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Abstract  

rVSVΔG-ZEBOV-GP and Ad26.ZEBOV, MVA-BN-Filo are WHO-prequalified vaccination 

regimens against Ebola virus disease (EVD). Challenges associated with measuring long-term 

clinical protection warrant the evaluation of immune response kinetics after vaccination.  

Data from a large phase 2 randomized double-blind clinical trial (PREVAC) were used to 

evaluate waning of anti-Ebola virus (EBOV) glycoprotein (GP1,2) antibody concentrations 

after rVSVΔG-ZEBOV-GP or Ad26.ZEBOV, MVA-BN-Filo vaccination with linear mixed-

effect regression models. 

After a post-vaccination peak, each vaccination strategy was associated with a decrease of 

anti-EBOV GP1,2 antibody concentrations with distinct kinetics, highlighting a less-rapid 

decline in antibody levels after vaccination by rVSVΔG-ZEBOV-GP. One year after 

administration of the vaccine, antibody concentrations were higher in children compared to 

adults for both vaccines, although with different effect sizes: 1.74-fold higher concentrations 

(95% confidence interval [CI] [1.48; 2.02]) for children 12–17 years old to 3.10-fold higher 

concentrations (95% CI [2.58; 3.69]) for those 1–4 years old compared to adults for 

mailto:edouard.lhomme@u-bordeaux.fr
mailto:edouard.lhomme@u-bordeaux.fr


Ad26.ZEBOV, MVA-BN-Filo versus 1.36-fold (95% CI [1.12; 1.61]) to 1.41-fold (95% CI 

[1.21; 1.62]) higher at month 12 higher than these values for adults, with relatively small 

changes from one age category of children to another for rVSVΔG-ZEBOV-GP. Antibody 

concentrations also differed according to geographical location, pre-vaccination antibody 

concentration, and sex.  

In combination with knowledge on memory response, characterization of the major 

determinants of immune response durability of both vaccinations may guide future EVD 

control protocols.  

Clinical Trials Registration. ClinicalTrials.gov registration: NCT02876328. 

Keywords. Ebola virus disease; vaccine; immunogenicity; antibody; Western Africa; 

modelling;  

 

Introduction 

Ebola virus (EBOV) has caused recurrent outbreaks of Ebola virus disease (EVD) for more 

than four decades. The Western African outbreak (2013–16) prompted a global research 

response that included the rapid acceleration of vaccine clinical trials [1,2].  

Two vaccines—rVSVΔG-ZEBOV-GP (based on a recombinant vesicular stomatitis 

Indiana virus) and Ad26.ZEBOV, MVA-BN-Filo (dose 1 based on a recombinant human 

adenovirus type 26, followed by dose 2 of modified vaccinia virus Ankara)—have been 

prequalified by the World Health Organization (WHO) and have received marketing 

authorization by the European Medicines Agency (EMA) [3]. Also, rVSVΔG-ZEBOV-GP 

has been licensed by the U.S. Food and Drug Administration (FDA). Both vaccines have been 

shown immunogenic and safe in numerous clinical trials [4-11]. However, the sporadic nature 

of EVD outbreaks has limited the ability to conduct large phase 3 efficacy trials, with the 

notable exception of rVSVΔG-ZEBOV-GP having been shown to provide protection in a 



immediate-versus-deferred ring vaccination trial conducted during the 2013–16 outbreak in 

Guinea [12]. This efficacy was recently reaffirmed by a study conducted during the 2018–20 

outbreak in the Democratic Republic of the Congo [13]. Although definitive correlates of 

protection have not yet been demonstrated, previous studies have suggested that 

immunoglobulin G (IgG) antibodies targeting EBOV glycoprotein (GP1,2) are associated with 

protection against EVD, albeit without a validated protective threshold [14]. The marketing 

authorization for Ad26.ZEBOV, MVA-BN-Filo has therefore been primarily based on 

extrapolation from experimental nonhuman primate efficacy studies and vaccine 

immunogenicity assessed by antibody responses in human clinical trials. However, the exact 

level of protection remains unknown. 

Both rVSVΔG-ZEBOV-GP and Ad26.ZEBOV, MVA-BN-Filo vaccination strategies 

have been used widely in recent EVD outbreaks [15-17]. In the absence of trials to assess 

longer-term efficacy, the characterization of the durability of antibody responses provides an 

important, albeit partial, indicator of the durability of protection. Additionally, it is important 

to characterize the host factors that may be associated with the magnitude, kinetics, and 

durability of the antibody responses to each vaccine. The Partnership for Research on Ebola 

Vaccinations (PREVAC) [18] has recently published results of its randomized trial evaluating 

the immunogenicity and safety of antibody responses in adults and children from several 

Western African countries over a 12-month period following vaccination with either 

rVSVΔG-ZEBOV-GP or Ad26.ZEBOV, MVA-BN-Filo [19]. Here, we report the results of a 

modelling study, based on the PREVAC data, that evaluated the kinetics of antibody 

responses among participants with different demographic characteristics throughout the 12-

month period after vaccination. 

 

Materials and methods 



Study design and population 

The PREVAC trial (NCT02876328) was an international, randomized, double-blinded, 

placebo-controlled clinical trial that assessed three vaccination strategies in healthy adults and 

children older than 1 year in Guinea, Liberia, Mali, and Sierra Leone. Vaccine strategies 

included: (1) one dose of rVSVΔG-ZEBOV-GP, with a second dose at day 56; (2) one dose of 

rVSVΔG-ZEBOV-GP, followed by a placebo dose at day 56 (referred to as rVSVΔG-

ZEBOV-GP-placebo arm); and (3) a dose of Ad26.ZEBOV, followed by a dose of MVA-FN-

Filo at day 56. Because rVSVΔG-ZEBOV-GP is approved as a one-dose vaccine regimen, the 

experimental two-dose arm was not included in this modelling study; rather, modelling was 

based on data from participants of rVSVΔG-ZEBOV-GP–placebo; Ad26.ZEBOV, MVA-BN-

Filo; and pooled “placebo–placebo” arms as defined by the protocol. The primary endpoint of 

the trial was the anti-EBOV GP1,2 IgG antibody concentrations measured 12 months after 

vaccination [18]. After the initial dose of vaccine or placebo, participants were scheduled for 

follow-up visits at day 7 (±3 days), day 14 (±3 days), and day 28 (±7 days). All participants 

were administered a second dose of a vaccine or placebo on day 56 (53–66 days), followed by 

visits at day 63 (7 ± 3 days after the second dose), month 3 (±14 days), month 6 (±1 month), 

and month 12 (±1 month).  

 

Antibody assay 

Serum concentrations of IgG binding antibodies against EBOV GP1,2 were measured before 

vaccination and at each follow-up visit by the Filovirus Animal Non-Clinical Group (FANG) 

enzyme-linked immunosorbent assay (ELISA). Details and results from the formal validation 

of the FANG assay were previously described [20] and discussed in supplementary section 

S3.6.1 of the PREVAC trial primary publication [19]. The standard operating procedure that 

contains the FANG assay for the PREVAC trial is in the Supplementary Material. Analyses 



were performed by two separate laboratories according to the country of participant origin: 

the Liberian Institute for Biomedical Research (LIBR) in Liberia analyzed samples from 

Guinea and Sierra Leone, and the National Institutes of Health (NIH) National Institute of 

Allergy and Infectious Diseases (NIAID) Integrated Research Facility at Fort Detrick (IRF-

Frederick) in Maryland, USA, analyzed samples from Liberia and Mali. 

 

Statistical analysis 

Linear mixed-effect regression models were used to investigate anti-EBOV GP1,2 IgG 

dynamics after the post-vaccination peak and to determine any association with participant 

characteristics. Two models were used to independently evaluate the two active vaccination 

strategies: model A for rVSVΔG-ZEBOV-GP–placebo and pooled placebo arms; model B for 

Ad26.ZEBOV, MVA-BN-Filo and pooled placebo arms. The dependent variable was the 

log10-transformed anti-EBOV GP1,2 IgG concentrations over time. Modelling began at the 

peak of anti-EBOV GP1,2 IgG concentrations (day 28 for model A and month 3 for model B) 

and ended at month 12. Time was modeled as a linear trend with one slope for model A 

(rVSVΔG-ZEBOV-GP) and two slopes for model B (Ad26.ZEBOV, MVA-BN-Filo), with a 

transition at month 6 to better consider the specific dynamics. The following variables were 

analyzed as fixed-effect covariates (single-effect and interaction with time): vaccine arm 

(vaccine versus pooled placebo arms, with placebo as reference), age category (1–4 years, 5–

11 years, 12–17 years, ≥18 years [reference]), sex (women, men [reference]), country 

(Guinea, Liberia, Sierra Leone, Mali [reference]), laboratory for FANG assay analyses, anti-

EBOV GP1,2 IgG concentrations prior to vaccination, vaccination time (hour in the day) for 

dose 1 and dose 2, body mass index (BMI; for adults) or Z score (for children), malaria status 

(defined as a known clinical malaria case within a month prior to the boost), HIV-1 infection 

status, lymphopenia, neutropenia, and eosinophilia. The analyses were performed on available 



data; only 5.2% of antibody response measurement data were missing (all time points 

considered) and considered missing at random. To build the multivariate model and to find 

the best trade-off between the goodness of fit and model simplicity, the final selection among 

the multivariable models was guided by the Akaike Information Criterion (AIC). An effect 

was considered significant if the p-value was less than 0.05 using a Wald test. Both models 

included a random effect on the intercept, and model A included a random effect on the slope. 

