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Abstract

Testing vaccine efficacy against the highly lethal Ebola virus (EBOV) in humans is almost
impossible due to obvious ethical reasons and the sporadic nature of outbreaks. For such
situations, the “animal rule” was established, requiring the product be tested in animal models,
expected to predict the response observed in humans. For vaccines, this testing aims to identify
immune correlates of protection, such as antibody or cell-mediated responses. In the wake of the
2013 — 2016 EBOV epidemic, and despite advancement of promising candidates into clinical
trials, protective correlates remain ambiguous. In the hope of identifying a reliable correlate by
comparing preclinical and clinical trial data on immune responses to vaccination, we conclude that
correlates are not universal for all EBOV vaccines.
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Need for markers of vaccine-generated immunity for filoviruses.

Outbreaks of filoviruses Ebola (EBOV), the closely related Sudan (SUDV), Bundibugyo
(BDBYV) and more distantly related Marburg (MARV) viruses are historically sporadic,
unpredictable and have a high case fatality rate making conventional vaccine efficacy testing
in humans logistically difficult. In 2002, the United States Food and Drug Administration
(FDA) established the “animal rule” for regulatory approval of drugs and biologics for
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which efficacy testing in humans is impossible, requiring relevant animal models which
recapitulates human disease (https://www.ecfr.gov/cgi-bin/text-idx?
SID=07ae7117f4af9184631f0ba5ab8e9bec&mc=true&node=sp21.5.314.i&rgn=div6).
Among the EBOV research animal models, which include several small animal and non-
human primate (NHP) species, macaques are preferred, expected to develop a response
predictive for humans. Vaccine efficacy studies in animal models aim to identify the
vaccine-induced markers such as the levels of antigen-specific binding and neutralizing
antibodies, or cell-mediated responses, which correlate with protection against the targeted
pathogen. This licensing pathway requires that immunogenicity results from clinical trials
are consistent with previously identified immune correlates associated with protection; thus
identifying reliable markers of vaccine-generated immunity becomes critically important for
pathogens such as EBOV. Several EBOV vaccines currently in development have conferred
protection against lethal infection in preclinical testing in NHP models. All protective EBOV
vaccines use the viral glycoprotein (GP), the sole envelope protein capable of inducing
protective responses, as an immunogen. These vaccines include recombinant replication-
competent vectors vesicular stomatitis virus (VSV) [1], rhesus cytomegalovirus (RhCMV)
[2], human parainfluenza type 3 (HPIV3) [3], and attenuated rabies virus [4]. They also
include non-replicating vaccines based on replication-deficient adenoviral vectors [5, 6],
Venezuelan equine encephalitis virus (VEEV)-based replicons [7], replication-deficient
EBOV particles lacking VP30 (EBOVAVP30) [8], as well as EBOV-like particles (VLP) [9]
and some other forms such as GP subunit vaccines and adjuvanted GP nanoparticles
(reviewed in references [10, 11]).

EBQV vaccine human clinical trials.

The unprecedented 2013 — 2016 EBOV epidemic which caused 28,616 suspected, probable
and confirmed cases and 11,310 fatalities (http://www.cdc.gov/vhf/ebola/outbreaks/2014-
west-africa/case-counts.html), resulted in fast tracking vaccines showing potential in
preclinical studies into clinical trials through collaborative efforts involving the World
Health Organization, several health agencies, biotech companies and research groups from
around the globe, albeit catching the tail end of the epidemic when cases were on a decline.
This revolutionized protocols and policies for vaccine trial implementation and for
compassionate use of investigational new therapeutics and vaccines to counter epidemics.
The lead candidate, VSV-EBOV vaccine, was accelerated into a ring vaccination phase 11l
clinical trial in Guinea in April 2015 and demonstrated protective efficacy [12, 13].
Adenovirus (Ad) vectored vaccines based on chimpanzee Ad3 (ChAd3) [14], human Ad5
[15], and human Ad26 boosted with a modified vaccinia virus Ankara (MVA) [16, 17] also
were assessed in Phase | and Il studies. At present, there are 60 ongoing and/or completed
trials according to clinicaltrials.gov (see review by Martins et al. for more details [10]).
EBOV-specific immune responses analyzed in clinical trials were mostly the levels of GP-
specific IgG binding in an ELISA format, due to the ease of such testing. Thus far, GP-
specific 1gG responses have been detected 2 and 1 years post vaccination for VSV-EBOV
[18] and ChAd3 EBOV [19], respectively. The quest to identify immune correlates remains
paramount as VSV-EBOV was deployed during the recent (April — June 2018) outbreak in
the Democratic Republic of the Congo.
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Immunological parameters established in animal models are not always
reflected in clinical trials.

