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Abstract: Zika virus (ZIKV) and yellow fever virus (YFV) originated in Africa and expanded to
the Americas, where both are co-circulated. It is hypothesized that in areas of high circulation and
vaccination coverage against YFV, children of pregnant women have a lower risk of microcephaly.
We evaluated the presence and titers of antibodies and outcomes in women who had ZIKV infection
during pregnancy. Pregnancy outcomes were classified as severe, moderate, and without any
important outcome. An outcome was defined as severe if miscarriage, stillbirth, or microcephaly
occurred, and moderate if low birth weight and/or preterm delivery occurred. If none of these events
were identified, the pregnancy was defined as having no adverse effects. A sample of 172 pregnant
women with an acute ZIKV infection confirmed during pregnancy were collected throughout 2016.
About 89% (150 of 169) of them presented immunity against YFV, including 100% (09 of 09) of those
who had severe outcomes, 84% (16 of 19) of those who had moderate outcomes, and 89% (125 of 141)
of those who had non-outcomes. There was no difference between groups regarding the presence of
anti-YFV antibodies (p = 0.65) and YFV titers (p = 0.6). We were unable to demonstrate a protective
association between the presence or titers of YFV antibodies and protection against serious adverse
outcomes from exposure to ZIKV in utero.

Keywords: Zika virus; arbovirus; congenital Zika virus syndrome; yellow fever virus; yellow fever
virus vaccine; non-microcephalic children

1. Introduction

Zika virus (ZIKV) and yellow fever virus (YFV) are emerging viruses of the flavivirus
genus transmitted by mosquitoes of the Aedes genus and are involved in neurological com-
plications and systemic hemorrhagic diseases, respectively [1,2]. ZIKV and YFV originated
in Africa and expanded to the Americas, where there is co-circulation of both [1]. ZIKV
probably appeared in 1900; however, it was only isolated for the first time in 1947 in Rhesus
macaque in the Zika Forest, and later in Aedes africanus mosquitoes in the same area [3,4]. In
humans, it was first isolated in Nigeria in 1953 [5]. The first outbreak in humans occurred in
2007 on the Yap Islands in Micronesia, Pacific Ocean [6]. This virus arrived in the Americas
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via Brazil in 2013. In February 2016, due to outbreaks and evidence of Guillain–Barré
syndrome in adults and congenital Zika virus syndrome (CZVS) in infants born from ZIKV-
infected mothers in the Pacific and the Americas, the ZIKV was declared an international
public health emergency [7,8]. In addition to CZVS, children born to mothers exposed to
the virus may have low birth weight, fetal deaths, spontaneous abortions, alterations in
growth and development, and poor growth velocity [9–11]. Although it is a disease with
important clinical repercussions mainly in pregnant women and their children, there is
currently no vaccine for ZIKV [12,13].

YFV originated in Africa and was brought to the Americas through the slave trade, and
the first epidemic in the Americas was reported in 1648 in the Yucatán Peninsula. However,
the virus was only isolated in a Ghanaian man for the first time in 1927 [14,15]. From viral
isolation in the following decade (in 1937), the first vaccine against YFV was produced
by the North American Rockefeller Foundation, and from the 1940s, mass campaigns
were carried out in South America and vaccination became mandatory in Africa [16,17].
Even with the existence of a vaccine, YFV infection causes significant morbidity and
mortality, and is endemic in 44 countries in tropical South America and sub-Saharan
Africa, where intermittent large outbreaks among under-vaccinated populations have been
recorded [18,19]. Currently, several countries have mass vaccination programs, and in
some countries where the disease is endemic, this vaccine is in the national childhood
immunization schedule. In countries where the disease is endemic or where there is a
yellow fever vaccination program, there is a spectrum of anti-YFV antibodies that may
interfere with susceptibility or refractoriness to infections by other flaviviruses due to
antigen cross-reactivity and antibody-mediated increase [15,20–22].

