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Abstract

The clinical outcomes associated with Zika virus (ZIKV) in the Americas have been well 

documented but other aspects of the pandemic, such as attack rates and risk factors, are poorly 

understood. We prospectively followed a cohort of 1453 urban residents in Salvador, Brazil and, 

using a novel assay measuring IgG3 responses against ZIKV NS1 antigen, estimated that 73% 

(95% CI 70%-76%) of individuals were infected during the 2015 outbreak. Attack rates were 

spatially heterogeneous, varying three-fold within a community spanning 0.17km2. Pre-existing 

high antibody titers to dengue virus (DENV) were associated with reduced risk of ZIKV infection 

(OR 0.56, 95% 0.37-0.86) and symptoms (OR 0.52, 95% CI 0.30-0.90). The landscape of ZIKV 

immunity that now exists may affect the risk for future transmission.

One Sentence Summary:

Within a Brazilian urban community, pre-existing immunity to dengue virus and spatial variation 

influenced Zika virus transmission.

There are many uncertainties about the dynamics of Zika virus (ZIKV) outbreaks in large, 

immunologically naive populations. There is also continued uncertainty surrounding the 

circumstances that allowed ZIKV to emerge in American populations and the future of 

ZIKV transmission in the Americas and elsewhere (1). The association between ZIKV 

infection and microcephaly cases makes it important to determine whether future cases can 

be expected or whether immunity levels in a population are likely to prevent significant 

future transmission. These uncertainties underscore the need to characterize infection rates 

of the 2015/2016 epidemic (1, 2).

One key, unanswered question is the role of pre-existing immunity to dengue virus (DENV), 

an endemic pathogen that is genetically and antigenically similar to ZIKV, and has been 

hypothesized both to promote (3) and suppress ZIKV emergence (4). Numerous in vitro 
studies have shown enhanced ZIKV infection in the presence of DENV antibodies, but 

results from in vivo studies have been less clear (3, 5-8). Immunity to DENV has been 

shown experimentally to neutralize and protect against ZIKV infection (9-11) and may 

therefore reduce the probability of successful establishment of ZIKV in a DENV immune 
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population (12). Yet to date, the influence of pre-existing DENV immunity on susceptibility 

or resistance to ZIKV infection has not been rigorously evaluated in human populations.

Ideally, to characterize the interactions between ZIKV and DENV requires prospectively 

monitoring individuals of different DENV serostatus and measuring any ZIKV infection. 

However, a large proportion of ZIKV and DENV infections are asymptomatic, and 

symptomatic infections have a nonspecific clinical presentation, making diagnosis 

challenging. Therefore, infection rates in populations can only be accurately quantified using 

serological measures. At present, there is a lack of commercially available serological tests 

that can measure antibody responses to DENV and ZIKV with sufficient sensitivity and 

specificity as a result of cross-reactivity between the two related viruses (13-16). These 

limitations have hampered efforts to quantify the extent of the American epidemic and 

evaluate interactions between DENV and ZIKV.

High ZIKV attack rates in an urban population

We had the opportunity to prospectively characterize the dynamics of ZIKV transmission in 

Pau da Lima, a community in the city of Salvador, where we have been conducting long-

term cohort investigations of urban slum health problems (17-19). Northeast Brazil has been 

known to be hyperendemic for DENV for over 30 years. It was also the epicenter of the 

2015 Zika epidemic (20-22). Multiple rounds of sample collection occurred in our cohort 

since 2013, before and after the majority of clinical Zika cases were detected in this 

community and the city (23). Here, we quantified the attack rate of ZIKV during the 2015 

outbreak using data from 1,453 individuals in this cohort (Fig. 1, Tables S1 and S2). In a 

subset of 642 individuals for whom dengue immunity data was available (Table S1), we 

investigated the impact of prior DENV immunity on the risk of ZIKV. Figure 2 shows the 

timing of sample collection before and after the period of the Zika outbreak.

