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[bookmark: OLE_LINK14][bookmark: OLE_LINK6][bookmark: OLE_LINK7][bookmark: OLE_LINK10]Abstract: Oropouche virus (OROV) is an arbovirus endemic to the Amazon region since the 1950s that re-emerged in late 2023, causing a major epidemic across Central and South America. We investigated the transmission dynamics of the 2023–2024 epidemic in Manaus City (Amazonas state, Brazil), a major metropolitan hub in the Amazon, and estimated OROV infections across Latin America and the Caribbean. OROV re-emergence in Manaus resulted in an increase of IgG seroprevalence from 11.4% in November 2023 to 25.7% in November 2024. Neutralizing capacity of OROV-specific IgG antibodies from individuals collected before and after the re-emergence demonstrated a median PRNT50 titer of 640 against both the historical and contemporary OROV isolates. Historical reconstruction of OROV circulation in Manaus indicated a continuous low-level transmission with two major outbreaks of comparable seasonality and magnitude in 1980–1981 and 2023–2024. We estimate approximately 336,000 OROV infections in the Amazon region under a scenario of continuous endemic transmission without major outbreaks and over 9.4 million OROV infections during major outbreaks from 1960 to 2025. Collectively, our findings provide a comprehensive assessment of OROV transmission in Manaus and contribute to a better understanding of the OROV burden.

MAIN TEXT
Introduction
Oropouche virus (OROV) is a neglected arbovirus that has caused Oropouche fever in Latin America and the Caribbean since the 1950s1,2. Oropouche fever is a febrile illness that is often mild and self-limited1,3. However, OROV infection in some patients can lead to central nervous system diseases (e.g., meningitis and meningoencephalitis), maternal-fetal complications (e.g., stillbirths and birth defects), and death1,3-5. OROV is primarily transmitted to humans by the bite of Culicoides paraensis midges, sometimes called “no-see-ums” in enzootic and urban cycles1. In the enzootic cycle, pale-throated sloths (Bradypus tridactylus) and non-human primates can serve as host reservoirs1. As of October 2025, no antiviral drugs or vaccines are available for the treatment or prevention of OROV infection.
OROV is classified into the species Orthobunyavirus oropoucheense in the Orthobunyavirus genus of the Peribunyaviridae family6. Its genome consists of three single-stranded, negative-sense RNA molecules, designated as small, medium, and large segments6. OROV can undergo reassortment events when two related orthobunyaviruses infect the same cell7. These events generate novel viral strains with mixed genomic segments from both parent strains, such as those described for Iquitos, Madre de Dios, and Perdões viruses8-10. Reassortment is a key evolutionary mechanism because it increases viral genetic diversity and may affect vector competence, immunogenicity, and disease severity11.
[bookmark: OLE_LINK2][bookmark: OLE_LINK5]Since late 2023, the incidence of Oropouche fever has increased in the Brazilian Amazon region, with subsequent spread to all 26 Brazilian states and the Federal District12,13. Between 2024 and 2025, autochthonous OROV transmission has also been reported in Barbados, Bolivia, Colombia, Cuba, the Dominican Republic, Ecuador, Guyana, Panama, Peru, and Venezuela14-19. Additionally, travel-related cases have been reported in Canada, the Cayman Islands, Germany, Italy, Spain, and the United States of America20,21. This re-emergence of OROV has been associated with a novel OROV reassortant that may have higher fitness and virulence compared to previous OROV strains, and may be able to evade antibody responses generated by prior OROV infections12,22. Furthermore, anthropogenic factors, including land use, land cover, and human mobility, are likely contributors to facilitated OROV re-emergence in the Amazon region13,23. The combination of OROV-infected travelers, widespread distribution of C. paraensis across the Americas, and a large, immunologically naive population may have significantly contributed to the establishment of OROV transmission beyond the Amazon region.
The Amazon region has approximately 47 million inhabitants across Brazil, Peru, Colombia, Bolivia, Ecuador, French Guiana, Guyana, Suriname, and Venezuela. This region is characterized by a low population density (ranging from 1.8 to 19 inhabitants per km2) and a high level of deforestation24. Manaus City (Amazonas State, Brazil) is the largest metropolis in the Amazon with a population of approximately 2.27 million and a density of 181 inhabitants per km2, was the first major urban center affected by the 2023-2024 OROV re-emergence before its broader spread beyond the Amazon basin13. In this study, we combined epidemiological, ecological, serological, and serodynamic analyses to investigate OROV transmission dynamics in Manaus and estimate the number of OROV infections in Latin America and the Caribbean.

Results
Oropouche fever re-emergence in Manaus between 2023 and 2024
Between January 1, 2014, and December 31, 2024, Manaus, the capital and largest city of Amazonas state, reported 1,160 laboratory-confirmed Oropouche fever cases to the Brazilian Ministry of Health (Figure 1A). The majority of these cases (96.3%, 1117 of 1160) occurred between December 1, 2023, and June 30, 2024. The cumulative incidence was 54.1 cases per 100,000 inhabitants in Manaus, which was 12.7 times higher than the cumulative Oropouche fever incidence at the national level during the same period. Notably, Manaus exhibited the highest cumulative OROV incidence among all Brazilian municipalities with over 500,000 inhabitants (n = 29, Figure 1B). We estimated the OROV laboratory positivity rate in Manaus to be 12.2% (95% CI: 11.5%–12.9%). This rate was estimated to be 1.2 times lower than across Amazonas state (14.9%, 95% CI: 14.5%–15.4%) but 1.5 times higher than the national average (8.3%, 95% CI: 8.2%–8.4%) (Extended Data Figure 1). The median age of Oropouche fever cases in Manaus was 35 years (interquartile range: 24–48), and 53.1% (616 of 1160) of cases were male. To investigate the impact of climate on the OROV primary vector, we examined the climate suitability (Index P) for C. paraensis between January 2014 and December 2024 (Extended Data Table 1). We found that Amazonas state has a climate suitable for C. paraensis throughout the year, with the highest suitability during the wet season from December to May (Index P ≥ 6.53) and lowest during the dry season between June and November (Index P ≥ 2.94, Figure 1C and Extended Data Figure 2). This period of high seasonal suitability in Manaus (December to May) consistently overlaps with the increase in Oropouche fever cases in late 2023 and early 2024. However, we found that the number of days with climate suitability for C. paraensis in 2023 and 2024 was not statistically higher than the nine years preceding the re-emergence (Figure 1D and Extended Data Figure 3).