Both models were fitted using restricted maximum-likelihood estimation (REML). The fixed-

effect covariates in the final model were determined to be age category, sex (only for the 

rVSVΔG-ZEBOV-GP–placebo arm), country, and pre-vaccination anti-EBOV GP1,2 IgG 

concentrations. The performance of the models in predicting the anti-EBOV GP1,2 IgG 

concentrations at month 12 was evaluated by a leave-one-out cross-validation.  

For both models, the effect of each covariate is presented as a ratio of the GMC in a natural 

scale between the category of interest and its reference. In addition, tables were created for the 

probability of reaching a concentration threshold (200; 600; and 1,000 EU/mL, corresponding 

to empirical thresholds used in previous clinicals trials [19,21] with unknown clinical 

significance) at the end of the study and the time required after the beginning of the 

vaccination strategy for 50% of the population to drop below the anti-EBOV GP1,2 IgG GMC 

threshold, according to the age category (and sex for the rVSVΔG-ZEBOV-GP arm). 

Additional details regarding the analyses are provided in the Supplementary Material. All 

analyses were performed with R, version 4.1.3 (R Foundation for Statistical Computing). 

 

Results 

Study population 

The PREVAC randomized trial enrolled 1,400 adults and 1,401 children. Participants with 

administration errors, missing covariate data, and total missing data on the antibody levels 



within the model timeframe were removed from the analyses. Thus, we utilized data from 781 

(out of 802) participants randomized to the single-dose rVSVΔG-ZEBOV-GP arm 

(administered as rVSVΔG-ZEBOV-GP–placebo), 779 (out of 799) participants randomized to 

the Ad26.ZEBOV, MVA-BN-Filo arm, and 791 and 786 (out of 801) participants randomized 

to the pooled placebo arm in models A and B, respectively. The age, sex, country, and an anti-

EBOV IgG concentration of >200 EU/mL prior to vaccination were well-balanced among 

arms [19]. 

 

Anti-EBOV GP1,2 IgG dynamics  

Both vaccination strategies resulted in robust peak IgG responses when measured 

approximately 28–34 days after completion of the respective vaccination regimen. Graphical 

representations of the multivariable models’ outputs are presented for the overall population, 

by age, sex (Figure 1), country, and pre-vaccination antibody concentrations (see 

Supplementary Material). Very slow waning anti-EBOV GP1,2 IgG mean concentrations 

(GMCs) were observed after rVSVΔG-ZEBOV-GP vaccination from the peak (28 days) to 

month 12. Although the early post-vaccination peak was higher after Ad26.ZEBOV, MVA-

BN-Filo vaccination, anti-EBOV GP1,2 IgG GMCs decreased at two different rates from the 

peak (month 3, after dose 1), with rapid decline to month 6 and slower decline from month 6 

to month 12.  

 

Determinants of rVSVΔG-ZEBOV-GP single-dose vaccination and antibody concentration 

The anti-EBOV GP1,2 IgG response after a single dose of rVSVΔG-ZEBOV-GP varied 

according to age, sex, country, and IgG titer prior to vaccination. At peak and month 12, 

higher GMCs were associated with a younger age, female sex, and higher GMCs prior to 

vaccination. All age categories of children had higher IgG GMCs than adults: the model 



outputs, expressed as GMC ratios, estimated that GMCs for children were 1.32-fold higher 

(95% confidence interval [CI] [1.10; 1.57]) to 1.41-fold higher (95% CI [1.22; 1.64]) at peak 

and 1.36-fold (95% CI [1.12; 1.61]) to 1.41-fold higher (95% CI [1.21; 1.62]) at month 12 

than these values for adults, with relatively small changes from one age category of children 

to another. Women had estimated 1.15-fold higher (95% CI [1.01; 1.30]) GMCs than men at 

peak, with an increase to 1.40-fold higher (95% CI [1.22; 1.59]) at the end of the study. 

Compared to participants from Mali, GMCs of participants from Sierra Leone were lower 

with a ratio of 0.80 (95% CI [0.67; 0.95] at peak and 0.69 (95% CI [0.58; 0.81]) at month 12, 

and GMCs of participants from Guinea were lower with a ratio of 0.73 (95% CI [0.62; 0.85]) 

at peak and of 0.74 (95% CI [0.63; 0.86]) at month 12. No difference was seen in GMCs from 

Liberia and Mali. Antibody concentrations higher than 200 EU/mL prior to vaccination were 

associated with a 1.31-fold higher (95% CI [1.07; 1.57]) response at peak and up to a 1.19-

fold higher (95% CI [0.99, 1.41]) response at the end of the study. All GMC ratios for 

rVSVΔG-ZEBOV-GP are presented in Table 1. 

The model allowed estimation of the percentage of the IgG GMCs at month 12 

remaining above different empirical thresholds (>200, >600, and >1,000 EU/mL) (Table 2). 

For rVSVΔG-ZEBOV-GP, there was a very high and homogenous percentage of GMCs 

above 200 EU/mL at the end of study for children (99% for females and 97% for males) and 

for adults (97% for females and 94% for males). A 600 EU/mL threshold increased the 

difference in percentage for adults, diminishing to 75% for females and to 61% for males at 

end of the study; in contrast, at the 600 EU/mL threshold, the percentage for children 

decreased less than adults and remained homogenous within each age category compared to 

adults. At the 1,000 EU/mL threshold, the percentage dropped to 54% for female adults, 38% 

for male adults, 66% for female children, and 53% for male children. Overall, a higher 

estimated percentage of females reached the designated threshold compared to males, 



regardless of age category. Additional probability explorations with a continuous threshold 

scale and time after vaccination required for 50% of the population to drop below the same 

three anti-EBOV GP1,2 GMC thresholds are shown in the Supplementary Material. 

 

Determinants of Ad26.ZEBOV, MVA-BN-Filo vaccination and antibody concentration 

The anti-EBOV GP1,2 IgG GMCs after vaccination with Ad26.ZEBOV, MVA-BN-Filo 

differed according to age, country, and IgG titer prior to vaccination. At peak and month 12, 

significantly higher IgG GMCs were associated with a younger age and location in Mali. 

Higher IgG GMCs prior to vaccination were associated with higher antibody concentrations at 

month 12. In contrast to the rVSVΔG-ZEBOV-GP model, sex was not associated with the 

antibody response after Ad26.ZEBOV, MVA-BN-Filo vaccination. 

Age had a major effect on the IgG GMCs at peak (90 days after dose 1), with 4.68-

fold higher (95% CI [3.82; 5.64]) IgG GMCs for children 1–4 years old compared to adults. 

With increased age, the difference in peak GMCs compared to adults was diminished to 2.82-

fold higher (95% CI [2.32; 3.38]) for children 5–11 years old and 1.93-fold higher (95% CI 

[1.57; 2.35]) for those 12–17 years old. Similar trends were found at the end of the study, with 

1.74-fold higher (95% CI [1.48; 2.02]) concentrations for children 12–17 years old and 3.10-

fold higher (95% CI [2.58; 3.69]) concentrations for those 1–4 years old compared to adults. 

Participants from Guinea and Sierra Leone had a lower peak IgG GMCs than those from Mali 

with ratios of 0.59 (95% CI [0.49; 0.72]) and 0.38 (95% CI [0.30; 0.47]), respectively. These 

differences were maintained at month 12 with ratios of 0.80 (95% CI [0.67; 0.95]) and 0.61 

(95% CI [0.49; 0.74]), respectively, compared to Mali. The IgG GMCs were also lower in 

Liberia compared to Mali with a ratio of 0.57 (at both peak and at month 12, 95% CI [0.44; 

0.73] and [0.45; 0.72], respectively). Furthermore, pre-vaccination IgG GMCs higher than 



200 EU/mL were associated with 1.38-fold higher (95% CI [1.12; 1.68]) IgG GMCs at the 

end of the study. All GMC ratios for Ad26.ZEBOV, MVA-BN-Filo are presented in Table 3. 

There was a much higher percentage of a minimum IgG GMCs of 200 EU/mL at 

month 12 for children compared to adults (76%), a difference which slightly decreased with 

increased age (from 98% for children 1–4 years old to 91% for those 12–17 years old). In 

addition, the percentage for adults dropped to 28% for the 600 EU/mL GMC threshold and to 

12% for the 1,000 EU/mL GMC threshold. With higher thresholds, the effect of age on the 

estimated percentage in children was even clearer. For the threshold 600 EU/mL, the 

percentages were 53% (12–17 years) and 77% (1–4 years); for the 1,000 EU/mL threshold, 

the percentages were 30% (12–17 years) and 56% (1–4 years). The percentage table is shown 

in Table 4. Additional probability explorations with a continuous threshold scale and time 

after vaccination required for 50% of the population to drop below the same three anti-EBOV 

GP1,2 GMC thresholds are available in the Supplementary Material.  

