 2010. Emerg. Infect. Dis. 2015, 21, 1742-1750. [CrossRef]

Pauvolid-Corréa, A.; Soares Juliano, R.; Campos, Z.; Velez, ].; Nogueira, RM.R.; Komar, N. Neutralising
antibodies for mayaro virus in Pantanal, Brazil. Mem. Inst. Oswaldo Cruz 2015, 110, 125-133. [CrossRef]
Beckham, ].D.; Tyler, K.L. Arbovirus Infections. Contin. Lifelong Learn. Neurol. 2015, 21,1599-1611. [CrossRef]
Brazilian Ministry of Health Boletins epidemioldgicos. Available online: https://www.saude.gov.br/boletins-
epidemiologicos (accessed on 8 May 2020).

Zanotto, PM.d.A.; Leite, L.C.d.C. The Challenges Imposed by Dengue, Zika, and Chikungunya to Brazil.
Front. Immunol. 2018, 9, 1964. [CrossRef]

Secretaria de Estado de Saude de Mato Grosso Boletim Epidemioldgico: Dengue, febre de chikungunya
e febre pelo virus Zika. Available online: http://www.saude.mt.gov.br/dengue/arquivos/526/documentos
(accessed on 8 May 2020).

Moraes, M.M.; Kubiszeski, J.R.; Vieira, C.J.d.S.P.; Gusmao, A.F,; Pratis, T.S.; Colombo, T.E.; Thies, S.F,;
Araujo, Ed.C.; Zanelli, C.F,; Milhim, B.H.G.d.A.; et al. Concomitant detection of Saint Louis encephalitis
virus in two Brazilian States. Mem. Inst. Oswaldo Cruz. (under review).

Mota, M.T.O.; Vedovello, D.; Estofolete, C.; Malossi, C.D.; Aradjo, J.P.; Nogueira, M.L. Complete genome
sequence of mayaro virus imported from the Amazon Basin to Sao Paulo State, Brazil. Genome Announc.
2015, 3. [CrossRef] [PubMed]

Zuchi, N.; Da Silva Heinen, L.B.; Dos Santos, M.A.M.; Pereira, F.C.; Slhessarenko, R.D. Molecular detection of
Mayaro virus during a dengue outbreak in the state of Mato Grosso, Central-West Brazil. Mem. Inst. Oswaldo
Cruz 2014, 109, 820-823. [CrossRef]

Brunini, S.; Franga, D.D.S; Silva, ].B.; Silva, L.N.; Silva, EP.A_; Spadoni, M.; Rezza, G. High frequency of
mayaro virus IgM among febrile patients, central Brazil. Emerg. Infect. Dis. 2017, 23, 1025-1026. [CrossRef]
Zhang, R.; Kim, A.S; Fox, ].M.; Nair, S.; Basore, K.; Klimstra, W.B.; Rimkunas, R.; Fong, R.H.; Lin, H.;
Poddar, S.; et al. Mxra8 is a receptor for multiple arthritogenic alphaviruses. Nature 2018, 557, 570-574.
[CrossRef]

Chua, C.-L.; Sam, I.-C.; Chiam, C.-W.; Chan, Y.-F. The neutralizing role of IgM during early Chikungunya
virus infection. PLoS ONE 2017, 12, €0171989. [CrossRef]

Fumagalli, M.].; De Souza, W.M.; Romeiro, M.E,; de Souza Costa, M.C.; Slhessarenko, R.D.; Figueiredo, L.T.M.
Development of an enzyme-linked immunosorbent assay to detect antibodies targeting recombinant envelope
protein 2 of Mayaro virus. J. Clin. Microbiol. 2019, 57. [CrossRef] [PubMed]

58



Trop. Med. Infect. Dis. 2020, 5,105

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Cook, ].D.; Lee, J.E. The Secret Life of Viral Entry Glycoproteins: Moonlighting in Immune Evasion. PLoS
Pathog. 2013, 9. [CrossRef] [PubMed]

Powers, A.M.; Aguilar, P.V.; Chandler, L.].; Brault, A.C.; Meakins, T.A.; Watts, D.; Russell, K.L.; Olson, J.;
Vasconcelos, PE.C.; Da Rosa, A.T.; et al. Genetic relationships among Mayaro and Una viruses suggest
distinct patterns of transmission. Am. J. Trop. Med. Hyg. 2006, 75, 461-469. [CrossRef] [PubMed]

Santos, FM.; Dias, R.S.; de Oliveira, M.D.; Costa, .C.T.A.; Fernandes, L.d.S.; Pessoa, C.R.; da Matta, S.L.P,;
Costa, V.V.; Souza, D.G.; da Silva, C.C; et al. Animal model of arthritis and myositis induced by the Mayaro
virus. PLoS Negl. Trop. Dis. 2019, 13, €0007375. [CrossRef]

Harsha, PK; Reddy, V.; Rao, D.; Pattabiraman, C.; Mani, R.S. Continual circulation of ECSA genotype and
identification of a novel mutation 1317V in the E1 gene of Chikungunya viral strains in southern India during
2015-2016. . Med. Virol. 2020, jmv.25662. [CrossRef] [PubMed]

Agarwal, A.; Sharma, A K.; Sukumaran, D.; Parida, M.; Dash, PK. Two novel epistatic mutations (E1:K211E
and E2:V264A) in structural proteins of Chikungunya virus enhance fitness in Aedes aegypti. Virology 2016,
497,59-68. [CrossRef] [PubMed]

Vazeille, M.; Moutailler, S.; Coudrier, D.; Rousseaux, C.; Khun, H.; Huerre, M.; Thiria, J.; Dehecq, J.-S.;
Fontenille, D.; Schuffenecker, L; et al. Two Chikungunya Isolates from the Outbreak of La Reunion (Indian
Ocean) Exhibit Different Patterns of Infection in the Mosquito, Aedes albopictus. PLoS ONE 2007, 2, e1168.
[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, €201. [CrossRef] [PubMed]

Cunze, S.; Kochmann, J.; Koch, L.K.; Klimpel, S. Niche conservatism of Aedes albopictus and Aedes
aegypti-Two mosquito species with different invasion histories. Sci. Rep. 2018, 8, 1-10. [CrossRef]

Mourao, M.P.G.; Bastos, M.D.S.; De Figueiredo, R.P.; Gimaque, J.B.L.; Dos Santos Galusso, E.; Kramer, V.M.;
De Oliveira, C.M.C.; Naveca, EG.; Figueiredo, L.T.M. Mayaro fever in the city of manaus, Brazil, 2007-2008.
Vector-Borne Zoonotic Dis. 2012, 12, 42—46. [CrossRef]

Martins, K.A.; Gregory, M.K,; Valdez, SM.; Sprague, T.R.; Encinales, L.; Pacheco, N.; Cure, C.;
Porras-Ramirez, A.; Rico-Mendoza, A.; Chang, A; et al. Neutralizing Antibodies from Convalescent
Chikungunya Virus Patients Can Cross-Neutralize Mayaro and Una Viruses. Am. J. Trop. Med. Hyg. 2019,
100, 1541-1544. [CrossRef]

Webb, EM.; Azar, S.R.; Haller, S.L.; Langsjoen, R.M.; Cuthbert, C.E.; Ramjag, A.T.; Luo, H.; Plante, K.;
Wang, T.; Simmons, G.; et al. Effects of Chikungunya virus immunity on Mayaro virus disease and epidemic
potential. Sci. Rep. 2019, 9, 1-12. [CrossRef]

Naveca, F.G.; Claro, I.; Giovanetti, M.; de Jesus, J.G.; Xavier, J.; Iani, FC.d.M.; do Nascimento, V.A.;
de Souza, V.C.; Silveira, PP; Lourengo, J.; et al. Genomic, epidemiological and digital surveillance of
Chikungunya virus in the Brazilian Amazon. PLoS Negl. Trop. Dis. 2019, 13, e0007065. [CrossRef]

Fischer, C.; de Lamballerie, X.; Drexler, ].F. Enhanced Molecular Surveillance of Chikungunya Virus. mSphere
2019, 4, €00295-19. [CrossRef]

Figueiredo, L.T.M. Large outbreaks of chikungunya virus in Brazil reveal uncommon clinical features and
fatalities. Rev. Soc. Bras. Med. Trop. 2017, 50, 583-584. [CrossRef] [PubMed]

De O'Mota, M.T.; Avilla, C.M.S.; Nogueira, M.L. Mayaro virus: A neglected threat could cause the next
worldwide viral epidemic. Future Virol. 2019, 14, 375-377. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

59






Tropical Medicine and K\
Infectious Disease M D\Py

Atrticle

Identification of Mosquito Bloodmeals Collected in
Diverse Habitats in Malaysian Borneo Using

COI Barcoding

Katherine I. Young 1 Joseph T. Medwid 1 Sasha R. Azar 234, Robert M. Huff 3,
Hannah Drumm 6, Lark L. Coffey %7, R. Jason Pitts °, Michaela Buenemann 8,

Nikos Vasilakis 2391011 David Perera !> and Kathryn A. Hanley !

1 Department of Biology, New Mexico State University, Las Cruces NM 88003, USA;
jtmedwid@nmsu.edu (J.T.M.); khanley@nmsu.edu (K.A.H.)

2 Department of Pathology, University of Texas Medical Branch, Galveston, TX 77555, USA;

srazar@utmb.edu (S.R.A.); nivasila@utmb.edu (N.V.)

Department of Microbiology and Immunology, University of Texas Medical Branch,

Galveston, TX 77555, USA

Institute for Translational Sciences, University of Texas Medical Branch, Galveston, TX 77555, USA

5 Department of Biology, Baylor University, Waco, TX 76706, USA; Robert_Huffl@baylor.edu (R.M.H.);
Jason_Pitts@baylor.edu (R.].P.)

6 School of Veterinary Medicine, University of California Davis, Davis, CA 95616, USA;

hdrumm@ucdavis.edu (H.D.); Icoffey@ucdavis.edu (L.L.C.)

Department of Pathology, Microbiology & Immunology, University of California Davis,

Davis, CA 95616, USA

8 Department of Geography, New Mexico State University, Las Cruces, NM 88003, USA; elabuen@nmsu.edu

Center for Biodefense and Emerging Infectious Diseases, University of Texas Medical Branch,

Galveston, TX 77555, USA

10 Center for Tropical Diseases, University of Texas Medical Branch, Galveston, TX 77555, USA

11 Institute for Human Infection and Immunity, University of Texas Medical Branch, Galveston, TX 77555, USA

12 Institute of Health and Communiti Medicine, Universiti of Malaysia Sarawak, Sarawak 94300, Malaysia;
dperera@unimas.my

*  Correspondence: kiy761@nmsu.edu

Received: 7 January 2020; Accepted: 24 March 2020; Published: 1 April 2020

Abstract: Land cover and land use change (LCLUC) acts as a catalyst for spillover of arthropod-borne
pathogens into novel hosts by shifting host and vector diversity, abundance, and distribution,
ultimately reshaping host—vector interactions. Identification of bloodmeals from wild-caught
mosquitoes provides insight into host utilization of particular species in particular land cover
types, and hence their potential role in pathogen maintenance and spillover. Here, we collected 134
blood-engorged mosquitoes comprising 10 taxa across 9 land cover types in Sarawak, Malaysian
Borneo, a region experiencing intense LCLUC and concomitant spillover of arthropod-borne
pathogens. Host sources of blood were successfully identified for 116 (87%) mosquitoes using
cytochrome oxidase subunit I (COI) barcoding. A diverse range of hosts were identified, including
reptiles, amphibians, birds, and mammals. Sixteen engorged Aedes albopictus, a major vector of
dengue virus, were collected from seven land cover types and found to feed exclusively on humans
(73%) and boar (27%). Culex tritaeniohynchus (n = 2), Cx. gelidus (n = 3), and Cx. quiquefasciatus (n = 3),
vectors of Japanese encephalitis virus, fed on humans and pigs in the rural built-up land cover,
creating potential transmission networks between these species. Our data support the use of COI
barcoding to characterize mosquito-host networks in a biodiversity hotspot.

Trop. Med. Infect. Dis. 2020, 5, 51 61 www.mdpi.com/journal/tropicalmed



Trop. Med. Infect. Dis. 2020, 5, 51

Keywords: mosquito; vector; host; bloodmeal; arbovirus; Borneo; land cover and land use change;
Aedes; dengue virus

1. Introduction

Mosquito-borne viruses such as dengue virus (DENV), yellow fever virus (YFV), Zika virus (ZIKV),
and chikungunya virus (CHIKV) have gained notoriety for causing explosive, global pandemics
sustained in transmission between humans and the urban-living mosquitoes Ae. aegypti and Ae.
albopictus [1-3]. However, maintenance of such human-endemic cycles are actually quite rare among
mosquito-borne viruses, the majority of which are zoonotic [4-6]. In general, mosquito-borne viruses
are maintained in one of three cycles defined by specific hosts, vectors, and land cover types: 1) enzootic
cycles involve wildlife hosts and vectors in natural environments, 2) rural epizootic cycles involve
domestic animals and vectors in agriculture or rangelands, and 3) urban cycles involve humans or
urbanized wildlife as hosts and urbanized vectors found in cities or suburbs [4]. Although distinct,
these transmission cycles can be linked by spillover, the transmission of an arbovirus from a reservoir
host via a bridge vector to a novel host [1,6,7]. For example, DENV, CHIKYV, YFV, and ZIKV all arose in
ancestral, enzootic cycles and spilled over to establish human-endemic cycles. Spillover can sometimes
require amplification, which is infection of transmission-competent hosts that are fed upon by vectors
that bridge to an established cycle and to novel, dead-end hosts from which no further transmission
occurs [4,5]. Japanese encephalitis virus (JEV) is the main cause of human viral encephalitis in Asia
but is maintained in an enzootic transmission cycle between mosquitoes and wading birds. However,
the Culex mosquitoes that act as vectors are generalists and their feeding habits enable transmission to
pigs. In pigs, the virus can amplify to high titers, and subsequently transmit to other hosts, including
humans who are dead-end hosts for this virus [8].

The ability of a given vector species to mediate spillover depends on the breadth of its host
utilization and its distribution across different habitats. Mosquitoes that are host and habitat generalists
are more likely to act as bridge vectors than are highly specialized mosquitoes [9-12]. A number
of extrinsic and intrinsic factors influence the host preference of mosquitoes, including olfaction,
physiology, genetics, climate, host body heat, host defensive behavior, and host density [12]. However,
these traits are complex, and determining innate host preferences for mosquitoes experimentally via
lab or field studies can be biased by the use of colonized mosquitoes, seasonal and circadian changes
in host and vector density, and variation between mosquito populations, among other factors [9,12].
An alternative to the experimental approach is to collect blood-engorged mosquitoes from the wild
and use molecular methods to identify host use. While bloodmeal identification may not provide
a complete picture of host preference [9], it can provide an accurate representation of host utilization
patterns within a specific location and timeframe.

The current study used bloodmeal analysis to characterize mosquito-host interactions in Malaysian
Borneo, a biodiversity hotspot [13] that is experiencing extreme rates of land cover and land use
change (LCLUC) [14-17]. Since 1980, there has been steady clearance of native forests in Borneo,
including old-growth dipterocarp, peat swamp, heath, and mangrove forests, primarily for logging
and conversion to large plantations [14-17]. Meanwhile, high-density urban areas have expanded
and people in low-density rural regions continue to clear forested areas for subsistence farming [18].
LCLUC plays an important role in arbovirus transmission by reshaping vector-host interactions via
effects on vector and host distributions, abundance, and diversity [6,19-22]. In Borneo, extensive
spillover of arboviruses [23-25] and other mosquito-borne pathogens [26,27] has been documented in
the past several decades. Of particular concern are a number of cases of spillover of sylvatic DENV
into humans [28-31], as each spillover event has the potential to launch a new strain of this virus into
human-endemic transmission.
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Here, we opportunistically sampled bloodfed mosquitoes from mosquito collections in nine land
cover types, ranging from primary forest to barren land, in Sarawak Malaysian Borneo in 2016 and 2017.
From these samples we sought: 1) To identify mosquito bloodmeal sources, using cytochrome oxidase
subunit I (COI) barcoding, and 2) to represent the detected host-vector networks across these nine
land cover types, while acknowledging that, given the number of samples analyzed, this represents
only a small subset of the complete network within each land cover.

2. Materials and Methods

2.1. Study Site and Design

The study represents a concatenation of three projects focused on mosquito collections within
the Kuching, Samarahan, and Serian administrative divisions in Sarawak, Malaysian Borneo (central
coordinates: 1.5533° N, 110.3592° E), between April 2016 and June 2017 (Figure 1). Sarawak is
considered Tropical Rainforest (Koppen-Geiger classification [32]) and receives rainfall year-round.
This region of Sarawak comprises a mosaic of land covers including developed cities, peri-urban to rural
villages, expansive cash crop plantations, small subsistence farms, and primary and secondary forests.

i ey {
0 100 200 Kilometers B
i 010

Land Cover Type
O Barren O Open-Canopy Ground Vegetation @ Swamp Forest N
Urban Built-Up O  Non-Oil Palm Agriculture O Secondary Forest
@ Rural Built-Up © Oil Paim @ Primary Forest A

Figure 1. Study location in Sarawak, Malaysian Borneo is shown by the red box in the left panel.
Sites where a bloodmeal was collected and the host was identified are shown in the right panel. The land
cover type of each site sampled is designated by color.

The first project, termed the KK project, was a resampling of 15 sites across three land cover types
in the village of Kampung Karu in Sarawak from April to May of 2016. Mosquito sampling was focused
around homesteads, which are designated as rural built-up sites in this study, mixed agricultural
fields, and secondary forests surrounding the village. The sampling method is thoroughly described
by Young et al. (2017) [33]. Briefly, five sites in each land cover type were selected in the field based
on observations made between 2013 and 2014 [33]. In 2016, these sites were resampled to measure
changes in the abundance and diversity of mosquitoes and to evaluate land cover change between
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2013/2014 and 2016 sampling years [33]. Thus, a total of 15 sites were sampled for this project, of which
two yielded at least one blood-engorged mosquito for a total of two mosquitoes from this project.

The second project, called the OP project, began in June 2016 and ended in January 2017. Mosquito
sampling was undertaken to assess the effects of oil palm insertion into forests on mosquito diversity,
abundance, and distributions (Young et al. (2019) in revision for Ecosphere). Sampling was conducted
in oil palm plantations, forests conterminous with those plantations, and the edge between these two
land cover types. Google Earth satellite imagery from 25 July 2015 and 2 October 2015 was used to
digitize >15 hectare oil palm plantations and adjacent forest boundaries in ArcGIS version 10.3.1 (ESRI,
Redlands, California). Thirty-four sampling sites were randomly distributed at each of 10 isodistances,
bands of equal distances measured from the edge of oil palm plantations and adjacent forests, within
the boundaries of these land cover types; interior plantations to forest edges (-10 m, -50 m, —20 m,
and —100 m), edge (0 m), and edge to the interior of contiguous forests (+10, +20, +50, +100, +500 m).
A total of 340 sites were sampled for this project, of which 36 yielded at least one blood-engorged
mosquito for a total of 43 mosquitoes from this project.

The third project, called the LC project, was undertaken from February to June 2017.
Adult mosquito sampling was used to describe patterns in mosquito diversity, abundance,
and distribution associated with different land cover types in Sarawak. Landsat 8 Operational
Land Imager (OLI) imagery covering the study area from 13 October 2016, was downloaded via USGS
EarthExplorer (Landsat 8 imagery courtesy of U.S. Geological Survey; https://earthexplorer.usgs.gov)
and atmospherically and topographically corrected using ATCOR 3 [34,35](Atmospheric Corrections
Software). Spectral and spatial features derived from the 8 multispectral OLI bands as well as
topographic features derived from the Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model (DEM) [36,37] were combined in a 577-band layer stack. This layer stack was then classified
using Random Forest and 600 Google Earth-based training/testing sites into eleven major land cover
types: Urban built-up land, rural built-up land, agricultural land, primary forest, secondary forest,
swamp forest, mangrove forest, open-canopy ground vegetation, barren land, and water. The overall
classification accuracy was 80.2%. We subsequently generated 50 random points in each of eight of the
land cover types; barren land, urban built-up land, rural built-up land, open-canopy ground vegetation,
agricultural land, swamp forest, secondary forest, and primary forest. In total 132 sites were sampled
from these eight land cover types, of which 36 yielded at least one blood-engorged mosquito for a total
of 89 mosquitoes from this project.

At the completion of all projects, a total of nine land cover types were sampled; barren land,
urban built-up land, rural built-up land, open-canopy ground vegetation, non-oil palm agricultural
land, oil palm plantation, swamp forest, secondary forest, and primary forest; all are described in detail
in Table S1 and Figure S1. Criteria for land cover designation, described in Table S1, was consistent
across projects.

2.2. Mosquito Collection and Identification of Bloodfed Females

For the KK and OP projects, adult mosquitoes were collected using a backpack aspirator (Bioquip,
Rancho Dominguez, CA, USA) [33], while for the LC project mosquitoes were collected at each site
using a combination of gravid traps (Bioquip), CO, baited light traps (Clarke, St. Charles, IL, USA),
BG sentinel traps (Bioquip), and aspiration via a Prokopac aspirator. Aspiration for the KK project
was conducted for a duration of five minutes at nine trapping locations within each site and focused
on open air, vegetation, and the body of the sampler [33]. For the OP and LC projects, aspiration
was conducted around a 5 m radius from the center of each site by moving the aspirator in sweeping
motions through the open air and directly onto or near ground vegetation and taller vegetation up to
chest height, including trees and shrubs. For traps, one of each trap type was placed 5 m apart within
the site and run until retrieval the following day. All BG sentinel traps were used with an octenol
scent-bait (Bioquip). Gravid traps were placed over dark colored bins filled with hay infused water at
a ratio of 3.8 g of hay: 1L water. Light traps were suspended at head height from either vegetation or
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existing structures and supplied with a yeast CO, bait made from 500 mL water, 7g INS yeast, and 50 g
of coarse sugar, all acquired from a local grocery store [38].

Captured mosquitoes from all projects were transported in the collection containers used for each
trap type. The LC project transported trap containers in a cooler with ice packs back to the Universiti
of Malaysia Sarawak, where mosquitoes were killed by placing them at 20 °C, but the KK and OP
projects transported trap containers directly without ice packs. Mosquitoes were then morphologically
identified to the lowest taxonomic level possible using available keys [39-41] and the Walter Reed
Biosystematics Unit system [42]. Female mosquitoes with visibly engorged abdomens were identified
and their abdomens were separated and stored in individual tubes at -80°C for bloodmeal analysis.
The LC project retained individual mosquito legs in a separate tube from all bloodfed females to be
used for molecular identification of mosquitoes if needed; however, the KK and OP projects did not
retain legs for this purpose.

2.3. Bloodmeal DNA Extraction and COI Amplification

DNA was extracted from the abdomen of blood-engorged mosquitoes according to a protocol
described by Thiemann et al. (2012) using the Qiagen DNeasy Blood and Tissue Kit (Qiagen,
Germantown, MD, USA) [43]. Twenty pl of proteinase K was added to each tube and a sterile pestle
(Fisher Scientific, Hampton, NH) was used to gently crush the abdomen against the side releasing the
bloodmeal. Next, 120 ul Buffer ATL was added and samples were incubated over night at 56 °C. Column
extraction was then completed according to the manufacturer’s instructions (Qiagen, Germantown,
MD, USA).

Amplification of the cytochrome oxidase subunit I (COI) gene was conducted following one of
two protocols. First, a nested PCR protocol described by Thiemann et al. (2012) was used on extracted
DNA [43]. Briefly, the entire COI gene was amplified using primers that anneal to the tRNA regions
flanking the gene at the 5" and 3’ termini [43]. Four primer pairs were included in each reaction to cover
a wide taxonomic breadth of hosts (Table S2) [43]. The PCR reaction was performed using Amplitaq
(Applied Biosystems, Foster City, CA), and the volume of other reagents used are described in Table 52
under the tRNA protocol. Next an approximately 700 base pair fragment of the COI gene was amplified
using HotStarTaq (Qiagen, Hilden, Germany) from each of the tRNA products using 6 internal primers:
3 forward and 3 reverse (Table S2) [43]. These forward and reverse primers were mixed in 1:1:2 ratios:
VFmix is a 1:1:2 ratio of VF1, VF1d, VF1i, and VRmix is a 1:1:2 ratio of VR1, VR1d, VR1i (Table S3).
All bloodmeal samples were screened using this protocol, and those that failed to generate products
were then subject to a COI protocol described by Townzen et al. (2008) [44]. In brief, a 324 base pair
region of COI was amplified from the extracted DNA using primers designed for a broad range of
vertebrates and a recombinant Taqg DNA polymerase (Invitrogen, Carlsbad, CA) (Table S2, Table S3).
All PCR reactions were visualized on a 1.5% TAE agarose gel and included both negative and positive
controls; the latter included DNA extracted from the blood of one amphibian (Anaxyrus boreas) (gift of
Dr. Jamie Voyles, University of Nevada Reno IACUC 00698), one bird (Melopsittacus undulates) (gift of
Dr. Timothy Wright, New Mexico State University (NMSU) IACUC 2016-006), one mammal (Ovies
aries) (gift of Dr. Ryan Ashley, NMSU IACUC 2017-020), and one reptile (Acrantophis spp.) (gift of the
Alamagordo Zoo, Alamagordo, New Mexico) species.

2.4. Sequence Analysis and Host Identification

Sanger sequencing was performed on samples with PCR products of the expected amplicon size.
For samples amplified using the Thiemann protocol [43], the VFli primer was used for sequencing.
Samples amplified using the Townzen protocol [44] were sequenced using both forward and reverse
primers. Returned sequences were trimmed and, if amplified using the Townzen protocol, forward
and reverse reads were aligned using ClustalW in Geneious software (Newark, NJ). Alignments
were used to generate a consensus sequences for these samples. All samples were BLAST-searched
against BOLD and NCBI databases. Generally, sequences with less than 3% sequence divergence are
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considered conspecific in DNA barcoding [45,46]. However, this designation is arbitrary, and it can be
appropriate to use more broad sequence divergence criteria [47]. For host identification, sequences
with >95% sequence identity were considered conspecific so long as the host identified was an endemic
species of Borneo and frequently found in the land cover detected. Sequences with >80% identity
were considered congeneric and between 77%-80% identity confamilic. However, if sequences had
>80% identity to a species that is not known to occur in Borneo, or the surrounding region, they were
considered confamilic.

2.5. Molecular Confirmation of Bloodfed Mosquito Species

To confirm morphological identifications of bloodfed mosquitoes, we attempted COI barcoding
using a protocol described by Young et al. (2017) [33] from the LC project leg tissues. Briefly, total DNA
and RNA was extracted using Trizol (Invitrogen, Pittsburgh, PA). Primers described by Folmer et al.
(1998) [48] were then used in a PCR reaction to amplify a 710 base pair region of the COI gene. If the
PCR reaction failed to yield a product, RNA was used in an RT-PCR reaction with the same primers to
create cDNA for this region of the COI gene. The resulting products were then sequenced using both
the forward and reverse primers, consensus sequences were generated, and resulting sequences were
BLAST-searched against the BOLD and NCBI databases (Young et al. 2017) (Supplementary file SF1).