[bookmark: OLE_LINK4]OROV seroprevalence in Manaus
To determine the seroprevalence of OROV infections in Manaus, we conducted a cross-sectional seroepidemiological study using 2,055 routine blood donor samples. Samples were collected in three distinct periods: November 2023 (n=685), June 2024 (n=685), and November 2024 (n=685). Of the total samples, 98.9% (n=2,033) were from unique individuals, and 1.1% (n=22) represented repeat donors. The mean age of participants was 36 years (interquartile range: 26–44), with males comprising 68.7% (1,412 of 2,055) and females 31.3% (643 of 2,055) of the samples. OROV IgG seroprevalence was 11.4% (78 of 685; 95% CI: 9.1–14.0%) in November 2023. This rate increased to 17.8% (122 of 685; 95% CI: 15.0–20.9%) in June 2024 and reached 25.7% (176 of 685; 95% CI: 22.5–29.1%) by November 2024 (Figure 2A). In contrast, the OROV IgM seropositivity rate was 1.8% (12 of 683, 95% CI 0.8–2.74) in November 2023, 1.6% (8 of 504, 95% CI 0.5–2.68) in June 2024, and 1.8% (12 of 685, 95% CI 0.8–2.73) in November 2024 (Figure 2B). To confirm the robustness of the ELISA used, a subset of IgG ELISA-positive (n=376), IgG ELISA-negative samples (n=274), and all IgG ELISA-borderline (n=31) were tested using a focus reduction neutralization test (FRNT). The agreement between the ELISA and FNRT was 97.8% (318/325) for IgG-positive samples and 98.5% (270/274) for IgG-negative samples. Furthermore, 77.4% (24 of 31) of the IgG-borderline samples from ELISA were confirmed as OROV-positive by FRNT (Figure 2C). Our age-stratified analysis of OROV IgG-positive samples from November 2023 revealed that individuals aged ≥50 years exhibited seroprevalence rates ranging from 21.3% (95% CI: 13.5–30.9%) to 26.3% (95% CI: 9.2–51.2%) compared to those aged <50 years with seroprevalence rates ranging from 2.9% (95% CI: 0.01–15.3%) to 11.3% (95% CI: 7.4%–16.4%, Figure 2D and Extended Data Table 2). However, this age-dependent pattern was not observed in the serosurveys conducted in July and November 2024, which were instead characterized by an increase in seropositivity across all age groups (Figure 2D). Therefore, the data indicate that most individuals (i.e., aged <50 years) who tested seropositive for OROV in November 2023 were likely exposed to the virus in a previous transmission outbreak.

OROV-specific antibodies before and after the 2023-2024 outbreak in Manaus
To further understand the dynamics of humoral OROV immunity, we assessed the neutralizing capacity of OROV IgG and IgM antibodies using the plaque reduction neutralization test 50% (PRNT50). We evaluated their ability to neutralize two distinct OROV strains: the prototype BeAn19991 isolate (1960) and the contemporary AM0088 isolate (2024). A subset of samples from OROV IgG-positive individuals collected before and after 2023–2024 was divided into two age groups: ≥50 years old and <50 years old. In serum samples from IgG-positive individuals from both age groups, we found PRNT50 titer of ≥640 against the BeAn19991 and AM0088 strains, both before and after the 2023–2024 outbreak (Figures 3A and 3B). No statistically significant difference in OROV IgG concentration (RU/mL) was observed between the two age groups either before or after the outbreak (Figure 3C). Then, we evaluated the neutralizing antibody capacity of all OROV IgM-positive samples (n=14) against both OROV strains using PRNT50. These samples exhibited a median PRNT50 titer of ≥640 for the AM0088 isolate. In contrast, the same serum samples showed PRNT50 titers below the detection limit (<20) against the BeAn19991 isolate (Figure 3D). Among the 22 individuals with repeat blood donations, we identified two who seroconverted from OROV IgG-negative to IgG-positive, indicating a primary infection between sampling. Additionally, an increase in OROV IgG concentration was observed in previously IgG-positive individuals, and one of these individuals also had a positive IgM result in their second donation (Figure 3E). However, we did not observe any increase in neutralizing capacity in OROV-antibody-positive samples (Extended Data Table 3).