 

Discussion 

This modelling study, based on a large international randomized clinical trial, provides new 

information on the longitudinal dynamics of immune responses for the two currently 

approved EVD vaccination strategies. A more rapid decline in antibody levels after 

vaccination by Ad26.ZEBOV, MVA-BN-Filo were observed. Higher IgG responses in 

children than in adults were observed, with a more prominent difference after Ad26.ZEBOV, 

MVA-BN-Filo vaccination. Higher IgG responses were seen in participants with higher pre-

vaccination antibody concentrations for both vaccination strategies and in women for the 

rVSVΔG-ZEBOV-GP vaccine only. 

The observed differences in antibody response kinetics between the two vaccines may 

be explained by their distinct features, including different platforms and vectors, the surface 



GP1,2 used in the vaccine, and the dosage. Our study confirms that vaccine-specific features 

are not the only variables responsible for differential response profiles, but host demographic 

characteristics also have a major impact on the immune response after vaccination. This 

impact differed between the two vaccination strategies, with greater variability for the 

Ad26.ZEBOV, MVA-BN-Filo vaccine. 

Age was particularly associated with the humoral response to Ad26.ZEBOV, MVA-

BN-Filo, with IgG GMCs at 12 months three times higher in the youngest children (1–4 years 

old) than in adults. The overall trend of higher immune responses in younger children is 

consistent with similar findings reported previously [22]. It has been well-documented in the 

context of other vaccines that age at vaccine receipt greatly influences subsequent vaccine-

specific immune responses that are generally lower with increased age and extremely low in 

the elderly [23]. In this study, factors contributing to IgG response differences between adults 

and children include the lack of dose adaptation for participant age or BMI. Additionally, pre-

existing memory responses to environmental adenoviruses may impair immune responses to 

adenovirus-based vaccines [24,25]. However, pre-existing immunity to Ad26 did not have an 

effect on vaccine-induced immune response in EVD or coronavirus disease (COVID-19) 

studies [26].  

Sex was found to influence the humoral response to the rVSVΔG-ZEBOV-GP 

vaccination strategy, with women exhibiting higher IgG GMCs than men across age 

categories, in line with what had already been described [27,28]. Although this difference was 

significant but relatively small at peak, it reached 40% at 1 year after vaccination, putting it at 

the same order of magnitude as the effect of age on this vaccination strategy. 

Pre-vaccination IgG concentrations influenced responses for both vaccination strategies, with 

higher humoral response at month 12 among participants with higher baseline concentrations. 

It should be noted that a history of EVD or previous vaccination against EVD were both 



exclusion criteria for the PREVAC trial but were self-reported. The unexpectedly notable 

baseline antibody concentrations were also found in previous clinical studies [21,29] and 

prompted use of centralized analysis of the samples conducted in an independent laboratory 

(Q2 Solutions, which is validated for regulatory purposes) [30]. Pre-vaccination IgG may 

derive from prior unrecognized, unrecalled, or subclinical (or asymptomatic) EBOV infection, 

as suggested in previous studies [31,32]. This phenomenon aligns with the trial’s geographic 

context, conducted in the three Western African countries most severely affected by the 

extensive 2013–16 EVD outbreak. Notably, pre-existing antibodies were more common in 

participants from these countries than those from Mali and rare in the youngest children born 

post-epidemic. Alternatively, though scored as “positive”, detection of low concentrations of 

IgG in the assay may represent prior exposure to cross-reacting antigens.  

Since the FANG antibody assay was performed in two different laboratories, it is 

difficult to discriminate between country-specific and laboratory-related variation in the 

PREVAC trial. The FANG assay performance is associated with some degree of variability 

between laboratories despite use of similar method protocols and reagents [33]. The FANG 

assay has been commonly used in multiple vaccine trials [4,6,8,11], and its limitations have 

largely been addressed in the annex of a previous PREVAC paper21. However, a difference 

was observed between Malian and Liberian participants after the Ad26.ZEBOV, MVA-BN-

Filo vaccine; notably, this geographic variation was observed despite analysis in the same 

central laboratory and confirmed in a second centralized analysis of the same data [29]. This 

geographic variation, unexplained by levels of baseline antibody concentrations, might be 

resultant of unmeasured genetic or exposure factors.  

While this modelling is drawn from a single study, one of its main strengths is the 

design, as it relies on data from a multi-country randomized double-blind clinical trial that 

incorporated two authorized vaccination strategies, was based on a large recruitment 



population from several Western African countries and included rural and urban participants 

with balance across sex and age strata.   

Our results provide important insight to the longitudinal dynamics of the anti-EBOV 

GP1,2 IgG response, which, while not a validated correlate of protection, can be considered the 

best immunological marker associated with vaccine efficacy against EVD [34]. The 

probability of having an IgG titer above the empirical threshold of 200 EU/mL IgG at 1 year 

remained above 90% in most cases, except in adults vaccinated with Ad26.ZEBOV, 

MVA-BN-Filo. However, at higher thresholds, the probability decreased, raising questions 

about the level of immune response necessary for optimal protection. It remains to be 

determined whether the same host characteristics also impact the memory immune response 

in previously vaccinated individuals. Current data suggest that vaccinated individuals are 

likely protected one-year post-vaccination, but it is still too early to recommend changes to 

the EVD vaccination program, including adaptations for specific populations. However, it is 

crucial to closely monitor the waning of immune responses over time to ensure sustained 

vaccine efficacy longitudinally across different populations.  

Recent EVD outbreaks are sporadic and rapidly brought under control due to a well-

coordinated response that includes vaccination campaigns. Thus, it is challenging to detect 

infectious breakthroughs, cases that could prompt the need for additional injections. Our 

modelling data highlight the need for research on future EVD vaccination strategies, 

especially evaluating the value of follow-up doses with the same or different vaccine. The 

ongoing PREVAC trial (PREVAC-UP) will characterize the durability of immune response 

up to 5 years post-vaccination and will not be published before 2025; results from this trial 

will be particularly useful in assessing the antibody level dynamics after 1 year, estimating the 

durability of humoral response over time and if, when, and for whom follow-up vaccination 

might be appropriate. 
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Figure 1. Anti-EBOV-GP1,2 IgG response (EU/mL) from the post-vaccination peak to 12 

months after the first dose of rVSVΔG-ZEBOV-GP or Ad26.ZEBOV, MVA-BN-Filo, 

respectively. (rVSVΔG-ZEBOV-GP) and (d) (Ad26.ZEBOV, MVA-BN-Filo): Observed and modelled 

(multivariable models) antibody GMCs over time in vaccine arm and pooled placebo arms in overall population. 

(b) (rVSVΔG-ZEBOV-GP) and (e) (Ad26.ZEBOV, MVA-BN-Filo): modelled (multivariable models) IgG 



GMCs over time in active vaccine arm according to age category. (c) (rVSVΔG-ZEBOV-GP): modelled 

(multivariable models) IgG GMCs over time in active vaccine arm according to sex. IgG GMCs over time after 

(Ad26.ZEBOV, MVA-BN-Filo) vaccination is not presented according to sex, as sex was not included in the 

model (not significantly associated). Dots represent individually observed serum samples. The dashed horizontal 

line in each panel indicates 200 EU/mL anti-EBOV-GP1,2 IgG concentration. GMC = geometric mean 

concentration. GP1,2 = glycoprotein. EBOV = Ebola virus. 

 

 

 

 

Table 1. Mixed-model analysis of variables associated with anti-EBOV GP1,2 IgG antibody 

concentrations after rVSVΔG-ZEBOV-GP vaccination. 



 Anti-EBOV GP1,2 antibody 

Anti-EBOV GP1,2 

antibody  

 Peak* End of study* 

Variable Ratio of geometric mean concentration 

[95% CI] 

Ratio of geometric 

mean concentration 

[95% CI] 

Age category .. .. 

Adults Reference Reference 

Children 1–4 yr 1.32 [1.10; 1.57] 1.36 [1.12; 1.61] 

Children 5–11 yr 1.35 [1.14; 1.57] 1.37 [1.16; 1.61] 

Children 12–17 yr 1.41 [1.22; 1.64] 1.41 [1.21; 1.62] 

Sex .. .. 

Males Reference Reference 

Females 1.15 [1.01; 1.30] 1.40 [1.22; 1.59] 

Country (laboratory) .. .. 

Mali (IRF-Frederick) Reference Reference 

Guinea (LIBR) 0.73 [0.62; 0.85] 0.74 [0.63; 0.86] 

Sierra Leone (LIBR) 0.80 [0.67; 0.95] 0.69 [0.58; 0.81] 

Liberia (IRF-Frederick) 1.07 [0.87; 1.30] 1.01 [0.81; 1.24] 

Pre-vaccination antibody 

level .. .. 

