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The 2013 Ebola epidemic in Central and West Africa heralded the emergence of wide-spread, 

highly pathogenic viruses. The successful recombinant vector vaccine against Ebola (rVSVΔG-

ZEBOV-GP) will limit future outbreaks, but identifying mechanisms of protection is essential 

to protect the most vulnerable. Vaccine-induced antibodies are key determinants of vaccine 

efficacy, yet the mechanism by which vaccine-induced antibodies prevent Ebola infection remains 

elusive. Here, we exploit a break in long-term vaccine efficacy in non-human primates to 

identify predictors of protection. Using unbiased humoral profiling that captures neutralization 

and Fc-mediated functions, we find that antibodies specific for soluble glycoprotein (sGP) drive 

neutrophil-mediated phagocytosis and predict vaccine-mediated protection. Similarly, we show 

that protective sGP-specific monoclonal antibodies have elevated neutrophil-mediated phagocytic 

activity compared with non-protective antibodies, highlighting the importance of sGP in vaccine 

protection and monoclonal antibody therapeutics against Ebola virus.

Graphical abstract

In brief

Gunn et al. show that the commercially available Ebola virus vaccine leads to sustained protection 

in a macaque model of partial protection when antibodies are directed against the soluble 

glycoprotein of Ebola, a target previously thought to have a minimal role in protection against 

disease.
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INTRODUCTION

The large-scale Ebola virus epidemic in West Africa from 2013 to 2016 and the recurrent 

outbreaks in the region and across the Democratic Republic of Congo have highlighted 

that Ebola continues to be a threat to human health. The recombinant vesicular stomatitis 

virus (rVSV)-vectored vaccine against Ebola virus (rVSVΔG-ZEBOV-GP) has shown high 

levels of protection in preclinical non-human primate models1 and is highly immunogenic 

in humans.2–6 rVSVΔG-ZEBOV-GP vaccination demonstrated 100% efficacy in a ring-

vaccination trial conducted during the West African epidemic,7 leading to licensure as 

ERVEBO, and is now administered to at-risk populations in West and Central Africa. 

While protection has been linked to robust vaccine-induced humoral immune responses with 

durable neutralizing antibody titers, neutralization alone does not appear to be a strong 

correlate of protection.8,9 Therefore, the precise mechanism(s) by which vaccine-induced 

antibodies confer protection remains unclear.

In humans, the vaccine induces neutralizing antibody responses by 21 days post-

immunization, and titers have been reported to either remain stable or increase through 

at least 2 years post-vaccination.2,4,5 Early non-human primate (NHP) studies provide 

strong evidence for a role for antibodies in rVSVΔG-ZEBOV-GP vaccine-induced protection 

against lethal Ebola virus challenge.10 Doses as low as 10 plaque-forming units (PFUs) 

in NHPs elicit detectable levels of neutralizing antibodies by 14 days post-vaccination 

that peak between 28 and 35 days post-vaccination9,11 and provide complete protection in 

vaccinated NHPs against Ebola challenge at 42 days post-vaccination,12 with neutralizing 

antibody levels detectable by 14 days post-vaccination and peaking between 28 and 35 days 

post-vaccination.9,11 However, mounting data from the monoclonal antibody therapeutics 

community have highlighted the importance of additional antibody functions in protection 

against Ebola virus.13–15

In addition to neutralization, antibodies can provide antiviral protection through the 

induction of innate immune effector functions, including phagocytosis and cellular 

cytotoxicity mediated by an array of innate immune cells, including monocytes, 

macrophage, neutrophils, and natural killer (NK) cells. Analysis of a large panel of 

Ebola virus glycoprotein (GP)-specific monoclonal antibodies demonstrated the critical 

importance of both neutralization and innate immune effector functions in protection from 

infection.13,16,17 Specifically, partial or non-neutralizing antibodies able to recruit monocyte 

phagocytic and NK cell functions were able to provide protection from infection. Moreover, 

strongly neutralizing antibodies that did not provide protection from infection exhibited 

compromised innate immune recruiting Fc functions. Collectively, these studies highlighted 

the critical importance of both the antigen-binding (Fab) and constant (Fc) domain of 

antibodies in the control of Ebola virus infection. Furthermore, analysis of antibody profiles 

in a survivor of Ebola virus disease points to the evolution of a unique antibody isotype and 

immunoglobulin G (IgG) subclass profile among survivors linked to durable and functional 

humoral immunity.18 Furthermore, these functional antibody profiles of Ebola survivors, 

mimicked with monoclonal antibodies, demonstrated protection in a post-exposure mouse 

model.19 However, whether rVSVΔG-ZEBOV-GP-induced antibodies also leverage innate 

immune effector functions to provide protection from infection is largely unclear. The 
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main antigenic target for Ebola virus-specific vaccines and therapeutics is the viral GP 

that mediates viral attachment and entry into host cells.20 However, the main protein 

product of the GP gene is not the full-length GP but rather is a truncated form of GP 

called soluble GP (sGP). Production of the full-length GP requires the viral polymerase 

stutters at the 7U editing site, adding another uridine and allowing transcription of the 

remaining GP gene that includes GP1, the mucin domain, and GP2.21,22 sGP and GP are 

produced at approximately a 3:1 ratio,21,23 as sGP lacks the transmembrane domain of 

the GP. It is secreted outside of the infected cell. sGP has profound immunomodulatory 

functions24 and is thought to act as an antibody sink, thereby acting as a critical factor 

in viral pathogenesis. Given that GP and sGP share overlapping epitopes,24 antibodies 

induced by rVSVΔG-ZEBOV-GP can theoretically target both sGP and GP. Interestingly, 

several sGP-specific monoclonal antibodies have shown some level of protective efficacy in 

animal models,13,25,26 highlighting the potentially protective role of sGP-specific antibodies, 

in addition to GP-specific antibodies, against Ebola virus disease. However, whether sGP, 

GP, or responses to both proteins are associated with vaccine-mediated protection remains 

unclear.

Here, we have comprehensively and deeply profiled the humoral immune response across 

three groups of rVSVΔG-ZE-BOV-GP-immunized Mauritian cynomolgus macaques, each 

challenged with a lethal dose of Ebola virus either at peak immunogenicity at 42 days 

post-vaccination or at long-term vaccine durability time points of 3 months and 1 year 

post-vaccination. All 42 days post-vaccination animals survived challenge. Yet in this 

study, protective vaccine efficacy declined in the 3 month and 1 year post-vaccination 

animal groups, providing a unique and valuable opportunity to explore the acute and long-

term correlates of immunity against Ebola virus infection. Analysis of vaccine-induced 

humoral features, including neutralizing activity, GP- and sGP-specific antibody isotypes, 

and subclass titer, and induction of innate immune effector functions demonstrated 

that surviving animals generate elevated levels of sGP-specific antibodies able to drive 

antibody-mediated neutrophil phagocytosis. Moreover, multivariate analysis across the 

immunized animals highlights the critical importance of sGP-specific antibody function 

in protection from infection over neutralizing activity. Furthermore, comparative analysis 

between protective and non-protective sGP-specific monoclonal antibodies demonstrated 

that protective antibodies induced significantly higher levels of sGP-specific neutrophil-

phagocytic activity. Together, these data strongly argue for the unexpected but critical role 

for neutrophil-mediated sGP clearance as a key mechanism for antibody-mediated protection 

from Ebola infection.