2.6. COI Cloning and Molecular Identification of Mosquitos from Bloodmeal DNA

Using the methods described in Section 2.5 in combination with morphological identification,
three mosquitoes in which a bloodmeal had been amplified could be confidently identified to the
level of species, two mosquitoes to genus, and one to family. To attempt to achieve more species-level
identifications, we subjected a subset of 20 samples to cloning prior to sequencing. First, a PCR reaction
was performed using primers that amplify an approximately 250 bp region of mosquito COI (Table S2)
and 2x GoTaq Green PCR Master mix (Promega, Madison, WI) (Table S4). After PCR amplification,
cloning using 2 ul of each reaction product was performed with the TOPO TA cloning kit (ThermoFisher
Scientific, Waltham, MA) according to the manufacturer’s protocol. Colonies were picked and placed
into 3 mL of LB+Amp (100 ug/mL) liquid media and incubated at 37 °C for 16 h with shaking at
220 rpm. Miniprep liquid cultures (Gene]ET, ThermoFisher Scientific, Waltham, MA) were created,
diluted to 100 ng/ul, and then sequences at the UT Austin Sequencing Facility. These sequences were
next compared to the BOLD and NCBI databases to confirm mosquito species. Because this amplicon
was shorter than the traditional, 500-bp barcodes generated above, many of these sequences provided
lower-level resolution. If a sample had been identified to species a priori using morphology and the
sequence of the cloned amplicon had >98% identity to that species, we considered our morphological
ID to be confirmed. If we had been unable to pinpoint a species-level ID and the sequence had equal
percent identity across multiple species within the same genus, we considered this genus the lowest
level of taxonomy achieved. If our sequence had equal percent identity across multiple genera, it was
considered unresolved and the morphological identification was used as the final identification.

2.7. Descriptions of Host and Vector Networks

Due to the small number of bloodfed mosquitoes collected, we did not attempt statistical analyses
of these data. To visualize host and vector networks, associations between vectors and hosts detected
from bloodmeal identification, alluvial plots were created for each land cover type from which >5
bloodmeals were identified. Alluvial plots show the frequency of connections between categorical
groups. The nodes of the plot, i.e., the black bars on the left and right sides, represent a category of
interest, mosquito and host taxa in this case. The size of the node is relative to the proportion that
each category represents of total samples. The flows of the plot, colored fans in the center of each plot,
represent the connections between nodes and the size of each flow is proportional to the frequency at
which those connections are made. Alluvial plots were created using RAWGraphics [49].
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3. Results

3.1. Identification of Mosquito Bloodmeal Sources

Of 7299 mosquitoes collected from all projects, 134 were blood-engorged females, representing
<2% of the total mosquitoes sampled. The relatively sparse yield of bloodfed mosquitoes is typical
of studies in natural, tropical habitats [50-55]. For example, Brown et al. collected 127 bloodfed
mosquitoes using three trap types in Sabah, Malaysian Borneo and were able to identify host species
in 30% of these [52]. The small total number of blood fed mosquitoes in this study and the variation
in sample size across land cover types, ranging from 1 mosquito in barren land to 42 mosquitoes in
secondary forests, precluded statistical analysis of arbovirus spillover risk to humans.

The 134 specimens analyzed included eight genera of mosquitoes: Aedes, Anopheles, Armigeres,
Culex, Mansonia, Topomyia, Tripteroides, Uranotaenia; one group identified to the Aedini tribe; and one
specimen only identified to the Culicidae family. Engorged mosquitoes were collected from 74 sites in
9 land cover types in Sarawak. Four of these land cover types, barren, urban, open canopy ground
vegetation and swamp forest, were sampled only in the LC project. Oil palm agriculture was sampled
only in the OP project. Rural built-up (LC = 8 sites, KK = 1 site), non-oil palm agriculture (LC = 3 sites,
KK =1 site), secondary forest (OP = 24 sites, LC = 5 sites), and primary forests (LC = 3 sites, OP = 3
site) were sampled in two separate projects. However, since land cover classifications were consistent
across projects, this is unlikely to confound consideration of networks within a land cover. Of the
sampling methods used, 76% of the bloodfed mosquitoes were captured via aspiration, 19% via gravid
traps, 4% via BG Sentinel traps, and 1% via light traps. Of the 134 blood fed mosquitoes, hosts were
identified from 87% (n = 116).

Twenty-one unique host families were detected, including amphibians: Dicroglossidae
Megophryidae, Ranidae; birds: Columbidae, Fringillidae, Phasianidae, Pittidae, Remizidae, Strigidae,
Timaliidae; mammals: Canidae, Cervidae, Cynocephalidae, Hominidae, Muridae, Suidae, Tarsiidae,
Tragulidae, and reptiles: Agamidae, Scincidae, Varanidae. Host identity was resolved to species for
92 specimens, to genus for 15, and to family for nine. No evidence of multiple hosts was detected in
any mosquito.

With 62 specimens, Culex mosquitoes made up the majority of the collection and also encompassed
the widest range of hosts including, reptilian (15%), amphibian (1%), avian (32%), and mammalian
(52%) taxa. Similarly, a wide range of hosts were detected from 16 Uranotaenia specimens, with over
half coming from reptilian and amphibian hosts (81%), 13% from avian hosts, and 6% from mammalian
hosts. Humans were the only hosts detected from 16 mosquitoes identified only to the Aedini tribe.
All sixteen Aedes samples collected were identified as Ae. albopictus. Seventy-five percent of Ae.
albopictus bloodmeals identified were humans, and the remaining from Sus scrofa (wild boar) and Sus
barbatus (bearded pig). Only a single sample each was collected from the remaining mosquito genera
and reptiles and mammals were detected as hosts for these (Table 1, Supplementary file SF1).
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Table 1. Description of hosts detected via cytochrome oxidase subunit I (COI) bloodmeal barcoding
from specified mosquito genera or tribes in Sarawak. Whole numbers represent counts of host species
detected. Percentages represent the proportion of bloodmeals detected from specified taxonomic
groups for different mosquito genera.
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Amphibian 1% 63%
Hylarana spp. Golden-backed frog 1
Leptobrachium hendricksoni Spotted litter frog 3
Limnonectes spp. Forked-tongued frog 6
Rana spp. Brown frog 1
Avian 32% 13%
Ketupa ketupu Buffy fish owl 1
Fringillidae Finches 1
Gallus gallus Red jungle fowl 12
Macronous spp. Pin-stripedtit-babbler 1
Pitta nympha Fairy pitta 4
Remiz spp. Eurasian pendulines 2
Streptopelia chinensis Spotted dove 1
Mammal 100% 100% 100% 52% 100% 100% 5%  100%
Canis lupus familiaris Domestic dog 2
Cephalopachus bancanus Horsfields tarsier 1
Cynocephalus variegatus Malayan colugo 1 1
Homo sapiens Human 12 10 1 16
Muntiacus muntjak Barking deer 1
Rattus tiomanicus Malaysian field rat 1
Sus barbatus Bornean bearded pig 1 5 1
Sus scrofa Wild boar 3 12
Tragulus spp Mouse deer 1
Reptile 15% 100% 100% 19%
Agamidae Dragon lizard 4 1
Draco spp. Flying lizard 2 1
Scincidae Skink 3
Varanus salvator Water monitor 3
TOTALS 16 1 1 62 1 1 1 1 16 16

3.2. Identification of Mosquitoes Collected

Molecular taxonomy using COI barcoding was attempted on 104 of the bloodfed mosquito

samples from which hosts had been identified. Eighty-six of these samples were attempted using
DNA extracted from mosquito legs using the protocol described in Section 2.5, and 18 samples
were attempted using DNA extracted from the mosquito abdomen using the protocol described in
Section 2.6. The remaining samples were not subjected to COI barcoding because they were either
easily identified morphologically or were morphologically identified similarly to the other submitted
samples. Sequences were generated for 24 samples with lengths ranging from 267 to 619 bp; however,
only five mosquito specimens could be identified to species with these sequences, including Cux.
tritaeniorhynchus (N = 2), Cx. gelidus (N = 2), and Ae. albopictus (N = 1). Four samples were identified
to genus, Culex (N = 1) and Anopheles (N = 1), tribe, Aedini (N = 1), or family, Culicidae (N = 1)
(Supplementary file SF1). The remaining sequences had BLAST matches to multiple genera with >90%
sequence identity, indicating an unresolved molecular identification.

3.3. Mosquito—-Host Networks by Land Cover Type

Alluvial plots were created from those land covers with >5 mosquito-host interactions detected
to visualize the relative frequency of connections between the sampled mosquitoes and hosts in
the land cover types sampled. Barren, urban built-up, and rural built-up comprised three of the
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six human-modified land cover types in the study. Only one engorged mosquito, Ae. albopictus,
was collected in barren land, and this mosquito had fed on a human. Four engorged Culex
quinquefasciatus were collected in urban built-up land, three of which had fed on red jungle fowl and one
on spotted dove. Within the rural built-up land cover type, seven host taxa were detected from 12 Cx.
quinquefasciatus, six Cx. gelidus, two Cx. tritaeniorhynchus, 12 unidentified Culex and three Ae. albopictus.
Culex species fed on mammals (70%; wild boar, humans, bearded pigs, dogs, and a Malaysian field rat),
birds (27%, all red jungle fowl), and amphibians (3%, a golden-backed frog). Three Ae. albopictus in
this land cover type fed on wild boar (Figure 2A).

Open-canopy ground vegetation, non-oil palm agriculture, and oil palm agriculture comprised
the remaining three human-modified land cover types in the study. Three mammals were detected as
hosts from six mosquitoes in the open-canopy ground vegetation land cover type. Bearded pig was
identified as a host for one Ae. albopictus and one Uranotaenia sp., wild boar was identified as a host for
two Culex sp., and humans were detected as a host from two Ae. albopictus (Figure 2B). Land under
several agricultural crops, including cocoa (n = 1), durian (n = 1), fish (n = 1), and lime (n = 1) farms,
made up the non-oil palm agriculture land cover type. In these agricultural lands, humans were
identified from four Culex specimens and one Ae. albopictus (Figure 2C). Additionally, a buffy fish
owl was identified as the host for one Culex sp. (Figure 2C). In oil palm plantations, humans were
detected as hosts from five Ae. albopictus specimens and a forked-tongued frog from one Uranotaenia
sp. (Figure 2D).

Three categories of forest were sampled in this study. In swamp forests, the most common
mosquito collected was morphologically identified as Verrallina, but as molecular analyses to date have
been inconclusive, these are here listed simply as Aedini. Humans were the only hosts detected from
these 16 specimens (Figure 2E). Three Culex sp. from swamp forests fed on humans (33%) and water
monitor lizards (67%) (Figure 2E). Amphibians were the only hosts detected from the Uranotaenia
mosquitoes in this land cover type, including one spotted-litter frog and one brown frog (Figure 2E).

The majority of engorged mosquitoes were collected in secondary forests, while only 5 bloodmeals
were identified from primary forest, thus these land cover types were combined into a single alluvial
plot (Figure 2F). Uranotaenia was the most common genus from secondary forests; hosts for this genus
of mosquitoes included reptiles (27%, skink), amphibians (64%, spotted litter frog and forked-tongued
frog), and birds (9%, Eurasian penduline tit) (Figure 2F). Culex in secondary forests fed on birds
(42%, pin-striped tit-babbler and fairy pitta), reptiles (50%, agamid lizard, flying lizard, and a water
monitor), and mammals (8%, Malaysian colugo) (Figure 2F). Humans were detected as hosts for two Ae.
albopictus specimens in secondary forests (Figure 2F). The remaining mosquito genera were collected
as singleton samples and hosts encompassed a broad array of taxa (Figure 2F).

Primary forests yielded the only non-human primate bloodmeal, from a Horsfield’s tarsier, detected
in this study. This bloodmeal was isolated from a single Culex specimen (Figure 2F). Unfortunately,
COI barcoding results have not enabled a species-level identification of this specimen. Culex sp. also
fed upon a finch and an agamid lizard in this land cover type (Figure 2F). A single Ae. albopictus
collected in primary forests fed on human, and a single Uranotaenia mosquito fed upon a Eurasian
penduline tit (Figure 2F).
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Figure 2. Alluvial plot showing mosquito and host networks at the land cover level for all land covers in
which >5 bloodfed mosquitoes were collected (A) rural built-up (n = 36 mosquitoes), (B) open-canopy
ground vegetation (n = 6), (C) non-oil palm agriculture (n = 6), (D) oil palm agriculture (n = 6),
(E) swamp forests (n = 21), (F) secondary and primary forests (n = 36). Left nodes represent mosquito
and right nodes represent host taxonomic groups. Colors of alluvial fans are consistent across figures
and indicate mosquito genus.
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3.4. Site Level Networks Between Mosquitoes and Hosts

For spillover of arboviruses to occur, vectors and hosts must be in close proximity. This may
translate to a fine spatial scale, such as the site level, given the limited dispersal distances of most
mosquitoes [56]. Therefore, sites were identified where either 1) a single mosquito taxonomic group
was feeding on multiple host taxa or 2) two mosquito taxonomic groups were feeding on a single
host taxon.

The first scenario, in which a single mosquito group fed on multiple taxa, played out at sites within
the urban built-up (N = 1), rural built-up (N = 2), non-oil palm agriculture (N = 1), and secondary
forest (N = 2) land cover types (Table 2). At site U_009, Culex quinquefasciatus fed on two avian species,
red jungle fowl and spotted dove. Rural site R_015 had a network between four different Culex taxa
and multiple hosts (Figure 3). One Cx. gelidus fed on humans, two on bearded pigs, and three on wild
boar. Two Cx. tritaeniorhynchus, shared a similar feeding pattern as Cx. gelidus, feeding on humans and
bearded pig. One Cx. quinquefasciatus fed on wild boar. At this site, three Culex spp. fed on humans,
two on bearded pigs, four on wild boar, two on red jungle fowl, one on a Hylarana frog, and one on
a Malaysian field rat. At site R_001, Cx. quinquefasciatus fed on both humans and wild boar. At site
AG_017, a durian farm, two unidentified Culex sp. fed on a bulffy fish owl and a human. At secondary
forest site SF_017 two Culex sp. fed on fairy pitta birds and one on a flying lizard. Last, at secondary
forest site F_123 two Uranotaenia mosquitoes fed on an amphibian, a spotted-litter frog, and a reptile,
a skink.

The second scenario, in which multiple mosquito taxa feed on a single host species, only played
out at one site within the rural-built up land cover type site R_013, where wild boar was host for one
Cx. quinquefasciatus and two Ae. albopictus (Table 2).

Cx. quinquefasciatus Cx. gelidus Cx. tritaeniorhynchus
A A

Sus barbatus Homo sapiens Sus scrofa

Figure 3. Connections between humans and pig species mediated by designated Culex species within
the rural built-up site R_015. Samples sizes are found in Table 2. Host species images from left to
right are Bornean bearded pig (Sus barbatus) [57]F, human (photograph taken by Katherine I. Young),
and Eurasian wild boar (Sus scrofa) [58]". t Licensee of the Licensed Material: Ecology, Conservation
and Management of Wild Pigs and Peccaries, Bearded pig Sus barbatus (Miiller, 1838), Eurasian wild
boar Sus scrofa (Linnaeus, 1758), License Date: 03/26/2020, PLSclear Ref No.: 35570. Reproduced with
permission of The Licensor through PLSclear
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Table 2. Mosquito and host networks at the site level in sites where either a single mosquito taxon fed

on multiple host taxa or multiple mosquito taxa fed on a single host taxon.

Site ID Mosquito Taxa Host Taxa Number Bloodmeals Identified
Urban Built-Up
U_009 Culex quinquefasciatus Gallus gallus 1
Culex quinquefasciatus Streptopelia chinensis 1
Rural Built-Up
R_015 Culex gelidus Homo sapiens 1
Culex gelidus Sus barbatus 2
Culex gelidus Sus scrofa 3
Culex tritaeniorhynchus Homo sapiens 1
Culex tritaeniorhynchus Sus barbatus 1
Culex quinquefasciatus Sus scrofa 1
Culex species Gallus gallus 2
Culex species Homo sapiens 3
Culex species Hylarana species 1
Culex species Rattus tiomanicus 1
Culex species Sus barbatus 2
Culex species Sus scrofa 4
R_001 Culex quinquefasciatus Gallus gallus 5
Culex quinquefasciatus Sus scrofa 1
R_013 Aedes albopictus Sus scrofa 2
Culex quinquefasciatus Sus scrofa 1
Durian Farm
Ag 017 Culex species Ketupa ketupu
Culex species Homo sapiens
Secondary Forest

SF_017 Culex species Draco species 1
Culex species Pitta nympha 2
F_123 Uranotaenia species Leptobrachium hendricksoni 1
Uranotaenia species Scincidae family 1

4. Discussion

Our data on mosquito bloodmeal sources from a range of land cover types in Sarawak, Malaysian
Borneo demonstrate that bloodmeal analysis from mosquitoes can be used to identify a broad range
of hosts in a biodiversity hot spot. In our sample of 134 engorged female mosquitoes, 87% of the
bloodmeal sources were identified, similar to other studies of mosquito host feeding patterns [59-62].
Eighty-three percent of the 18 samples that failed to produce host identifications were collected in the
KK and OP projects. Mosquitoes from these projects were not held on ice packs during transportation
back to the laboratory, while samples from the LC project were held on ice, which may account for
the greater success in amplifying samples from the LC project. Storage method and temperature has
been shown to impact the success of DNA amplification from mosquito bloodmeals [63,64]. Further,
we did not attempt to characterize the digestion status of the bloodmeals collected in any of the projects.
DNA degradation of the bloodmeal occurs over time and negatively impacts the success of DNA
extraction and bloodmeal identification [63,65,66]. It is also possible that certain host species were
not detected due to the specificity of the primers used. A recent study on the Ryukyu Archipelago of
Japan reported specialized feeding patterns of Ae. baisasi on 15 different fish species determined using
universal COI primers and fish specific mitochondrial 125 rRNA primers [51].

Several mosquitoes known to act as key arbovirus vectors were analyzed in this study. Across
seven land cover types, humans and boars were the only hosts detected from 16 Ae. albopictus,
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an important vector of human-endemic DENV within this region and a potential bridge vector for
sylvatic DENV as well as other arboviruses. Despite its spread into urban areas [67], Ae. albopictus
is thought to be sylvatic in nature and generalist in feeding behavior [68]. Ae. albopictus has been
shown to feed on birds, amphibians, and reptiles across its global range, though the majority of
bloodmeals characterized come from mammals [60,69]. Within its native range, Ae. albopictus seems
to preferentially feed on humans, although the majority of studies supporting this conclusion have
been conducted in urban and rural land cover types where humans are highly abundant [60,69,70].
However, Sivan et al. reported a reduction in human feeding by Ae. albopictus from urban to forested
landscapes in India [71]. Our data revealed humans as hosts for Ae. albopictus in both secondary and
primary forests where this species may play a role as a bridge vector in sylvatic DENV spillover to
humans [7,33]. We detected no non-human primates as hosts for Ae. albopictus, although Khaklang
and Kittayapong reported seven cases in which monkeys and humans were detected from a single
bloodmeal from Ae. albopictus samples in sites near national parks in Thailand [72]. Further studies on
the feeding behavior of Ae. albopictus in forests, would be valuable for better determining its role as
an arbovirus bridge vector.

Several Culex species known to act as vectors of JEV were collected in this study, including Cx.
tritaeniorhynchus, Cx. gelidus, and Cx. quinquefasciatus [73]. Cx. tritaeniorhynchus has been described
as the main vector of JEV transmission in Southeast Asia, where it is highly zoophilic and facilitates
amplification of the virus in pigs [6,73,74]. Humans and bearded pigs were the only hosts identified
from Cx. tritaeniorhynchus from a single site in the rural built-up land cover type. The last study of JEV
transmission and feeding habits of Cx. tritaeniorhynchus in this region of Sarawak was conducted in the
early 1970s, and this species was also found to feed on pigs and humans in rural villages [75]. Based on
the bloodmeals taken by other mosquito species, our data show a diversity of hosts available within the
rural built-up land cover type; nonetheless, the 2 Cx. tritaeniorhynchus sampled selected only humans
and pigs. The other JEV vectors mentioned above were also found to feed on Suidae, humans, and in
the case of Cx. quinquefasciatus, birds, in urban and rural built-up land cover types. The majority of host
feeding behavior studies for Cx. quinquefasciatus have been conducted in North America and Europe
due to its high competence for West Nile virus (WNV) transmission. In this region, this species is
an opportunistic feeder and bridge vector [76,77]. Hosts identified from Cx. quinquefasciatus across all
land cover types were primarily birds, though none of the species documented are known hosts of JEV.
Cx. gelidus, which previous studies have shown to be an opportunistic feeder [59,78], was only collected
in the rural built-up land cover type where it fed on humans and Suidae. Importantly, all engorged Cx.
gelidus and Cx. tritaeniorhynchus were collected from the same site, R_015, where their intertwined host
utilization reveals potential risk for JEV transmission. The remaining Culex specimens were mostly
identified only to genus but showed a wide land cover distribution and breadth of hosts, including the
only non-human primate detected in this study, the Horsfield’s tarsier. This group of Culex also created
within-site host networks, the most important of these with Cx. tritaeniorhynchus and Cx. gelidus,
which created connections among six taxa. Identifying these individual species will provide valuable
information about their potential vector status, and work to this end is ongoing. We focus on these
site-level interactions not to draw general inferences, which is not possible due to the small samples
sizes, but rather to offer a model for how this type of data should be parsed to gain maximum insight.

Two other groups of mosquitoes, Uranotaenia and a group of 16 individuals identified to the
Aedini tribe, made up a significant portion of the bloodmeals identified in this study. Uranotaenia
species are not considered relevant vectors of human disease, although WNV has been isolated from Ur.
unguiculata in Eastern Europe [79]. Little is known about this genus of mosquitoes, but some species
have been shown to preferentially feed on birds, herptiles, and invertebrate, annelid hosts [61,79].
Some of these feeding preferences were corroborated in our data, extending existing knowledge
of the feeding habits of this genus. Humans were the only hosts detected from the Aedini group
across multiple swamp forest sites, making this group of individuals the only complete specialists
identified in this study. These samples were originally morphologically identified as belonging to
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Verrallina, a genus within the Aedini tribe forming a monophyletic group most closely related to
Aedes [80]. The 95 known species of Verrallina primarily occur across the Indomalayan and Australasian
biogeographic realms and prefer habitats with flushed pools of brackish water [81-83], similar to the
swamp forest sites in which these Aedini specimens were collected. Though Verrallina is not considered
a medically-important genus of mosquito vectors, they are considered pest species that frequently bite
humans [82]. Further, some species have been shown to be experimentally competent for Barmah
Forest and Ross River viruses in Australia [84,85]. Though these viruses are not known to occur in
Borneo, solid identification of these mosquitoes is necessary to better understand their potential as
vectors within this region.

The remaining mosquito taxa collected in this study represent single specimens from secondary
forests. Of the five mosquitoes identified to genus, three genera, Anopheles, Armigeres, and Mansonia,
include known vectors of human pathogens in this region [86]. Based on sample size, no clear
host network information can be visualized for these species. However, the hosts detected from
these specimens are diverse, two of which, Bornean bearded pig and fairy pitta, are considered
vulnerable species by the International Union for Conservation of Nature (IUCN) [87]. Further,
the only non-human primate detected in this study, Horsfield’s Tarsier, is also considered vulnerable
by IUCN [87] and was a host for an unidentified Culex species. Bloodmeals from leeches have been
used in Southeast Asia to detect mammalian hosts for conservation efforts [88], and Kocher et al. (2017)
took a similar approach in French Guiana with dipteran vectors of disease [89]. This latter study
sampled bloodfed Phlebotominae flies and mosquitoes across a gradient of anthropogenic pressure
on the local native rainforest forest and compared the diversity of hosts identified. Similar to our
data, they found that the diversity of hosts detected was reduced with the increase of anthropogenic
disturbance of the surrounding forest [89]. Further, mosquito bloodmeals can be used to give insight
into the prevalence of pathogens circulating in wildlife that can pose a significant disease risk and
impact conservation efforts [90]. Given the impact of LCLUC on the biodiversity of terrestrial animals
in Borneo [91-93] and diversity of hosts detected in our study, a targeted surveillance of mosquitoes
and other hematophagous insects is warranted for use in species detections and conservation efforts.

Humans were detected as bloodmeal sources for mosquitoes, many of known vector status, in all
land cover types investigated except, ironically, urban built-up. From these data we can conclude that
humans are encountered and desired as hosts, despite a relatively high diversity of hosts available
across all land cover types, and that there is potential for zoonotic arboviral spillover between land
cover types. Future research should focus on arbovirus surveillance in mosquitoes in Sarawak using
virus isolation and/or next generation sequencing from which host, vector, and pathogen can be
detected. Such surveillance would be most profitable at the interior and border of agricultural, rural,
and forested land cover types in Borneo where reservoir hosts occur and humans live in close proximity
to reservoir species habitats [1,11,94].

Given that we identified 21 host taxa from a relatively small sample of mosquitoes, it is almost
a certainty that more extensive sampling efforts would increase the richness of host species and vector
species detected and the complexity of host-vector networks. However, the interactions identified
in this study would still hold. Moreover, few studies have performed bloodmeal analyses from
mosquitoes in Borneo; to date, only Brown et al. have reported the identification of 38 bloodmeals
from mosquitoes in Sabah, Malaysian Borneo [52]. Thus, our data give valuable insight into the vector
and host networks related to arbovirus transmission, especially JEV and DENV, which can be used for
targeted surveillance of zoonotic arboviruses within this region of Borneo.
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PCR reaction information, Table S4: PCR reaction and conditions for cloning.
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Abstract: Crimean-Congo hemorrhagic fever virus (CCHFV) infection is identified in the 2018 World
Health Organization Research and Development Blueprint and the National Institute of Allergy and
Infectious Diseases (NIH/NIAID) priority A list due to its high risk to public health and national
security. Tick-borne CCHFYV is widespread, found in Europe, Asia, Africa, the Middle East, and the
Indian subcontinent. It circulates between ticks and several vertebrate hosts without causing overt
disease, and thus can be present in areas without being noticed by the public. As a result, the potential
for zoonotic spillover from ticks and animals to humans is high. In contrast to other emerging viruses,
human-to-human transmission of CCHFV is typically limited; therefore, prevention of spillover
events should be prioritized when considering countermeasures. Several factors in the transmission
dynamics of CCHFYV, including a complex transmission cycle that involves both ticks and vertebrate
hosts, lend themselves to a One Health approach for the prevention and control of the disease that
are often overlooked by current strategies. Here, we examine critical focus areas to help mitigate
CCHEFV spillover, including surveillance, risk assessment, and risk reduction strategies concentrated
on humans, animals, and ticks; highlight gaps in knowledge; and discuss considerations for a more
sustainable One Health approach to disease control.

Keywords: One Health; spillover; animal-human interface; Crimean—-Congo hemorrhagic fever;
tick-borne virus; outbreak response; surveillance; tick; livestock; risk reduction

1. Introduction

Tick-borne Crimean-Congo hemorrhagic fever virus (CCHFV; family Nairoviridae; genus
Orthonairovirus) causes a severe, often fatal zoonotic hemorrhagic fever in humans, and is listed
as a World Health Organization (WHO) and National Institute of Allergy and Infectious Diseases
(NIH/NIAID) priority disease based on its capacity for person-to-person transmission, high mortality
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rate of the disease, and a lack of effective therapeutics or vaccines for human or animal use. Viral
isolation and/or disease have been reported from more than 30 countries in Africa, Asia, Southeast
Europe, and the Middle East. Hyalomma species ticks serve as both reservoir and vector of CCHFV;
transmission to humans occurs through tick bite, crushing of engorged ticks, or, to a lesser degree,
via contact with body fluids of domestic animals or patients with Crimean—Congo hemorrhagic fever
(CCHEF). Infection can result in a spectrum of disease; case fatality rates in outbreak settings range
between 3% and 80%. Severe disease is characterized by a sudden onset of symptoms, such as
high fever, headache, myalgia, and petechial rash, frequently followed by a hemorrhagic state and,
occasionally, multiorgan failure [1].

Recently, new foci of CCHF have been identified in several parts of the world, including the
Balkan countries, southwest Russia, the Middle East, India, and Spain. Potential reasons for the
emergence or re-emergence of CCHF include anthropogenic factors, such as changes in agricultural
activities, habitat fragmentation, and importation of infected animals and ticks [2,3]. The potential
influence of climate change on the spread of the disease has also been suggested [4-6]. Outbreaks
have historically been seasonal and sporadic with clusters of few cases. However, recent increases
in the number of cases, especially in Turkey and southwest Asia, have demonstrated the imminent
public health impact of this re-emerging disease [7,8]. The potential for zoonotic spillover to humans
is high due to its wide geographic spread and persistent circulation in nature. In contrast to other
emerging viruses, human-to-human transmission of CCHFV after spillover from the animal host or
tick is limited, typically resulting in only small clusters of human disease. The importance of spillover
for human disease supports prioritizing measures to mitigate these events.