< 200 EU/mL Reference Reference 

> 200 EU/mL 1.31 [1.07; 1.57] 1.19 [0.99; 1.41] 

*The peak and the end of the study were defined as 90 days and 12 months after receipt of the 

prime vaccination, respectively. EBOV = Ebola virus. IRF-Frederick = Integrated Research 



Facility at Fort Detrick. GP1,2 = glycoprotein. LIBR: Liberian Institute for Biomedical 

Research. yr = years. EU/mL = enzyme linked immunosorbent assay units per milliliter. CI = 

confidence interval. 

 

Table 2. Probability of having an antibody concentration above threshold 12 months after 

rVSVΔG-ZEBOV-GP vaccination (one dose).  

 

Probability of reaching anti-EBOV GP1,2 antibody threshold 

(EU/mL) at day 365 [95% CI] 

 > 200 > 600 > 1,000 

Females .. .. .. 

Children 1–4 yr 0.99 [0.97; 1.00] 0.84 [0.78; 0.90] 0.67 [0.59; 0.74] 

Children 5–11 yr 0.99 [0.97; 1.00] 0.84 [0.78; 0.90] 0.66 [0.58; 0.74] 

Children 12–17 yr 0.99 [0.98; 1.00] 0.85 [0.79; 0.90] 0.68 [0.60; 0.76] 

Adults 0.97 [0.96; 0.99] 0.75 [0.71; 0.80] 0.54 [0.49; 0.60] 

Males .. .. .. 

Children 1–4 yr 0.97 [0.95; 0.99] 0.73 [0.66; 0.80] 0.51 [0.43; 0.60] 

Children 5–11 yr 0.97 [0.95; 0.99] 0.74 [0.67; 0.80] 0.53 [0.45; 0.60] 

Children 12–17 yr 0.97 [0.95; 0.99] 0.76 [0.69; 0.82] 0.55 [0.47; 0.63] 

Adults 0.94 [0.91; 0.96] 0.61 [0.56; 0.66] 0.38 [0.33; 0.43] 

EBOV = Ebola virus. GP1,2 = glycoprotein. yr = years. EU/mL = enzyme linked 

immunosorbent assay units per milliliter. CI = confidence interval. 

 

Table 3. Mixed-model analysis of variables associated with anti-EBOV GP1,2 antibody 

concentrations after Ad26.ZEBOV, MVA-BN-Filo vaccination. 



 

Anti-EBOV GP1,2 antibody 

Anti-EBOV GP1,2 

antibody  

Peak* End of study* 

Ratio of geometric mean concentration 

[95% CI] 

Ratio of geometric 

mean concentration 

[95% CI] 

Age category .. .. 

Adults Reference Reference 

Children 1–4 yr 4.68 [3.82; 5.64] 3.10 [2.58; 3.69] 

Children 5–11 yr 2.82 [2.32; 3.38] 2.09 [1.78; 2.44] 

Children 12–17 yr 1.93 [1.57; 2.35] 1.74 [1.48; 2.02] 

Country (laboratory) .. .. 

Mali (IRF-Frederick) Reference Reference 

Guinea (LIBR) 0.59 [0.49; 0.72] 0.80 [0.67; 0.95] 

Sierra Leone (LIBR) 0.38 [0.30; 0.47] 0.61 [0.49; 0.74] 

Liberia (IRF-Frederick) 0.57 [0.44; 0.73] 0.57 [0.45; 0.72] 

Pre-vaccine antibody 

concentration .. .. 

< 200 EU/mL Reference Reference 

> 200 EU/mL 0.93 [0.75; 1.13] 1.38 [1.12; 1.68] 

*The peak and the end of the study were defined as 90 days and 12 months after receipt of the 

prime vaccination, respectively. EBOV = Ebola virus. IRF-Frederick = Integrated Research 

Facility at Fort Detrick. GP1,2: glycoprotein. LIBR: Liberian Institute for Biomedical 

Research. yr = years. EU/mL = enzyme linked immunosorbent assay units per milliliter. CI = 

confidence interval. 



 

Table 4. Probability of having an antibody concentration above threshold 12 months after 

Ad26.ZEBOV/MVA-BN-Filo vaccination. 

 

Probability of reaching anti-EBOV GP1,2 antibody threshold 

(EU/mL) at day 365 [95% CI] 

 > 200 > 600 > 1,000 

Children 1–4 yr 0.98 [0.96; 0.99] 0.77 [0.70; 0.82] 0.56 [0.48; 0.63] 

Children 5–11 yr 0.94 [0.91; 0.97] 0.61 [0.54; 0.68] 0.38 [0.30; 0.45] 

Children 12–17 yr 0.91 [0.88; 0.94] 0.53 [0.45; 0.60] 0.30 [0.24; 0.36] 

Adults 0.76 [0.72; 0.79] 0.28 [0.24; 0.32] 0.12 [0.09; 0.14] 

EBOV = Ebola virus. GP1,2 = glycoprotein. yr = years. EU/mL = enzyme linked 

immunosorbent assay units per milliliter. CI = confidence interval. 

 

Supplementary Material 

Supplementary Figs. 1–3, Tables 1–2, methods, results, and appendix 

 

Supplementary methods  

rVSVΔG-ZEBOV-GP linear mixed-effects model (LMEM) 

To describe the log10 anti-Ebola-virus (anti-EBOV) glycoprotein (GP1,2) immunoglobulin G 
(IgG) antibody concentrations in the rVSVΔG-ZEBOV-GP-placebo arm, an LMEM was built, 

in which the fixed intercept was adjusted for the following: 
a) treatment arm (vaccine [Vacc]), with placebo as reference), sex (female, with male as 

reference), country (Guinea, Liberia, and Sierra Leone [SL]), with Mali as reference), age 

category (children 1–4, 5–11, and 12–17 year, with adults as reference), and pre-vaccination 
antibody concentration, as single effects; and  

b) sex, country, age category, and pre-vaccination EBOV GP1,2 IgG antibody concentrations 
in interaction with vaccine treatment. 

The fixed slope was adjusted for sex, treatment arm, and interaction between these two co-

variates. In addition to covariate effects, random effects on both intercept and slope were 
considered. The resulting model, labelled Model A, is defined by the following equation: 

 



 𝑌𝑖𝑗 = 𝛽0 +  𝛽2𝕀𝑖∈𝑉𝑎𝑐𝑐 + 𝛽3𝕀𝑖∈𝐹𝑒𝑚𝑎𝑙𝑒 + [𝛽4𝕀𝑖∈𝐺𝑢𝑖𝑛𝑒𝑎 +  𝛽5𝕀𝑖∈𝐿𝑖𝑏𝑒𝑟𝑖𝑎 +  𝛽6𝕀𝑖∈𝑆𝐿]

+  𝛽7𝐴𝑏𝑏 𝑛𝑖 + [𝛽8𝕀𝑖∈1−4𝑦𝑜 + 𝛽9𝕀𝑖∈12−17𝑦𝑜 + 𝛽10 𝕀𝑖∈5−11𝑦𝑜]

+ 𝕀𝑖∈𝑉𝑎𝑐𝑐(𝛽13𝕀𝑖∈𝐹𝑒𝑚𝑎𝑙𝑒 + [𝛽14𝕀𝑖∈𝐺𝑢𝑖𝑛𝑒𝑎 +  𝛽15 𝕀𝑖∈𝐿𝑖𝑏𝑒𝑟𝑖𝑎 + 𝛽16𝕀𝑖∈𝑆𝐿]

+ [𝛽17 𝕀𝑖∈1−4𝑦𝑜 + 𝛽18𝕀𝑖∈12−17𝑦𝑜 + 𝛽19𝕀𝑖∈5−11𝑦𝑜] + 𝛽20𝐴𝑏𝑏 𝑛𝑖)

+  𝑡𝑖𝑗(𝛽1 + 𝛽12 𝕀𝑖∈𝐹𝑒𝑚𝑎𝑙𝑒 +  𝛽11 𝕀𝑖∈𝑉𝑎𝑐𝑐 +  𝛽21𝕀𝑖∈𝐹𝑒𝑚𝑎𝑙𝑒𝕀𝑖∈𝑉𝑎𝑐𝑐 )

+  𝛾0𝑖 + 𝛾1𝑖 𝑡𝑖𝑗 + 𝜀𝑖𝑗 

Model A 

 

 

Yij represents the log10 IgG antibody concentration of the participant i at time point j. Thus, tij 
characterizes the variable of time rescaled to consider the peak at 28 days as the baseline (t=0). 