RESULTS

Vaccine efficacy diminished over time in Mauritian cynomolgus macaques and was not 
associated with antibody titers or neutralization

With increasing Ebola virus breakthroughs among vaccinated populations,27,28 defining 

the durability profiles of vaccine-induced immunity is a key concern of vaccine-mediated 

protection. To determine the durability of protection elicited by the rVSVΔG-ZEBOV-GP 

vaccine, Mauritian cynomolgus macaques were vaccinated and challenged with 1,000 
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PFU Ebola virus at 42 days, 3 months, and 1 year post-vaccination (Table 1). Consistent 

with previous studies,1 all animals that were challenged 42 days post-vaccination survived 

(Figure 1A). Conversely, two of six animals survived challenge at 3 months post-vaccination 

(33.33% protection), and three of seven animals survived challenge 1 year post-vaccination 

(42.8% protection). Surviving animals were an average age of 9.97 years old (range 9.01–

10.825), whereas non-surviving animals were an average age of 9.58 years old (range 

7.5–10.71). The differences in ages between surviving and non-surviving animals were 

not statistically different by t test. Surviving animals were 33.3% male (3/9) and 66.67% 

female (6/9), and non-surviving animals were 62.5% male (5/8) and 37.5% female (3/8). 

The differences in sex between surviving and non-surviving animals were not statistically 

different by a chi-squared test. Of note, all vaccinated animals were challenged shortly after 

transport into a BSL-4 facility, potentially introducing additional stress to the challenged 

animals. Analysis of rVSVΔG-ZEBOV-GP replication at 1, 3, and 7 days post-vaccination 

showed similar kinetics of vaccine vector replication and clearance across challenge groups 

(Figure S1) and between survivors and non-survivors. Differences in survival across the 

groups offered a unique opportunity to mine for correlates of vaccine-mediated immunity 

induced by rVSVΔG-ZEBOV-GP.

Surprisingly, GP-specific IgG titers and neutralizing titers were nearly equivalent (Figure 

1B) across all vaccine groups prior to challenge, highlighting the durability of the humoral 

response out to 1 year post-vaccination. Survivors showed a trend toward higher antibody 

responses than non-survivors, but the kinetics and durability of vaccine-specific antibody 

titers were not statistically different across survivors and non-survivors (Figure 1C). 

Similarly, neutralizing antibody titers showed a tendency to be higher in survivors among the 

animals that were challenged at 3 months and were significantly higher among animals that 

were challenged 1 year following vaccination (Figure 1D), highlighting the important, albeit 

not perfect, resolving power of neutralization as a correlate of rVSVΔG-ZEBOV-GP-specific 

immunity against Ebola virus.

sGP-specific, but not GP-specific, antibody subclass variation tracks with protection

Given the functional importance of each antibody isotype/subclass in pathogen-specific 

immunity and the ability of vaccines to elicit unique antibody humoral profiles,29 we next 

profiled the subclass-/isotype-specific response across all vaccinated animals. Both GP- and 

sGP-specific IgG subclasses (IgG1, IgG2, IgG3) and isotypes (IgA, IgM) were quantified 

at multiple time points following vaccination. Robust GP-specific IgG responses were 

observed across all immunized animals soon after vaccination (Figure 2A), yet GP-specific 

titers tended to wane more rapidly in non-survivors compared with survivors in both the 3 

month and 1 year challenge groups. Similar profiles were observed in GP-specific IgG2, 

IgG3, IgA, and IgM responses. In contrast, sGP-specific immunity was strikingly different 

across survivors and non-survivors, particularly in the 1 year challenge group (Figure 2B). 

sGP-specific subclass/isotype selection was similar 42 days after challenge in all 3 challenge 

groups and between survivors and non-survivors. This is consistent with universal protection 

of animals challenged at this time point. However, at later time points, when only some 

animals survived the challenge, survivors tended to have higher levels of sGP-specific IgG1, 

IgG2, IgG3, and IgM before challenge. This was true for animals in both the 3 month and 1 
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year challenge groups. These differences were most pronounced among animals challenged 

1 year following immunization. Lower sGP-specific IgG1, IgG2, IgG3, and IgA responses 

prior to challenge in non-survivors were all statistically significant (Figure 2B). Surprisingly, 

non-survivors in the 1 year challenge group diverged in sGP-specific immune profiles from 

the start of the study, suggesting that, rather than progressive waning of immunity, animals 

that would not be protected at 1 year post-vaccination had a unique antibody profile that 

was induced shortly after vaccine administration. This suggests that early sGP responses to 

vaccination could serve as a predictor of later failure of vaccine-mediated immunity.

Subclass/isotype titers are stronger correlates of protection than neutralization at the time 
of challenge

While only two animals survived following challenge at 3 months post-vaccination, the 

sGP-binding antibody levels demonstrated a trend toward higher levels in animals that 

survived compared with the non-surviving animals prior to challenge (Figure 2B). Although 

this difference did not reach statistical significance when each time point was analyzed 

separately, we hypothesized that sGP-specific levels of antibodies may be a correlate of 

protection, regardless of post-vaccination challenge time point, supported by our finding that 

macaques that were protected at 1 year diverged in their immune response from unprotected 

macaques shortly after vaccination. Thus, to increase power, we compared the overall levels 

of GP antibodies by ELISA and neutralization as well as GP- and sGP-specific isotype/

subclass levels in surviving and non-surviving animals across all three groups of animals 

collectively at the final time point prior to challenge.

As observed across groups, GP titers by ELISA were higher in survivors compared with 

non-survivors (Figure 3A). Conversely, no difference was observed in neutralization across 

survivors and non-survivors (Figure 3B). Interestingly, while differences were also observed 

in GP-specific IgG1, IgG2, IgG3, and IgA levels in survivors, these differences were more 

significant for sGP-specific antibody levels across all the class-switched antibody isotypes/

subclasses (Figure 3C). These data point to a broad reduction in the level of humoral 

immunity in non-protected animals, with an unexpected and more profound reduction in 

sGP-specific immunity in non-survivors.

Broad Fc-receptor binding and neutrophil phagocytosis are associated with protection. 

Beyond neutralization, antibodies are able to drive antiviral immunity via the induction 

of Fc-effector functions, following engagement of Fc receptors present in different 

combinations on all innate immune cells.30 Thus, we measured the ability of GP- and sGP-

specific antibodies to induce NK cell activation, complement deposition, and phagocytosis 

by neutrophils and monocytes (Figure 3D), as well as the ability to bind to both human 

(FcγR2A, FcγR2B, FcγR3A, FcγR3B) and NHP Fc (FcγR2A-3, FcγR3A-1, FcγR3A-3) 

receptors (Figure S2). Although macaque and human Fc receptors (FcRs) have some 

divergence in their binding capacity to the Fc component of macaque antibodies, their 

overall binding affinities generally show similar trends regardless of the use of NHP or 

human FcR,31–33 which was also seen in this study. Across the innate immune effector 

functions, only sGP-specific neutrophil phagocytic activity was significantly elevated in 
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survivors compared with non-survivors at the final time point before challenge (Figure 3D), 

suggesting that neutrophils may be able to rapidly clear opsonized sGP.

