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Abstract 

The	  ongoing	  outbreak	  of	  Ebola	  virus	  disease	  (EVD)	  in	  West	  Africa	   is	  the	  longest	   lasting	  (more	  
than	  a	  year	  so	  far),	  biggest	  (several	  nations	  affected),	  deadliest	  (more	  than	  10	  000	  victims	  so	  
far)	   and	   hence	   the	   scariest	   that	   the	  world	   has	   ever	   known	   since	   the	   initial	   EVD	  outbreak	   in	  
1976	   in	   Zaire,	   nowadays	   known	   as	   Democratic	   Republic	   of	   Congo.	   These	   alarming	  
characteristics,	  together	  with	  a	  risk	  of	  worldwide	  spread	  as	  well	  as	  the	  fear	  of	  using	  the	  virus	  as	  
a	  mass	  destruction	  bioweapon	  led	   last	  year	  the	  World	  Health	  Organization	  (WHO)	  to	  declare	  
the	  Ebola	  epidemic	  a	  "Public	  Health	  Emergency	  of	  International	  Concern”.	  
	  
Nearly	  40	  years	  after	   the	   initial	  outbreak	   there	  are	  still	  no	   licensed	  vaccines	  against	  EVD	  but	  
research	   has	   progressed.	   To	   investigate	   the	   current	   stages	   and	   strategies	   for	   the	   most	  
promising	  pre-‐exposure	  vaccine	  candidates	   for	  humans,	  PubMed	  (Medline)	  was	  searched	   for	  
relevant	  research	  articles,	  whose	  results	  were	  then	  analyzed.	  	  
	  
Three	   vaccine	   candidates	   with	   published	   clinical	   trial	   results	   were	   found	   to	   be	   the	   leading	  
approaches.	   These	   approaches	   were	   recombinant	   adenovirus	   vector	   (rAd),	   chimpanzee	  
adenovirus	  vector	  (ChAd)	  and	  DNA	  vaccine.	  
	  
Although	   these	   three	   vaccine	   approaches	   differ	   markedly	   in	   the	   vector	   and	   formulation	  
administrated,	  they	  share	  a	  key	  common	  feature,	  that	  is	  the	  encoding	  of	  the	  viral	  glycoprotein	  
(GP)	  to	  elicit	  an	  immune	  response	  associated	  with	  acquired	  immunity.	  	  
	  
Results	  from	  clinical	  phase	  1a	  and	  b	  trials	  assessing	  safety	  and	  immunogenicity	  of	  the	  vaccine	  
candidates	   in	   humans	   were	   overall	   positive	   with	   differences	   in	   the	   magnitude	   of	   elicited	  
immune	   responses.	   The	   ChAd	   vaccine	   had	   the	   greatest	   immunogenicity	   in	   human	   with	  
acquired	   immunity	   levels	   that	   have	   been	   shown	   to	   protect	   non-‐human	   primates	   (NHPs)	  
against	  lethal	  Ebola	  virus	  dose.	  	  
	  
Overall,	  it	  can	  be	  concluded	  from	  published	  research	  that	  Ebola	  vaccine	  development	  based	  on	  
several	   approaches	   is	   so	   far	   promising	   but	   more	   clinical	   research	   is	   needed	   in	   order	   to	  
determine	   which	   approach	   can	   reliably	   protect	   humans	   in	   the	   event	   of	   an	   outbreak	   or	  
infection.	  	  
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Introduction 

Ebolavirus was first discovered in 1976 after two outbreaks of hemorrhagic fever in 
Central Africa (one in the Democratic Republic of Congo and one in Sudan) (1). These 
outbreaks were caused by two different species of Ebolavirus, namely Sudan ebolavirus 
(SUDV) and Zaire ebolavirus (EBOV) both members of the family Filoviridae (Fig 1).  
 
Ebolavirus is one of the genera of the family Filoviridae and the genus contains five 
species, namely Taï Forest ebolavirus (TAFV), Reston ebolavirus (RESTV), Sudan 
ebolavirus (SUDV), Zaire ebolavirus (EBOV) and Bundibugyo ebolavirus (BDBV) (2). 
All these species are highly virulent and pathogenic to humans and non-human 
primates (NHPs) except RESTV that only shows pathogenicity in NHPs (1,3). 
 
 

 
 
Figure 1. The taxonomy of Ebolavirus. Ebolavirus is one genera of the family Filoviridae. The genus 
consists in five species i.e. Taï Forest ebolavirus, Reston ebolavirus, Sudan ebolavirus, Zaire ebolavirus and 
Bundibugyo ebolavirus. All species, except Reston ebolavirus, are highly pathogenic to humans causing 
Ebola virus disease. (The figure is based on information published elsewhere (2)). 
 
Ebolavirus causes sporadic outbreaks of Ebola virus disease (EVD), a viral hemorrhagic 
fever, associated with an average case fatality rate of 50% (with variations ranging 
between 20 and 90%) for the past 28 outbreaks. Researchers have shown that an 
outliner strain of EBOV is the causative agent for the current outbreak, which started 
officially in March 2014 in Guinea and from where it spread to Liberia and Sierra Leone 
(4). Widespread transmission has been confined to these three West African countries 
but a number of cases have been diagnosed in Nigeria, Mali and Senegal. Cases have 
also been detected in European countries and the United States but they involved 
mainly healthcare workers returning from the epidemic zone and in one instance 
several people were contaminated by an infected immigrant from EVD-zone (5). 
 
The current outbreak of EVD differs in magnitude (several countries vs. single province 
and more than 10.000 deaths so far for the current outbreak vs. 728 deaths recorded 
for the combined 28 past outbreaks) and duration (more than a year so far vs. up to a 
few months for past outbreaks) (6). These alarming characteristics of the current 
outbreak led the WHO in August 2014 to declare the Ebola outbreak "a Public Health 
Emergency of international Concern” (1).  
 
This "wakeup call" together with the fear of using Ebolavirus as a mass destruction 
bioweapon added to the urgency to advance international research effort on the virus in 
order to develop reliable vaccines.  
 

The microbiology of the virus 
 
Ebolavirus are RNA viruses with a negative-sense single-stranded RNA genome (-
ssRNA) (Fig 2) (7). The virus is filamentous with an uniform diameter of ∼ 80 nm but 
its length varies greatly with an average of 1.200 nm (8). The genome is enclosed by a 
capsid, which is enveloped by a lipid membrane received from the host cell (7). 
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Figure 2. The structure of Ebola virus (EBOV). The close up view show the RNA genome surrounded by a 
capsid and an envelope with glycoproteins (GP) attached. (Personal illustration based on references 
(9,10)). 
 
The -ssRNA genome is 18.9 kb long and encodes for seven structural proteins and two 
non-structural proteins (Fig 3) (11). From the 3’ end a nucleoprotein (NP) is followed 
by virion proteins (VP)35 and VP40, a glycoprotein (GP), two non-structural proteins 
secreted (s)GP and small soluble (ss)GP (not showed in figure), Vp30, VP24 and the 
RNA polymerase (L). Depending on the species the overlaps of genes differs and the 
trailer could differ in length (12).  
 

 
 
Figure 3. The Ebola virus (EBOV) genetic map. The genome contains seven structural proteins 
(nucleoprotein (NP), virion proteins (VP)35, VP40 and a glycoprotein (GP)) and two non-structural 
proteins (secreted (s)GP and small soluble (ss)GP (not shown in figure)). (The figure is partly revised from 
(11)). 
 
NP, VP35, VP30 and L form the ribonucleoprotein (RNP), a structure responsible for 
transcription and replication (11). NP, VP35, VP30, VP24 and L form the nucleocapsid 
protected by an envelope, a phospholipid bilayer, received from host cell during viral 
budding (13,14). GP is associated to the envelope and is responsible for receptor 
binding and fusing with host cell. VP35 and VP24 acts as a type I interferon antagonists 
and VP24 is further thought to be involved in the viral assembly (11). VP40 is important 
for virus assembling and budding. 
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The pathogenesis of the virus  
 
Fruit bats are thought to be the natural reservoir for Ebolavirus (Fig 4) (15). An 
outbreak occurs when a human gets in contact with the virus through blood or body 
fluids of fruit bats carrying the virus or blood and/or body fluids of NHPs that initially 
got infected via a fruit bat.  
 

Figure 4. Ebola virus (EBOV) pathogenesis. A human acquires EBOV either directly from fruit bat body 
fluids or through an infected non-human primate. In the body Ebola virus escapes and impairs the 
immune system by attacking dendritic cells. Macrophages and monocytes are also affected early in the 
infection and respond to the infection by releasing chemicals in an event called “cytokine storm”. This 
massive release of cytokines brings additional host cells such as macrophages and monocytes to the 
infection site but also triggers inflammation leading to vascular permeability. Infected antigen-presenting 
cells (APCs), which escape by the lymph vessels bring the virus to lymph nodes and the bloodstream and 
the virus eventually reaches the adrenal glands and the liver. Fast replication in organs leads to tissue 
damage and necrosis and decreased production of coagulation factors and hormones. In the late stage of 
infection the person experiences multi-organ failure, a condition resembling septic chock, and eventually 
dies. (Personal illustration revised from (16)). 
 
Between humans the virus spreads through person-to-person, when body fluids from 
an infected person penetrates broken skin or mucous membranes in a non-infected 
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person, who gets infected (17). The incubation period varies between 2-21 days and 
initial infection gives non-specific flu-like symptoms (fever, malaise and myalgia) (16). 
 