In type I interferon receptor knockout mice (A129) and BALB/c and SV-129 immuno-
competent mice (A129 background), vaccination against YFV provided protection against
ZIKV, reduced mortality and cerebral viral load in all mice, and prevented blood loss and
loss of weight in BALB/c mice [23]. An in vitro assay showed that ZIKV was capable of
infecting BeWo cell lines (derived from human placenta and mimicking the structure and
function of the syncytiotrophoblast layer) and HU-VEC (umbilical vein cells), and YFV
antibodies presented an impact on ZIKV, depending on the type of cell line. ZIKV was
reduced in embryoid bodies in the presence of YFV serum cultured with placental cells,
while in direct infection, the embryoid bodies increased viral load in the presence of YFV
serum [21]. One study hypothesized that children of pregnant women in regions with high
YFV vaccination coverage have a lower risk of microcephaly; however, more appropriate
study methodologies should be used [24]. Taken together, these studies suggest that the
yellow fever vaccine may be important in the prophylaxis of ZIKV infections and their
outcomes [23]. If the YFV vaccine really protects against ZIKV infection and its outcomes,
there is a vaccination model that is safe, fast, and cheap, and whose safety is already well
known [21,23]. In the present study, we ascertained the presence and titers of antibodies
and outcomes in women who had a ZIKV infection during pregnancy and were followed
up at a reference hospital for infectious diseases in the Brazilian Amazon, a region with
massive immunization against YFV.

2. Materials and Methods
2.1. Sample Collection and Classification of Outcomes

A sample of pregnant women with an acute ZIKV infection confirmed during preg-
nancy, who attended the outpatient clinic of the Fundação de Medicina Tropical Doutor
Heitor Vieira Dourado (FMT-HVD), Manaus, Amazonas, Brazil, on spontaneous demand
between January and December 2016, was evaluated for the presence and levels of anti-YFV
antibodies. The demographic and clinical information of the pregnant women and their
children was collected and evaluated as previously described [25]. For the purposes of
analysis, pregnancy outcomes were classified as severe, moderate, and without outcome,
as previously described. Briefly, a severe outcome was defined as miscarriage, stillbirth, or
microcephaly occurred. A pregnancy outcome was defined as moderate if low birth weight
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and/or preterm delivery occurred. If none of these events were identified, the pregnancy
was defined as having no adverse effects.

2.2. Viral Titer

A viral titer (VT) was necessary for the subsequent Plaque Reduction Neutralization
Test (PRNT). VT dosage was performed by counting plaques produced in Vero E6 cell
line and expressed in plaque-forming units/mL (PFU/mL). Vero cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM, GIBCO®, USA) at 28 ◦C [26]. The growth
media were supplemented with 1% fetal bovine serum (FBS, GIBCO®, CA, USA), 100 U/mL
penicillin, and 100 µg/mL streptomycin (GIBCO®, CA, USA). The titration was carried
out from the serial dilution of 10–1 to 10–6 of the viral sample, followed by inoculation
of 100 µL of the different dilutions in 6-well plates containing Vero cells. The plate was
kept in an oven at 37 ◦C with 5% CO2. After discarding the excess virus solution, 2 mL of
carboxymethylcellulose medium (CMC, Sigma-Aldrich ®, St. Louis, MO, USA) was added.
After six days, Vero cells were fixed and stained. The titer was obtained according to the
calculation contained in a standardized protocol [26,27].

2.3. Plaque Reduction Neutralization Test (PRNT)

Serum samples were inactivated at 56 ◦C for 60 min and submitted to an assay
to determine specific neutralizing antibody titers, according to the assay described in
a previously established protocol [26,27]. PRNT was performed in 6-well plates with
80,000 Vero cells/well, using YFV wild-type virus (~50 PFU-) against different serum
dilutions (1:20–1:640). The strain was wtYFV#3, isolated in the Laboratório de Flavivirus,
FIOCRUZ, Brazil (GenBank: MH018113.1) [28]. The plates were covered with a semi-
solid medium (1X DMEM, 1% FBS, 1.5% CMC) and incubated at 37 ◦C in 5% CO2 for
six days. After six days, the Vero cells were fixed and stained. PRNT titers were expressed
according to 80% plaque inhibition (PRNT80). Titers with PRNT80 < 20 were considered
negative [26,27].

