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Abstract

Although substantial progress has been made with Ebola virus (EBOV) vaccine measures,

the immune correlates of vaccine-mediated protection remain uncertain. Here, five mucosal
vaccine vectors based on human and avian paramyxoviruses provided nonhuman primates with
varying degrees of protection, despite expressing the same EBOV glycoprotein (GP) immunogen.
Each vaccine produced antibody responses that differed in Fc-mediated functions and isotype
composition, as well as in magnitude and coverage toward GP and its conformational and

linear epitopes. Differences in the degree of protection and comprehensive characterization of
the response afforded the opportunity to identify which features and functions were elevated

in survivors and could therefore serve as vaccine correlates of protection. Pairwise network
correlation analysis of 139 immune- and vaccine-related parameters was performed to demonstrate
relationships with survival. Total GP-specific antibodies, as measured by biolayer interferometry,
but not neutralizing 1gG or IgA titers, correlated with survival. Fc-mediated functions and the
amount of receptor binding domain antibodies were associated with improved survival outcomes,
alluding to the protective mechanisms of these vaccines. Therefore, functional qualities of

the antibody response, particularly Fc-mediated effects and GP specificity, rather than simply
magnitude of the response, appear central to vaccine-induced protection against EBOV. The
heterogeneity of the response profile between the vaccines indicates that each vaccine likely
exhibits its own protective signature and the requirements for an efficacious EBOV vaccine are
complex.

INTRODUCTION

Ebola virus (EBOV) causes a severe disease with a high case fatality rate of 25 to 90% (1).
EBOV vaccine efficacy testing in humans is ethically impossible given the lethality of the
virus. Testing during outbreaks of Ebola virus disease (EVD) presents logistical challenges
due to their sporadic nature. In these situations, the U.S. Food and Drug Administration’s
(FDA’s) “Animal Rule” grants approval of vaccines based on preclinical efficacy studies

in relevant animal models that show likely clinical benefit to humans (2). Therefore,
deciphering the immune responses to vaccination that correlate with protection is imperative
to predict efficacy in humans.

The concept that all EBOV vaccines have a common correlate of protection is under
debate (3). Protective correlates can depend on several variables including vaccine type,
delivery route, and route of infection, making their definition complex and a single correlate
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to predict survival questionable. As with most vaccines, immunoglobulin G (1gG) titers

are thought to be the best correlate of protection (4, 5). However, depending on the

type of vaccine, cell-mediated responses may also be associated with survival (6-8). The
unprecedented 2013-2016 EBOV epidemic in West Africa, followed by additional outbreaks
in the Democratic Republic of Congo, sparked the emergency rollout of the most promising
vaccine candidates into clinical trials up to phase 3 (9—14). Despite FDA (15) and European
Commission (16) approvals and despite receipt of the vaccine by more than 303,000 people
(17), the immune correlates of protection for the recombinant vesicular stomatitis virus—
Zaire Ebola virus (rVSV-ZEBQV) or other EBOV vaccines are still under investigation.
Establishing the signatures of vaccine-generated immunity remains crucial for vaccine
design, assessment, and application.

Previously, we developed a panel of nine respiratory virus—vectored vaccines, based on
human and avian paramyxoviruses (APMVSs), expressing the glycoprotein (GP) of EBOV,
and tested them in a guinea pig challenge model (18). The panel was narrowed down

to the five vectors that conferred 100% protection and elicited high-magnitude responses
against a broader spectrum of GP antigenic regions. In this study, nonhuman primates
(NHPs) received two doses of the selected vaccine candidates via the combined intranasal
and intratracheal (IN/IT) route and were subsequently exposed to a lethal dose of EBOV

by intramuscular injection. The candidates conferred varying degrees of protection from
death and disease, ranging from disease-free survival to only partial protection. We focused
on characterizing the antibody response profile rather than T cell responses, because we
have previously shown that vaccination through the respiratory tract elicits robust EBOV-
specific T cell responses, mostly at the site of vaccination, which may be more relevant

for protection against respiratory challenge (19). However, protection against challenge may
be supported by an anamnestic T cell response. Through in-depth characterization of the
humoral response, we found that even though all vaccine vectors express the same antigen,
they differed in multiple aspects, including response coverage toward GP, neutralizing and
linear epitopes, isotype distribution, the facilitation of innate immune effector cells, and

the magnitude of total antibody bound to GP and its truncated structures. The correlates of
protection appeared to be unique to the vaccine platform, composed of multiple and possibly
complementary features that integrate to determine the outcome of infection.

We used a pairwise network analysis approach to integrate 139 vaccine response features
measured in this study, including the properties of vaccine-induced antibodies beyond
conventional IgG and neutralization titers, and identified which features best correlated

with survival. We also identified features that correlated with the quality of survival that
accounted for the degree of EVD observed in each NHP. We show that the total GP-binding
antibody response, as determined by biolayer interferometry (BLI), but not by enzyme-
linked immunosorbent assay (ELISA), is an influential factor in survival. Furthermore,
Fc-mediated effector functions, as well as the response coverage toward the receptor binding
domain (RBD) of GP, were strongly associated with a better outcome after EBOV challenge,
alluding to potential mechanisms involved in survival. The relevance of the functional
aspects of vaccine-induced antibodies, and not just their quantities, in survival has important
implications on how we currently assess the efficacy of vaccines in humans.
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Five needle-free mucosal EBOV vaccines expressing the same immunogen confer varying
degrees of protection in NHPs

Our goal was to test the efficacy of five mucosal vaccines expressing GP against lethal
EBOV (Fig. 1A). Three vaccines were derived from human paramyxoviruses, human
parainfluenza virus (HP1V) 1 (HPIV1/EboGP), and HPIV3 with (HPI1VV3/EboGP) or without
their fusion (F) and hemagglutinin-neuraminidase (HN) surface proteins (HPIV3/AFHN/
EboGP) (fig. S1). Two vaccines were based on the APMV, Newcastle disease virus (NDV)
strain Beaudette C (BC), which had the NDV LaSota (LS) strain’s F protein cleavage site
(Fc) and HN protein (BC/LSFcHN/EboGP) or the F and HN proteins (BC/LSFHN/EboGP).
Cynomolgus macaques (7= 4 per vaccine group) were prime vaccinated on day 0 and
homologously boosted on day 26 via a combined IN/IT route (Fig. 1A). One group (/7=

2) was vaccinated with HPIV3 for the study’s control. All vaccines replicated in the upper
respiratory tract after each dose (fig. S2A), whereas replication in the lower respiratory tract
was only detectable after the prime dose and not observed for HPIVV1/EboGP recipients (fig.
S2B). Typically, vector-specific immune responses to the first dose restrict the replication
of the vaccine vector after a second dose (20). On day 55, the NHPs were infected with

the targeted dose of 1000 plaque-forming units (PFUs) of EBOV and were monitored over
28 days for signs of EVD (Fig. 1, B to F). Survival was defined when the animal did

not reach a moribund condition requiring euthanasia. The two control animals met end
point criteria on days 5 and 7 (Fig. 1B). All animals from the HPIV3/AFHN/EboGP- and
HPIV3/EboGP-vaccinated groups survived. However, although the HPIV3/AFHN/EboGP
group displayed no signs of illness throughout the infection course, some animals from the
HPIV3/EboGP group developed disease. Three of the four recipients of the BC/LSFHN/
EboGP vaccine survived but were not free of disease. Two of the four NHPs from

both the HPIV1/EboGP and BC/LSFcHN/EboGP groups survived, but one HP1VV1/EboGP-
vaccinated survivor exhibited EVD, whereas BC/LSFcHN/EboGP-vaccinated survivors did
not. Vaccinated animals that met euthanasia criteria presented with severe signs of EVD,
markers of impaired liver and kidney function (Fig. 1F), and viremia comparable to the
control group detected by both plaque assay and the more sensitive quantitative reverse
transcription polymerase chain reaction (qQRT-PCR) (Fig. 1G). Vaccinated animals that
survived infection but presented with clinical illness and elevated liver and kidney enzyme
readings during the acute stage had transient viremia detectable only by gRT-PCR. Some
vaccinated animals, free of EVD symptoms, had low viremia detectable only by gRT-PCR
at a single sampling point, soon after infection. Thus, vaccines conferred NHPs with varying
degrees of protection despite expressing the same GP immunogen.

Immune correlates of protection could not be defined with conventional immunologic

assays

To determine whether the abundance of antibodies could explain the varying degrees of
protection, we used both classical and BLI-based high-resolution serological assays. Most
vaccinated NHP groups induced GP-specific IgG response 2 weeks after the prime dose
based on serum ELISA results (Fig. 2A). Mean IgG titers increased after administration
of the boost dose and were comparable between all vaccine groups, despite some vaccines
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conferring only partial protection. Vector-specific immunity after prime vaccination did not
appear to impede the response to the booster. The serum GP-specific IgA titers reflected GP-
specific 1gG titers (Fig. 2B). However, the trends observed in serum were not mirrored by
mucosal GP-specific IgA and IgG titers in the respiratory tract (fig. S3). The HPIV3/AFHN/
EboGP vaccine did not produce higher GP-specific IgA and IgG titers compared to the other
vaccines (Fig. 2, A and B). However, differences in IgA or IgG titers were significantly
different between vaccinated NHPs grouped according to survivors versus nonsurvivors,
irrespective of the vaccine they received (P< 0.05; fig. S4, A and B). Vaccine groups

did not demonstrate differences in IgM titers after the first or second vaccine dose (fig.
S4C), nor were differences in IgM titers observed between survivors and nonsurvivors (fig.
S4D). To determine whether serum GP-specific antibody binding titers correlate with the
quality of survival, we assigned each animal a survival index defined by the criteria of
clinically observed scores, liver and kidney disease markers, and viremia (table S1). All
HPIV3/AFHN/EboGP recipients had the highest index scores, because they were completely
protected. A moderate but significant positive correlation was observed between the quality
of survival and serum GP-specific IgG (P= 0.0051) or IgA (P= 0.0032) ELISA titers (fig.
S4, E and F). IgM titers did not correlate with the quality of survival (fig. S4G).

