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Abstract: Ebola virus disease (EVD) remains among the biggest public health threats in 
Africa, even though recently a vaccine was approved for human use. However, in outbreak 
situations treatment strategies are needed in combination with vaccination campaigns to 
impact and stop the spread of the disease. Here, we discuss the development of the 
immunotherapeutics against EDV both targeting the virus itself and bolstering the immuno
logical environment of the host at both the pre-clinical and clinical level. The early devel
opment of antibody therapy in preclinical settings and the early pitfalls in the implementation 
of this therapeutic strategy are discussed. We also consider the advancement of the produc
tion, modulation, and specificity of the antibody treatment that garnered increased success in 
preclinical studies to the point that it was warranted to test them in a clinical setting. Initial 
clinical trials in an outbreak scenario proved difficult to definitively confirm the efficacy of 
the implemented treatment. Upon further modification and with the experiences from the 
challenging outbreak conditions in mind, the PALM clinical trial demonstrated efficacy of an 
antibody cocktail which recently received approval for human use. 
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Introduction
Ebola virus is a member of the Filoviridae family which encompasses six genera: 
Ebolavirus, Marburgvirus, Striavirus, Thamnovirus, Dianlovirus, and Cuevavirus.1 

The genus Ebolavirus includes six species Zaire ebolavirus (EBOV), Sudan ebo
lavirus (SUDV), Taï Forest ebolavirus, Reston ebolavirus, Bundibugyo ebolavirus 
(BDBV), and Bombali ebolavirus. Filoviruses are pleomorphic in shape and pos
sess a lipid envelope. The viral genome is a negative-sense single strand RNA 
which is approximately 19 kb in size.1

Since the first outbreak in 1976, EBOV has resurfaced a multitude of times in 
Africa. Initially, it was responsible for causing small, localized outbreaks until 
2013, when the large multinational epidemic was recorded causing 28,646 infec
tions and 11,323 fatalities.2 A second, large outbreak occurred in the North Kivu 
province of the Democratic Republic of Congo (DRC) in 2018–2020 totaling 3481 
cases and 2299 fatalities.3,4 There has recently been an outbreak in the Equateur 
province, which was declared over on November 18th, 2020.5

Ebola virus disease (EVD) typically progresses in three stages. The first stage 
presents with non-specific flu-like symptoms. In the second stage, the disease pro
gresses to include gastrointestinal symptoms and severe dehydration. During the third 
and final stage, the patient rapidly declines presenting with convulsion, mucosal 
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bleeding, shock, and multi-organ failure leading to death. 
Convalescence can be a prolonged period of weeks to 
months with the potential of viral persistence in immune 
privileged sites.6,7 Post-exposure treatment options rely 
extensively on supportive care measures, such as fluid and 
electrolyte replacement, which is difficult to achieve in 
many African countries with poor healthcare 
infrastructure.8 A major focus of immunotherapeutic devel
opment for EVD is the production of antibody-based 
treatments.9 The continual improvement on the production 
and genetic manipulation of monoclonal antibodies has 
made this an attractive production pipeline. Monoclonal 
antibodies can now be produced efficiently in large quanti
ties, but also can be modified to improve the antiviral cap
abilities allowing for the production of broadly protective 
antibodies.9 Despite targeting the virus, attempts have also 
been made to bolster the host antiviral responses with 
immune-stimulatory compounds like interferons (IFNs) 
(Figure 1). This review will focus on the status of EVD 
immunotherapeutics, both in pre-clinical and clinical stages, 
with an emphasis on monoclonal antibody intervention.

Antibody Therapy
Antibody therapy may be one of the oldest forms of disease 
therapy, with the passive delivery of antibodies at very high 
concentrations in colostrum and breast milk.10 Antibodies 

present in these biological fluids evolved and are specifically 
tailored to the pathogenic environment exposed to new
borns. This demonstrates the appealing characteristics of 
antibodies as a drug platform. Due to their high specificity, 
there is a decreased likelihood of off-target binding, bolster
ing the safety profile of new products being developed.11,12 

The utilization of antibody therapy for EVD was initially 
subject to debate. An initial report from the EBOV outbreak 
in Kikwit, DRC in 1995 found that eight patients who were 
treated with convalescent whole blood transfusions had 
a survival rate of 87.5%, however, due to the limited number 
of patients and the nature of the study, the authors were 
concerned about what conclusions could be drawn.13