2.4. Ethical Aspects

The FMT-HVD Research Ethics Committee approved this study, which was assigned
the ethical approval number 08941019.2.0000.0005/2019. All participants provided formal
written consent.

2.5. Statistical Analysis

The variables of interest in this study were registered in a standardized questionnaire
in the Epi Info software, version 7. Data analyses were carried out using the “RStudio”
program, version 4.2. The results were expressed as relative frequencies, with mean and
standard deviation. The groups, based on the outcomes, were compared using the exact
fish and chi-square test.

3. Results and Discussion

A total of 172 pregnant women sought care at the FMT-HVD between January and
December 2016, and their samples were evaluated for the presence and titer of antibodies
against the yellow fever virus. The demographics and clinical characteristics of the women
are shown in Table 1 according to the outcome and repercussions on the pregnancy and the
child. These women, in general, were adults with an average age of 24 years; many were
married (44%), had secondary education (55%), and were primiparous (38%). Most women
(83.42%) had no outcomes, with the severity being more frequently evidenced in the first
trimester of pregnancy (8/9, 89%). Severe outcomes are associated with and described in
the literature in women whose infection occurs in the first trimester of pregnancy [25,29].
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Table 1. Demographics, clinical characteristics, and viral titers of pregnant women evaluated in the
present study according to pregnancy outcomes.

Characteristic Overall
n = 169

Severe
n = 9

Mild
n = 19

None
n = 141 p-Value

Civil status 0.22
Single 67/122 (55%) 5/7 (71%) 6/18 (33%) 56/97 (58%)
Married 54/122 (44%) 2/7 (29%) 12/18 (67%) 40/97 (41%)
Divorced 1/122 (0.8%) 0/7 (0%) 0/18 (0%) 1/97 (1.0%)
Widow 0/122 (0%) 0/7 (0%) 0/18 (0%) 0/97 (0%)

Schooling 0.9
Elementary Incomplete 21/136 (15%) 1/8 (12%) 4/18 (22%) 16/110 (15%)
Elementary 22/136 (16%) 2/8 (25%) 3/18 (17%) 17/110 (15%)
Secondary Education 75/136 (55%) 5/8 (62%) 9/18 (50%) 61/110 (55%)
University Education 18/136 (13%) 0/8 (0%) 2/18 (11%) 16/110 (15%)

Parity 0.51
None 40/104 (38%) 3/4 (75%) 5/14 (36%) 32/86 (37%)
One 34/104 (33%) 0/4 (0%) 4/14 (29%) 30/86 (35%)
Two 20/104 (19%) 1/4 (25%) 2/14 (14%) 17/86 (20%)
More than two 10/104 (6.7%) 0/4 (0%) 3/14 (14%) 7/86 (5.8%)

Pregnancy trimester <0.001
1◦ 35/163 (21%) 8/9 (89%) 3/19 (16%) 24/135 (18%)
2◦ 59/163 (36%) 0/9 (0%) 8/19 (42%) 51/135 (38%)
3◦ 69/163 (42%) 1/9 (11%) 8/19 (42%) 60/135 (44%)

Anti-YFV 150/169 (89%) 9/9 (100%) 16/19 (84%) 125/141 (89%) 0.6
YFV titer

20 to 40 57/169 (34%) 4/9 (44%) 8/19 (42%) 45/141 (32%) 0.6
80 to 160 66/169 (39%) 4/9 (44%) 4/19 (21%) 58/141 (41%)
320 to 640 18/169 (11%) 1/9 (11%) 2/19 (11%) 15/141 (11%)
>640 9/169 (5.3%) 0/9 (0%) 2/19 (11%) 7/141 (5.0%)