Most NHPs elicited detectable neutralizing titers after the prime dose, which increased
after the boost dose (Fig. 2C). By day 54, neutralizing titers were comparable between
HPIV3/AFHN/EboGP and HPIV3/EboGP groups, suggesting that this parameter cannot
account for why the latter group exhibited EVD. The difference in neutralizing titers
between individuals within each APMV group was minimal and again could not explain
why some of these animals did not survive. The two HPIV1 vaccine recipients that did not
survive infection, however, did exhibit somewhat lower neutralizing titers when compared
to their surviving counterparts. The neutralizing titers in vaccinated survivors were not
different to vaccinated nonsurvivors (fig. S4H). However, a moderate significant correlation
was observed between neutralizing titers and the survival index (£ = 0.0014; fig. S4l).
Therefore, ELISA binding or neutralizing antibody titers should be cautiously used as
protective correlates, because they may only be relevant on a per vaccine mode basis, given
the modest correlations we observed with our survival index.

For higher-resolution analysis of antibody binding, BLI was performed using the Octet
platform. The sensors of the instrument were coated with the full GP ectodomain or its
truncated forms lacking the mucin-like domain (MLD) (GPAmuc), secreted GP (sGP),
and cathepsin-cleaved GP (GPcl) (Fig. 2D). Contrary to the ELISA data, BLI revealed
pronounced differences between the vaccine groups when we examined total antibody
binding to all GP forms (Fig. 2E). The sera from the HPIV3/AFHN/EboGP group displayed
the highest binding response to all GP forms; antibody binding to GP, GPAmuc, and GPcl
exceeded that of the other groups, potentially associating antibodies specific for epitopes
in full GP and epitopes exposed upon removal of the MLD or cathepsin cleavage with the
absence of disease. We found that sera from vaccinated survivors have a higher capacity
to bind all GP forms than sera from vaccinated nonsurvivors (fig. SSA). Moreover, the
antibody binding response to all GP forms strongly correlated with the survival index (P
<0.0001, GP; P=0.0002, GPAmuc; £=0.0002, sGP; £=0.0007, GPcl; fig. S5B).
HPIV3/AFHN/EboGP and HP1VV3/EboGP groups exhibited disparate protection against
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EVD but did not differ in their sGP and GPcl antibody binding response (Fig. 2E).
Therefore, disease-free survival may not be facilitated by these sGP- and GPcl-binding
antibodies or may depend on the functionality of these antibodies rather than their
abundance.

We quantified the 1gG, IgA, and IgM isotype composition of serum binding to EBOV

GP, relative to the total amount of bound antibodies, using an ELISA (Fig. 2, F to H).

For each serum sample, the amount of a specific anti-GP isotype was calculated from an
isotype control standard curve and divided by the total quantity of GP-specific isotypes and
represented as a percentage. After the prime dose, most HPIV-based vaccine recipients had
a higher portion of their GP-specific response composed of the IgA isotype compared to
APMV-based vaccine recipients (Fig. 2F). After the boost dose, the composition of HPIV
sera was more balanced between IgA and 1gG isotypes, whereas the IgG isotype dominated
in APMV sera (Fig. 2G). For HPIVV3/AFHN/EboGP, the 1gG and IgA proportions remained
relatively constant after the boost dose, which conflicted with the congruent increases in
IgG and decreases in IgA observed for all other groups (Fig. 2H). All groups, except
HPIV3/AFHN/EboGP and HPI1V3/EboGP, had significant reductions in the frequency of
their IgA dimers after the boost dose (P< 0.05; Fig. 2H). Although the mean absolute

IgM ELISA titers for vaccine groups after the booster were not different from titers
achieved after the prime dose (fig. S4C), IgM proportions relative to the 1gG and IgA
isotypes were much lower when compared to the prime dose (Fig. 2H). Thus, as IgA and
IgG titers increased after the boost dose, a switch away from the IgM isotype did not

occur. Therefore, IgM titers and the kinetics of the IgM response are unlikely to influence
protection. Survivors demonstrated no differences in isotype frequencies when compared to
nonsurvivors after each vaccine dose (fig. S6). Together, these data demonstrate that the total
GP-specific antibody response determined by BLI provides greater clarity on the disparity
between vaccine modes and between survivors versus nonsurvivors, rather than classical
isotype-specific ELISAs or neutralization titers, and thus may be better-suited for predicting
protection.

Survivors have a greater proportion of antibodies targeting the RBD and GP2 + GP1/2 base
regions of GP

We sought to determine the proportion of the vaccine-induced response directed toward
key regions on GP [MLD, glycan cap (GC), RBD, GP1/2 base, and GP2] and thereby
identify the regions that elicit protective responses. GP region-specific responses were
measured using BLI competition assays (Fig. 3, A to D). Sera from vaccinated animals were
allowed to bind a GP protein immobilized on the BLI sensor after preadsorption treatment
with a GP variant to remove antibodies targeting regions shared between the competing
and immobilized GP. The proportion of MLD-specific antibodies was inferred from the
percent of serum antibody binding not removed by GPAmuc preadsorption (Fig. 3A). MLD
antibodies decreased significantly for HP1\VV3/EboGP after the boost dose (£ = 0.003) but
remained unchanged or marginally decreased in other groups (Fig. 3E). The proportion of
MLD antibodies in vaccinated survivors was not different to vaccinated nonsurvivors.
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RBD and GC antibodies that cross-react with sGP and GP could be quantified by measuring
the binding of the sGP-preadsorbed serum to immobilized GP (Fig. 3A) or GPAmuc (Fig.
3B). Although the binding pattern was similar using these two immobilized GP forms,
measurements with immobilized GPAmuc excludes the MLD antibody pool and therefore
augments the proportion of GC and RBD antibodies. The APMV and HPIV1 responses
directed to the SGP/GP cross-reactive epitopes in the GC and RBD increased after the
boost dose but remained unchanged for the HPIV3 vectors (Fig. 3B). This trend was also
observed when the GPcl-preadsorbed serum bound to immobilized GPAmuc (Fig. 3B) but
not GP (Fig. 3A). Therefore, the increases observed for the APMV and HPIV1 groups

may be attributed to increases in RBD antibodies’ binding epitopes exposed by the removal
of the MLD on GPAmuc. RBD and GC, sGP/GP cross-reactive antibodies could also be
measured by the binding of the GP- or GPAmuc-preadsorbed serum to immobilized sGP
(Fig. 3C). In this configuration, cross-reactive antibodies after the boost dose increased for
all vaccine groups, including the HPIV3 vectors. GRAmuc and GP have more surface area
for interaction with serum antibodies compared to SGP and could explain the discrepancy
between the two configurations used to measure SGP/GP cross-reactive antibodies in the
HPIV3-vaccinated groups. Any increase in antibodies targeting these additional surfaces
on immobilized GPAmuc or GP after two doses may conceal the increase in SGP/GP
cross-reactive antibodies so that amounts appeared constant. Conversely, for the APMV and
HPIV1 groups, the ratio of SGP/GP cross-reactive antibodies to antibodies targeting the
additional surfaces on GP may have increased.

GC antibodies that were cross-reactive with sGP and GP were calculated as previously
described (18). APMV vaccine recipients had more GC antibodies compared to HPIV
recipients (Fig. 3F). Over the vaccination course, GC antibodies increased in APMV [BC/
LSFcHN/EboGP (P=0.0377) and BC/LSFHN/EboGP (P = 0.0040)] and HPIVV3/EboGP
(P=0.0421) vaccine groups but did not change for HPIV3/AFHN/EboGP and HPIV1
vaccine groups. GC antibody amounts did not appear to delineate survival given the minimal
difference observed between survivors and nonsurvivors. GPAmuc and sGP are structures
where tertiary contact points involving the MLD are not possible and the GC is exposed.
Sera from all vaccine groups preadsorbed by GPcl, which lacks the GC, were minimally
impeded in their ability to bind immobilized GPAmuc (Fig. 3B) and sGP (Fig. 3C).
Therefore, GC antibodies likely comprise a large portion of the response induced by all
vaccines, more so than the RBD, GP2, and GP1/GP2 base antibodies. RBD antibodies were
measured from the percent of binding to immobilized GPcl, removed by sGP preadsorption
(Fig. 3, D and G). RBD antibodies significantly increased in the HPIV3/AFHN/EboGP (P =
0.0081)-and BC/LSFcHN/EboGP (P = 0.0126)-vaccinated groups after the boost dose (Fig.
3G). Survivors also had higher amounts of RBD antibodies after the booster (£ = 0.0066).