We identified ZIKV infections with an assay that measures IgG3 responses to the ZIKV NS1 

protein (anti-ZIKV NS1 IgG3). The sensitivity and specificity of the assay were estimated to 

be 85% and 97%, respectively, by testing a random subset of samples using plaque-reduction 

neutralization tests (PRNT) (Fig. 2). We performed additional validation of this assay to 

ensure that cross-reactivity did not bias our inferences, using samples from before and after 

ZIKV emergence in the study population (Fig. 2), as well as external validation using patient 

samples from PCR-confirmed infections from multiple locations (Figs. S2 and S3, Table 

S3).

Samples collected in October 2014 and March 2015, prior to the epidemic in Salvador (Fig. 

S1), were mostly seronegative by the anti-ZIKV NS1 IgG3 assay (7%, 95% CI 4-10%, 

n=249; and 8%, 95% CI 6-10%, n=675; respectively), as well as by PRNT (1%, 95% CI 

0%-4%, n=101), suggesting little or no transmission before this date. In contrast, 63% (95% 

CI 60%-65%, n=1453) of samples collected in October 2015, five months after recognized 

clinical cases peaked, were positive, indicating infection of the majority of individuals in the 

cohort (Fig. 3A). Adjusting for the sensitivity and specificity of the IgG3 assay (Fig. 2C, 

Table S3), this level of seropositivity corresponds to an attack rate of 73% (95% CI 
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70%-76%) and is consistent with the high seropositivity rate found in non-random subsets of 

individuals previously tested in Salvador (24).

Heterogeneity in attack rates at fine spatial scales

Interestingly, despite the high seropositivity rates across all age-groups (Fig. 3A), attack 

rates were not spatially uniform across the population that resided within the 0.17km2 study 

site (Fig. 1C). The attack rate among individuals living in the valley located in the northeast 

sector of the study area was 29% (95% CI 19%-41%, n=85) as compared to 83% (95% CI 

76%-90%, n=241) among individuals living in the southeast corner (Area B, Fig. 1C). 

Similar spatial heterogeneity in DENV transmission has been reported within this 

community and elsewhere (21, 25). This variation could be due to differences in populations 

of mosquito vectors or in exposure of people living under different conditions.

Based on the attack rate, we estimated that the basic reproductive number (R0) of ZIKV in 

this setting was 1.8 (95% CI 1.7 - 1.9) but ranged between 1.2 and 2.1 between areas of the 

study site. This result is consistent with estimates obtained using case reports from the early 

epidemic which suggest that reproductive numbers fell from 2.2 to 0.7 from April 2015 to 

July 2015 (average of 2.0 (95% CI 1.9-2.1) (Fig. S1) (23). These results are also within the 

range of previously published estimates for ZIKV (2, 24, 26-28), as well as the basic 

reproductive number for DENV (2.3 95% CI 2.1-2.4) which was estimated using age-

stratified serological data collected prior to the ZIKV outbreak (Fig. 3B, Supplementary 

material). Altogether, the reduction in reproductive numbers and the large reduction in case 

numbers reported in the city of Salvador in 2016 and 2017 compared with 2015 (29) is 

consistent with acquired immunity blunting the efficiency of transmission, as suggested by 

Netto et al. (24).

Influence of dengue immunity on ZIKV infection

We investigated potential associations between DENV antibody titers measured before the 

ZIKV epidemic and the subsequent risk of ZIKV infection. A total of 642 samples collected 

in March 2015 was tested for total IgG against DENV NS1 protein, a marker of prior DENV 

infection, of which 553 (86%) were positive (30). Age-specific seropositivity patterns were 

consistent with high levels of endemic DENV transmission in this population (Fig. 3B). 

Among individuals who had prior immunity to DENV, each two-fold increase in total IgG 

titers against DENV NS1 was associated with a 9% (95%CI 1%-17%) reduction in the risk 

of ZIKV infection (Table S5). A similar trend was observed in a subset of 96 individuals that 

was tested for DENV neutralizing antibodies using the PRNT (26% reduction, 95%CI 

−18%-54%).