The variable Abbni is the continuous covariate pre-vaccine IgG antibody concentration and 
describes the anti-EBOV GP1,2 IgG antibody concentration of the participant i measured at 

inclusion, before vaccine or placebo injection. The vector of parameters β = (β0, …, β21) 
represents the fixed effects related to the different covariates, and the parameters γ0i and γ1i are 
the random effects on the intercept and the slope, respectively. Random effects were assumed 

as normally distributed with mean 0, and covariance matrix Ω was assumed unstructured, with 
ω0

2 and ω1
2 the variances of γ0i and γ1i, respectively, and ρ their correlation. Finally, the variable 

εij represents the residual error assumed to be normally distributed with mean 0 and variance 
σ2. This model was used to fit data from the rVSVΔG-ZEBOV-GP–placebo arm from the peak 
(t=0) to month 12 (t=337). Model A parameter estimates and the q-q plots of random effects 

and residuals are provided below. 

 
Model A random effects and residuals 

Shown are q-q plots of the residuals (left) and random effects (right) on the model, estimated 
on log10 anti-EBOV GP1,2 IgG antibody concentrations in the rVSVΔG-ZEBOV-GP-placebo 
arm (1,572 participants). EBOV = Ebola virus. GP1,2 = glycoprotein. RE = random effects. 

 

Model A parameter estimates 

Parameter estimates of the LMEM, estimated on log10 anti-EBOV GP1,2 IgG antibody 
concentrations in the rVSVΔG-ZEBOV-GP-placebo arm (1,572 participants). 



EBOV = Ebola virus. GP1,2 = glycoprotein. β = vector of parameters. yr = years. Pr (>|t|) = p-
value. 

 

Model A single covariable mixed models  

For defining the variables included in the multivariable rVSVΔG-ZEBOV-GP LMEM, the 
following variables were analyzed as fixed-effect covariates (single-effect and interaction with 

time): vaccine arm (vaccine versus pooled placebo arms, with placebo as reference), age 
category (1–4, 5–11, 12–17, or ≥18 years [reference]), sex (female, male [reference]), country 

(Guinea, Liberia, Sierra Leone, Mali [reference]), laboratory for Filovirus Animal Non-Clinical 
Group (FANG) assay analyses, anti-EBOV GP1,2 IgG concentrations prior to vaccination, 
vaccination time (hour in the day) for dose 1 and dose 2, body mass index (BMI; for adults) or 

Z score (for children), malaria status (defined as a known clinical malaria case within a month 
prior to the boost), HIV-1 infection status, lymphopenia, neutropenia, and eosinophilia. The 

results of the single covariable mixed models for rVSVΔG-ZEBOV-GP are presented in the 
following table: 

Parameters Estimate 
Standard 

error 
Pr (>|t|) 

Fixed effects    
𝛽0 (intercept) 0.485 0.052 <1e-3 
𝛽1 (slope) -3.946e-6 5.240e-5 0.940 
𝛽2 (vaccine arm) 2.350 0.073 <1e-3 
𝛽3 (female)  1.932e-3 0.025 0.937 
𝛽4 (Guinea) 0.201 0.032 <1e-3 
𝛽5 (Liberia) 0.103 0.036 4.34e-3 

𝛽6 (Sierra Leone) 0.275 0.036 <1e-3 
𝛽7 (pre-vaccine antibody 

concentration) 0.681 0.027 <1e-3 

𝛽8 (1–4 yr) -0.096 0.031 1.81e-3 
𝛽9 (12–17 yr) -0.034 0.031 0.278 
𝛽10 (5–11 yr)  -0.051 0.030 0.093 
𝛽11 (vaccine arm, slope) -3.952e-4 7.374e-5 <1e-3 

𝛽12 (female, slope) -2.838e-5 7.697e-5 0.712 
𝛽13 (female, vaccine arm) 0.051 0.034 0.136 
𝛽14 (Guinea, vaccine arm) -0.427 0.045 <1e-3 
𝛽15 (Liberia, vaccine arm) -0.145 0.05067 4.39e-3 

𝛽16 (Sierra Leone, vaccine arm) -0.518 0.05161 <1e-3 
𝛽17 (1–4 yr, vaccine arm) 0.254 0.04425 <1e-3 
𝛽18 (12–17 yr, vaccine arm) 0.195 0.04325 <1e-3 
𝛽19 (5–11 yr, vaccine arm) 0.201 0.04239 <1e-3 

𝛽20 (pre-vaccine IgG antibody 

concentration, vaccine arm) -0.505 0.03873 <1e-3 
𝛽21 (female, vaccine arm, slope) 2.966e-4 1.082e-4 6.22e-3 

Random effects and residual error    

𝜔0
2 (variance 𝛾0𝑖) 9.667e-2 4.058e-3  

𝜔1
2 (variance 𝛾1𝑖) 4.708e-7 4.193e-8  

𝜌 (correlation) -0.44   
𝜎 2 (variance of residual error) 4.898e-2 9.115e-4  



 

Covariate Estimate 
Estimate  

(log titer) 
p value 

None (only visit) Peak 2.519 <1e-3 

Slope -1.525e-04  <1e-3 

Arm (ref: placebo) Peak 1.187 <1e-3 

Slope -2.692e-04 <1e-3 

Age (ref: adults) Peak  - <1e-3  

Slope  - 0.565  

Sex (ref: male) Peak -2.398e-02 0.504  

Slope 1.352e-04 0.002 

Country (ref: Mali) Peak  - <1e-3  

Slope  - <1e-3  

Antibodies at baseline Peak 4.074e-01 <1e-3  

Slope -2.244e-04 <1e-3  

Vaccination time 
(ref: 8–11 hours) 

Peak  - 0.844 

Slope  - <1e-3  

BMI (adults) 
(ref: normal BMI) 

Peak  - 0.461 

Slope  - 0.542 

Z score BMI (children) 
(ref: -1 / +1) 

Peak  - 0.111 

Slope  - 0.254  

Malaria (ref: no malaria) Peak 1.765e-01 0.013 

Slope -1.963e-04 0.025 

Lab (ref: IRF) Peak 1.415e-01 <1e-3  

Slope 1.623e-05 0.720 

HIV (adults) Peak 2.537e-01 0.112 

Slope 2.969e-04 0.143 

Syphilis (adults) Peak -1.241e-01 0.512 

Slope 1.968e-04 0.430 

Lymphocytes (adults) Peak 3.155e-02 0.353 

Slope -7.504e-05 0.073 

Neutrophils (adults) Peak 1.110e-02 0.666 

Slope -5.221e-05 0.065 

Eosinophils (adults) Peak 6.744e-02 0.553 

Slope -2.671e-04 0.035 

 

Model A evaluation of the predictive quality at month 12 

To evaluate the performance of the rVSVΔG-ZEBOV-GP LMEM to predict antibody 

concentration, we performed a leave-one-out cross-validation (LOOCV).  
At each iteration k of the procedure (with k = 1, … K where K is the number of participants), 

the complete dataset was split into a training and a testing dataset. The training dataset was built 
as the complete dataset from which the observation at month 12 from the kth participant was 
removed. The mixed model developed on the complete dataset was then estimated on the 

training dataset and used to predict the observation of the testing dataset (i.e., the observation 



at month 12 of the kth participant). This procedure was repeated as much time as the number of 

participants in the complete dataset and two criteria were then calculated on predictions to 
evaluate how accurate they are: (1) the percent coverage (the higher the better) and (2) the root 

mean squared error (RMSE, the lower the better). Results are displayed in the following figure 
representing the comparison of observations at month 12 and the corresponding LOOCV 
predictions. The model showed good quality of predictions with a percent of coverage of 90% 

and an RMSE of 0.298 EU/mL.  
 

Results of LOOCV: observation vs. predictions 

plot [Model A]. The x axis represents individual 

observations at month 12 (successively 

removed from the training dataset), and the y 

axis represents predictions of IgG at month 12 

made by models at each iteration. Each black 

dot represents the result of one iteration of the 

LOOCV (prediction made for the observation 

removed from the dataset). The red solid line represents the relationship Observation = Prediction. Dashed blue 

lines represent the 95% confidence interval built on the distribution of the residuals of the model es timated on 

complete data (i.e., Observation ± 1.96*SD, with SD being the standard error of the error model of the LMEM 

estimated on complete data). LOOCV = leave-one-out cross-validation. IgG = immunoglobulin G. SD = standard 

deviation. LMEM = linear mixed-effects model. 