GP2 + GP1/GP2 base antibodies were deduced by subtracting binding inhibition to
immobilized GPAmuc caused by sGP adsorption from the inhibition caused by GP
adsorption (Fig. 3H). The HPIV3/AFHN/EboGP group had more antibodies targeting GP2
+ GP1/GP2 after the boost dose compared to the other vaccine groups (= 0.0065,
HPIV3/AFHN/EboGP versus BC/LSFcHN/EboGP; £=0.0233, HPIV3/AFHN/EboGP
versus HPIV1/EboGP). Alternately, GP2 + GP1/2 base antibodies could also be determined
by subtracting the percent of binding inhibition to GPcl caused by GPAmuc adsorption
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from the percent of inhibition caused by sGP adsorption (Fig. 31). The GP2 + GP1/2 base
antibody pool binding to GPcl (Fig. 3I) differs from the pool binding to GPAmuc (Fig. 3H).
Specifically, the HPIV3/AFHN/EboGP group had more of GP2 + GP1/2 base antibodies
binding to GPAmuc compared to other groups after the boost dose (Fig. 3H). Against

GPcl, these antibodies bound comparably with other groups (Fig. 31). HPIV3/AFHN/EboGP
therefore likely has greater amounts of GP1/GP2 base antibodies targeting GPAmuc, whose
binding is disrupted against the proteolytically modified GPcl. Antibodies targeting these
GP1/GP2 base sites lost after proteolytic cleavage also increased for HPIV3-derived vaccine
groups and remained steady for APMV groups after the booster (Fig. 3H). Regardless of
the binding configuration used, GP2 + GP1/GP2 base antibodies were consistently higher in
survivors (P=0.0389, immobilized GPAmuc; £P=0.0042, immobilized GPcl; Fig. 3, H and

).

The changes in the composition of the antibody response specific to regions on GP were
divergent between groups after two vaccine doses with the fully protective HPIV3/AFHN/
EboGP vaccine response increasing in RBD (P = 0.0081; Fig. 3G) and GP2 + GP1/GP2 base
(P=0.0004; Fig. 3H) antibodies while maintaining steady GC antibody amounts (Fig. 3F).
GC and MLD antibodies were the most abundant in the vaccine response, but only the RBD
and GP2 + GP1/GP2 base antibodies were enriched in survivors (Fig. 3, G to I). Together,
these data demonstrate that the RBD and GP2 + GP1/GP2 base are important antigenic
regions on GP that contribute to the protection.

Vaccine vectors affect antigenic regions involved in EBOV neutralization

Having determined that RBD and GP2 + GP1/2 base regions were preferentially targeted by
survivors and disparities in the response toward GP regions existed between vaccine groups,
we next addressed whether the GP regions targeted by neutralizing antibodies were specific
to each vaccine. The regions of GP responsible for eliciting neutralizing antibodies were
determined by preadsorbing day 54 serum diluted at the concentration required to achieve
at least 80% of neutralization, with increasing concentrations of GPAmuc or sGP (Fig. 4, A
and B). The ability of APMV-derived serum to neutralize virus was nearly abolished in the
presence of GPAmuc, indicating that non—-MLD-targeting antibodies were heavily involved
in neutralization (Fig. 4A). Conversely, in surviving HPIV-vaccinated animals, non—-MLD-
binding antibodies were not the main contributors toward neutralization, because infectivity
was only partially restored in the presence of GPAmuc. This difference between APMV-
and HPIV-based vaccines was further confirmed by determining the effect of GPAmuc

on the concentration of serum required to reduce half the maximal infectivity (ECsq),

which revealed that ECsgq values shifted considerably for APMV vaccines but not HPIV-
vaccinated survivors (Fig. 4C). The neutralizing antibodies from the two HPIV1-vaccinated
animals, which did not survive, mainly targeted non-MLD regions, whereas the group’s
survivors targeted MLD. Contrary to this, there were no differences among the surviving and
nonsurviving APMV recipients, indicating that neutralizing antibodies are not determinants
of protection for the APMYV vaccines. This again exemplifies that each vaccine has different
protective mechanisms. Although the contribution of MLD antibodies toward neutralization
was different between and within the vaccine groups, the neutralizing response of survivors
was associated with greater binding to the MLD (inferred from the low rescue of infectivity
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percentage; £=0.0146; Fig. 4A, inset graph). However, there was no correlation between
the abundance of MLD neutralizing antibodies and the survival index (fig. S7).

Preadsorption of sera from APMV groups with sGP had a slight effect on virus infectivity,
suggesting that sSGP/GP cross-reactive antibodies targeting the RBD and GC weakly
contributed to mechanical neutralization (Fig. 4B). sGP had no effect on the ability of
serum from HPIV-vaccinated groups to neutralize virus. Moreover, the effect of sGP

on the neutralizing ability of sera from survivors was similar to nonsurvivors (Fig. 4B,

inset graph). APMV groups were not fully protected against EBOV infection, and their
neutralizing antibody repertoire targeted non-MLD regions, some of which cross-react with
epitopes on sGP, indicating that they are not the delineating characteristics of survival.

In addition, non-MLD antibodies only marginally contributed to the neutralizing ability

of the HPIV3/AFHN/EboGP-derived sera, and amounts were similar to the surviving
animals in the HPIVV1/EboGP and HPIV3/EboGP groups who exhibited disease symptoms.
Although most of the HPIV-vaccinated survivors’ neutralizing capacity is harnessed from
MLD-targeting antibodies, they do not appear to be associated with disease-free survival,
pointing to the involvement of other mechanisms in complete protection. Together, these
results demonstrate that the neutralizing antibody response elicited by vaccine vectors differ
in the regions that they predominately target on GP with HPIV-based vaccines targeting the
MLD and APMV-derived vaccines targeting the non-MLD regions. However, neutralizing
titers per se do not predict protection and may be more suited as a vaccine-specific correlate
rather than applied to all vaccine modes to predict survival.

Survivors produce more antibodies toward known protective monoclonal antibody

epitopes

We next evaluated the ability of antibodies induced by each vaccine to target conformational
epitopes in GP to identify disparities between the vaccines, between survivors and
nonsurvivors, and in the evolution of the protective response composition over two doses.
Representative monoclonal antibodies (mAbs) isolated from human survivors with known
epitopes in the antigenic regions of GP were selected to compete with serum for binding

on the BLI platform. These mAbs bind the RBD [EBOV520 (21)], GC [BDBV289 (22)],
MLD (EBOV55), the GP1/GP2 interface [KZ52 (23)], or the membrane proximal external
region (MPER) [BDBV223 and BDBV317 (24)]. EBOV55 was the only mAb that lacked
neutralizing capability and in vivo protection data. After the prime vaccine dose, recipients
of HPIV3-derived vaccines generally had higher antibody binding response toward most

of the epitopes compared to recipients of the HPIV1 and APMV vaccines (Fig. 5A).
Differences between groups tapered after the boost dose, with the serum composition of
antibodies targeting some epitopes increasing in both the APMV and HPIV1 recipients
while remaining mostly unchanged in HPIV3-based recipients. However, competition
between immune sera and the two MPER-specific antibodies differed from the other
region-specific mAbs. Whereas epitope-specific antibody responses of both HPI1VV3/EboGP
and HPIV3/AFHN/EboGP recipients were typically unaltered after the booster, antibodies
targeting the BDBV223 epitope was the only example where binding increased significantly
for the HP1V3/AFHN/EboGP group (£ = 0.0226). Competition with BDBV317 for its
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MPER epitope saw no differences between the HPIV3 and APMV vaccine groups after the
prime dose, with no further changes after the boost dose.

The differential binding response to neutralizing epitopes observed between vaccine groups
after prime vaccination coincided with survivors having greater antibody responses toward
these epitopes compared to nonsurvivors (Fig. 5B). MPER-targeting antibodies, however,
were the exception, because amounts after the prime dose were indistinguishable between
survivors and nonsurvivors despite differences in amounts between the vaccine groups. After
the booster, survivors had significantly more antibodies targeting all neutralizing epitopes
compared to nonsurvivors (P < 0.05), although negligible differences in response toward the
majority of epitopes were observed between groups. The serum antibody responses specific
for the EBOV55 epitope were not different between survivors and nonsurvivors.

Throughout the vaccination course, the serum antibody response targeting known mAb
epitopes evolved separately for each vaccine, indicating divergent antibody response
kinetics. However, the minimal differences between vaccine groups after the boost dose
may indicate that two vaccine doses ensue similar neutralization responses contingent on
the epitope. Although differences in binding activity were seen between survivors and
nonsurvivors toward all neutralizing epitopes, the survival index strongly correlated with
the RBD (P =0.0003) and GC (£ =0.0002) epitopes and moderately correlated with
MPER [BDBV223 (P=0.0017) and BDBV317 (P=0.0054)] and GP1/GP2 (P=0.0362)
interface epitopes (fig. S8). Therefore, a response directed to key epitopes, in this case,
within the RBD and GC, may serve as vaccine-independent protective correlates, whereas
a response toward other epitopes, for example, the MPER epitope for BDBV223, may be
vaccine-specific correlates.