Unsupervised hierarchical cluster analysis using all antibody features clearly clustered 

most protected animals (red bars) separately from the non-survivors (blue bars), 

irrespective of challenge time points (Figure 4). Interestingly, among the features that 

were selectively enriched in protected animals, broad FcR binding was observed to both 

GP and sGP as well as elevated sGP-mediated neutrophil phagocytosis and complement 

deposition (Figure 4). Antibody-dependent cellular phagocytosis (ADCP), a measure 

of monocyte phagocytosis, NK cell degranulation(NKD), neutralization, and antibody-

dependent neutrophil phagocytosis (ADNP) of GP were not associated with protection. 

When only 3 month and 1 year challenge groups were included in the analysis, NK cell 

activation and neutralization activity also gained significance (Figure 4).

Fc function, but not antibody neutralization, is a key predictor of protection

To further define biomarkers that were selectively enriched in protected animals, we used 

an unbiased machine learning strategy to define the minimal correlates of protection against 

Ebola virus challenge across the vaccinated NHPs at the final time point prior to viral 

challenge. Specifically, a least absolute shrinkage and selection operator (LASSO) was 

applied to the 38 antibody features available for all animals to eliminate highly correlated 

features and define a minimal set of features that explain the overall antibody profile 

variation across the animals. As few as 5 of the overall 38 antibody features that were 

collected across all animals were sufficient to separate survivors and non-survivors and 

predicted survival with a classification accuracy of 73%. The model included both sGP- and 

GP-specific antibody features that were all selectively enhanced in survivors (Figure 5A). 

Interestingly, the features did not include neutralization, but instead included sGP- and GP-

specific antibody binding to human inhibitory FcγR2B and sGP-specific antibody binding 

to the activating rhesus FcγR2A-3, as well as sGP-specific IgG1. To validate the LASSO-

selected features, we used an orthogonal method and generated an ensemble classification 

tree using the LASSO-selected features. The receiver operating characteristic (ROC) curve 

showed an area under the curve of 0.917 (Figure 5B), indicating the robustness of the 

features in predicting protection across the animals. These data point to the importance of 

FcR-binding profiles as key correlates of immunity against Ebola virus infection.

As LASSO selection collapses highly correlated features, we next built a co-correlate 

network to define additional features that are highly associated with the model-selected 

features, enriched in protected animals (Figure 5C). Notably, even in this expanded set of 

features, neutralizing antibodies was not among the network of correlated features. Binding 

of GP- and sGP-specific antibodies to both FcγRs from humans and NHPs were highly 

correlated with the LASSO-selected features. sGP-specific ADNP and both GP- and sGP-

specific NK cell activation were selectively associated the sGP-specific LASSO-selected 

features, FcγR2A-3 and FcγR2B, suggesting that these FcRs may have a central role in 

ADNP and NK cell activation in antibody-mediated protection against Ebola.
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sGP-specific monoclonal antibody-mediated neutrophil, but not monocyte, phagocytosis 
is associated with protection in vivo

Given the unexpected association between sGP-specific functionality with protection 

following rVSVΔG-ZEBOV-GP vaccination (Figure 5), we next aimed to determine whether 

sGP-specific monoclonal antibodies able to drive this particular function were associated 

with post-exposure protection in a stringent Ebola virus challenge model in mice. In this 

study, a panel of human IgG1 sGP-specific monoclonal antibodies (mAbs), previously 

analyzed by the Viral Hemorrhagic Fever Immunotherapeutics Consortium (VIC),13 were 

administered intraperitoneally to 10 mice 2 days after exposure to a 1,000 × LD50 dose 

of Ebola. Of the 168 human mAbs assembled by VIC, 58 bound to sGP, as previously 

published and confirmed in our lab. Although all of these mAbs shared a similar epitope, 

sGP-specific mAbs showed varying levels of post-exposure protection (Figure 6A).

To define the features of sGP-specific antibodies that confer protection, affinity, 

neutralization, and function of each antibody were evaluated. Protection mediated by the 

sGP-specific mAbs was associated with binding affinity to sGP (Figure 6B), highlighting 

that sGP is an important target for Ebola immunity. To further define antibody features 

within the sGP-specific mAbs that predicted protection, we generated a model using an 

ensemble of decision trees to define the functional correlates of sGP-mediated protection. 

The predictive power of these features was then assessed with leave-one-out cross validation 

(Figure 6C). The predictive features were then ranked by permuted predictor delta error 

(Figure 6D). Interestingly, although neutralization was not predictive in our macaque 

vaccination model, in this mouse post-exposure model, it ranked as the top feature. This 

is in agreement with a previously published analysis of the mouse protection model.13 

Additional important features of the model include sGP binding with some independent 

predictive power of GP binding, although GP binding had lower importance to the predictive 

model. A number of antibody functional responses were also key predictors of protection 

in the model, including ADNP and NK cell-mediated activation, consistent with the effector 

function features that were associated with vaccine-mediated protection.

To further differentiate the functional capacity of sGP and GP antibodies that mediate 

protection, we assessed the capacity of sGP and GP antibodies to drive phagocytic activity. 

Strikingly, protective sGP- and GP-specific antibodies exhibited significantly higher levels 

of neutrophil phagocytosis (Figure 6E). but not monocyte phagocytosis (Figure 6F), than 

their non-protective counterparts. These data, again, support a central role for sGP- and 

GP-specific antibody-mediated neutrophil phagocytosis as a key mechanism of antibody-

mediated protection against Ebola virus.

DISCUSSION

The remarkable, early protection conferred by rVSVΔG-ZEBOV-GP vaccination in NHPs 

has historically precluded the ability to define a precise correlate of immunity. While 

neutralizing and non-neutralizing antibody functions have been linked to protection in 

monoclonal therapeutic transfer studies in mice and NHPs, the precise mechanism by 

which rVSVΔG-ZEBOV-GP-induced antibodies contribute to protection was unclear. Here, 

we identify that sGP-targeted antibody responses, especially those that elicit antibody-
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dependent neutrophil phagocytosis, are key correlates of vaccine-mediated protection in 

a unique vaccine breakthrough study in NHPs.

Using a comprehensive systems serology profiling approach, unexpected correlates of 

immunity emerged, largely independent of neutralization. By combining the different NHP 

vaccination groups, we were able to gain sufficient power to define the functional profiles 

of antibodies that were selectively augmented in protected animals. Surprisingly, protection 

was linked to FcR-binding antibodies, able to selectively recruit neutrophil phagocytic 

activity. Unexpectedly, the antibody response enriched in survivors was largely focused 

on sGP, the predominant GP transcript of Ebola virus. Corroborated by post-exposure 

monoclonal antibody studies in mice, these data strongly argue for a critical role for sGP-

specific phagocytic antibodies in the clearance of sGP via neutrophils in protection against 

Ebola virus.

