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a b s t r a c t 

Background: Ebola virus (EBOV), variant Makona, was the causative agent of the 2013–2016 West African 

epidemic responsible for almost 30,0 0 0 human infections and over 11,0 0 0 fatalities. During the epidemic, 

the development of several experimental vaccines was accelerated through human clinical trials. One of 

them, the vesicular stomatitis virus (VSV)-based vaccine VSV-EBOV, showed promising efficacy in a phase 

3 clinical trial in Guinea and is currently used in the ongoing EBOV outbreak in the northeastern part of 

the Democratic Republic of the Congo (DRC). This vaccine expresses the EBOV-Kikwit glycoprotein from 

the 1995 outbreak as the immunogen. 

Methods: Here we generated a VSV-based vaccine expressing the contemporary EBOV-Makona glyco- 

protein. We characterized the vaccine in tissue culture and analyzed vaccine efficacy in the cynomolgus 

macaque model. Subsequently, we determined the dose-dependent protective efficacy in nonhuman pri- 

mates against lethal EBOV challenge. 

Findings: We observed complete protection from disease with VSV-EBOV doses ranging from 1 × 10 7 to 

1 × 10 1 plaque-forming units. Some protected animals receiving lower vaccine doses developed temporary 

low-level EBOV viremia. Control animals developed classical EBOV disease and reached euthanasia crite- 

ria within a week after challenge. This study demonstrates that very low doses of VSV-EBOV uniformly 

protect macaques against lethal EBOV challenge. 

Interpretation: Our study provides missing pre-clinical data supporting the use of reduced VSV-EBOV 

vaccine doses without decreasing protective efficacy and at the same time increase vaccine safety and 

availability - two critical concerns in public health response. 

Funding: Division of Intramural Research, National Institute of Allergy and Infectious Diseases, National 

Institutes of Health. 

Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 
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esearch in context 

vidence before this study 

Based on promising vaccine efficacy data in human clinical tri-

ls, VSV-EBOV is currently deployed in a ring vaccination approach
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n response to the ongoing Ebola virus (EBOV) outbreak in the

emocratic Republic of the Congo. Previous clinical trials estab-

ished a single intramuscular dose of 2 × 10 7 plaque forming units

PFU) for humans; however, only limited data is available sup-

orting the need for such a high vaccine dose. In humans, lower

accine doses have resulted in reduced EBOV antigen-specific to-

al IgG and neutralizing antibody responses despite overall similar

eroconversion rates. Data on protective efficacy following lower-

ose immunizations in humans is not available and a correlate for

rotection has not yet been defined for VSV-EBOV. Cynomolgus

acaques are considered the ‘gold standard’ pre-clinical disease
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model for EBOV countermeasure testing. Here, a VSV-EBOV vaccine

dose finding study was initiated using this model to produce pre-

clinical efficacy data on low-dose immunization to support public

health decision-making. 

Added value of this study 

The dose finding study revealed that a dose as low as

1 × 10 1 PFU of VSV-EBOV was still effective in completely pro-

tecting cynomolgus macaques from disease following lethal EBOV

challenge. Humoral immune responses were not visibly dose-

dependent, resulting in high-titered total IgG and neutralizing an-

tibodies directed towards the EBOV glycoprotein. 

Implications of all the available evidence 

Lower VSV-EBOV vaccine doses would greatly support the im-

plementation of additional prophylactic EBOV vaccination strate-

gies using pop-up and targeted geographic approaches as re-

cently recommended by WHO’s Strategic Advisory Group of Ex-

perts (SAGE). This would increase vaccine availability and reduce

adverse effects of VSV-EBOV. Lower doses may also be considered

for the emergency ring vaccination approach in case of a VSV-EBOV

vaccine shortage. 

1. Introduction 

Ebola virus (EBOV) is the causative agent of Ebola virus disease

(EVD) with up to 90% case fatality rate in humans and uniform

lethality in certain nonhuman primate species such as cynomol-

gus macaques [1] . EBOV got worldwide attention during the West

African outbreak from 2013 to 2016 with almost 30,0 0 0 cases and

11,0 0 0 deaths [2] . The causative agent of that outbreak was desig-

nated EBOV-Makona variant and is nowadays an important EBOV

challenge variant used for efficacy testing of therapeutics and vac-

cines. The EBOV-Makona genome sequence differs from EBOV vari-

ants isolated from previous Central African outbreaks by only 3%

[3] . Therefore, it was not surprising that therapeutics and vaccines

previously developed based on EBOV-Mayinga and EBOV-Kikwit

(causative variants of the 1976 and 1995 EBOV outbreaks in the

Democratic Republic of the Congo, DRC, respectively) showed effi-

cacy against EBOV-Makona in pre-clinical studies [ 4 , 5 ]. Several of

these experimental vaccine and treatment approaches were accel-

erated into human clinical trials in West Africa [4–7] . 

