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Robust and sustained immune activation
in human Ebola virus infection
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Ebola viruses (EBOV) are zoonotic infectious
agents that are highly pathogenic in humans,
causing severe hemorrhagic fever with fatality
rates of ~50-70% (1). This genus of negative
single-stranded RNA viruses consists of five
known species that are part of the Filoviridae
family. The current EBOV outbreak in western
Africa began in March 2014 and has since
resulted in >24,000 cases and >10,000 deaths
(1). This 25th known EBOV outbreak is un-
precedented in its magnitude, duration, and
societal impact. Given the likelihood of fu-
ture EBOV outbreaks, significant efforts are
being devoted to develop vaccines that
block EBOV transmission and novel ther-
apeutic interventions to treat infected in-
dividuals (2, 3). Progress in these pursuits
requires better understanding of what key el-
ements of the immune response correlate
with virus replication control and protection
from disease. In PNAS, McElroy et al. report
the results of their study of the cellular and
humoral immune responses of four EBOV-
infected people treated at Emory University
(all of whom received experimental therapies)
(4). Their data provide critical insight into
aspects of the host response in humans to
EBOV that have not previously been exam-
ined using contemporary immunologic
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methods, and provide the foundation for fu-
ture studies, elucidating immune responses
mediating effective virus control.

The high mortality rate of EBOV infec-
tions indicates that the immune system often
fails to control viral replication. In fact, it has
been suggested that a key pathogenic mech-
anism of EBOV is its ability to cause global
immunosuppression (Fig. 1). Studies of the
interaction of EBOV with cells in culture have
shown that at least three Ebola virus-encoded
proteins (viral protein 24, viral protein 35, and
glycoprotein) act on cell-intrinsic resistance
pathways, resulting in inhibition of type I
IEN production, impairing the action of
IEN on infected cells, and counteracting
the effects of tetherin, a host factor that pre-
vents virion release (5). Moreover, in vitro
studies have indicated that Ebola virus im-
pairs dendritic cell responses, including cy-
tokine production, maturation, and ability
to induce T-cell proliferation. The acute re-
duction in circulating T-cell counts seen dur-
ing in vivo Ebola virus infection, which
parallels the high levels of bystander lym-
phocyte apoptosis described in culture, has
also been proposed to contribute to impaired
adaptive immune responses (reviewed in
refs. 6 and 7).
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Fig. 1.

Schematic of viral replication and immune activation for two models accounting for the failure of the im-

mune system to control EBOV in lethal infections. Model 1 proposes that EBOV leads to substantial immune sup-
pression that prevents an effective immune response from being raised. Model 2 suggests that the timing and kinetics
of viral replication and of the immune response is key to infection outcome, with a late or abortive immune response
leading to death. New data from McElroy et al. (4) support the idea that EBOV infection can lead to extensive immune
activation (Model 2), although it remains to be defined what key elements of the response (function, specificity,
magnitude of T- and B-cell responses) are essential to viral clearance. Tdenotes patient death.
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Because of the unpredictability of EBOV
outbreaks, their often rural location, the
priority to provide medical care, and the need
for biosafety-level 4 biohazard containment
of specimens obtained, detailed studies of
human immune responses to EBOV infec-
tions have been very limited. To date, the main
emphasis of human studies has been the
production of pro/anti-inflammatory medi-
ators, antibody production, and lymphocyte
counts measured in the blood. From this
work, the picture that emerges is one of a
potent inflammatory response rather than
global immune suppression (reviewed in
ref. 8). In the case of lethal infections, the
pace of emergence of host immune responses
may be outstripped by very rapid viral rep-
lication, precipitating infection-associated
tissue damage, including vascular leakage,
dysregulated coagulation, and multiorgan fail-
ure (Fig. 1). Similarly, contrary to what in vitro
work might suggest, some human studies
have detected a type I IFN response, which
studies in mice have emphasized as impor-
tant in curtailing Ebola virus disease (9-11).
Lower antibody levels and greater viremia
have been associated with fatal infections
and an early inflammatory response may
be characteristic of less severe infection,
consistent with mouse data (12, 13). Nota-
bly, only one study has thus far examined
T-cell responses during Ebola virus infec-
tion and found significantly lower levels of
activation in patients that died (14).