The CCHEFV life cycle involves silent transmission between multiple vertebrate hosts (wild
and domestic) feeding immature or adult stages of the tick [9], with the absence of overt clinical
disease in both hosts and ticks. This complex cycle, in which the hosts and vectors are by themselves
highly influenced by environmental parameters, lends itself well to a One Health approach to disease
prevention and control (Figure 1). The concept of One Health recognizes the interconnectedness of
human, animal, and environmental health; it is an approach to disease prevention that endeavors to
address human health in a broader context, making change and intervening in an interdisciplinary
manner [10].

In 2019, a One Health-based framework entitled “A Tripartite Guide to Addressing Zoonotic
Diseases in Countries” was published by The Food and Agriculture Organization of the United Nations
(fao), the World Organization for Animal Health (oie), and WHO [11]. An important section of the
guide focuses on taking a multisectoral One Health approach to disease control, including: (i) strategic
planning and emergency preparedness; (ii) surveillance for zoonotic diseases and information sharing;
(iii) coordinated investigation and response; (iv) joint risk assessment for zoonotic disease threats;
(v) risk reduction, risk communication, and community engagement; and (vi) workforce development.
Here, we examine critical topics for CCHF prevention, including surveillance, risk assessment, and risk
reduction strategies for humans, animals, and ticks that could lead to a more sustainable One Health
approach to disease control and outbreak response. In addition, by discussing several of the parameters
and conditions that mitigate or exacerbate virus transmission, we highlight gaps in knowledge that,
when addressed, would further support effective One Health control practices.
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Figure 1. Crimean-Congo hemorrhagic fever virus (CCHFV) routes of transmission and associated
intervention measures within the three realms of One Health. Environmental health (outer circle),
including climate change and land use, influences several aspects of CCHFV transmission, including
tick and animal host distribution and density; tick-animal host interactions affect the overall animal
health status and livestock production levels (brown circle). The virus transmission pressure between
ticks and animals increases progressively with the life cycle of the tick (reflected by the color gradient
of the arrows from light orange to dark orange to red). Human health (purple circle) overlaps with the
animal health realm through virus transmission routes, most commonly through tick bites or crushing
of ticks, and secondarily through contact with viremic animal blood during the slaughtering process.
Human-to-human transmission can also occur in a household or nosocomial setting when no proper
personal protective equipment is worn.

2. Surveillance

An effective surveillance system provides data on disease incidence and prevalence, establishes
high-risk behaviors or practices at vector/host/human interfaces, and guides the development and
implementation of preventive measures. Given the expansive geographic range of Hyalomma ticks,
their multi-staged life cycle, and corresponding variability in host preferences, surveillance efforts must
be coordinated across multiple sectors to inform on CCHFV in humans, animals, and ticks [2,12,13].
International surveillance for CCHF in humans comprises national surveillance programs in coordination
with WHO regional offices, collaborating centers, and laboratories. Supplementing WHO-based
surveillance networks are other organizations working in both the human and animal health sectors,
including the FAO and OIE; non-governmental agencies, such as Médecins Sans Frontieres and the
Wildlife Conservation Society; and academic partners [14].

Since 2002, an increase in CCHF cases in Turkey resulted in greater awareness of the virus, leading
to an influx of serology- and genome-based surveillance studies; over 35% of the CCHF publications
in the last 15 years have focused on antibody and genome detection in humans, animals, and ticks
(unpublished literature review by the authors). Despite substantial increases in data, many challenges
in surveillance efforts remain, including the lack of a framework for extrapolating these data to
formulate risk assessments in human populations. Below, we review international and country-specific
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approaches to surveillance in human, animal, and tick populations. We discuss current strategies
and highlight remaining gaps in surveillance systems and methodologies. Detailed information on
characteristics of specific diagnostic assays for CCHFV can be found in the WHO Roadmaps meeting
report [15].

2.1. Human Surveillance

Five levels were recently proposed to reflect country-specific CCHFV surveillance systems [16].
Levels are based on the incidence of cases, potential for disease transmission to humans, and presence
of surveillance systems. Level 1 countries are those in which human CCHEF cases are reported annually
and the virus is endemic; Level 2 countries have sporadic autochthonous human cases; Level 3 and
4 countries have no documented human cases but ecologic data, including the presence of Hyalomma
ticks, suggests that cases may occur without detection; and Level 5 countries are ones for which no
information is available. Human CCHFV surveillance strategies inherently vary between different
country-specific levels. For example, Level 1 and 2 countries require a robust strategy, as human
cases can be sporadic and thus public awareness may be lacking. In addition, these countries could
have a relatively higher incidence of mild or asymptomatic human infections, which may occur more
frequently than previously believed [17-19]. In contrast, Level 5 countries should focus surveillance
specifically on the presence of the tick vector and not initially on detecting human seropositives [16].

While surveillance strategies will understandably vary based on the “level” of CCHFV in a country,
wide gaps in the strength of human surveillance systems between countries with similar levels of
endemicity remain [20]. Even across regions, surveillance approaches tend to lack standardization; their
focus may be on acute outbreak-specific response, targeting at-risk populations, or examining larger
groups of the population. Nasirian et al. (2019) recently performed a meta-analysis of 45 published
human serosurveys, determining that animal contact, husbandry, and farming, as well as tick bites,
hunting, and slaughtering were the most evident risk factors for CCHF seropositivity [20]. This report
serves as an example of the power of collective analysis of national and international reports; however,
the utility of this approach would be greatly enhanced with improved standardization of data collection
and reporting.

Although human serosurveillance can be used to generate these types of high-level risk assessments,
data should be interpreted with caution. Important gaps in CCHF knowledge are the discrepancy
between seroprevalence and symptomatic disease incidence and an understanding of CCHFV
strain-specific virulence. More specifically, we find that seropositivity in human populations cannot be
assumed to definitively correlate with a risk for human CCHF disease. For example, within Greece,
CCHFV was first isolated from a Rhipicephalus bursa tick in 1975 (strain AP92/P7) [21]. Subsequent
human surveillance data have indicated widely varying rates of seropositivity in different regions
within Greece, some as high as 27.5%, yet only one recorded human case of CCHF has been documented
within the country since 1975 [22]. It has been hypothesized that the Greek AP92 strain is an outlier,
confined only to Greece and avirulent or less virulent than other strains circulating worldwide, though
laboratory studies have never been conducted to confirm these hypotheses. However, in recent years,
AP92-like strains have been discovered outside of Greece, and interestingly, these genetically similar
viruses have been implicated in causing severe human disease [23,24].

Adding to disparate surveillance networks and methodologies are unknowns regarding the
accuracy and cross-reactivity of serologic testing. No standard serologic assay has been approved for
human clinical use, and the assays used for research purposes have shown variation in performance
based on genetic heterogeneity of the virus [25-27]. Thus, human surveillance data alone cannot be
used to understand risk in a given geographic area. Rather, a more comprehensive One Health-based
approach to CCHF surveillance should be used to provide a more refined understanding of virus
spillover risk.

84



Trop. Med. Infect. Dis. 2020, 5,113

2.2. Animal Surveillance

An extensive number of serosurveys have been performed in domestic and wildlife species
informing on both the geographic range and relative levels of CCHFV circulation [28,29]. Animals are
fundamental to virus maintenance by serving as hosts for the ticks; they develop a subclinical infection
with a relatively low-level viremia typically lasting a week and up to 14 days [30]. The duration of
viral replication in other tissues over time has not been characterized in livestock and wild-life species.
However, in mouse models of disease, RNA levels in survivors indicate that virus may be detected
in certain tissues longer than in blood [31,32], indicating a need for both tissue tropism and viral
persistence studies in livestock and other animals.

Serological data are the mainstay in animal surveillance for CCHFV [28]. PCR is of limited value;
infectious virus is found only briefly in animals as they have a short period of viremia, and while virus
may persist longer in tissues, this period is not thought to be extensive. This brief persistence is reflected
in the small number of reported virus isolates obtained directly from animals and the large sample
size required to obtain virus isolates [29,33-35]. As such, PCR has limited sensitivity for identifying
animals involved in outbreaks or maintenance cycles, even if an exposure event was relatively recent.
In contrast, while serology cannot indicate active infection, it can identify past exposure and is not
affected by the sensitivity limitations inherent in PCR analyses for CCHFV in animals.

Serological data can be very useful for revealing the geographic range of CCHFV but have
limitations. Critical details (e.g., species, breed, age, proportion of herd sampled, sampling dates, etc.)
are often lacking, necessitating more standardized methodology and reporting. As with human data,
serology in animals must also be interpreted with caution. First, without repeated sampling, these
data do not indicate the timing of exposure, emphasizing the importance of longitudinal sampling in a
region. While human data support long-lived antibody and CD8+ T-cell-mediated responses [36-38],
the antibody responses to virus in livestock (and many other species) have not yet been characterized
over time. In experimentally infected mice, anti-CCHFV antibodies generally developed around one
week post inoculation (p.i.); IgM appeared, beginning at 8 days p.i. and declined thereafter, whereas
IgG levels increased and were sustained at least 9 weeks p.i. Only marginally neutralizing antibody
responses were detected by day 28 p.i., and did not substantially increase by 9.5 weeks p.i. [31].
Adding to the complexity, wildlife and livestock are most likely exposed to infected ticks multiple
times throughout a tick season and their lifespan. It is unknown how this influences isotype-specific
antibody levels over time. Longitudinal sampling in individual animals may be prohibitive from a
surveillance standpoint, but experimental data on antibody persistence can inform the frequency of
sampling decisions based on the level of animal turnover in the area.

The movement of animals can also complicate serological data interpretation, as the location in
which the sample was collected may differ from the location of exposure. Furthermore, maternal
transfer of anti-CCHFV antibodies has been demonstrated in sheep [39], suggesting that even if
offspring have not moved, the geographic history of the dam may also have to be examined. Finally,
cross-reactivity to other nairoviruses should also be considered, as sequence homology has been
described between members of different serogroups, including the Nairobi sheep disease serogroup,
known to circulate and cause disease in domestic animals [40,41]. Cross-reactivity between nairoviruses
has also been reported in protein expression assays [42]. To date, the degree of cross-reactivity between
nairoviruses has not been systematically evaluated; evidence suggests that it may occur, but the
frequency and level of cross-reactivity are unknown.

2.3. Tick Surveillance

Ticks are the vector and reservoir of CCHFV, maintaining the virus in nature through transstadial
and transovarial transmission [29,43-46]. Ticks within the genus Hyalomma (family Ixodidae) are
considered to be the primary vectors and exhibit a two-host lifecycle, in which ticks in larval and
nymphal stages feed on small mammalian hosts and later switch to a different larger mammalian host
as adults to complete their life cycle [1]. Evidence has demonstrated that the geographic distribution
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of Hyalomma ticks specifically overlaps with human CCHF cases, which is not the case for other tick
species, suggesting that the presence of Hyalomma ticks may be necessary to support natural circulation
of the virus [29,47-49]. While the role of other tick species in CCHFV maintenance and transmission is
not well defined, the virus has been detected in several other tick genera (Amblyomma, Rhipicephalus,
Dermacentor, and Ixodes); however, data on the vector competence of these species is largely missing [47].
Assessing vector competence is crucial to understanding the potential for CCHFV establishment
in new geographic regions, particularly those where non-Hyalomma species might supplement the
transmission cycle or play a role in cryptic transmission [50].

Hyalomma ticks are broadly distributed across Asia, Europe, and Africa, making the potential
for CCHFV circulation and spillover a widespread global concern. Additionally, changing climatic
conditions and the frequent importation of Hyalomma ticks into novel regions via migratory birds
or animal trade (e.g., livestock) is of particular concern for the expansion of endemic areas [51-54].
The detection of viral antigen or genomic fragments in tick vectors has historically been an important
precedent and/or predictor of human cases. For example, in 2010, prior to any reports of human
cases in Spain, CCHFV RNA was detected in that country in Hyalomma lusitanicum and Hyalomma
marginatum ticks at a rate of 2.78% (44/1579), which was similar to the CCHFV tick infection rate of
other endemic countries in Europe, including Kosovo, Bulgaria, and Albania [3,55,56]. These data
were important in confirming the established spread of CCHFV into western Europe 7 years before the
first human case was documented in Spain in 2017 [55,56]. Additionally, viral antigen was detected in
ticks in Iran over 20 years before autochthonous human cases were described [57]. Studies that focus
on tick collection from cattle can be a particularly sensitive indicator of the presence of viral circulation
in a given geographic area because cattle can be infested by a greater density of Hyalomma spp. ticks
than small ruminants [58].

Although baseline detection of virus in ticks is important, many other factors that we do not
fully understand determine the long-term maintenance and persistence of the virus in ticks over time,
including rates of transstadial and transovarial transmission, co-feeding behaviors [59], and relative
densities of both ticks and animal hosts. In order to better understand the frequency and contribution of
transstadial/transovarial transmission in the maintenance of CCHFYV in tick populations, surveillance
efforts should focus on collecting questing ticks, though this can be significantly more difficult than
collecting ticks from animal hosts. Recently, a growing number of publications have reported the
detection of CCHFV in non-Hyalomma tick species collected from animal hosts, suggesting that these
species may play a role in transmission to humans [47]. It must be emphasized that the detection
of virus in non-questing ticks, particularly those collected from animal hosts, cannot be correlated
with vector competence or risk for transmission to humans. Vector competence ultimately needs to be
evaluated and confirmed in a laboratory setting.

3. Risk Assessment

Although many of the individual determinants leading to spillover, such as virus prevalence
in ticks or animals, have been studied extensively, each is typically addressed in isolation within
its own discipline. As a result, prevention is often focused on interventions targeting specific
aspects of transmission without accounting for other interconnected parameters. This can lead to
unproductive intervention efforts (as described in Section 6.3), such as with the release of helmeted
guineafowl [60]. A comprehensive understanding of virus maintenance in nature and spillover into
human populations, and how these processes are hierarchically, functionally, and quantitatively linked
remains a fundamental deficit in CCHF research. Plowright et al. (2017) proposed a mechanistic
structure of determinants of disease spillover and their interactions [61]. We propose that this
comprehensive framework be adopted to guide research efforts in support of a One Health-based
approach for CCHF (Figure 2). In addition to considerations regarding epidemiology, ecology, virology,
and vector biology (covered in other sections of this manuscript), mathematical modeling will play
an important role in adopting the framework to develop comprehensive risk assessments. Modeling
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within the context of the framework will serve to highlight key gaps in knowledge, which will facilitate
prioritization of epidemiology and laboratory-based experiments and of mitigation policies.
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Figure 2. Spillover percolation model of different barriers to CCHFV spillover and opportunities
to intervene (based on Plowright et al., 2017) [61]. The risk of CCHFV spillover is determined
by the ecological dynamics of infection in the tick and animal host (blue barriers), human
epidemiology/behavior (green barriers), and within-host biological factors (orange barriers) that
influence exposure outcome in humans. CCHFV must overcome all of the barriers before spillover can
occur; thus, each barrier offers intervention opportunities to prevent human disease. The distribution
and intensity of infection (virus levels) in tick vectors and animal hosts, virus release from ticks and
animal hosts, and CCHFV and tick survival determine the pathogen pressure (the amount of virus
that is available to humans at a given point in time and space). Pathogen pressure then interacts with
human behavior and the tick vector to determine the likelihood, dose, and route of human exposure.
The thickness of the arrows represents the likelihood of spillover to humans (tick > livestock-associated
exposure). The probability of human infection is determined by the within-host factors. Once spillover
has occurred, human-to-human transmission in a household or nosocomial setting can occur as well
(not depicted). In this case, barrier parameters, such as virus dose, route, and human behavior,
still apply.
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3.1. Modeling Tick-Borne Viruses

Modeling of tick-borne viruses has historically been lacking, primarily due to the complexity of the
vector-host-virus system. Mathematical models can be used to integrate virus, vector, and host biology
in order to identify key features that increase the risk of infection. These models are little more than a
formal description of our biological understanding, but they reveal the non-linearities (a lack of a direct
relationship between an independent variable and a dependent variable) associated with transmission
and identify major shifts in transmission dynamics that can result in unexpected outbreaks. Working
from the tick life cycle and adding key features of CCHFV biology, we can start to identify critical data
needed to estimate outbreak risk; we also determine whether an understanding of the system in one
location helps to explain the findings in another, and what aspects of the system shape transmission.
Ultimately, we seek to obtain insights into the dynamics of the virus in relation to the vector and
hosts, which will lead us to identify the type of surveillance that can provide critical information for
developing targeted intervention strategies to reduce infection risk in humans and livestock.

Tick models are fundamentally different from mosquito models because ticks bite once per
developmental stage, live over multiple seasons, and frequently feed on multiple host species, some
of which are capable of transmitting the virus on to other ticks (amplifying hosts) while others are
not. There are multiple non-linearities in the system for which the output does not change in direct
proportion to a change in the input: The rate of transmission rises as a consequence of host-tick
combinations and the resulting heterogeneity of how CCHFV is amplified in this system, leading
to transmission and outbreaks driven by certain vector-host combinations. In this respect, models
of tick-borne infections are probably best used to determine if our understanding of the biology
explains the changes in seroprevalence from year to year in different host species and variation between
locations. Additionally, models can be useful in differentiating competing hypotheses and validating
models by making predictions that can be tested with critical experiments (Figure 2). Indeed, such
experiments frequently provide important data to improve parameter estimation (i.e., finding the
unknown parameters of the model that give the best fit to a set of experimental data), and model
precision and accuracy.

In some types of analysis, multiple spillover determinants are aggregated, obscuring the
interactions between them. Although aggregation might be appropriate at times, sometimes
discrete mechanisms can only be identified using simpler models. Non-linear interaction between
the spillover determinants and barriers can create bottlenecks that provide opportunities for One
Health interventions.

3.2. What Key Data Are Needed?

In endemic areas, seroprevalence in hosts is most likely in an equilibrium and is roughly constant
from year to year since livestock hosts are repeatedly exposed to the virus through ticks in various
life stages persistently infected with CCHFV. Young CCHFV-naive animals join the population as old
animals die. Therefore, examining seroprevalence across the age curve over years can be some of the
most helpful data. This curve quite simply plots the proportion of hosts within each age category
that have been exposed to infection and tracks the changes in this proportion with host age. With
directly transmitted freely mixed populations, these data can be used to obtain an estimate of the basic
reproduction number, Ry, which would be 1 + (L/A), where L is the life expectancy of the host and A is
the average age of infection [62]. R is useful when there is no previous exposure in the population and
when comparing different studies, and is defined as the number of secondary cases in a population
of susceptible hosts that arises following the introduction of an infectious individual. Ry for many
vector-borne systems is not simple to estimate but provides a rough approximation that can be very
useful for comparing populations and then validating with a more precise metric.

Cooper (2007) applied a basic tick-protozoan model of Theileria parva developed by Medley et al.
(1993) to CCHEF disease dynamics between ticks and their domestic animal hosts [63,64], and clearly
showed how seroprevalence data can be used to estimate the rate at which animals become infected.
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In this situation, the most useful study would be long-term longitudinal sampling of livestock of a
known age so that the time of seroconversion can be cleanly estimated. In the absence of longitudinal
studies, detailed sampling across the age structure at one time point can provide interesting data for
comparison between sites, assuming the seroprevalence has reached equilibrium.

Ak et al. (2018) developed a computational framework based on Gaussian processes to
spatiotemporally predict human cases in Turkey. The predictive value of the framework was tested
against CCHF cases in the years 2004 and 2015 [65]. This Gaussian process framework obtained better
results than two frequently used standard machine learning algorithms (i.e., random forests and boosted
regression trees) under temporal, spatial, and spatiotemporal prediction scenarios. This shows that
such frameworks have the potential to make an important contribution to public health policy makers.

3.3. Important Features of CCHF Modeling

Several features of the CCHF-tick-host system could generate non-linear responses in transmission
and result in disease outbreaks. Here, we mention a few, although there is a pressing need to understand
how some of these processes could produce rapid changes in exposure risk. In several instances
in which data regarding Hyalomma spp. were unavailable, we consider what is known about other
ixodid ticks and tick-borne diseases. We acknowledge that translating information from other tick
or tick-borne diseases may not be an accurate approach, since the tick and pathogen life cycle are
significantly different from those involved in maintaining CCHFV, but it may be a first step in helping
frame ideas for the control of CCHFE.

3.3.1. Multiple Host Species and the Dilution Effect

Modeled by Norman et al. (1999) [66], the dilution effect occurs when the transmission cycle,
maintained by one competent vertebrate host species is reduced by the presence of a second host
species that is less competent. The dilution effect has been demonstrated for Lyme disease but is
still a controversial hypothesis for other tick-borne diseases. Adding a second host species to the
community of ticks effectively increases the number of vertebrate hosts available to feeding ticks so
the tick population expands. If this second vertebrate host is less competent for the virus, the virus
is lost from the system: The presence of the second host dilutes the virus. This is because ticks feed
a limited number of times during their life cycle, and feeding on the less competent host effectively
means reduced virus transmission. This results in fewer infectious vertebrates within the population
and a lower R value for the virus in that host community, even though the R for the ticks is effectively
increased. Field studies on louping ill virus have shown that removing the amplifying host (in this
instance, a non-viremic host) results in declining viral abundance in line with the theoretical models [67].
Excellent studies have also been undertaken on the dilution effect of Lyme disease [68].

3.3.2. Non-Viremic Transmission through Co-Feeding

In the case of most vector-borne viruses, transmission occurs when the arthropod vector bites a
viremic host and becomes infected. However, some hosts permit direct passage of CCHFV between
co-feeding ticks without the requirement of a viremic response from the host. During feeding,
ticks produce pheromones that attract other ticks to the same feeding pool, facilitating tick-to-tick
transmission, a process accelerated by the presence of tick saliva [69]. The likelihood of co-feeding
increases with the intensity of tick infestation, and hosts infested with high numbers of tick larvae and
nymphs are more likely to have co-feeding groups. The relative importance of co-feeding transmission
in wildlife hosts preferred by Hyalomma, like Leporidae, is not yet known [70]. Thus, more field studies
looking at the densities of Hyalomma species ticks on wildlife hosts need to be conducted (Figure 2).
The co-feeding transmission phenomenon has been well characterized for tick-borne encephalitis
virus (family Flaviviridae; genus Flavivirus) and Ixodes spp. ticks, yet only one publication addresses
this question for CCHFV. A small proportion of ticks (0.1-1.9%) were shown in a laboratory study to
acquire CCHFV when co-feeding on non-viremic guinea pigs [70]. However, guinea pigs are not the
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natural host for Hyalomma ticks, nor do they play a role in the natural transmission of the virus. Thus,
co-feeding transmission between ticks must be much better characterized in studies with natural hosts
in a controlled laboratory setting (Figure 2).

3.3.3. Transovarial Transmission

Passing the virus from the ovaries of female ticks to the egg and eventually the larva is the
mechanism for maintaining viral persistence from one generation to the next. Indeed, infecting a
high proportion of larval ticks can also result in increased Ry. This has been recorded for CCHFV in
Hyalomma truncatum, although at a fairly low level [71]. The role of transovarial transmission in different
Hyalomma species is unclear and needs to be investigated in a controlled laboratory environment
(Figure 2).

3.3.4. Sexual Transmission of the Virus in Ticks

Gonzales et al. (1992) showed sexual transmission of CCHFV between copulating Hyalomima
truncatum ticks, although the sample size was insufficient to reliably estimate the rate of transmission.
Since virus-induced mortality is unlikely in ticks, the prevalence of infection is expected to rise from
one tick life stage to the next, so sexual transmission is a route by which host infection and transmission
of CCHFYV to the eggs can increase [71].

3.3.5. Role of Other Tick Species: Vector Competence and Vectorial Capacity

Current knowledge indicates that Hyalomma ticks are the primary vector of CCHFV transmission,
but in many locations, other tick species are present and may contribute to transmission. Vector
competence (the ability to become infected with and transmit a virus) of ticks needs to be tested
further to improve our understanding of which species and life stages are important in CCHFV
ecology [47]. Besides vector competence, we must also understand vectorial capacity, which is the
amount of transmission that occurs. For example, a highly competent vector that rarely feeds on
infected hosts or has an extrinsic incubation period (time from virus ingestion to transmission) longer
than the time between feedings is unlikely to cause much onward transmission. In contrast, a poorly
competent tick vector can initiate an outbreak if it prefers to feed on competent mammalian hosts and
has an extrinsic incubation period shorter than the time between feedings. Furthermore, the extrinsic
incubation period depends on molecular interactions within the tick, such as the microbiome of the tick
gut, cross-immunity with other viruses, and the tick immune response [72], as well as external factors
like co-feeding responses and interactions with host susceptibility. Understanding vector competence
and vectorial capacity is vital in predicting CCHFV expansion to new geographic areas and must be
investigated further (Figure 2).

4. Risk Reduction: Human-Targeted Approaches

4.1. Physical and Chemical

Occupations at high risk for CCHF include veterinarians, abattoir workers, and farmers.
For veterinarians and abattoir workers, the use of standard infection control practices when handling
potentially infectious blood or ticks aids in risk reduction [73]. Farmers accounted for almost 90% of
CCHEF cases during a recent outbreak in Turkey [73], emphasizing environmental exposure to ticks as a
major source of virus transmission. Basic methods to reduce tick bites, such as wearing appropriate
clothing (e.g., long sleeves, pants, etc.), chemical approaches (e.g., repellent), and visual inspection of
skin and clothing will contribute to decreased transmission risk. It is noteworthy that few tick repellents
have been definitively evaluated for use against Hyalomma ticks, and that Hyalomma adults have been
shown to have a greater affinity for human hosts than other species [29,74-77], potentially reducing the
relative efficacy of these approaches for CCHF disease control compared to other tick-borne pathogens.
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When attached ticks are found, proper tick removal techniques should be used; improperly
removing attached ticks can crush them, spilling infected blood and facilitating virus transmission [78].
Thus, effective risk communication and community education promoting proper tick inspection and
removal techniques are vital. The most effective methods for safely removing the whole tick including
the mouthparts, while also minimizing the risk of tick-borne disease transmission, are mechanical and
can be performed with tools readily available in most regions [78,79]. Specifically, mechanical removal
with tweezers (82.5% success rate) was found to be superior to both lassoing (47.5% success rate) and
card detachment (7.5% success rate) [79].

Other considerations for tick transmission of CCHFV are: (i) the amount of virus transmitted;
(ii) time to transmission post attachment; and (iii) potential enhancement of infection by tick saliva.
Unlike other pathogens (e.g., Borrelia spp. [80]), the kinetics of CCHFV transmission by Hyalomma ticks
are not known. Ebel and Kramer (2004) demonstrated that Powassan virus (family Flaviviridae; genus
Flavivirus) could infect mice within 15 min of tick attachment [81]; this has shaped the dogma that all
tick-borne viruses are transmitted immediately after tick attachment. However, a study in mice with
Dugbe virus (genus Orthonairovirus) demonstrated the absence of viral antigen in the salivary glands
of newly attached Amblyomma ticks [82]. This indicates that virus transmission in ticks may not always
occur as rapidly as suggested in earlier Powassan virus studies. Studies are needed to characterize
CCHFV-specific transmission kinetics. However, regardless of the exact timing of virus transmission,
prompt tick removal must be emphasized to minimize the risk of transmission.

4.2. Behavior

Human-animal interactions differ across cultures depending on the species of animals present,
views towards domestic animals and ticks, and cultural perceptions as a whole. The nature of these
interactions may result in activities that increase the risk of CCHFV exposure. Social and cultural
practices, particularly those that include the movement of potentially infected animals, have been
epidemiologically linked to CCHF outbreaks [83-85]. For example, the practice of livestock (cattle,
sheep, goat, or camel) sacrifice central to festivals like the Hajj and Eid-al-Adha results in the contact of
large numbers of people with potentially infectious animal blood and body fluids. During Eid-al-Adha,
nearly 8 million animals are sacrificed each year in Pakistan alone [84]; 2 million small animals
and 750,000 cattle are slaughtered in Turkey, accounting for 25% of all annual slaughtering in that
country [84].