Among the most promising vaccine candidates was a recombi-

nant vesicular stomatitis virus (VSV)-based vector expressing the

glycoprotein (GP) of the EBOV-Kikwit variant (VSV-EBOV or rVSV-

ZEBOV; here referred to as VSV-EBOV Kik ). VSV-EBOV has been

shown to uniformly protect macaques from lethal disease after a

single dose even when vaccinated seven days prior to challenge

[ 8 , 9 ]. Based on promising pre-clinical efficacy data, VSV-EBOV Kik 

was assessed in 2015 in phase 3 clinical trials in Guinea as a ring

vaccination approach resulting in promising efficacy [ 10 , 11 ]. More

recently, VSV-EBOV Kik had been included in the public health re-

sponse to the early 2018 EBOV outbreak along the western border

of the DRC; currently, it is being used during the lingering out-

break in the northeastern region of the DRC [12] . 

Previously, we had determined that GP-specific IgG antibody re-

sponses to VSV-EBOV (in this case expressing the EBOV-Mayinga

GP; VSV-EBOV May ) vaccination were critical for protection against

lethal EBOV challenge in macaques [13] . A similar role for GP-

specific antibodies was reported from the VSV-EBOV Kik clinical

trials making this response a potential correlate of protection

in humans [ 14 , 15 ]. Clinical trials also indicated a vaccine dose-

dependent antibody response which ultimately lead to a recom-

mended dose of 2 × 10 7 plaque forming units (PFU) VSV-EBOV 
Kik 
or human use [15–19] . The vaccine dose for ring vaccination in

RC, which had initially been higher, has now also been adjusted

o that dose [20] . Unfortunately, the severity of adverse effects to

SV-EBOV Kik immunization may be positively correlated with the

accine dose even though not all clinical trials support this associ-

tion [ 14 , 21 , 22 ]. 

In this study, we first generated a VSV vector expressing the

P from the more recent EBOV-Makona variant (VSV-EBOV Mak )

nd tested its efficacy in the cynomolgus macaque model. Sub-

equently, we determined the minimum single vaccine dose re-

uired to uniformly protect cynomolgus macaques from lethal ho-

ologous EBOV challenge. Surprisingly, we found that a single

ose of only 1 × 10 1 PFU of VSV-EBOV Mak completely protected

acaques from disease, whereas doses below 10 1 PFU resulted in

accine breakthrough with animals succumbing to EBOV-Makona

hallenge. Interestingly, the GP-specific antibody responses eluci-

ated through vaccination were not visibly dose-dependent. Over-

ll, our data suggests that a lower dose of VSV-EBOV seems as effi-

acious and may ease adverse effects in vaccinated individuals and

lleviate concerns on future vaccine availability. 

. Methods 

.1. Ethics statement 

All infectious work with EBOV was performed in the maxi-

um containment laboratory at the Rocky Mountain Laboratories

RML), Division of Intramural Research, National Institute of Al-

ergy and Infectious Diseases, National Institutes of Health. RML

s an institution accredited by the Association for Assessment and

ccreditation of Laboratory Animal Care International (AAALAC).

ll procedures followed standard operating procedures (SOPs) ap-

roved by the RML Institutional Biosafety Committee (IBC). Ani-

al work was performed in strict accordance with the recommen-

ations described in the Guide for the Care and Use of Labora-

ory Animals of the National Institute of Health, the Office of An-

mal Welfare and the Animal Welfare Act, United States Depart-

ent of Agriculture. The study was approved by the RML Animal

are and Use Committee (ACUC). Procedures were conducted in

nimals anesthetized by trained personnel under the supervision

f veterinary staff. The humane endpoint criteria for euthanasia

ere specified and approved by the RML ACUC. All effort s were

ade to ameliorate animal welfare and minimize animal suffer-

ng in accordance with the Weatherall report on the use of non-

uman primates (NHPs) in research ( https://royalsociety.org/policy/

ublications/2006/weatherall-report/ ). Animals were housed in ad-

oining individual primate cages that enabled social interactions,

nder controlled conditions of humidity, temperature, and light

12 h light - dark cycles). Food and water were available ad libi-

um . Animals were monitored and fed commercial monkey chow,

reats, and fruit at least twice a day by trained personnel. Environ-

ental enrichment consisted of commercial toys, music, video and

ocial interaction. 