Survivors recognize the linear epitopes of known protective mAbs

Given the disparities observed between vaccine groups and between survivors and
nonsurvivors in their ability to recognize conformational epitopes, we considered whether
this was also true for linear epitopes. We examined the ability of 1gG and IgA antibodies
collected after the boost dose to bind linear epitopes using a peptide array spotted with
15-mer peptides offset by four amino acids spanning the entire GP. There was a clear
distinction between the vaccine vector group’s ability to recognize linear epitopes. HPIV3-
based vaccine—derived 1gG response bound more epitopes in the GC and MLD and at
greater magnitudes when compared to the other vaccine groups (Fig. 6 and fig. S9A).
HPIV3-based vaccine recipients also had considerably higher IgG magnitudes binding the
GP1 C-terminal region, despite no differences in the response breadth between vaccine
groups (fig. S9A). IgG from HPIV-based vaccine recipients, but not APMV-based vaccine
recipients, recognized linear epitopes in the head region of GP1; HPIV-derived vaccines
could generate a response to peptides 31 to 37, whereas detection of peptides 19 to 21 was
unique to recipients of the HPIV3-based vaccines (Fig. 6).

The binding profiles for IgA and IgG were only similar for the HP1V3-derived vaccine
recipients in the MLD and GP1 C-terminal region (Fig. 6). IgA, however, did bind at a lower
breadth and magnitude (fig. S9A). Outside these regions, IgA did not recognize the linear
epitopes recognized by IgG (Fig. 6). Specific peptides in the MLD (peptides 108 to 111,
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amino acids 429 to 455) and in the C-terminal end of GP1, just before the furin cleavage
site (peptides 117 to 119, amino acids 465 to 487 and peptides 122 to 123, amino acids
485 to 503), mapped according to Lee and Saphire (25), were detected by both the IgA and
IgG from all vaccine groups. 1gA binding was again lower, especially for the HPIV1- and
APMV-based vaccine groups. The magnitude of IgA and IgG targeting these peptides were
higher in survivors compared to nonsurvivors, suggesting that they contribute to improved
survival, provided that a threshold is reached.

The 1gG antibodies from survivors also targeted linear epitopes located at the start of the
internal fusion loop (IFL; peptides 126 and 127), in the MLD (peptides 78 to 82, 88, 89, and
97) and GC (peptides 61, 66, 73, and 74), and the head region of GP1 (peptides 20, 31, 34,
35, and 37), which appeared to be absent or below detectable quantities in the nonsurvivors.
Peptide 97, located in the MLD, contains epitope for murine mAb 6D8, a neutralizing
component of the MB-003 therapeutic (26, 27), and highlights this epitope as a characteristic
trait among survivors. In survivors, the IgG and IgA antibody footprints were only similar in
the MLD and the GP1 C-terminus, albeit IgA antibodies bound at a lower magnitude and did
not recognize peptide 97. The GC, GP1 head region, and IFL epitopes recognized by the 1gG
from survivors were not recognized by their IgA counterparts. Compared to nonsurvivors,
survivors generally had a higher magnitude of antibodies binding to the C-terminus region of
GP1 (P=0.0009, IgG; P=0.0103, IgA) and a greater breadth of IgA binding to the MLD (P
=0.0089; fig. S9B).

Several epitope footprints unique to the vaccinated survivors are also known epitopes for
protective responses. Peptides that contained the epitopes for protective murine mAbs 12B5
(26, 28) and 14G7 (29, 30) and a region in the MLD recognized by sera from survivors of
the outbreak in Gabon (31) were bound by the antibodies from vaccinated survivors (Fig. 6).
Although the IgA or IgG linear epitope profiles are different between the vaccines, epitopes
recognized by serum from our study’s survivors, particularly those historically identified as
protective, may act as predictors of survival.

Fc-mediated effector functions correlate with improved survival

The role of antibody functions other than neutralization in vaccine-mediated protection was
examined by the ability of antibody responses from vaccinated groups and survivors to
activate Fc-mediated effector functions including antibody-dependent cellular phagocytosis
mediated by monocytes (ADCP) and neutrophils (ADNP), antibody-dependent complement
deposition (ADCD), and antibody-dependent activation of natural killer cells (ADNK)

by analysis of the degranulation marker CD107a and activation markers macrophage
inflammatory protein-1p (MIP-1p) and interferon-y (IFN-vy) (Fig. 7, A to C). After two
vaccine doses, the HP1VV3/AFHN/EboGP group activated all arms of the tested Fc-mediated
protective mechanisms to a greater capacity than other vaccines. The correlation between
the survival index for NHPs and their ADCD (P < 0.0001) or ADNP (P< 0.0001) activities
was strong but moderate for ADCP (£ =0.0019) and absent for ADNK (fig. S10). In
survivors, all Fc mechanisms except ADNK significantly increased after the boost dose and
were enriched compared to nonsurvivors (P< 0.05; Fig. 7, B and C). To determine which
antibody classes mediated the Fc effector functions that correlated with improved survival,
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we depleted IgG1 and IgA from samples collected after the boost dose and measured the
impact on ADNP and ADCP activities. Regardless of the vaccine, IgG1 was responsible for
most of these effector functions (Fig. 7D).

Circulating monocytes and granulocytes, of which neutrophils are the most abundant, were
measured by the hematological analysis over the infection course to determine whether
different vaccines had varying effects on their frequencies. In human EBOV infections,
perturbation of monocyte and neutrophil populations occurs, yet their numbers recover,
coinciding with survival and control of virus (32—-34). Monocyte numbers in vaccinated
groups were marginally affected by infection (fig. S11A). At day 9 after infection,
monocytes significantly declined in vaccinated nonsurvivors compared to survivors (P =
0.0454; fig. S11B), and higher monocyte numbers were associated with a better survival
outcome (P=0.0121; fig. S11C). Among the vaccine groups, granulocyte numbers were
more stable in the HPIV3/AFHN/EboGP recipients, except for one with elevated numbers at
day 6 after infection (fig. S11D). Vaccinated nonsurvivors generally experienced protracted
granulocytosis compared to survivors (fig. S11E). Moreover, granulocytosis during acute
infection was associated with a poor survival outcome (P = 0.0004, day 3; £=0.0025,

day 6; fig. S11F). Although antibody-driven phagocytosis was associated with the survival
index (fig. S10), the frequencies of the Fc effector cells may also be influenced by different
vaccines to affect the ability of antibodies to mediate effector functions.

In summary, ADCD, ADNP, and ADCP activities appear to promote survival, irrespective
of the vaccine. Although there was no apparent involvement of NK cell activity in survival
when we look at survivors, independent of the vaccine they received, we cannot exclude that
the role of NK cells in protection may be vaccine specific.

Pairwise correlation analysis identifies correlates of protection from 139 parameters of the
vaccine response

Given that our vaccine panel produced varied response profiles and several vaccine response
features were elevated in survivors or in some vaccine groups, we used univariate pairwise
correlation analysis to integrate all data on response features from the vaccinated NHPs (n=
20) and distinguish which ones could best explain survival (Fig. 8). Because the outcome of
severe EVD (survival versus death) can be stochastic, we also applied the survival index, a
measure for disease severity based on viremia and clinical parameters we mentioned above,
to our analysis. We constructed a correlation network to link relationships between 139
humoral response features and functions with survival and the survival index. No parameter
measured after the prime dose correlated with survival. However, amounts of MPER and
GPcl-specific antibodies after the prime dose correlated with amounts after the boost dose,
which, in turn, was linked to features associated with survival or the survival index and may
therefore remotely serve as early predictors of vaccine efficacy. The total antibody binding
to GP after the booster that was analyzed by BLI, and not ELISA or neutralizing titers,
correlated with survival (T = 0.611, 2= 0.046) and the survival index (T = 0.646, P=
0.033). BLI-determined total antibody amounts also correlated with neutralizing titers (T =
0.6211, £=0.039) and Fc-mediated effects (ADCD, T = 0.7789, P=0.004; ADNP, T =
0.7684, P=0.006; ADCP, T = 0.6421, P=0.033), indicating that polyfunctionality, and not
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just magnitude, was important for survival. Significant correlations were identified between
the survival index and ADCD (T = 0.668, 2= 0.026) and ADNP (T = 0.634, P=0.035)
effector functions, and the proportion of the response binding the RBD (T = 0.634, P=
0.034) was measured after the boost dose. Higher measures for RBD antibodies and these
effector functions may result in a better outcome of infection, including reduced disease
severity and lower viremia.

We also used the multivariate, Cox regression modeling approach to identify a set of
vaccine-induced humoral response features that could best predict survival after EBOV
infection (fig. S12). The variables selected as most predictive of survival were serum IgA
titers, the response coverage of the GP2 + GP1/2 base region, neutralizing epitopes in the
GP1/2 base and RBD, linear epitopes in the MLD, and their breadth in both the MLD
and C-terminal regions of GP1, albeit they were not considered reliable, because the 95%
confidence interval of the predictor coefficients included 0. Pairwise correlation analysis
of all measured immune response features found that Fc-mediated functions and RBD
antibodies correlated with improved survival outcome. These associations are suggestive of
the immune mechanisms and GP regions involved in vaccine-mediated protection against
EBOV.