The risk of exposure to pathogens like CCHFV during slaughtering is known, and practices have
been implemented to reduce exposure during these festivals. In general, individuals performing the
sacrificial rite during the Hajj or Eid-al-Adha should adhere to careful techniques, including slaughter at
designated sites and sanitary collection and disposal of blood and tissues [9]. In Iran, viral hemorrhagic
fever surveillance protocols are in place and report various slaughtering statistics, including the
location of slaughtering (i.e., by industrialized, smaller slaughterhouses or by individuals). During
Eid, cities coordinate with the Iran Veterinary Organization and create special temporary slaughtering
centers. The Saudi Ministry of Health actively discourages amateur slaughtering by encouraging the
use of “ritual coupons”, allowing the Hajjees to fulfill their sacrificial obligation by proxy without
performing the act themselves. Instead, the Saudi Project for Utilization of Hajj Meat performs the
ritual with the supervision of government and veterinary workers and then distributes the meat to
the poor according to the Muslim tradition. This process could be extended to further mitigate virus
transmission to the public. Furthermore, if Hajj authorities banned importation of sacrificial animals
from CCHF-endemic countries and instead mandated ritual coupons for travelers, there would be
added protection against virus transmission to those making the Hajj. With this plan in place, Muslims
from CCHF-endemic countries could still faithfully fulfill their Hajj obligation while minimizing the
risk of spreading the virus to non-endemic regions and reducing the chances of an outbreak in Saudi
Arabia. Acaricides and quarantine (14 days) are another option for reducing CCHFV transmission
during these festivals [83,86]. If acaricides are unavailable or if rates of resistance are high, a mandatory
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4-week quarantine for all animals imported for slaughter from CCHF-endemic countries can help
mitigate exposure risk. The first 2 weeks would allow any attached ticks to drop off the animal, and
the second 2 weeks would allow any active viremia to subside [83].

4.3. Vaccination

A WHO Research and Development Blueprint for Action to Prevent Epidemics working group
established a draft roadmap analysis for the CCHF field and outlined a timeline for both benchmarks and
deployment goals for a human vaccine [15]. They supported refining the top contending experimental
vaccines with a target product profile and promoted clinical safety and early immunogenicity trial
testing of selected vaccines by 2019, with phase II trials encouraged for 2023. The draft roadmap
analysis prioritizes further animal model development to establish correlates of protection, which can
satisfy regulatory authorities for use in pre-clinical evaluations and regulatory approval for human
CCHEFV vaccines [15].

To date, several CCHFV vaccine candidates have been developed [87,88] with a variety of antigenic
variations (strain and/or gene combinations). Vaccine evaluation has been performed using different
dosing schemes that involve diverse adjuvants, inoculation routes, challenge strains, and prime/boosts
strategies [88,89]. In animal models, vaccination has been shown to generate humoral immunity and
can generate up to 100% protective efficacy depending on the platform and approach to vaccination.
For the last decade, disease models of CCHFV have been limited to immunocompromised mouse
strains [89,90]. The most effective antigen component(s) and correlates of protection for CCHFV
vaccines are not yet clear. When used in experimental vaccines, the nucleoprotein generates a more
T-cell based response, while other viral antigens, such as whole or portions of the glycoprotein
precursor, can generate potent immunoglobulin responses [88-90]. Passive transfer of sera and T-cells
generated to either the nucleoprotein or glycoprotein molecules also did not protect but delayed
time to death [91-93]. Other studies have implicated that antibodies targeting certain portions of the
glycoprotein neutralized CCHFV but also failed to provide protection in vivo [94,95]. Conversely,
antibodies targeting non-structural elements of the glycoprotein precursor can produce non-neutralizing
protection in animal models [94-96].

To our knowledge, only one study has examined human humoral protective responses to CCHFV
vaccination, demonstrating antibody induction with low neutralizing capacity and a T-cell-induced
immunity after multiple booster doses [97]. Taken together, the data indicate that experimental vaccines
eliciting both robust T-cell-driven responses to nucleoproteins and glycoproteins, in combination with
targeted serological responses to non-structural elements of the glycoprotein precursor, are the ideal
candidates to move forward in clinical trials. However, without a much clearer understanding of
correlates of protection in humans, relying on correlates of protection from immunocompromised mice
can confound the knowledge needed to develop a successful human vaccine. A recent non-human
primate model has demonstrated a spectrum of disease, from asymptomatic to severe, mirroring
that observed in humans [98]. However, the severe stages of disease from this model have not been
wholly reproducible, as other groups have demonstrated [99] and clinical measures of protection must
be established for the model to aid in developing countermeasures, such as vaccines. Additional
challenges to vaccine development include strain variance (designing a vaccine that is efficacious
across the diverse array of geographic CCHFV clades) [1] and assessing safety profiles for experimental
vaccines. Furthermore, the sporadic incidence of human cases, often in rural areas lacking reliable
infrastructure for cold chain transport, will impede the return on investment for vaccine manufacturers.

5. Risk Reduction: Animal-Targeted Approaches

5.1. Wild Animals

Controlling human diseases shared with wildlife is complex but can be achieved by different means,
including: (i) preventive actions; (ii) arthropod vector control; (iii) host population control through
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random or selective culling, habitat management, or reproductive control; and (iv) vaccination [100].
Preventive actions (translocation control, barriers, husbandry, etc.) are fundamental approaches for
disease control in domestic animals and wildlife but are challenging for CCHFV due to the wide
array of host species involved in virus ecology. Notably, the composition of vertebrate hosts on which
Hyalomma spp. feed is different than for other tick genera. Specifically, immatures feed preferentially
on species of the orders Lagomorpha and Rodentia and the class Aves, while adults concentrate mainly
on members of the family Bovidae [9]. Thus, efforts to control virus transmission in wildlife will
predominantly disrupt transmission by immatures but do not necessarily disrupt virus maintenance
by adult Hyalomma ticks.

Vector control methods (e.g. acaricides and vaccines) provide viable options for CCHF prevention
as discussed later (see Section 6). Population control (random culling, selective culling, habitat
modification) may also be considered in endemic areas, as the population density of recognized hosts
has been directly associated with the incidence of human disease. For example, Leporidae spp. are
central in the sylvatic cycle of Hyalomma ticks and act as amplifying hosts for immature ticks and
CCHFV [9]. Importantly, their population densities have been directly correlated with CCHF incidence.
However, population control often consists of an intervention in natural ecosystems and, as such,
is often controversial [101]. More socially acceptable alternatives can be expensive and prohibitive
based on access to animals; availability of convenient, sensitive, and specific tests; prevalence of
infection; and spatial distribution of the target population [100].

Despite presenting its own challenges, wildlife vaccination is another viable option and is proposed
by Monath as a Framework III vaccine [102]. A vaccination program targeting vast populations of
highly reproductive species over large geographic regions is ambitious. However, tick-borne diseases,
including CCHF, are almost always found in geographically circumscribed foci. Therefore, geospatially
focused control efforts guided by preceding serosurveillance are a viable option. Some of the barriers
to implementing wild animal vaccination include: (i) involvement of multiple species in natural
transmission cycles; (ii) safety concerns for non-target species; (iii) high reproductive rates and
population turnover; (iv) fastidious feeding behaviors and difficulty in designing effective baits;
(v) delivery difficulties due to very high or, conversely, very low population densities of the target
species; (vi) environmental concerns and concerns about release of genetically modified organisms;
(vii) difficulty in designing an effective formulation for oral immunization; (viii) instability of a vaccine
or vector under prevailing environmental conditions; and (ix) requirement for low unit cost and
government funding for vaccine purchase and delivery [102]. However, vaccines preventing wildlife
diseases have been successfully developed to reduce public health impacts in human populations
(e.g., vaccination against rabies of raccoon, coyote, fox, skunk, and bat; against bovine tuberculosis
in Eurasian badger), reduce economic effects on the livestock industry (e.g., vaccination against
brucellosis in bison and elk; against classical swine fever in wild boar), and address concerns for
wildlife conservation (e.g., vaccination against sylvatic plague in black-footed ferret and prairie dog;
against white-nose syndrome in hibernating bats) [103]. Oral vaccination is the most common method
of wildlife vaccination because it does not require capture and has been proven successful for protecting
raccoons, foxes, and coyotes against rabies [104], thereby reducing the risk of rabies exposure in other
wild and domestic animals and humans.

The most sustainable approach to eradicating a zoonotic disease from an environment is a
reservoir-targeted vaccine (RTV). RTVs have the potential to be effective at breaking the transmission
cycle of many tick-borne pathogens including, but not limited to, Borrelia burgdorferi, Borrelia miyamotoi,
Borrelia mayonii, Babesia microti, and Anaplasma phagocytophilum [105]. Multiple studies have shown
that free-ranging white-footed mice, the reservoir hosts of Lyme disease, can be effectively vaccinated
via RTV bait boxes and that the vaccination both decreases B. burgdorferi uptake by larval ticks and
decreases transmission from infected ticks to their natural mouse reservoir [105-107]. A similar
approach can be envisioned for CCHE, though Hyalomma ticks are the long-term reservoir. Decades of
effort have shown that targeting non-feeding ticks in the environment either with chemical or physical
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means does not efficiently reduce tick population density. Therefore, a reservoir-targeted approach
focusing on the amplifying hosts of the immature stages of Hyalomma ticks, Leporidae, would be most
successful. A two-pronged approach to RTV that could both interrupt CCHFV transmission and
reduce tick populations would likely be most effective.

Non-transmissible vaccines are limited by the quantity and scale of product delivery, whereas
transmissible vaccines that can spread from one individual to the next allow much broader coverage
with equivalent dosing. A transmissible vaccine must have two crucial properties: A live vectored
vaccine must be able to establish and propagate in a given host population, and it must remain
attenuated during transmission between vertebrates. A transmissible vaccine with these properties
would have numerous benefits that could overcome the challenges of strategies relying on direct
vaccination. Ideally, once introduced into a given population, transmissible vaccines would increase
herd immunity more efficiently then direct vaccination [108]. However, while transmissible vaccines
offer many advantages, serious drawbacks must be addressed in vaccine design or vaccination schemes.
These include the potential for reversion to virulence or to inducing clinical signs of disease, short-lived
immunity for some pathogens, instability during storage, and contraindications in some subpopulations
(e.g., in pregnant animals) [109].

5.2. Domestic Animals

As noted above, livestock, mainly of the family Bovidae, are preferred hosts for adult Hyalomma
ticks. The livestock—tick and livestock-human interface provide additional opportunities to reduce
virus transmission. Operational decisions and livestock preventative health programs are affected
by the awareness of risks associated with emergent and endemic diseases of both animals and
humans [82]. Although CCHFYV infection control may not have perceived animal health benefits,
several approaches can reduce virus exposure in animals (and, in turn, humans) and have positive
outcomes beyond CCHEFV risk reduction. Decreasing the tick burden on animals by physically
removing ticks (see Section 4.1) and using acaricides (see Section 6.2) can improve the overall health
status of an animal or herd and increase production levels [110,111]. These are significant concerns to
herd health, so efforts are made to target breeding programs for tick resistance [112].

Due to limitations in the advancements of a human vaccine against CCHF, the WHO draft
roadmap provides alternative vaccination strategies that may be more cost-effective and sustainable at
controlling disease, including the development of animal vaccines. Veterinary vaccine development is
far less costly; overall, the price of veterinary vaccines, from bench to market, is only ~10% of that
of human vaccines. Additional benefits compared to human vaccines include a far less stringent
regulatory framework and the ability to directly evaluate candidates in target species. Animal vaccines,
however, have their own unique limitations. For example, livestock may require a much larger vaccine
dose compared to humans, making certain vaccine platforms (e.g., DNA, RNA, or virus-like particles)
extremely cost-prohibitive, and others (e.g., replication-competent platforms or subunit vaccines) are
more appropriate for use.

Monath’s Framework II vaccines are defined as those that protect humans either indirectly by
interrupting transmission of viruses amplified by domesticated animals or directly by preventing virus
spread from infected animals to humans, for example, during the slaughter process for CCHFV [102].
The advancement and success of Framework II vaccines for bacterial (Brucella abortis, E. coli O157) and
viral (rabies, influenza, West Nile, Rift Valley fever, and Hendra viruses) pathogens [102] could be
capitalized on to develop a multi-valent platform that addresses one or more of these pathogens in
conjunction with CCHFV, thus increasing demand.

An important consideration in vaccine design for use in animals is the ability to differentiate
previously infected animals from vaccinated animals (DIVA). To accomplish this, the vaccine would
need some type of identifiable marker (either a marker fused to the antigen or a deleted portion of the
antigen itself) to limit confounding in seroprevalence studies by vaccinated animals. One example of
the DIVA principle is in foot-and-mouth disease (FMD) vaccine preparations [113]. These preparations
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lack non-structural FMD viral proteins. Serological assays detecting nonstructural protein reactivity
can therefore be used to indicate previous infection with wild-type virus as opposed to vaccination.
CCHEFYV also encodes non-structural viral glycoproteins, suggesting that a similar approach could be
used. However, it is important to note that despite the ideal goal of implementing DIVA practices
for transboundary animal diseases, such as CCHFV, designing and evaluating a DIVA vaccine, with
the goal of maintaining a high degree of sensitivity, can ultimately increase the total time, cost, and
efforts of development. These facets may curtail the benefits offered by a DIVA animal vaccine and are
important factors when considering prevention options.

Similar to wildlife (see Section 5.1), RTVs would be a desirable vaccine approach in domestic
animals. A two-pronged design conferring anti-tick and anti-CCHFV immunity would be most
effective due to simultaneous control of both the virus and the virus reservoir. It is also conceivable that
CCHFV vaccines could be added on to conventional common animal vaccines, such as those to prevent
bovine herpes virus or lumpy skin disease [114]. In the end, a vaccine will need to be developed that
is safe, effective, easy to use, and cost effective. A conceivable approach to a cost-effective strategy
could be delivering the immunogen through the feed as shown by using a transgenic tobacco plant
expressing CCHFV glycoprotein [115]. As we move to develop safe and effective candidates, we must
keep in mind the importance of strategies that aim to increase both vaccine access and demand, all of
which are largely dependent on the involvement of donors and international organizations to stimulate
and facilitate sustainable adoption [116].

6. Risk Reduction: Tick-Targeted Approaches

6.1. Physical

Manual habitat modification for tick control can affect both immature and adult ticks. For example,
the removal of vegetation that shelters immature ticks can reduce their population levels [117].
In addition, physical modification of tick habitats can be used to control adult ticks at the livestock
interface. Tick densities decline rapidly in areas where grazing lands are rotated with crops, removing
large animal hosts from the accessible range [118] and thus disrupting CCHFV transmission and
maintenance by adult ticks. Studies investigating overall tick burden have found that a single
spelling/rotation period annually is thought to be promising if combined with acaricide treatments
in an integrated pest management approach [119]. However, rotational grazing strategies (frequent
movement of cattle between different pens) in the presence [117] and absence [119] of acaricide
treatment have also been shown to be effective. Pasture management, including rotational grazing of
cattle in Australia and in Zambia, as a tick control strategy is believed to be responsible for an overall
decrease in tick burdens on livestock animals [120,121]. Investigating these approaches in areas with
a high density of Hyalomma ticks would be helpful in determining whether or not they should be
promoted in the prevention and control of CCHF.

6.2. Chemical

The use of synthetic acaricides on livestock animals has long been a favored methodology for
ectoparasite and tick control throughout the world [122]. Organophosphates are the major chemical
acaricides used for ectoparasite control and include compounds, such as pyrethroids, macrocyclic
lactones, and amidines, among others [123]. Acaricides are a comparatively inexpensive method for
tick control and can be easily administered in multiple ways [124], including dipping, footbaths, or
manual sprayers. They vary in efficacy, cost effectiveness, sustainability, and risk to the workers [125].
The ongoing and indiscriminate use of acaricides, however, has led to the development of resistant
tick populations, and in recent years, several countries have reported almost complete resistance
to most acaricides, presenting a worldwide challenge for ongoing successful tick control [126-130].
Although concerning, resistance in Hyalomma ticks has not yet been tested; thus, it is unclear to
what extent resistance may contribute to decreased control of Hyalomma populations. Additionally,
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acaricidal compounds can have off-target effects, including toxicity to other organisms, and long-term
environmental persistence [131]. For these reasons, the discovery and development of new synthetic
acaricidal compounds has not been an actively pursued area of research in recent years [132].

More recently, the focus has been on developing alternative environmentally safe tick control
strategies that can circumvent the development of resistance. Historically, many rural farming
communities have used plants or plant extracts to control ticks on livestock. The efficacy of some of
these ethnobiological methods has been explored in the literature and a recent review. Using in vitro
assays, Adenubi et al. (2016, 2018) found that over 200 plant species from several countries around the
world demonstrated tick-repellent or acaricidal activity, and some of these also showed marked in vitro
acaricidal activity comparable to the efficacy of many synthetic acaricides currently used [133,134].
However, there are several limitations to these studies: (i) a lack of standardized testing methods
makes comparisons between studies difficult to interpret and extrapolate for use in controlling ticks on
animals; (ii) in vitro data predominate in the literature, and may not adequately recapitulate the efficacy
of plants or their extracts in field trials; and (iii) compounds may not persist in the environment due to
degradation caused by photo-oxidation, temperature, pH levels, and microbial action [135]. Moreover,
differences in cultivating and collecting plant materials (including variations in soil, climate, and other
factors) for plant or extract production may affect downstream results [136]. Despite the limitations
of current data, based on their historic use by rural livestock farmers, plant-based compounds may
be a good future source of effective acaricidal preparations either as an extract or as a source of new
synthetic acaricidal compounds [132,134].

6.3. Biological

Due to the limitations of synthetic (and naturally derived) acaricides for tick control, alternative
biological methods have been explored, including the use of natural tick predators and pathogenic
bacteria, viruses, and fungi. Ants, beetles, and spiders are the major arthropod predators of ticks [137].
Overall, the use of arthropods to reduce tick populations is impractical due to the difficulty in large-scale
reproduction and use across broad geographic areas. Birds have been anecdotally documented as
capable of preying on ticks, and early evidence from a 1992 study suggested that birds could control
ticks carrying Lyme disease in the United States [138]. However, studies have since shown that
birds are more likely to play a role in disseminating ticks and their pathogens than in controlling
them [51,53,54,139,140]. The systematic breeding and release of birds to control Hyalomma tick
populations was in fact implemented in Turkey in 2011 and clearly demonstrated the inherent flaws
of this strategy. Thousands of helmeted guineafowls (Numida meleagris) were introduced to decrease
the circulation of CCHFV and its tick vector, but the birds consumed negligible numbers of ticks and
instead served as intermediate hosts facilitating the expansion of the Hyalomma tick population [60].

Pathogenic bacteria, viruses, and fungi have also been evaluated for their ability to control
arthropod populations [141-143]. Fungi showed the most potential and have been effectively used to
control medically and agriculturally important arthropods, including German cockroaches and cotton
stainer bugs [144-146]. Fungi have been developed industrially with well-established application and
dosing methods for commercial use against arthropods [144-146]. Metarhizium anisopliae is the most
well-studied fungal pathogen of arthropods and is considered to particularly promising due to posing
minimal risk to non-target organisms. M. anisopliae has been shown to effectively control nymphal
Ixodes tick [147], cattle tick [148-150], and Hyalomma tick populations by inducing high mortality in
immature stages and decreasing reproductive fitness in females [151].

Currently, the OIE and the International Research Consortium for Animal Health (STAR-IDAZ)
has significant interest in developing anti-tick vaccines to combat a range of tick-borne pathogens.
Unlike other tick control measures, the immunological control of ticks is exempt from environmental
problems and may provide a broader prevention measure by reducing targeted tick populations in
general. Anti-tick vaccines are developed against one of two different types of antigenic targets:
“Exposed” antigens that in nature are presented to the animal’s immune system (e.g., proteins or
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peptides secreted in the tick’s saliva during attachment and feeding on the host), or “concealed”
antigens not normally visible to the host immune mechanisms but associated with a vital function for
the tick (e.g., structural components of the tick gut).

To date, efforts to develop anti-tick vaccines have focused on controlling the cattle tick Rhipicephalus
microplus due to its economic importance. Currently, no anti-tick vaccines based on exposed antigens
are commercially available, although some research has been done in this area. Two commercial
cattle tick vaccines are available (TickGARD and Gavac), both based on the concealed antigen Bm86,
the midgut membrane-bound protein of R. microplus [152]. Immunization induces antibodies in the
vertebrate host; once ingested, the antibodies interfere with the biological function of Bm86, leading to a
reduction in the number, weight, and reproductive capacity of engorged female ticks. Cross-protective
efficacy of TickGARD and Gavac has been demonstrated in cattle against Hyalomma dromedarii and
Hyalomma anatolicum ticks (but not Rhipicephalus appendiculatus or Amblyomma variegatum). The tick
antigen subolesin (4D8) was found to be conserved between representatives of six different genera of
ticks, including Hyalomma [153], offering the prospect for broader cross-species tick vaccines.

Another option for CCHFV control would be vaccinating animals to target the virus in the tick
and at the point of entry into the host. Bm86-based vaccines have been shown to induce host antibodies
that are ingested when ticks feed on the vaccinated animals and enter the tick gut, thereby causing
damage. Thus, it is tempting to speculate that the tick could take up antibodies against CCHFV from
appropriately vaccinated animals, potentially resulting in virus neutralization that would prevent
virus dissemination to the tick salivary glands or eggs. Such a vaccine may have the potential to reduce
infection in difficult to vaccinate hosts (e.g., wild animals), as feeding ticks may be prevented from
transmitting the virus.

Experience to date suggests the need to design vaccines tailored to specific local tick populations
or to seek universal tick antigens to use as immunogens. Anti-tick vaccines capable of reducing virus
transmission will need to be effective against Hyalomma marginatum, other Hyalomma species, and
other competent tick vectors. Existing vaccines and vaccine candidates may also offer some promise.
As CCHFV transmission has been demonstrated during co-feeding of infected and naive ticks on
naive animals [70], decreasing the overall amount of ticks that can acquire virus could play a role
in decreasing the spillover events for this disease. However, further research is required to identify
potential protective Hyalomma antigens together with proof-of-concept studies to demonstrate their
efficacy in experimental animals and in the field.

7. Conclusions

The global incidence of CCHF has been rising as changing climatic conditions have led to increased
vector survival and expanded disease ranges into previously unaffected geographic regions [4,5].
Additionally, land and habitat fragmentation has been a key factor in exposing animal hosts and
humans to tick populations [2]. Although acaricide resistance had not been definitively evaluated in
Hyalomma ticks, the growing resistance of many tick species to acaricides in endemic countries is also
hypothesized to have contributed to higher densities of CCHFV vectors. These factors, compounded
by intensified contact between people and livestock, all greatly increase the risk of virus spillover into
human populations. The current distribution of the virus across much of Asia, Europe, and Africa is
likely to continue to spread over time and poses a significant health risk wherever it may be found.
Therapeutic options for treating disease are limited and, in the absence of a human vaccine, alternative
approaches to preventing spillover to human populations are essential.

CCHFV spillover events are the summation of environmental, ecological, anthropogenic, and
viral genetic factors that must align to result in human disease. The large number of contributors
makes predicting future spillover events challenging; however, they also provide opportunities for
intervention. We believe that a tiered approach outlining these factors will help to develop a more
effective understanding of spillover risk (Figure 2). Factors that include the distribution, density,
and infection prevalence in ticks and their animal hosts are the baseline data forming the foundation
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for targeted risk assessments. Beyond these basic data are human behaviors that predispose certain
populations to tick or livestock-associated exposure. Even after virus has breached the physical and
intrinsic barriers of the body, disease does not always occur. The virus must be able to replicate
effectively (a function of both host and virus genetics) and sufficiently antagonize and evade the immune
response. There are numerous gaps in our knowledge of CCHFV in regard to these parameters,
necessitating investigations to develop a clear picture of disease risk within defined geographic
populations (Table 1).

Given the complexities of CCHFV ecology and endemic circulation as outlined here, we believe
that a multisectoral One Health approach that integrates human and animal health, vector biology,
and environmental health will be essential in addressing and mitigating the threat of CCHFV in the
future. First, building a strong surveillance network of veterinarians, physicians, and epidemiologists
can provide important knowledge regarding baseline prevalence of virus in humans, animals, or tick
vectors in a given geographic region. Second, as discussed, these data become more powerful when
analyzed by modelers and ecologists who can build it into quantitative data-driven risk assessments.
Lastly, the data from these risk assessments can be utilized by national One Health networks to target
specific tick, animal, or human populations for preemptive interventions that make the most sense for
the given population at the given time.

Although not addressed here, the importance of cultivating a national One Health workforce in
individual countries cannot be underestimated. In order to adequately integrate data across sectors
and implement many of the measures discussed in this paper, a workforce must be developed to carry
out and sustain these activities on a national, regional, and individual level. The Tripartite Guide to
Addressing Zoonotic Diseases in Countries includes step-by-step recommendations for building the
multisectorial One Health network and infrastructure necessary to collect and integrate data, expertise,
and personnel from all sectors (environmental, veterinary, medical, etc.) [11]. This process involves
activities, such as identifying and convening stakeholders, reviewing current in-country surveillance
information, uncovering workforce gaps, developing educational and training programs to address
these gaps, and developing a national cohesive strategy for addressing disease.

Ultimately, the way in which data on CCHFV surveillance, risk assessment, and reduction
strategies are shared, interpreted, and acted upon must be regionally specific and defined by an
interpretation of available data across sectors and the availability of financial resources. While financial
resources may be a significant limitation in some countries or sectors, in the long term, many One Health
interventions tend to be cost effective and result in improved public health outcomes, decreasing the
economic impact that may occur when certain populations are affected by a disease, (e.g., agricultural
workers in the case of CCHF). Additionally, coordination across the human, animal, and environmental
health sectors can help to reduce costs by avoiding duplication of activities. The economic benefits
of improved public health can be used to justify further investment in disease mitigation and aid in
supporting a sustained One Health approach to CCHF prevention.
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Table 1. Gaps in knowledge of CCHFV and factors contributing to disease. Key considerations and
questions regarding parameters of viral maintenance and transmission, including both host and tick
factors, that contribute to spillover events (as depicted in Figure 2). These questions aim to highlight
areas warranting additional investigation. Reports addressing a subset of these questions currently
exist; however, the questions are listed to indicate that more data are required to adequately inform
prevention and control efforts.

Parameter Key Considerations and Questions to Address Gaps in Knowledge of CCHFV/
e Which tick species are competent vectors and what is their vectorial capacity?
e What are the molecular determinants of vectorial competency?
o e Where are these species found and how is their distribution changing?
Tick distribution e How do migratory birds, climate change, animal movement, and land fragmentation influence tick range

expansion or appearance in new areas?
What is the risk of CCHFV introduction into new geographic areas?
e Are there additional cryptic transmission cycles of which we are not yet aware?

e Which hosts are more prominent in virus maintenance? Which are competent at transmitting CCHFV to ticks,
Host distribution and how well do they transmit virus?
e Which hosts are amplifiers of key tick species?
What host density is needed to support virus maintenance?

What factors affect immature and adult tick population density?

Can we develop methods to quantitatively assess Hyalomma in the field?
How can we predict increases in tick density?

What tick density is needed to support virus maintenance?

What is the relationship between tick density and spillover/outbreak events?

Tick density

What is the relationship between host density and spillover/outbreak events?

Host density
Does host diversity and dilution effect play a role for virus maintenance?

How has the virus adapted to support the maintenance cycle in ticks and non-human mammals?
What is the relative prevalence of virus in tick populations?

What is the relative incidence of infection in host species/populations?

What are the best measures of pathogen prevalence?

What are the sensitivity and specificity of serological assays?