.2. Vaccine vectors 

VSV-EBOV Mak was generated by cloning the full-length GP

oding region of the EBOV-Makona (GenBank accession number

P096421; bp 6039-8068; 8A version) into the VSV �G genomic

lasmid [23] . Virus recovery, propagation and titration has been

reviously described [24] . VSV wildtype (VSV wt ), VSV-EBOV Kik , and

SV expressing the GP of the Marburg virus (MARV), Angola

train (VSV-MARV Ang ) were previously described [ 24 , 25 ]. Cynomol-

us macaques were vaccinated with the indicated doses of VSV-

BOV Mak or VSV-MARV Ang achieved by 10-fold serial dilutions of

he vaccine seed stocks (1 × 10 9 plaque-forming units (PFU)/ml) in

https://royalsociety.org/policy/publications/2006/weatherall-report/
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MEM without supplements. Plaque assay was performed for vac-

ine back-titration for the low dose groups as previously described

24] . 

.3. Challenge virus 

EBOV-Makona, Guinea C07 strain (EBOV-Makona) was propa-

ated on VeroE6 cells (mycoplasma negative), titered via plaque-

orming unit (PFU) and 50% tissue culture infectious dose (TCID 50 )

ssays on VeroE6 cells and stored in liquid nitrogen (EBOV-

akona, passage 2) [26] . The infectious material was originally ob-

ained from the National Microbiology Laboratory, Public Health

gency of Canada (Gary Kobinger, Ph.D.). 

.4. Growth kinetics 

VeroE6 cells (mycoplasma negative) were grown to confluency

n a 12-well plate and infected with a multiplicity of infection

MOI) of 0.01 with VSV wt , VSV-EBOV Kik , and VSV-EBOV Mak in trip-

icates. After one hour, the inoculum was removed and replaced

ith DMEM supplemented with 2% FBS, penicillin/streptomycin

nd l -glutamine. Supernatant samples were collected at 0, 6, 12,

4, 36, 48, and 72, hours post-infection and stored at −80 °C until

itration. Virus titers from these samples were determined by inoc-

lating VeroE6 cells (mycoplasma negative) with 10-fold serial di-

utions in triplicate. After one hour, DMEM supplemented with 2%

BS, penicillin/streptomycin and l -glutamine was added and cells

ere incubated at 37 °C. Cells were monitored for cytopathic effect

nd the 50% tissue culture infectious dose (TCID 50 ) was calculated

or each sample employing the Reed and Muench method [27] . 

.5. Macaque study design 

A total of 34 cynomolgus macaques ( Macaca fascularis ), 17 male

nd 17 female animals, 3–6 years of age and 3–8.5 kg in weight,

ere used in this study. The macaques were randomly divided into

 study groups of 4 (2 females and 2 males) and 6 control ani-

als (3 females and 3 males). The study animals were immunized

ntramuscularly (i.m.) with 1 × 10 −1 to 1 × 10 7 PFU VSV-EBOV Mak 

nto 2 sites in the caudal thighs; the low-dose inocula were con-

rmed by back-titration using a PFU-based infectivity assay (Table

1). The control animals received 1 × 10 7 PFU VSV-MARV Ang via

he same route. The study was split into 5 segments due to space

nd manpower restrictions in the BSL4 laboratory. The segmenta-

ion of the study also allowed to minimize the use of NHPs and

as performed as follows: (1) n = 2 controls and n = 4 1 × 10 7 PFU;

2) n = 2 controls, n = 4 1 × 10 6 PFU, n = 4 1 × 10 4 PFU and n = 4

 × 10 2 PFU; (3) n = 1 control and n = 4 1 × 10 1 PFU; (4) n = 1 con-

rol and n = 4 1 × 10 0 PFU; and (5) n = 4 1 × 10 −1 PFU. All ani-

als were challenged i.m. on day 0 with a lethal dose of 1 × 10 4 

CID 50 (10 0 0 LD 50 ) EBOV-Makona into 2 sites in the caudal thighs

s described previously [9] . The challenge virus titer was confirmed

y back-titration on VeroE6 cells performing TCID 50 determina-

ion as described above. For all study segments the back-titration

esulted in 1.8 × 10 4 TCID 50 /ml. Physical examinations and blood

raws were performed on days −28, −14, 0 (challenge day), 3, 6, 9,

4, 21, 28, and 35 and at euthanasia (day 42 – survivors; humane

ndpoint for non-survivors). The animals were observed at least

wice daily for clinical signs of disease using RML ACUC-approved

riteria. Following euthanasia, a necropsy was performed and sam-

les of key tissues (liver, spleen and lymph nodes) were collected

or virologic and pathological analysis. 

.6. Hematology and serum chemistries 

The platelet count was determined from EDTA blood with the

DEXX ProCyte DX analyzer (IDEXX Laboratories, Westbrook, ME).
erum biochemistry (including AST) was analyzed using the Pic-

olo Xpress Chemistry Analyzer and Piccolo General Chemistry 13

anel discs (Abaxis, Union City, CA). 