YFV titer per pregnancy trimester
1◦ Trimester >0.99

No titer 1/35 (2.9%) 0/8 (0%) 0/3 (0%) 1/24 (4.2%)
20 to 40 15/35 (42.9%) 3/8 (38%) 1/3 (33%) 11/24 (46%)
80 to 160 12/35 (34.3%) 4/8 (50%) 1/3 (33%) 7/24 (29%)
320 to 640 5/35 (14.3%) 1/8 (12%) 1/3 (33%) 3/24 (12%)
>640 2/35 (5.7%) 0/8 (0%) 0/3 (0%) 2/24 (8.3%)

2◦ Trimester
No titer 10/59 (16.9%) 0/0 (NA%) 2/8 (25%) 8/51 (16%) 0.96
20 to 40 16/59 (27.1%) 0/0 (NA%) 3/8 (38%) 13/51 (25%)
80 to 160 27/59 (45.8%) 0/0 (NA%) 2/8 (25%) 25/51 (49%)
320 to 640 4/59 (6.8%) 0/0 (NA%) 0/8 (0%) 4/51 (7.8%)
>640 2/59 (3.4%) 0/0 (NA%) 1/8 (12%) 1/51 (2.0%)

3◦ Trimester
No titer 8/69 (11.6%) 0/1 (0%) 1/8 (12%) 7/60 (12%) 0.43
20 to 40 23/69 (33.3%) 1/1 (100%) 4/8 (50%) 18/60 (30%)
80 to 160 25/69 (36.2%) 0/1 (0%) 1/8 (12%) 24/60 (40%)
320 to 640 8/69 (11.6%) 0/1 (0%) 1/8 (12%) 7/60 (12%)

The high frequency of people with neutralizing antibodies against YFV (150/169,
89%) evidences the presence of immunity against YFV in the region. This is potentially
related to the high vaccination coverage or previous infections in the populations of the
Amazon region [30]. Anti-YFV antibodies present were present in 100% (09/09) of severe
outcomes, 84% (16/19) presents of moderate cases, and in 89% (125/141) of cases with
non-outcomes. There was no difference between groups regarding the presence of anti-
YFV antibodies (p = 0.65) and titers (p = 0.6). Most participants in all evaluated groups
had titers between 40 and 80 units, and some participants in the unchanged outcome
group had titers slightly higher. For the severe outcomes, no woman was seronegative.
When comparing seronegative women throughout the stage of pregnancy, we did not
find statistically significant differences (p = 0.99). These results, therefore, show that there
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should be no cross-response between YFV and ZIKV or a relationship between the presence
of antibodies against YFV and the absence of outcomes. A previous study showed that
the presence of antibodies against DENV is not associated with the absence or presence
of outcomes in patients with ZIKV infections during pregnancy [29]. This corroborates
the definition that there seems to be no cross-immunity between different flaviviruses
and ZIKV.

This study, with a transversal design and evaluation of 172 pregnant women from the
Amazon region, suggests that there is no association between the presence and high titers of
anti-YFV antibodies and protection against serious adverse outcomes in pregnant women
exposed to ZIKV, as previously suggested in an ecological study carried out in Brazil on
ZIKV [24]. According to these authors, the Northeast region would be more affected by
cases of microcephaly due to low vaccination rates for YFV. As we did not find differences
in the presence and high titers of antibodies and a reduction in serious outcomes in women
exposed to ZIKV, we assume that the differential rates of microcephaly associated with
ZIKV between the Northeast and North regions may be associated with different factors,
including the onset of the pandemic in the Northeast region; the delay in the registration
of cases in the North region, favoring the incorporation of care; and assistance measures
in this region that may have helped in the lower frequency of severe events in the North
region [31].