Immune responses elicited by a vaccine in humans are not always mirrored in animal models
due to differences in dosage, preexisting vector-specific immunity, or divergent host
genetics. In addition, cell-mediated responses demonstrated in NHP models are not often
tested in clinical trials. As predicted from NHP models, VSV-vectored vaccines elicited
humoral immune responses in humans [20-22]. T cell responses were not robust in NHPs
during immunization [23, 24]. Cellular immunity was however, detected following post
exposure treatment of a health care worker [25]. Only recently, data from a dose-escalation
Phase I trial revealed a moderate to low magnitude of T cells, which were predominantly
CD8* T cells [26]. In another Phase I trial, the vaccine dose was lowered in an attempt to
minimize adverse effects demonstrated in the higher dose cohorts, thus compromising the
GP-specific 1gG- and neutralizing antibody responses [20]. Dose reduction also negatively
impacted the quality of the CD8* T cell responses [26]. In a ChAd3 EBOV phase I clinical
trial [27] a single dose primed CD4" T cells more efficiently, whereas in NHPs, the vaccine
had elicited stronger CD8" T cell responses [6]. The polyfunctionality of T cells was
however, associated with protection in preclinical studies [6]. Pre-existing adenovirus
vector-specific immunity in humans potentially influenced this T cell skew [14, 28], which
could be mitigated by heterologous boosting with MVA [27, 29] or potentially by a higher
dose of ChAd3 EBQOV [14]. These data, taken together with the sporadic nature of EBOV
outbreaks that restricts the possibility of testing vaccine efficacy in humans, emphasize the
need of in-depth investigation of immune correlates of protection for all EBOV vaccines.

Mechanistic immune correlates of protection: Distinct contribution of
antibodies and cell-mediated immunity to protection conferred by different
EBQV vaccines.

Immune correlates of protection can be divided into two categories: mechanistic, whereby
the measured correlate is directly responsible for protection, and non-mechanistic, a
surrogate indicator which may contribute to, but is not exclusively involved in protection
[30]. Using immune depletion studies, the mechanism of vaccine protection against EBOV
intramuscular (IM) challenge was elucidated for two filovirus vaccine platforms in the NHP
model (Table 1). Preclinical NHP studies with the VSV-EBQOV vaccine demonstrated that
the levels of GP-specific antibodies correlated with protection, and survival was
compromised upon ablation of the CD4* T cell-dependent antibody response. In addition,
cell-mediated immunity did not play a critical role in VSV-EBOV vaccine-mediated
protection since survival from lethal challenge was not affected by depletion of CD8" T cells
at the time of vaccination or by depletion of CD4* T cells at the time of infection [24]. Gene
expression differences between the CD8+ depleted and non-depleted NHPs upon
vaccination, however, indicate a potential minor regulatory role for CD8* T cells in VSV-
EBOV-mediated protection [31]. In contrast, depletion of CD8+ T cells at the time of
infection and B cells at the time of vaccination in Ad5-vectored EBOV vaccinated macaques
showed a requirement for CD8* T cells and not antibodies for protection [32], although
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additional studies may be required to better elucidate the role of antibodies in protection by
this vaccine.

Mechanistic correlates of protection for three additional vaccine platforms were determined
in murine models where different components of the adaptive immune response were
knocked-out or adoptively transferred (see Table 1). Protection conferred by VEEV-based
replicon vaccines required only EBOV-specific CD8* T cell immunity [33]. VLP-mediated
protection required GP and VVP40-specific CD8* T cell responses [34]. However, the
mounted antibody responses, but not B cells, were dispensable [34, 35]. These B cells may
therefore possess unappreciated antibody-independent roles such as priming T cells, and
only produce antibodies with T cell help following vaccination, which promote but are not
predictive of survival. Protection by a replication-deficient vaccine based on VSV
pseudotyped with EBOV GP was mediated by GP-specific binding antibodies (IgG and
IgM) and not neutralizing antibodies [36]. Collectively, these studies raised the issue that
EBOV vaccine platforms elicit distinct immune profiles and use different protection
mechanisms [37] thus emphasizing that individual studies are required for each proposed
vaccine platform to establish vaccine-specific mechanistic correlate(s) of protection.