Virus prevalence in
nature

e [sviremia in host animals necessary to maintain virus in nature or is co-feeding transmission sufficient to
maintain the virus in nature?
Infection intensity * o What is the duration and level of viremia in different host species?
e What are transstadial and transovarial transmission rates?
e  Whatis viral load and tropism within the tick?

e Whatis the prevalence of virus infection in slaughtered animals?

Virus prevalence at
e What is the virus load in tissues of infected animals?

slaughter
e How do levels change over time? How stable is the virus in blood and animal tissues?

e How relevant is co-feeding transmission?

Biting rate (immatures)
e How efficient is co-feeding transmission and how often does it occur?

VirusAsurvival i.n blood o How long does infectious virus persist in blood and tissues?
and tissues of livestock ¢ What are the relative levels of infectious virus in tissues? (Le., handling of which tissues pose the highest risk?)

Tick survivalinnature ¢ How does climate change influence tick life stage survival?

e What are high risk activities/groups?
Human behavior e What s the level of disease awareness in high risk groups?
e How widely do individuals in high risk groups accept (or adhere to) preventative measures?

Biting rate (adults)

What is the affinity of the tick species for biting humans?

e Whatis the infectious dose?

Dose and route of e What s the rate of subclinical infection?

exposure e Does exposure route alter clinical course or outcome?
e Are human-to-human transmitted virus strains more virulent than tick-transmitted strains?
e Whatare the contributions of mucosal and dermal immunity in viral pathogenesis?
Physical and intrinsic o What s the stability of virus on skin and mucous membranes?

barriers (e.g., skin) e How does tick saliva influence pathogenesis and virulence?
e How quickly is virus transmitted from ticks?
e Whatare underlying risk factors in humans? Genetic factors (e.g., HLAs, polymorphisms in immune response)?

Host tissue e How do pre-existing conditions affect susceptibility to infection/disease?
susceptibility and e What s virus tropism in the host and what factors influence it?
permissiveness e What is the relative virulence between virus strains?

e What are the viral determinants of virulence?
e How does CCHFV suppress the immune response?

What is the contribution of the innate immune response to disease?
Immune response e Does mitigating the immune response aid or exacerbate disease progression?
e What role do innate and adaptive responses play in protection? Le., what are the correlates of protection?

* Infection intensity refers to the average quantity of virus present in an infected host or tick.

99



Trop. Med. Infect. Dis. 2020, 5,113

Author Contributions: Conceptualization, TE.S., S.ER., J.R.S., D.A.B.; writing—original draft preparation, TE.S.,
S.ER., PH,M.C, J.R S, D.AB.,; writing—review and editing, TE.S., SER., PH. CES, BHB,, J.RS., D.AB,;
visualization, TE.S., S.ER., J.R.S., D.A.B.; supervision, L.L.R., C.ES., BH.B., ].R.S., D.A.B.; funding acquisition,
L.LR., C.ES., B.H.B. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part from CDC emerging infectious disease research core funds. Sorvillo
and Bird (UC Davis One Health Institute) were supported, in part, by a cooperative agreement from the U.S.
Department of Agriculture—Agricultural Research Service (USDA-ARS; 58-8064-9-015). Sergio Rodriguez worked
under an appointment to the Centers for Disease Control and Prevention, administered by the Oak Ridge Institute
for Science and Education (ORISE) through an interagency agreement between the U.S. Department of Energy
(DOE) and the USDA. ORISE is managed by Oak Ridge Associated Universities (ORAU) under contract with DOE.

Acknowledgments: The authors thank Agustin Estrada-Pefia, Muhammed Furqan Shahid, Jose de la Fuente, and
Sirri Kar for critical review of the manuscript, Stephen Welch for help with figures, and Tatyana Klimova for
assistance in editing the manuscript.

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

Disclaimer: The findings and conclusions in this report are those of the authors and do not necessarily represent
the official position of the Centers for Disease Control and Prevention.

References

1. Bente, D.A.; Forrester, N.L.; Watts, D.M.; McAuley, A.].; Whitehouse, C.A.; Bray, M. Crimean-Congo
hemorrhagic fever: History, epidemiology, pathogenesis, clinical syndrome and genetic diversity. Antivir.
Res. 2013, 100, 159-189. [CrossRef] [PubMed]

2. Estrada-Pefia, A.; Vatansever, Z.; Gargili, A.; Ergénul, O. The trend towards habitat fragmentation is the key
factor driving the spread of Crimean-Congo haemorrhagic fever. Epidemiol. Infect. 2010, 138, 1194-1203.
[CrossRef] [PubMed]

3. Spengler, ].R.; Bente, D.A. Crimean-congo hemorrhagic fever in Spain—New arrival or silent resident? N.
Engl. ]. Med. 2017, 377. [CrossRef] [PubMed]

4.  Ansari, H.; Shahbaz, B.; Izadi, S.; Zeinali, M.; Tabatabaee, S.M.; Mahmoodi, M.; Holakouie-Naieni, K.;
Mansournia, M.A. Crimean-Congo hemorrhagic fever and its relationship with climate factors in southeast
Iran: A 13-year experience. J. Infect. Dev. Ctries. 2014, 8, 749-757. [CrossRef] [PubMed]

5. Duygu, E; Sari, T.; Kaya, T.; Tavsan, O.; Naci, M. The relationship between Crimean-Congo hemorrhagic
fever and climate: Does climate affect the number of patients? Acta Clin. Croat. 2018, 57, 443—448. [CrossRef]
[PubMed]

6.  Estrada-Pefa, A.; Ruiz-Fons, E; Acevedo, P.; Gortazar, C.; de la Fuente, . Factors driving the circulation and
possible expansion of Crimean-Congo haemorrhagic fever virus in the western Palearctic. J. Appl. Microbiol.
2013, 114, 278-286. [CrossRef] [PubMed]

7. Records of Crimean-Congo Hemorrhagic Fever, Communicable Diseases Department; The Ministry of Health of
Turkey: Ankara, Turkey, 2008.

8. Blair, PW.; Kuhn, J.H.; Pecor, D.B.; Apanaskevich, D.A.; Kortepeter, M.G.; Cardile, A.P.; Ramos, A.P;
Keshtkar-Jahromi, M. An emerging biothreat: Crimean-Congo hemorrhagic fever virus in southern and
western Asia. Am. J. Trop. Med. Hyg. 2019, 100, 16-23. [CrossRef] [PubMed]

9.  Spengler, ].R.; Estrada-Penia, A. Host preferences support the prominent role of Hyalomma ticks in the
ecology of Crimean-Congo hemorrhagic fever. PLoS Negl. Trop. Dis. 2018, 12, e€0006248. [CrossRef]

10. Zinsstag, J.; Schelling, E.; Waltner-Toews, D.; Tanner, M. From “one medicine” to “one health” and systemic
approaches to health and well-being. Prev. Vet. Med. 2011, 101, 148-156. [CrossRef] [PubMed]

11. FAO; OIE; WHO. A Tripartite Guide to Addressing Zoonotic Diseases in Countries; World Health Organization
(WHO); Food and Agriculture Organization of the United Nations (FAO); World Organisation for Animal
Health (OIE): Geneva, Switzerland, 2019; ISBN 978-92-5-131236-0.

12.  Mertens, M.; Schmidt, K.; Ozkul, A.; Groschup, M.H. The impact of Crimean-Congo hemorrhagic fever virus
on public health. Antivir. Res. 2013, 98, 248-260. [CrossRef]

13. Estrada-Pefia, A.; Zatansever, Z.; Gargili, A.; Aktas, M.; Uzun, R.; Ergonul, O.; Jongejan, E. Modeling the
spatial distribution of Crimean-Congo hemorrhagic fever outbreaks in Turkey. Vector Borne Zoonotic Dis.
2007, 7, 667-678. [CrossRef] [PubMed]

100



Trop. Med. Infect. Dis. 2020, 5,113

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Formenty, P; Schnepf, G.; Gonzalez-Martin, F,; Bi, Z. International surveillance and control of Crimean-Congo
hemorrhagic fever outbreaks. In Crimean-Congo Hemorrhagic Fever: A Global Perspective; Springer: Dordrecht,
The Netherlands, 2007; pp. 295-303. ISBN 9781402061066.

WHO. WHO CCHF R&D Roadmap Meeting; World Health Organization (WHO): Geneva, Switzerland, 2018.
Spengler, ].R.; Bente, D.A_; Bray, M.; Burt, F.; Hewson, R.; Korukluoglu, G.; Mirazimi, A.; Weber, E; Papa, A.
Second international conference on Crimean-Congo hemorrhagic fever. Antivir. Res. 2018, 150. [CrossRef]
[PubMed]

Bodur, H.; Akinci, E.; Ascioglu, S.; Ongiirii, P; Uyar, Y. Subclinical infections with Crimean-Congo
hemorrhagic fever virus, Turkey. Emerg. Infect. Dis. 2012. [CrossRef] [PubMed]

Gunes, T.; Engin, A_; Poyraz, O.; Elaldi, N.; Kaya, S.; Dokmetas, I.; Bakir, M.; Cinar, Z. Crimean-Congo
hemorrhagic fever virus in high-risk population, Turkey. Emerg. Infect. Dis. 2009, 15, 461-464. [CrossRef]
[PubMed]

Ertugrul, B.; Kirdar, S.; Ersoy, O.S.; Ture, M.; Erol, N.; Ozturk, B.; Sakarya, S. The seroprevalence of
Crimean-Congo haemorrhagic fever among inhabitants living in the endemic regions of Western Anatolia.
Scand. ]. Infect. Dis. 2012, 44, 276-281. [CrossRef]

Nasirian, H. Crimean-Congo hemorrhagic fever (CCHF) seroprevalence: A systematic review and
meta-analysis. Acta Trop. 2019, 196, 102-120. [CrossRef]

Papadopoulos, O.; Koptopoulos, G. Isolation of Crimean-Congo hemorrhagic fever (CCHF) virus from
Rhipicephalus bursa ticks in Greece. Acta Microbiolog. Hell. 1978, 23, 20-28.

Papa, A.; Sidira, P; Larichev, V.; Gavrilova, L.; Kuzmina, K.; Mousavi-Jazi, M.; Mirazimi, A_; Stroher, U;
Nichol, S. Crimean-Congo hemorrhagic fever virus, Greece. Emerg. Infect. Dis. 2014, 20, 288-290. [CrossRef]
Salehi-Vaziri, M.; Baniasadi, V.; Jalali, T.; Mirghiasi, S.M.; Azad-Manjiri, S.; Zarandi, R.; Mohammadi, T.;
Khakifirouz, S.; Fazlalipour, M. The first fatal case of Crimean-Congo hemorrhagic fever caused by the
AP92-like strain of the Crimean-Congo hemorrhagic fever virus. Jpn. J. Infect. Dis. 2016, 69, 344-346.
[CrossRef]

Midilli, K.; Gargili, A.; Ergonul, O.; Elevli, M.; Ergin, S.; Turan, N.; Sengoz, G.; Ozturk, R.; Bakar, M. The first
clinical case due to AP92 like strain of Crimean-Congo hemorrhagic fever virus and a field survey. BMC
Infect. Dis. 2009, 9. [CrossRef]

Vanhomwegen, J.; Alves, M.].; Zupanc, T.A.; Bino, S.; Chinikar, S.; Karlberg, H.; Korukluoglu, G.; Korva, M.;
Mardani, M.; Mirazimi, A.; et al. Diagnostic assays for Crimean-Congo hemorrhagic fever. Emerg. Infect. Dis.
2012, 18, 1958-1965. [CrossRef] [PubMed]

Raabe, V.N. Diagnostic testing for Crimean-Congo hemorrhagic fever. J. Clin. Microbiol. 2020, 58. [CrossRef]
[PubMed]

Escadafal, C,; Olschlager, S.; AvéiE—Zupanc, T.; Papa, A.; Vanhomwegen, J.; Wolfel, R.; Mirazimi, A.;
Teichmann, A.; Donoso-Mantke, O.; Niedrig, M. First international external quality assessment of molecular
detection of Crimean-Congo hemorrhagic fever virus. PLoS Negl. Trop. Dis. 2012, 6. [CrossRef] [PubMed]
Spengler, ] R.; Bergeron, E.; Rollin, PE. Seroepidemiological studies of Crimean-Congo hemorrhagic fever
virus in domestic and wild animals. PLoS Negl. Trop. Dis. 2016, 10, €0004210. [CrossRef]

Hoogstraal, H. The epidemiology of tick-borne Crimean-Congo hemorrhagic fever in Asia, Europe, and
Africa. J. Med. Entomol. 1979, 5, 307—417. [CrossRef]

Spengler, ].R.; Estrada-Pena, A.; Garrison, A.R.; Schmaljohn, C.; Spiropoulou, C.E; Bergeron, E.; Bente, D.A.
A chronological review of experimental infection studies of the role of wild animals and livestock in the
maintenance and transmission of Crimean-Congo hemorrhagic fever virus. Antivir. Res. 2016, 135. [CrossRef]
Hawman, D.W.; Meade-White, K.; Haddock, E.; Habib, R.; Scott, D.; Thomas, T.; Rosenke, R.; Feldmann, H.
Crimean-Congo hemorrhagic fever mouse model recapitulating human convalescence. J. Virol. 2019, 93.
[CrossRef]

Welch, S.R.; Scholte, FE.M.; Spengler, ].R.; Ritter, ]. M.; Coleman-Mccray, ].D.; Harmon, J.R.; Nichol, S.T.;
Zaki, S.R.; Spiropoulou, C.E; Bergeron, E. The Crimean-Congo hemorrhagic fever virus NSm protein is
dispensable for growth in vitro and disease in IFNAR”" mice. Microorganisms 2020, 8. [CrossRef]
Chumakov, M. Contribution to 30 years of investigation of Crimean hemorrhagic fever. Translyatsia Instituta
Polio-Virusnyh Entsefalitov Akademii Medicinskih NauK USSR, 1974; 22, 5-18. (In Russian) (In English,
NAMRU-T950)

101



Trop. Med. Infect. Dis. 2020, 5,113

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Causey, O.R.; Kemp, G.E.; Madbouly, M.H.; David-West, T.S. Congo virus from domestic livestock, African
hedgehog, and arthropods in Nigeria. Am. J. Trop. Med. Hyg. 1970, 19, 846-850. [CrossRef]

Shanmugam, J.; Smirnova, S.E.; Chumakov, M.P. Presence of antibody to arboviruses of the Crimean
haemorrhagic fever-Congo (CHF-Congo) group in human beings and domestic animals in India. Indian J.
Med. Res. 1976, 64, 1403-1413. [PubMed]

Goedhals, D.; Paweska, J.T.; Burt, EJ. Long-lived CD8+ T cell responses following Crimean-Congo
haemorrhagic fever virus infection. PLoS Negl. Trop. Dis. 2017, 11. [CrossRef] [PubMed]

Burt, FJ.; Samudzi, R R.; Randall, C.; Pieters, D.; Vermeulen, J.; Knox, C.M. Human defined antigenic region
on the nucleoprotein of Crimean-Congo hemorrhagic fever virus identified using truncated proteins and a
bioinformatics approach. J. Virol. Methods 2013, 193, 706-712. [CrossRef] [PubMed]

Burt, FJ.; Leman, P.A.; Abbott, J.C.; Swanepoel, R. Serodiagnosis of Crimean-Congo haemorrhagic fever.
Epidemiol. Infect. 1994. [CrossRef]

Gonzalez, J.-P.; Camicas, J.-L.; Cornet, J.-P.; Wilson, M.L. Biological and clinical responses of West African
sheep to Crimean-Congo haemorrhagic fever virus experimental infection. Res. Virol. 1998, 149, 445-455.
[CrossRef]

Tignor, G.H.; Smith, A.L.; Casals, J.; Ezeokoli, C.D.; Okoli, J. Close relationship of Crimean hemorrhagic
fever-Congo (CHF-C) virus strains by neutralizing antibody assays. Am. ]. Trop. Med. Hyg. 1980, 29, 676—685.
[CrossRef]

Marriott, A.C.; Ward, V.K.; Higgs, S.; Nuttall, PA. RNA probes detect nucleotide sequence homology between
members of two different nairovirus serogroups. Virus Res. 1990, 16, 77-81. [CrossRef]

Ward, VK.; Marriott, A.C.; Polyzoni, T.; El-Ghorr, A.A.; Antoniadis, A.; Nuttall, P.A. Expression of the
nucleocapsid protein of Dugbe virus and antigenic cross-reactions with other nairoviruses. Virus Res. 1992,
24,223-229. [CrossRef]

Kondratenko, V.; Blagoveshchenskaya, N.M.; Butenko, A.M.; Vyshnivetskaya, L.K.; Zarubina, L.V,;
Milyutin, V.N. Results of virological investigation of ixodid ticks in Crimean hemorrhagic fever focus
in Rostov Oblast. Mater 3 Oblast Nauchn Prakt Konf. 1970; 3, 29-35. (In Russian). (In English, NAMRU3-T524)
Chumakov, M.P. A short story of the investigation of the virus of Crimean hemorrhagic fever. Translyatsia
Instituta Polio-Virusnyh Entsefalitov Akademii Medicinskih NauK USSR, 1965; 7, 193-196. (In Russian). (In
English, NAMRU3-TI89)

Pak, T.P; Daniyarov, O.A.; Kostyukov, M.A.; Bulychev, V.P.; Kuima, A.U. Ecology of Crimean hemorrhagic
fever in Tadzhikistan. Mater Resp. Simp. Kamenyuki Belovezh Pushoha, 1974; 93-94. (In Russian). (In English,
NAMRU3-T968).

Swanepoel, R.; Struthers, J.K.; Shepherd, A.J.; McGillivray, G.M.; Nel, M.].; Jupp, P.G. Crimean-Congo
hemorrhagic fever in South Africa. Am. J. Trop. Med. Hyg. 1983, 32, 1407-1415. [CrossRef]

Gargili, A.; Estrada-Pena, A.; Spengler, ].R.; Lukashev, A.; Nuttall, P.A.; Bente, D.A. The role of ticks in the
maintenance and transmission of Crimean-Congo hemorrhagic fever virus: A review of published field and
laboratory studies. Antivir. Res. 2017, 144. [CrossRef]

Gonzalez, ].P; Cornet, J.P.; Wilson, M.L.; Camicas, ].L. Crimean-Congo haemorrhagic fever virus replication
in adult Hyalomma truncatum and Amblyomma variegatum ticks. Res. Virol. 1991, 142, 483-488. [CrossRef]
Shepherd, A.J.; Swanepoel, R.; Cornel, A.J.; Mathee, O. Experimental studies on the replication and
transmission of Crimean-Congo hemorrhagic fever virus in some African tick species. Am. J. Trop. Med. Hyg.
1989, 40, 326-331. [CrossRef]

Kar, S.; Rodriguez, S.E.; Akyildiz, G.; Cajimat, M.N.B.; Bircan, R.; Mears, M.C.; Bente, D.A.; Keles, A.G.
Crimean-Congo hemorrhagic fever virus in tortoises and Hyalomma aegyptium ticks in East Thrace, Turkey:
Potential of a cryptic transmission cycle. Parasites Vectors 2020, 13. [CrossRef] [PubMed]

Palomar, A.M.; Portillo, A.; Santibanez, P.; Mazuelas, D.; Arizaga, J.; Crespo, A.; Gutiérrez, 0, Cuadrado, J.F;
Oteo, J.A. Crimean-congo hemorrhagic fever virus in ticks from migratory birds, Morocco. Emerg. Infect. Dis.
2013, 19, 260-263. [CrossRef] [PubMed]

Chisholm, K.; Dueger, E.; Fahmy, N.T.; Samaha, H.A.T.; Zayed, A.; Abdel-Dayem, M.; Villinski, J.T.
Crimean-Congo hemorrhagic fever virus in ticks from imported livestock, Egypt. Emerg. Infect. Dis. 2012, 18,
181-182. [CrossRef]

102



Trop. Med. Infect. Dis. 2020, 5,113

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

De Liberato, C.; Frontoso, R.; Magliano, A.; Montemaggiori, A.; Autorino, G.L.; Sala, M.; Bosworth, A_;
Scicluna, M.T. Monitoring for the possible introduction of Crimean-Congo haemorrhagic fever virus in Italy
based on tick sampling on migratory birds and serological survey of sheep flocks. Prev. Vet. Med. 2018, 149,
47-52. [CrossRef]

Buczek, A.M.; Buczek, W.; Buczek, A.; Bartosik, K. The potential role of migratory birds in the rapid spread
of ticks and tick-borne pathogens in the changing climatic and environmental conditions in Europe. Int. J.
Environ. Res. Public Health 2020, 17,2117. [CrossRef]

Leggiadro, R.J. Autochthonous Crimean-Congo hemorrhagic fever in Spain. Pediatr. Infect. Dis. ]. 2017.
[CrossRef]

Estrada-Pefia, A.; Palomar, A.M.; Santibafez, P.; Sanchez, N.; Habela, M.A.; Portillo, A.; Romero, L.; Oteo, J.A.
Crimean-Congo hemorrhagic fever virus in ticks, Southwestern Europe, 2010. Emerg. Infect. Dis. 2012, 18,
179-180. [CrossRef] [PubMed]

Sureau, P; Klein, ].M.; Casals, J.; Digoutte, J.; Salaun, J.; Piazak, N.; Calvo, M. Isolation of Thogoto, Wad
Medani, Wanowrie and Crimean-Congo haemorrhagic fever viruses from ticks of domestic animals in Iran
[Hyalomma anatolicum, Hyalomma asiaticum, Alveonasus lahorensis; isolates, epidemiology]. Ann. Virol. 1980,
131, 185-200.

Wilson, M.L.; LeGuenno, B.; Guillaud, M.; Desoutter, D.; Gonzalez, J.P.; Camicas, J.L. Distribution of
Crimean-Congo hemorrhagic fever viral antibody in Senegal: Environmental and vectorial correlates. Am. J.
Trop. Med. Hyg. 1990, 43, 557-566. [CrossRef]

Logan, T.M.; Linthicum, K.J.; Bailey, C.L.; Watts, D.M.; Moulton, ].R. Experimental transmission of
Crimean-Congo hemorrhagic fever virus by Hyalomma truncatum koch. Am. ]. Trop. Med. and Hyg.
1989, 40, 207-212. [CrossRef] [PubMed]

Sekercioglu, C.H. Guineafowl, Ticks and Crimean-Congo hemorrhagic fever in Turkey: The perfect storm?
Trends Parasitol. 2013, 29, 1-2. [CrossRef]

Plowright, RK.; Parrish, C.R.; McCallum, H.; Hudson, PJ.; Ko, A.L; Graham, A.L.; Lloyd-Smith, J.O.
Pathways to zoonotic spillover. Nat. Rev. Microbiol. 2017, 15, 502-510. [CrossRef]

Dietz, K. The estimation of the basic reproduction number for infectious diseases. Stat. Methods Med. Res.
1993, 2, 23-41. [CrossRef]

Cooper, B.S. Mathematical modeling of Crimean-Congo hemorrhagic fever transmission. In Crimean-Congo
Hemorrhagic Fever: A Global Perspective; Springer: Dordrecht, The Netherlands, 2007; pp. 187-203. ISBN
9781402061066.

Medley, G.E; Perry, B.; Young, A.A.S. Preliminary analysis of the transmission dynamics of Theileria parva
in eastern Africa. Parasitology 1993, 106, 251-264. [CrossRef]

Ak, C.; Ergondil, 0,; Sencan, 1,; Torunoglu, M.A.; Gonen, M. Spatiotemporal prediction of infectious diseases
using structured Gaussian processes with application to Crimean-Congo hemorrhagic fever. PLoS Negl. Trop.
Dis. 2018, 12. [CrossRef]

Norman, R.; Bowers, R.G.; Begon, M.; Hudson, PJ. Persistence of tick-borne virus in the presence of multiple
host species: Tick reservoirs and parasite mediated competition. J. Theor. Biol. 1999, 200, 111-118. [CrossRef]
[PubMed]

Laurenson, M.K.; Norman, R.A.; Gilbert, L.; Reid, HW.; Hudson, PJ. Identifying disease reservoirs in
complex systems: Mountain hares as reservoirs of ticks and louping-ill virus, pathogens of red grouse. J.
Anim. Ecol. 2003, 72, 177-185. [CrossRef]

LoGiudice, K.; Ostfeld, R.S.; Schmidt, K.A.; Keesing, F. The ecology of infectious disease: Effects of host
diversity and community composition on Lyme disease risk. Proc. Natl. Acad. Sci. USA 2003, 100, 567-571.
[CrossRef] [PubMed]

Jones, L.D.; Davies, C.R.; Steele, G.M.; Nuttall, P.A. A novel mode of arbovirus transmission involving a
nonviremic host. Science 1987, 237, 775-777. [CrossRef] [PubMed]

Gordon, S.W.; Linthicum, K.J.; Moulton, J.R. Transmission of Crimean-Congo hemorrhagic fever virus in two
species of Hyalomma ticks from infected adults to cofeeding immature forms. Am. |. Trop. Med. Hyg. 1993,
48, 576-580. [CrossRef]

Gonzalez, J.P,; Camicas, J.L.; Cornet, ].P.; Faye, O.; Wilson, M.L. Sexual and transovarian transmission
of Crimean-Congo haemorrhagic fever virus in Hyalomma truncatum ticks. Res. Virol. 1992, 143, 23-28.
[CrossRef]

103



Trop. Med. Infect. Dis. 2020, 5,113

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

De la Fuente, ].; Antunes, S.; Bonnet, S.; Cabezas-Cruz, A.; Domingos, A.G.; Estrada-Pena, A.; Johnson, N.;
Kocan, K.M.; Mansfield, K.L.; Nijhof, A.M.; et al. Tick-pathogen interactions and vector competence:
identification of molecular drivers for tick-borne diseases. Front. Cell. Infect. Microbiol. 2017, 7. [CrossRef]
Ergonul, O.0.; Celikbas, A.; Baykam, N.; Eren, S.; Dokuzoguz, B. Analysis of risk-factors among patients
with Crimean-Congo haemorrhagic fever virus infection: Severity criteria revisited. Clin. Microbiol. Infect.
2006. [CrossRef]

Mediannikov, O.; Diatta, G.; Fenollar, F; Sokhna, C.; Trape, ].E; Raoult, D. Tick-borne rickettsioses, neglected
emerging diseases in rural Senegal. PLoS Negl. Trop. Dis. 2010, 4. [CrossRef]

Kamani, J.; Baneth, G.; Apanaskevich, D.A.; Mumcuoglu, K.Y.; Harrus, S. Molecular detection of Rickettsia
aeschlimannii in Hyalomma spp. ticks from camels (Camelus dromedarius) in Nigeria, West Africa. Med. Vet.
Entomol. 2015, 29, 205-209. [CrossRef]

Grandi, G.; Chitimia-Dobler, L.; Choklikitumnuey, P; Strube, C.; Springer, A.; Albihn, A ; Jaenson, T.G.T,;
Omazic, A. First records of adult Hyalomma marginatum and H. rufipes ticks (Acari: Ixodidae) in Sweden.
Ticks TickBorne Dis. 2020, 11. [CrossRef] [PubMed]

Sedaghat, M.; Sarani, M.; Chinikar, S.; Telmadarraiy, Z.; Moghaddam, A.; Azam, K.; Nowotny, N.; Fooks, A.;
Shahhosseini, N. Vector prevalence and detection of Crimean-Congo haemorrhagic fever virus in Golestan
Province, Iran. J. Vector Borne Dis. 2017, 54, 353. [CrossRef]

Coleman, N.; Coleman, S. Methods of tick removal: A systematic review of the literature. Australas. Med. ].
2017, 10, 53-62. [CrossRef]

Akin Belli, A.; Dervis, E.; Kar, S.; Ergonul, O.; Gargili, A. Revisiting detachment techniques in human-biting
ticks. J. Am. Acad. Dermatol. 2016, 75, 393-397. [CrossRef] [PubMed]

Eisen, L. Pathogen transmission in relation to duration of attachment by Ixodes scapularis ticks. Ticks Tick
Borne Dis. 2018, 9, 535-542. [CrossRef] [PubMed]

Ebel, G.D.; Kramer, L.D. Short report: Duration of tick attachment required for transmission of Powassan
virus by deer ticks. Am. |. Trop. Med. Hyg. 2004, 71. [CrossRef]

Booth, T.F,; Steele, G.M.; Marriott, A.C.; Nuttall, P.A. Dissemination, replication, and trans-stadial persistence
of Dugbe virus (nairovirus, bunyaviridae) in the tick vector Amblyomma variegatum. Am. J. Trop. Med. Hyg.
1991, 45, 146-157. [CrossRef]

Leblebicioglu, H.; Sunbul, M.; Memish, Z.A.; Al-Tawfiq, J.A.; Bodur, H.; Ozkul, A.; Gucukoglu, A_; Chinikar, S.;
Hasan, Z. Consensus report: Preventive measures for Crimean-Congo hemorrhagic fever during Eid-al-Adha
festival. Int. J. Infect. Dis. 2015, 38, 9-15. [CrossRef]

Mallhi, T.H.; Khan, Y.H.; Sarriff, A.; Khan, A.H. Crimean-Congo haemorrhagic fever virus and Eid-Ul-Adha
festival in Pakistan. Lancet Infect. Dis. 2016, 16, 1332-1333. [CrossRef]

Mallhi, T.H.; Khan, Y.H.; Tanveer, N.; Khan, A.H.; Qadir, M.I. Commentary: Surveillance of Crimean-Congo
haemorrhagic fever in Pakistan. Front. Public Health 2017, 5. [CrossRef]

Swanepoel, R.; Leman, P.A.; Burt, EJ.; Jardine, J.; Verwoerd, D.J.; Capua, I.; Briickner, G.K.; Burger, W.P.
Experimental infection of ostriches with Crimean-Congo haemorrhagic fever virus. Epidemiol. Infect. 1998,
121, 427-432. [CrossRef]

Papa, A.; Papadimitriou, E.; Christova, I. The Bulgarian vaccine Crimean-Congo haemorrhagic fever virus
strain. Scand. |. Infect. Dis. 2011, 43, 225-229. [CrossRef] [PubMed]

Tipih, T.; Burt, EJ. Crimean-Congo hemorrhagic fever virus: Advances in vaccine development. BioRes. Open
Access 2020, 9, 137-150. [CrossRef] [PubMed]

Dowall, S.D.; Carroll, M.W.; Hewson, R. Development of vaccines against Crimean-Congo haemorrhagic
fever virus. Vaccine 2017, 35, 6015-6023. [CrossRef]

Garrison, A.R.; Smith, D.R.; Golden, ].W. Animal models for Crimean-Congo hemorrhagic fever human
disease. Viruses 2019, 11, 590. [CrossRef] [PubMed]

Dowall, 5.D.; Buttigieg, K.R.; Findlay-Wilson, S.J].D.; Rayner, E.; Pearson, G.; Miloszewska, A.; Graham, V.A.;
Carroll, M\W.; Hewson, R. A Crimean-Congo hemorrhagic fever (CCHF) viral vaccine expressing
nucleoprotein is immunogenic but fails to confer protection against lethal disease. Hum. Vaccines Immunother.
2016, 12, 519-527. [CrossRef] [PubMed]

Zivcec, M. Characterization of the Interferon «f3 Receptor Knockout Mouse Model of Crimean-Congo
Hemorrhagic Fever (CCHF) and Assessment of Adenovirus Based CCHF Virus Vaccine Efficacy and
Correlates of Protection. Ph.D. Thesis, University of Manitoba, Winnipeg, MB, Canada, 2013.