The new data from McElroy et al. clearly
indicate that robust T- and B-cell responses
are generated during the symptomatic phase
of acute EBOV infection (4). Peak frequencies
of activated T cells and plasmablasts were
comparable to other acute viral infections
studied (15, 16), rather than the delayed re-
sponses seen in some persistent infections,
like hepatitis C (17). The CD8" T-cell pheno-
type observed is suggestive of cytotoxic func-
tion, and cytokine production detected upon
stimulation with EBOV peptides indicates
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their antigen-specific nature. Use of tetra-
mers to track specific T cells during the
course of infection will help discern the
extent to which the high level of T-cell re-
sponse is antigen-driven and fully functional.
Given the high level of PD-1 expression on
T cells, a receptor known to inhibit function
in settings of very high or chronic antigen
loads, it is possible that these emerging
T cells may exhibit some functional impair-
ment (18). Importantly, interrogation of the
specificity, breadth, and functional capacity
of antibodies from responding plasmablasts
will also help illuminate the role humoral
responses play in viral clearance [and if, as
described for ZMapp, multiple simultaneous
antibody engagements of EBOV glycoprotein
are essential (3)]. Although the study by
McElroy et al. (4) does not enable an assess-
ment of the relationship between viremia,
disease severity, and level of adaptive
immune responses, the observation of ex-
tensive T- and B-cell activation suggests
that if the immune response is given the
opportunity to keep ahead of the rapidly
increasing viral load, either by reducing viral
replication therapeutically or by giving the
immune system a head start through the
generation of memory T and B cells by prior
vaccination, the chances of survival might be
substantially increased. Importantly, McEl-
roy et al’s study (4) also describes a second
wave of activated T cells during the conva-
lescent phase in three of the patients that,
given its magnitude, suggests persistence of
viral antigen (and potentially compartmen-
talized replication) after viremia has be-
come undetectable in the blood. This
finding is consistent with earlier observa-
tions that EBOV RNA can be detected in
urine, sweat, and semen for several weeks
following resolution of acute EBOV infection
(19, 20).

The magnitude, geographic reach, and
severity of the current EBOV outbreak have
engendered widespread recognition that new
tools—including a preventative vaccine—are
needed to prevent and control future out-
breaks. Toward this end, vaccine develop-
ment efforts have proceeded at an unprece-
dented pace over the past 6 months, and
promptly transitioned from phase 1 clini-
cal trials to phase 3 safety, efficacy, and
effectiveness studies in affected countries
in West Africa, where two candidate vac-
cines are now being evaluated (2). In addi-
tion, other candidate EBOV vaccines have
been advanced into phase 1 clinical trials
within the past 3 months. A number of vac-
cine candidates protect against high-dose
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challenge with virulent EBOV in nonhuman
primate (NHP) models, which suggests that
development of an efficacious EBOV vaccine
might be possible (2). Despite the encourag-
ing preclinical results and expeditious ad-
vancement of clinical studies, the recent
significant decline in EBOV incident infec-

The work of McElroy
et al. provides a
valuable step to help
accelerate the develop-
ment of EBOV vac-
cines and inform
future efforts to
develop immune-based
therapies.

tion rates in Liberia (where a large phase
2/3 study is underway), and lower (but
continuing) rates of infection in Guinea and
SierraLeone (where phase 3 effectiveness
studies have just or will soon begin), have
raised the question of whether it will be
possible to formally demonstrate vaccine ef-
ficacy in the setting of a waning EBOV epi-
demic (1). Because it is not yet clear if
traditional public health measures alone will
be effective at extinguishing the current
outbreak, there remains a compelling in-
terest in expediting the licensure and avail-
ability of promising EBOV vaccine candi-
dates, not only to be better prepared for
future outbreaks but also as an important

additional public health tool to eliminate the
current one. Toward this end, regulatory
authorities have expressed interest in the
possibility of novel alternative accelerated
pathways to vaccine licensure that would be
predicated on the identification of specific
immune responses that are convincingly
associated with the prevention, control of,
or natural immunity to EBOV infection. In
this way, specific immunologic correlates
that predict protective immunity could de-
fine the magnitude, character, and speci-
ficity of responses that candidate vaccines
would need to elicit. As data are acquired
to support such an accelerated pathway,
the bridging to NHP models is one im-
portant option. However, available NHP
models may not reflect human infection
(in route or magnitude of most EBOV ex-
posures) and the levels and specificities of
the immune responses elicited by candidate
vaccines might not be entirely congruent
between NHPs and humans. For these rea-
sons, there is also a pressing need to de-
velop an improved, high-resolution under-
standing of the nature of cellular and
humoral immune responses that emerge fol-
lowing acute EBOV in humans and that are
associated with containment of virus replica-
tion, protection from lethal pathology, ulti-
mate viral clearance, and long-term pro-
tection from reinfection. Toward this end, the
work of McElroy et al. (4) provides a valuable
step to help accelerate the development of
EBOV vaccines and inform future efforts to
develop immune-based therapies.
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