To investigate a possible non-linear effect of DENV IgG titers on the risk of ZIKV infection, 

we estimated the risk of ZIKV infection among individuals in different tertiles of pre-

outbreak IgG titers. We found that individuals in the middle and highest tertiles experienced 

a 38% (95% CI 8%-59%) and 44% (95%CI 14%-63%) reduction in the odds of being ZIKV-

positive after the outbreak, respectively, compared with individuals in the lowest tertile with 

no or low titers of DENV IgG (Table S4). We did not find any association between age and 
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risk of ZIKV infection, despite the positive association between DENV IgG levels and age 

that is characteristic of endemic settings (31, 32). This contrasts with a study in Nicaragua 

that found a positive association between age and ZIKV infection risk (33).

We also explored the association between pre-outbreak IgG3 antibodies against DENV NS1 

and the risk of subsequent ZIKV infection. This subclass of IgG antibodies has been 

previously shown to be a marker of recent exposure to DENV infection and to be detectable 

for up to 4-6 months after infection (30). In contrast to total pre-outbreak IgG titers against 

DENV NS1, IgG3 levels were positively associated with risk of infection by ZIKV. A 

twofold increase in IgG3 was associated with a 23% (95%CI 7%-43%) increase in the odds 

of being ZIKV positive after the outbreak, in models adjusted for age and total IgG NS1 

titers. To assess whether the observed results could be due to cross-reactivity between pre-

outbreak ZIKV IgG3 and DENV IgG3 responses, we performed sensitivity analyses where 

we adjusted for ZIKV IgG3 levels measured in March 2015 (Table S6). This additional 

adjustment did not affect the results for the positive association between DENV IgG3 and 

ZIKV seropositivity. This positive association might reflect an immune profile, among 

individuals who have experienced a recent DENV infection, that is associated with having a 

greater risk of a subsequent ZIKV infection. Alternatively, it is also possible that higher 

levels of IgG3 are a proxy for frequent DENV exposure, and thus greater risk of infection by 

Aedes aegypti transmitted viruses.

To further investigate the association between prior DENV exposure and ZIKV infection, we 

fit a generalized additive model including DENV NS1 total IgG, DENV NS1 IgG3 and age 

as covariates (Fig. 4A). Consistent with results from logistic models, these analyses showed 

a negative linear association between pre-outbreak anti-DENV NS1 total IgG (on the log 

scale) and subsequent ZIKV infection, and positive linear association with pre-outbreak anti-

DENV NS1 IgG3. While age was not associated with risk of ZIKV infection when modeled 

using logistic regression or GAMS, we did find a non-linear effect of age on the ratio of 

ZIKV IgG3 levels measured after and before the outbreak (Fig. 4b). The average ratio was 

3.8 (95%CI 3.0-4.6) in children aged 5-10 years but was 2.4 (95%CI 2.1-2.8) in individuals 

older than 20 years of age. This difference remained significant in models adjusted for ZIKV 

IgG3 levels prior to the outbreak.

We also investigated associations between prior DENV immunity and self-reported Zika 

symptoms recorded from the cohort. Among 642 cohort individuals, 29 (5%), 206 (32%) 

and 11 (2%) reported experiencing an acute episode of skin rash, fever, or both when 

interviewed after the Zika epidemic during the October 2015 survey, consistent with at most 

36% of individuals presenting any symptoms. ZIKV seropositivity at the time of interview 

was associated with reporting rash (OR 3.17, 95% CI 1.19-8.43) but not with fever alone 

(OR 0.99, 95%CI 0.71-1.40). All 11 individuals who reported both rash and fever during this 

visit were ZIKV seropositive. In addition, among individuals who were infected by ZIKV, 

the presence of high anti-DENV NS1 total IgG titers prior to the outbreak was associated 

with 47% (95% 0.10-0.69) reduction in the odds of fever, but no reduction in the odds of 

rash (Tables S8 and S9). Pre-outbreak anti-DENV NS1 IgG3 levels were not associated with 

decreased odds of fever or rash.
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Conclusions