In the human body the virus initially infects antigen-presenting cells (APCs) such as 
dendritic cells (DCs) and macrophages present at the infection site (Fig 4) (11). By 
attacking the DCs, EBOV restrains both the innate and the adaptive immunity, which 
are the two arms of the immune system (16). In fact the virus escapes the innate 
immune system by prohibiting the DCs to initiate apoptosis when attacked as well as 
blocking the production of type 1 interferons (INFs) (7). Hence, the DCs can still 
provide replication machinery to the virus and the nearby cells do not get the message 
from type 1 INFs to start producing antiviral proteins (AVPs). These AVPs prohibit the 
virus from replication when it enters AVP-containing cells, this mechanism is an 
efficient halter of virus spread, when it is intact. VP24 and VP35 are thought to be 
responsible for both the down regulation of type 1 INFs production and the blocking of 
DCs possibility to initiate apoptosis leaving the body open for viral replication (7,18).  
 
Normally the DCs activate the adaptive immune system by presenting epitopes (parts of 
the antigen) to key cells such as immature CD8+ T Lymphocytes (CD8+ T cells, which 
specialize in killing infected cells once activated (mature)) and immature CD4+ T cells, 
which, after maturation, help to activate B Lymphocytes (B cells) (Fig 5). A key function 
of B cells is to produce antibodies, which take part in defending the body (7,11). Hence, 
by impairing the DCs the virus down-regulates the interaction between the innate and 
adaptive immune system and this impairment allows the virus to completely neutralize 
its opponents. The inactivated DCs are also thought to play a role in the massive 
lymphocyte apoptosis that occurs in Ebola infection (16). The mechanism behind the 
lymphocyte loss is not known but contributes to further disabling the immune 
response.  
 
Macrophages and monocytes constitute a main target of EBOV and are infected early in 
the disease (18,19). The virus triggers macrophages and monocytes to massively express 
and release inflammatory and chemoattractant mediators. This event is referred to as 
“cytokine storm” (Fig 4). These chemoattractant proteins (monocyte chemoattractant 
protein (MCP)-1, macrophage inflammatory protein-1α (MIP-1α) and MIP-1β recruit 
additional macrophages and monocytes to the infection site (Fig 4) (7). This 
recruitment supplies the virus with more host cells for replication and a vicious circle is 
initiated. The pro-inflammatory factors (interleukins (ILs) 2, 6, 8 and 10), tumor 
necrosis factor -α (TNF-α) and nitric oxide (NO)) triggers an inflammation response 
that becomes uncontrolled and devastating as the immune system is, at this point, 
impaired (7,16). 
 
The inflammation process dilates and increases permeability as it enlarges the 
interstitial space between endothelial cells lining the vessels. This occurs in blood 
vessels as well as in the lymphatic vessels in the inflamed area (7,20). This increased 
permeability leads to migration of phagocytes to the infected area and additional hosts 
for the virus to infect (7,16). The permeability further increases later in infection as 
viral GP bind to endothelial cells and induce cell death concurrent with NO causing 
direct damage on the endothelial cells (16). Hemorrhagic manifestations like rash, red 
eyes, petechiae and bleeding (internal/external) are a result of the increased 
permeability and coagulopathy causing fluid to leave the blood vessels (16). Massive 
bleeding does not always occur and when it does it is mainly located to the 
gastrointestinal tract and not severe enough itself to be lethal. The increased 
permeability in the vessels provides a rapid dissemination of infected APCs as they can 
squeeze through the cells lining the vessel and escape (7,16). This is thought to occur 
primarily in the lymph vessels, allowing the virus to reach lymph nodes that hold a 
great amount of lymphocytes. The virus itself does not infect lymphocytes. However, 
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both TNF-α and NO (released by APCs) are associated with the massive lymphocyte 
apoptosis that occur in EVD (16,18,19). From the lymph nodes the infected APCs 
migrate to the bloodstream and the rest of the body (16).  
 
As organs and systems in the body get affected, different symptoms arise (13). Among 
the systems affected are the gastrointestinal tract (vomiting, diarrhea, nausea), the 
respiratory tract (cough, shortness of breath), the vascular system (hypotension, 
edema, hemorrhage) and the neurologic system (headache, coma).  
 
The rapid virus replication in additional organs leads to severe tissue damage and 
necrosis (16,21). In the liver the production of coagulation proteins gets damaged and 
the synthesis of coagulation factors is decreased, which amplifies the coagulopathy. The 
mechanism behind this coagulopathy in EVD is not fully known but macrophages and 
monocytes are thought to contribute by releasing tissue factors early in the infection.  
 
In the adrenal glands the viral infection leads to decreased production of hormones and 
some of these hormones are important for regulating the blood pressure (16). This 
causes hypotension and sodium loss, which lower the blood volume, eventually 
resulting in hypovolaemia (insufficient blood volume) and circulation failure. The 
hemorrhage itself and NO mediating hypotension also contribute to this. In the 
terminal state of EVD the body experience multi-organ failure and the coagulation 
disorder, hypotension and hypovolaemia, which resembles a syndrome-like septic 
shock eventually leading to death (21).  
 
EVD is not lethal in all cases and recovery has been associated with the body’s 
possibility to regulate the inflammatory response, which implies that the body is able to 
induce the adaptive immune system and control the viral replication (19).  Specific 
immunoglobulin G (IgG) acting against NP, VP35 and VP40 have been detected in non-
fatal infections along with CD8+ T cells and high levels of IL-6, all of which are standard 
indicators for recovery. 
 

Vaccine strategies 
 
As of today there are neither licensed vaccines nor therapeutic agents on the market to 
prevent or cure EVD, but research has progressed on both fronts, presenting promising 
candidates (1). This report was focused on pre-exposure vaccine development for 
humans, which include active immunization strategies (different methods of antigen 
administration) and exclude passive immunotherapy (administration of antibodies) (7).  
 
Hereby, the definition of a pre-exposure vaccine against a specific pathogen in this 
report is an agent administrated to a person before exposure to that pathogen in order 
to elicit an immune response that protect the person from developing the disease if 
later exposed to the specific pathogen.  
 
In Ebolavirus vaccine development the main target is Ebolavirus-GP, which is 
responsible for important features such as entry into host cells (11). The general 
principle is to overexpress GP in the body with different vectors as carriers for GP gene. 
These carriers are either bearing the GP directly on their surface or they make different 
cellular targets to produce and release GP into the general circulation (Fig 5) (11).  
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Figure 5. Mechanism for Ebola vaccine-induced protective immunity. The common approach for all Ebola 
vaccine strategies is to overexpress Ebolavirus antigen such as glycoprotein (GP), which provides immunity 
by activating the adaptive immune system. Adenovirus and DNA-vaccine achieve this by using cellular 
targets to produce and release antigens into the general circulation. The live-attenuated vesicular 
stomatitis virus (VSV), which has already the Ebolavirus antigens expressed on its surface, uses human 
cells to replicate in order to elicit a stronger response. These antigens, once released in general circulation, 
encounter antigen-presenting cells (APCs), macrophages and dendritic cells, which recognize them as 
foreign to the body. The antigens are then phagocytated by those cells, which present the antigen epitopes 
in their extracellular major histocompatibility complex (MHC)-receptors. Then immature CD8+ T 
Lymphocytes (T cells) via their T cell receptor (TCR) bind to the epitope, which triggers their maturation 
into mature CD8+ cytotoxic T cells specializing in depleting the pathogen (in this case Ebolavirus). In 
parallell to this, immature CD4+ T cells develop into mature CD4+ helper T cells that help the B 
Lymphocytes (B cells) to get activated. The activated B cells start dividing into memory B cells (they 
provide protective immunity by keeping the "memory” of the pathogen, which makes them ready to attack 
the pathogen in future infections without having to wait for the activation process described above) and 
into plasma cells, which produce antibodies towards the antigen (Ebolavirus-GP). (Personal illustration 
derived from (7,11)). 
 
GP is an important antigen recognized by the major histocompatibility complex 
(MHC)-receptors on APCs (7,11). This recognition makes APCs trigger T and B cells by 
presenting them epitopes of the antigen and consequently the adaptive immune system 
is activated. As a result, antibodies toward Ebola-GP are produced along with the 
memory B cells known to have a long life time (Fig 5). These memory B cells can 
survive for more than 20 years and during that time they are ready to initiate the 
production of antibodies directly if exposed to the same antigen, in this case Ebola-GP 
(7,11). This is the acquired immunity, the goal of vaccination, as the immune system 
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will react in full force with both arms (innate and adaptive) to destroy the pathogen as 
soon as it enters the body, thus preventing it from causing any harm.  
 
Among vaccine strategies explored for Ebolavirus are recombinant adenovirus 
replicon-based vaccine (rAD), recombinant vesicular stomatitis virus based vaccine 
(rVSV) and recombinant DNA-based vaccines (Fig 5).  
 
The recombinant adenovirus replicon-based vaccine (rAd) consists in an adenovirus, 
which is normally a causing agent for the “common cold”. In this approach the virus is 
attenuated (the virulence is reduced) and the virus is no longer pathogenic and cannot 
replicate (7,11). The virus works instead as a carrier of an incorporated genome 
sequence encoding an antigen of interest and delivering it into host cells capable of 
producing the encoded antigen. The produced antigens are released into the general 
circulation where they encounter APCs. As this approach is based on a common virus 
there is a concern that the titers of antibodies in individuals, that previously been 
exposed to the vector, will reduce the effect of a potential rAd vaccine (11). This pre-
existing immunity (PEI) is a global phenomenon but has been measured in greatest 
extent in sub-Saharan Africa (80-100% with positive titers).  
 