Antibodies targeting sGP have long been considered detrimental, off-target responses that 

impair development of protective, neutralizing antibody response.24 Prior studies mapping 

GP epitopes targeted by rVSVΔG-ZEBOV-GP-induced antibodies in vaccinated humans 

showed broad induction of antibodies to epitopes shared by GP and sGP, including the 

receptor-binding domain and glycan cap, as well as the more unique epitopes of the 

mucin-like domain, and the HR2 region of GP2,34 suggesting that humans can elicit 

differential responses to sGP and GP in vivo. In the study presented here, vaccinated 

macaques possessed a balanced response to both neutralizing, GP-specific epitopes and non-

neutralizing, sGP-specific targets. However, despite the clear importance of neutralization 

in protection, non-neutralizing, sGP-specific functional immunity was also a consistent, 

independent predictor of protection from infection. Thus, these data suggest that sGP may 

not be a distraction but rather a key contributor to durable protection.

sGP is hypothesized to have two critical roles in Ebola virus pathogenesis: (1) as a 

pathogenic immunomodulator on immune cells35 and 2) as a decoy and antibody sink,36 

drawing GP-specific antibodies away from infected cells or virus. Thus, an sGP-specific 

humoral immune response, able to drive rapid clearance of sGP via neutrophils, the most 

abundant innate immune cell in the blood and first responder at sites of infection, may 

allow additional GP-specific antibodies to neutralize additional virus in the system or mark 

infected cells for targeted destruction by innate immune cells. Linked to the enhanced 

protection observed with sGP-phagocytic monoclonal antibodies in mice, these data strongly 

argue that sGP clearance itself may be beneficial in the ultimate control of Ebola virus. 

This is supported by our post-exposure mouse model, where sGP-targeted antibodies 

with similar functionality to those elicited in macaques with sustained protection after 

vaccination were, indeed, able to protect against Ebola-mediated death. However, it remains 

to be determined whether additional antibody functions (neutralization/killing of cells) are 

required to ultimately eliminate the virus or whether elimination of the immunomodulatory 

activity of sGP is sufficient. The larger contribution of NK effector functions in our mouse 

model, but not the macaque model, suggests that there may also be differences in protective 

effector cell functions of antibodies targeted against the same antigen at different stages of 

Ebola infection. Indeed, future passive transfer studies with monoclonal antibodies that are 
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specific to sGP and lack GP cross-reactivity are likely to uncover the ultimate mechanistic 

basis of this correlate of immunity.

Binding to the FcRs FcγR2A and -2B was selected by LASSO as a strong predictor 

of protection. FcγR2A is known to facilitate neutrophil-mediated antibody complex 

clearance.37 However, FcγR2B is the sole inhibitory FcγR in humans,38 implicated in 

regulating phagocytosis and dampening inflammation.39,40 In Ebola infection, cytokine 

storm and immune-mediated pathology are associated with severe Ebola virus disease. 

In particular, innate immune cells, including neutrophils, have been implicated as key 

mediators of tissue damage, resulting in hemorrhaging and ultimate organ failure.41 Thus, 

antibody-mediated pathogen clearance, in the context of Ebola virus infection, may require a 

balanced antipathogen response to minimize host tissue damage. While neutrophils express 

low constitutive levels of FcγR2B,42 after activation, they upregulate this specific FcγR, 

limiting the inflammatory potential of sGP- and GP-targeted immune responses. However, 

the ligation of FcγR2B may also result in an immunomodulatory activation of dendritic 

cells and macrophages, FcR functions that were not directly tested in this study, limiting 

pathology and facilitating resolution of the disease. Thus, antibody binding to FcγR2B may 

represent a self-regulating mechanism that prevents prolonged immune activation and tissue 

damage while still allowing for rapid clearance of sGP early in infection.

Limitations of the study

One potential caveat in this study is that a follow-up study using the same vaccine 

platform in Cambodian cynomolgus macaques challenged at 4 months post-vaccination did 

not replicate the variability in vaccine efficacy observed here in the Mauritian macaques 

(A.S., United States Army Medical Research Institute of Infectious Diseases). Mauritian 

cynomolgus macaques have more rapid disease progression after Ebola virus infection 

compared with cynomolgus macaques of Cambodian origin.43 This is believed to be 

mediated by differences in immune cell populations and microbiota,43–45 with a likely 

contribution of their divergent genetics, which may include divergence in FcR sequence 

and functionality.46–48 However, the reduced efficacy observed in this study does replicate 

observations in humans of reduced vaccine efficacy at later time points and presents a 

unique opportunity to investigate antibody-mediated correlates of protection after rVSVΔG-

ZEBOV-GP vaccination.

It is plausible that profiles more proximal to the time of challenge could provide 

additional insights. However, in this study, due to the experimental planning at the time 

of the intense rush to develop the VSV vaccine, samples were only collected at peak 

immunogenicity. Thus, in this analysis, we were only able to look at peak immunogenicity 

predictors of protection. Interestingly, we did find common signatures of protection at peak 

immunogenicity across animals challenged early and later, likely reflecting a proportional 

decay in particular functional antibody responses. Therefore, if an animal starts with a 

higher response, it will likely have higher levels after several months, as has been noted 

across many functional durability vaccine studies performed over the pandemic.49–52 Most 

importantly, it is critical to note that neutralization at peak immunogenicity, even though it 

also decays proportionally, did not discriminate the groups.
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Our assays described here focus on antibody functional interactions with free virus or 

antigens and not Ebola virus-infected cells. At this time, the relative importance of antibody 

activity against free virus/floating antigens and infected cells is uncertain in Ebola virus 

infection. Further comparison of soluble antigen vs. GP-expressing cell-based assays would 

be of great interest to further define the mechanics of antibody-mediated protection against 

Ebola virus.

Additionally, T cells are not within the scope of this study, partly due to the unavailability 

of peripheral blood mononuclear cells (PBMCs) from vaccinated macaques. While previous 

studies aimed at defining immunogenicity of Ebola virus vaccines have noted the presence 

of T cells following vaccination, these responses have not tracked consistently with 

protection or may be influenced by co-infecting agents or dosing.53–58 We did not evaluate 

T cell responses within this study as PBMCs from these animals were not available. A full 

analysis of the adaptive responses to Ebola virus vaccination very much be of interest in 

future vaccination studies.

Conclusions

As increasing numbers of breakthrough Ebola virus infections have been observed in 

previously vaccinated individuals,27,28 there is an urgent need to define biomarkers and 

correlates of protective vaccine-mediated immunity against Ebola virus. Collectively, our 

studies point to the importance of both quantitative and qualitative features of the GP- 

and sGP-specific humoral response in rVSVΔG-ZEBOV-GP-mediated protection. Future 

validation and mechanistic studies will provide greater insights into vaccine mechanism of 

action. In addition, similar analyses of human breakthrough samples will provide enhanced 

resolution of the applicability of the NHP model in advancing correlate/biomarker discovery 

for human vaccines against Ebola virus.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the data point of contact, Ryan McNamara 

(ryan.mcnamara@mgh.harvard.edu).