In summary, we found that our cohort of individuals residing at the epicenter of the Zika 

epidemic in Brazil was heavily affected in 2015, with an estimated attack rate of 73% (95% 

CI 70%-76%). The pattern of cases observed is consistent with the emergence of a highly 

transmissible and mostly asymptomatic pathogen, followed by reduced transmission once a 

large proportion of individuals became immune. These findings provide empirical support 

for the hypothesis that accumulated immunity drove ZIKV to local extinction by reducing 

the efficiency of transmission. Spatial heterogeneity in ZIKV attack rates show that focal 

pockets of susceptible individuals may remain after the apparent end of the epidemic. While 

these populations could sustain future ZIKV transmission and may represent an opportunity 

for vaccine trials, the overall high rates of immunity will present a barrier for significant 

ZIKV incidence in this community.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments:

We thank the participants of the cohort study and the community leaders from the Pau da Lima Urban Health 
Council who mobilized support for the investigation. We also thank the team members from Oswaldo Cruz 
Foundation, Brazilian Ministry of Health who participated in the data collection and the Company for Urban 
Development of the State of Bahia (CONDER) who provided digital maps of the study site. We thank Dr. 
Guillermina Kuan, and the study team at the National Virology Laboratory, the Sócrates Flores Vivas Health Center, 
and the Hospital Infantil Manuel de Jesús Rivera of the Nicaraguan Ministry of Health, and the Sustainable 
Sciences Institute for their work in collecting and characterizing the samples from the Nicaraguan Pediatric Dengue 
Cohort Study and the Pediatric Dengue Hospital-based Study in Managua, Nicaragua, that were used in this study. 
We thank Magelda Montoya at the University of California, Berkeley, for assistance with sample management. We 
thank the World Reference Collection of Emerging Viruses and Arboviruses (WRCEVA) by the Allergan 
Foundation and the Global Virus Network for provide sera on US travelers. This work could not be accomplished 
without the joint collaborative effort of the resident associations, community leaders and residents that constitute 
the Urban Health Council of Pau da Lima.

Funding:

This research was supported by grants from the Yale School of Public Health; Oswaldo Cruz Foundation, Brazilian 
Ministry of Health; Brazilian National Council for Scientific and Technological Development (400830/2013-2, 
440891/2016-7 and INCT-Dengue); Coordination for the Improvement of Higher Education Personnel, Brazilian 
Ministry of Education (440891/2016-7, National Postdoctoral Program [PNPD]); Research Support Foundation for 
the State of Bahia (FAPESB PET0026/2013, APP0044/2016, 10206/2015 and PET0022/2016); Research Support 
Foundation for the State of São Paulo (FAPESP 2013/21719-3 and 2016/15021-1); CuraZika Foundation 
(curazika.pitt.edu); Wellcome Trust (102330/Z/13/Z) and National Institutes of Health (R01 AI121207, R01 
TW009504, R01 AI052473, U01 AI088752, R25 TW009338, R01 NS064905, R24 AI120942, U01 AI115577, R01 
AI099631, U54 AI065359, P01 AI106695, U19 AI118610, R01 AI114703, U54 GM088491).

References and Notes:

1. Lessler J et al., Assessing the global threat from Zika virus. Science. 353, aaf8160 (2016). [PubMed: 
27417495] 

2. Ferguson NM et al., Countering the Zika epidemic in Latin America. Science. 353, 353–354 (2016). 
[PubMed: 27417493] 

3. Dejnirattisai W et al., Dengue virus sero-cross-reactivity drives antibody-dependent enhancement of 
infection with zika virus. Nat. Immunol 17, 1102–1108 (2016). [PubMed: 27339099] 

4. Barba-Spaeth G, Structural basis of zika and dengue virus potent antibody cross-neutralization. 
Nature. 536:48–53 (2016):. [PubMed: 27338953] 