.7. Viremia 

Virus loads in macaque blood samples were determined using a

CID 50 assay on VeroE6 cells (mycoplasma negative) as described

bove under “2.4 Growth kinetics”. 

.8. Assessment of humoral immune response 

Post-challenge NHP sera were inactivated by gamma-irradiation

5 MRad) and removed from the maximum containment labora-

ory according to RML SOP approved by the RML IBC. This inactiva-

ion method is well-established and has been shown to minimally

mpact serum antibody binding [ 28 , 29 ]. Antibody titers were de-

ermined using enzyme-linked immunosorbent assay (ELISA) kits

ased on recombinant soluble EBOV-Makona GP �TM (Alpha Di-

gnostics, San Antonio, TX). For this, serum samples were diluted

:100 (IgM), 1:500 (pre-challenge IgG) or 1:1000 (post-challenge

gG). The ELISA was performed, and titers were calculated as per

anufacturer’s instructions. Neutralizing antibody titers were de-

ermined by 50% focus reduction neutralization test (FRNT 50 ) us-

ng EBOV-Mayinga expressing green fluorescence protein (EBOV-

ayinga-GFP) as previously described [9] . 

.9. Serum cytokine levels 

Post-challenge macaque sera were treated by gamma-

rradiation (5 MRad) and removed from the maximum con-

ainment laboratory according to a SOP approved by the RML IBC.

erum samples were then diluted 1:2 in serum matrix for analysis

ith Milliplex Non-Human Primate Magnetic Bead Panel as per

anufacturer’s instructions (Millipore Corporation). Concentrations 

or analytes (IFN γ , IL-6, IL-1ra, IL-2, IL-10, IL-15, MCP-1, TGF α,

CD40L and TNF α) were determined for all samples using the

io-Plex 200 system (BioRad Laboratories Inc.). 

.10. Histopathology and immunohistochemistry 

Histopathology and immunohistochemistry were performed on 

mall macaque tissue samples. After fixation/inactivation for 7 days

n 10% neutral buffered formalin, small tissue samples were re-

oved from high containment according to a SOP approved by the

ML IBC. Subsequently, tissue samples were embedded in paraf-

n and tissue sections were stained with hematoxylin and eosin

H&E). To detect EBOV antigen, immunohistochemistry was per-

ormed using an anti-VP40 polyclonal rabbit serum (kindly pro-

ided by Yoshihiro Kawaoka, University of Wisconsin-Madison) as

reviously described [26] . 

.11. Statistical analysis 

Statistical analysis was performed in Prism 7 (GraphPad). Data

resented in Fig. S1 were examined using two-way ANOVA with

ukey’s multiple comparison to evaluate statistical significance at

ll timepoints between all groups. Significant differences in the

urvival curves shown in Fig. 1 A were determined performing

og-Rank analysis. Statistical significance is indicated as follows:

 < 0.0 0 01 ( ∗∗∗∗), p < 0.001 ( ∗∗∗), p < 0.01 ( ∗∗) and p < 0.05 ( ∗). 
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Fig. 1. Survival and clinical parameters after EBOV infection. (A) Survival curves and (B) virus titers are presented for each vaccine dose group. Dotted line indicates threshold 

for viremia associated with fatal disease. (C) Whole blood platelet count and (D) aspartate aminotransferase (AST) levels in serum samples collected at every exam day and 

the time of euthanasia are shown for each vaccine group. Error bars indicate standard error of the mean. Statistical significance is indicated ( ∗ p < 0.05; ∗∗∗ p < 0.001). 
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3. Results 

3.1. Generation and characterization of VSV-EBOV Mak 

VSV-EBOV Mak was constructed by replacing the open reading

frame of the VSV glycoprotein G by that of the EBOV-Makona GP.

Recombinant viruses were recovered using the VSV reverse genet-

ics system and subsequently propagated and titered in VeroE6 cells

as previously described [ 24 , 30 , 31 ]. VSV-EBOV Mak growth kinetics

were compared to those of VSV wt and VSV-EBOV Kik on VeroE6

cells. VSV wt displayed a faster growth kinetic than both EBOV GP-

expressing VSV vectors with a statistically significant difference at

24 h (Fig. S1). VSV-EBOV Mak showed a slightly reduced growth ki-

netic compared to VSV-EBOV Kik (Fig. S1); however, the difference

was not statistically significant. 