Non-mechanistic immune correlates of protection.

While mechanistic correlates are most informative to predict protective efficacy of each
vaccine, they may not be readily identifiable or are too difficult to quantitate. For such
situations, non-mechanistic correlates may be used (Table 1). For example, Ad5 protection
correlated with GP-specific antibody titers [5] yet the protection was mediated by CD8* T
cells and not antibodies [32]. Several surrogate markers may potentially be utilized for the
VSV-EBQV vaccine in humans. First, the revelation that anti-GP IgM dominates the
neutralizing response in humans indicates that 1gG titers in fact represent a surrogate marker
for efficacy of this vaccine [38]. Second, the frequency of a CD4™ T cell subpopulation,
circulating follicular T helper (Tfh) cells and notably its Tfh17 subset, which supports the
expansion and quality of B cell responses, may also serve as non-mechanistic correlates, as
they were associated with GP-specific IgG titers in Phase | trial volunteers [22]. Third,
systems vaccinology identified a signature of five vaccine-induced, key early innate immune
mediators: the frequency of CD56P119"t NK cells, the expression of CXCR6 by CD569M NK
cells and the levels of cytokines IP-10, MIP-1p and MCP-1 in plasma, which correlated with
antibody titers and may facilitate early protection before an adaptive immune response is
mounted [39]. RhCMV-based vaccine platforms are typified as inducing biased effector
memory T cell responses with minimal antibodies [40, 41]. Yet when used as an EBOV
vaccine, GP-specific T cells were undetectable in NHPs. Rather, protection correlated with
the levels of 1gG antibodies, but not their neutralizing capacity [2] casting doubt on their
direct mechanistic role and implicating the involvement of Fc-mediated protective
mechanisms such as antibody-dependent cellular cytotoxicity (ADCC) and phagocytosis
(ADCP) and complement-dependent cytotoxicity. The failure of some studies to protect
following passive transfer of EBOV-specific immune serum also highlights the potential
non-mechanistic role for GP-specific IgG titers, although this may also be explained by
insufficient levels of transferred antibodies [32, 42]. Thus, for some EBOV vaccine
platforms, regardless of the animal model, GP-specific IgG titers may be a prominent non-
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mechanistic correlate of protection while qualitative components of the antibody response
that are yet to be determined, contribute to protection.

Different mechanisms of antibody-mediated protection.

The ability of vaccine-induced antibodies to confer protection through an array of
mechanisms is supported by the successful preclinical use of monoclonal antibodies (mAb)
with varying effector functions to treat lethal filovirus infections. ZMapp, a cocktail of three
mAbs (2G4, 4G7 and 13F6), protected NHPs from death after EBOV challenge when
administered up to five days post-infection [43]. ZMapp was also used in humans but its
clinical testing at the tail end of the 2013-2016 EBOV epidemic suggested that the treatment
did not meet the pre-specified statistical threshold for efficacy [44]. Post-exposure treatment
of mice with exceptionally potent pan-ebolavirus neutralizing monoclonal antibodies
ADI-15742 and ADI-15878 conferred significant levels of protection against death caused
by EBOV, SUDV and BDBV challenges [45]. The combination of mAb100 and mAb114,
two human monoclonal antibodies with both neutralizing and Fc domain-mediated
protective functions, protected NHPs from death and disease caused by EBOV [46].
Furthermore, different strategies have been designed to enhance and broaden /in vitro
neutralization with the hope of translation into improved /n vivo protection. Specific pairing
of a weakly neutralizing mAb with a non-neutralizing mAb targeting the glycan cap created
cooperative neutralization and protected mice from death and disease caused by EBOV
when delivered at high dose and from death by EBOV and SUDV when delivered at a lower
dose [47]. Two distinct antibody specificities, against EBOV and SUDV, were combined in a
single engineered bi-specific mAb which protected mice from death caused by EBOV and
SUDV [48]. The bispecific mAb method was further refined to confer neutralization by
combining two non-neutralizing mAbs targeting the receptor recognition region and an
exposed, conserved epitope of GP. The resulting mAb was demonstrated to neutralize
recombinant VSV bearing GP from all filovirus species and protected mice from death
caused by EBOV and SUDV [49].