Preclinical Efficacy of Antibody 
Therapy
One of the earliest reports of passive immunization of 
nonhuman primates (NHP) to combat EVD was led by 
Russian scientists who treated baboons with an equine 
hyperimmune IgG preparation. A single dose of the equine 
IgG with high neutralizing titers provided 100% efficacy 
when given prior to or up to one-hour post challenge. 
When the time between challenge and treatment was 
extended to two hours, the efficacy dramatically dropped 
to under 30%.14 A similar study was conducted and no 
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Figure 1 Schematic of the cellular and physiological targets of immunotherapeutics against EVD. Immunotherapeutics can target the virus directly such as neutralizing 
antibodies, or they can target cellular processes or receptors. Immunotherapeutics can also be cell stimulators such as interferon treatment to bolster the antiviral response.
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therapeutic effects were observed when equine IgG was 
administered to NHPs immediately after infection.15 In 
a more recent study, EBOV-specific polyclonal equine 
Fab fragments uniformly protected NHPs when 7 doses 
were administered starting either 3 or 5 days post-infection 
(dpi). This study demonstrated that a higher dose (100 mg/ 
kg) and multiple treatments significantly improve antibody 
therapy efficacy.16

The process of monoclonal antibody implementation 
took great strides in the mid to late 1900s, with the 
realization that species matching is crucial to maintain 
efficacy. This new understanding prompted the generation 
of humanized antibodies. With the early success of con
valescent blood transfusions, researchers utilized EVD 
survivors to isolate potent neutralizing antibodies. One 
such neutralizing antibody is KZ52.17 This monoclonal 
antibody showed strong protective efficacy in guinea pigs 
against EVD up until 6 hours post infection.18 However, 
when KZ52 was advanced to NHPs, no evidence of pro
tection from EVD was observed in 3 of the 4 treated 
animals. The fourth animal was euthanized 28 dpi when 
it became moribund and despite having no circulating 
EBOV, high viral depositions in various organs were 
found.19 This was the first indication that neutralization 
of free virus in blood was not sufficient to protect 
from EVD.

The first real success with antibody post-exposure 
treatment was reported in 2012 when Dye et al purified 
IgG from convalescent serum of macaques which survived 
EBOV challenge following experimental vaccination.20 

Treatment of naïve NHPs with purified polyclonal IgG 
48 hours post EBOV challenge resulted in 100% protec
tion. Interestingly, the effective concentrations at 50% 
(EC50) and 80% (EC80) of the purified IgG preparation 
were lower than that of KZ52, which offered no protec
tion. The authors speculated that the efficacy was likely 
improved due to the increase in epitope recognition by this 
polyclonal IgG preparation compared to a single mono
clonal antibody (mAb). This was the first indication that 
a cocktail of mAbs could potentially provide complete 
protection against EVD.

Shortly thereafter, 3 mAb cocktails demonstrated com
plete or partial protection when administered to EBOV- 
infected NHPs post-exposure.21–23 One such cocktail was 
a combination of three murine antibodies initially termed 
ZMab. ZMab demonstrated 100% efficacy in NHPs when 
administered 1dpi, and 50% efficacy when administered 2 
dpi.22 Another cocktail was a combination of 3 plant- 

produced human-mouse chimeric mAbs termed MB-003. 
The authors reported that MB-003 showed a 67% efficacy 
when administered 1 or 2 dpi.23 Particularly noteworthy is 
that the plant-based production of the MB-003 yielded 
afucosylated mAbs. This is a critical step forward, as it 
has been shown that afucosylated mAbs are able to induce 
antibody-dependent cellular cytotoxicity (ADCC) at 
a much more efficient rate.23–26 Following the post- 
exposure treatment success, the authors went on to extend 
the time to treatment based on clinical signs mimicking the 
time when patients would present themselves at hospitals. 
The animals received treatment after onset of fever and 
viremia at 4 dpi; however, only 42% of the animals 
survived.27 The developers of ZMab and MB-003 then 
combined efforts to chimerize the ZMab mAbs and iden
tified the most potent combination of three mAbs.28 The 
new combination, now termed ZMapp™, demonstrated 
100% efficacy when administered as late as 5 dpi to 
EBOV-infected NHPs. These results were similar to 
a single human mAb, mAb114. This antibody binds to an 
epitope on the GP spanning the glycan cap on GP1.29 