Recombinant DNA-based vaccines contain naked DNA in the form of plasmid(s) with 
an amino sequence encoding a Ebolavirus protein incorporated (11,22). EBOV-GP, 
alone or together with SUDV-GP, is the most common antigen. The plasmid itself 
cannot replicate in human cells but will induce host cells to produce the protein.   
 
Recombinant vesicular stomatitis virus (rVSV) is a strategy based on a live attenuated 
virus, meaning that the virus used is capable of replication inside a human. The gene 
coding for its surface proteins are replaced with a gene encoding for Ebolavirus antigen 
(e.g. EBOV-GP and/or SUDV-GP). The whole virus with Ebola surface protein is used 
as vaccine to elicit an immune response.  
 
To evaluate Ebola vaccines, NHPs are the optimal animal models as they develop 
remarkably similar disease symptoms and pathogenesis as observed in humans and are 
highly susceptible to non-adapted virus as well (23). The rhesus and cynomolgus 
macaques (referred to as macaques in the next sections) are the most frequently used 
NHPs. 
 
Ebolavirus are classified as Category A Bioterrorism agents and therefore they must be 
handled in biosafety level-4 (BSL-4) facilities (the most secure laboratories available) 
(24). This contribute to a great use of small animal models (mouse, guinea pig and 
Syrian golden hamster) both due to space requirement in BSL-4 facility and high cost 
associated with the use of macaques (23). However, the small animal models are tested 
using adapted EBOV as they are not susceptible to human EBOV (23).  
 
Vaccine candidates are investigated for capability of providing acute protection or long-
term durable protection in different settings such as single shoot regimen or prime-
boost (two different vectors encoding the same antigen given at different time points) 
(25). The immunogenicity (the vaccines capability to elicit an immune response) is 
measured in antibody titer (antibodies towards Ebola-GP) and T cell response (Ebola-
GP specific T cell response). An antibody titer >30 is a positive result (22).  
 

The pathway to vaccine licensing 
 
Initially the vaccine candidate goes through a pre-clinical phase where research is 
carried out on animals. During this stage safety and potential efficacy must be 
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documented (26). A protocol for manufacturing the vaccine according to good 
manufacturing practice (GMP) is developed as well. The next step is the clinical trial 
stage when tests are conducted in humans. This part consists in four stages (phase 1-4). 
Phase 1 is a small-scale trial (20-80 healthy volunteers) with the aim to assess safety 
and immunogenicity in the vaccine. This stage is further extended to phase 1a 
(developed countries) and 1b (includes developing countries). Phase 2 have the same 
aim as phase 1 but with a larger number of participants often in a placebo design. Phase 
3 is conducted in natural disease settings in large scale (hundreds of participants from 
different places) with safety and efficacy in focus. After Phase 3 the vaccine developer 
can apply for license. Regarding Ebola vaccines there are some exceptions regarding 
the regulatory pathway in order to facilitate the track to licensing (27). 
 
In Europe, the European Medicine Agency (EMA) introduced a “rolling review” 
allowing pharmaceutical companies to submit data continuously as they get available 
along the trials. This allows the experts to evaluate the incoming data directly in order 
to accelerate the assessment process of safety and efficacy records (28). In addition, 
two alternative licensing mechanisms exist and are both available and valid for 1 year, 
each. 
 
In the U.S. a candidate Ebola vaccine might be approved under “accelerated approval” 
by the U.S. Food and Drug Administration (FDA) (29). This pathway is designed to give 
an earlier approval to a drug/vaccine towards a serious disease when no 
treatment/vaccine is available. The Animal Rule introduced in 2002 by FDA provides 
an alternative regulatory pathway as well (30). This rule states that a vaccine/drug can 
be licensed with efficacy assessments conducted in animal models (not in humans) 
together with data from phase 1 and 2 clinical trials in humans. This rule may be 
applied when efficacy trials (phase 3) in humans would be logistically impossible or 
unethical to conduct.  
 
Ultimately an approval by the country receiving a future vaccine, in this case, affected 
West African countries, is final, but an initial approval by FDA or EMA might facilitate 
this process in receiver countries (27).  
 
It is encouraging that the world is coming together and try to fight the current Ebola 
epidemic with different forces available, including facilitating vaccine development and 
licensing in record time (27). In these circumstances it is of interest to explore todays 
promising vaccine candidates that are currently in the pipeline.  
 
 

Objective 

The aim with this report is to investigate, based on published scientific articles, the 
leading human pre-exposure vaccine candidates being developed against EVD, their 
current strategies and stage. 
 
The question to be answered in this report is:  
 
“What are the current stages and strategies for human pre-exposure vaccines being 
developed against Ebolaviruses?”  
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Method 

In order to address the objective outlined above, relevant scientific articles published 
on the topic were searched in PubMed (Medline), the largest online library for research 
publications.  
 
Initially the Swedish MeSH database (mesh.kib.ki.se/swemesh/swemesh_se.cfm) was 
used to find the correct MeSH term “Ebola vaccines” (introduced 2005). For the period 
before 2005, the MeSH term “Viral vaccine” was used (1965-2004).  
 
As PubMed’s indexing process lags publication due to large numbers of articles 
accepted daily, this “indexing gap” had to be established and covered in one “free text 
search”. 
 
Hence, two search approaches “MeSH search” and “free text search” were used in four 
different searches to cover the period from the discovery of Ebola in 1976 to nowadays 
and find relevant articles in PubMed (Medline) (Fig 6).  

 
 
Figure 6. The PubMed (Medline) search. Four searches were conducted to cover the entire period from 
Ebola discovery in 1976 to nowadays. Three of the searches were based on MeSH terms and one on “free 
text search”. 
 

The PubMed (Medline) search using MeSH  
 
To cover the period from 1976 to 2005 the MeSH term “Viral vaccine” together with 
ebola (as a free text) was searched with filters (abstract, English, time filter) resulting in 
20 hits (Table 1). The word ebola was used as a complement to focus the search, as 
“Viral vaccine” is a wide term that can be associated with many viral diseases.  
 
From 2005 when the MeSH term “Ebola vaccine” took over, a search using that term 
was performed. To refine the search, the subheadings used together with “Ebola 
vaccine” were determined by searching this term in MeSH (PubMed) (Fig 7). Among 
the obtained subheadings “immunology” and “pharmacology” were selected. 
 

 
 
Figure 7. Screenshot of subheadings used together with the MeSH term “Ebola vaccines”. From those 
subheadings “immunology” and “pharmacology” were chosen and searched separately. 
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Two searches were conducted one with the subheading “immunology” resulting in 57 
hits and one with “pharmacology” giving 41 hits, both searches were confined with 
additional filters (English and abstract) (Table 1).  
 
The MeSH term “Ebola Vaccines” was also searched in PubMed (Medline) with filters 
“English” and “Clinical trial” to make sure that potential articles related to clinical trials 
published in English would be included (3 hits) (Table 1).  
 
Table 1. Literature search in PubMed (Medline) using MeSH. 
 

Date 
  

Search terms Limitations Number 
of hits 

Chosen 
references  

02/10/15 "Viral Vaccines"[Mesh] 
ebola  

Abstract, 
English, 
1976/01/01- 
2005/01/01 

20 31, 32 

02/09/15 "Ebola 
Vaccines/immunology" 
[Mesh] 

English, 
Abstract  

57 25, 33, 34, 
37 

02/10/15 "Ebola 
Vaccines/pharmacology"
[Mesh] 

English Abstract 41 - 

02/10/15 "Ebola Vaccines"[Mesh] English, Clinical 
trial 

3 - 

 
 
In addition, the above searches were saved for a daily update of new articles if indexed 
the same way - this to minimize the risk of missing newly indexed important articles. 
 

The PubMed (Medline) search using free text search 
 
PubMed (Medline) does not communicate the time gap between publication and 
indexation of articles. To estimate the length of the time gap (from today to the date of 
the last indexed article), the term “Ebola vaccine” was used as a free text search for 
2015 and previous years and the number of non-indexed publications/year was counted 
(Fig 8). 

 
 
Figure 8. The ratio between non-indexed and indexed PubMed (Medline) articles from 2015/01/21 to 
2005/01/01 using the search term “Ebola vaccine” in a free text search. The plot shows the share of non-
indexed paper in percentage per year.  
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100% (27/27) of publications were not indexed for 2015 (January), and for 2014 the 
share of non-indexed publications decreased to 58% (65/113). Between 2013-2008, the 
share of non-indexed publications oscillated between 3 and 12%. Between 2007 and 
2005 there was zero non-indexed paper. Hence 2007 can be assumed to be the last fully 
indexed year. Since only a few publications were non-indexed between 2008-2013, 
those were looked at closely but in the end all of them were excluded as they were 
mostly reviews. As a result, the filter “time” was set to 2014/01/01 until 2015/02/10 
(the search date).  
 
For the free text search “Ebola vaccine” and “Ebola vaccines” were chosen as search 
terms with the determined time filter and additional filters (abstract and English) and 
then the search was performed. The singular form “Ebola vaccine” resulted in 94 hits 
and the plural form “Ebola vaccines” in 58 articles (Table 2).  
 