Reconstruction of major OROV outbreaks in Manaus
To reconstruct the historical circulation of OROV and contextualize the 11.4% IgG seroprevalence measured in November 2023, we employed a serodynamic approach. Based on a serocatalytic model assuming a constant transmission with a single prior outbreak, fitted to our November 2023 serosurvey data, we estimated that Manaus experienced a major OROV outbreak in mid-1976 (95% Bayesian credible interval: 1966-1978; Figure 4A). To refine the resolution of our reconstruction, we conducted an additional and retrospective cross-sectional serosurvey between 2015 and 2016 in the general population from Manaus (n=440 participants). This serosurvey found an OROV seroprevalence of 11.1% (49 of 440; 95% CI: 8.4–14.5%), with a median PRNT50 titer of 640 (interquartile range: 200–640) for the BeAn19991 strain. Consistent with our earlier findings, individuals ≥40 years old exhibited a seroprevalence of at least 19.1% (95% CI 5.5–4.2), while those <40 years old showed a seroprevalence ≤ 6.1% (95% CI 0.7–20.2) (Figure 4B). Next, using the 2015–2016 serosurvey data in our serocatalytic model with the same assumptions above, we estimated that a major OROV outbreak occurred in Manaus around 1977 (95% Bayesian credible interval: 1972-1981; Figure 4C). Our estimate for outbreak reconstruction is supported by historical records of a major OROV outbreak in Amazonas state in 1980, which affected Manaus between October 1980 and February 198125 (Extended Data Table 4). The previous study from that period estimated OROV seroprevalence in the Manaus population before the 1980–1981 outbreak at 1.8% (9 of 496), with 4.2% (21 of 496) during the serosurvey in December of 1980, which subsequently rose to 14.9% (74 of 496) post-outbreak (May 1981)25. Collectively, our data indicate a sustained but lower level of OROV transmission in Manaus, with infections occurring predominantly during two major outbreaks (i.e., 1980–1981 and 2023–2024) that exhibited comparable seasonality and magnitude (Figure 4D).

Number of OROV infections in Latin America and the Caribbean
To estimate the number of OROV infections in endemic Central and South American countries, we compiled data from major OROV outbreaks and seroepidemiological studies between 1961 and 2022 (Extended Data Tables 4 and 5). We identified 32 major OROV outbreaks documented in Brazil, Peru, French Guiana, and Panama, with 59.4% (19 of 32) occurring in Brazil (Figure 5A). These outbreaks were mostly restricted to the municipality or state level, with a median duration of 2 months (interquartile range: 1–3). Our analysis identified 187 OROV seroepidemiological studies, predominantly performed in the 1970s (n=43), 2010s (n=60), and 2020s (n=50). The serosurveys conducted in Brazil represent 39.0% (73 of 187) of these studies (Figure 5B). Then, we categorized the seroepidemiological studies based on whether they were conducted before or after a major OROV outbreak (Extended Data Table 5). We found a significant difference in median OROV seroprevalence: 0.65% (interquartile range: 0.00%–1.84%, n=118) before outbreaks compared to 16.7% (interquartile range: 9.09%–33.74%, n=69) after outbreaks (p<0.0001; Figure 5C). To estimate the number of OROV infections in endemic areas (i.e., Amazon basin), we used the median and interquartile range of seroprevalence from before outbreaks to reflect a scenario of continuous endemic transmission. We estimated 336,570 OROV infections (with 75th percentile: 0.95 million OROV infections) in the Amazon region in the current population, with the highest numbers in Brazil and Peru (Figure 5D). Using the median and interquartile range of seroprevalence data from after OROV outbreaks, we estimated a cumulative total of 9.4 million OROV infections (interquartile range: 5.1 million –19.0 million) between 1960 and 2025 across Latin America and the Caribbean (Figure 5E). Brazil accounted for the majority of these infections, with an estimated 5.5 million (interquartile range: 3.0 million–11.1 million), followed by Cuba with 1.7 million (interquartile range: 0.93 million–3.4 million) and Peru with 1.1 million (interquartile range: 0.59 million – 2.2 million) infections.

[bookmark: OLE_LINK9]Inequalities in surveillance capacity and healthcare accessibility in OROV endemic areas
To understand the gap between reported cases and our estimated number of OROV infections, we assessed both surveillance capacity and healthcare accessibility in OROV-affected regions by examining historical endemic areas in the Amazon Basin and areas recently affected by the 2024–2025 epidemic. We found that 77.8% (7 of 9) of endemic OROV areas in the Amazon basin have a median surveillance capability index below the South American median of 0.22 (range 0 is poor and 1 is excellent), including Peru, Colombia, and Bolivia, with a median index ranging from 0.04 to 0.21 (Figure 6A). Brazil and Ecuador showed slightly higher indices of 0.25 (interquartile range: 0.21–0.31) and 0.24 (interquartile range: 0.08–0.47), respectively. Conversely, countries recently affected by OROV outbreaks in the Caribbean had a higher median index ranging from 0.60 to 0.89 (Figure 6A). Similarly, our analysis of optimal travel time to healthcare facilities shows substantial differences between endemic and recently affected areas. The median optimal travel time in OROV endemic areas is often long, with a median of 14 to 22.5 hours in Peru, Colombia, and Venezuela, and a range exceeding 24 hours (Figure 6B). In contrast, the median travel time in Caribbean countries was less than 10 minutes. The median travel time to healthcare was reduced after the 2023–2025 outbreaks in Brazil and Ecuador, which is likely due to the geographical expansion of OROV to areas with faster travel times (Figure 6B). Collectively, these findings show that endemic areas with continuous OROV transmission in the Amazon basin have a lower surveillance capacity and limited healthcare accessibility, which likely contributes to the underreporting of OROV infections.