DISCUSSION

EBOV vaccines have been instrumental in limiting recent outbreaks and have been given

to more than 303,000 people, yet the correlates of protection have not been completely
defined. In this study, we compared multiple respiratory EBOV vaccines to identify

what humoral features constitute a protective vaccine-induced response against EBOV.
Correlation network analysis evaluating qualitative and quantitative humoral parameters
defined RBD-specific antibodies and Fc-mediated immune functions as contributing factors
to improved survival. Previous studies have mechanistically determined the importance of
antibodies (4), associated antibody features with 1gG titers (35, 36), or focused on a limited
number of classical serological parameters to draw associations with survival (37, 38).
Here, we have determined the qualitative features associated with EBOV vaccine—-mediated
survival from a comprehensive assessment of the humoral response to multiple vaccines.

Of the five tested EBOV GP-expressing mucosal vaccines derived from human and avian
paramyxoviral vectors, the HPIV3/AFHN/EboGP vaccine conferred NHPs with the best
protection, leaving them free of disease with near-sterilizing immunity against EBOV.

The varying degrees of protection afforded by our vaccines provided an opportunity to
identify the correlates of vaccine-mediated protection. Binding and neutralizing titers,
isotype composition, total sera binding to GP as determined by BLI, the proportion of
binding and neutralizing antibodies against certain GP regions, linear epitope recognition
patterns, and Fc-mediated effects were among some of the qualitative and quantitative
response features analyzed. Conventional serological assays could not distinguish prominent
differences between our vaccines; the antigen-specific 1gG titers determined by ELISA and
neutralization titers were similar, despite some vaccines conferring only partial protection.
IgG titers achieved by the protective rVSV-ZEBOV vaccine have been used to partially
infer the efficacy of the recently approved Ad26.ZEBOV/MVA-BN-Filo vaccine (14), but
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our results suggest that such comparisons should be cautiously used to measure efficacy.
The differences between our vaccines become obvious when we examined the architecture
of the antibody profile and the response kinetics. HP1V3 vectors elicited a greater BLI-
determined total antibody response toward GP and its intermediate forms, a higher ratio

of MLD to non-MLD neutralizing antibodies, and IgA and IgG targeting linear epitopes at
a greater magnitude. Neutralizing antibodies composed of a higher ratio of MLD- to non—
MLD-specific neutralizers and their magnitude may be important determinants of protection
for the HPIV1 vaccine. APMV vaccines elicited proportionally more GC antibodies and

had a lower ratio of MLD to non-MLD neutralizing antibodies. The response targeting
certain GP regions and neutralizing epitopes diverged between HPIV3-derived and the other
vaccines after two vaccine doses, indicating that the kinetics of the response, in addition to
its evolving profile, is also dependent on the vaccine platform.

Although our vaccines are delivered via the respiratory tract, the distinct antibody response
profiles that they elicit may be due to several factors, including differences in sequence,
tropism, replication efficiency, and environmental cues at the replication site. HPIV1 was
confined to the upper respiratory tract, and APMV and HPIV3 vaccines were detected in the
upper and lower respiratory tract. Although both our APMV and HPIV1 vectored vaccines
depend on a trypsin-like enzyme that is limited to the respiratory epithelial lining for the
extracellular processing of their F protein (39), GP appeared to widen the tropism of APMV.
Conversely, the HPIV3 F protein is intracellularly processed by the more widespread furin
enzyme. Although APMYV and HPIV3 vaccines were detected at the same sites, they likely
have disparate capabilities to evade or subdue the host’s innate immune response (40, 41).
Another consideration is a disproportionate dominance of additional antigenic epitopes in
the vector-derived surface proteins in the B cell epitope hierarchy. These surface proteins are
absent in HP1VV3/AFHN/EboGP, enabling GP to act as a central immunogen. To compensate
for any constraints on replication imposed by the host or milieu, increasing the doses of our
partially protective vectors is likely to strengthen the antibody response to confer complete
survival.

We created an extensive network integrating the relationships between 139 features of the
vaccine response to define those that best associated with survival. No feature measured
after the prime vaccine dose directly correlated with survival, indicating that efficacy
prediction may not be possible after the first dose. After the boost dose, the BLI measure
for total sera that bound to GP was the only feature to directly correlate with survival in

the pairwise correlation analysis. This implies that the protective response may have evolved
through affinity maturation, B cell class switching, and higher antibody titers. However,
identification of correlates that reflect early or durable immunity may be time sensitive
relative to the vaccination schedule or time of exposure after vaccination. Furthermore, a
single dose of the best-performing candidate, HPIV3/AFHN/EboGP, likely confers complete
protection, given its antibody response profile is divergent from other vaccines. Although
survivors had higher IgG and IgA ELISA titers than nonsurvivors, the ELISA data were not
as robust as the BLI readout for our network analysis to support a correlation with survival.
BLI provides a better resolution of antibody binding that is not possible with an ELISA,
measuring interactions with varying affinities between proteins in their conformationally
accurate forms in real time. The choice of an immune feature or the stringency of the assay
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used for its characterization appears to be fundamental to reliably draw an association with
survival.

A vaccine must impart more than survival and ideally will completely arrest virus replication
and abate disease. The survival parameter alone is a rigid binary output that simplifies

what is essentially a highly complex process. For this reason, we also used a survival

index in the pairwise analysis that incorporates several parameters recapitulating the human
disease and may therefore be the better tool for correlative measures. Several key antibody
features, in addition to total sera bound to GP, correlated with the survival index across

all vaccine groups, pointing to commonalities in mechanisms involved in survival. The
response coverage toward RBD and GP2 + GP1/2 base was enriched in survivors of

EBOV infection, and the presence of RBD antibodies associated strongly with an improved
challenge outcome. Conversely, although the GC and MLD antibodies comprised most of
the response for all vaccine types, their lack of association with the survival index points

to a limited role in reducing EVD. Surviving NHP recipients of a virus-like particle—based
vaccine induced antibodies that bind GP at low pH (37), pointing to the involvement of
antibodies that bind the RBD and base domains of the proteolytic cleaved GP to prevent
receptor recognition and fusion for subsequent entry. Rare mAbs targeting the RBD and
GP2 regions that exhibit protective functions have been isolated from human survivors of
EBOV infection and are emerging as therapeutic avenues against EBOV (21, 42). Although
these regions are less immunogenic than the MLD or GC, they are worth pursuing for future
targeted vaccine design.

The ADCD and ADNP effector arms of ADCC also strongly correlated with the survival
index and may act as good predictors for vaccine efficacy, whereby elevated activities
ensured reduced risk of EVD. Although aberrant neutrophil activity has been linked

to the dysregulation of adaptive immunity and tissue damage during EVD (43), our
findings indicate that neutrophils are likely to be required for vaccine-mediated immunity.
Fc-mediated functions have been identified in the response of EVD survivors (44)

and associated with protective mAbs isolated from survivors (45-47). In the human
immunodeficiency virus field, ADCC is associated with vaccine-elicited protection from
simian immunodeficiency virus infection in NHPs (48-50) and reduced the risk of infection
or mortality for mother-to-child transmission (51, 52). Our demonstrated associations of
ADNP, ADCD, and total GP-bound sera with the survival index also indicate that effector
functions of the humoral response, and not just its magnitude, are important for survival.
Vaccines that can elicit antibodies that orchestrate certain Fc effector functions and target
specific GP regions at proportionally higher concentrations in relation to the other GP
regions are likely to be more potent. Future studies will be required to determine whether
the phenotype and distribution of Fc effector cells at sites relevant to vaccination or infection
are influenced by different vaccines, which can ultimately affect the ability of antibodies to
mediate the effector functions associated with survival.

In addition to the survival index, ADCD and ADNP correlated with other vaccine-elicited
response features in the correlation network including neutralizing titers, antibodies
targeting known neutralizing epitopes in the GC and MPER, and the proportion of

the response targeting the RBD. This suggests that complementarity between several
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antibody functions directed at certain GP regions may promote survival. Although total
neutralizing titers did not correlate with survival, we show that antibodies that recognize key
neutralization-sensitive GP epitopes and domains are likely to be involved in protection. It
is also feasible that the intensity of antibody Fc effector functions associated with survival
could be influenced by where they bind on GP. GC-targeting mAbs isolated from human
survivors of EBOV infection have been shown to induce more phagocytic activity compared
to other GP epitopes and to have variable-neutralizing capabilities (46). Conversely, mAbs
from human survivors of EBOV infection recognizing the MPER of GP2 were associated
with strong neutralizing activity (45). However, Fc-mediated phagocytosis was enriched
among neutralizing EBOV mADbs targeting these regions to promote protection (45, 53, 54).
In EVD survivors, both neutralizing antibodies and polyfunctional 1gG1 and IgA antibodies
that induce Fc effector functions were natural constituents of humoral immunity (44). In

the context of EBOV vaccine—induced immunity, studies have highlighted the importance
of antibodies, specifically IgG titers (4, 38). We show vaccine-induced 1gG1 as the major
contributor to the Fc effector functions, which correlate with improved survival. However,
unlike EVD survivors, the Fc effector functions of the circulating IgA elicited by our
mucosal vaccines were limited, implying that their subclass and glycosylation state may

be conducive to an effector response that maintains immune homeostasis (55). Our study
suggests that vaccines that generate a humoral response with combined neutralizing activity
and isotype-specific Fc effector functions that are associated with key vulnerable sites on GP
will be more potent.