Table 2. Literature search in PubMed (Medline) using free text search. 
 

Date Search term  Limitations Number 
of hits 

Chosen 
references 

02/10/15 
 

Ebola vaccine From 2014/01/01 to 
2015/02/10, English, 
Abstract 

94 22, 35, 38, 39 

 
Date Search term Limitations Number 

of hits 
Chosen 
references 

02/10/15 Ebola vaccines From 2014/01/01 to 
2015/02/10 English, 
Abstract 

58 - 

 

The selection of articles 
 
The number of articles was limited by focusing on vaccine strategies that led to 
published clinical trial results as a criterion for promising vaccine candidates. Three 
vaccine approaches (recombinant adenovirus vector, recombinant chimpanzee 
adenovirus vector and DNA vaccine) among the obtained hits matched that criterion 
and all articles related to both pre-clinical and clinical studies for these approaches 
were included. To pinpoint those articles, the hits were scrutinized by individually 
reading the abstract and if doubts remained the full article was downloaded and closely 
looked at before including/excluding it.  
 
For the MeSH search “Viral Vaccines" + ebola, all articles were excluded mainly 
because the focus was not relevant for the question or because newer research was 
accessible.  
 
From the MeSH search “Ebola vaccines” with subheading “immunology” 4/57 hits were 
included. The excluded articles were reviews or had different focus (wildlife 
vaccination, post-exposure vaccine etc.).  
 
Thirty-three of 41 hits obtained with the MeSH search “Ebola vaccines” with 
subheading “pharmacology” were identical with the previous search and therefore 
excluded. Of the eight remaining articles, each one was excluded mainly because of a 
post-exposure therapy focus.   
 
For the MeSH search “Ebola Vaccines" (filter clinical trial) all articles were excluded, as 
they were present in previous searches.  
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The results from the two free text searches “Ebola vaccine” (94 hits) and “Ebola 
vaccines” (58 hits) were compared. This comparison showed that all hits obtained for 
“Ebola vaccines” also were found among the hits obtained for “Ebola vaccine”. Hence, 
the search “Ebola vaccine” was examined. Consequently, only 4 articles were included 
as the rest had little relevance (news updates, post-exposure therapies, reviews or 
pathogenesis of the virus).  
 
Taken together, all the search approaches yielded 10 articles. 
 

Results 

Three different vaccine strategies with published results from clinical trials were found. 
Those vaccine strategies were recombinant adenovirus vector (rAd), DNA vaccines and 
recombinant chimpanzee adenovirus vector (ChAd). Results from pre-clinical and 
clinical trials in 10 published articles related to these three vectors are examined in this 
section.  
 

Recombinant adenovirus vector (rAd) 
 
The rAd strategy came to life in 2000 following a study Sullivan et al. published on a 
vaccine that they showed fully protect non-human primates (NHPs) from a lethal dose 
of Zaire ebolavirus (EBOV), indicating that a preventive vaccine against Ebolavirus was 
achievable (31).  
 
The strategy of this new vaccine candidate was based on research in mice showing that 
a DNA vaccine used together with a viral vector as a prime-boost regimen enhanced the 
immune response (31). As an extension of this study, they developed a rAd vector that 
induce a large expression of EBOV-glycoprotein (GP) in the body and used it together 
with a DNA vaccine in a prime-boost regimen. This new approach was first tested and 
validated in mice indicating greater immunogenicity compared to the DNA vaccine as a 
single shot regimen (31).   
 
The evaluation continued in macaques, which were primed three times with a DNA 
vaccine encoding for EBOV-nucleoprotein (NP), EBOV-GP, EBOV-secreted (s)GP and 
Sudan ebolavirus (SUDV)-GP and then boosted with a single inoculation of rAd 
encoding EBOV-GP (31). Complete immunization against EBOV was achieved 6 
months after the initial injection. 
 
After this breakthrough achieved by Sullivan et al., it was necessary to attempt to 
shorten the immunization time (32). They noticed that when rAd was used as a single 
vector in mice, the immunization was obtained faster but the antibody response was 
lower compared to the prime-boost regimen described above. It then became necessary 
to determine whether this "weak" immunization achieved with rAd alone could induce 
a sufficient protection against EBOV and a new study was conducted in ten macaques 
(32). These animals were divided into three groups and two of the groups (n1=n2=4) 
received equal doses (1x1012 viral particles (VP)) of rAd vaccine encoding for EBOV-GP 
and EBOV-NP respectively but received different lethal EBOV doses i.e. high and low 
respectively while the third (placebo) group (n=2) received a saline-injection. Four 
weeks post-injection the macaques were challenged as detailed above. All the 
vaccinated macaques (n=8) survived but the controls (n=2) developed the disease.   
 
These results indicated that a single shot rAd encoding EBOV-GP and EBOV-NP could 
elicit sufficient protection in macaques against a lethal dose of EBOV (32). Following 
these conclusive tests in NHPs, the rAd vaccine was tested clinically in humans, in a 
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study published in 2012 by Ledgerwood et al. (33). The vaccine strategy in this clinical 
trial used two vectors of recombinant adenovirus serotype 5 (rAd5) encoding 
respectively for EBOV-GP and SUDV-GP in a ratio of 1:1. This approach was evaluated 
in a randomized, placebo-controlled, double-blinded, dose escalation phase 1 trial 
consisting 31 healthy adults (age 18-50) to assess immunogenicity and safety. The study 
was conducted at National Institutes of Health (NIH) Clinical Center in Washington 
D.C., USA, starting in September 2006 and lasted about a year (33). The original design 
consisted in three groups with different dose regimens (2x109, 2x1010 or 2x1011 VP) but 
the highest dose-group (2x1011 VP) was never enrolled due to financial issues.  
 
Two groups of 12 people were vaccinated with respectively 2x109 VP and 2x1010 VP of 
the vector mix described above in a single injection and a placebo was given to eight 
people (Table 3) (33). In each group, half of the participants had high pre-existing 
immunity (PEI) whereas the other half had a low PEI against the vector. In group 1 
(2x109 VP) all participants completed the trial, in group 2 (2x1010 VP) two dropouts 
occurred and in the placebo group one person withdrew consent. Safety and 
immunogenicity aspects were monitored during 48 weeks following the injection. The 
results of this study are summarized below and in table 3 (33). 
 
Antibodies 
Among the participants in group 1 (lower dose) 58% had antibody titers for SUDV-GP 
and 50% for EBOV-GP four weeks post-vaccination (33). 48 weeks post-vaccination, 
42% of the participants were still showing antibodies for SUDV-GP and 33% for EBOV-
GP.  
 
For group 2 (higher dose) the responses were of a greater magnitude with 100% 
showing titers for SUDV-GP and 55% for EBOV-GP four weeks post-vaccination (33). 
48 weeks post-vaccination, 60% of the participants still showed positive titers for 
SUDV-GP and 40% for EBOV-GP. The titer peaked at week four after vaccination in 
both groups. 
 
No antibody response was measured among placebo receivers (33).    
 
T cell response  
The GP specific T cell response was determined four weeks after administration of the 
vaccine or placebo (33). In group 1, the vaccine elicited a T cell response for SUDV-GP 
in 27% of the participants and 45% developed a response towards EBOV-GP.  
 
A somewhat stronger response was detected in group 2,which received the high dose 
(evidence not shown in the paper) and 25% of the participants measured T cell 
responses against both GPs (33). 
 
The placebo group did not exhibit any response (33). 
 
Safety concerns  
Although three major adverse events among the vaccine receivers occurred (two 
asymptomatic prolongations in activated partial tromboplastin time (one in lower and 
higher dose groups respectively) and one high fever reaction (higher dose group)) 
putting the trial temporarily on hold, the vaccine candidate was deemed safe (33). More 
participants in group 2 (higher dose group), compared to group 1, developed adverse 
effects suggesting that the reactogenicity of rAd5 was dose-dependent.  
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Table 3. Phase 1 clinical trial of recombinant adenovirus serotype 5 (rAd5) encoding EBOV-GP and 
SUDV-GP. (Based on information from (33)). 
 
Vector Recombinant adenovirus serotype 5 (rAd5)  

Antigens 
expressed 

EBOV-GP and SUDV-GP 

Participants Group 1 n=12, 12 completed 
Group 2 n= 11, 10 completed 
Placebo n=8, 7 completed 

Location and 
time 

Washington D.C., USA, September 2006 to November 2007 

Dose regimes 2x109 VP (group 1), 2x1010 VP (group 2) or placebo 
Antibody 
response 

Group 1  
Week 4                                   Week 48 
58% against SUDV-GP        48% 
50% against EBOV-GP        33% 
Group 2  
Week 4                                   Week 48 
100% against SUDV-GP     60% 
55% against EBOV-GP        40% 
Placebo  
Week 4                                   Week 48 
0% against SUDV-GP          0% 
0% against EBOV-GP          0% 

T cell response Group 1 
27% against SUDV-GP 
45% against EBOV-GP 
Group 2 
25% of the participants had responses against both SUDV-GP 
and EBOV-GP simultaneously 
Placebo 
No response 

Safety concerns None, although three adverse events among vaccine receivers. 
Side effects seemed dose-dependent 

Conclusion Safe and immunogenic in the participants. An increased 
immune response is needed. The vaccine induced T cell 
response in participants with and without pre-existing 
immunity 

 
Abbreviations: EBOV-GP, Zaire ebolavirus glycoprotein, SUDV-GP, Sudan ebolavirus glycoprotein, VP, 
viral particles, T cell, T Lymphocyte 

 
DNA vaccine 
 
The DNA approach has not been assessed alone in NHPs but has previously been tested 
together with rAd in a prime-boost regimen discussed above (31).  
 