Discussion
This study provides a comprehensive assessment of the reemergence of Oropouche fever in Manaus and the Amazon basin, which may be critical to understanding the nidus of the 2023–2025 OROV epidemic across Latin America and the Caribbean. Our data show the 2023–2024 OROV outbreak in Manaus led to a significant increase in IgG seroprevalence from 11.4% in November 2023 (pre-outbreak) to 25.7% in November 2024 (post-outbreak), which is similar to areas affected by OROV outbreaks in South America26. Notably, our historical reconstruction of OROV circulation indicates that Manaus was affected by a major outbreak between late 1980 and early 1981, which was the first documented in Amazonas state25. These two major outbreaks occurred 42 years apart but shared a comparable seasonality with peaks between December and April (wet season) and resulted in similar attack rates with 12.5% in 1980–1981 and 14.3% in 2023–2024. We hypothesize that Manaus, the largest city in the Amazon region, with its high population density and substantial human mobility facilitated by the largest national and international airport in the Amazon basin, may have served as a hub for the OROV dissemination beyond the Amazon. This hypothesis is supported by previous genomic epidemiological studies that demonstrated that OROV strains sequenced in other Brazilian states and from traveler-related cases share a recent common ancestor with strains from Manaus in early 20243,27,28. Likewise, air transportation has been linked with the introduction and spread of other arboviruses, including chikungunya (CHIKV), Zika (ZIKV), and new lineages and genotypes of dengue viruses (DENV) nearly worldwide29-33.
Our in vitro data indicate that OROV-specific IgG antibodies from individuals previously infected in Manaus can efficiently neutralize both the prototype OROV strain and the representative strain that caused the 2023–2024 outbreak in Manaus. Despite the currently uncertain duration of OROV-specific IgG antibody responses, our reconstruction of the 1980–1981 outbreak, combined with the age-dependent infection pattern observed before the recent outbreak in Manaus, suggests that OROV infection elicits a long-lived antibody response. We also found that OROV-specific IgM antibodies have a higher neutralizing capacity against OROV isolate, which aligns with findings from an experimental mouse study that demonstrated that IgM produced during primary infection is essential for controlling OROV replication and preventing neurological disease34. However, this higher IgM neutralizing capacity appears to be restricted to the contemporary OROV isolate, which is likely to be the OROV strain that caused these infections.
[bookmark: OLE_LINK15]We estimated that between 1960 and 2025, OROV caused around 9.4 million infections across the Americas. Our findings indicate that the historical underreporting of OROV infections is likely due, at least in part, to low surveillance capacity and limited healthcare access across countries in the Amazon basin. The cumulative number of OROV infections reported is substantially lower than the estimated 5 million annual CHIKV infections in the Americas35, a major arbovirus that causes explosive outbreaks. These differences in the number of infections for the two arboviral diseases appear linked to distinct transmission dynamics, primarily driven by vector ecology. OROV is likely mainly transmitted by C. paraensis, which is associated with high moisture levels and found predominantly in forest and rural areas23,36. For instance, our analysis indicates that wet season (December to May) in Amazonas state exhibits higher climate suitability for C. paraensis, which is consistent with data from entomological fieldwork that demonstrated that C. paraensis is predominantly abundant during the wet season, specifically when temperatures range between 30ºC and 32ºC and relative air humidity is between 75% and 85%, compared to the dry season in the Amazon region37. In contrast, CHIKV is transmitted by Aedes aegypti and, to some extent, by A. albopictus, both invasive anthropophilic mosquito species in urban centers38. Consequently, OROV appears to have a greater impact on rural communities, whereas CHIKV significantly affects overall public health due to a larger number of cases occurring in densely populated urban areas. Additionally, OROV infection is usually a mild febrile illness, which contrasts with the typically symptomatic and often debilitating disease caused by CHIKV infection38,39. For instance, while the rate of symptomatic CHIKV infections in the Americas is estimated at 51%40, it is plausible that the proportion of asymptomatic or oligosymptomatic OROV infections is similar to that of ZIKV and West Nile virus, which is estimated to be around 80%15,41. Future studies are needed to investigate the proportion of OROV asymptomatic cases.
This study has several limitations. First, our seroprevalence data rely on convenience blood donor samples, which limits the generalization of our seroprevalence and demographic findings to the broader population. Second, OROV infections have likely been underestimated in past years due to variable healthcare-seeking behaviors, absence of diagnostic capabilities, and a limited OROV surveillance system in many endemic areas. These factors may have contributed to underreported incidence rates. Additionally, further studies with structured analysis using country-level diagnosis proxies are necessary to determine underreporting of OROV infection cases. Third, our historical reconstruction is based on a serocatalytic model with assumptions that may oversimplify the complex, long-term dynamics of OROV circulation. Finally, our estimate of OROV infections relied on available cross-sectional seroprevalence studies, which were conducted using varying protocols and assays. This heterogeneity in the data is also a strength due to multiple locations, years, and laboratories. However, it may also be affected by the potential sensitivity and specificity of assays used, as well as false-positive results from other circulating orthobunyaviruses in these communities, which could affect the accuracy of our infection estimates.
In conclusion, our study provides important context about the dynamics and drivers of OROV transmission in Manaus during the early stage of the ongoing epidemic in South and Central America. We showed that historical OROV transmission in the Amazon region has been characterized by infrequent, short, and limited outbreaks; however, the long-term impact of the OROV epidemic in newly affected areas after 2024 remains to be further investigated. We also estimated the cumulative number of OROV infections in Latin America and the Caribbean. This information may help inform future studies and public health strategies aimed at mitigating the effects of OROV outbreaks and epidemics.
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Figure Legends

Figure 1. Oropouche fever outbreak in Manaus, 2023-2024. A) Incidence of Oropouche fever laboratory-confirmed cases per epidemiological week in Manaus, Amazonas state, and Brazil, from epidemiological week 1 of 2014 (December 29 to January 4) to epidemiological week 52 of 2024 (December 22 to 28). B) Incidence of Oropouche fever in Brazilian municipalities with a population of ≥500,000 inhabitants (n=29). C) Mean monthly Index P for OROV transmission by C. paraensis between 2014 and 2024 in Amazonas state during the wet season (December to May) compared to the dry season (June to November) at the municipality level. The mean monthly Index P for all months in Amazonas state is presented in Figure S1. Index P ≥ 1 indicates a suitable climate, and Index P < 1 indicates an unsuitable climate. D) Odds ratios for the number of days suitable for OROV transmission (defined as Index P>1) in each year from 2014 to 2023 compared with 2024 (the reference year). Dots represent the odds ratio, and bars indicate the 95% confidence intervals. Brazilian states: AM, Amazonas state. RJ, Rio de Janeiro state. SP, São Paulo state. PA, Pará state. ES, Espírito Santo state. PI, Piauí state.