 

Ad26.ZEBOV, MVA-BN-Filo LMEM 

To describe the log10 anti-EBOV GP1,2 IgG antibody concentrations in the Ad26.ZEBOV, 
MVA-BN-Filo-placebo arm from the peak at month 3 to the end of the study, an LMEM with 

two slopes was built, considering a breaking point at month 6. In this model, the fixed intercept, 
the first and the second slopes were adjusted distinctively for:  

a) treatment arm (vaccine [Vacc], with placebo as reference), country (Guinea, Liberia, Sierra 
Leone [SL], with Mali as reference), age category (children 1–4, 5–11, and 12–17 years, 
with adults as reference), and pre-vaccination IgG antibody concentration, as single effects; 

and 
b) country, age category, and pre-vaccination antibody concentrations in interaction with 

vaccine treatment. 
Similar to Model A, the variable of time was rescaled to consider the peak (month 3) as the 
baseline (t=0). After rescaling, the first slope is then considered from t=0 d (peak) to the 

breaking point, τ=90, and the second slope from t=τ to t=275 (month 12). In addition to 
covariate effects, random effects only on intercept were considered. The resulting model, 

labelled Model B, is given by the following equation: 



 𝑌𝑖𝑗 = 𝛽0 + 𝛽1 𝕀𝑖∈𝑉𝑎𝑐𝑐 + [𝛽2𝕀𝑖∈1−4𝑦𝑜 +  𝛽3𝕀𝑖∈12−17𝑦𝑜 + 𝛽4 𝕀𝑖∈5−11𝑦𝑜]

+ [𝛽5𝕀𝑖∈𝐺𝑢𝑖𝑛𝑒𝑎 + 𝛽6𝕀𝑖∈𝐿𝑖𝑏𝑒𝑟𝑖𝑎 + 𝛽7 𝕀𝑖∈𝑆𝐿] + 𝛽8𝐴𝑏𝑏 𝑛𝑖

+ 𝕀𝑖∈𝑉𝑎𝑐𝑐 ([𝛽9𝕀𝑖∈1−4𝑦𝑜 + 𝛽10𝕀𝑖∈12−17𝑦𝑜 + 𝛽11 𝕀𝑖∈5−11𝑦𝑜]

+ [𝛽12 𝕀𝑖∈𝐺𝑢𝑖𝑛𝑒𝑎 + 𝛽13 𝕀𝑖∈𝐿𝑖𝑏𝑒𝑟𝑖𝑎 + 𝛽14 𝕀𝑖∈𝑆𝐿] + 𝛽15 𝐴𝑏𝑏𝑛𝑖)

+ 𝑇𝑖𝑗
𝑎(𝛽16 + 𝛽17 𝕀𝑖∈𝑉𝑎𝑐𝑐

+ [𝛽18 𝕀𝑖∈1−4𝑦𝑜 +  𝛽19𝕀𝑖∈12−17𝑦𝑜 + 𝛽20𝕀𝑖∈5−11𝑦𝑜]

+ [𝛽21𝕀𝑖∈𝐺𝑢𝑖𝑛𝑒𝑎 + 𝛽22 𝕀𝑖∈𝐿𝑖𝑏𝑒𝑟𝑖𝑎 + 𝛽23𝕀𝑖∈𝑆𝐿] + 𝛽24𝐴𝑏𝑏 𝑛𝑖)

+ 𝑇𝑖𝑗
𝑎𝕀𝑖∈𝑉𝑎𝑐𝑐([𝛽25𝕀𝑖∈1−4𝑦𝑜 +  𝛽26𝕀𝑖∈12−17𝑦𝑜 + 𝛽27𝕀𝑖∈5−11𝑦𝑜]

+ [𝛽28𝕀𝑖∈𝐺𝑢𝑖𝑛𝑒𝑎 + 𝛽29𝕀𝑖∈𝐿𝑖𝑏𝑒𝑟𝑖𝑎 + 𝛽30𝕀𝑖∈𝑆𝐿] + 𝛽31 𝐴𝑏𝑏𝑛𝑖)

+ 𝑇𝑖𝑗
𝑏(𝛽32 + 𝛽33𝕀𝑖∈𝑉𝑎𝑐𝑐

+ [𝛽34𝕀𝑖∈1−4𝑦𝑜 +  𝛽35𝕀𝑖∈12−17𝑦𝑜 + 𝛽36𝕀𝑖∈5−11𝑦𝑜]

+ [𝛽37𝕀𝑖∈𝐺𝑢𝑖𝑛𝑒𝑎 + 𝛽38 𝕀𝑖∈𝐿𝑖𝑏𝑒𝑟𝑖𝑎 + 𝛽39𝕀𝑖∈𝑆𝐿] + 𝛽40 𝐴𝑏𝑏 𝑛𝑖)

+ 𝑇𝑖𝑗
𝑏𝕀𝑖∈𝑉𝑎𝑐𝑐([𝛽41𝕀𝑖∈1−4𝑦𝑜 +  𝛽42 𝕀𝑖∈12−17𝑦𝑜 + 𝛽43 𝕀𝑖∈5−11𝑦𝑜]

+ [𝛽44𝕀𝑖∈𝐺𝑢𝑖𝑛𝑒𝑎 + 𝛽45 𝕀𝑖∈𝐿𝑖𝑏𝑒𝑟𝑖𝑎 + 𝛽46 𝕀𝑖∈𝑆𝐿] + 𝛽47 𝐴𝑏𝑏𝑛𝑖) +  𝛾𝑜𝑖

+  𝜀𝑖𝑗 

Model 

B 

Yij represents the log10 antibody concentration of the participant i at time point j. Thus, tij 

characterizes the rescaled time. The variables 𝑇𝑖𝑗
𝑎 and 𝑇𝑖𝑗

𝑏 represent time relative to the first and 

the second slope, respectively, with 𝑇𝑖𝑗
𝑎 = min (𝑡𝑖𝑗, 𝜏) and 𝑇𝑖𝑗

𝑏 = max (𝑡𝑖𝑗 − 𝜏, 0). The variable 

Abbni is the continuous covariate pre-vaccine antibody concentration and describes the anti-

EBOV GP1,2 IgG antibody concentration of the participant i measured at inclusion, before 
vaccine or placebo injection. The vector of parameters β = (β0, …, β47) represents the fixed 

effects related to the different covariates, and the parameter γ0i is the random effect considered 
on the intercept. The random effect is assumed as normally distributed with mean 0 and variance 
ω0

2. Finally, the variable εij represents the residual error assumed to be normally distributed 

with mean 0 and variance σ2. Model B parameter estimates and the q-q plots of random effects 
and residuals are provided above. 

 



 
Model B random effects and residuals 

Shown are q-q plots of the residuals (left) and random effects (right) on the model, estimated 
on log10 anti-EBOV GP1,2 antibody concentrations in the Ad26.ZEBOV, MVA-BN-Filo-
placebo arm (1,565 participants). EBOV = Ebola virus. GP1,2 = glycoprotein. 

 

Model B parameter estimates 

Parameter estimates of the LMEM, estimated on log10 anti-EBOV GP1,2 IgG antibody 
concentrations in the Ad26.ZEBOV, MVA-BN-Filo-placebo arm (1,565 participants). 

Parameters Estimate 
Standard 

error 
Pr (>|t|) 

Fixed effects – intercept    
𝛽0 (intercept) 0.451 0.060 < 1e-3 

𝛽1 (vaccine arm) 3.150 0.086 < 1e-3 

𝛽2 (1–4 yr) -0.100 0.037 7.928e-3 

𝛽3 (12–17 yr) -0.055 0.039 0.156 

𝛽4 (5–11 yr) -0.069 0.037 0.065 

𝛽5 (Guinea) 0.186 0.038 < 1e-3 

𝛽6 (Liberia) 0.139 0.044 1.491e-3 

𝛽7 (Sierra Leone) 0.329 0.044 < 1e-3 

𝛽8 (pre-vaccine antibody concentration) 0.691 0.033 < 1e-3 

𝛽9 (1–4 yr, vaccine arm) 0.742 0.053 < 1e-3 

𝛽10 (12–17 yr, vaccine arm) 0.360 0.053 < 1e-3 

𝛽11 (5–11 yr, vaccine arm) 0.522 0.053 < 1e-3 

𝛽12 (Guinea, vaccine arm) -0.448 0.054 < 1e-3 

𝛽13 (Liberia, vaccine arm)  -0.347 0.061 < 1e-3 

𝛽14 (Sierra Leone, vaccine arm) -0.701 0.063 < 1e-3 
𝛽15 (pre-vaccine IgG antibody 

concentration, vaccine arm) -0.629 0.047 < 1e-3 

Fixed effects – first slope    

𝛽16 (slope) -3.552e-5 7.222e-4 0.961 

𝛽17 (vaccine arm) -9.772e-3 1.029e-3 < 1e-3 

𝛽18 (1–4 yr) 8.682e-4 4.569e-4 0.058 

𝛽19 (12–17 yr) -1.064e-3 4.715e-4 0.024 

𝛽20 (5–11 yr) -4.407e-4 4.509e-4 0.328 

𝛽21 (Guinea) 9.306e-4 4.676e-4 0.047 



𝛽22 (Liberia) -6.582e-4 5.245e-4 0.210 

𝛽23 (Sierra Leone) -1.753e-4 5.457e-4 0.748 
𝛽24 (pre-vaccine antibody 

concentration) 1.780e-4 3.993e-4 0.656 

𝛽25 (1–4 yr, vaccine arm) -3.068e-3 6.440e-4 < 1e-3 

𝛽26 (12–17 yr, vaccine arm) -1.285e-4 6.399e-4 0.841 

𝛽27 (5–11 yr, vaccine arm)  -1.632e-3 6.332e-4 0.010 

𝛽28 (Guinea, vaccine arm) -6.002e-4 6.530e-4 0.358 

𝛽29 (Liberia, vaccine arm)  4.458e-4 7.224e-4 0.537 

𝛽30 (Sierra Leone, vaccine arm)  1.370e-3 7.617e-4 0.072 
𝛽31 (pre-vaccine antibody 