Martin et al. took the DNA approach further as a single regimen and conducted a 
double-blinded, randomized, placebo-controlled, dose escalation study on a three-
plasmid DNA vaccine with each plasmid encoding for EBOV-GP, SUDV-GP or EBOV-
NP in equal ratio (34). The study was conducted between November 2003 and July 
2004 at the National Institute of Allergy and Infectious Diseases (NIAID) Vaccine 
Research Center Clinic, NIH, Washington D.C. area, USA, on a group of 27 healthy 
adults (age 18-44) (Table 4). 
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The participants were divided into 3 dose (2 mg n=5, 4 mg n=8, 8 mg n=8) groups and 
one placebo group (n=6) (34). The participants were inoculated with a total of three 
injections with the minimum of 21 days between injections and were followed for a total 
of 12 months. In group 3 (dose 8 mg), two out of the eight participants got two 
injections instead of three due to severe side effects (their values were still included in 
the analysis of safety and immunogenicity). Overall, only two dropouts occurred (data 
excluded from the immunogenicity analysis), one in group 1 and the other one in the 
placebo group. The results of this study are summarized below and in table 4. 
 
Antibodies  
Specific antibodies were detected in all participants against at least one antigen 
encoded by the vaccine (34). 
 
Four weeks after the last inoculation GP antibodies were quantified. 100% of the 
participants in group 1 and 2 tested positive and 75% of people in group 3 posted also 
positive (34). The antibody response produced against EBOV-NP was seen in 75% of 
the participants in group 1 and 87.5% in groups 2 and 3. The antibody titers peaked 
after the third dose but were already detectable after the second one. Titer for each GP 
at week 12 was ranging between 0-4.000 and over one year period of time the titers 
decreased and faded.  
 
T cell response  
NP elicited the weakest T cell response and SUDV-GP the strongest but for all antigens 
a response was detected (34).  
 
The T cell response peaked between week 10-12 and for group 3 (highest dose) the data 
indicated a tendency of longer-lasting response compare to the other groups (34).    
 
Safety concerns  
None, although two participants from the 8 mg dose regimen developed adverse events 
(one grade 2 herpes zoster thoracic dermatome eruption and one grade 4 creatine 
phosphokinase elevation) (34). In general the vaccine was well tolerated in 
participants.  
 
 
Table 4. Phase 1 clinical trials of DNA vaccine. (Based on information from (22,34,35). 
 
Author Martin et al. (34) Sarwar et al. (22) 

 
Kibuuka et al. (35) 
 

Trial type Phase 1a Phase 1a Phase 1b 
Vector Three-plasmid DNA 

 
Two-plasmid DNA  Two-plasmid DNA 

Antigen 
expressed 

SUDV-GP, EBOV-GP 
and EBOV-NP      
(equal ratio) 

Wild-type GP for 
SUDV and EBOV 
(ratio 1:1) 

Wild-type GP for 
SUDV and EBOV 
(ratio 1:1) 

Participant 27 healthy adults     
(age 18-44) 

10 healthy adults 
(age 18-60) 

30 healthy adults   
(age 18-50) 

Location 
and time 

NIAID Vaccine 
Research Center Clinic, 
NIH, Washington D.C. 
area, USA, November 
2003 until July 2004 

NIH Clinical Center 
by NIAID, 
Washington D.C. 
area, USA, January 
2008 until June 
2010  

US Military HIV 
Research Program, 
Kampala, Uganda. 
February 2010 until 
April 2012 

Dose 
regimen 

Group 1  
2 mg, n=5, 4 completed 

1 group n=10,               
9 completed  

4 mg administrated in 
a three prime-
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Group 2   
4 mg, n=8, 8 completed 
Group 3  
8 mg, n=8, 8 completed 
two participants 
received only two doses 
but their data is 
included 
Placebo group  
n=6, 5 completed 
 

n=8 optional dose 
 
4 mg administrated 
in a three prime-
regimen at week 0, 4 
and 8 with an 
optional boost after 
week 32 (n=8) 

regimen at week 0, 4 
and 8 
  
n=30, 29 completed  
(n=1 received only 
two inoculations, but 
data for all 30 are 
included)  

Antibody 
response 

Detected in all 
participants against at 
least one antigen 

Detected in 89% 
against SUDV-GP 
and 56% against 
EBOV-GP (week 12). 
The booster 
increased the titers 
up to peak levels 

Detected in 50% 
against SUDV-GP and 
in 57% for EBOV-GP  

T cell 
response 

Detected in all 
participants with 
SUDV-GP eliciting the 
strongest and EBOV-
NP the weakest 
response 

Detected in 63% 
against SUDV-GP 
and 22% against 
EBOV-GP (week 12). 
After the optional 
boost detected in 
50% against SUDV-
GP and 33% against 
EBOV-GP 

T cell response was 
highest four weeks 
after last 
administrated dose. 
43% show T cell 
response for SUDV-
GP and 63% for 
EBOV-GP. Those 
responses resisted for 
around a year  

Safety 
concerns 

None, although three 
severe adverse events 

None. No severe 
adverse event 

None, although one 
participant reported a 
third grade fever but 
most likely due to 
malaria 

Conclusion Safe and immunogenic 
in 21 participants. 
Further improvement 
on efficiency and 
consistency is needed 

Safe and 
immunogenic in 9 
participants. Wild-
type GP induced both 
antibody- and T cell 
response 

Safe an immunogenic 
in 30 participants. 
Further improvement 
on efficiency is 
needed 

 
Abbreviations: EBOV-GP, Zaire ebolavirus glycoprotein, SUDV-GP, Sudan ebolavirus glycoprotein, EBOV-
NP, Zaire ebolavirus nucleoprotein, NIAID, National Institute of Allergy and Infectious Diseases, NIH, 
National Institutes of Health, US, United States, HIV, human immunodeficiency virus, T cell, T 
Lymphocyte 

 
 
Since the previous study published by Martin et al. indicated that NP was not needed 
for protection and that NP could even reduce GP-induced immune response, the focus 
turned to expressing GP alone (34).  
 
A further attempt to increase vaccine efficiency was made by Sarwar et al. using wild-
type (wt) GP as it was shown to be more efficient in eliciting a high level of protection in 
NHPs compared to transmembrane-deleted and point-mutated GPs previously used 
(22). Sarwar et al. evaluated a vaccine strategy of two vaccine candidates (against 
Ebolavirus and Marburgvirus) both encoding wt GP. As only Ebolavirus is of interest in 
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this report data included here are those that are exclusively related to the Ebola 
vaccine. 
The investigated approach, a two plasmid-DNA vaccine each plasmid carrying a 
genome fragment encoding for wt GP (from either SUVD or EBOV) in a ratio 1:1, was 
assessed for safety and immunogenicity (22). A single-site, phase 1, open label study 
was designed at NIH Clinical Center in Washington D.C. area, USA (Table 4). Healthy 
adults (n=10, age 18-60) were included in the Ebola vaccine group and given a 3-dose 
priming regimen (all with the dose 4 mg) along with an optimal single boost in the end 
(week 32 or later).  
 
The first inoculation was administrated and followed by the second and the third one 
with a four-week interval (22). Nine participants received the three doses and eight 
chose the optional booster dose as well. The participants were followed for 32 weeks 
after first injection and if the booster dose was chosen an additional 12-week follow-up 
were added. The results from this study are summarized below and in table 4 (above). 
 
Antibodies 
Four weeks after the third inoculation, 89% (n=8/9) of the study population had titers 
of antibodies against SUDV-GP and 56% against EBOV-GP (22). The response 
decreased over time but in those receiving the fourth optional dose (n=8) the titers of 
antibodies were boosted almost up to peak levels. Four weeks post-boost, 75% of people 
tested positive in response to SUDV-GP and 63% in response to EBOV-GP.  
 
T cell response  
The specific GP-response was measured four weeks after third inoculation and showed 
that 63% tested positive in response to SUDV-GP and 22% in response to EBOV-GP 
(22). At four weeks after the optional boost 50% tested positive in response to SUDV-
GP and 33% in response to EBOV-GP. These data suggest that the fourth inoculation 
possibly enhance the T cell response. 
 
Safety concerns  
None. The vaccine approach was considered safe and well tolerated among participants 
with absence of serious adverse events (22). Only mild reactogenicity were reported.  
 
This two-plasmid DNA vaccine expressing wt GP evaluated by Sarwar et al. was further 
assessed in a phase 1b, single-site, double-blinded, randomized, placebo-controlled, 
clinical trial conducted by Kibuuka et al. (35).  
 
This was the first Ebola vaccine study conducted in Africa and it was accomplished 
between February 2010 and April 2012 (according to ClinicalTrials.gov) (35). The aim 
was to assess safety and immunogenicity of two DNA vaccine candidates, one against 
Marburg virus and the other against Ebolavirus, separately and concomitantly. As this 
report focus on Ebola vaccine only data from the individual Ebola vaccine is included.  
 