This study has limitations. From a descriptive cross-sectional study with a small
number of patients, who were not representative of the local or national population, but in
whom the presence of high titers of antibodies did not occur as a function of the observed
outcomes, we cannot establish a causal relationship since other confounding factors and
biases may be involved, such as infections in the first trimester of pregnancy, even with
the presence of anti-YFV antibody titers compared to those with mild or no outcome.
Furthermore, not all patient samples from previous cohorts were evaluated as they were
unavailable [25,31], and the presence of antibodies to other flaviviruses was not tested.
Thus, it is suggested that a population-representative cohort study be performed to assess
post-vaccination cross-immunity against YFV and other factors in protecting against ZIKV
infections and preventing serious outcomes in pregnant women exposed to ZIKV, since
few studies exist either to define cross-immunity or to evaluate outcomes.

In conclusion, we were unable to demonstrate a protective association between the
presence or the high titers of YFV antibodies and protection against serious adverse out-
comes from exposure to ZIKV in utero. However, more robust studies need to be carried out.

Author Contributions: Conceptualization, I.C.R.P. and F.E.M.E.; Methodology, R.K.d.S.S., L.F.A.d.S.,
B.A.C., M.d.G.C.A., I.C.R.P. and M.T.L.; Software, A.S.G. and A.V.d.S.N.; Validation, F.E.M.E.; Formal
analysis, A.V.d.S.N., D.C.B.-d.-S. and A.S.G.; Research, I.C.R.P. and M.d.C.C.; Resources, I.C.R.P.,
F.E.M.E. and M.d.C.C.; Data curation, I.C.R.P. and F.E.M.E.; Writing—Preparation of the original
manuscript, I.C.R.P., D.C.B.-d.-S., M.d.C.C., C.H.A.B.d.M. and F.E.M.E.; Writing—Proofreading and
Editing, I.C.R.P., F.E.M.E., Y.K.B.R. and D.C.B.-d.-S.; Visualization, R.K.d.S.S., L.F.A.d.S., B.A.C.,
I.C.R.P., F.E.M.E., D.C.B.-d.-S., Y.K.B.R. and M.d.C.C.; Supervision, M.d.C.C. and F.E.M.E.; Project
Management, F.E.M.E. and M.d.C.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Tropical Medicine Foundation Dr Heitor Vieira Dourado
(FMT-HVD), Leônidas and Maria Deane Institute (ILMD/Fiocruz Amazônia), Fundação para o Desen-
volvimento Científico e Tecnológico em Saúde (FIOTEC-ILMD-003), Fundação de Amparo à Pesquisa
do Estado do Amazonas (FAPEAM, Universal Amazonas #002/2018); Ministry of Health of Brazil
and Departamento de Ciência e Tecnologia (Programa de Pesquisa para o SUS—PPSUS—#51/2019)
and Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, #400911/2018-3n).
Djane Baia-da-Silva was supported by FAPEAM (National Visiting Researcher Scholarship). The
funders had no role in study design, data collection and analysis, decision to publish, or preparation
of the manuscript.



Viruses 2023, 15, 2244 6 of 7

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Research Ethics Committee of the Tropical Medicine Foundation Dr
Heitor Vieira Dourado (FMT-HVD) (protocol code 60168216.2.0000.0005-November 2017).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Acknowledgments: We thank all the teams involved in the development of this project for its
determination and execution.

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

References
1. Musso, D.; Gubler, D.J. Zika Virus. Clin. Microbiol. Rev. 2016, 29, 487–524. Available online: https://cmr.asm.org/content/cmr/

29/3/487.full.pdf (accessed on 13 March 2023). [CrossRef] [PubMed]
2. Van Leur, S.W.; Heunis, T.; Munnur, D.; Sanyal, S. Pathogenesis and virulence of flavivirus infections. Virulence 2021, 12, 2814–2838.

[CrossRef] [PubMed]
3. Newman, C.; Friedrich, T.C.; O’Connor, D.H. Macaque monkeys in Zika virus research: 1947-present Christina. Curr. Opin. Virol.