Figure 2. Detection of OROV-specific antibodies in Manaus between 2023 and 2024. A) OROV IgG seropositivity rate by sampling period. Seropositivity rates are shown for three time points (Nov 2023, June 2024, and Nov 2024) among individuals aged 16–69 years (n=685 per period). Dots represent observed seroprevalence, and error bars indicate 95% confidence intervals. B) OROV IgM seropositivity rate by sampling period. Seropositivity rates are shown for three time points among individuals aged 16–69 years: Nov 2023 (n=683), June 2024 (n=504), and Nov 2024 (n=685). Dots represent observed seroprevalence, and error bars indicate 95% confidence intervals. C) Agreement between IgG ELISA and FRNT (n=681). The upper dashed line indicates the cutoff for IgG-positive (≥22 RU/ml), while the lower dashed line indicates IgG-negative (<16 RU/ml) as established by the manufacturers. The area between the two dashed lines represents the borderline range (≥16 to <22 RU/ml). D) Age-stratified OROV-specific IgG seroprevalence in Manaus across three sampling periods: November 2023, June 2024, and November 2024. The posterior distribution of the catalytic model fitted seroprevalence for each age is represented as posterior mean (dark blue) and 95% credible intervals (gray shaded). Dots represent the observed seroprevalence, and bars indicate the 95% confidence intervals. Seropositivity rates are shown for three time points (Nov 2023, June 2024, and Nov 2024) among individuals aged 16–69 years (n=685 per period). IgG, Immunoglobulin G. IgM, Immunoglobulin M. Nov, November. Jun, June. RU/mL, Relative units per milliliter.

Figure 3. OROV antibody response before and after the 2023-2024 outbreak in Manaus. A) Neutralization of OROV strains BeAn19991 (prototype) and AM0088 (contemporary) by PRNT50 in serum samples from OROV IgG-positive individuals collected in November 2023 (pre-outbreak, left) with individuals aged between 16 and 69 years: <50 years old (n=34) and ≥50 years old (n=15). B) Neutralization of OROV strains by PRNT50 in serum samples from OROV IgG-positive individuals collected in June and November 2024 (post-outbreak, right) with individuals (16-69 years): <50 years old (n=48) and ≥50 years old (n=22). C) OROV-specific IgG concentration (RU/mL) determined by ELISA in serum samples from individuals: <50 years (n=53) and ≥50 years (n=25) collected pre-outbreak and <50 years (n=257) and ≥50 years (n=43) collected post-outbreak. The bar in the boxplots represents the median (middle line), the upper and lower limits represent the 75th and 25th percentiles, and minimum and maximum values (whiskers). The dashed line indicates the cutoff for IgG-positive (≥22 RU/ml). Samples below the dashed line are confirmed positive by FRNT. The p-values (p=0.2586 and p=0.2227) were calculated using the two-sided Wilcoxon rank sum test. D) PRNT50 neutralization of OROV strains BeAn19991 and AM0088 in serum samples from IgM-positive individuals aged between 16 and 69 years (n=14) collected between November 2023 and November 2024. E) IgG concentrations (RU/mL) determined by ELISA from 22 individuals (16-69 years) with repeat blood donations, with IgM detection status indicated. Dots represent individual patients. The dashed line indicates the cutoff for IgG-positive (≥22 RU/ml). The lines connected the ELISA results from the first and second samples of each individual subject.

Figure 4. Reconstruction of Oropouche fever outbreaks in Manaus. A) Posterior distribution of the attack rate and outbreak year from a serocatalytic model, fitted to the November 2023 seroepidemiological data (n=685). The model assumes a constant transmission with a single prior outbreak before November 2023. Dots represent the median of the posterior distribution, and lines represent the 95% credible intervals (CrIs). B) Age-stratified OROV-specific IgG seroprevalence in Manaus based on serosurvey data from 2015–2016 (n=314), with individuals aged 14-77 years. Data are represented as observed seroprevalences (dots) with 95% confidence intervals (bars). The posterior distribution of the model fitted seroprevalence for each age is represented as posterior mean (dark blue) and 95% CrIs (gray ribbon). C) Posterior distribution of the attack rate and outbreak year from the same serocatalytic model assuming constant transmission with a single prior outbreak before 2015, this time fitted to the 2015–2016 seroepidemiological data (n=314). Dots represent the median of the posterior distribution, and lines represent the 95% CrIs. D) Conceptual representation of the reconstructed history of Oropouche fever outbreaks in Manaus from 1980 to 2024. The panel integrates model predictions with documented historical and recent outbreaks to visualize the temporal dynamics of OROV transmission. Data from the 1980–1981 OROV outbreak in Manaus was obtained from a previous study25. Dots represent the observed seroprevalence, and bars indicate the 95% confidence intervals.

Figure 5. Estimated number of OROV infections in Latin America and the Caribbean. A) Spatiotemporal distribution of major OROV outbreaks documented in Latin America between 1961 and 2020 (n=32). B) Spatiotemporal distribution of OROV seroprevalence studies conducted in Latin America and the Caribbean between 1961 and 2022 (n=187). C) OROV seroprevalence in locations before (n=118) and after documented outbreaks (n=69). The box plots show the median (middle line), the 25th and 75th percentiles (box), and the minimum and maximum values (whiskers). The p-value (p<0.0001) was calculated using the two-sided Wilcoxon rank sum test. D) Estimated number of OROV infections in administrative units (states, departments, or provinces) located within the Amazon region across nine South American countries based on a scenario of continuous endemic transmission (i.e., using seroprevalence data from before major outbreaks). The bar represents the median value, and the error bars show the 75th percentile. E) Estimated number of cumulative OROV infections in administrative units that had reported Oropouche fever outbreaks in ten Latin American and Caribbean countries and territories based on a scenario including major outbreaks (i.e., using seroprevalence data from after major outbreaks). The bar represents the median, and the error bars show the 25th and 75th percentiles.