concentration, vaccine arm)  7.183e-4 5.684e-4 0.206 

Fixed effects – second slope    

𝛽32 (slope) 6.528e-4 3.534e-4 0.065 

𝛽33 (vaccine arm) -2.809e-3 5.010e-4 < 1e-3 

𝛽34 (1–4 yr) -7.768e-4 2.212e-4 < 1e-3 

𝛽35 (12–17 yr) 9.509e-4 2.271e-4 < 1e-3 

𝛽36 (5–11 yr) 5.373e-4 2.185e-4 0.014 

𝛽37 (Guinea) -2.621e-4 2.263e-4 0.247 

𝛽38 (Liberia) 8.952e-5 2.556e-4 0.726 

𝛽39 (Sierra Leone) -5.516e-4 2.607e-4 0.034 
𝛽40  (pre-vaccine antibody 

concentration) -4.131e-4 1.950e-4 0.034 

𝛽41  (1–4 yr, vaccine arm) 1.172e-3 3.128e-4 < 1e-3 

𝛽42  (12–17 yr, vaccine arm) -6.456e-4 3.077e-4 0.036 

𝛽43  (5–11 yr, vaccine arm)  -1.817e-4 3.075e-4 0.555 

𝛽44  (Guinea, vaccine arm) 4.451e-4 3.166e-4 0.160 

𝛽45  (Liberia, vaccine arm)  -2.005e-4 3.519e-4 0.569 

𝛽46  (Sierra Leone, vaccine arm)  4.444e-4 3.659e-4 0.225 

𝛽47  (pre-vaccine antibody 

concentration, vaccine arm)  8.607e-4 2.767e-4 1.884e-3 

Random effects and residual error     

𝜔0
2 (variance of 𝛾0𝑖 ) 5.550e-2  3.004e-3  

𝜎 2 (variance of residual error) 7.153e-2 1.908e-3  

EBOV = Ebola virus. GP1,2 = glycoprotein. β = vector of parameters. Pr (>|t|) = p-value. 
 

Model B single covariable mixed models  

For defining the variables included in the multivariable Ad26.ZEBOV, MVA-BN-Filo LMEM, 

the following variables were analyzed as fixed-effect covariates (single-effect and interaction 
with time): vaccine arm (vaccine versus pooled placebo arms, with placebo as reference), age 
category (1–4, 5–11, 12–17, or ≥18 years [reference]), sex (female, male [reference]), country 

(Guinea, Liberia, Sierra Leone, Mali [reference]), laboratory for FANG assay analyses, anti-
EBOV GP1,2 IgG concentrations prior to vaccination, vaccination time (hour in the day) for 

dose 1 and dose 2, BMI (for adults) or Z score (for children), malaria status (defined as a known 
clinical malaria case within a month prior to the boost), HIV-1 infection status, lymphopenia, 
neutropenia, and eosinophilia. The results of the single covariable mixed models for 

Ad26.ZEBOV, MVA-BN-Filo are presented in the following table: 



 

Covariate Estimate 
Estimate (log 

titer) 
p value 

None (only visit) Peak 2.82 <1e-3  

Slope -6.739e-04 <1e-3  

Arm (ref: placebo) Peak 1.239 <1e-3  

Slope -8.895e-04 <1e-3  

Age (ref: adults) Peak  - 0.003 

Slope  - 0.026 

Sex (ref: male) Peak -6.307e-02 0.097 

Slope 1.486e-04 0.334 

Country (ref: Mali) Peak   <1e-3  

Slope   0.632  

Antibodies at baseline Peak 3.175e-01 <1e-3  

Slope 1.944e-04 0.208 

Vaccination time 
(ref: 8–11 hours) 

Peak  - 0.243  

Slope  - 0.805  

BMI (adults) 
(ref: normal BMI) 

Peak  - 0.594  

Slope  - 0.464 

Z score BMI (children) 

(ref: -1 / +1) 

Peak  - 0.957  

Slope  - 0.980 

Malaria (ref: no malaria) Peak 1.180e-01 0.115  

Slope 1.971e-04 0.515 

Lab (ref: IRF) Peak 1.686e-01 <1e-3  

Slope -1.502e-05 0.923 

HIV (adults) Peak 2.057e-02 0.919  

Slope 6.773e-05 0.944  

Syphilis (adults) Peak -6.431e-02 0.729  

Slope 9.842e-04 0.234 

Lymphocytes (adults) Peak 1.413e-02 0.670 

Slope -4.010e-06 0.978 

Neutrophils (adults) Peak -3.730e-03 0.891 

Slope 2.840e-05 0.800 

Eosinophils (adults) Peak 1.889e-01 0.047 

Slope 1.971e-04 0.515 

 

Model B evaluation of the predictive quality at month 12 

To evaluate the performance of the Ad26.ZEBOV, MVA-BN-Filo LMEM to predict antibody 

concentration, we performed an LOOCV.  
At each iteration k of the procedure (with k = 1, …, K where K is the number of participants), 

the complete dataset was split into a training and a testing dataset. The training dataset was built 
as the complete dataset from which the observation at month 12 from the kth participant was 
removed. The mixed model developed on the complete dataset was then estimated on the 

training dataset and used to predict the observation of the testing dataset (i.e., the observation 



at month 12 of the kth participant). This procedure was repeated as much time as the number of 

participants. In the complete dataset and two criteria were then calculated on predictions to 
evaluate how accurate they are: (1) the percent coverage (the higher the better) and (2) the 

RMSE (the lower the better). Results are displayed in the following figure representing the 
comparison of observations at month 12 and the corresponding LOOCV predictions. The model 
showed good quality of predictions with a percent of coverage of 93% and an RMSE of 0.303 

EU/mL.  
 

Results of LOOCV: observation vs. predictions 

plot [Model B]. The x axis represents individual 

observations at month 12 (successively 

removed from the training dataset), and the y 

axis represents predictions of IgG at month 12 

made by models at each iteration. Each black 

dot represents the result of one iteration of the 

LOOCV (prediction made for the observation 

removed from the dataset). The red solid line represents the relationship observation = prediction. Dashed blue 

lines represent the 95% confidence interval built on the distribution of the residuals of the mod el estimated on 

complete data (i.e., observation ±1.96*SD, with SD being the standard error of the error model of the LMEM 

estimated on complete data). LOOCV = leave-one-out cross-validation. IgG = immunoglobulin G. SD = standard 

deviation. LMEM = linear mixed-effects model. 

 

Antibody concentration ratios and probabilities 

Calculation of geometric mean concentration (GMC) ratios  

For each of the estimated LMEMs (Model A and Model B), the effect of each categorical 
covariate (age, sex, country, and pre-vaccination IgG antibody concentration) was evaluated as 

the ratio of the GMCs of anti-EBOV GP1,2 IgG antibody between the category of interest and 
its reference. Ratios of GMCs and their 95% confidence intervals at the peak and at the end of 
the study were estimated with a classic bootstrap procedure: 

a) We sampled with replacement 1,572 and 1,565 individuals on the original dataset for Model 
A and Model B, respectively. 

b) We estimated the LMEM (A or B), depending on the vaccination arm of interest, and 
computed prediction individual trajectories. 

c) We calculated along the predicted trajectories the ratios of GMCs, on the original scale of 

antibody concentration, for each category of each covariate at both the peak and the end of 
the study.  



We repeated steps a, b, and c 2,000 times, which enabled us to derive the mean and the 95% 

confidence interval of each variable of interest. This method was applied successively for both 
vaccine arms (rVSVΔG-ZEBOV-GP and Ad26.ZEBOV, MVA-BN-Filo).  

 

Calculation of probabilities of having antibody concentrations above a 

threshold and the time required from vaccination to drop below the threshold 

For each studied arm (rVSVΔG-ZEBOV-GP and Ad26.ZEBOV, MVA-BN-Filo) and resulting 

LMEMs, simulations were performed to evaluate the probabilities of having concentrations 
above a given threshold at the end of the study and their 95% confidence intervals. For each 
simulation s, the following method was applied: 

• Simulation of the population: A population of 7,500 participants with their characteristics 
(vaccine, age, sex, country, and pre-vaccination IgG antibody concentration), used as 

covariates in the models, was simulated. For categorical covariates (vaccine, age, sex, and 
country), we kept the same distributions as in the observed dataset. The continuous 

covariate “pre-vaccination IgG antibody concentration” was simulated distinctively for 
each participant profile (vaccine × age - category × sex × country) as a normal law the mean 
and variance of which were estimated on the original dataset.  