When administered therapeutically, mAB114 also demon
strated 100% efficacy 5 dpi in EBOV-infected NHPs.30 

The success of this single mAb was attributed to not 
only the structural epitope it recognized and its robust 
neutralization capabilities, but also to its ability to induce 
ADCC which was demonstrated in vitro.30 A third mAb 
cocktail, REGN-EB3, is a combination of 3 human mAbs, 
which in preclinical studies protected 80–100% of NHPs 
when administered 5 dpi. The survival of the animals 
depended on the dose frequency and concentration. 
A dose of 100 mg/mL is the minimum dose required for 
maximum improvement of symptoms.31 REGN-EB3 has 
a number of different mechanism of action including 
ADCC, phagocyte stimulation, virus internalization inhibi
tion, and neutralization.32

While the window of post-exposure therapy was 
extended to 5 dpi with ZMapp and mAb114, the breadth 
of coverage within the filovirus family remained 
a concern, prompting the need for a broadly protective 
mAb or mAb cocktail. Recently, this has been accom
plished with a mAb cocktail that provides protection 
against challenge with multiple members of the 
Ebolavirus genus.33 MBP134AF is a mAb cocktail contain
ing 2 broadly neutralizing afucosylated mAbs. A single 
dose administered 4 dpi resulted in 100% efficacy when 
NHPs were challenged with EBOV. A similar result was 
obtained when NHPs were challenged with SUDV and 
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treated with a single dose 5 dpi. MBP134AF was then 
tested against NHPs challenged with a lethal dose of 
BDBV and treated at 7 dpi. Despite one of the 6 chal
lenged animals succumbing to the infection, MBP134AF 

demonstrated a high rate of therapeutic efficacy 7 dpi.33,34 

This was the first broadly neutralizing mAb cocktail to 
break the paradigm of “one bug, one drug”, which is vital 
in an outbreak scenario for ebolaviruses where the exact 
identity of the virus may be unknown due to the overlap in 
endemic areas. MBP134AF as of now is not yet evaluated 
in clinical trials and is still in the pre-clinical stage of 
development. To build upon these findings, bispecific anti
bodies are being developed to further consolidate the treat
ment to a single antibody with multiple targets. An 
example of this is described in Wec et al, where 
a “Trojan horse” bispecific antibody was developed 
which recognized the receptor binding site of the GP, and 
Niemann-Pick C1 receptor within the late endosome to 
broadly inhibit multiple ebolaviruses.35

Clinical Evaluation of mAb 
Cocktails
With the promising data from pre-clinical studies, ZMapp 
was accelerated for use in clinical trials during the 
2013–2016 EBOV epidemic in West Africa. 
A randomized, controlled clinical trial was conducted 
with a 1:1 ratio of participants receiving standard of care 
to participants receiving standard of care with the admin
istration of 50mg/kg ZMapp every third day.36 Patients 
were stratified according to viremia as assessed by PCR 
cycle threshold values and the primary endpoint of the 
study was mortality at 28 days. A total of 71 patients 
were evaluated with a case fatality rate (CFR) of 30%. 
When comparing the groups, the CFR of the standard of 
care alone was 37% while the CFR with the addition of 
ZMapp was 22%. While there was a beneficial trend 
observed attributed to the inclusion of ZMapp, the differ
ence between the groups fell short of the predetermined 
threshold in the study parameters to conclude a significant 
improvement in patient outcome. A confounding factor in 
the study is that the antiviral compound Favipiravir was 
included in the standard of care possibly overshadowing 
the outcome of treatment with ZMApp alone.36

More recently, the Pamoja Tulinde Maisha (PALM) 
study was conducted as a randomized, controlled Phase 
2/3 trial for 4 reagents-ZMapp, Remdesivir (small mole
cule antiviral), mAb114 and REGN-EB3-during the 