3.2. Protective efficacy of VSV-EBOV Mak in cynomolgus macaques 

Initially, VSV-EBOV Mak was used to i.m. vaccinate a group of

cynomolgus macaques ( n = 4) with the standard dose of 1 × 10 7 

PFU (Table S1). Control animals ( n = 2) received 1 × 10 7 PFU of

VSV-MARV Ang [ 25 , 32 ] by the same route (Table S1). Four weeks af-

ter vaccination all macaques were i.m. challenged with 1 × 10 3 PFU

of EBOV-Makona, a standard challenge dose [26] . Animals were

scored at least twice daily for clinical signs of disease and eu-

thanized at day 42 post challenge (protected animals) or when

a predetermined humane endpoint was reached (non-protected

animals). Frequent physical examinations were performed includ-

ing a blood draw to perform virology, serology, hematology and

blood chemistry analyses. All VSV-EBOV Mak vaccinated animals

were completely protected from disease, never developed EBOV-

Makona viremia, nor did they show any hallmark blood parameters

of EBOV infection such as elevation of aspartate aminotransferase

(AST) or thrombocytopenia ( Fig. 1 ; Fig. S2; Table S1). In contrast,

all control animals had to be euthanized on days 6 and 7 with se-

vere clinical signs resembling EVD, high EBOV-Makona viremia as
etermined by TCID 50 assay, severe thrombocytopenia and elevated

ST levels ( Fig. 1 ; Fig. S2; Table S1). 

.3. VSV-EBOV Mak dose finding in cynomolgus macaques 

Having established the pre-clinical efficacy of VSV-EBOV Mak in

he cynomolgus macaque model, we next performed a vaccine

ose finding study with the aim to define the minimum dose that

till provides full protection from disease against lethal homolo-

ous EBOV-Makona challenge. Six groups of cynomolgus macaques

 n = 4) were vaccinated i.m. with doses of VSV-EBOV Mak ranging

rom 1 × 10 6 to 1 × 10 −1 PFU (Table S1). A control group ( n = 4) re-

eived 1 × 10 7 PFU of VSV-MARV Ang by the same route (Table S1).

BOV-Makona challenge (1 × 10 3 PFU) by the i.m. route was per-

ormed 28 days after vaccination and animals were followed as

escribed above. Surprisingly, we found uniform protection with

o clinical signs of disease in animals that were vaccinated with

 dose as low as 1 × 10 1 PFU VSV-EBOV Mak ( Fig. 1 ; Fig S2; Ta-

le S1). EBOV-Makona viremia was not detected in animals vac-

inated with 1 × 10 6 PFU of VSV-EBOV Mak , in all other protected

ose groups (1 × 10 4 , 1 × 10 2 and 1 × 10 1 PFU), most animals pre-

ented with transient, low-level viremia ( < 10 5 TCID 50 /ml) that was

leared by days 9 or 14 post challenge ( Fig. 1 B; Fig. S2). We did not

bserve hallmark features of EVD, such as thrombocytopenia or el-

vated AST levels, with any protected animal ( Fig. 1 C and D). Vac-

ine breakthrough was observed with doses of 1 × 10 0 and 1 × 10 −1 

FU VSV-EBOV Mak resulting in 75 and 25% survival, respectively

 Fig. 1 ; Fig. S2; Table S1). All animals succumbing to EBOV-Makona

hallenge presented with typical clinical signs resembling EVD in-

luding high viremia, severe thrombocytopenia and elevated AST

evels ( Fig. 1 ; Fig. S2; Table S1). 

.4. Humoral immune responses 

EBOV-Makona GP-specific IgM and IgG responses were

easured by ELISA using a commercial kit following the
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anufacturer’s instructions. Surprisingly, we did not observe

 discernable dose-dependent effect on EBOV GP-specific IgM

r IgG titers after vaccination (day −14 and day 0) in surviving

nimals ( Fig. 2 A–C; Fig. S3). However, within all groups receiving

 × 10 4 PFU or less of VSV-EBOV Mak , we observed a less uniform

ntibody response among individual animals compared to animals

f groups vaccinated with 1 × 10 6 or 1 × 10 7 PFU ( Fig. 2 A-C and;

ig. S3). Neutralizing responses were measured by FRNT 50 using

BOV-Mayinga-GFP. At the time of challenge (day 0), neutralizing

esponses were either not detected or very low in FRNT 50 titers.

t day 42, all protected animals showed detectable neutralizing

esponses, but like the IgG responses there was no significant

ifference in animals belonging to the different groups ( Fig. 2 D).

oteworthy, only animals lacking GP-specific IgM and IgG or and

eutralizing responses went on to develop severe disease and had

o be euthanized; these were all animals in the control group as

ell as one and three animals in the 1 × 10 0 and 1 × 10 −1 PFU

accine groups, respectively ( Figs. 1 and 2 ; Fig. S3). Interestingly,

ven the one protected animal in the 1 × 10 −1 PFU group de-

eloped similar strong anti-EBOV GP responses, as did protected

nimals in the groups vaccinated with higher VSV-EBOV Mak doses

 Figs. 1 and 2 ; Fig. S3). For all the protected animals the challenge

ith EBOV-Makona acted as a boost vaccination resulting in a

ubstantial increase in EBOV GP-specific IgG between days 6 and 9

ost challenge ( Fig. 2 C; Fig. S3), a response that had been observed

reviously [ 9 , 13 ]. 