• Simulation of model parameters: A set of fixed parameters 𝛽𝑠 = (𝛽0
𝑠, … , 𝛽N

𝑠 ), with N=21 

for Model A and N=47 for Model B, was simulated considering a multinormal distribution 

𝛽𝑠 ≈ 𝒩(𝛽̂,Θ), where 𝛽 is the vector of fixed parameter estimates, 𝒩 is the normal 
distribution, and Θ the extracted part of the Fisher information matrix (FIM) corresponding 

to fixed parameters. Standard deviations of random effects (𝜔0
𝑠  for intercept and 𝜔1

𝑠  for 

slope), and of residual error (𝜎 𝑠), were simulated, considering a binormal distribution 

(intercept and slope) for the random effects of Model A and a normal distribution for both 
random effect (only intercept) of Model B and residual errors. Similar to fixed parameters, 
mean and variance/covariance matrices of these distributions were defined by their model 
estimates (𝜔0 , 𝜔1, and 𝜎) and the FIM. Using simulated standard deviations of random 

effects, individual values of random effects (𝛾0𝑖
𝑠  and 𝛾1𝑖

𝑠 ) were derived for the 7500 

participants of the simulated dataset such that in Model A: (𝛾0𝑖
𝑠 , 𝛾1𝑖

𝑠 )𝑇 ≈

𝒩 ((
0
0

) , (
(𝜔0

𝑠)2 𝜌𝜔0
𝑠 𝜔1

𝑠

𝜌𝜔0
𝑠 𝜔1

𝑠 (𝜔1
𝑠 )2 )) and in Model B: 𝛾0𝑖

𝑠 ≈ 𝒩(0,(𝜔0
𝑠 )2). Similarly, residual 

errors 𝜀𝑖𝑗
𝑠  were simulated for each time point of each participant, considering a normal 

distribution 𝒩(0,(𝜎 𝑠)2).  

• Calculation of probabilities: Using simulated model parameters (𝛽𝑠 , 𝛾𝑠 , and 𝜀𝑠)  and 

participant characteristics, the LMEM used to fit observed data (of either model) was used 

to derive the individual dynamics of log10 anti-EBOV GP1,2 IgG antibody concentrations of 
the 7,500 simulated participants. Based on these dynamics, the proportion of participants 

reaching a designated IgG antibody threshold at the end of the study (month 12) was 
calculated for each profile of interest (see Table 2 and Table 4 in the main text). 

• Calculation of time to threshold: Using these same simulated parameters and participants 
characteristics, an LMEM was used to identify individual time required for antibody 
concentrations to drop below the IgG antibody threshold. To identify this time, the R-

function optimize was used to find the time t such as |Threshold - Ys(t)| = 0, where Ys(t) 



is the model output evaluated at time t. The median of all individual times was then 

calculated. 
This method was repeated 2,000 times, which enabled us to derive the mean and the 95% 

confidence interval for each targeted probability and time to threshold. This process was 
performed for both vaccine arms (rVSVΔG-ZEBOV-GP and Ad26.ZEBOV, MVA-BN-Filo) 
according to their respective model. 

  



Supplementary results 

Post-vaccination IgG antibody response dynamics  

 

Supplementary Figure 1: Post-vaccination IgG antibody response dynamics by subgroup. 

IgG antibody response dynamic post-vaccination from the peak to 12 months after the first dose 
of rVSVΔG-ZEBOV-GP or. Ad26.ZEBOV, MVA-BN-Filo vaccine, respectively.  

(a) (rVSVΔG-ZEBOV-GP) and (c) (Ad26.ZEBOV, MVA-BN-Filo): modelled antibody GMC 
over time according to country.  
(b) (rVSVΔG-ZEBOV-GP) and (d) (Ad26.ZEBOV, MVA-BN-Filo): modelled antibody GMC 

over time according to antibody concentrations prior to vaccination. Dots represent individual 
observed serum samples. The dashed line in each panel indicates 200 EU/mL anti-EBOV GP1,2 

antibody concentration. 
EBOV = Ebola virus. GMC = geometric mean concentration. GP1,2 = glycoprotein. 
 

  



rVSVΔG-ZEBOV-GP modeling 

 

The time after vaccination required for 50% of the population to drop below the same three 

anti-EBOV GP1,2 GMC thresholds varied from 1.57 years (female children 12–17 years old) 

to 0.38 years (male adults) to fall below the threshold of 1,000 EU/mL, from 2.75 years 

(female children 12–17 years old) to 1.26 years (male adults) to fall below 600 EU/mL, and 

from 5.45 years (female children 12–17 years old) to 3.31 years (male adults) to fall below 

200 EU/mL (Supplementary Information). 

 

 
Supplementary Figure 2: Results of the rVSVΔG-ZEBOV-GP modeling. 

Probability of anti-EBOV GP1,2 IgG antibody response at one year after vaccination with 

rVSVΔG-ZEBOV-GP vaccine (one dose) by sex and age.  
EBOV = Ebola virus. GP1,2 = glycoprotein.  

 
Supplementary Table 1: Dropping below the anti-EBOV GP1,2 IgG antibody threshold 

after rVSVΔG-ZEBOV-GP vaccination. 

Time required after rVSVΔG-ZEBOV-GP vaccine administration for 50% of the population 
(by sex and age) to drop below concentration threshold for anti-EBOV GP1,2 IgG antibodies.  



 

Number of years to 

drop below anti-

EBOV GP1,2 

antibody threshold 

of 200 EU/mL 

Number of years to 

drop below anti-

EBOV GP1,2 

antibody threshold 

of 600 EU/mL 

Number of years to 

drop below anti-

EBOV GP1,2 

antibody threshold 

of 1000 EU/mL 

Female    

1–4 yr 5.38 [4.46; 6.56] 2.69 [2.15; 3.35] 1.52 [1.09; 1.97] 

5–11 yr 5.36 [4.45; 6.51] 2.66 [2.18; 3.31] 1.49 [1.10; 1.92] 

12–17 yr 5.45 [4.51; 6.72] 2.75 [2.19; 3.44] 1.57 [1.15; 2.06] 

Adults 4.93 [4.08; 5.32] 2.00 [1.70; 2.33] 0.89 [0.65; 1.14] 

Male    

1–4 yr 3.89 [3.31; 4.59] 1.79 [1.45; 2.18] 0.89 [0.60; 1.21] 

5–11 yr 3.95 [3.42; 4.63] 1.85 [1.53; 2.22] 0.94 [0.67; 1.22] 

12–17 yr 4.03 [3.48; 4.67] 1.93 [1.61; 2.30] 1.02 [0.74; 1.30] 

Adults 3.31 [2.95; 3.72] 1.26 [1.06; 1.47] 0.38 [0.21; 0.56] 

EBOV = Ebola virus. GP1,2 = glycoprotein. yr = year. EU/mL = enzyme linked immunosorbent 
assay units per milliliter. 

 

  



Ad26.ZEBOV, MVA-BN-Filo modeling 

 

After the first injection of the Ad26.ZEBOV, MVA-BN-Filo vaccine, the projected time 

required for 50% of the population to drop below a threshold varied from 1.16 years (children 

1–4 years) to 0.42 years (adults) for the 1,000 EU/mL threshold, from 1.82 years (children 1–

4 years) to 0.54 years (adults) for the 600 EU/mL threshold, and from 3.24 years (children 1–

4 years) to 1.55 years (adults) for the 200 EU/mL threshold (Supplementary Information). 

 

 
Supplementary Figure 3: Results of the Ad26.ZEBOV, MVA-BN-Filo modeling. 

Probability of anti-EBOV GP1,2 IgG antibody response at one year after vaccination with 
Ad26.ZEBOV, MVA-BN-Filo vaccine by age.  

EBOV = Ebola virus. GP1,2 = glycoprotein.  
 

Supplementary Table 2: Dropping below the anti-EBOV GP1,2 IgG antibody threshold 

after Ad26.ZEBOV, MVA-BN-Filo vaccination. 

Time required after Ad26.ZEBOV, MVA-BN-Filo vaccine administration for 50% of the 

population (by age) dropping below concentration threshold for GP-EBOV antibodies.  

 

Number of years to 

drop below anti-

EBOV GP1,2 

antibody threshold 

of 200 EU/mL 

Number of years to 

drop below anti-

EBOV GP1,2 

antibody threshold 

of 600 EU/mL 

Number of years to 

drop below anti-

EBOV GP1,2 

antibody threshold 

of 1000 EU/mL 

Children 1–4 yr 3.24 [2.48; 4.49] 1.82 [1.46; 2.39] 1.16 [0.96; 1.45] 
Children 5–11 yr 2.82 [2.18; 4.07] 1.34 [1.10; 1.72] 0.66 [0.49; 0.83] 

Children 12–17 
yr 

2.48 [1.95; 3.34] 1.09 [0.90; 1.33] 0.50 [0.47; 0.61] 

Adults 1.55 [1.42; 1.72] 0.54 [0.48; 0.61] 0.42 [0.41; 0.43] 

EBOV = Ebola virus. GP1,2 = glycoprotein. yr = year. EU/mL = enzyme linked immunosorbent 
assay units per milliliter. 

 



  



Supplementary appendix: FANG assay 

 

 











































































 

 