2017, 25, 34–40. [CrossRef] [PubMed]
4. Lee, H.; Halverson, S.; Ezinwa, N. Mosquito-Borne Diseases. Prim. Care Clin. Off. Pract. 2018, 45, 393–407. [CrossRef]
5. Carey, D.E.; Kemp, G.E.; Troup, J.M.; White, H.A.; Smith, E.A.; Addy, R.F.; Fom, A.L.; Pifer, J.; Jones, E.M.; Brès, P.; et al.

Epidemiological aspects of the 1969 yellow fever epidemic in Nigeria. Bull. World Health Organ. 1972, 46, 645.
6. Duffy, M.R.; Chen, T.H.; Hancock, W.T.; Powers, A.M.; Kool, J.L.; Lanciotti, R.S.; Pretrick, M.; Marfel, M.; Holzbauer, S.; Dubray,

C.; et al. Zika Virus Outbreak on Yap Island, Federated States of Micronesia. New Engl. J. Med. 2009, 360, 2536–2543. [CrossRef]
7. Dick, G.; Kitchen, S.F.; Haddon, A.J. Zika virus. I. Isolations and serological specificity. Trans. R. Soc. Trop. Med. Hyg. 1952, 46,

509–520. [CrossRef]
8. Zanluca, C.; De Melo, V.C.A.; Mosimann, A.L.P.; Dos Santos, G.I.V.; dos Santos, C.N.D.; Luz, K. First report of autochthonous

transmission of Zika virus in Brazil. Memórias Do Inst. Oswaldo Cruz 2015, 110, 569–572. [CrossRef]
9. Faluyi, U.; Obadare, O.; Sangem, A.; Onuegbu, C.A.; Medavarapu, S. Complications Associated with Zika Virus Infection: A

Systematic Review Study. Technol. Sci. Am. Sci. Res. J. Eng. 2016, 24, 151–161. Available online: http://asrjetsjournal.org/
(accessed on 12 March 2023).

10. Mo, Y.; Alferez Salada, B.M.; Tambyah, P.A. Zika virus—A review for clinicians. Br. Med. Bull. 2016, 119, 25–36. [CrossRef]
11. Calvet, G.; Aguiar, R.S.; Melo, A.S.; Sampaio, S.A.; De Filippis, I.; Fabri, A.; Araujo, E.S.; de Sequeira, P.C.; de Mendonça, M.C.; de

Oliveira, L.; et al. Detection and sequencing of Zika virus from amniotic fluid of fetuses with microcephaly in Brazil: A case study.
Lancet Infect. Dis. 2016, 16, 653–660. [CrossRef] [PubMed]

12. Cugola, F.R.; Fernandes, I.R.; Russo, F.B.; Freitas, B.C.; Dias, J.L.; Guimarães, K.P.; Benazzato, C.; Almeida, N.; Pignatari, G.C.;
Romero, S.; et al. The Brazilian Zika virus strain causes birth defects in experimental models. Nature 2016, 534, 267–271. [CrossRef]
[PubMed]

13. Zorrilla, C.D.; García García, I.; García Fragoso, L.; De La Vega, A. Zika Virus Infection in Pregnancy: Maternal, Fetal, and
Neonatal Considerations. J. Infect. Dis. 2017, 216 (Suppl. S10), S891–S896. [CrossRef] [PubMed]

14. Bryant, J.E.; Holmes, E.C.; Barrett, A.D.T. Out of Africa: A molecular perspective on the introduction of yellow fever virus into
the Americas. PLoS Pathog. 2007, 3, e75. [CrossRef]

15. Chippaux, J.P.; Chippaux, A. Yellow fever in Africa and the Americas: A historical and epidemiological perspective. J. Venom.
Anim. Toxins Incl. Trop. Dis. 2018, 24, 20. [CrossRef]