.5. Other immune responses 

Analysis of T cell responses was not performed due to lack of

ata supporting a critical role of cell-mediated immunity in VSV-

BOV vaccination [ 13 , 33 ]. Instead we measured innate immune re-

ponses by determining cytokine levels prior to vaccination (day

28), prior to challenge (day 0) and shortly after challenge (day

). All study animals had baseline responses prior to vaccination

ndicative of a non-activated status ( Fig. 3 ). Prior to challenge, we

ither could not detect responses (i.e. interferon gamma (IFN ƴ),
nterleukin 6 (IL-6) and tissue necrosis factor alpha (TNF α)) or

etected activated responses with no distinctions among animals

i.e. IL-1 receptor antagonist (IL-1ra), IL-2, IL-10, IL-15, monocyte

hemoattractant protein-1 (MCP-1), transforming growth factor al-

ha (TGF α) and soluble CD40 ligand (sCD40L)), indicating a certain

egree of activation but no difference among vaccinated and con-

rol groups ( Fig. 3 ). Three days post EBOV-Makona challenge, re-

ponses were elevated without a difference to those at day 0 for

ost of the presented cytokines except for IFN ƴ, IL-6 and to some

egree TNF α ( Fig. 3 ). Interestingly, all macaques vaccinated with

he two highest doses of VSV-EBOV Mak (1 × 10 7 and 1 × 10 6 PFU)

hat lacked evidence for challenge virus replication ( Fig. 1 B, Fig.

2) showed no IFN ƴ and TNF α responses post challenge ( Fig. 3 ).

ther analyzed mediators did not show an increase in expression

t any of the three tested time points (day −28, day 0 and day 3). 

.6. Pathologic changes in protected and non-protected cynomolgus 

acaques 

All non-protected animals developing severe disease were eu-

hanized according to established humane endpoint criteria. Char-

cteristic gross pathology changes for EBOV infection in macaques

ere noticed as previously described [ 26 , 34 , 35 ]. Tissue from key

arget organs (liver, spleen and inguinal lymph node) were col-

ected at the time of euthanasia. These organs revealed high EBOV-

akona titers determined by TCID 50 infectivity assay on Vero E6

ells with no significant difference among non-protected animals

Fig. S4). As previously published [ 26 , 34 , 35 ], histopathology re-

ealed EBOV-typical lesions showing multifocal to coalescing hep-
tic necrosis with acute inflammation and abundant fibrin mi-

rothrombi within the hepatic sinusoids as well as EBOV antigen

xpression (Figs. S5A, B). Similarly, necrosis (lymphocytolysis) of

he white pulp, abundant fibrin within the red pulp, multifocal

cute inflammation and EBOV antigen expression were observed

n the spleen (Figs. S6A, B). All protected animals were eutha-

ized at day 42, the study end point, except for the survivor in the

 × 10 −1 PFU group, which was euthanized on day 14 post chal-

enge as a sole survivor due to animal welfare reasons. In con-

rast to the non-protected animals, pathology and histopathology

id not reveal any abnormal changes and EBOV-Makona antigen

ould not be detected in liver and spleen of any surviving animal

Figs. S5C–F; Fig. S6C–F). 

. Discussion 

In this study we generated a more contemporary VSV-based

BOV vaccine by expressing the GP of EBOV-Makona, the causative

train of the West African epidemic [3] . In vitro studies revealed

imilar characteristics of VSV-EBOV Mak and VSV-EBOV Kik (Fig. S1).

hen macaques were vaccinated with 1 × 10 7 PFU, the stan-

ard vaccination dose for VSV-EBOV in pre-clinical NHP stud-

es [ 8 , 13 ], we observed sterile protection from clinical disease

 Fig. 1 A; Fig. S2; Table S1). The EBOV GP-specific antibody re-

ponses in macaques were similar to what has been published

efore from NHPs vaccinated with VSV-EBOV Kik and VSV-EBOV May 

 Fig. 2 ) [ 9 , 13 ] suggesting that VSV-EBOV Mak is similarly effective as

ny other previous VSV-EBOV vector. 