Materials availability—All reagents used in this study are commercially available. This 

study did not generate new, unique reagents.

Data and code availability—Any data reported in this paper is available from the lead 

contact upon request. This paper does not report original code. Any additional information 

required to reanalyze the data reported in this paper is available from the lead contact upon 

request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Macaques—Nineteen cynomolgus macaques of Mauritian origin, 9 males and 10 females, 

were included in the study. The animals were maintained in a colony at New Iberia 

Research Center (New Iberia, Louisiana USA) where the vaccination phase of the study 

was conducted. At time of vaccination the age of the animals was 6–10 years old and 

body weight ranged from 4–7 kg. The animals were transferred to the United States Army 

Medical Research Institute of Infectious Diseases (USAMRIID) in Ft. Detrick (Maryland, 

USA) 6 days prior to EBOV challenge and were placed directly into BSL-4 containment 

for the remainder of the study. Procedures involving the care and use of animals in the 

study were reviewed and approved by the Institutional Animal Care and Use Committee 

(IACUC) at Merck & Co., Inc. and at USAMRIID. During the study, the care and use of 

animals were conducted in compliance with the Animal Welfare Act, Public Health Service 

(PHS) Policy and other Federal statutes and regulations relating to animals and experiments 

involving animals. The facilities where this research was conducted are accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care, International 

and adhere to principles stated in the Guide for the Care and Use of Laboratory Animals, 

National Research Council, 2011.

Mice—Mouse studies included in this study were previously described in detail.13 

Briefly, monoclonal antibodies were donated in sets and purified from either cell lines or 

splenocytes. Female BALB/c mice, aged 6 to 8 weeks-old, were housed in microisolator 

cages. All animal work involving infectious live virus was performed in the BSL-4 

laboratories at USAMRIID or PHAC. At USAMRIID, all work with animals was conducted 

in compliance with the Animal Welfare Act and other Federal statutes and regulations 

relating to animals and experiments involving animals and adhered to the principles stated in 

the Guide for the Care and Use of Laboratory Animals, NRC Publication, 1996 edition. All 

procedures were reviewed and approved by the appropriate Institutional Animal Care and 

Use Committee at USAMRIID. Work performed at PHAC was approved by the Canadian 

Science Centre for Human and Animal Health Animal Care Committee following the 

guidelines of the Canadian Council on Animal Care.

METHOD DETAILS

Vaccination of cynomolgus macaques—The animals were vaccinated with a single 

intramuscular (IM) inoculation of clinical trial grade V920 at nominal doses of 3×104 or 

3×106 plaque-forming units (pfu) approximately one year, three months or six weeks (42 

days) prior to challenge, as summarized in Table 1.

Macaque challenge—Animals were challenged intramuscularly with a target dose of 

1000 PFU of Ebola Zaire Kikwit (EBOV R4415, a 7U variant) in an approved BSL-4 

facility at USAMRIIID. Technical personnel evaluating challenged animals for vaccine 

efficacy and signs of EBOV disease were blinded to vaccine group designation. Health 

status checks were performed at regular intervals throughout the challenge phase of this 

study and animals were assigned a responsiveness score of 0–5 at each observation. Physical 

examination under anesthesia was performed on Days 0, 3, 5, 7, 10, 14, 21, and 28. On 

all scheduled days animals were weighed and rectal temperatures were acquired. Blood 
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was collected during the scheduled physical examinations for immune response analysis, 

clinical pathology, and virology. When moribund, or at the end of the in-life phase, animals 

were euthanized and necropsied. Gross pathology was noted at the time of necropsy and 

tissues were processed for histology and immunohistochemistry. Moribund animals were 

euthanized under deep anesthesia in accordance with USAMRIID approved procedures by a 

qualified member of the study team.

Mice post-exposure protection model—The mouse studies used in this paper are 

previously published and described in detail.13 Briefly, mouse-adapted EBOV mouse model, 

developed at the U.S. Army Medical Research Institute of Infectious Diseases (USAMRIID) 

was used.60,61 Assays were performed either at USAMRIID or Public Health Agency 

of Canada (PHAC). Mouse-adapted EBOV/Mayinga (EBOV/M.mus-tc/COD/76/Yambuku-

Mayinga) was for in vivo protection studies.

On day 0 of the assay, the mice were transferred to a biosafety level (BSL) level 4 

containment area and challenged, intraperitoneally, with mouse-adapted EBOV (Mayinga 

isolate, Yambuku variant, 100 p.f.u. (USAMRIID) or 1,000 × LD50 (PHAC)). On day 2 

post-infection, groups of 10 mice were treated intraperitoneally with 100 μg (~5 mg/kg) 

mAb per mouse. Mice were observed daily and group weights were recorded daily through 

day 14 and again on days 21 and 28. Protection is expressed as the percentage of mice 

surviving at the end of a 28 day period.

Determination of GP-specific antibody titers by ELISA—The levels of GP-specific 

IgG antibodies in serum samples collected prior to challenge were determined by Q2 

Solutions (San Juan Capistrano, CA) using a validated ELISA assay originally developed 

by the Filovirus Animal Non-Clinical Group (FANG) and subsequently validated for both 

human and NHP samples.4,62,63 Transmembrane deleted GP and sGP were generated 

by the Ollmann-Saphire lab. Quality control was performed to ensure correct protein 

conformation and multimerization for sGP. Antigens were used within 2 weeks of delivery 

to ensure high quality analytics. Briefly, sera are serially diluted 1:50–1:1,600 and incubated 

in recombinant ZEBOV GP coated wells of a microtiter plate. A reference standard 

curve, generated from a pool of vaccinated donors, is included on each plate. Following 

sample incubation, wells are washed and incubated with goat anti-human IgG horseradish 

peroxidase, and developed using tetramethylbenzidine substrate, and stopped by addition of 

sulfuric acid. Sample concentrations are determined from the reference standard curve using 

a 4-Parameter Logistic equation (4-PL) curve fit, and reported at ELISA Units (EU)/ml. The 

lower limit of quantitation (LLOQ) in the assay is 13.62 EU/ml.

Determination of neutralizing antibody titers by plaque reduction 
neutralization titer (PRNT)—Sera were tested for neutralizing activity using a validated 

PRNT60 assay.4 Briefly, heat-inactivated sera is serially diluted (1:5 to 1: 10,240) and 

incubated with an equal volume of diluted rVSVΔG-ZEBOV-GP for 20 hours at 4°C 

before incubation with Vero cells for 1 hour at 37°C. Cells are then incubated with a 

methylcellulose overlay for 2 days, and plaques are visualized by staining with crystal 

violet. The PRNT60 (60% neutralizing titer) is calculated by linear regression based on the 

percent reduction in viral plaques in the presence of sera compared to no serum controls. 
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The limit of detection (LOD) in the assay is 20 and the lower limit of quantitation (LLOQ) is 

35.