The GP binding profiles of mAbs isolated from human survivors of EBOV infection

and the immune sera from rVSV-ZEBOV recipients were comparable with the majority

of neutralizing antibodies mapped to the non-MLD regions of GP (46, 56). Here, we

show that, although our vaccines elicit antibodies against known protective neutralizing
epitopes, they differ in their neutralizing antibody coverage of GP regions. Contrasting with
rVSV-ZEBOV recipients, we also show that a substantial proportion of the neutralizing
antibodies generated by the HPIV-vaccinated survivors target the MLD. Unlike GP-based
vaccines, the immune response to EBOV in human survivors reflects the broader antigenic
content of the virus and involves other mechanisms such as T cell-mediated responses.
Therefore, the correlates or mechanisms of protection identified in vaccine recipients are not
interchangeable with those in survivors of EBOV infection and vary between the different
vaccine platforms.

There are limitations to our study. Because of the inherent logistical factors of conducting
large-scale NHP studies in an animal biosafety level (ABSL)—4 facility, our study was
limited to a cohort of 20 vaccinated NHPs. A larger cohort would strengthen the predictive
power of our multivariate survival modeling. Several features that were enriched in survivors
were selected by the multivariate model as potential influencers of survival but were not
reliable predictors. However, this indicates that more than one correlate is likely required
to predict protection. Furthermore, the inclusion of variables from all our vaccines, most

of which could be vaccine-specific correlates, may weaken the power of the multivariant
analysis to select for protective correlates. However, our pairwise correlation network
analysis on the vaccinated cohort identified features of the immune response that correlated
with survival.
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Immune parameters enriched only in vaccinated survivors could serve as universal protective
correlates relevant to all EBOV vaccines. However, our vaccines had unique response
profiles that were multi-faceted, despite expressing the same GP immunogen. Moreover,
some response features were only enriched according to vaccine modes and not among

all survivors, highlighting the likely existence of multiple vaccine-specific correlates of
protection. The response heterogeneity that we observed indicates that protection may

be achieved through synergy of several humoral features and functions, with specific Fc-
mediated activities and RBD-targeting antibodies providing the important foundation for
maximizing survival. Together with the ability to explain survival from BLI-measured total
serum binding to GP, rather than from isotype-specific ELISA titers, we demonstrate here
that full consideration of both the scope and role of the polyclonal response is required

to unravel the complexity of protection. Using evolving technologies for comprehensive
immune response characterization will enable clearer definitions on the requirements for

a protective vaccine and fast-track the scrutiny of new candidates. It will also reveal how
these features functionally coordinate to mediate the outcome of infection. Each EBOV
vaccine mode likely adopts its own protective signature, and its correlates of protection may
therefore be influenced accordingly.

MATERIALS AND METHODS

Study design

This study was originally designed to determine the immunogenicity and efficacy of five
mucosal vaccines against EBOV in cynomolgus macaques (Macaca fascicularis). All animal
protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at
the University of Texas Medical Branch (UTMB). Even distribution of NHPs into vaccine
groups was based on gender and weights. Group sizes were informed by available data from
previous EBOV vaccine immunogenicity or efficacy studies in NHPs (19, 57) and housing
availability. No blinding was used throughout the study. All measurements were included in
our analysis; no outliers were excluded. Primary data are included in data file S1.

Five groups of cynomolgus macaques (M. fascicularis, 3.5 to 6 kg, n= 4 per group)

were vaccinated with the BC/LSFcHN/EboGP, BC/LSFHN/EboGP, HPIV3/AFHN/EboGP,
HPIV3/EboGP, or HPIV1/EboGP vaccine via the combined IN/IT route (0.5 ml per nostril
and 1 ml IT) with 2 x 108 PFU/mI on day 0. A control group (7= 2) received the

HPIV3 empty-vectored virus at the same dose. On day 26, all animals were homologously
boosted via the same route. Bronchoalveolar lavage samples and blood was collected just
before each vaccination and EBOV challenge for serological studies, and nasal swabs and
tracheal lavages were collected to measure vaccine vector shedding. On day 55, animals
were inoculated with 1000 PFU of EBOV (Kikwit, 7U variant; GenBank KC242796.1)
via the intramuscular route in BSL-4 biocontainment (Galveston National Laboratory,
University of Texas Medical Branch). Over the infection course, NHPs were monitored
for clinical symptoms of dyspnea, depression, recumbency, and rash or hemorrhage and
scored accordingly. A score of 0 to 2 required no intervention, whereas a score of 9
required euthanasia as per the IACUC protocol. Peripheral blood markers of EVD, measured
by hematologic (Beckman Coulter) and biochemistry analyzers (Vetscan), and viremia in
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serum, measured by both plaque assays and qRT-PCR, were also assessed (19). Surviving
NHPs were euthanized on day 28 after infection.

Each NHP was assigned a survival index based on clinical scores, liver and kidney functions,
and viremia detectable by both plaque assay and gRT-PCR. Animals recording clinical
scores <2, normal liver and kidney functions, and no detectable viremia were assigned an
index score of 100. Indices were adjusted if animals presented with clinical scores of 3to 5
(deducted by 10) or >5 (deducted by 20), had abnormal liver and kidney functions (deducted
by 20 for each function), and were positive for viremia by plaque assay (deducted by 20) and
gRT-PCR (deducted by 10 or 20 if viremia was respectively detected at one sampling point
only or detected at more than one sampling point).

Vaccine constructs expressing EBOV GP

The vaccine constructs were based on human and APMVSs constructed to express the EBOV
GP protein (isolate Mayinga; GenBank AAG40168.1) (fig. S1). Human paramyxoviral
vectors were based on HPIV1 (HPIV1/EboGP) and HPIV3 (HPI1VV3/EboGP) viruses. The
next-generation version of the HPI1VV3/EboGP vaccine construct lacked the F and HN
surface proteins (HP1V3/AFHN/EboGP). APMV vaccines were based on the NDV strain
BC, modified by substituting its Fc cleavage site and HN gene (BC/LSFcHN/EboGP) or
both the F and HN genes (BC/LSFHN/EboGP) with that of the LS strain. The construction
and growth of all vaccines were previously described (18). HPIV3 was used as an empty
vector control.

Analysis of vector shedding

Nasal swabs and tracheal lavages were performed on days 2, 5, and 7 after the prime
vaccine dose and on days 28, 30, and 33 after the boost dose. These samples were
snap-frozen, and virus titers were later analyzed in triplicate by qRT-PCR. RNA was
extracted from samples using the QlAamp Viral RNA Extraction Kit (QIAGEN) as per the
manufacturer’s protocol. First-strand cDNA synthesis was performed with a sense strand,
GP gene—specific primer, Superscript IV Reverse Transcriptase (Invitrogen), and 300 ng
of RNA. Real-time RT-PCR was performed with the ABI 7900HT system, and primers
and probes specific for the GP gene: forward, AGCTGGTGAATGGGCTGAAA; reverse,
CTGGCGCTGCTGGTAGACA,; probe, CTGCTACAATCTTGAAATC-FAM (Invitrogen).
Absolute quantification was achieved using a standard curve generated by serial dilution of
an 80-base pair Mayinga GP DNA amplicon (Integrated DNA Technologies).

Systemic and mucosal serology studies

EBOV GP-specific serum and mucosal 1gG, IgA, and neutralizing antibody titers for
each NHP were measured in duplicate as previously described (19). For 1gG and IgA
antibody detection, ELISA plates were respectively coated with 7 and 25 ng per well

of GP protein [Integrated BioTherapeutics (IBT) Bioservices]. Serum 1gG and IgA titers
for post-vaccination sera determined by ELISA were corrected for baseline by subtracting
preimmune sera values.
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Isotyping ELISASs were performed similar to the ELISA mentioned above with some
modifications. Briefly, 96-well plates were coated with 25 ng per well of EBOV GP (IBT)
and blocked with 5% milk powder or SuperBlock (Pierce). Serum was either serially diluted
in 5% milk powder or 2% bovine serum albumin. Biotinylated isotype—specific mAbs
obtained from the National Institutes of Health (NIH) NHP Reagent Resource (IgG and
IgA dimer) or Mabtech (anti-IgA and anti-lgM) were applied to the plates for 1 hour.
Bound complexes were detected with streptavidin—horseradish peroxidase (Pierce). The
optical density values for the IgM assay readout were also used to calculate titers. Baseline
correction for post-vaccination sera was also performed by subtraction of preimmune sera
values. A standard curve of known concentrations of purified NHP isotype antibodies (IgG,
monomeric and dimeric IgA, NIH NHP Reagent Resource, and IgM; Rockland) was run
alongside samples to determine the amount of GP-specific isotype antibody present in
serum. Briefly, isotypes serially diluted in phosphate-buffered saline were coated onto the
96-well plate and, after a blocking step, were detected with biotinylated isotype-specific
antibodies as described above. The concentration for each GP-specific isotype in an NHP
sample was extrapolated from the standard curve and expressed as a proportion of the total
concentration of all isotypes measured in the sample.