2018–2020 EBOV outbreak in DRC. The group receiving 
standard of care and ZMapp was defined as the control 
group. The CFR for patients in this group was 50%, which 
is similar to the group that received standard of care and 
Remdesivir (53%). The 28-day CFR was significantly 
reduced to 34% with the addition of mAb114,30,37 which 
was demonstrated to be well tolerated and easy to admin
ister, via intravenous infusion for 30 minutes, in a previous 
Phase 1 trial.37 Similarly, the 28-day CFR was at 35% 
when patients received standard of care plus REGN-EB3 
(a mixture of 3 mAbs) also administered 
intravenously.31,38 The PALM study represents 
a remarkable step forward in the implementation of ther
apeutic mAb intervention to significantly reduce the CFR. 
There are currently 2 clinical trials in progress to assess 
the efficacy and benefits of mAb therapy. The first is an 
expanded access protocol, based on the results of the 
PALM study, to allow for wider emergency use of REGN- 
EB3. Two mothers were admitted to the treatment center 
and confirmed to be PCR positive and were included in the 
treatment groups. Upon birthing of their children both 
infants were PCR negative and remained negative for 21 
days after birth.39 This small sample size led to the expan
sion of the trial which allows the inclusion of children of 
any age and pregnant women (NCT03576690). The inclu
sion of these at high-risk populations is critical to deter
mining the breath of therapeutic intervention for high-risk 
individuals who fall into these categories. The second 
ongoing study is the continuation of the PALM study. In 
August 2019, the safety monitoring board reviewed the 
interim data from the study and determined that mAb114 
and REGN-EB3 were superior to ZMapp and required all 
future patients to be allocated to either the mAb114 or 
REGN-EB3 groups40 (NCT03719586). With the results 
obtained from these 2 trials, in October 2020 the US 
Food and Drug Administration (FDA) approved REGN- 
EB3 as the first treatment for EBOV.31 A significant step 
forward is the approval of this treatment for newborns of 
mothers that tested positive for the infection.41

Type I Interferon Intervention
The type I IFNs, IFN-α and IFN-β, have previously been 
utilized clinically for their broad spectrum antiviral 
activity.42 EBOV infection effectively inhibits early IFN 
production and signaling through functions from its viral 
proteins VP24 and VP35.43 Early NHP studies indicated 
that IFNs were able to prolong time to death in both the 
rhesus as well and the cynomolgus macaque model.44,45 
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While none of these treated animals survived the infection, 
the studies reported a delayed time to death suggesting 
a limited effectiveness of the treatment. While IFNs are no 
longer considered a stand-alone treatment for EVD, these 
results labeled them as an attractive compound for combi
nation therapy. When vector-expressed IFN-α was com
bined with ZMab, the therapeutic efficacy and treatment 
window increased from 50% survival at 2 dpi to 100% 
survival at 3 dpi in the rhesus macaque model.45 Upon 
further in vitro analysis, it was determined that IFN-β 1a is 
superior to IFN-α in antiviral potency.46 During the 
2013–2016 epidemic, a small clinical trial in Guinea 
enrolled 9 patients for IFN-β 1a treatment. The survival 
for treated patients was 67% in contrast to the control 
cohort (19%), which is a significant increase. However, 
viral clearance was not significantly changed in the survi
vors in either cohort and we are not aware of other clinical 
trials conducted with IFN-β 1a.47

Alternative Immunotherapeutics
While the predominate immunotherapeutic for EVD is the 
administration of mAb targeting the virion directly, alter
native strategies are also pursued. One is the use of anti
bodies targeting cellular proteins involved in the entry step 
of EBOV. T cell immunoglobulin and mucin-1 (TIM-1) 
has been shown to bind to the EBOV glycoprotein (GP) 
and facilitate attachment and entry into host cells. The 
human anti-TIM-1 mAb ARD5 demonstrated the ability 
to inhibit GP-mediated pseudovirion and wild-type EBOV 
infection in vitro,48 however, we are not aware of a study 
demonstrating preclinical efficacy of ARD5 against EVD.

The modulation of early innate immunological path
ways has also been investigated to combat EVD. Filovirus 
GPs are heavily glycosylated and contain high-mannose 
chains which allow for mannose-binding lectin (MBL) to 
bind to EBOV and facilitate complement-dependent virus 
neutralization.49,50 EBOV-infected mice treated twice 
daily with high doses of MBL resulted in 40% survival 
when administered pre- or post-exposure.50 No further 
preclinical data are available.