Antibody-mediated protection does not necessarily correlate with /n vitro neutralizing
capacity. VSV-MARYV vaccine elicited GP-specific binding but low-level neutralizing
antibodies and no detectable cellular immune responses in NHPs; nonetheless, one year post
vaccination, little to no neutralizing activity was detected, yet 100% of animals were
protected from the disease and death caused by MARV challenge [50]. NHPs succumbed to
EBOV infection despite post-exposure treatment with high concentrations of KzZ52, a
monoclonal antibody with EBOV neutralizing capacity at the post-entry step of infection
[51, 52]. Therefore, since antibodies are functionally multifaceted, focus is shifting toward
synergistic antibody combinations with various effector capabilities including neutralization
and Fc-mediated protective mechanisms such as ADCC and ADCP. Comparison of
replication-competent, replication-incompetent and chemically inactivated rhabdovirus-
vectored bivalent EBOV/rabies virus vaccines suggested that the protection of NHPs did not
correlate with GP-specific IgG titers, neutralizing antibodies, antibody avidity or their
recognition of GP’s mucin-like domain. Instead, it correlated with lower GP-specific
1gG2:1gG1 isotype ratios (only two IgG subclasses were analyzed) [4]; a prominent IgG1
response implies the involvement of ADCC in protection. In another study, protection of
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mice from death by EBOV was achieved by nonneutralizing monoclonal antibodies with Fc-
mediated protective functions [53]. MR191, a MARV-specific weakly neutralizing mAb
isolated from a human survivor, protected NHPs against lethal infection with MARV [54].
The antibody used in the study lacks fucosylation (due to production in tobacco plants); as
afucosylated antibodies have enhanced binding to FcyRIII receptors [55], protection was
likely enhanced by its Fc-mediated mechanisms. Taken together, these studies highlight the
importance of the quality of the antibody effector functions including both Fc-mediated and
neutralizing capacities and suggest that different vaccines may induce qualitatively distinct
antibodies, which orchestrate different protective mechanisms.

Different protective mechanisms against EBOV infection caused by

different exposure routes.

While it is believed that most human-to-human EBOV infections in outbreaks involve direct
contact with infected tissues and biological fluids, transmission of the virus through aerosols
or droplets of respiratory secretions and other biological fluids from infected individuals
could also be a possibility [56]. EBOV can infect mucosal surfaces including the respiratory
tract. Laboratory generated EBOV aerosols are infectious [57], and experiments with NHP
and rodent models demonstrated that EBOV may possibly be transmitted without direct
contact [58, 59]. EBOV infection of the respiratory mucosa is pathophysiologically distinct
from IM or intraperitoneal (IP) infection [60-62], so immune correlates inferred from current
NHP IM challenge models may be only partially relevant in establishing requirements for
protection of humans in a natural exposure setting.

A single dose of VSV-EBOV, or VSV-MARYV protected NHPs against exposure to the
respective aerosolized virus [63]. Aerosolized SUDV however, may necessitate higher or
broader immune responses, as protection required booster vaccinations of the VEEV-based
replicon vaccine, shown to be protective at one dose against IM challenge [7], or the bivalent
Ad5-vectored vaccine targeting EBOV and SUDV [62]. This may indicate the need for
elevated antibody titers and/or an immune marker exclusive to the protection against
mucosal filovirus infections. Hence, the threshold of binding or neutralizing antibodies used
to gauge protection against IM challenge may not necessarily be predictive against mucosal
exposure. However, the successful implementation of VSV-EBOV in the Guinea ring
vaccination trial [12, 13], where spread from infected persons conceivably included
transmission via the mucosa, may be attributed to the very high immunogenicity of this
vaccine. Indeed, the vaccine was tested in the stringent preclinical IM challenge models:
macaques, which are very susceptible to EBOV and a challenge dose which far exceeds
natural exposure doses.

Vaccine-induced protective mechanisms may also depend on the administration route. The
respiratory HPIV3/EboGP vaccine elicited both systemic and mucosal neutralizing
antibodies and a cell-mediated response most prominent in the lungs of NHPs [64].
Therefore, in case of respiratory mucosal EBOV infection, protection may be mediated by
both antibody and cell-mediated responses in the respiratory tract, while in case of IM
infection, protection is likely mediated by systemic antibodies. Delivery of VSV-EBOV to
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the respiratory tract induced stronger humoral and T lymphocyte responses, and potentially
primed different memory T cell populations compared to vaccination via the IM route [23].
Thus, respiratory administration of an EBOV vaccine to broaden the scope and quality of the
response and elicit mucosal immunity could be highly advantageous against mucosal
exposure and would most likely utilize different immune mechanisms of protection.
Moreover, respiratory vaccination would be more feasible and practical in countries with
limited infrastructure, requiring the use of disposable nebulizers and eliminating the need for
medical personnel.