BLI binding and competition assays

A FortéBio Octet Red96 instrument was used to measure sera binding to EBOV GP and its
intermediate forms (provided by E. O. Saphire). All assays were performed with agitation
at 1000 rpm, at 28°C in black 96-well plates. All samples were diluted in 1x Kinetics

buffer (FortéBio) with a final volume of 200 pl per well. Biotinylated EBOV GP, GPAmuc,
sGP, and GPcl (2 pug/ml) were immobilized onto streptavidin sensors for 300 s to capture
between ~1 and 1.5 nm, with variability within a row of eight sensors not exceeding 0.1

nm. Biosensor tips were then equilibrated for 300 s in 1x Kinetics buffer before binding
measurements. Sera were diluted 1:40, and binding was assessed for 600 s, followed by
dissociation for 600 s in 1x Kinetics buffer. Parallel corrections for baseline drift were made
by subtracting measurements recorded with GP-loaded sensors in the absence of sera.

For sera preadsorption studies, sensors were treated with biocytin for 120 s after
immobilization of a GP form. Sera depleted with excess amounts of GP forms (2.5 ug of GP,
GPAmuc, or sGP and 0.5 ug of GPcl) were allowed to bind to sensors as described above. To
determine nonspecific binding responses, binding of sera from HPIV3-vaccinated animals

to GP variant-loaded probes was monitored and set as the background. We calculated the
percent inhibition of binding to an immobilized GP after serum adsorption relative to the
binding observed without preadsorption using the following formula: % inhibition = [100 -
(binding of serum preadsorbed with GP form (nm)/binding of serum without preadsorption
(nm))] x 100. The percent inhibition values, derived from one immobilized GP variant as the
common denominator, were used to calculate the relative proportions of serum binding to a
specific GP domain.

For site-specific antigenicity assessment, biotinylated GP-loaded sensors (captured at ~0.5
nm) were incubated with serum diluted 1:10 in 1x Kinetics buffer for 900 s to generate
a saturating signal against the competing mAb. Probes were then washed twice for 60
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s before the reactivity of competing mAbs (25 nM BDBV223, EBOV55, and KZ52 and

300 nM BDBV289, EBOV520, and BDBV317) toward GP was assessed for 600 s. The
binding inhibition to GP was calculated as a percentage of the blocking activity of sera
from vaccinated animals compared to the negative control sera against the tested mAb. Data
analysis and curve fitting were carried out using Octet software, version 7.0.

Reversing neutralizing activity in the presence of GP forms

Competition neutralization assays were performed as previously described (18). Briefly,
day 54 sera diluted to concentrations that neutralized at least 60 to 80% of EBOV were
incubated in duplicate with increasing concentrations of sGP or GPAmuc and later exposed
to recombinant EBOV expressing green fluorescent protein (GFP) in a neutralization assay.
Restoration of infectivity was determined as a percentage of the plaques formed in the
presence of serum incubated with the competing GP forms compared to the serum without
the GP forms. Serum was also titrated in the presence or absence of 1 ug of GPAmuc

to determine its effect on the concentration of serum required to reduce half the maximal
EBOV infectivity (ECsp).

Peptide array

Multiwell array slides spotted with 15-mer peptides offset by four amino acids spanning
the entire EBOV GP (Mayinga Zaire 1976; GenBank: NP 066246) were manufactured by
JPT Innovative Peptide Solutions (Germany). Serum was diluted at 1:200 (1gG array) or
1:100 (IgA array) in blocking buffer (RepliTope Peptide Microarray Incubation Kit, JPT
Innovative Peptide Solutions) and incubated for 1 hour. Bound complexes were detected
with biotinylated anti-1gG (1:10,000) or anti-IgA (1:5000), followed by streptavidin-Cy5
(0.1 pg/ml). Array slides were dried and scanned with the GenePix Array Scanner at 635
nm and analyzed using GenePix Pro 6 (Molecular Devices). The sera from all NHPs within
a group were analyzed, and the mean fluorescence intensity (MFI) for each peptide was
averaged and corrected for baseline by subtracting the corresponding prevaccination MFI.
The breadth of a response was determined by calculating the number of positive peptides per
GP region for each NHP. In a string of positive peptides, the number of binding sites was
determined by the number of amino acids shared between the first and last peptide of the
string; peptides that shared five or more amino acids were defined as a single binding site,
and peptides with four or less common amino acids were recognized as two sites.

Serum depletion

Day 54 plasma was diluted 1:10 and depleted using CaptureSelect IgG1 and IgA resins or
a control resin as previously described (44). Briefly, two rounds of 1-hour incubations with
resin and diluted plasma were performed, followed by the collection of depleted samples
through a spin column. Depletion was confirmed by isotype-specific ELISA as described
above.

ADNP and ADCP

Recombinant EBOV GP was biotinylated and coupled to 1-um fluorescein isothiocyanate
(FITC)* NeutrAvidin beads (Life Technologies). Sera from vaccinated NHPs, diluted as
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specified in the figures or 5 ug/ml of the positive control EBOV GP-specific humanized
murine 1gG1 c13C6 mAb were incubated with GP-coated beads for 2 hours at 37°C. Freshly
isolated neutrophils (5.0 x 104 cells per well) from human donor peripheral blood (collected
by the Ragon Institute or the Massachusetts General Hospital Blood bank from healthy
human volunteers with signed informed consent) were added, and plates were incubated

for 1 hour at 37°C. Neutrophil cells were stained at 1:100 with CD66b (Pacific Blue;

clone G10F5; BioLegend), CD3 (Alexa Fluor 700; clone UCHT1; BD Biosciences), and
CD14 (APC-Cy7; clone M¢P9; BD Biosciences). Neutrophils were defined as positive for
a high side scatter area (SSC-Ahigh), CD66b*, CD3~, and CD14~. ADCP was measured as
previously described (58) using a human monocyte cell line (THP-1 cells), whose overall
profile and expression of Fcy receptors are comparable to primary human monocytes (58,
59). Briefly, THP-1 cells (2.0 x 10% cells per well) were incubated overnight at 37°C

with the GP-coated FITC bead serum mixtures in duplicate. Cells were fixed with 4%
paraformaldehyde, and a minimum of 30,000 (ADNP) or 10,000 (ADCP) events were
recorded and analyzed using a BD LSRII flow cytometer and FlowJo, version 10. The
phagocytic scores were determined using the following formula: [(percentage of FITC*
cells) x (MFI of the FITC* cells)]/10,000.

ADNP and ADCP assays with IgA- and IgG1-depleted samples were performed by
incubating plasma with a CellTrace Far Red-stained cell line stably expressing GP on its
surface [EBOV GPkik-293FS EGFP CCR5-SNAP cells (21), 1.0 x 10° cells per well] for 30
min at room temperature. Neutrophils (2.0 x 10° cells per well) or donor peripheral blood
mononuclear cells (2.0 x 10 cells per well; Gulf Coast Regional Blood Center) were then
added to the samples and incubated for 2 hours at 37°C. Neutrophils and monocytes were
stained with LIVE/DEAD Fixable Aqua (Life Technologies), CD66b [phycoerythrin (PE);
clone G10F5, BioLegend], CD3 (PE-Cy7; clone UCHTL, BioLegend), and CD14 (BV421,
clone M¢P9, BD Biosciences) before analysis using a BD FACSCanto flow cytometer. The
phagocytic scores were determined using the following formula: {(percentage of Far Red*
cells) x [geometric mean fluorescence intensity (JMFI) of the Far Red* cells]}/10,000. The
scores presented for each NHP are averaged from two donor blood samples or duplicate
THP-1 samples.

Antibody-dependent complement deposition

Biotinylated EBOV GP was coupled to 1-um red fluorescent NeutrAvidin beads (Life
Technologies). Diluted serum was incubated with GP-coated beads for 2 hours at 37°C,
followed by the addition of reconstituted guinea pig complement (Cedarlane Labs) diluted
in gelatin veronal buffer containing magnesium and calcium (Boston BioProducts). C3
deposition onto beads was measured by flow cytometry using an anti-guinea pig C3
antibody conjugated to FITC (1:100; MP Biomedicals). The average complement deposition
MFI for duplicate samples is presented for each NHP.

Antibody-dependent activation of NK cells

The NK cell activation assay was performed as previously described (45). Briefly, NK
cells isolated from the peripheral blood from three human donors by negative selection per
the manufacturer’s instructions (STEMCELL Technologies) were added at 5 x 10* cells
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per well to EBOV GP (IBT Bioservices) protein absorbed on plates with diluted serum,
brefeldin A (Sigma-Aldrich), GolgiStop (Life Technologies), and anti-CD107a antibody
(1:40; PE-Cy5; clone H4A3, BD Biosciences) and incubated for 5 hours. Cells were surface-
stained with anti-CD3 (1:100; Alexa Fluor 700; clone UCHT1, BD Biosciences), anti-CD16
[1:100, allophycocyanin (APC)-Cy7; clone 3G8, BD Biosciences], and anti-CD56 (1:100;
PE-Cy7; clone B159, BD Biosciences) and intracellularly stained for IFN-y (1:50; APC;
clone B27, BD Biosciences) and MIP-1p (1:50; PE; clone D21-1351, BD Biosciences) after
a Fix Perm treatment (Invitrogen) per the manufacturer’s instructions. Cells were analyzed
by flow cytometry using a BD LSRII flow cytometer. The EBOV GP—specific humanized
murine 1gG1 c13C6 (IBT Bioservices) was used at 5 pg/ml as a positive control, and
cynomolgus macaque sera were used as a negative control (dilution: 1:50). Background
staining for MIP-1b and IFN-y was confirmed to be within the acceptable range for the
assay (45).