Figure 6. Surveillance capacity and healthcare accessibility in OROV-affected regions. A) The model-predicted relative surveillance capacity index for emerging acute viral infection diseases, focusing on historical endemic areas in the Amazon basin. Data are represented as medians (dots) with interquartile range (bars). The dashed line in the left panel represents the median surveillance capacity in the South American continent (0.2246), and the dashed line in the right panel represents the median surveillance capacity in Latin America and the Caribbean (0.2337). The index ranges from 0 (lowest) to 1 (highest), indicating surveillance capacity42. B) The optimal travel time in hours for individuals with access to motorized transportation (e.g., car and motorcycle) to healthcare facilities (e.g., hospital or clinic)43, focusing on areas recently affected by the 2024-2025 epidemic. Data are represented as medians (dots) with interquartile range (bars). The dashed line in the left panel represents the median travel time to healthcare in South America (approximately 2 hours and 10 minutes); and the dashed line in the right panel represents the median travel time to healthcare in Latin America and the Caribbean (approximately 1 hour and 53 minutes). Surveillance capacity and healthcare accessibility data were extracted at the state-, department-, or province-level for pre-outbreak and post-outbreak periods.
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Methods
Serosurvey design and population
We retrospectively tested anonymized serum samples from two distinct cohorts of Manaus residents. We did not perform a formal sample size calculation for either cohort. The first cohort comprised residual blood samples from Hemoterapia do Amazonas. We retrieved stored residual laboratory screening samples from routine blood donors in November 2023, June 2024, and November 2024. We selected 2,055 samples (685 x 3 time points) from blood donors to geographically represent Manaus by using the ZIP codes of blood donors. The second cohort consisted of blood samples collected from Manaus residents (general population, n = 440 participants) between 2015 and 2016, at which time no participants reported any symptoms. All donors with recorded age and sex were eligible for testing, both self-reported, and only age variables were analyzed. No participant compensation was provided in this study. The ethics committee waived the requirement for informed consent for the use of residual blood bank samples (2023-2024). For the second cohort (2015–2016), written informed consent was obtained from all adult participants, and permission for minors was provided by their legally authorized representatives. Upon arrival at the laboratory, blood samples from both cohorts were centrifuged at 1,000 × g (relative centrifugal force) for 15 minutes to separate the serum, which was then stored at −80°C.

Inclusion and ethics statement
This study is the result of an equitable international collaboration among research teams from Brazil, the United States of America, and the United Kingdom. Our teams have been contributing to understanding transmission dynamics and virus-host interactions of arboviruses that cause diseases in humans, combining genomics, data science, and experimental virology to understand, prevent, and mitigate arboviral diseases. This research was primarily conducted and led by Brazilian researchers, with contributions from international researchers in serocatalytic modeling and epidemiology. All international partners invited to collaborate with this study have a longstanding history dedicated to strengthening local infrastructure, disseminating data, and sharing resources throughout Latin America and the Caribbean. Furthermore, we are committed to training, supporting, and fostering the success of local scientists across Latin America and the Caribbean by promoting ethical research practices to reduce inequities.

Ethics approval
All procedures were conducted with the approval of the Ethics Committees of the University of São Paulo (approval number 73030523.6.1001.0068) and the Federal University of Amazonas (approval numbers 5.876.612 and 6.629.451).

Oropouche fever laboratory-confirmed cases
We use individualized and de-identified clinical data on Oropouche fever cases from Brazil. National epidemiological data of laboratory-confirmed cases obtained from the Brazilian Ministry of Health. This dataset includes patient-level information on age, sex, state and municipality residence, date of sample collection, and diagnosis method collected from January 1, 2014 to December 31, 2024. Sex data were obtained through self-reporting, offering options for sex as male or female. To compare the testing positivity rate of Oropouche fever cases to those of other arboviruses, we used the number of laboratory-confirmed dengue and chikungunya cases and the number of tested patients between 2023 and 2024. All cases included in this study were laboratory-confirmed cases defined as a suspected patient with one positive laboratory result for OROV, either by reverse-transcription quantitative polymerase chain reaction (RT-qPCR), immunoglobulin M (IgM) detection, and/or viral isolation (Vero and C6/36 cells). No cases defined by only clinical epidemiological criteria were included in this study.

Incidence and age-sex distribution 
Incidence rates and age-sex distribution were calculated using Brazilian national epidemiological data of laboratory-confirmed cases and population data from the 2010 and 2022 Brazilian censuses, as reported by the Brazilian Institute of Geography and Statistics44,45. Annual testing positivity rates were determined by dividing the number of laboratory-confirmed cases by the total number of patients tested for arboviruses (OROV, DENV, and CHIKV). 95% confidence intervals (CIs) were calculated using the Clopper-Pearson exact method.