Evaluation of induction of GP-specific innate immune effector function—
Immune effector function was studied, using human effector cells, as per prior studies.64–68

Antibody-mediated cellular phagocytosis by human monocytes (ADCP): This assay 

utilizes THP-1 cells, human-derived monocytes, that reproduce phagocytic activity of 

primary monocytes but have divergent cytokine profiles on stimulation. Recombinant EBOV 

GPΔTM (Mayinga strain; IBT Bioservices) was biotinylated using LC-LC-Sulfo-NHS 

Biotin (ThermoScientific). Excess biotin was removed using a Zeba desalting column 

(ThermoScientific). Biotinylated GP antigen was then coupled to 1μm yellow-green 

Neutravidin beads (ThermoScientific) by incubating beads and antigen overnight at 4°C. 

Beads were washed twice with PBS containing 0.1% bovine serum albumin (BSA). Samples 

were diluted 1:100 in culture medium and incubated with GP-coated beads for 2h at 37°C. 

Unbound antibodies were removed by centrifugation prior to the addition of THP-1 cells 

at 2.5×104cells/well. Cells were fixed with 4% paraformaldehyde and analyzed by flow 

cytometry. A phagocytic score was determined using the following formula: (percentage of 

FITC+ cells)*(geometric mean fluorescent intensity (gMFI) of the FITC+ cells)/10,000.

Antibody-mediated phagocytosis by human neutrophils (ADNP): Recombinant 

EBOV GPΔTM was biotinylated and coupled to yellow-green Neutravidin beads 

(ThermoScientific) as described above for ADCP. Samples were diluted 1:100 in culture 

medium and incubated with GP-coated beads for 2h at 37°C. Freshly isolated white 

blood cells from human donor peripheral blood (5×104cells/well) were incubated for 1h 

at 37°C. Cells were stained for CD66b (Clone G10F5; Biolegend), CD3 (Clone UCHT1; BD 

Biosciences), and CD14 (Clone MφP9; BD Biosciences), fixed with 4% paraformaldehyde, 

and analyzed by flow cytometry. Neutrophils were defined as SSC-Ahigh/CD66b+/CD3neg/

CD14neg. A phagocytic score was determined using the following formula: (percentage of 

FITC+ cells)*(geometric mean fluorescent intensity (gMFI) of the FITC+ cells)/10,000.

Antibody-mediated complement deposition (ADCD): This assay is designed to replicate 

in vivo interaction of complement/antibody complexes with free antigens and/or virus. 

Recombinant EBOV GPΔTM was biotinylated and coupled to red Neutravidin beads 

(ThermoScientific) as described above for ADCP. Heat-inactivated sera was diluted 1:10 

in culture medium and incubated with GP-coated beads for 2h at 37°C. Unbound antibodies 

were removed by centrifugation prior to the addition of reconstituted guinea pig complement 

(Cedarlane Labs) diluted in veronal buffer supplemented with calcium and magnesium 

(Boston Bioproducts) for 20 min at 37°C. Beads were washed with PBS containing 15mM 

EDTA, and stained with an FITC-conjugated anti-guinea pig C3 antibody (MP Biomedicals, 

Santa Ana, CA). C3 deposition onto beads was analyzed by flow cytometry. The gMFI of 

FITC of all beads was measured.

Antibody-dependent NK cell degranulation and activation: Recombinant EBOV 

GPΔTM antigen was coated onto a MaxiSorp 96-well plates (Nunc) at 300ng/well at 4°C 

overnight. Wells were washed with PBS and blocked with 5% BSA prior to addition of 
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samples diluted 1:50 for 2h at 37°C. Unbound antibodies were removed by PBS wash, 

and NK cells enriched from the peripheral blood of human donors were added at 5×104 

cells/well in the presence of 4μg/ml brefeldin A (Sigma Aldrich), 5μg/ml GolgiStop (Life 

Technologies) and anti-CD107a antibody (Clone H4A3, BD Biosciences) for 5h. Cells were 

fixed and permeabilized with Fix/Perm (Life Technologies) according to manufacturer’s 

instructions to stain for intracellular IFNγ (Clone B27, BD Biosciences) and MIP-1β (Clone 

D21–1351, BD Biosciences). Cells were analyzed on a BD LSRII flow cytometer.

Determination of antigen-specific antibody reactivity—Recombinant EBOV GP 

and EBOV soluble GP (sGP; IBT Bioservices) were coupled to MagPlex beads (Luminex) 

via sulfo-NHS coupling chemistry. Heat-inactivated samples were diluted 1:50 in 1X PBS + 

0.1% bovine serum albumin (BSA) + 0.05% Tween20 and incubated with antigen-coupled 

beads for 2h. Beads were washed, and secondary antibodies specific for non-human primate 

antibody subclasses IgG1 (clone 7H11; NHP Resource Center), IgG2 (clone 3C10; NHP 

Resource Center), IgG3 (clone 2G11; NHP Resource Center) and isotypes (IgM, IgA) 

were detected by incubating with 0.65μg/ml of secondary antibodies (Southern Biotech) for 

1h at room temperature. Beads were washed 6X with assay buffer and incubated with a 

PE-labeled anti-mouse IgG1 (1μg/ml) for 1 hour at room temperature. Beads were washed 

analyzed on a Flexmap 3D instrument (Luminex). The median fluorescent intensity of 30 

beads/region was recorded. Sera from naive cynomolgus macaques were used to establish 

baseline reactivity and thresholds for positivity.

Determination of antigen-specific antibody binding to Fc-receptors—
Recombinant EBOV GP or EBOV soluble GP (sGP; IBT Bioservices) were coupled 

to MagPlex beads (Luminex) via sulfo-NHS coupling chemistry. Three activating FcγR 

receptors (FcγR2A, FcγR3A, FcγR3B) and one inhibitory receptor (FcγR2B). NHP have 

polymorphic receptors and among the four rhesus FcγR2A receptors, only FcγR2A-2 and 

FcγR2A-3 show similar IgG binding, and within the three known FcγR3A receptors (-1, 

-2, -3) (69), FcγR3A-1 and FcγR3A-3 have distinct IgG binding profiles, and thus binding 

antibodies to rhesus FcγR2A-3, FcγR3A-1 and FcγR3A-3 was measured. Heat-inactivated 

samples were diluted 1:50 (rhesus FcRs) or 1:500 (human FcRs) in 1X PBS + 0.1% 

bovine serum albumin (BSA) + 0.05% Tween20 and incubated with antigen-coupled beads 

for 2h. Beads were washed and incubated with recombinant biotinylated Fc-receptors that 

were tetramerized via Streptavidin-PE for 1 hour at room temperature. Beads were washed 

analyzed on a Flexmap 3D instrument (Luminex). The median fluorescent intensity of 30 

beads/region was recorded. Sera from naive cynomolgus macaques were used to establish 

baseline reactivity and thresholds for positivity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Co-correlation networks—Associations between antibody features were determined 

using non-parametric spearman correlation coefficient. Statistically significant associations 

after Bonferroni correction for multiple comparisons (adjusted p-value<0.05) were used to 

generate networks in Cytoscape (v3.4.0).
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Statistical analysis—Univariate analyses were performed using Prism9 software. A two-

way RM ANOVA with Sidak’s multiple comparisons test was used for longitudinal analysis 

between survivors and non-survivors, and Mann-Whitney analysis with Benjamini-Hochberg 

correction for false discovery rate was used for comparison between survivors and non-

survivors.