Rodriguez-Barraquer et al. Page 6

Science. Author manuscript; available in PMC 2021 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://curazika.pitt.edu


5. Bardina SV et al., Enhancement of Zika virus pathogenesis by preexisting antiflavivirus immunity. 
Science. 356, 175–180 (2017). [PubMed: 28360135] 

6. Pantoja P et al., Zika virus pathogenesis in rhesus macaques is unaffected by pre-existing immunity 
to dengue virus. Nat. Commun 8, 15674 (2017). [PubMed: 28643775] 

7. McCracken MK et al., Impact of prior flavivirus immunity on Zika virus infection in rhesus 
macaques. PLoS Pathogens. 13, e1006487 (2017). [PubMed: 28771605] 

8. Castanha PMS et al., Dengue Virus-Specific Antibodies Enhance Brazilian Zika Virus Infection. J. 
Infect. Dis 215, 781–785 (2017). [PubMed: 28039355] 

9. Montoya M et al., Longitudinal Analysis of Antibody Cross-Neutralization Following Zika and 
Dengue Virus Infection in Asia and the Americas. J. Infect. Dis (2018), doi:10.1093/infdis/jiy164.

10. Durbin AP, Dengue Antibody and Zika: Friend or Foe? Trends Immunol. 37, 635–636 (2016). 
[PubMed: 27599407] 

11. Abbink P et al., Therapeutic and protective efficacy of a dengue antibody against Zika infection in 
rhesus monkeys. Nat. Med 24, 721–723 (2018). [PubMed: 29867228] 

12. Sariol CA, Nogueira ML, Vasilakis N, A Tale of Two Viruses: Does Heterologous Flavivirus 
Immunity Enhance Zika Disease? Trends Microbiol. 26, 186–190 (2018). [PubMed: 29122447] 

13. Musso D, Gubler DJ, Zika Virus. Clin. Microbiol. Rev 29, 487–524 (2016). [PubMed: 27029595] 

14. Balmaseda A et al., Antibody-based assay discriminates Zika virus infection from other 
flaviviruses. Proc. Natl. Acad. Sci. U. S. A 114, 8384–8389 (2017). [PubMed: 28716913] 

15. Priyamvada L et al., Human antibody responses after dengue virus infection are highly cross-
reactive to Zika virus. Proc. Natl. Acad. Sci. U. S. A 113, 7852–7857 (2016). [PubMed: 
27354515] 

16. Kikuti M et al., Diagnostic performance of commercial IgM and IgG enzyme-linked 
immunoassays (ELISAs) for diagnosis of Zika virus infection. Virol. J 15, 108 (2018). [PubMed: 
30005683] 

17. Hagan JE et al., Spatiotemporal Determinants of Urban Leptospirosis Transmission: Four-Year 
Prospective Cohort Study of Slum Residents in Brazil. PLoS Negl. Trop. Dis 10, e0004275 (2016). 
[PubMed: 26771379] 

18. Reis RB et al., Impact of environment and social gradient on Leptospira infection in urban slums. 
PLoS Negl. Trop. Dis 2, e228 (2008). [PubMed: 18431445] 

19. Felzemburgh RDM et al., Prospective study of leptospirosis transmission in an urban slum 
community: role of poor environment in repeated exposures to the Leptospira agent. PLoS Negl. 
Trop. Dis 8, e2927 (2014). [PubMed: 24875389] 

20. Lowe R et al., The Zika Virus Epidemic in Brazil: From Discovery to Future Implications. Int. J. 
Environ. Res. Public Health 15 (2018), doi:10.3390/ijerph15010096.