104



Trop. Med. Infect. Dis. 2020, 5,113

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Dowall, 5.D.; Graham, V.A_; Rayner, E.; Hunter, L.; Watson, R.; Taylor, L; Rule, A_; Carroll, M.W. Protective
effects of a modified Vaccinia Ankara-based vaccine candidate against Crimean-Congo haemorrhagic fever
virus require both cellular and humoral responses. PLoS ONE 2016, 11. [CrossRef]

Kortekaas, J.; Vloet, RPM.; Mcauley, A.J.; Shen, X.; Bosch, B.J.; de Vries, L.; Moormann, R.J.M.; Bente, D.A.
Crimean-Congo hemorrhagic fever virus subunit vaccines induce high levels of neutralizing antibodies but
no protection in STAT1 knockout mice. Vector Borne Zoonotic Dis. 2015, 15, 759-764. [CrossRef]
Bertolotti-Ciarlet, A.; Smith, J.; Strecker, K.; Paragas, J.; Altamura, L.A.; McFalls, ].M.; Frias-Staheli, N.;
Garcia-Sastre, A.; Schmaljohn, C.S.; Doms, R.-W. Cellular localization and antigenic characterization of
Crimean-Congo hemorrhagic fever virus glycoproteins. J. Virol. 2005, 79, 6152-6161. [CrossRef]

Golden, ].W.; Shoemaker, C.J.; Lindquist, M.E.; Zeng, X.; Daye, S.P.; Williams, J.A.; Liu, J.; Coffin, KM.;
Olschner, S.; Flusin, O.; et al. GP38-targeting monoclonal antibodies protect adult mice against lethal
Crimean-Congo hemorrhagic fever virus infection. Sci. Adv. 2019, 5. [CrossRef]

Mousavi-Jazi, M.; Karlberg, H.; Papa, A.; Christova, I.; Mirazimi, A. Healthy individuals” immune response
to the Bulgarian Crimean-Congo hemorrhagic fever virus vaccine. Vaccine 2012, 30, 6225-6229. [CrossRef]
[PubMed]

Haddock, E.; Feldmann, F.; Hawman, D.W.; Zivcec, M.; Hanley, PW.; Saturday, G.; Scott, D.P.; Thomas, T.;
Korva, M.; Avéié-Zupanc, T; et al. A cynomolgus macaque model for Crimean-Congo haemorrhagic fever.
Nat. Microbiol. 2018, 3, 556-562. [CrossRef] [PubMed]

Smith, D.R.; Shoemaker, C.J.; Zeng, X.; Garrison, A.R.; Golden, ].W.; Schellhase, C.W.; Pratt, W.; Rossi, F.;
Fitzpatrick, C.J.; Shamblin, J.; et al. Persistent Crimean-Congo hemorrhagic fever virus infection in the testes
and within granulomas of non-human primates with latent tuberculosis. PLoS Pathog. 2019, 15. [CrossRef]
[PubMed]

Gortazar, C.; Diez-Delgado, I.; Barasona, J.A.; Vicente, J.; de La Fuente, J.; Boadella, M. The wild side of
disease control at the wildlife-livestock-human interface: A review. Front. Vet. Sci. 2014, 1, 27. [CrossRef]
[PubMed]

Artois, M.; Blancou, J.; Dupeyroux, O.; Gilot-Fromont, E. Sustainable control of zoonotic pathogens in
wildlife: How to be fair to wild animals? OIE Rev. Sci. Tech. 2011, 30, 733-743. [CrossRef]

Monath, T.P. Vaccines against diseases transmitted from animals to humans: A one health paradigm. Vaccine
2013, 31, 5321-5338. [CrossRef]

Cunningham, A.A.; Daszak, P.; Wood, J.L.N. One health, emerging infectious diseases and wildlife: Two
decades of progress? Philos. Trans. R. Soc. B. Biol. Sci. 2017, 372, 20160167. [CrossRef]

Brochier, B.; Blancou, J.; Thomas, I.; Languet, B.; Artois, M.; Kieny, M.-P.; Lecocq, ].-P,; Costy, F.; Desmettre, P.;
Chappuis, G.; et al. Use of recombinant vaccinia-rabies glycoprotein virus for oral vaccination of wildlife
against rabies: Innocuity to several non-target bait consuming species. J. Wildl. Dis. 2013, 25, 540-547.
[CrossRef]

Williams, S.C.; van Oosterwijk, J.G.; Linske, M.A.; Zatechka, S.; Richer, L.M.; Przybyszewski, C.; Wikel, SK.;
Stafford, K.C. Administration of an orally delivered substrate targeting a mammalian zoonotic pathogen
reservoir population: Novel application and biomarker analysis. Vector Borne Zoonotic Dis. 2020. [CrossRef]
Bhattacharya, D.; Bensaci, M.; Luker, K.E.; Luker, G.; Wisdom, S.; Telford, S.R.; Hu, L.T. Development of a
baited oral vaccine for use in reservoir-targeted strategies against Lyme disease. Vaccine 2011, 29, 7818-7825.
[CrossRef]

Voordouw, M.J.; Tupper, H.; Onder, O.; Devevey, G.; Graves, C.J.; Kemps, B.D.; Brisson, D. Reductions
in human Lyme disease risk due to the effects of oral vaccination on tick-to-mouse and mouse-to-tick
transmission. Vector Borne Zoonotic Dis. 2013, 13, 203-214. [CrossRef]

Bull, J.J.; Smithson, M.W.; Nuismer, S.L. Transmissible viral vaccines. Trends Microbiol. 2018, 26, 6-15.
[CrossRef] [PubMed]

Polak, K.; Kommedal, A.T. (Eds.) Field Manual for Small Animal Medicine; Wiley: Hoboken, NJ, USA, 2018;
ISBN 9781119243274.

Betancur Hurtado, O.].; Giraldo-Rios, C. Economic and health impact of the ticks in production animals. In
Ticks Tick-Borne Pathogens; IntechOpen: London, UK, 2019. [CrossRef]

White, N.; Sutherst, R.W.; Hall, N.; Whish-Wilson, P. The vulnerability of the Australian beef industry
to impacts of the cattle tick (Boophilus microplus) under climate change. Clim. Change 2003, 61, 157-190.
[CrossRef]

105



Trop. Med. Infect. Dis. 2020, 5,113

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Hiie, T.; Hurlin, J.C.; Teurlai, M.; Naves, M. Comparison of tick resistance of crossbred Senepol x Limousin
to purebred Limousin cattle. Trop. Anim. Health Prod. 2014, 46, 447-453. [CrossRef] [PubMed]

Uttenthal, A.; Parida, S.; Rasmussen, T.B.; Paton, D.J.; Haas, B.; Dundon, W.G. Strategies for differentiating
infection in vaccinated animals (DIVA) for foot-and mouth disease, classical swine fever and avian influenza.
Expert Rev. Vaccines 2010, 9, 73-87. [CrossRef] [PubMed]

Farzani, T.A.; Foldes, K.; Hanifehnezhad, A.; Ilce, B.Y.; Dagalp, S.B.; Khiabani, N.A.; Ergiinay, K.; Alkan, F.;
Karaoglu, T.; Bodur, H.; et al. Bovine herpesvirus type 4 (BoHV-4) vector delivering nucleocapsid protein of
Crimean-Congo hemorrhagic fever virus induces comparable protective immunity against lethal challenge
in IFNo/ByyR7" mice models. Viruses 2019, 11. [CrossRef]

Ghiasi, S.M.; Salmanian, A.H.; Chinikar, S.; Zakeri, S. Mice orally immunized with a transgenic plant
expressing the glycoprotein of Crimean-Congo hemorrhagic fever virus. Clin. Vaccine Immunol. 2011, 18,
2031-2037. [CrossRef]

Donadeu, M.; Nwankpa, N.; Abela-Ridder, B.; Dungu, B. Strategies to increase adoption of animal vaccines
by smallholder farmers with focus on neglected diseases and marginalized populations. PLoS Negl. Trop.
Dis. 2019, 13, e0006989. [CrossRef]

Abdela, N.; Ibrahim, N.; Begna, F. Prevalence, risk factors and vectors identification of bovine anaplasmosis
and babesiosis in and around Jimma town, Southwestern Ethiopia. Acta Tropica 2018, 177, 9-18. [CrossRef]
Latif, A.A.; Walker, A.R. An Introduction to the Biology and Control of Ticks in Africa. ICTTD-2 Project.
2004; 1-29.

Sutherst, RW.; Norton, G.A.; Barlow, N.D.; Conway, G.R.; Birley, M.; Comins, H.N. An analysis of
management strategies for cattle tick (Boophilus microplus) control in Australia. J. Appl. Ecol. 1979, 16, 359.
[CrossRef]

Walker, A. Ticks of Domestic Animals in Africa: A Guide to Identification of Species; Bioscience Reports: Edinburgh,
Scotland, 2003; ISBN 095451730X.

Nejash, A.A. Review of economically important cattle tick and its control in Ethiopia. Vector Biol. ]. 2016, 1.
[CrossRef]

Graf, ].E; Gogolewski, R.; Leach-Bing, N.; Sabatini, G.A.; Molento, M.B.; Bordin, E.L.; Arantes, G.J. Tick
control: An industry point of view. Parasitology 2004, 129, S427-5442. [CrossRef]

Eiden, A.L.; Kaufman, PE.; Oi, EM.; Dark, M.].; Bloomquist, J.R.; Miller, R.J. Determination of metabolic
resistance mechanisms in pyrethroid-resistant and fipronil-tolerant brown dog ticks. Med. Vet. Entomol.
2017, 31, 243-251. [CrossRef] [PubMed]

Pavela, R.; Canale, A.; Mehlhorn, H.; Benelli, G. Application of ethnobotanical repellents and acaricides in
prevention, control and management of livestock ticks: A review. Res. Vet. Sci. 2016, 109, 1-9. [CrossRef]
[PubMed]

De Meneghi, D.; Stachurski, F.; Adakal, H. Experiences in tick control by acaricide in the traditional cattle
sector in Zambia and Burkina Faso: Possible environmental and public health implications. Front. Public
Health 2016, 4, 239. [CrossRef]

Abbas, R.Z.; Zaman, M.A.; Colwell, D.D.; Gilleard, ]J.; Igbal, Z. Acaricide resistance in cattle ticks and
approaches to its management: The state of play. Vet. Parasitol. 2014, 203, 6-20. [CrossRef]

Nandi, A.; Sagar, S.V.; Chigure, G.; Fular, A.; Sharma, A K.; Nagar, G.; Kumar, S.; Saravanan, B.C.; Ghosh, S.
Determination and validation of discriminating concentration of ivermectin against Rhipicephalus microplus.
Vet. Parasitol. 2018, 250, 30-34. [CrossRef]

Pohl, P.C.; Carvalho, D.D.; Daffre, S.; da Silva Vaz, I.; Masuda, A. In vitro establishment of ivermectin-resistant
Rhipicephalus microplus cell line and the contribution of ABC transporters on the resistance mechanism. Vet.
Parasitol. 2014, 204, 316-322. [CrossRef]

Reck, J.; Klafke, G.M.; Webster, A.; Dall’Agnol, B.; Scheffer, R.; Souza, U.A.; Corassini, V.B.; Vargas, R.; dos
Santos, J.S.; de Souza Martins, J.R. First report of fluazuron resistance in Rhipicephalus microplus: A field tick
population resistant to six classes of acaricides. Vet. Parasitol. 2014, 201, 128-136. [CrossRef]

Li, A.Y;; Davey, R.B.; Miller, R.].; George, ].E. Detection and characterization of amitraz resistance in the
southern cattle tick, Boophilus microplus (Acari: Ixodidae). J. Med. Entomol. 2004, 41, 193-200. [CrossRef]
Kunz, S.E.; Kemp, D.H. Insecticides and acaricides: Resistance and environmental impact. Rev. Sci. Tech.
1994, 13, 1249-1286. [CrossRef]

106



Trop.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Med. Infect. Dis. 2020, 5,113

Saramago, L.; Gomes, H.; Aguilera, E.; Cerecetto, H.; Gonzalez, M.; Cabrera, M.; Alzugaray, M.E,; Da Silva
Vaz, L, Jr.; Nunes da Fonseca, R.; Aguirre-Lopez, B.; et al. Novel and selective Rhipicephalus microplus
triosephosphate isomerase inhibitors with acaricidal activity. Vet. Sci. 2018, 5. [CrossRef] [PubMed]
Adenubi, O.T.; McGaw, L.J.; Eloff, ].N.; Naidoo, V. In vitro bioassays used in evaluating plant extracts for tick
repellent and acaricidal properties: A critical review. Vet. Parasitol. 2018, 254, 160-171. [CrossRef] [PubMed]
Adenubi, O.T,; Fasina, F.O.; McGaw, L.J.; Eloff, ].N.; Naidoo, V. Plant extracts to control ticks of veterinary
and medical importance: A review. S. Afr. |. Botany 2016, 105, 178-193. [CrossRef]

Mulla, M.S.; Su, T. Activity and biological effects of neem products against arthropods of medical and
veterinary importance. J. Am. Mosq. Control Assoc. 1999, 15, 133-152. [PubMed]

Heimerdinger, A.; Olivo, C.J.; Molento, M.B.; Agnolin, C.A.; Ziech, M.E; Scaravelli, L.E.B.; Skonieski, ER;
Both, J.E.; Charao, P.S. Alcoholic extract of lemongrass (Cymbopogon citratus) on the control of Boophilus
microplus in cattle. Rev. Bras. Parasitol. Vet. 2006, 15, 37-39.

Samish, M.; Alekseev, E. Arthropods as predators of ticks (Ixodoidea). |. Med. Entomol. 2001, 38, 1-11.
[CrossRef]

Duffy, D.C.; Downer, R.; Brinkley, C. The effectiveness of Helmeted Guineafowl in the control of the deer tick,
the vector of Lyme disease. Wilson Bull. 1992, 104, 342-345.

Hasle, G. Transport of ixodid ticks and tick-borne pathogens by migratory birds. Front. Cell. Infect. Microbiol.
2013, 3, 48. [CrossRef]

Sparagano, O.; George, D.; Giangaspero, A.; Spitalskd, E. Arthropods and associated arthropod-borne
diseases transmitted by migrating birds. The case of ticks and tick-borne pathogens. Vet. Parasitol. 2015, 213,
61-66. [CrossRef]

Samish, M.; Ginsberg, H.; Glazer, 1. Biological control of ticks. Parasitology 2004, 129, S389-5403. [CrossRef]
[PubMed]

Assenga, S.P; You, M.; Shy, C.H.; Yamagishi, J.; Sakaguchi, T.; Zhou, J.; Kibe, M.K.; Xuan, X.; Fujisaki, K. The
use of a recombinant baculovirus expressing a chitinase from the hard tick Haemaphysalis longicornis and its
potential application as a bioacaricide for tick control. Parasitol. Res. 2006, 98, 111-118. [CrossRef]
Fernandes, E.K.K; Bittencourt, V.R.E.P; Roberts, D.W. Perspectives on the potential of entomopathogenic
fungi in biological control of ticks. Experimental Parasitol. 2012, 130, 300-305. [CrossRef] [PubMed]

Samish, M.; Ginsberg, H.; Glazer, I. Anti-tick biological control agents: Assessment and future perspectives.
In Ticks: Biology, Disease and Control; Cambridge University Press: Cambridge, UK, 2008; pp. 447-469. ISBN
9780511551802.

Santi, L.; e Silva, L.A.D.; da Silva, W.O.B.; Corréa, A.PF,; Rangel, D.E.N.; Carlini, C.R,; Schrank, A.;
Vainstein, M.H. Virulence of the entomopathogenic fungus Metarhizium anisopliae using soybean oil
formulation for control of the cotton stainer bug, Dysdercus peruvianus. World ]. Microbiol. Biotechnol. 2011, 27,
2297-2303. [CrossRef]

Quesada-Moraga, E.; Santos-Quirds, R.; Valverde-Garcia, P; Santiago-Alvarez, C. Virulence, horizontal
transmission, and sublethal reproductive effects of Metarhizium anisopliae (anamorphic fungi) on the
German cockroach (Blattodea: Blattellidae). |. Invertebr. Pathol. 2004, 87, 51-58. [CrossRef] [PubMed]
Stafford, K.C.; Allan, S.A. Field applications of entomopathogenic fungi Beauveria bassiana and Metarhizium
anisopliae F52 (Hypocreales: Clavicipitaceae) for the control of Ixodes scapularis (Acari: Ixodidae). J. Med.
Entomol. 2010, 47, 1107-1115. [CrossRef]

Samish, M.; Gindin, G.; Alekseev, E.; Glazer, 1. Pathogenicity of entomopathogenuc fungi to different
developmental states of Rhipicephalus sanguineus (Acari: Ixodidae). J. Parasitol. 2001, 87, 1355-1359.
[CrossRef]

Frazzon, A.P.G.; Vaz Junior, 1.D.S.; Masuda, A.; Schrank, A.; Vainstein, M.H. In vitro assessment of
Metarhizium anisopliae isolates to control the cattle tick Boophilus microplus. Vet. Parasitol. 2000, 94, 117-125.
[CrossRef]

Leemon, D.M.; Turner, L.B.; Jonsson, N.N. Pen studies on the control of cattle tick (Rhipicephalus (Boophilus)
microplus) with Metarhizium anisopliae (Sorokin). Vet. Parasitol. 2008, 156, 248-260. [CrossRef]

Suleiman, E.A_; Shigidi, M.T.; Hassan, S.M. Metarhizium anisopliae as a biological control agent against
Hyalomma anatolicum (Acari: Ixodidae). Pak. |. Biolog. Sci. 2013, 16, 1943-1949. [CrossRef]

107



Trop. Med. Infect. Dis. 2020, 5,113

152. Rodriguez-Mallon, A. Developing anti-tick vaccines. In Methods in Molecular Biology; Humana Press Inc.:
New York, NY, USA, 2016; Volume 1404, pp. 243-259.

153. De la Fuente, J.; Almazan, C.; Blas-Machado, U.; Naranjo, V.; Mangold, A.J.; Blouin, E.F; Gortazar, C.;
Kocan, K.M. The tick protective antigen, 4D8, is a conserved protein involved in modulation of tick blood
ingestion and reproduction. Vaccine 2006, 24, 4082-4095. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

108



Tropical Medicine and K\
Infectious Disease M D\Py

Review

Rift Valley Fever: Important Considerations for Risk
Mitigation and Future Outbreaks

Elysse N. Grossi-Soyster * and A. Desiree LaBeaud *

Department of Pediatrics, Division of Infectious Disease, Stanford University School of Medicine,
Stanford, CA 94305, USA
* Correspondence: elysse@stanford.edu (E.N.G.-S.); dlabeaud@stanford.edu (A.D.L.)

Received: 1 May 2020; Accepted: 28 May 2020; Published: 2 June 2020

Abstract: Rift Valley fever virus (RVFV) is a zoonotic phlebovirus of the Phenuiviridae family with great
opportunity for emergence in previously unaffected regions, despite its current geographical limits.
Outbreaks of RVFV often infect humans or domesticated animals, such as livestock, concurrently
and occur sporadically, ranging from localized outbreaks in villages to multi-country events that
spread rapidly. The true burden of Rift Valley fever (RVF) is not well defined due to underreporting,
misdiagnosis caused by the broad spectrum of disease presentation, and minimal access for rapid
and accurate laboratory confirmation. Severe symptoms may include hemorrhagic fever, loss of
vision, psychological impairment or disturbances, and organ failure. Those living in endemic areas
and travelers should be aware of the potential for exposure to ongoing outbreaks or interepidemic
transmission, and engage in behaviors to minimize exposure risks, as vaccinations in humans are
currently unavailable and animal vaccinations are not used routinely or ubiquitously. The lack of
vaccines approved for use in humans is concerning, as RVFV has proven to be highly pathogenic in
naive populations, causing severe disease in a large percent of confirmed cases, which could have
considerable impact on human health.

Keywords: Rift Valley fever (RVF); arboviruses; mosquito-borne viruses; zoonoses; One Health;
travel medicine; livestock; viral emergence

1. Introduction

Rift Valley fever virus (RVFV) was first isolated in Kenya as a virus with the capacity to infect
livestock herds of sheep and cattle, as well as humans [1]. Since its initial discovery, RVFV has been
primarily contained within the African continent, with the exception of movement off of the eastern
coast of African to the island of Madagascar in 1990 [2,3]. Significant emergence into neighboring
regions occurred in the early 2000s when outbreaks were reported in Saudi Arabia and Yemen [4-6].
To this day, much of sub-Saharan Africa and Egypt is endemic for RVFV or has been affected by
sporadic outbreaks [7-15].

Transmission of RVFV utilizes mechanisms described by the “One Health” framework, wherein
the health and conditions of the environment, animals, and humans intersect and influence each other.
Animal transmission is driven by mosquito vectors, primarily Culex spp. and floodwater-breeding
Aedes spp. [9,16-19]. Wild animals have been suspected to contribute to maintenance of RVFYV,
yet evidence driving such speculation is limited to the presence of antibodies in certain wildlife
species [20-22]. Amplification of the virus in mosquitoes [23,24], is linked to mosquito abundance and
breeding behaviors that are expanded by periods of heavy rainfall following extreme drought [9,25-31].
Of the many competent vector species [17], infected females of some mosquito species may transmit
the virus to their offspring during oviposition, or transovarial transmission (TOT) [32], readily allowing
future generations of mosquitoes to transmit RVFV [33]. Transmission in livestock is initiated by
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mosquito bite and amplified within herds by direct contact with infected bodily fluids, yet there
has been little evidence of transmission between animals by way of respiratory droplets and nasal
discharge that are characteristic of common respiratory infections [25,34]. There is significant evidence
to suggest that vertical transmission may be possible in pregnant animals that are not viremic [35],
although findings are limited to laboratory studies and cannot confirm viable offspring following in
utero exposure, as infection of pregnant animals typically results in abortion storms that eliminate any
viable offspring [36].

Humans can be exposed by mosquito bite or through contact with infected fluids and tissues.
Many studies suggest vector-borne transmission is less likely for humans [34]. Zoonotic exposures
are driven by many of the occupational and homestead behaviors that are performed with regularity,
such as herding, milking, slaughtering animals, and tending to animal health needs in both veterinary
and animal health worker capacities [37—40]. Occupational exposures have been shown to elicit a
higher incidence than individuals having close contact with or caring for animals at the homestead,
and is likely related to contact with a higher volume of animals and their fluids [41]. Aerosolization
is also a possible, although unlikely route of transmission, and has been correlated with a higher
likelihood of severe disease in laboratory experiments [42].

Despite the presence of RVFV in Africa and the Middle East, emergence of the virus has the
potential to cause catastrophic damage to naive populations of animals and humans. Competent
vector species have been identified in many regions that are currently unaffected by RVFV [43-45],
providing the ecological support for amplification by mosquito breeding and transovarial transmission
(TOT) [32,33]. Rift Valley fever (RVF) causes mild to severe disease in many animal species, with an
inverse relationship between the age of the animal and morbidity and mortality, where the younger
the animal, the higher the likelihood that the infection will be fatal. Infection in older animals usually
produces mild, self-limiting febrile and respiratory symptoms, with a mortality rate ranging from 10%
to 30% [46]. Disease severity is also dependent on the species of the animal, and may be specifically
virulent in sheep, followed by other commonly domesticated animals such as goats, cattle, buffalo,
and camels [45]. While initial symptoms in animals tend to be non-specific, such as diarrhea, vomiting,
and respiratory disease, more notable signs of RVFV infection in animals include epistaxis, wasting,
spontaneous abortion by pregnant animals, and animal fatalities [25,45].

In humans, RVF disease presentation varies widely, and factors contributing to disease severity
are widely unknown. Many experience mild, non-specific, and self-limiting febrile illness that
may occasionally present as a biphasic fever with an intermittent remission period of 1-2 days
between febrile events [47]. More severe symptoms, typically occurring in up to 8-10% of cases [48],
include ocular scarring, central nervous system (CNS) involvement, hemorrhagic fever, organ failure,
and death [47,49,50]. RVF can also cause human abortions, still births, and congenital infections [51-53].

Approximately 1-2% of cases experience hemorrhagic fever symptoms, wherein up to 50% of
hemorrhagic cases are fatal [10]. The increased risk of fatality with hemorrhagic presentation may
be due to a loss of fluids and multisystem shock, organ failure related to loss of blood volume and
fluids, or lack of or mismanagement of symptomatic treatment. In vitro studies have suggested that
hemorrhage resulting from RVFV infection may be linked to transcription factor ITH (TFIIH) expression
levels [54], yet there have yet to be effective treatments for viral hemorrhagic fevers (VHF) beyond
basic symptomatic treatment and monitoring [48]. It has been suggested that hemorrhagic cases of
RVFV infection may increase the risk of nosocomial transmission for healthcare workers and other
individuals providing care [55], yet human-to-human transmission by nosocomial routes of exposure
have yet to be documented.