The initial VSV vectored vaccine work for EBOV was based

n VSV-EBOV May expressing the GP derived from the prototype

BOV-Mayinga strain [ 8 , 31 ]. The majority of pre-clinical NHP ef-

cacy studies have used this vaccine vector in homologous (EBOV-

ayinga) and heterologous (EBOV-Kikwit) challenge experiments 

36] . The generation of VSV-EBOV Kik reflected an adaptation to the

BOV strain that had caused the biggest outbreak recorded at the

ime (Kikwit, DRC, 1995) [37] . The switch to VSV-EBOV Mak is an

djustment driven by the West African outbreak. Whatever adjust-

ent will be done, it is unlikely to provide a homologous vaccine

o any future EBOV strain causing an outbreak (see 2018/2019 out-

reaks in DRC; EBOV-Ituri). A comparison of known EBOV GP se-

uences has shown an amino acid variation ranging from 2 to 3.5%

Table S2). Almost all mutations are located within the mucin-like

omain [38] , which is dispensable for virus entry and the induc-

ion of protective immune responses [39] . Thus, one can expect

hat any of these VSV-EBOV vectors will induce cross-protective

nti-GP responses against EBOV strains and unlikely to affect vac-

ine efficacy. This was demonstrated with sera from NHPs vacci-

ated with VSV-EBOV ik that showed indistinguishable neutralizing

ntibody titers to three EBOV strains [9] . Furthermore, counter-

easures effective against EBOV-Makona, such as VSV-EBOV Kik and

onoclonal antibodies, are currently deployed against the current

RC EBOV outbreak strain [ 40 , 41 ]. 

A goal of this study was to determine the minimal vaccine dose

equired to protect macaques from lethal EBOV challenge. When

e vaccinated groups of macaques with VSV-EBOV Mak doses rang-

ng from 1 × 10 6 to 1 × 10 −1 PFU, we were surprised to find that a

accine dose as little as 1 × 10 1 PFU resulted in uniform protection

rom clinical disease ( Fig. 1 ; Table S1). Transient challenge virus

iremia (cleared between days 9 and 14 post challenge) was only

etected in protected animals of the lower dose vaccine groups.

owever, titers never reached 10 5 TCID 50 /ml blood, a previously

stablished threshold for protection from disease (Fig. S2, Table S1)

 26 , 42 ]. Only non-protected animals including the control group

acaques developed high challenge virus viremia ( > 10 6 TCID 50 /ml

lood; Fig. S2) and severe disease as indicated by hallmark clinical

arameters ( Fig. 1 C and D) and needed to be euthanized. Thus, a
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Fig. 2. Serology after vaccination and challenge. (A) EBOV-Makona GP-specific IgM serum concentrations after vaccination. (B) EBOV-Makona GP-specific IgG serum concen- 

trations after vaccination. (C) EBOV-Makona GP-specific IgG serum concetrations after challenge at every exam day and the time of euthanasia. Error bars indicate standard 

deviation. (D) EBOV neutralizing titers are presented. Serum dilution reducing 50% of the focus number are shown for individual animals at the time of vaccination (day 

−28), challenge (day 0) and for survivors (day 42). Note, dotted lines indicate the limit of detection. 
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Fig. 3. Cytokine responses in vaccinated and challenged NHPs. Serum concentrations for IFN γ , IL-6, IL-1ra, IL-2, IL-10, IL-15, MCP-1, TGF α, sCD40L and TNF α were determined 

at the time of vaccination (day −28), challenge (day 0) and early after EBOV-Makona challenge (day 3). Each dot represents an individual animal at the indicated time point. 
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emarkably low VSV-EBOV dose is sufficient to protect macaques

rom EBOV challenge similar to what had been published earlier

or VSV-EBOV in mice [43] but had never been evaluated in NHPs,

he ultimate pre-clinical EBOV animal disease model. 

We have previously shown that the humoral immune response

o EBOV GP plays a critical role for protection [13] . Furthermore,

e established that the total IgG response to EBOV GP is an im-
ortant parameter and likely a good correlate of protection for pre-

linical studies [9] . The clinical trials using the VSV-EBOV Kik vac-

ine confirmed the importance of the total IgG response to EBOV

P as a likely correlate of protection, but some studies reported

ose-dependent GP-specific IgG responses to VSV-EBOV Kik vaccina-

ion [15–19] . Interestingly, in the macaque study here we found no

uch correlation between vaccine dose and total EBOV GP-specific
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IgG or neutralizing immune responses ( Fig. 2 ; Fig. S3). In cynomol-

gus macaques it appears to be rather an “all-or-nothing” humoral

immune response as best indicated for the survivors and non-

survivors in the groups vaccinated with the two lowest vaccine

doses ( Fig. 2 ; Fig. S3). Further investigations need to confirm a

difference in dose-dependent immune responses between humans

and macaques and the potential mechanism behind it. 