Statistical analysis

Statistical comparisons between groups were made using unpaired #tests or analysis

of variance (ANOVA) with post hoc Tukey or Sidak tests (Prism version 9, GraphPad
Software) as specified in the figure legends. Significance is denoted by *P< 0.05, **P<
0.01, ***P<0.001, or ****P< 0.0001. Correlations between the survival index and an
antibody parameter for vaccinated NHPs (7= 20) were determined by two-sided Spearman’s
rank tests.

For the correlation network analysis of 139 parameters measured in all vaccinated NHPs
(n=20) (data file S1), we used corr. test function in R to compute pairwise Kendall

rank correlation coefficients, using the Benjamini-Hochberg procedure to adjust for multiple
hypothesis testing (data file S2). The network was rendered using Cytoscape (60). The Cox
regression model was computed using the Cyclops R package (61). The code is available at
http://doi.org/10.5281/zenodo.4784498.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Survival, clinical scores, weight loss, temperature, markersof liver and kidney function,
and viremia in vaccinated and infected NHPs.

(A) NHPs were vaccinated (/7= 4 per group) via the IN/IT route on day 0 and

boosted on day 26 with rBC/LSFcHN/EboGP (light blue), rBC/LSFHN/EboGP (dark blue),
HPIV3/AFHN/EboGP (orange), HPIV3/EboGP (red), and HPIV1/EboGP (pink). A control
group received the HPIV3 vector control (/7= 2; black). (B to E) Animals were challenged
with 1000 PFU of EBOV by the intramuscular route at day 55. All animals were monitored
for changes in survival (B), clinical scores (C), body temperature (D), and percent weight
change (E) for 28 days after the challenge. Each bar represents an individual NHP at the
indicated time points. (F) Serum was collected from all animals at 3-day intervals over

the course of infection and measured for blood markers of EVD. Each bar represents an
individual NHP at the indicated time points. (G) Viremia in serum determined by plaque
titration (PFU/mI; symbols) and in gRT-PCR (relative PFU/mlI; bars). Each symbol or bar
represents the mean of replicates for each NHP. Error bars represent +SEM. “X” indicates
nonsurviving animals.
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Fig. 2. Serum antibody responsesin vaccinated NHP.
(A to C) Total GP-specific 1gG (A) and IgA (B) in serum and serum EBOV neutralization

titers (C) were measured in vaccinated groups before EBOV infection using ELISA

and plague reduction assays, respectively. Post-vaccination ELISA titers were corrected

by subtraction of respective preimmune sera baseline values. Open symbols indicate
nonsurviving animals. Bars denote group means = SEM. (D) Schematic of the truncated

GP forms evaluated by BLI. (E) Maximum response of total post-vaccination sera binding to
the different truncated GP forms using BLI. (F and G) Proportion of the antibody isotypes in
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the total GP-specific antibody response for each NHP at days 26 (F) and 54 (G). IgA (black),
IgA dimer (white), IgM (orange), and 1gG (gray). Each bar represents an individual NHP.
(H) Average isotype proportions for each vaccine group at days 26 and 54. Significance was
measured by a two-way ANOVA with (A) to (C) and (E) Tukey’s correction or (H) Sidak’s
correction for multiple comparisons. *£< 0.05, **P< 0.01, ***P< 0.001, and ****P<
0.0001.
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Fig. 3. Distribution of serum antibodies binding to EBOV GP antigenic domains.
(A to D) Results of BLI assays of sera binding to different immobilized biotinylated GP

forms after sera preadsorption with various GP forms are shown. Binding inhibition to
immobilized GP (A), GPAmuc (B), sGP (C), and GPcl (D) after preadsorption of serum with
GP forms indicated in each figure panel, expressed as a percentage of total binding response
(in nanometers) obtained without sera preadsorption. (E) MLD domain antibodies according
to vaccine groups or survivors (1= 15) versus nonsurvivors (n=15). (F) GC antibodies
in vaccine groups or survivors and nonsurvivors; binding to biotinylated sGP, inhibited
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by GPcl adsorption (targeted to the RBD), was subtracted from the binding removed by
GPAmuc adsorption (targeted to the GC and RBD). (G) RBD antibodies in vaccine groups
or survivors versus nonsurvivors. (H and 1) Proportion of GP2 + GP1/GP2 base antibodies
for vaccine groups or survivors versus nonsurvivors, calculated by either subtracting percent
binding inhibition to GPAmuc caused by sGP from the percent inhibition caused by GP

(H) or subtracting percent binding inhibition to GPcl caused by sGP from the percent
inhibition caused by GPAmuc (I). NHPs were organized according to groups (symbols, open
symbols denote nonsurvivors; and gray bars represent mean values + SEM) or survivors
(gray circles) and nonsurvivors (black squares) £ SEM. (E to I) Significance measured by
two-way ANOVA with post hoc tests for multiple comparisons between vaccine groups at

a given time point (Tukey’s correction) or between time points and between survivors and
nonsurvivors (Sidak’s correction). *P< 0.05, **P< 0.01, and ***P< 0.001.
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Fig. 4. Epitope specificity of neutralizing antibodies depends on the vaccine vector.
(A and B) Neutralizing activity of day 54 immune sera preincubated with GPAmuc (A) or

sGP (B) expressed as percentages of activity of the same sera not preincubated with proteins.
Sera from vaccinated groups, diluted to achieve 80% of their neutralization activities, were
incubated with increasing concentrations of GPAmuc or sGP. The dashed line indicates 0%.
Inset graphs represent the differences between survivors (gray circles) and nonsurvivors
(black squares) at 2 pg of GPAmuc or sGP. Significance measured by unpaired #test with
Welch’s correction. *P< 0.05; ns, not significant. (C) Serum dilution that reduces infectivity
by 50% (ECsgp) in the absence (=) or presence (+) of 1 ug GPAmuc. Symbols indicate
individual NHPs. Open symbols indicate nonsurvivors. Significance was measured by a
two-way ANOVA with Sidak’s correction for multiple comparisons. *£< 0.05 and **P<
0.01.
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Fig. 5. Epitope diversity of immune sera characterized by competition assays.
(A) The results of a BLI-based competition assay whereby biotinylated GP was immobilized

on a streptavidin sensor and saturated with preinfection sera are shown. MAbs were then
applied to compete for a specific epitope. The level of inhibition is determined as a
percentage of blocking activity compared to negative control sera against the tested mAb.
Symbols indicate individual NHPs. Gray bars denote the average blocking of mAbs by sera
from vaccinated groups = SEM. Open symbols indicate nonsurvivors. (B) The percentage
of mAb epitope binding inhibition for NHPs organized according to survivors (gray circles)
and nonsurvivors (black squares) is shown. Significance measured by two-way ANOVA
with (A) Tukey’s correction for multiple comparisons between vaccine groups and Sidak’s
correction for multiple comparisons between (A) time points and between (B) survivors and
nonsurvivors. *£< 0.05, **P<0.01, ***P<0.001, and ****P< 0.0001.
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Fig. 6. Binding of 1gG and IgA from immune serato peptides spanning full-length GP.
The mean fluorescence intensity (MFI) of day 54 immune sera binding specific, individual

GP peptides according to vaccine groups or survivors versus nonsurvivors is plotted against
each peptide. The vaccine constructs are indicated at the top left corner of each plot. Bars
represent the average MFI £ SEM. The last panel shows the average MFI of survivors
(gray bars) and nonsurvivors (black bars). Black lines above the GP schematic indicates
previously identified epitopes for mAbs and polyclonal serum. Significance was measured
by a two-way ANOVA with Sidak’s correction for all comparisons between survivors and
nonsurvivors. **P< 0.01, ***P< 0.001, and ****P < 0.0001.
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Fig. 7. Fc effector functions of the vaccine response.
(A and B) The ADCD, ADNP, and ADCP activity of immune sera at specified dilution

from NHPs grouped according to vaccine (color symbol, NHP; open symbol, nonsurvivor)
(A) or according to survivors (gray circles) and nonsurvivors (black squares) (B) at days
26 and 54 are shown. C3, complement component 3. (C) NK cell activation based on the
production of CD107a, MIP-1p, and IFN-vy is shown using serum collected at days 26 and
54 at specified dilution from vaccinated groups or survivors and nonsurvivors. (D) ADCP
and ADNP activity of day 54 samples depleted of IgA or IgG1 compared to the control
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depletion. Bar graph shows the percent of the functional activity in depleted samples as
compared to the control (shown by the gray line at 100%). Significance was measured by
two-way ANOVA with Tukey’s correction for multiple comparisons between vaccine groups
or Sidak’s correction for all comparisons between survivors and nonsurvivors. *£< 0.05,
**p<0.01, ***P<0.001, and ****P< 0.0001.
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Fig. 8. Pairwise correlation analysisidentifies antibody features associated with improved
survival.

Map of correlation network depicting pairs of parameters with statistically significant
correlations. Line thickness indicates Kendall rank correlation coefficient values (tau),
where thicker lines indicate higher correlation, and color represents direction of correlation
(positive, blue; negative, red). Color nodes represent measured parameters grouped
according to feature or function.
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