Machine learning methods—Least absolute shrinkage and selection operator (LASSO) 

feature selection. LASSO is a supervised regularized linear regression model. The model 

enforces a regularization penalty, the L1 norm, during optimization. This allows for 

predictions to made using only a sparse set of features. LASSO regression was performed 

in a leave-one-out cross validation framework with 100 repetitions. Feature selection within 

folds was performed by including only those features having non-zero beta coefficient 

values in the fitted LASSO regression model. The most informative features were selected 

by ranking features by the frequency with which they were selected across folds and 

repetitions.

LASSO-PLSDA model: A LASSO-PLSDA model is constructed to select a minimal set of 

antibody features that together are most predictive of protection. Specifically, first a LASSO 

model is fit to the data using the lasso MATLAB function and antibody features that are 

assigned non-zero regression coefficients are selected. Next, a PLSDA model is fit to the 

subset of LASSO-selected data. We visualize the first two latent variables in a bi-plot and 

show the set of LASSO-selected antibody features ranked by their respective.

VIP scores: Bagged decision trees ROC. To validate the ability of the set of selected 

antibody features to accurately discriminate NHPs based on protection, we employ an 

orthogonal Bagged Decision Tree model. Specifically, we fit a Bagged Decision Tree 

regression model to the subset of LASSO-selected data using the TreeBagger MATLAB 

function with the NumPredictorsToSample argument set to “all”. Subsequently we contract 

a receiver operating characteristic (ROC) curve using the perfcurve MATLAB function to 

evaluate the performance of this model.

Ensemble-model of survival: A model was constructed as an ensemble of decision trees 

using the TreeBagger function (MATLAB ver. R2019a). Neutralization was computed as 

an average of 4 different neutralization metrics and NK-score as an average of 3 different z-

scored metrics of NK activity. Feature importance was assessed by the permutated predictor 

delta error, which measures the increase in out of bag error when permuting the values of the 

feature and reported as the average and standard deviation of 100 independently constructed 

models. Leave one out cross validation was performed by leaving out one sample at a time, 

the outcome for each sample was predicted by a model constructed from data from the 

remaining samples.

Hierarchical clustering analysis: Unsupervised hierarchical clustering analysis was 

performed in JMP Pro 15, using the Ward method.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• GP and sGP antibodies are induced by rVSVΔ G-ZEBOV-GP vaccine

• Neutrophil phagocytosis is leveraged by sGP-targeted antibodies

• Non-neutralizing antibody functions to sGP are correlated with EBOV 

protection
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Figure 1. Durable vaccine efficacy is diminished past 3 months post-vaccination
(A) Survival of vaccinated NHP challenged at either 42 days (green line), 3 months (light 

blue line), or 1 year (dark blue line) post-vaccination.

(B) GP-specific IgG ELISA titers (left graph) and neutralizing antibody titers (right graph) 

were measured at the final time point before viral challenge. The ELISA lower limit of 

quantitation (LLOQ) value of 13.62 was used to graph samples that were below the limit of 

detection (LOD), and the neutralization LLOQ value of 35 was used to graph samples that 

were below the LOD.

(C) GP-specific IgG ELISA titers were measured indicated time points post-vaccination for 

vaccinated NHPs that went on to survive challenge (open circles) and NHPs that did not 

survive challenge (closed circle). LLOQ value of 13.62 was used to graph samples that were 

below the LOD. Error bars represent the SD of animals within each group.

(D) PRNT60 neutralizing antibody levels were measured using rVSVΔG-ZEBOV-GP 

vaccination for vaccinated NHPs that went on to survive challenge (open circles) and 

NHPs that did not survive challenge (closed circles).Statistical analysis was performed using 

two-way repeated measures (RM) ANOVA with Sidak’s multiple comparisons test. Error 

bars represent the standard deviation of animals within each group. LLOQ value of 35 was 

used to graph samples that were below the LOD.
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Figure 2. Antibody levels against sGP, but not GP, are associated with in durable protection of 
vaccinated NHP
GP-specific (A) and sGP-specific (B) IgG1, IgG2, IgG3, IgA, and IgM levels were measured 

at indicated time points post-vaccination for vaccinated NHPs that went on to survive (open 

circles) and NHPs that did not survive challenge (closed circles). Animals challenged at 

42 days post vaccination are shown in the left graph (green lines), animals challenged at 

3 months post vaccination are shown in the middle graph (light blue lines), and animals 

challenged at 1 year post-vaccination are shown in the left graph (dark blue lines). Statistical 

analysis was performed using two-way RM ANOVA with Sidak’s multiple comparisons test. 

Error bars represent the SD of animals within each group.
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Figure 3. Both GP- and sGP-specific antibody titers are associated with survival regardless of 
challenge time point
(A) GP-specific IgG ELISA titers were compared between surviving and non-surviving 

animals at the final time point before challenge. Each point represents an individual animal 

and is color coded based on challenge time point: 1 year post-vaccination (dark blue circles), 

3 months post-vaccination (light blue circles), and 42 days (green circles). ***p < 0.001 

indicates the adjusted p values of Mann-Whitney analysis following Benjamini-Hochberg 

correction for false discovery rate.

(B) PRNT60 titers were compared between surviving and non-surviving animals at the 

final time point before challenge. Each point represents an individual animal and is color 

coded based on challenge time point: 1 year post-vaccination (dark blue circles), 3 months 

post-vaccination (light blue circles), and 42 days (green circles). ***p < 0.001 indicates the 

adjusted p values of Mann-Whitney analysis following Benjamini-Hochberg correction for 

false discovery rate.

(C) GP- (top row) and sGP-specific (bottom row) levels of indicated IgG subclasses, IgA 

or IgM, at the final time point before challenge were compared between survivors and 

non-survivors. Each point represents an individual animal and is color coded based on 
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challenge time point: 1 year post-vaccination (dark blue circles), 3 months post-vaccination 

(light blue circles), and 42 days (green circles). **p < 0.005 and ***p < 0.001 indicate the 

adjusted p values of Mann-Whitney analysis following Benjamini-Hochberg correction for 

false discovery rate.