16. Frierson, J.G. The yellow fever vaccine: A history. Yale J. Biol. Med. 2010, 83, 77–85.
17. Gianchecchi, E.; Cianchi, V.; Torelli, A.; Montomoli, E. Yellow Fever: Origin, Epidemiology, Preventive Strategies and Future

Prospects. Vaccines 2022, 10, 372. [CrossRef]
18. Waggoner, J.J.; Rojas, A.; Pinsky, B.A. Yellow fever virus: Diagnostics for a persistent arboviral threat. J. Clin. Microbiol. 2018,

56, e00827-18. [CrossRef]
19. Hansen, C.A.; Barrett, A.D.T. The present and future of yellow fever vaccines. Pharmaceuticals 2021, 14, 891. [CrossRef]
20. Monath, T.P. Yellow fever vaccine. Expert Rev. Vaccines 2005, 4, 553–574. [CrossRef]
21. Schultz, E.M.; Jones, T.J.; Hopkins, H.K.; Zeng, J.; Barr, K.L. Post-vaccination yellow fever antiserum reduces zika virus in

embryoid bodies when placental cells are present. Vaccines 2020, 8, 752. [CrossRef]
22. Rathore, A.P.S.; St John, A.L. Cross-Reactive Immunity Among Flaviviruses. Front. Immunol. 2020, 11, 334. [CrossRef] [PubMed]
23. Vicente Santos, A.C.; Guedes-da-Silva, F.H.; Dumard, C.H.; Ferreira, V.N.; da Costa, I.P.; Machado, R.A.; Barros-Aragão, F.G.;

Neris, R.L.; Dos-Santos, J.S.; Assunção-Miranda, I.; et al. Yellow fever vaccine protects mice against Zika virus infection. PLoS
Neglected Trop. Dis. 2021, 15, e0009907. [CrossRef] [PubMed]

24. Góes Cavalcanti, L.P.; Tauil, P.L.; Alencar, C.H.; Oliveira, W.; Teixeira, M.M.; Heukelbach, J. Zika virus infection, associated
microcephaly, and low yellow fever vaccination coverage in Brazil: Is there any causal link. J. Infect. Dev. Ctries. 2016, 10, 563–566.
[CrossRef] [PubMed]

https://cmr.asm.org/content/cmr/29/3/487.full.pdf
https://cmr.asm.org/content/cmr/29/3/487.full.pdf
https://doi.org/10.1128/CMR.00072-15
https://www.ncbi.nlm.nih.gov/pubmed/27029595
https://doi.org/10.1080/21505594.2021.1996059
https://www.ncbi.nlm.nih.gov/pubmed/34696709
https://doi.org/10.1016/j.coviro.2017.06.011
https://www.ncbi.nlm.nih.gov/pubmed/28750247
https://doi.org/10.1016/j.pop.2018.05.001
https://doi.org/10.1056/NEJMoa0805715
https://doi.org/10.1016/0035-9203(52)90042-4
https://doi.org/10.1590/0074-02760150192
http://asrjetsjournal.org/
https://doi.org/10.1093/bmb/ldw023
https://doi.org/10.1016/S1473-3099(16)00095-5
https://www.ncbi.nlm.nih.gov/pubmed/26897108
https://doi.org/10.1038/nature18296
https://www.ncbi.nlm.nih.gov/pubmed/27279226
https://doi.org/10.1093/infdis/jix448
https://www.ncbi.nlm.nih.gov/pubmed/29267916
https://doi.org/10.1371/journal.ppat.0030075
https://doi.org/10.1186/s40409-018-0162-y
https://doi.org/10.3390/vaccines10030372
https://doi.org/10.1128/JCM.00827-18
https://doi.org/10.3390/ph14090891
https://doi.org/10.1586/14760584.4.4.553
https://doi.org/10.3390/vaccines8040752
https://doi.org/10.3389/fimmu.2020.00334
https://www.ncbi.nlm.nih.gov/pubmed/32174923
https://doi.org/10.1371/journal.pntd.0009907
https://www.ncbi.nlm.nih.gov/pubmed/34735450
https://doi.org/10.3855/jidc.8575
https://www.ncbi.nlm.nih.gov/pubmed/27367003