The study took place in Kampala, Uganda, including 30 healthy adults (n=30, Africans, 
age 18-50) receiving the DNA vaccine consisting two plasmids each encoding either 
wild-type SUDV-GP or wild-type EBOV-GP (ratio 1:1) in a three-prime design given 
around week 0, 4 and 8 (minimum 21 days between inoculations) (Table 4) (35). The 
dose, for all inoculations, was 4 mg in a volume of 1 ml. Twenty-nine received all three 
vaccinations while one received two inoculations and 26 participants completed the full 
study but data from all 30 were included in the analyses of safety and immunogenicity. 
The safety and immunogenicity follow-up stretched over a two-year period. The results 
are summarized below and in table 4 (above). 
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Antibodies  
Four weeks after the third dose, antibodies against SUDV-GP were detected in 50% of 
the participants (n=15, mean titer of 825) while against EBOV-GP antibodies were 
present in 57% of the participants (n=17, mean titer of 1123) (35).  
 
T cell response 
The highest T cell response was measured four weeks after last administrated dose (35). 
43% of participants (n=13/30) showed T cell response for SUDV-GP and 63% 
(n=17/30) for EBOV-GP. Those responses persisted for about a year.  
 
Safety concerns  
None, although one participant reported a third grade fever most likely due to malaria 
(35). In general some moderate local pain and tenderness were reported together with 
moderate systematic reactions like aching joints (n=2/30), fatigue (n=7/30), muscles 
aches (n=3/30) and headache (n=6/30). Neutropenia was the most common adverse 
event (n=17/30) the authors believe that the high number possibly arose from the fact 
that the neutrophil range in general are lower in African population compared to 
Caucasians and in this study the severity of neutropenia was graded by a US-defined 
range.  
 

Chimpanzee adenovirus vector (ChAd) 
 
The ChAd vector was introduced as a response to previous research on the human 
adenovirus (rAd) that showed promising results but was facing pre-existing immunity 
(PEI) as a major obstacle (36). As the human serum contains low levels of pre-existing 
antibodies towards the ChAd, this was a suitable way to bypass the problem.  
 
This vaccine is obtained by isolating the ChAd vector from chimpanzees and the wt full-
length GP sequence from Ebolavirus genome and then through recombinant DNA 
technology, the GP fragment is inserted into ChAd genome (25).  
 
The use of ChAd as an alternative to human adenovirus was evaluated in a study 
published in 2005 by Koblinger et al. (36). This study assessed the chimpanzee 
adenovirus pan7 (AdC7) expressing adapted EBOV-GPs capability to elicit immunity in 
guinea pigs and mouse. Both models demonstrated a strong efficacy for the vaccine as 
18/18 guinea pigs (divided into three groups given different doses) and 28/50 mice 
(five groups given five different doses) survived. Furthermore, a strong T and B cell 
responses were measured in the mouse model. These results indicated that this 
approach could lead to a good candidate for human vaccine.  
 
Stanley et al. continued this approach by an initial investigation of two potential 
vaccine vectors to determine the most promising one for further development (25). The 
vectors were chimpanzee adenovirus type 3 (ChAd3) and chimpanzee adenovirus type 
63 (ChAd63) chosen based on their incapacity to replicate in humans and low 
neutralization by human serum. The study results indicated that ChAd3 was a more 
efficient vector as it stimulated better humoral and cellular responses.  
 
The vector ChAd3 was further evaluated by Stanley et al. in two approaches known as 
monovalent (expressing EBOV-GP) and a bivalent (expressing both EBOV-GP and 
SUDV-GP) approach (25). The doses used in those two approaches, 1x1011 viral particle 
units (PU), contain wt GP and the lower dose of 1x1010 PU contains wt GP or codon-
optimized GP.  
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The monovalent approach (ChAd3 encoding EBOV-GP) 
Two groups of macaques (n=4 in each group) were immunized with ChAd3 encoding 
EBOV-GP (25). The vaccine was given as a single inoculation in a dose of 1x1011 PU to 
one group and 1x1010 PU to the other group. The doses were based on previous data 
showing protection against human adenovirus encoding EBOV-GP in macaques. Five 
weeks post-vaccination the macaques were challenged with a lethal does of EBOV 
(1.000 PFU) with a result of 100% survival and no detectable viremia. The control 
macaque (n=1) developed the disease.  
 
These data suggested that ChAd3-vector generate acute protective EBOV immunity in 
macaques (25).  
 
The bivalent approach (ChAd3 encoding EBOV-GP and SUDV-GP) 
The choice to express GP from EBOV and SUDV were based on the fact that these two 
species caused the highest lethality rates and were responsible for the majority of past 
outbreaks (25). Hence, protection against these antigens is most likely to be useful for 
upcoming natural outbreaks.   
 
A potential decrease in the effect of EBOV-GP when co-administrated along with 
SUDV-GP was investigated by immunizing a group of macaques (n=4) with a dose of 
1x1010 PU for ChAd3 encoding EBOV-GP and SUDV-GP (equivalent to the lower dose 
in the monovalent approach) (25). Three weeks later the immune response was 
quantified and five weeks post-vaccination a lethal EBOV dose given. 4/4 macaques 
survived suggesting that SUDV-GP does not interfere with the protection rising from 
EBOV-GP.  
  
To study the potency of this vector four macaques were immunized with a lower dose 
than the previous one (1x109 PU for ChAd3 encoding EBOV-GP and SUDV-GP) (25). 
The lethal dose EBOV was given five weeks post-vaccination with 2/4 surviving 
macaques. The control macaque (n=1) developed the disease with similar levels of 
viremia as for the two vaccinated non-surviving macaques.  
 
These data were compared to those from rAd5 vector to determine whether the doses 
mediating protection in the two vaccine strategies are similar (25). The data were found 
to be consistent between the vaccine strategies indicating that the vectors have similar 
potency.  
 
Durable protection  
AdCh3s capability to elicit long-lasting protection against EBOV was further 
investigated by Stanley et al. in single shot and prime-boost vaccination (Table 5) (25). 
The vectors used in this study ChAd3 and ChAd63 both encoding codon-optimized GP 
and the modified vaccinia Ankara vector (MVA) encoded wt GP. 
 
Single shot 
Two groups (n=4 in each group) received a ChAd3 single shot vaccination (Table 5) 
(25). One group received a higher dose (1x1011 PU) and was challenged 43 weeks later 
with a lethal dose of EBOV.  Two of the 4 macaques exhibited durable protection. The 
other group, receiving the lower dose (1x1010 PU), had no durable protection against the 
challenge 39 weeks later (0% survival).  
 
Prime-boost 
Previous data showed that a prime-boost strategy (two different vectors encoding same 
antigen) elicited stronger immune response but also boosted the immunological 
memory compared to a single vector strategy and thereby mediated a better protection 
against EBOV (25).  
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This approach was conducted in three groups of macaques (n=4 in two groups and n=3 
in one group) using the same prime (ChAd3) for all groups but three different boost-
vectors (ChAd3, ChAd63 and MVA) (Table 5) (25). The prime of 1x1010 PU ChAd3 was 
initially given to all groups followed by the boost eight weeks later. 39 weeks post-prime 
they were challenged with a lethal dose of EBOV.  
Animals receiving ChAd3/ChAd3 (n=3) were boosted with the same vector and dose as 
primed and after the lethal EBOV injection one macaque survived (Table 5) (25).  
 
Animals receiving ChAd3/ChAd63 (n=4) were boosted with 1x1010 PU ChAd63 
encoding both EBOV-GP and SUDV-GP and in this case protection was elicited in one 
macaque (25). 
 
The last prime-boost regimen ChAd3/MVA (n=4) were boosted with 1x108 PU MVA 
encoding EBOV-GP and SUDV-GP and this regimen resulted in a 100% protection of 
the vaccinated macaques (25).  
 
Table 5. Assessment of durable protection mediated by ChAd3 against EBOV. A single shot (two groups) 
and a prime-boost regimen (three groups) were conducted. The single shot groups were challenged with a 
lethal dose of EBOV 43 weeks post-vaccination and the prime-boost strategy 39 weeks after the prime. 
Protection is presented in surviving/total macaques. (Partly revised from (25)).  
 
Vector Dose (PU) Protection 

Single shot   

ChAd3 1x1011 50%    (2/4) 
ChAd3 1x1010 0%      (0/4) 

Prime-boost   
ChAd3/ChAd3 1x1010/1x1010 33%    (1/3) 

ChAd3/ChAd63 1x1010/1x1010 25%    (1/4) 

ChAd3/MVA 1x1010/1x108 100%  (4/4) 
 
Abbreviations: PU, particle units, ChAd3, chimpanzee adenovirus type 3, ChAd63, chimpanzee adenovirus 
type 63 , MVA, modified vaccinia Ankara 

 
The results presented in the study above together with the research conducted on 
recombinant DNA vaccine (development and evaluation of wt GP) provided a crucial 
knowledge that further accelerated the progress of this more efficient ChAd3 vaccine 
strategy advancing it to clinical trials (35).  
 
Two phase 1a clinical trials were conducted to estimate the safety and immunogenicity 
of ChAd3 (following below) (37,38). One study was conducted with a bivalent regimen 
(ChAd3 expressing wt EBOV-GP and wt SUDV-GP) and the other one with a 
monovalent approach (ChAd3 expressing wt EBOV-GP).  
 