Modulation of the immunological response resulting 
from the virus infection has also been investigated. 
Utilizing mitogen-activated protein kinase (MAPK) inhi
bitors it was shown that EBOV replication can be blocked 
in differentiated human antigen presenting cells. This 
block also diminished the cytokine response elicited by 
these cells.51 Another approach that has been attempted 
and even implemented in the clinical setting was the 

treatment of the coagulation abnormalities and hemorrha
gic manifestations during EVD. Recombinant human acti
vated protein C (rhAPC) and recombinant nematode 
anticoagulant protein c2 (rNAPc2) have been investigated. 
When tested in a NHP model the rhAPC resulted in an 
increased time to death, but only 18% survival rate.52 The 
rNAPc2 was tested in NHPs 10 minutes and 24 hours post- 
exposure and each group resulted in prolonged survival 
time and a 33% survival rate.53 These approaches have not 
been tested in clinical trials alone but were used in combi
nation therapy approaches during the epidemic.

In the 2013–2016 epidemic, a medical doctor was on 
supportive care when he was treated with an experimental 
fibrin-derived peptide which was being developed for vas
cular leakage syndrome; the patient fully recovered.54 

Many of these alternative approaches have not gained the 
traction to progress into clinical trials but are a necessity to 
the basic understanding of how different approaches to 
intervention can affect the disease outcome.

Room for Improvement
While the PALM study was a great success and brought 
about the first FDA-approved therapeutic for EVD, the 
study was not without its drawbacks. Patients presenting at 
admission with a CT value of 22 or less have the highest risk 
of death and had an unacceptable high CFR. These high-risk 
patients treated with supportive care and mAb114 or REGN- 
EB3 had a CFR of 70% or 64%, respectively. These CFRs 
are improvements compared to ZMapp 84% and Remdesivir 
85%, still 2 out of 3 patients succumbed to the disease. 
Improvement in supportive care, and combinational thera
peutic intervention with complementary mechanisms of 
action are being investigated to combat this issue. The appli
cation of therapeutic benefits and the therapeutic window 
determined in preclinical studies in NHP models is difficult 
to translate to human clinical cases of EVD. A majority of 
patients in the PALM study did not seek medical attention 
until on average 5.5 days after the onset of symptoms. In 
addition to the prolonged symptomatic period and 
a conservative estimate of the typical incubation period of 
6–10 days, this suggests that clinical intervention was not 
administered until 11–12 days post-exposure. This is almost 
twice the typical timeframe for interventions to be are applied 
in preclinical NHP studies, which accentuates the remaining 
gap in preclinical model systems. A recent study on the 
implementation of supportive care in an intensive care unit 
on NHPs demonstrated that all supportive care measures did 
little to slow the disease progression with all NHPs reaching 
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the terminal endpoint by around 7 dpi.55 The time course of 
disease in NHP is compressed compared to that of human 
cases. However, this means that therapeutics to treat high- 
risk patients need to combat the ongoing viral replication as 
well as quell the systemic inflammatory response and organ 
failure.

Surviving acute EVD is the first step to a healthy out
come, but not the only step. Our understanding of EVD 
sequelae continues to develop as more attention is paid to 
survivors of the disease. During the acute phase of the 
disease, EBOV might infiltrate immune-privileged tissues 
such as the brain, eyes, and sexual organs leading to viral 
persistence. The development of persistent infection is 
both a health risk for the patient, by developing organ- 
specific inflammatory syndrome, and the public, due to the 
risk of unintentional disease transmission.56–62 The ques
tion remains if anti-EBOV therapeutics will have an effect 
on viral persistence.

Finally, as touched on earlier, the therapeutic breadth 
of the treatments needs to be expanded. The therapeutics 
tested in the PALM study have a narrow therapeutic spec
trum, being effective only against EBOV with minimal 
cross-reactivity to other human-pathogenic ebolaviruses 
with sometimes overlapping endemic areas. It has been 
mentioned that broadly neutralizing antibodies against 
ebolaviruses are in development that may fill this gap, 
but they have yet to be tested in a clinical setting. 
Combination therapy with mAbs and a broadspectrum 
antiviral such as Remdesivir or other antivirals could 
also fill this gap.

Conclusion
The advancement of immunotherapeutics for EVD started as 
what looked like an unsuccessful avenue of research and has 
developed to the pinnacle of clinical research with a FDA- 
approved treatment for EVD. There is still considerable 
work needed to be done to optimize the treatment regimens 
to improve the efficacy in patients most at risk of death and 
how to combat viral sequelae. In addition, there is the 
improvement of defining therapeutic roles and advancing 
supportive care in resource limited settings. These lingering 
questions emphasize that there is no time for complacency 
even in the wake of a therapeutic approval.
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