Oropouche transmission suitability index
We estimated the climate suitability for OROV transmission using a previously published Index P measure46. Index P estimates the arboviral transmission potential based on daily temperature and relative humidity data within a mechanistic climate-driven transmission model, which employed a Bayesian Markov Chain Monte Carlo (MCMC) framework46. The model incorporates daily temperature and relative humidity data, along with seven normal prior distributions (each defined by a distinct mean and standard deviation) of entomological and host parameters. Briefly, we obtained daily 2-meter temperature and 2-meter dewpoint temperature between January 1, 2014, and December 31, 2024, from the fifth generation of ECMWF’s global atmospheric reanalysis datasets47. We combined these data with ecological and entomological priors for Culicoides paraensis documented in the literature36,48-52 (Table S1). Next, we use the R package MVSE46 to estimate daily transmission potential (Index P) for each month from 2014 to 2024, aggregating it to a single mean value per calendar month for all municipalities in Amazonas state (n=62). We also calculated the mean Index P for the wet (December to May) and dry (June to November) seasons by averaging the monthly values for each season across 62 municipalities in Amazonas state. Then, we combined the mean Index P value for each calendar month and for the wet and dry seasons with the municipality-level shapefile of Amazonas state to generate the index P maps using the R package.

OROV-specific antibodies IgG and IgM detection ELISA
We used a commercial Enzyme-Linked Immunosorbent Assay (ELISA) from Euroimmun Medizinische Diagnostika AG (Lübeck, Germany) to detect OROV-specific IgG (Cat no. EI 2771-9601G) and IgM (Cat no. EI 2771-9601M). Serum samples were analyzed at a 1:100 dilution using the automated EUROIMMUN Analyzer I. For IgG, we defined a sample as positive if the relative units (RU)/ml were ≥22, negative if <16 RU/ml, and borderline if the range was ≥16 to <22 RU/ml following the instructions of the manufacturers. For IgM, a sample was defined as positive if the ratio was ≥1.1, negative if <0.8, and borderline if the ratio was between ≥0.8 to <1.1. We conducted the two-sided Wilcoxon rank sum test to compare OROV-specific IgG concentration (RU/ml) determined by ELISA in serum samples from individuals aged <50 years and ≥50 years collected pre-outbreak and post-outbreak. This non-parametric test was used because observations were independent and the normality of the data was not assumed.

Focus reduction neutralization test for OROV
A focus reduction neutralization test was performed to detect the neutralizing antibodies against OROV in human serum samples, as previously described12. Briefly, samples were heat-inactivated at 56ºC per 15 minutes, then diluted 1:10 in Minimum Essential Eagle’s Medium (DMEM) and incubated for 1 hour at 37°C with 2×103 PFU/mL of OROV AM0088 isolate. Next, 100 μL of the virus-serum mixtures were added to 96-well plates containing Vero CCL-81 cells (ATTC, USA) with 5×104 cells per well at 80% confluence and incubated for 1 hour at 37°C with 5% CO2 for viral adsorption. Subsequently, 125 μL of DMEM with 0.75% carboxymethylcellulose and 5% fetal bovine serum (FBS) were added to the wells, and plates were incubated at 37°C with 5% CO2 for 48 hours. Cells were then fixed with 70 μL of 8% paraformaldehyde (PFA) for 1 hour at 4°C. After removing the PFA, cells were washed with phosphate-buffered saline (PBS) and blocked for 30 minutes with 150 μL of blotto. Following blocking, monolayers were washed with Perm/Wash Buffer (PBS with 0.1% bovine serum albumin and 0.1% Triton X-100) and incubated with a polyclonal anti-OROV antibody (Cat no. VR-1228AF, ATTC, USA) at a dilution 1:1000. After a second wash, an anti-mouse IgG secondary antibody (Cat no. AP124P, Sigma-Aldrich, USA) at a dilution 2:1000 was added. The assay was revealed with True-Blue Peroxidase substrate (Cat no. 5510-0030, KPL, USA) for 30 minutes after a final wash. OROV neutralizing serum samples were defined as those that promoted at least a 50% reduction in focus formation compared to the positive control. Cell lines were free of mycoplasma, confirmed by periodic testing for contamination using LookOut Mycoplasma PCR Detection Kit (Cat no. MP0035-1KT, Sigma-Aldrich, USA). 

Plaque reduction neutralization test for OROV
To compare the neutralizing antibody capacity of serum from previously infected individuals against OROV strains BeAn 19991 (1960, prototype) and AM0088 (2024, reassortment), we performed a PRNT50 as previously described12,53. Serum samples were heat-inactivated at 56°C per 15 minutes to inactivate the complement system. We then performed serial dilutions and incubated each sample for 1 hour at 37°C with a solution containing either 2×103 PFU/mL of the BeAn 19991 isolate or 80 PFU/mL of the AM0088 isolate. The virus-serum mixtures were added to pre-formed Vero CCL-81 cell monolayers and incubated for 1 hour at 37°C with 5% CO2 for viral adsorption. After removing the inoculum, 1 mL of DMEM containing 0.75% carboxymethylcellulose and 5% FBS was added to each well, and the plates were incubated for 3 days under the same conditions. The cells were then fixed with 500 μL of 8% paraformaldehyde for 1 hour and stained with 1% methylene blue for 5 minutes. Plaque reduction was calculated as the percentage of plaques counted compared to the positive control, based on the average of two technical duplicates. These values were then transformed to Log10 and subjected to a three-parameter nonlinear dose-response inhibition regression test.

Comparison between ELISA and FNRT, and ELISA binding antibodies
To assess the agreement between the two anti-OROV IgG assays (EUROIMMUN and FRNT), we calculated the percentage of concordance by dividing the total number of samples that tested positive or negative in both assays by the total number of samples tested. The Wilcoxon rank-sum test was used to compare the distributions of OROV-specific IgG concentration (RU/mL) between two age groups. The same test was also employed to compare OROV seroprevalence distributions in locations before and after documented outbreaks.