The first trial, conducted by Ledgerwood et al., had a bivalent approach and was a dose-
escalation, open-label phase 1a clinical trial, including 20 participants (healthy adults, 
age 18-50) from Washington D.C. area (Table 6) (37). The participants were divided 
into two groups receiving either a dose of 2x1010 PU or 2x1011 PU ChAd3 encoding wt 
EBOV-GP and wt SUDV-GP (ratio 1:1) as a single inoculation. The participants were 
followed and monitored for safety and immunogenicity for 4 weeks. The results from 
this study are summarized below and in table 6. 
 
Antibodies  
Antibodies were detected against at least one species in all 20 participants, with higher 
titers in both groups at week 4 compared to week 2 (37).  
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Four weeks post vaccination titer of antibodies was measured against both wt EBOV-
GP and wt SUDV-GP (37). In group 1 (lower dose) 90% had antibodies against wt 
EBOV-GP and 70% against wt SUDV-GP. In group 2 (higher dose) 100% measured 
positive for wt EBOV-GP and 80% for SUDV-GP. The group receiving the higher 
vaccine dose had higher mean titers of antibodies compared to the group receiving the 
lower dose.  
 
The titers of antibodies against wt EBOV-GP in group 2 was of same magnitude as 
titers in NHPs protected by a 2x1010 PU dose ChAd3 (EBOV-GP) against lethal 
challenge of EBOV (37).  
 
T cell response  
Participants receiving the higher dose had a higher T cell response and the response 
was also higher in week 4 compared to week 2 in both groups respectively (37).   
 
Safety concerns  
None, although fever developed in two participants receiving the higher dose (37). 
Asymptomatic leukopenia or neutropenia was observed in one participant receiving the 
lower dose and 3 receiving the higher dose. This study concluded that the immune 
responses elicited by the higher dose were similar to the ones associated with 
protection measured in NHPs and that the reported adverse effects were dose-
dependent.  
 
Further, this study also assessed the PEI of this vector and showed that initial titers of 
antibodies against the vector measured in general were lower in the participants 
compared to titers against Ad5 in the general population (37). During the study data 
indicated that there might be a negative effect correlated between participants that 
initial had higher titers of antibodies against ChAd3 and the vaccine-elicited memory 
CD8+ T cell immune response. Further investigation is needed for establishing the PEI 
effect on ChAd3 vaccine. 
 
Table 6. Phase 1 clinical trial of ChAd3 in one bivalent and one monovalent regimen. 
(Based on information derived from (37,38)). 
 
 Phase 1 clinical trial of 

bivalent regimen (37) 
Phase 1 clinical trial of 
monovalent regimen (38) 

Vector ChAd3 ChAd3 
Antigen 
expressed 

Wild-type EBOV-GP, wild-type 
SUDV-GP (ratio 1:1) 

Wild-type EBOV-GP 

Participants 20 healthy adults (age 18-50) 60 healthy adults (age 18-50) 
Location and 
time 

NIH Clinical Center, 
Washington D.C. area, USA, 
September 2014  

Centre for Clinical Vaccinology 
and Tropical Medicine at the 
University of Oxford, Oxford, 
United Kingdom 
September-November 2014 

Dose regimes Group 1  
2x101o PU, n=10, 10 completed 
Group 2  
2x1011 PU, n=10, 10 completed 

Group 1  
1x1010 PU, n=20, 19 completed 
Group 2  
2.5x1010 PU, n=20, 20 completed 
Group 3  
5x1010 PU, n=20, 20 completed 

Antibody 
response 

Detected in all participants 
with higher titers in the group 
with higher dose 

Detected in all participants. No 
significant difference in titer 
between doses. The levels were 
lower than in macaques 
vaccinated with the same vaccine 
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T cell 
response 

More frequent in the higher 
dose group 

Detected in lower levels than in 
macaques vaccinated with the 
same regimen 

Safety 
concerns 

None None 

Conclusion The elicited immune responses 
were similar to those measured 
in NHPs associated with 
protection. Adverse effect 
seems dose-dependent. More 
investigation of PEI against 
ChAd3 is needed 

Immunogenic at tested doses but 
a greater immunogenicity is 
needed 

 
Abbreviations: ChAd3, chimpanzee adenovirus type 3, EBOV-GP, Zaire ebolavirus glycoprotein, SUDV-GP, 
Sudan ebolavirus glycoprotein, NIH, National Institutes of Health, PEI, pre-existing immunity, PU, 
particle units, T cell, T Lymphocyte 

 
 
The design of a monovalent trial with one candidate against EBOV came as a response 
to the current outbreak (2014-) caused by this species (37,38). Considering that the 
manufacturing process is simplified and 50% cheaper for a monovalent vaccine relative 
to a bivalent regimen for similar results, the monovalent approach has a better chance 
of quickly reaching the licensing stage with a possible use in the present outbreak.  
 
Rampling et al. conducted this monovalent clinical trial consisting ChAd3 expressing 
wt EBOV-GP in a dose-escalation, open-label study design including 60 healthy adults 
(18-50) (Table 6) (38). (This study was initially designed for being conducted at three 
different places (United Kingdom, Switzerland and Mali), with a total immunization 
and evaluation of 240 participants. This article contains only data from the trial 
performed in Oxford (United Kingdom) and summarized below. 
 
The participants in the Oxford unit were divided into three groups (n=20 in each) and 
the groups received different doses (1x1010, 2.5x1010 and 5x1010 PU) (38). The vaccine 
was given in a single shot and after the injection safety and immunogenicity were 
assessed over a four-week period. The results from this study are summarized below 
and in table 6 (above). 
 
Antibodies  
Detected in all groups regardless of the dose, with no significant difference in titer, the 
titers were higher at week 4 compared to week 2 in both groups (38). The titer levels for 
all doses were lower than the ones in macaques injected with the same vaccine and 
dose. 
 
T cell response  
Detected but the levels were lower for all doses, in comparison with the response 
induced in macaques injected with same vaccine (38). 
 
Safety concerns 
None, although fever developed in two participants (one in group 2 and one in group 3) 
(38). In four participants a prolonged activated partial-thromboplastin time was 
observed (three in group 2 and one in group 3) but not associated with coagulopathy. 
Mild lymphocytopenia was observed in 17 participants and moderate lymphocytopenia 
in four participants.  
 
This study concluded that the vaccine was immunogenic for all doses and safe (38). 
This evidence supports ChAd3 as an efficient vaccine, administrated alone or as a part 
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of a prime-boost regimen. However, a greater immunogenicity is required and a 
possible solution discussed was to increase the dose of ChAd3 alone or use it in a 
different formulation like the one used in prime-boost.  
 
Below follows a general summary on the strategies and current stages of different 
vaccine approaches discussed in this result section (Table 7).  
 
Table 7. A summary over the current approaches with data published from clinical trials (based on 
information from (22,33–38)).  
 
 
Vaccine 
candidate 

Recombinant 
adenovirus 
serotype 5 
(rAd5) 

DNA vaccine ChAd3 
 

Antigen 
expressed 

EBOV-GP and 
SUDV-GP 

Wild-type GP for 
SUDV and EBOV 

Wild-type EBOV-
GP (in a bivalent 
approach also wild-
type SUDV-GP) 

Current stage One phase 1a  
n=31,  
29 completed 

Two phase 1a  
n=27, 25 completed 
n=10, 9 completed 
One phase 1b  
n=30, 29 completed 

Two phase 1a 
n=20,  
20 completed 
(bivalent) 
n=60,  
59 completed 
(monovalent) 

Immunogenicity 
in humans 

Immunogenic in 
participants 

• Immunogenic in 
participants 
• Wild-type GP 
induced both 
antibody- and T cell 
response 

• (Bivalent) 
immune responses 
were similar to 
those measured in 
NHPs associated 
with protection 
• (Monovalent) 
immunogenic at 
tested doses but a 
greater 
immunogenicity is 
required 

Safety in 
humans 

Safe Safe Safe 

Concerns • Pre-existing 
immunity 
• Increased 
immune 
response is 
needed 

• Low 
immunogenicity, 
further 
improvement on 
efficiency is needed 

• A potential 
decreased memory 
T cell response by 
PEI against ChAd3, 
more investigation 
is needed 

References 33 22, 34, 35 37, 38 
 
Abbreviations: EBOV-GP, Zaire ebolavirus glycoprotein, SUDV-GP, Sudan ebolavirus glycoprotein, T cell, 
T Lymphocyte, PEI, pre-existing immunity 
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Discussion 

The aim of this work was to determine "What are the current stages and strategies for 
developing human pre-exposure vaccines against Ebolaviruses" based on research 
articles published in PubMed (Medline) in the English language. This online library 
was searched as objectively as possible using a number of relevant MeSH and "free 
text" search terms in order to obtain an extensive bibliography covering the topic. 
 
Based on this bibliography, I found that three vaccination platforms i.e. rAd vector, 
DNA vaccine and ChAd vector were currently the most promising strategies as they 
reached the clinical trial phases, a key stage in vaccine development before approval. 
The common feature of these strategies is that they all encode EBOV glycoprotein in 
order to immunize the subjects against EBOV. However, the three vaccine strategies 
differ greatly in several aspects including the type of the genome vector used to express 
the antigen GP and the formulation. 
 