(D) The ability of GP- (top row) and sGP-specific (bottom row) antibodies to mediate the 

indicated Fc-innate immune effector functions at the final time point before challenge were 

compared between survivors and non-survivors. Each point represents an individual animal 

and is color coded based on challenge time point: 1 year post-vaccination (dark blue circles), 

3 months post-vaccination (light blue circles), and 42 days (green circles). *p < 0.05, **p < 

0.005, and ***p < 0.001 indicate the adjusted p values of Mann-Whitney analysis following 

Benjamini-Hochberg correction for false discovery rate.
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Figure 4. Neutralizing antibody levels and neutrophil phagocytic activity are elevated in 
surviving, vaccinated NHPs
Induction of GP- and sGP-specific antibody-mediated innate immune effector and MIP-1B 

and sGP-specific antibodies to human Fc receptors (FcγR2a H131, FcγR3A F158, 

FcγR3B) and rhesus Fc receptors (FcγR2A-3, FcγR3A-1, FcγR3A-3) were measured. Data 

across all animals and time points were Z scored, and the Z score of each animal at the final 

time point before challenge was analyzed in an unsupervised hierarchical clustered heatmap 

(purple is row maximum [max]; green is row minimum [min]). Surviving animals are 

indicated by a red bar beneath challenge time point, and non-surviving animals are indicated 

by a blue bar. Statistically significant differences between surviving and non-surviving 

animals at this final time point are indicated to the right of the heatmap across all challenge 

time points (left column) or only at the durability time points of 3 months and 1 year post-

vaccination (right column). *p < 0.05, **p < 0.005, and ***p < 0.001 by Mann-Whitney 

analysis with Benjamini-Hochberg correction for false discovery rate.
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Figure 5. sGP-specific antibody features are sufficient to predict durable vaccine-mediated 
protection
(A) LASSO-PLSDA analysis was used to identify the minimal antibody features measured 

at the final time point prior to challenge that predict protection for animals challenged at 1 

year post-vaccination, 3 months post-vaccination, and 42 days post-vaccination. The variable 

importance in projection (VIP) rankings are shown on the right.

(B) LASSO-selected features were used to generate an ensemble classification tree, and a 

receiver operator characteristic (ROC) curve was generated to indicate the robustness of the 

features in predicting protection.

(C) Co-correlation network analysis of antibody features at the final time point before 

challenge associated with the LASSO-selected correlates. Each node represents the indicated 

antibody feature. The connecting lines between features represents statistically significant 

Spearman rho associations following Benjamini-Hochberg correction for false discovery rate 

(p < 0.05).
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Figure 6. Protective sGP-specific monoclonal antibodies demonstrate elevated binding affinity to 
sGP and neutrophil phagocytic activity
(A) Human IgG1 sGP-specific monoclonal antibodies (n = 58) collected by the Viral 

Hemorrhagic Fever Immunotherapeutic Consortium were evaluated for the ability to 

therapeutically protect BALB/c mice 2 days following infection with a mouse-adapted Ebola 

virus. The protection across all 58 mAbs is shown with the cutoff for protection (60%) is 

indicated by the dashed line.

(B) Association between the EC50 binding affinity for sGP of each antibody and protection 

was determined using Spearman rho correlation analysis.

(C) A model using an ensemble of decision trees, applied to antibody features, was 

predictive of survival as determined by leave-one-out cross validation.

(D) Features were ranked by importance using the permuted predictor delta error from 100 

independently constructed models.

(E) Protective and non-protective sGP-specific mAbs were measured for the ability to 

induce phagocytosis of sGP-coated beads (left) or GP-coated beads (right) by neutrophils. 

Statistical analysis by Mann-Whitney analysis. ***p < 0.0001.

(F) Protective and non-protective sGP-specific mAbs were measured for the ability to induce 

phagocytosis of sGP-coated beads (left) or GP-coated beads (right) by monocytes. Statistical 

analysis by Mann-Whitney analysis. ***p < 0.0001.
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Table 1.

Cohort analyzed in this study including number of animals in each group and vaccine doses in plaque-forming 

units (PFUs)

Cohort No. of animals Vaccine dose (PFU V920)

1 year 7 3 × 106 (n = 3) or 3 × 104

3 months 6 3 × 106

42 days 4 3 × 106

Unvaccinated control – 42 days 2 0
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-human CD66β (clone G10F5), Pacific Blue BioLegend RRID:AB_2563294

Mouse anti-human CD3 (clone UCHT1), Alexa Fluor 700 BD Biosciences RRID:AB_396952

Mouse anti-human CD107α (clone H4A3), PE-Cy5 BD Biosciences RRID:AB_396136

Mouse anti-human IFNγ (clone B27), FITC BD Biosciences RRID: AB_398580

Mouse anti-human MIP-1β (clone D21–1351), PE BD Biosciences RRID: AB_393549

Mouse anti-human CD56 (clone B159), PE-Cy7 BD Biosciences RRID:AB_396853

Mouse anti-human CD14 (clone MφP9), APC-Cy7 BD Biosciences RRID:AB_396889

Mouse anti-human CD16 (clone 3G8), APC-Cy7 BD Biosciences RRID:AB_396864

Anti-guinea pig complement C3 goat IgG fraction, FITC MP Biomedicals RRID:AB_2334913

Anti-human IgG Fc antibody Jackson ImmunoResearch RRID: AB_2888996

Mouse anti-rhesus IgG1 (clone 7H11) NHP Resource Center RRID:AB_2819310

Mouse anti-rhesus IgG2 (clone 2C10) NHP Resource Center PR-3100

Mouse anti-rhesus IgG3 (clone 2G11) NHP Resource Center PR-1130

VIC panel of mAbs Saphire et al.13,17 N/A

Bacterial and virus strains

Ebola Zaire Kikwit (EBOV R4415, a 7U variant) Kugelman et al.59 N/A

Biological samples

Recombinant Vesicular Stomatitis Virus △G- Zaire Ebola 
glycoprotein vaccine

Merck & Co N/A

LowTox Guinea Pig Complement CedarLane Labs Cat# CL4051

Chemicals, peptides, and recombinant proteins

LC-LC-Sulfo-NHS Biotin ThermoFisher Cat# A35358

Brefeldin A Sigma Aldrich Cat# B7651

GolgiStop BD Biosciences Cat# 554724

EBOV GP△TM Laboratory of E.O. Saphire N/A

Recombinant EBOV Soluble GP (sGP) Laboratory of E.O. Saphire N/A

Recombinant FcγRs (human and rhesus) Duke University Human Vaccine 
Institute

N/A

Streptavidin-R-Phycoerythrin Prozyme Cat# PJ31S

Critical commercial assays

RosetteSep NK cell enrichment kit Stem Cell Technologies Cat# 15025

Experimental models: Cell lines

THP-1 monocytes ATCC RRID: CVCL_0006

VeroE6 ATCC RRID: CVCL_0574
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Cynomolgus macaques (Mauritius) New Iberia Research Center N/A

BALB/c mice Charles River Laboratory N/A

Software and algorithms

GraphPad Prism 8 GraphPad Software, Inc. RRID:SCR_002798

R Studio R Project for Statistical Computing RRID:SCR_000432

Flow Jo BD Bioscience RRID:SCR_008520

JMP Pro 15 JMP RRID:SCR_014242

MATLAB ver. R2019a MathWorks RRID:SCR_001622

Other

FluoSpheres® NeutrAvidin®-Labeled Microspheres, 1.0 
μm, yellow-green fluorescent (505/515), 1% solids

Life Technologies Cat# F-8776

FluoSpheres® NeutrAvidin®-Labeled Microspheres, 1.0 
μm, red fluorescent (580/605), 1% solids

Life Technologies Cat# F8775

MagPlex microspheres Luminex corporation Cat# MC12001 –01, MCI12040–01, 
MCI10077–01
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