Seroprevalence and reconstruction from previous OROV outbreaks
We calculated the observed seroprevalence for each serosurvey by dividing the number of positive cases by the total number of samples tested. The 95% confidence intervals (CIs) were calculated using the Clopper-Pearson exact method. Next, we prepared individual seroepidemiological data (age, serostatus, and year of serosurvey) from four serosurveys (2015-2016; November 2023, June 2024, and November 2024) to fit multiple serocatalytic models (i.e., constant, piecewise, outbreak, constant transmission with outbreak, and independent) using the R package Rsero54. Based on model performance metrics and inspection, we identified the constant transmission with one outbreak model as the best fit for all four serosurveys. From the model's posterior distribution, we then extracted the median and 95% credible intervals for the probable outbreak years and attack rates.

Major OROV outbreaks
To identify major OROV outbreaks, we conducted a systematic search of published literature and reports. Our search included PubMed (search term "Oropouche" AND "outbreak"), Pan American Health Organization (PAHO) website (search term "Oropouche"), ProMED (search term "Oropouche"), and Google (search term "Oropouche" AND "outbreak") without language restriction. We also consulted the Ministry of Health websites when possible. For each country and territory, we search for evidence of a major OROV outbreak, defined as a case series of Oropouche fever. Evidence included detection of OROV via viral isolation, polymerase chain reaction (PCR), IgM, or seroprevalence studies (IgG or IgM) with a documented period of increased cases. We considered outbreaks that occurred between 1960 and 2022, excluding single case reports. For each identified outbreak, we recorded the location (municipality, state, and national level), year, and duration in months7,25,55-78(Table S4). Outbreaks that affected neighboring municipalities or states and overlapped in time were considered to be a single event. The spatiotemporal distribution of major OROV outbreaks was presented in a map and time series using the R package.

OROV serosurveys
To compile seroepidemiological data, we conducted a systematic search of published literature in PubMed and Google using the terms “Oropouche”, “serosurvey”, “epidemiology”, and “antibodies” with no language restrictions. We defined a serosurvey site as a study conducted within a distinct municipality in a specific year. If a municipality was studied in multiple years, each instance was considered an independent seroepidemiological study. For each study, we recorded the location (national and state level), number of positive samples, total samples tested, positive rate, age range, assay type (e.g., ELISA, PRNT, and hemagglutination inhibition assay), and assay target (IgM and IgG antibodies). We also categorized each serosurvey as either before or after a documented major OROV outbreak8,25,26,55,56,58,59,61,62,64,67,68,77,79-92(Table S5). The spatiotemporal distribution of these major outbreaks was then presented in a map and time series using the R package. For serosurveys with an undetermined municipality, we displayed the location at the centroid of the corresponding state.

Estimate the number of OROV infections
To estimate the number of OROV infections, we used the median and interquartile range (25th and 75th percentiles) from seroprevalence studies. We conducted this estimation under two scenarios: First, for the continuous endemic OROV transmission scenario, we focused on the Amazon basin (historical OROV endemic areas) across Brazil, Peru, Colombia, Bolivia, Ecuador, French Guiana, Guyana, Suriname, and Venezuela. We conducted the two-sided Wilcoxon rank sum test to compare seroprevalence between the two scenarios. This non-parametric test was used because observations were independent and the normality of the data was not assumed. We used the pre-outbreak seroprevalence range for these locations, specifically the median and interquartile range. We excluded the 25th percentile for this estimate because its value was calculated as 0, indicating non-transmission. Second, for a major OROV outbreak scenario, we considered all locations identified with major OROV outbreaks between 1960 and 2022, as well as locations with documented autochthonous OROV outbreaks during the 2024–2025 epidemic in Latin America and the Caribbean. These were identified from PAHO reports and published articles, and we used state-level case series due to a lack of available data at the municipal level. The estimates were determined based on the median and interquartile range of seroprevalence from post-outbreak sites in our literature review. For population data, we used the municipality level for outbreaks in Brazil with an incidence of at least 1 (i.e., 1 case per 100,000 inhabitants). For other countries, we obtained the state-level population data from their respective national censuses.

Surveillance capacity and optimal travel time to healthcare facilities
To examine the surveillance capacity and healthcare accessibility in OROV endemic areas, we utilized raster files with model-predicted relative surveillance capability for emerging acute viral infectious disease optimal travel time to healthcare facilities via motorized transport, as described elsewhere42,43. Next, we obtained shape files for the studied areas from the Global Administrative Areas Database93 and the R package rnaturalearth94. We then harmonized the geographic coordinate reference system and projected the surveillance and travel time raster files onto continental, national, and sub-administrative units (e.g., states/provinces). Finally, we extracted the median, 25th, and 75th percentiles for each of the described locations.

Statistics and Reproducibility
Sample sizes were not predetermined by statistical power calculations. Of the 440 total samples collected during the 2015–2016 serosurvey, 126 were excluded (115 seronegative and 11 seropositive) due to missing birth dates or age at the time of collection. These exclusions were necessary for the implementation of the age-structured serocatalytic models (Figures 4B and 4C). No other data were excluded from the analyses. A two-sided Wilcoxon rank-sum test was used to compare OROV-specific IgG concentrations (RU/mL) between age groups (<50 versus ≥50 years) across pre- and post-outbreak serum samples (Figure 3C). This same approach was applied to assess differences in OROV seroprevalence across locations before and after documented outbreaks (Figure 5C).

Data availability
All codes and data used to generate the figures in this manuscript are publicly available on GitHub (https://github.com/wmarciel/Oropouche-LAC). We obtained shapefiles from the Brazilian Institute of Geography and Statistics and the Centers for Disease Control and Prevention, respectively. De-identified individual-level data from the Brazilian Ministry of Health can be provided for research purposes after approval by a committee on human experimentation (if applicable). This data can be obtained upon request to the corresponding authors (William M. de Souza, wmdesouza@uky.edu; Ester C. Sabino, sabinoec@usp.br, and Jose Luiz Proenca-Modena, jlmodena@unicamp.br). The estimated response time from the corresponding authors may be up to three weeks.
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