Despite RVF commonly being presented as a mild, self-resolving febrile illness, disease severity has
varied by region in epidemiological reports. Publications from Yemen from January 2014 to August 2016
reported hemorrhagic fever in 9% of their anti-RVFV IgM positive hospitalized patients [56], whereas
estimates for hemorrhagic symptoms are often limited to 1-2% of cases [57,58]. Early outbreaks in Saudi
Arabia experienced approximately double the amount of fatal cases than neighboring Yemen [4], which is
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likely due to insufficient immunity in the previously naive community, or increased pathogenicity and
disease severity as a result of genomic mutations and reassortments [59]. Variability in disease severity
is also seen in neighboring regions, such as countries in East Africa, or intercontinental differences seen
in Egypt versus in countries in sub-Saharan Africa and the horn of Africa that are affected by RVFV [7].

Ocular scarring is often reported in 10% of patients [50], while some outbreaks have been
associated with more than 40% of patients experiencing loss of vision [60]. Patients experiencing
ocular symptoms typically report blurred or loss of vision and posterior eye pain, possibly caused by
the development of lesions, edema at the optic disc, or retinal vasculitis or hemorrhaging [49,59,60].
Loss of vision as a result of RVFV infection may be temporary or permanent, depending on the location
and severity of the lesions within the ocular tunics. Reports have not distinguished a unilateral or
bilateral effect specifically associated with RVFV infection, as confirmed RVFV-positive patients have
been documented to suffer retinal scars both unilaterally and bilaterally [49,59].

Multisystem effects of acute RVF are illustrated by involvement of the liver and kidneys,
occasionally leading to the onset of hepatitis and nephropathy [34,48,60]. Jaundice and splenomegaly
are commonly found in patients during physical exams for diagnosis, and should be monitored
carefully to avoid progression to multiple organ failure [48].

Many studies have attempted to identify mechanisms of neurological complications from RVF,
yet clear pathways, even those suggesting immune-mediation, have yet to be identified [61-63].
CNS involvement may superficially appear as dizziness or vertigo, confusion and disorientation,
and intense headaches, yet may suggest severe underlying manifestations. Meningoencephalopathy
can occur in 1-2% of cases and may lead to convulsions, coma, or death [34,60-62,64]. Psychological
evaluations of such symptoms suggest CNS involvement may elicit the onset of mental health
syndromes, with diagnoses similar to schizophrenia [65-67], and should be taken into consideration
when considering immediate treatment and care options. Patients with progression of such syndromes
should be evaluated for long term sequelae, as the persistence of psychological syndromes related to
RVFV infection has yet to be fully described.

Inconsistent prevalence and incidence of RVFV infection reported is possibly linked to untimely
reporting or underreporting of cases or lack of laboratory confirmation in cases of suspected diagnosis [7].
Acute cases are best confirmed by reverse transcriptase polymerase chain reaction (RT-PCR) [68-70],
but facilities equipped with the resources, such as skills and instrumentation, required for thorough
diagnosis using PCR may be sparse in many endemic regions. Epidemiological studies for assessing
RVF burden are often limited to community surveys based on serological analysis of retrospective
infection, represented by the presence of immunoglobulin G (IgG) antibodies [68,71]. Detection of
immunoglobulin M (IgM) antibodies may be possible [70,71], yet assays designed for IgM detection
are notoriously problematic, with potential cross-reactivity and interfering factors (such as rheumatoid
factor) leading to inconsistent results, and are therefore not as reliable as PCR diagnostics for acute
cases. These analyses may not describe the true burden of RVF in a given population, as acute infections
are rarely detected and clinical factors cannot be monitored in real time.

Underreporting may also be due to stigma associated with reporting cases of RVF in animals and
humans, which is a phenomenon that is not limited to RVEF, but described broadly with infectious
diseases throughout history [72,73]. Stigma against RVF survivors has not been reported [38], yet both
internal and societal stigmas borne from restrictions with livestock trade and sales may influence
downstream behaviors. Trade restrictions for three years are implemented when animal cases are
reported and confirmed [74], which may have a major impact on local economies and personal
incomes [75]. Additionally, animal infections can trigger a loss of revenue from a reduction in herd size
from livestock deaths, and delayed production of sellable animal products due to illness and costly
quarantine procedures [75,76]. Spontaneous abortion in pregnant animals also reduces future product
generation capacity with the loss of offspring, influencing further financial burden. Community beliefs
about processing animal carcasses and use of specific animal parts after death drive personal behaviors
that are negligent of the estimated risk of disease exposure, leading individuals to continue engaging in
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behaviors to avoid bad luck or cultural stigma despite increased risk of personal exposure or continued
exposure of other animals, such as skinning animal carcasses before disposal, or harvesting and/or
consuming specific organs [77]. Appropriate risk-mitigating behaviors may not be engaged if the
perceived risk of exposure is low, or not well understood.

Travel and tourism catalyzes new opportunities for infections in international populations, with the
ease of air travel allowing for acutely infected individuals to rapidly reach new destinations [78].
In 2010, Germany had a suspected case of RVF after a tourist visited South Africa, initiating travel
warnings for FIFA World Cup events [79,80]. Other regions are suspected to be sources of potential
imported cases to Europe, such as Dakar and neighboring regions in Senegal, as they are popular tourist
destinations for European residents [81,82]. More recently, an acutely ill individual with persistent
symptoms traveled to China after working in Angola in 2016 [83-85]. Traveler-acquired cases of RVF
continue to occur, and the public health implications of such cases continue to stress the importance of
accurate incidence and prevalence reporting, rapid diagnostic availability and affordability, and the
need for a vaccine for human use.

2. Vaccines

RVEFV is comprised of a negative-sense, single stranded RNA genome cleaved into three segments
varying in size. The functional strength of the genome is driven by the encoding of four structural
proteins and two nonstructural proteins. While much is understood about the RVFV genome and
viral replication, the genome also contains a sequence for a 78-kDa protein, called Large glycoprotein
(LGp) [68,86], which may contribute to viral dissemination in vectors [87,88].

All of the current vaccines licensed for use in animals are generated using viral strains from early
outbreaks and isolates, ranging from 1948 to 1977 [68]. Serial passaging has proven some vaccine
strains to maintain genomic stability [89], showing minimal risk of reversion to original strain virulence
with continual generation and use of the vaccines, but there may be an increased risk of incomplete
protection or coverage from newly evolving wildtype strains in circulation. Vaccines designed from
early strains do not accommodate the lineage diversity, and may not effectively continue to protect as
mutations and reassortments are introduced [58].

Vaccines approved and licensed for use in non-endemic countries are nonexistent, with the
exception of MP-12, that has conditional licensure in the US. MP-12 is a live attenuated strain produced
by repeat passaging of Egyptian wild type (WT) strain ZH548 in the presence of 5-Fluorouracil,
a mutagen that inhibits RNA processing and DNA synthesis [89-91]. Initial viral challenge studies in
livestock showed few side effects, with the exception of mild liver necrosis in calves resulting from high
dosage administration [92], but many farmers and herders that have used the vaccine have reported low
levels of spontaneous abortion when MP-12 is administered to pregnant animals [46,92,93]. Variations
on the original MP-12 attenuated vaccination, such as deleting nonstructural genes from the attenuated
strain, have also been successful at preventing disease and minimizing lethality, but have yet to be
thoroughly tested in the field [94-99]. MP-12 was derived using a human WT strain, and has been
proven to be safe for use in humans [100,101], but the duration of neutralizing antibodies has yet to
be established, therefore a vaccination schedule has not been proposed. Novel vaccines designed
with recombinant proteins, virus-like particles and replicons, and live virus vector-based vaccines
which carry DNA-encoding antigens for RVFV in viral vectors such as poxviruses and adenoviruses,
have been evaluated for their performance in animal models, such as mice, sheep, and cattle, but have
yet to be evaluated for human performance [86,102,103]. Thorough reviews of each of these advanced
vaccine designs have been recently summarized [68,86].

At the start of 2019, The Coalition for Epidemic Preparedness Innovations (CEPI) released a call
for the development of a human vaccine against RVFV [104], due to RVFV’s inclusion on the priority
pathogens list released by the World Health Organization [105,106]. CEPI's decision to invest in RVFV
was based on the “feasibility of vaccine development and the potential public health impact,” [104],
which is undoubtedly influenced by the groundwork laid by prior vaccine development for animal
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use, the increasing frequency of RVFV outbreaks in the last decade, and growing concerns about
potential emergence into new territories, such as the United States and the European Union [43,44,68].
Many may question the prioritization of the development of a human vaccine against RVFV, as the
mortality rate is reportedly low compared to other, more pressing infections, yet recent viral emergence
and extensive outbreaks for which effective vaccines and therapeutics were unavailable, seen with
Zika virus (ZIKV) in the Americas and Ebola virus (EBOV) outbreaks in Africa, have shown the
need for vaccine development and approval prior to emergent events. The sudden emergence into
the Middle East illustrated RVFV’s capability to migrate to previously unaffected areas facilitated
by human and economic mobility, and the differences in disease severity when previously naive
populations are exposed [4-6,37,56,59,107]. There are currently two RVFV vaccines for humans in
Phase II clinical trials [106], with nearly two dozen other vaccine candidates in the preclinical phase of
development [106]. If approved, vaccines in humans could be produced for emergency use, to minimize
the spread of future human outbreaks within sub-Saharan Africa and the Middle East, or selectively
used in individuals with an increased risk of exposure, as the rabies vaccine is given to those with
occupational exposure or travel risks. A human RVFV vaccine should also be used to mitigate
interepidemic incidence in currently impacted regions. If a safe and effective RVFV vaccine for human
use is administered in conjunction with animal vaccines and thorough public health education efforts
regarding disease awareness and risk mitigation behaviors, RVFV may be less likely to be considered
a priority pathogen in the future.

As novel vaccines are designed and evaluated, it is important to consider the goal of each of
the vaccine candidates. Given the complexity of the RVFV transmission cycle, will a vaccine ever
effectively prevent RVFV outbreaks in animals and humans, or will the aim of vaccine programs be to
minimize disease and fatalities? Further, is it likely that one vaccine will be able to establish immunity
in animals and humans, whether in impacted countries or in currently unaffected geographical regions?
Future iterations of animal vaccines should be designed for prioritized administration in younger
animals, and further vaccines should be evaluated in pregnant animals. RVF-linked abortion has
also been reported in humans [51-53], yet currently available vaccines have not been evaluated for
their performance in conferring neutralizing antibodies while also avoiding harmful effects on fetal
development and viability.

Designs of future vaccine candidates should also consider the economic impact on individuals
who will require the vaccine. Vaccines should aim to be economical with minimal burden for cyclical
vaccination schedules and boosters. Vaccine workshops in 2011 established that novel vaccines should
confer long-duration immunity after a single dosage [102], which has yet to be established with current
vaccine iterations that require repeated and seasonal vaccines to induce neutralizing antibodies [94].
Vaccine programs would benefit from vaccines that are designed with the ability to differentiate
infected animals from vaccinated animals (DIVA), as many of the current vaccine candidates fail to meet
DIVA standards [86]. The ability to effectively differentiate animals that have been naturally infected
from those who have been preventatively vaccinated is vital in mounting public health responses to
impending and active outbreaks, especially in non-endemic populations. DIVA is also essential to
promoting the World Organisation for Animal Health prevention requirements, which precludes any
vulnerable animal importation from countries considered to have been infected by RVFV within the
last 3 years. Vaccines should also consider the severity and duration of side effects that may impact
an animal’s ability to produce milks and other products. Farmers, herders, and individuals that
maintain livestock herds will be potentially less likely to use a vaccine that produces side effects or
physiologically impacts their animals in a way that would impact their production and income.

Vaccination programs aiming to minimize disease severity will require further investigation
into the immunopathophysiology of RVFV and identify host immune mechanisms that may increase
the likelihood of severe disease symptoms. Severe disease appears to be more often experienced
in populations without prior exposure to RVFV, as seen with the emergence into the Arabian
Peninsula [4,5,56,59,107], and without further knowledge of causative agents of severe disease,
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currently naive populations should be assumed to be at a higher risk for severe morbidity and increased
rates of mortality. As witnessed with recent emergence of ZIKV in the Americas [108,109], the impact
of unanticipated viral emergence in a novel geographical region or human population can have
catastrophic effects.

3. Public Health

Outbreaks continue to occur sporadically, yet their frequency has increased in the last decade, and
larger populations are commonly affected. Most recently, an outbreak originating in South Sudan [110]
was unable to effectively be contained and may have grown to affect multiple countries across southern
and eastern Africa, including Kenya, Rwanda, Uganda, and South Africa [111-114], although some
suggest that the outbreaks in each country were not related. Public health measures regarding RVF
often focus towards avoiding outbreaks or minimizing the perpetuation of outbreaks rather than
minimizing individual exposures and prophylactic measures. Many reports stress the importance of
vaccination as the leading way to control outbreaks, yet usage of available vaccines is not standardized
or enforced across all endemic regions [7,34,57,74,86]. Additionally, livestock trade between villages
and bordering countries may make it difficult to monitor vaccine administration and to achieve effective
herd immunity rates to control widespread infection. In addition to aggressive vaccination campaigns,
public education is imperative to mitigating continual zoonotic exposures [77].

In naive regions, concerns regarding use of RVFV as a bioterrorism agent are heightened by the
spectrum of disease in animals and humans, and for the potential to devastate large-scale agricultural
economies. RVFV is considered a Category A pathogen in the Center for Disease Control and Prevention
(CDC)’s Bioterrorism Agent/Disease classifications [115], and as an overlap select agent by the Health
and Human Services (HHS) and United States Department of Agriculture (USDA) Federal Select
Agents Program [116]. The United States, the Netherlands, the United Kingdom, and many locations
in the European Union have been established as potential points for emergence of RVFV in the future
due to the availability of mosquito species that are capable of transmitting RVFV, extensive livestock
economies and trade, and potential wildlife hosts for interepidemic maintenance [43,44,117,118].
Changes in climate and seasonal extremes may expand the potential for introduction of RVFV to
these areas, supporting expansion of vector abundance and conditions for livestock [31]. Air travel
contributes to the rapid transport of imported cases, which has been a leading catalyst of the emergence
of many arboviral diseases, such as Zika virus and chikungunya virus, that are now established and
autochthonously transmitted in previously unaffected areas [57,78,108,109]. While human-to-mosquito
transmission is currently speculative for RVFV, many other supportive factors are in place to enhance
the likelihood of an emergent outbreak of RVFV.

4. Current Risks and Considerations for Travelers

Travelers should take a specific interest in the risks and exposure opportunities in much of Africa
and the Arabian Peninsula. A multifaceted approach to risk mitigation will dramatically reduce the
risk of infection, and should include mosquito avoidance, safe practices with animals and animal
products, and avoiding contact with infected fluids, tissues, and potential avenues for aerosolization.

Mosquito repellent should be used thoroughly and clothing should be treated to minimize vector
biting [119]. Culex spp. and Aedes spp. that can transmit RVFV are day-biting species, with peaks of
feeding near dusk and dawn. Bed nets are an important tool to avoid malaria infection, but mosquito
avoidance behaviors should also be practiced during the day for thorough disease avoidance. Mosquito
populations in and around the homestead and areas frequently visited can be reduced by dumping out
containers that collect standing water, such as tires and buckets, and using air conditioners and screens
on windows and doors can dramatically reduce the instance of mosquito exposure. Travelers should
also be aware that spraying to control mosquito populations may occur inconsistently, and is often
performed in response to an ongoing outbreak, therefore immediate precautions such as the use of
personal repellents should be prioritized.
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If a traveler anticipates to have contact with animals, specifically domesticated livestock, safe and
sanitary measures should be observed in order to reduce contact with potentially infected materials,
such as animal bodily fluids and tissues [120,121]. Contact with animals that appear ill or are currently
quarantined should be avoided. Consumption of animal products should be limited to items that
have been thoroughly cooked to kill any pathogens, including RVFYV, as the consumption of meats
and milks have been linked to an increased risk of RVFV infection [40,122]. RVFV has the potential to
be transmitted by aerosolization [42,49]. Aerosolization is generally a risk observed in occupational
settings, such as slaughterhouses, where animal bodily fluids may be aerosolized during processing
and handling [41]. Precautions during animal exams, handling animals for milking or other care and
maintenance behaviors, and slaughtering or breaking down carcasses should be observed to avoid
contact with fluids and blood.

5. Conclusions

RVEFYV is a complex virus with many possible transmission routes connecting animals and humans,
and a wide spectrum of disease without targeted treatment options outside of symptomatic support.
RVEFYV is geographically limited, but many countries contain competent vector species and susceptible
hosts that could lead to emergent outbreaks, making RVFV a candidate for an extensive public health
burden. Current vaccines are unavailable for humans, which means those living in endemic regions
and travelers should practice risk-mitigating behaviors rigorously, and maintain an awareness of the
possibility of outbreaks and interepidemic exposure in much of Africa, Saudi Arabia, and Yemen. It is
highly encouraged that vaccine development takes into consideration the specific goals of disease
prevention, whether future vaccines are utilized to minimize disease or reduce overall incidence.
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Abstract: The 2018 West Nile Virus (WNV) season in Europe was characterized by an extremely high
infection rate and an exceptionally higher burden when compared to previous seasons. Overall, there
was a 10.9-fold increase in incidence in Italy, with 577 human cases, 230 WNV neuroinvasive diseases
(WNNV) and 42 WNV-attributed deaths. Methods: in this paper we retrospectively reported the
neurological presentation of 7 patients admitted to University Hospital of Udine with a diagnosis
of WNNYV, especially focusing on two patients who presented with atypical severe brain stem
involvement. Conclusions: the atypical features of some of these forms highlight the necessity to
stay vigilant and suspect the diagnosis when confronted with neurological symptoms. We strongly
encourage clinicians to consider WNNV in patients presenting with unexplained neurological
symptoms in mild climate-areas at risk.

Keywords: West Nile Virus; mosquitos; vector; Flavivirus; artropodes; neuroinvasiveness

1. Background

West Nile Virus (WNV) is a positive stranded RNA Flavivirus. It has an enzoonotic cycle among birds
and mosquitos, and can be rapidly spread to several hosts, including humans. WNV infection in humans
might have a wide variety of presentations. In the majority of the cases, it is completely asymptomatic.
A minority of the infected subjects develop symptoms, which range from fever, headache,
gastrointestinal discomfort, skin rash, to serious neurological disorders.

The 2018 West Nile Virus (WNV) season in Europe was characterized by an earlier start and an
exceptionally higher burden when compared to previous seasons [1,2]. Overall, in 2018, 1605 cases of
WNYV infections were reported in Europe. Italy was the most-affected country, accounting for 39% of
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the locally acquired infections. Overall, there was a 10.9-fold increase in incidence when compared
to 2014-2017 seasons, and a 12-fold increase in comparison to 2017. Infection rates per 100,000
population increased from 0.1 (in 2017) to 1.0 in 2018. Overall, t577 human cases were reported in Italy;
WNYV neuroinvasive diseases (WNNV) were reported in 230 cases, WNV-attributed deaths were 42.
The majority of the infections were from the Veneto, Emilia-Romagna, Lombardia, Piemonte, Sardegna
and Friuli Venezia Giulia (FVG) regions [3]. In the FVG region, located in the Northeastern corner of the
country, more than 60 WNV infections were reported, including 35 probable and 25 confirmed cases.
Among these, nine cases presented as WNNYV, and four had a lethal outcome.

The aim of this report is to describe the neurological presentation of seven patients admitted to
University Hospital of Udine with a diagnosis of WNNV. We focus on two patients who presented
with an atypical manifestation. Table 1 summarizes our clinical experience.

Table 1. West Nile neuroinvasive disease: A single center experience.

Sex, Age Previous Clinical Date of - . - Outcome and/or
(Years) History Infection Clinical Form Diagnosis Therapy Sequelae
. VII cranial nerve Serology (IgM) in .
Male, 33 Epilepsy July 2018 palsy serum and LCR Steroid Healed
Fever, cephalea,
i ous Parkinsonism, left Serology (IgM and
Female, 15 Previously healthy July 2018 arm strength deficit, 15G) in CSF None Healed
tongue fasciculation
Fever, meningismus rt-PCR in both urine VIG
Male, 87 Ischemic cardiomyopathy August 2018 a.n d neuropathlg plalm, and CSF; ser(?logy and Residual dls.ablhty/
limbs waxy flexibility ~ (IgM and IgG) in both X depression
. steroids
and catatonic states. CSF and serum
Renal transplant, Fever, confusion, Serology (IgM) in IVIG
Male, 56 previous CMV and VZV August 2018 A ston, serum; rt-PCR in and Healed
A meningismus . B
reactivation urine steroids
lonfeﬁicfl::én::ieﬁq in Rhombencephalitis, Serology (IgM) in VIG
Male, 57 & onep N September 2018 coma, intracranial serum; rt-PCR in CSF, and Death
immunosuppressive . .
hemorrhage urine and blood steroids
treatment
Female, 78 Diabetes, hypertensmn, October 2018 Confusion, stupor, rt-PCR in CSF, urine Death
non-Hodgkin lymphoma coma and blood
B chronic lymphocytic
leukemia, Fever, confusion, 4 VIG Partial
hypogammaglobulinaemia, limbs hyposthenia, rt-PCR in CSF and . artia
Female, 77 hypertension, diabetes, November 2018 acute kidney injur; urine and improvement,
VP . " Y njury, steroids  residual disability

previous CMV
reactivation

coma

Abbreviations—rt-PCR: reverse-transcription polymerase chain reaction, IgM: immunoglobulin M, IgG;
immunoglobulin G; IVIG: intravenous immunoglobulin; CSF: cerebrospinal fluid; CMV: cytomegalovirus; VZV:
varicella zoster virus. * Only positive results are reported.

2. Case 1

An 87-year-old man was admitted to Cardiology Intensive Care Unit on August 2018 for
non-ST-segment-elevation myocardial infarction. His prior history was remarkable for ischemic
cardiomyopathy and arterial hypertension. No invasive procedure was performed during the
hospitalization. On day 3, the patient presented abrupt onset of fever, meningeal syndrome, generalized
stiffness and diffuse neuropathic pain. He was alert and oriented and showed no focal deficit. His blood
exams showed leucopenia (3580/mmc white blood cells (WBC)), thrombocytopenia (47,000 platelets/uL)
and elevation of liver enzymes (aspartate aminotransferase (AST) 95 UI/L, alanine aminotransferase
(ALT) 80 UI/L). The cerebrospinal fluid (CSF) was clear and showed hypoglycorrhachia (25%),
hyperproteinorrachia (637 g/L) and hypercellularity (85 cells/uL, 48% polymorphonuclear). Gram stain,
culture and serologic tests for common neurotropic viruses were negative. Brain magnetic resonance
imaging (MRI) showed no abnormalities. Laboratory diagnosis of WNV infection was accomplished
through biologic fluids testing for WNV- specific IgG and IgM antibodies, and reverse-transcription
polymerase chain reaction (rt-PCR). Patient n.1 was tested positive for WNV rt-PCR on serum and
blood, and specific IgM and IgG were found in both CSF and serum. A 5-day course of intravenous
immunoglobulin (IVIG) at 0.4 g/kg/day and high-dose steroid therapy (500 mg/day for 2 days followed
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by 1 mg/kg/day with progressive de-escalation) were administered. The patient’s general status
slowly improved. On day 10, the patient experienced an abrupt neurologic deterioration; he was
found unconscious, with a Glasgow Coma Scale (GCS) of 3. Any organic cause of encephalopathy
was excluded; his blood tests, head computed tomography (CT) scan, electrocardiogram (ECG) and
electroencephalography (EEG) were inconclusive. CSF was checked again and showed residual
cellularity (24 cells/mmc, 60% lymphocytes, 30% polymorphs). The patient was intubated and admitted
to the intensive care unit (ICU). A few hours later, he spontaneously recovered and was extubated.
During the next 2 weeks of hospitalization, the patient manifested three other similar episodes of
“intermittent coma”. A conservative management was performed. He experienced a partial recovery
and was discharged.

3. Case 2

A 57-year-old man with an autoimmune glomerulonephritis (being treated with steroids and
mycophenolate) presented to the emergency department, with a history of three days of fever, confusion,
diplopia, opsoclonus, multifocal myoclonus and generalized tremor. Blood exams and CT scan were
unremarkable. Lumbar puncture revealed normal opening pressure, and the CSF analysis identified
12 cells/uL (30% polymorphonuclear, 60% lymphocytes), protein count of 200 g/L and glucose count
of 70 mg/dL. The EEG showed slow bilateral diffuse slow waves. A presumptive diagnosis of
rhombencephalitis with opsoclonus-myoclonus syndrome was made, and an empirical therapy with
ampicillin, ceftriaxone, acyclovir and dexamethasone was started. Contrast enhanced brain magnetic
resonance imaging (MRI) revealed no acute process or abnormality. During the hospitalizations,
the patient’s condition worsened. He progressively became comatose (GCS of 4) and required ICU
admission and mechanical ventilation. The laboratory documented the presence of WNV-RNA in CSF,
urine and blood samples, and WNV-specific immunoglobulin M (IgM) in blood. Therefore, high doses
of IVIGs and steroids were administered. On day 4, fixed bilateral mydriasis appeared. A CT scan
showed massive intraparenchymal hemorrhage associated with fourth ventricle compression and
tonsillar herniation. The following day, the patient expired. Post-mortem macroscopic examination of
the brain showed diffuse malacia.

4. Discussion

WNV transmission season 2018 has been characterized by an extremely high infection rate.
Overall, 2083 autochthonous infections were reported in 2018 in Europe, with an increase of 7.2-fold
when compared to 2017 [1,2].

WNV diagnosis is mainly formulated by detecting specific IgM and IgG antibodies directed
towards WNV, or by testing for viral nucleic acid in CSEF, tissue, blood, or other body fluid. Evidence
of IgM in CSF is the cornerstone of the WNV diagnosis because IgM does not cross the blood
brain barrier. Nevertheless, serology has some pitfalls: IgM remains detectable for 2 to 12 months.
Furthermore, the usual serological enzyme-linked immunosorbent assay (ELISA) may cross-react with
other flavivirus infections or vaccination. There is a great variety of serological methods, but none of
these provide a definitive diagnosis.

Nevertheless, any positive result requires a confirmation with more specific tests. Thus, when IgM
are found positive, seroconversion (by subsequent convalescent sample testing, hemagglutination
inhibition, IgG ELISA, or plaque reduction neutralization assay) should be demonstrated [4].

However, IgM and IgG testing might be insufficient in some cases. Antibodies might not be
present during the window period, as to cause a delay in the diagnosis. Furthermore, special categories,
such as immunocompromised patients, might not be able to mount an adequate serological response.
In this setting, molecular testing for WNV could be useful; however it is known that viremia is
generally rapidly vanishing, and lasts between 3 and 14 days. Prolonged viremia has been reported in
immuno-compromised patients [5].
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Several studies demonstrated that WNV RNA determination in whole blood shows higher
reliability compared to other samples [6,7]. Detection of WNV in urine is not included in the current
case definition of WNV disease postulated by the European Centers for Disease Control. Although
WNV viral load in CSF and blood is usually transient, shedding in the urine can continue for longer
periods after the acute phase [8]. Indeed, the US Centers for Disease Control guidelines have included
the detection of RNA in body fluids other than blood and LCR, including viruria, in the diagnostic
criteria for WNV diagnosis confirmation [9].

Furthermore, pathology may reveal peculiar histological pictures. Autopsy reports have shown
perivascular lymphoplasmacytic infiltrates, both in leptomeninges and parenchyma, microglial nodules
or acute neuronal necrosis. Inflammation generally involves deep nuclei, the cerebellum and brainstem,
with neuronal loss and neuronophagia. In our cases, WNV was present in brain matter, a finding that
suggests a strong correlation between its neurotropism with the distribution of the cerebral lesions [10].