21. Kikuti M et al., Spatial Distribution of Dengue in a Brazilian Urban Slum Setting: Role of 
Socioeconomic Gradient in Disease Risk. PLoS Negl. Trop. Dis 9, e0003937 (2015). [PubMed: 
26196686] 

22. Costa F et al., Emergence of Congenital Zika Syndrome: Viewpoint from the Front Lines. Ann. 
Intern. Med 164, 689–691 (2016). [PubMed: 26914810] 

23. Cardoso CW et al., Outbreak of Exanthematous Illness Associated with Zika, Chikungunya, and 
Dengue Viruses, Salvador, Brazil. Emerg. Infect. Dis 21, 2274–2276 (2015). [PubMed: 26584464] 

24. Netto EM et al., High Zika Virus Seroprevalence in Salvador, Northeastern Brazil Limits the 
Potential for Further Outbreaks. MBio. 8 (2017), doi:10.1128/mBio.01390-17.

25. Mammen MP et al., Spatial and temporal clustering of dengue virus transmission in Thai villages. 
PLoS Med. 5, e205 (2008). [PubMed: 18986209] 

26. Kucharski AJ et al., Transmission Dynamics of Zika Virus in Island Populations: A Modelling 
Analysis of the 2013-14 French Polynesia Outbreak. PLoS Negl. Trop. Dis 10, e0004726 (2016). 
[PubMed: 27186984] 

27. Rojas DP et al., The epidemiology and transmissibility of Zika virus in Girardot and San Andres 
island, Colombia, September 2015 to January 2016. Euro Surveill. 21 (2016), 
doi:10.2807/1560-7917.ES.2016.21.28.30283.

Rodriguez-Barraquer et al. Page 7

Science. Author manuscript; available in PMC 2021 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Towers S et al., Estimate of the reproduction number of the 2015 Zika virus outbreak in 
Barranquilla, Colombia, and estimation of the relative role of sexual transmission. Epidemics. 17, 
50–55 (2016). [PubMed: 27846442] 

29. Salvador, Secretary of Health, “Epidemiological Bulletin - Epidemiological Situation of Dengue, 
Chikungunya e Zika in Salvador” (13, 2018), (available at http://
www.cievs.saude.salvador.ba.gov.br/uploads/1815/).

30. Nascimento EJM et al., Development of antibody biomarkers of long term and recent dengue virus 
infections. J. Virol. Methods 257, 62–68 (2018). [PubMed: 29684416] 

31. Ferguson NM, Donnelly CA, Anderson RM, Transmission dynamics and epidemiology of dengue: 
insights from age-stratified sero-prevalence surveys. Philos. Trans. R. Soc. Lond. B Biol. Sci 354, 
757–768 (1999). [PubMed: 10365401] 

32. Anderson RM, May RM, Infectious Diseases of Humans: Dynamics and Control (Oxford 
University Press, 1992).

33. Zambrana JV et al., Seroprevalence, risk factor, and spatial analyses of Zika virus infection after 
the 2016 epidemic in Managua, Nicaragua. Proc. Natl. Acad. Sci. U. S. A 115, 9294–9299 (2018). 
[PubMed: 30150394] 

34. Brazil, Brazilian Institute of Geography and Statistics. Estimated population 2017. Cities, Bahia, 
Salvador, (available at https://cidades.ibge.gov.br/brasil/ba/salvador/panorama).

35. Costa F et al., Influence of household rat infestation on leptospira transmission in the urban slum 
environment. PLoS Negl. Trop. Dis 8, e3338 (2014). [PubMed: 25474580] 

36. Castanha PMS et al., Placental Transfer of Dengue Virus (DENV)-Specific Antibodies and 
Kinetics of DENV Infection-Enhancing Activity in Brazilian Infants. J. Infect. Dis 214, 265–272 
(2016). [PubMed: 27056951] 

37. Ribeiro GS et al., Does immunity after Zika virus infection cross-protect against dengue? Lancet 
Glob Health. 6, e140–e141 (2018). [PubMed: 29389533] 

38. Cordeiro MT et al., Characterization of a dengue patient cohort in Recife, Brazil. Am. J. Trop. 
Med. Hyg 77, 1128–1134 (2007). [PubMed: 18165535] 