In this study, we did not focus on T cell-mediated immune re-

sponses upon vaccination with VSV-EBOV Mak as those have pre-

viously been considered of limited importance for macaques and

mice vaccinated with VSV-EBOV vectors [ 8 , 13 , 33 , 43 ]. In addition,

there is currently only limited data on T cell-mediated immune re-

sponses in human EBOV vaccinees [44] , with one report suggesting

a role for circulating follicular T helper cells [45] . To see if protec-

tion was associated with activated innate immune responses, we

performed cytokine analysis on serum samples collected prior to

vaccination, at the day of challenge and shortly after challenge.

Overall, the varying vaccine doses did not result in any significant

differences regarding production of immune mediators. Notable,

only the animals in the group with the two highest vaccine doses

did not have IFN ƴ and TNF α responses upon challenge indicative

of non-replicating challenge virus similar to what was published

before [8] and in line with viremia data presented here ( Fig. 1 B;

Fig S2). Thus, as expected from the vaccination schedule used in

this study (immunization 28 days prior to challenge) we likely can

exclude the influence of innate mediators in the outcome of this

dose-down vaccine protection study. 

Currently, the recommended human dose for VSV-EBOV Kik vac-

cination is 2 × 10 7 PFU by single site i.m. administration [15–19] .

This dose is given for any vaccination approach including ring vac-

cination [9–11] . Recently, it was endorsed to consider additional

pop-up and targeted geographic vaccination approaches to provide

broader vaccine coverage in the general population with no known

EBOV exposure [46] . With ongoing ring vaccination as the primary

public health vaccine response this could result in vaccine shortage

unless production can be scaled up or a second vaccine candidate

can be deployed. One way to reduce the burden on vaccine pro-

duction would be to lower the vaccine dose. This seems concep-

tionally achievable as VSV-EBOV is a live-attenuated, replication-

competent vaccine and thus seem to be less dependent on high

vaccine doses [ 46 , 47 ]. The feasibility of such an approach is sup-

ported by the preclinical data here with immune responses in the

macaques that were not visibly dose-dependent ( Fig. 2 ; Fig. S3). In

humans, a vaccine dose of 3 × 10 5 PFU VSV-EBOV has resulted in

reduced GP-specific IgG and neutralizing antibody responses de-

spite overall similar seroconversion rates [22] . However, data on

protective efficacy following lower-dose immunization in humans

is not available and a correlate for protection in humans has not

yet been defined. By determining the recommended vaccine dose

for VSV-EBOV, the clinical trials (phase 1–3) seem to have rather

erred on the side of caution with a higher vaccine dose, a plausi-

ble approach. Based on data presented here, however, lower-dose

vaccination could be considered for these additional approaches. If

considered, logistic questions on how to disseminate lower vaccine

doses need to be resolved. Feasible options might be the adminis-

tration of lower volumes or vaccine dilution on site as manufactur-

ing lower-dose vaccine vials is a longer lasting and more difficult

process. Whether ring vaccination should be performed with lower

doses remains open at this time and likely should be addressed in

additional preclinical studies or clinical trials first. Should vaccine

shortage arise, one could consider lower doses also for this vacci-

nation approach. 

VSV-EBOV is a live-attenuated vaccine platform that has in gen-

eral caused mild adverse effects in humans such as injections site

irritation, headache, fatigue, fever, chills, myalgia, and arthralgia

[ 14 , 21 , 22 ]. In particular, the Geneva phase 1 clinical trial has re-
orted more serious reactions to vaccination including arthritis,

rthralgia and vesicle formation from which VSV-EBOV could be

solated [22] . In contrast, the larger African phase 2/3 clinical trials

ave not reported similar severe adverse effects upon vaccination

 10 , 11 , 4 8 , 4 9 ] and there seems to be no convincing association with

accine dose and severity of adverse effects. Adverse effects have

ever been reported from any animal studies aside from occasional

dverse reactions at the injection site. This is not surprising as the

elatively mild and often subjective adverse effects described from

uman vaccinees are difficult to observe and monitor in animals.

evertheless, lower vaccine doses would rather reduce adverse ef-

ects and their severity in vaccinees than the opposite. 

Preclinical studies and clinical trials are never the same and

herefore it is difficult to make firm recommendations for vac-

ination of humans. However, the promising efficacy with ex-

remely low vaccine doses and the interesting finding of a non-

ose-dependent humoral immune response in macaques indicate

hat lower vaccine doses may also be protective in humans. Reduc-

ion of the vaccine dose would automatically increase the current

accine stocks, likely increase vaccine safety and ease the burden

n future vaccine production. 
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