Most WNV infections are usually asymptomatic; 30% of cases present with a febrile illness
characterized by mild symptoms that typically last up to a week. Less than 1% of infections present
with central nervous system involvement [11]. We reported two WNYV cases consistent with severe
brain stem involvement. Although there was no electrophysiological or neuroradiology evidence,
both patients presented symptoms due to brainstem and basal ganglia damage. Case 1 showed
neuropsychiatric disorder and loss of consciousness with no apparent organic explanation. Case 2
presented unique findings consistent with opsoclonus-myoclonus syndrome (OPS) complicated with a
massive hemorrhagic stroke. To our knowledge, 14 cases of WNNV-related OPS have been reported to
date [12,13]. The majority of the cases were reported among patients affected by neoplasm or immune
system deficit, as well as our case. Confusion and delirium, which were the main presenting symptoms
in patient n.2, were reported in 30% of the cases, usually after hospital admission. Overall, no specific
MRI findings were described in WNV associated-OPS. However, brainstem infectious involvement
has been speculated to cause secondary cortical hypoperfusion and subsequent dysfunction [14].

Overall, WNV-associated CNS vascular events are rare [12,15,16]. The main hypothesis regarding
the pathophysiology of these events is an inflammatory vasculopathy secondary to WNV CNS invasion.
It has been suggested that WNV reaches CNS through two different routes: spreading within the axons
of peripheral nerves to CNS, and via the blood system. A number of in vitro analyses demonstrated that,
similarly to other flaviviruses, WNV can directly infect the endothelial cells. Once penetrated in
the CNS, WNYV elicit complex immunitary responses, which involve both intrinsic CNS immune cells
(microglia and astrocytes) and extrinsic defenses (T cells, B cells, and monocytes/macrophages), thereby,
leading to cytokines release, perivascular inflammation, and neuronal proliferation [17-19]. This could
provide an explanation of the WNV-related vasculitis.

Treatment for WNV infection is mainly supportive. No therapy has been proven useful in a randomized
controlled trial. Few reports and preclinical studies suggest the utility of immunomodulation through IVIG,
plasmapheresis, WNV-specific neutralizing antibodies, corticosteroids, ribavirin, interferon or other RNA
inhibitors [14].

5. Conclusions

The 2018 West Nile outbreak in FVG has been characterized by extraordinary high rates of WNV
infections. The atypicality of the presentation of some of the WNNV forms highlights the necessity to
stay vigilant and suspect the diagnosis when confronted with neurological symptoms. Given that no
treatment has shown real efficacy, there is no consensus about the appropriate treatment. With regards
to all the mosquito-borne infections, prevention measures, including personal protection and mosquito
control programs, are necessary.
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Abstract: The epidemic strain of Venezuelan equine encephalitis virus (VEE) 1B invaded south Texas
in 1971. The success of the eventual containment and control of the virus invasion was the early
recognition and immediate detection, cooperation, coordination, and participation among multiple
federal agencies. There were 4739 wild vertebrate animals trapped on a ranch in the area with only
1 VEE virus isolation from a Virgina opossum (Didelphis virginiana). A large number of mosquitoes
were also collected on the ranch and tested, resulting in 240 VEE virus isolations. Virus isolations
were obtained from 58% of the 33 equines tested. Wild vertebrates did not play a significant role in
the outbreak.

Keywords: Venezuelan equine encephalitis virus; outbreak; arbovirus; interagency; response;
coordination; mosquito; vaccine; emerging virus

1. Editor’s Preface

In the letter below, Dr. McLean provides a first-hand account of the invasion of Venezuelan
equine encephalitis virus 1B into South Texas. This invasion was met with a massive, coordinated,
inter-agency response, which ultimately ended the outbreak. We believe this event represents the
sole example to date in which invasion of an exotic zoonotic arbovirus into the United States has
been eradicated, and exemplifies the interagency cooperation necessary to achieve such a successful
outcome. During a time where we can expect the continued emergence of viruses that threaten human
and animal health, such lessons from the field can be both informative and encouraging. Dr. McLean
has led a very distinguished career, serving in leadership positions in both the Center for Disease
Control (CDC) and the United States Department Agriculture (USDA), and we value his insight and
perspective on this historic outbreak.

Dear Editor

The epidemic strain of Venezuelan equine encephalitis (VEE) 1B was responsible for epidemics
in humans and equines in Ecuador in January 1969, and was subsequently introduced into coastal
Guatemala and El Salvador (possibly in infected equines) in the summer of 1969. From there, the virus
spread south to Honduras and Nicaragua, and north to Southern Mexico by November 1969. In 1970,
the virus spread throughout those countries and north along the Gulf coast of Mexico toward Tampico,
where it resulted in an epidemic there in March—April 1971. Descriptions of this outbreak have been
published [1-4].

This continued northward progression alerted USDA Animal Plant Health Inspection Service
(APHIS) and CDC to the likelihood of an invasion into the U.S. This impending hazard to the U.S.
initiated the two agencies to start working together to develop contingency plans to address the
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hazard. A number of meetings were held among their staff and invited experts from other federal
and state agencies and universities to develop strategies for prevention and control as well as to
determine what investigations were needed. The U.S. Medical Research Institute of Infectious Diseases
already had a VEE vaccine in their stock but it was not FDA/APHIS approved. However, it was made
available to the team of investigators if they signed a voluntary release to protect them in Texas from
VEE-1B virus infections that are quite debilitating in humans and kills equines. We were all willing to
receive this unapproved (by FDA) vaccine so we could perform our duties in Texas. APHIS mobilized
a number of teams of veterinarians, technicians, and administrators; CDC mobilized physicians,
epidemiologists, entomologists (Dr. Vern Newhouse as leader), virologists (Dr. Charles Calisher as
leader), wildlife biologists (Dr. Robert McLean as leader), and technicians for each. Counterpart staff
from public health and other state agencies in Texas joined in the effort.

APHIS and CDC administrators and senior staff met in south Texas to develop local plans
and establish administrative facilities and local and state connections and coordination. They were
waiting for the first confirmed identification of VEE-1B virus in Texas (USA), whether equine, humans,
or possibly mosquitoes or vertebrate animals. They could not enter Mexico to sample or test animals
or humans to confirm the virus presence in nearby Northeast Mexico (across the Rio Grande river),
and had to wait for it to spread into Texas. Arrangements were made to secure enough hotel and
working space for the team members. All of the space at a motel in south Texas that was convenient for
the potential affected area was reserved, and all of us later stayed there. We also used rooms to contain
refrigerators and freezers, store equipment and supplies, setup a laboratory, and have meetings. It was
the local epidemic investigation headquarters. APHIS had a large number of veterinarians there to
deal with the investigation and control of VEE-1B virus in the equine population.

The team leaders selected staff to help conduct investigations, collected equipment and supplies
and arranged for shipment to Southeast Texas, reserved vehicles and hotel reservations, and waited for
the orders to proceed after the first VEE-1B virus detection in south Texas near the U.S.-Mexico border
was confirmed. The first detection was a sick equine near the border. All of the teams were quickly
mobilized to South Texas.

APHIS brought multiple teams of veterinarians for field investigations of affected equines and to
establish quarantine and equine movement restrictions. CDC quickly setup a laboratory in the hotel
to process and test blood samples for rapid detection of virus and antibody for infected equines and
later humans after CDC epidemiologists began investigating human cases. All field supplies for all
investigations of equine, human, mosquitoes, and wildlife were stored and distributed from that hotel,
which was the headquarters for all of the entire U.S. government effort in South Texas. Coordination
with state and local officials involved in the outbreak investigations was conducted, as well as with the
press, from there.

Mosquito control efforts were developed, organized, and conducted locally, then broadened as
the epidemic zone expanded. Finally, the U.S. Air Force fleet of large insecticide spray aircraft were
deployed as the epidemic spread widely threatening larger areas of Texas to the north [5].

Because equines were the primary host for amplification, a big achievement for the control of the
epidemic and the protection of equines was the very rapid emergency approval of the VEE vaccine
by USDA and the production of the military VEE vaccine for use in equines by a private vaccine
company. The vaccine was made available for use by private veterinarians throughout the state of Texas.
One industrious veterinarian acquired state approval and distributed the vaccine by a rented private
plane to veterinarians throughout the state. Control of the epidemic and advancement northward
was achieved, but there were about 1800 equine cases in the southern half of the state by the time the
epidemic was stopped more than two months later.

2. Wildlife Investigations

At this time, I was the only wildlife biologist/epidemiologist at CDC and was in the Rabies branch
of the epidemiology program. I was requested and agreed to head the wildlife investigations and
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selected some team members to assist. Luckily, I had just hired a biologist from south Texas who had
worked for CDC at the public health unit at the border there that was closing and who grew up in that
area. He had many contacts there and helped arrange in selecting a sampling location near the border
on a large cattle ranch with great habitats for wildlife. The rancher allowed us free access to all of the
ranch and provided help and guidance from his ranch manager.

We set a large number of traps for rodents; smaller numbers of traps for larger mammals such as
raccoons, opossums, and rabbits; and leg-hold traps for carnivores and captured tortoises by hand
throughout the ranch. At the same time, we set up mist nets for birds throughout the area and operated
some mist nets at night for bats. Canon nets were set up on the beach on South Padre Island to capture
sea gulls. Mosquito light traps were placed within the lines of mist nets and mammal traps to obtain a
comprehensive sampling of vector and vertebrate populations for a more thorough effort to detect the
presence of VEE 1B virus. Entomologist Dr. Newhouse from CDC was the leader of the mosquito
sampling effort, although we all worked together to conduct prolonged and intense field investigations
during a multi-week period in August—September 1971.

Follow-up investigations were conducted multiple times at these sampling sites by the vertebrate
and vector teams during the next year to ensure that VEE 1B virus did not become established in
South Texas.

3. Laboratory Testing

Some of the testing of blood specimens from vertebrate animals, humans and processed mosquitoes
were conducted locally to obtain rapid results for the epidemiologists and mosquito control teams who
were trying to stop the epidemic expansion.

The majority of the testing was conducted at CDC in Atlanta. Virus isolation was performed
by inoculating 0.02 mL of each sample by the intracerebral route into Swiss albino suckling mice.
Virus isolates were identified by microtiter complement fixation tests. Virus neutralizing antibody
in the vertebrate and human sera were tested in duck embryo cell culture by the plaque reduction
neutralization test using VEE-TC-83 vaccine virus.

4. Conclusion

This was a massive, coordinated effort to prepare for the impending invasion of the epidemic 1B
strain of VEE virus into the USA at the Texas border. The success of the eventual containment and control
of the virus invasion was the early recognition and immediate detection, cooperation, coordination,
and participation among multiple federal agencies of USDA, CDC, U.S. Military, National Park Service,
Department of Interior), multiple Texas state departments, and local agencies and their staff with
valuable input from individual scientific experts. The leaders of these agencies were on the ground
in South Texas to initiate this massive, coordinated federal/state response. A well-planned response
was developed, and multiple teams were formed to investigate specific health aspects in the human
and equine populations, and the mosquito vector and wild vertebrate host involvement. The effective
control of virus transmission was initiated quickly through broad equine vaccination and quarantine
and intensive mosquito control that prevented the epidemic spread to Northern Texas and surrounding
states. The close cooperation and joint leadership among the federal, state, and local officials and the
dedicated and exhaustive efforts by the scientists and public health officials and their staff was key
for the success of this dramatic disease control effort. It was a good example for dealing with foreign
disease invasion and control. A big advantage for the control of this invasion and impending epidemic
in Texas was the prior knowledge about the virus strain, history of its origin, and movement from
South America to Central America and northward along the Gulf coast of Mexico, and the information
on the potential domestic and wild vertebrate hosts and vectors that would be affected.
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Abstract: Mosquito-borne viruses will continue to emerge and generate a significant public health
burden around the globe. Here, we provide a longitudinal perspective on how the emergence of
mosquito-borne viruses in the Americas has triggered reactionary funding by sponsored agencies,
stimulating a number of publications, innovative development of traps, and augmented capacity. We
discuss the return on investment (ROI) from the oscillation in federal funding that influences demand
for surveillance and control traps and leads to innovation and research productivity.
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1. Introduction

While outbreaks of infectious diseases are devastating to human and animal populations, surges in
private and public funding for outbreak pathogens have positively influenced research and innovation.
Contemporary outbreak response efforts now incorporate digital media; electronic surveillance
tools; mathematical modelling; sequencing; and teams of experts that include anthropologists, social
scientists, and other diverse disciplinarians [1]. Outbreak stimulus funding leads to increased scientific
productivity on outbreak pathogens, and incites innovation [2]. For example, an innovation workshop
convened after an anthrax bioterrorism attack in 2001, to discuss new surveillance and pathogen
detection approaches [3]. The Ebola Grand Challenge program, funded by the US Centers for
Disease Control and Prevention (CDC), United States Agency for International Development (USAID),
the United States Executive Office, and the Department of Defense, provided financial backing to 14
innovative projects to improve the response to Ebola outbreaks. These projects included protective
suits, health care and technology solutions, and decontaminants [4]. The USAID Zika Grand Challenge
program in 2016 received over 900 applications and provided 30 million dollars to innovative ideas
to address Zika virus transmission [5]. Currently, during the COVID-19 pandemic, innovations
are emerging such as new ventilators, drones delivering medical supplies, and the use of artificial
intelligence in medicine [6-9]. Ideally, these scientific advances will aid in combatting the current
epidemic as well as fuel innovation in preparedness for future emerging disease events, leading to
return on investment (ROI).

The introduction and spread of numerous mosquito-borne viruses around the globe has also
shepherded a wave of innovation to improve upon industry-standard sampling techniques that more
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efficiently capture the target vector species, physiological cohort, or virus-infected population of
vectors [10]. Ramirez et al. [10] recently reviewed traditional surveillance approaches in the context
of novel innovations that have advanced surveillance capacity, including pathogen surveillance
from sugar feeding vectors, next-generation sequencing (eDNA (environmental DNA) for presence
or absence of vectors in habitats), and xenosurveillance for vectors and pathogens. Additionally,
modernized sampling strategies have also been expanded to incorporate technical advancements in
such areas as infrared scanning, citizen science, and drones [11-14]. Driving the introduction and
incorporation of novel trapping approaches to surveillance programs is the persistent emergence of
mosquito-borne pathogens.

2. Arbovirus Emergence in the U.S.

Many arboviruses cause a significant disease burden to the public each year. West Nile virus
(WNV) (introduced in 1999), St. Louis encephalitis virus (SLEV), Jamestown Canyon virus (JCV),
La Crosse encephalitis virus (LACV), Eastern equine encephalitis virus (EEEV), and Powassan (POWYV,
tick-borne) are tracked through the CDC database, ArboNET [15]. In the last several years, incidence
of JCV and POWYV has been increasing [15-18]. Additionally, a multistate outbreak of EEEV occurred
in the northeastern US in 2019, in which the 34 reported cases far exceeded the historical average of
around eight cases/year [19]. Through the first half of the 20th century, Western equine encephalitis
virus (WEEV) was also widespread and caused significant morbidity and mortality in humans and
horses; however, this virus has largely disappeared from most areas over the past several decades for
unconfirmed reasons, with the last human case in the United States reported in 1999 [20,21].

In 2013, chikungunya (CHIKV) was first reported in the Americas, followed by Zika virus
(ZIKV) two years later [22,23]. These virus invasions came during a time of increasing dengue virus
(DENYV) incidence, range expansion, and replacement of dominant serotypes in different geographic
areas [24-26]. The Pan American Health Organization (PAHO) reported a 30% increase in the number
of dengue cases, from 7,641,334 between 2001 and 2010 to 10,851,043 between 2011 and 2017 [26,27].
Intensive transmission of Aedes-borne viruses in the Americas coupled with the expanding range of
Ae. aegypti mosquitoes presents a continual threat of these viruses gaining a foothold in the United States
as well [28-30]. To date, cases of DENV, ZIKV, and CHIKYV in the United States have predominately
been traveler-associated, with the exception of local transmission of ZIKV in Florida and Texas during
2017 [31,32].

3. Federal Funding and Publications in Response to Arboviral Emergence

When a mosquito-borne virus rapidly spreads around the world and becomes a public health
emergency of international concern, federal agencies allocate substantial funds to fight the virus. In the
U.S., Congress approves these funding packages, such as the $1.1 billion for Zika virus in September,
2016 [33]. This stimulus funding provides agencies such as the National Institutes of Health (NIH), the
Centers for Disease Control and Prevention (CDC), and the National Science Foundation the resources
to allocate funds to public health agencies and researchers to enhance outbreak surveillance and
response efforts. As a proxy for this federal spending allocated to different emerging arboviruses, we
used the NIH RePORTER search query to estimate the funding of projects related to the emergence
of WNV, CHIKYV, and ZIKV. We used the key words of ““West Nile virus”, ’chikungunya virus”, and
’Zika virus” in the search feature which queries all project titles, abstracts, and scientific terms. To
compare these invasive mosquito-borne viruses to those endemic to the United States, we also included
three endemic mosquito-borne viruses that have resulted in continual transmission, including human
disease, in the last several decades. These additional virus searches were performed for “’Eastern
equine encephalitis virus”, “St Louis encephalitis virus”, and “La Crosse encephalitis virus”. The
search for St. Louis encephalitis virus returned more projects with “’St” than with “’Saint”. The search
was performed on 16 May 2020, and we included all years from 1985-2020 in each search. NIH-funded
projects have a record for each fiscal year of a project (e.g., a 5-year NIH RO01 has five records). The

134



Trop. Med. Infect. Dis. 2020, 5, 96

projects include international and national investigators and project locations. The search for WNV
resulted in 2803 records for a total of $1,493,811,562 in funding; CHIKV matched 960 records for
$477,117,414 in funding; and ZIKV matched 1332 records for $1,164,293,217 in funding (Figure 1). The
search for EEEV matched 310 records for a total of $165,906,376 in funding; SLEV matched 143 records
for $59,372,038 in funding; and LACV matched 126 records for $41,122,419 in funding (Figure 2). The
rise in NIH-funded projects for the invasive arboviruses rose quickly following their introduction into
the U.S., especially for ZIKV. The NIH-funding for endemic arboviruses was steadier over the 35 time
year period, especially for LACV.
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Figure 1. Total funding by the National Institutes of Health based on the National Institutes of Health
(NIH) Reporter search query of projects matching West Nile virus (WNV), chikungunya virus (CHIKV),
and Zika virus (ZIKV), from 1985 to 2020. Expenditures in 2020 are incomplete as search was conducted
on 16 May 2020. Graphed values were corrected for inflation by the Consumer Price Index referenced
to 2019 provided by the U.S. Bureau of Labor Statistics.

In response to WNV and ZIKYV, the CDC supports detection and response capacity to local agencies
by providing states Epidemiology and Laboratory Capacity (ELC) cooperative agreements with all 50
states and US territories. For the first five years following the introduction of WNV into the U.S., the
CDC issued ELC funds which were reduced in 2004. A survey by the Council of State and Territorial
Epidemiologists in 2005 showed several enhancements to surveillance, laboratory, and control capacity
that were made possible as the result of ELC funding [34]. However, after yearly reductions in ELC
funds, a survey in 2013 revealed many of these programs had reduced or lost surveillance and response
measures [35]. Despite this lack of sustained funding and reduced infrastructure, WNV continues to
have periodic large epidemics [36]. The advent of CHIKV and ZIKV to the Americas caught many
U.S local, state, and federal agencies off guard with a lack of knowledge of, lack of surveillance of, or
inability to control Aedes (Stegomyia) mosquitoes. Once again, along with the NIH who spent over
$400 million in 2016 on ZIKV-related projects, the CDC administered $97 million in supplementary
Zika ELC stimulus funds to states to help programs re-bound and shift from a Culex-centric focus to
Aedes [37]. This pulse in funding helped improve the surveillance and control of Aedes mosquitoes,
although the fading of Zika virus in the national news and the reduction of these ELC funds [38] has
resulted in many programs again reducing their capacity.

135



Trop. Med. Infect. Dis. 2020, 5, 96

mEEEV
$0 | wsLEV
mLACV
® $25
z
°
[s]
12}
o $20
3
g
s
=
£ $15
2
=
s
2
5 st
k]
$5 | |
o LIttt 0l ] ol B b h Lh.]ddd
H O A D OB O N A DK H O N DD ONDL DD AP Q QS d O > 0 e A 0 0 O
@@@@@@@@@@@@@@@§$§§$§$§$m$$$$$$$§$$&

Figure 2. Total funding by the National Institutes of Health based on the NIH Reporter search query of
projects matching Eastern equine encephalitis virus (EEEV), St Louis encephalitis virus (SLEV), and La
Crosse encephalitis virus (LACV) from 1985 to 2020. Expenditures in 2020 are incomplete as search was
conducted on 16 May 2020. Graphed values were corrected for inflation by the Consumer Price Index
referenced to 2019 provided by the US Bureau of Labor Statistics.

Along with the pulse in funding and attention by media and the public, surges in peer-reviewed
publications occur following the emergences of arboviruses. To quantify these publications, we
performed a “Basic Search” of the Web of Science Core Collection for the key words of “West Nile
virus”, “chikungunya virus”, and “Zika virus”. As with the NIH RePORTER search, we included
“Eastern equine encephalitis virus”, “St Louis encephalitis virus”, and “La Crosse encephalitis virus”.
The search for St. Louis encephalitis virus returned more publications with “St” than with “Saint”. The
year range for the search was 1985 to 2020, and the search was conducted on 16 May 2020. The results
yielded 11,868 records for WNV; 5088 for CHIKYV; 8074 for ZIKV; 634 for EEEV; 604 for SLEV; and 238 for
LACV (Figures 3 and 4). The yearly pattern in publications for these three arboviruses closely matches
the total funding by NIH, although publications reported on Web of Science include publications by
international authors funded by different international sponsors. Publications including the endemic
arboviruses as keyword searches have slowly increased over the last 35 years, but the scale of the
increase in publications for invasive arboviruses is much greater.
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Figure 3. Results of a Basic Search of the Web of Science Core Collection for West Nile virus (WNV),
chikungunya virus (CHIKV), and Zika virus (ZIKV), from 1985 to 2020. Publications in 2020 are
incomplete as search was conducted on 16 May 2020.
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Figure 4. Results of a Basic Search of the Web of Science Core Collection for eastern equine encephalitis
virus (EEEV), St. Louis encephalitis virus (SLEV), and La Crosse encephalitis virus (LACV) from 1985
to 2020. Publications in 2020 are incomplete as search was conducted on 16 May 2020.

4. Innovation of Mosquito Surveillance Tools

The evolution of mosquito trapping tools targeting Culex and Aedes mosquitoes has followed suit,
being driven by the emergence of these viruses, the resulting resources generated by federal agencies,
and consumer demand. To visualize trends in trap usage over time, we evaluated BioQuip Products
sales data in each main trap category between 2003 and 2019 (Figure 5). As the United States has
experienced emergences and threats of first Culex and now also Aedes-borne viruses, innovations to
traditional mosquito trapping tools targeting these vector groups have arisen, with the proportion
of sales in different categories fluctuating over time in response to arbovirus outbreak and funding
availability (Figure 1). The diversity of traps sold by BioQuip Products also increased substantially
from two categories in 2003 to nine categories by 2014 (Figure 3) as new innovations came to market.
Undoubtedly, the surge of Aedes-borne viruses in particular during this time period has influenced the
development and sales of novel traps targeting Ae. aegypti mosquitoes.
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Figure 5. Proportion of traps sold per year by BioQuip Products. Product numbers represented
included: Gravid traps (2800, 2800S), BG traps (2880, 2883), NJ light trap (2856), EVS traps (2801A,
2780, 2780NS1, 2780NS2), Centers for Disease Control and Prevention (CDC) traps (2848, 2770, 2836BQ,
2836BQX), resting traps (2799), Gravid Aedes Traps (2797), passive traps (2887, 2887P), large aspirators
(2888A, 2846). Inset: Proportion of trap types sold per year by BioQuip Products. Product numbers
represented included: Gravid traps (2800, 2800S), BG traps (2880, 2883), NJ light trap (2856, 2857, 2858),
EVS traps (2801A, 2780, 2780NS1, 2780NS2), CDC traps (2848, 2770, 2836BQ, 2836BQX), resting traps
(2799), Gravid Aedes Traps (2797), passive traps (2887, 2887P), and large aspirators (2888A, 2846).

4.1. Culex-Borne Virus Surveillance

The CDC light trap has become an industry standard for collection of mosquitoes for the purposes
of arbovirus surveillance. The similar EVS (Encephalitis Vector Survey) trap [39] is also routinely used
for arbovirus surveillance and operates on a similar principle as the CDC light trap using light and
carbon dioxide (CO,) as attractants. Between 2003 and 2010, trap sales were dominated by suction
traps using light and CO; as attractants, and gravid traps, largely for Culex vectors of WNV and SLEV.
Due to the sustained threat of WNV year after year [36], traps targeting Culex vectors are expected to
remain a mainstay in the industry.

Several specific innovations have either improved the functionality of the standard light trap or
targeted different physiological cohorts of mosquitoes. In 2006, BioQuip released the first commercially
available light-emitting-diode (LED) CDC-style light trap with customizable colors (Figure 3). Bayonet
mounted LED chips were also available to replace the white incandescent lights in existing CDC style
light traps. The passive box trap offered an alternative to CDC light traps, by providing a CO,-baited
trap that was not reliant on a power source and could be used to sample arbovirus vectors in more
remote areas [40]. A collapsible passive trap was also developed to address portability issues [41]. A
photo switch option also added to light traps, allowing researchers the flexibility to set traps when
convenient and conserve battery power. Finally, the CDC resting trap was introduced in 2011 for
the purpose of collecting blood-engorged mosquitoes to determine vertebrate host utilization [42].
Passive and resting traps represent a smaller proportion of sales over the last several years, suggesting
their utility may be serving the research community as opposed to being integrated into large-scale
operational surveillance activities.
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4.2. Aedes-Borne Virus Surveillance

Surveillance for viruses transmitted by Ae. aegypti mosquitoes requires very different tools and
strategies than for those used for Culex-borne viruses. These urbanized, day-biting, container-breeding
mosquitoes are generally not attracted to the suction and gravid traps that are so efficient at catching
Culex mosquitoes [43]. The growing need for traps that effectively collected Aedes mosquitoes led to
the innovation of the BG Sentinel Mosquito Trap in 2006 (Biogents AG, Regensburg, Germany) [44],
among others. BG sentinel traps began selling at BioQuip in 2011, and sales comprised approximately
50% of the total traps sold by BioQuip in 2016 following the introduction of CHIKV and ZIKV to the
Americas (Figure 3). Similarly, gravid Aedes traps (GAT) [45,46] were introduced between 2013 and 2014.
Conceptually based on traditional gravid traps [47], these traps do not require electricity to function.
GAT sales quickly grew to approximately 30% of the traps sold by BioQuip in 2016 (Figure 5). The
InsectaZooka@© and the Prokopak aspirator [48] are lightweight, portable field aspirators developed
as an alternative to backpack models. These devices facilitate the collection of resting and engorged
mosquitoes from indoor and outdoor resting sites.

5. Conclusions

The emergence of mosquito-borne viruses has occurred repeatedly in recent decades, and studies
predict that these emergences will continue. Much of our response to these events is reactionary,
triggered by the increase in attention, funding, publication, innovation, and preventive measures
for public health. The long-term impact or return on investment of outbreak spending is evidenced
by scientific advancements (publications) and innovation, but we advocate for a more sustainable,
economical, and effective approach by minimizing the oscillations of boom and bust in funding
and capacity for mosquito-borne viruses. Our goal should be to optimize the cost-effectiveness of
budgetary spending by adopting resource allocation for biosecurity threats that maximize benefits
while minimizing the total cost given anticipated expenditures incurred in the event of mosquito-borne
viral outbreaks [49,50].
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