Viruses 2023, 15, 2244 7 of 7

25. Redivo, E.D.; Bôtto Menezes, C.; da Costa Castilho, M.; Brock, M.; da Silva Magno, E.; Gomes Saraiva, M.D.; Alvarez Fernandes,
S.S.; Costa Antony de Andrade, A.B.; Costa Alecrim, M.D.; Martinez-Espinosa, F.E. Zika virus infection in a cohort of pregnant
women with exanthematic disease in Manaus, Brazilian Amazon. Viruses 2020, 12, 1362. [CrossRef]

26. Vasilakis, N.; Shell, E.J.; Fokam, E.B.; Mason, P.W.; Hanley, K.A.; Estes, D.M.; Weaver, S.C. Potential of ancestral sylvatic dengue-2
viruses to re-emerge. Virology 2007, 358, 402–412. [CrossRef]

27. World Health Organization. Guideline for Plaque Reduction Neutralization Testing of Human Antibodies to Dengue Viruses; Iniciative for
Vaccine Research of the Departament of Imunization, Vacines and Biologicals; World Health Organization: Geneva, Switzerland,
2007; pp. 1–36.

28. Faria, N.R.; Kraemer, M.U.; Hill, S.C.; Góes de Jesus, J.; Aguiar, R.D.; Iani, F.C.; Xavier, J.; Quick, J.; du Plessis, L.; Dellicour, S.; et al.
Genomic and epidemiological monitoring of yellow fever virus transmission potential. Science 2018, 361, 894–899. [CrossRef]

29. Damasceno, L.; Terzian, A.C.; Fuller, T.; Estofolete, C.F.; Andrade, A.; Kroon, E.G.; Zin, A.A.; Vasconcelos, Z.; Pereira, J.P., Jr.;
Castilho, M.C.; et al. Why did zikv perinatal outcomes differ in distinct regions of brazil? An exploratory study of two cohorts.
Viruses 2021, 13, 736. [CrossRef]

30. Shearer, F.M.; Moyes, C.L.; Pigott, D.M.; Brady, O.J.; Marinho, F.; Deshpande, A.; Longbottom, J.; Browne, A.J.; Kraemer, M.U.;
O’Reilly, K.M.; et al. Global yellow fever vaccination coverage from 1970 to 2016: An adjusted retrospective analysis. Lancet Infect.
Dis. 2017, 17, 1209–1217. [CrossRef]

31. de Alencar Ximenes, R.A.; de Barros Miranda-Filho, D.; Brickley, E.B.; de Araújo, T.V.; Montarroyos, U.R.; Abtibol-Bernardino,
M.R.; Mussi-Pinhata, M.M.; Duarte, G.; Coutinho, C.M.; de Moura Negrini, S.F.; et al. Risk of adverse outcomes in offspring with
RT-PCR confirmed prenatal Zika virus exposure: An individual participant data meta-analysis of 13 cohorts in the Zika Brazilian
Cohorts Consortium. Lancet Reg. Health–Am. 2023, 17, 100395. [CrossRef]

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

https://doi.org/10.3390/v12121362
https://doi.org/10.1016/j.virol.2006.08.049
https://doi.org/10.1126/science.aat7115
https://doi.org/10.3390/v13050736
https://doi.org/10.1016/S1473-3099(17)30419-X
https://doi.org/10.1016/j.lana.2022.100395

	Introduction 
	Materials and Methods 
	Sample Collection and Classification of Outcomes 
	Viral Titer 
	Plaque Reduction Neutralization Test (PRNT) 
	Ethical Aspects 
	Statistical Analysis 

	Results and Discussion 
	References