39. Cordeiro MT et al., Dengue and dengue hemorrhagic fever in the State of Pernambuco, 1995-2006. 
Rev. Soc. Bras. Med. Trop 40, 605–611 (2007). [PubMed: 18200409] 

40. Nogueira ML et al., Adverse birth outcomes associated with Zika virus exposure during pregnancy 
in São Josê do Rio Preto, Brazil. Clin. Microbiol. Infect 24, 646–652 (2018). [PubMed: 29133154] 

41. Narvaez F et al., Evaluation of the traditional and revised WHO classifications of Dengue disease 
severity. PLoS Negl. Trop. Dis 5, e1397 (2011). [PubMed: 22087348] 

42. E. al Nogueira ML, Adverse birth outcomes associated with Zika virus exposure during pregnancy 
in São Josê do Rio Preto, Brazil. - PubMed - NCBI, (available at https://www.ncbi.nlm.nih.gov/
pubmed/29133154).

43. Paploski IAD et al., Time Lags between Exanthematous Illness Attributed to Zika Virus, Guillain-
Barré Syndrome, and Microcephaly, Salvador, Brazil. Emerg. Infect. Dis 22, 1438–1444 (2016). 
[PubMed: 27144515] 

44. Cori A, EpiEstim: EpiEstim: a package to estimate time varying reproduction numbers from 
epidemic curves (2013; https://CRAN.R-project.org/package=EpiEstim).

45. R Core Team, R: A Language and Environment for Statistical Computing (Vienna, Austria, 2016; 
https://www.R-project.org/).

46. Rodriguez-Barraquer I, Costa F, Github repository: Code to reproduce main study results, 
doi:10.5281/zenodo.2528486.

Rodriguez-Barraquer et al. Page 8

Science. Author manuscript; available in PMC 2021 June 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.cievs.saude.salvador.ba.gov.br/uploads/1815/
http://www.cievs.saude.salvador.ba.gov.br/uploads/1815/
https://cidades.ibge.gov.br/brasil/ba/salvador/panorama
https://www.ncbi.nlm.nih.gov/pubmed/29133154
https://www.ncbi.nlm.nih.gov/pubmed/29133154
https://CRAN.R-project.org/package=EpiEstim
https://www.R-project.org/


Fig. 1. 
Location of the study. A. Location of the city of Salvador in the state of Bahía and Brazil. B. 
Location of households enrolled at the Pau de Lima community study site in Salvador. C. 
Spatial heterogeneity in the proportion of the samples that were found to be ZIKV IgG3 

positive (indicated by colors) in October 2015.. The smoothed surface was generated using a 

generalized additive model (GAM) that included latitude, longitude and altitude as 

predictors.
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Fig. 2. 
Results of serological testing conducted prior to and after the ZIKV outbreak among Pau da 

Lima cohort participants (A). Each dot shows the result of an individual participant sample 

using our ZIKV IgG3 assay (see supplementary material). ZIKV PRNT was performed on a 

random subset of samples collected in March 2015 (orange) and October 2015 (green) (B). 

Dashed line indicates the cutoff established, using the PRNT results as the gold-standard, to 

achieve a sensitivity of 85% and a specificity of 97% (C).
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Fig. 3. 
Age-stratified seropositivity to ZIKV (A) and DENV (B) measured in October 2015 (post 

Zika outbreak) and March 2015 (pre-Zika outbreak) respectively. Red line (A) shows the 

mean seropositivity in this population. Blue line (B) shows the fit of the best model 

estimating the historical DENV force of infection in this population (see supplementary 

methods).
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Fig. 4. 
Results of generalized additive models looking at two metrics of ZIKV infection as a 

function of age and prior DENV exposure (DENV NS1 IgG titer and DENV NS1 IgG3 OD 

value measured in March 2015). A. Proportion ZIKV positive in October 2015 according to 

our ZIKV IgG3 assay and B. Ratio of IgG3 levels in October 2015 vs. March 2015.
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