Concluding remarks.

This Opinion article offers a survey of preclinical and clinical studies which suggest that
immune correlates of protection for EBOV vaccines are not universal but are defined by
parameters, including: vaccine platform, viral antigen, vaccine dose, number of doses,
delivery route, immunization schedule, time between the last dose and exposure to EBOV,
route of exposure (IM or inhaled aerosol), EBOV challenge dose, host genetics, as well as
pre-existing immunity to vaccine components (EBOV antigen and the vaccine vector)
(Figure 1). The EBOV vaccines tested in recent clinical trials elicited immune responses,
which did not always replicate the responses observed in animal models. Moreover, the
mechanisms involved in the induction of innate immunity [65] and molecular determinants
of EBOV virulence are different between murine models and humans [66]. From the
available data, the most reliable immune correlates of protection for an EBOV vaccine can
only be obtained from testing in NHPs, though NHP data should also be interpreted
cautiously, as the close to 100% lethality of EBOV infections in NHPs [67] greatly exceeds
that in humans http://www.cdc.gov/vhf/ebola/outbreaks/2014-west-africa/case-counts.html.
Currently, characterization of immune responses is limited by the use of classical serological
and cell-mediated assays, and because these EBOV vaccines induce different responses,
identification of a universal correlate is unlikely. With different immune mechanisms at
work among the platforms, we need to reassess the apparent conformity for using 1gG titers
as the universal protective gauge (see Outstanding Questions). New strategies and advanced
technologies are needed to comprehensively profile each vaccine’s immune signature to
improve our knowledge on the distinct mechanisms of protection thereby revealing key
mechanistic and non-mechanistic correlates.
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Outstanding Questions Box

How to best standardize parameter testing for EBOV vaccine platforms so
that comparisons between vaccines and studies are more robust?

Should the role of IgG titers as an obligatory immune correlate for all EBOV
vaccines be revised?

Avre samples from clinical trials and survivors properly utilized by mining all
possible analytical information and data sets on innate and adaptive immune
responses?

Should new high throughput, cutting-edge technologies be employed in
addition to the classical serological and cell-mediated response assays in an
attempt to broaden testing protocols and establish comprehensive immune
signatures of each vaccine?

Are immune mechanisms and the levels of correlates required to achieve
protection in NHP models of EBOV infections applicable to humans in a
natural exposure setting?

How durable is protection elicited by EBOV vaccines?

Will it be possible one day to define a universal correlate of protection for all
EBOV vaccines?
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Highlights
Correlates of protection are crucial predictive tools for EBOV vaccine

efficacy in humans.

Different EBOV vaccines elicit distinct immune profiles defined by many
parameters including vaccine design and delivery.

Immunological parameters identified in EBOV vaccine studies in animal
models are not always reflected in clinical trials.

Antibody and cell-mediated immune responses have different contributions to
protection by different EBOV vaccines.

Qualitative features of the antibody response, in addition to magnitude, can
affect protection.

Different vaccination routes can elicit qualitatively different immune
responses. EBOV infection through different routes will likely require distinct
vaccine-mediated protective mechanisms.

There is currently no universal correlate of protection for EBOV vaccines and
it is unlikely one will be identified in the near future.
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Vaccine
e Platform
e Viral antigen (modified
or not modified)
e Dose
* Number of doses
¢ Delivery route
¢ Delivery schedule

Virus
e Strain
¢ Exposure dose
¢ Route of exposure

Vaccine recipient
e Humans vs. animal models
* Immune responses
e Pre-existing immunity to vaccine platform
e Pre-existing immunity to EBOV antigen

 Time between vaccination and virus exposure
¢ Host genetics

Immune
\ / correlates C
of protection

Figure 1. Immune correlates of protection of EBOV vaccines are not universal.
Immune correlates of protection for EBOV vaccines are limited to a specific vaccine and

vaccination regimen tested in each study, including: vaccine platform, viral antigen, vaccine
dose, number of doses, delivery route, immunization schedule, time between the last dose
and exposure to EBOV, route of exposure and EBOV challenge dose, as well as pre-existing
immunity to vaccine components and host genetics.
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Immune correlates of protection in preclinical EBOV vaccine studies

Table 1:
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