The rAd strategy came to life in 2000 after Sullivan et al. showed that this vaccine could 
efficiently protect NHPs from a lethal dose of EBOV in prime-boost regimen (31). 
However the immunization process took at least 6 months, which is quite long, and 
therefore it became necessary to attempt to reduce this immunization time. It was 
subsequently shown that a single rAd shot could alone induce an immune response 
sufficient to protect NHPs against lethal EBOV doses (32). This break-through opened 
the door to a clinical trial study, which showed that an immunization against EBOV up 
to 55% (antibody response) could be achieved but the concern of whether this single-
dose regimen could elicit durable protection in humans is significant and it is not clear 
whether this issue will be addressed (33). The vaccine was shown to be somewhat safe. 
It was not immediately clear whether the evaluation of this vaccine is continuing and 
being clinically tested in phase 1, phase 2 or 3, as there is no published literature on the 
matter. 
 
The second strategy known as DNA vaccine, used plasmids as a vector for expressing 
the antigen(s) and three approaches were clinically tried in phase 1a/b. The results 
from one clinical study conducted in Washington D.C. by Martin et al. showed that up 
to 100% participant could be immunized against EBOV as determined by GP antibodies 
and the approach was deemed safe but concluded that additional improvement of 
efficiency is needed (34). The vaccine was further tested in Uganda, a country that has 
been hit by EBOV outbreaks in the past. The new study by Kibuuka et al. confirmed 
that the vaccine approach was safe and that the immune responses among participants 
were similar to the ones obtained in the previous phase 1a trial in Washington D.C. 
(35). However, it is not clear if this candidate will be further evaluated due to lack of 
capability to induce acute protective immune responses and therefore would not be an 
option for outbreak control and protection of people at high risk. Nonetheless, the 
authors demonstrated the importance of wt-GP as the most potent antigen.  
 
The last promising strategy discussed in this report was ChAd strategy, which uses a 
chimpanzee adenoviral vector that is not rejected by the human immune system 
compared to human adenovirus (36). Tested in guinea pigs and mice, the vaccine 
showed a strong EBOV protection as determined by T cell response. This success led to 
tests in macaques in monovalent (EBOV-GP) and bivalent (combination of EBOV-GP 
and SUDV-GP) approach (25). In monovalent approach, the vaccine provided 
protection against EBOV lethal dose in 100% of macaques tested. The bivalent 
approach lead to the same result as in monovalent approach, indicating that both 
approaches were efficient within a few weeks.  
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To investigate whether the immunization was durable, the vaccine was further tested in 
macaques in single shot and prime-boost regimens (25). The single shot regimen was 
50% efficient up to 43 weeks but required high doses of the vaccine and one of the 
prime-boost regimen tested achieved up to 100% protection for the same period, 
indicating that the prime-boost provides a longer lasting protection.  
 
Following these promising results, the vaccine advanced onto the clinical trial phase 1 
in Washington D.C., where participants were vaccinated in a monovalent and a bivalent 
approaches (37,38). In the monovalent approach, the vaccine elicited antibody- and T 
cell responses were detected in all the subjects, although in a lower magnitude 
compared to in NHPs immunized with the same vaccine (38). It remains to be seen 
whether the immunogenicity will be improved. In the bivalent approach the elicited 
immune responses were higher than in the monovalent approach and similar to the 
response seen in NHPs (37). One concern regarding the ChAd is whether PEI against 
the vector has a negative effect on the T cell response, and if yes, to what extent.  
 
Perhaps this question will be addressed by ongoing clinical trial with two monovalent 
ChAd candidates (encoding EBOV-GP) at higher doses (38). Furthermore, another 
monovalent ChAd candidate (encoding EBOV-GP) was planned for clinical tests in 
phase 3 and even for a possible use in the ongoing outbreak (37,38). It also seems that 
the study conducted in Oxford was continued in Mali. Although there is nothing 
published on this data, Rampling et al. reported that 91 participants in Mali received 
the monovalent ChAd3 (expressing EBOV-GP) as of October 2014 with no severe 
adverse event (38).  
 
Given that the monovalent is less expensive to develop and is equally efficient as the 
bivalent approach, it is possible that the monovalent approach will likely be favored in 
futures tests. 
 
Although these vaccines can be deemed promising based on the immunology tests, it is 
tempting to ask whether any of this approach will ever lead to viable vaccines that can 
provide EBOV or SUDV protection against lethal doses in humans.  
 
This question is difficult to address as none of the people vaccinated has been exposed 
to EBOV/SUDV infection for obvious ethical reasons. However, it was recently reported 
in JAMA that a VSV vaccine (not included in results section of this report as it was 
administrated as a post-exposure vaccine instead of a pre-exposure one that is the focus 
of this report), which had never been clinically tested previously as a pre-exposure 
vaccine, has been administrated to a healthcare worker after accidental exposure by 
needle stick with a needle used on an Ebola patient in an Ebola quarantine ward (39). 
Given the fact that this healthcare worker was at very high risk of being infected, this 
study is probably the first to investigate an Ebola vaccine in real life infection 
conditions and hence can provide some clues about whether an Ebola vaccine can work 
in humans. Following this vaccination, the patient developed Ebola immunization and 
survived. It was however not possible to conclude whether the patient was saved by the 
vaccine itself as the immunization appeared to have been induced by the vaccine, not by 
Ebola virus, which apparently was never detected in his body. This study clearly 
suggests that strong immunization is achievable in humans but it remains to be seen 
whether this can protect people in the event of an outbreak. 
 
Although the search strategy was powered to find all relevant articles published on the 
topic, it must be stressed that publication always lags research, especially in the field of 
vaccine development. For example, the WHO has listed on its website more than four 
promising vaccine approaches that are currently being tested clinically but whose 
results or even development details have not been published yet (40).  
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Another weakness inherent to my search strategy is that some articles of interest might 
have been published in languages other than English and thus probably excluded. For 
example the WHO has mentioned that Russia was currently clinically testing two 
vaccines (40) and it is my assumption that some articles about this vaccines could have 
been published in Russian. Nonetheless, the risk of missing an important manuscript 
due to language issues is low because the most important scientific journals publish in 
English and any high impact breakthrough like the discovery of a reliable vaccine would 
be expected to be submitted to one of those English language journals. 
 
Another aspect is that potentially promising approaches that have not been clinically 
tried yet could not be included in this report. However, not all pre-clinical vaccines 
make it to the final phase and hence the risk of missing articles on an important future 
vaccine is somewhat limited.  
 
One indication that my search and selection strategy was robust and extensive was that 
the most recent review articles on the topic included almost all of the articles I found 
through my own search strategy, with exception of articles newer than the published 
review (23).  
 
Ethical questions – a personal reflection 
The 11th August 2014 the WHO decided that it is ethical to use drug and vaccine 
candidates whose efficacy has not yet been proven and adverse effects not established 
for treatment or prevention of EVD in the current outbreak.  
 
Although the receiver will have to give their consent, this amounts to a cheap and 
massive clinical trial in the affected countries, which have no other choice.  Such a non-
expensive large scale vaccine trial is attractive to pharmaceutical groups who have long 
refused to invest in the vaccine development due to a lack of economic gain since past 
outbreaks only occurred in countries that top the poverty ranking. 

 
Even in the academic world, money has been an obstacle that prevented progress 
towards a vaccine. In fact, many researchers have been saying for years that an Ebola 
vaccine could have been available long time ago if there was enough funding or if the 
prospect for the pharmaceutical companies to make big profits was high.  
 
However the fear associated to the current outbreak, which became a global threat by 
affecting developed countries and by the possibility that it could be used as biological 
weapon lead to a massive increase in funding for research on the disease.  
 
Although this unprecedented global effort put the vaccine within reach, it still is 
legitimate to ask who will eventually receive the vaccine and who will pay for it. It must 
be stressed that the Ebola epidemic is unlikely to spread massively in developed 
countries as it did in African countries where poor hygienic conditions and a nearly 
non-existent healthcare system played a key role. Hence, if the risk of having Ebola 
becoming a major epidemic in western countries is overblown, Africa will remain the 
only major market for this vaccine.  
 
Since those African countries are unlikely to have enough resources for paying for this 
vaccine, it was announced in December 2014 at the Vaccine Alliance (GAVI) conference 
that GAVI will pay up to US$390 million for rebuilding the healthcare system and for 
distributing the Ebola vaccine in Africa as soon as WHO recommends a safe and 
effective one. However these donations, which will cover up to 12 million vaccines, 
might prove to be a drop in the ocean since the current epidemic zone is inhabited by 
more than 23 million people and that the countries hit by the previous outbreaks are 



27 
 

inhabited by additional tens of millions people who are potentially at risk of new 
outbreaks.  
 
Despite all the fear associated with Ebolavirus, its eradication in the world is possible if 
a vaccine is found. But if the eradication of the smallpox virus by vaccination is an 
example to follow, more than symbolic financial contributions from rich countries will 
be needed to vaccinate all the people at risk. 
 

Conclusion 

Three different vaccine approaches with published clinical trial results were found. 
They all show promising data, although, ChAd3 expressing wild-type EBOV-GP and 
SUDV-GP seems to have less obstacles to overcome. In fact ChAd3 showed 
immunogenicity in humans at levels that were shown to protect NHPs against lethal 
doses of EBOV. This makes that regimen, as of today, appear as the most promising 
vaccine candidate. However, since not all ongoing clinical trials were published, it is not 
ruled out that more promising vaccines could emerge at some point in the near future. 
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