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The Makona Variant of Ebola Virus Is Highly Lethal to 
Immunocompromised Mice and Immunocompetent 
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During 2013–2016, a novel isolate of Ebola virus (EBOV-Makona) caused an epidemic in West Africa. The virus was distinct from 
known EBOV strains (EBOV-Kikwit and EBOV-Mayinga), which were responsible for previous outbreaks in Central Africa. To 
investigate the pathogenicity of EBOV-Makona, we engineered and rescued an early isolate (H.sapiens-wt/GIN/2014/Makona-
Gueckedou-C07, called rgEBOV-C07) using an updated reverse-genetics system. rgEBOV-C07 was found to be highly pathogenic 
in both the knockout mouse and ferret models, with median lethal dose values of 0.078 and 0.015 plaque-forming units, respectively. 
Therefore, these animals are appropriate for screening potential countermeasures against EBOV-Makona without the need for spe-
cies adaptation.
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Ebola virus (EBOV) belongs to the family Filoviridae, and it 
is one of the most lethal pathogens known to date. Human 
infections with EBOV result in EBOV disease (EVD), in 
which patients initially present with fever, fatigue, diarrhoea, 
vomiting, headaches, and muscle pain, before progressing 
to more advanced symptoms such as rash and hemorrhage, 
leading to coagulation disorders, multiorgan failure, and a case 
fatality rate of up to 90% if untreated [1]. Since the discovery 
of EBOV in 1976, outbreaks of EVD were sporadic in nature 
and localized to Central Africa, mainly in remote areas of 
Gabon, Republic of the Congo, and Democratic Republic of 
the Congo (formerly Zaïre). Furthermore, outbreaks were 
mostly contained within the local communities and fatalities 
numbered at most in the hundreds [2].

During late 2013, EBOV unexpectedly emerged for the first 
time in Western Africa. Caused by a novel variant (EBOV-
Makona), the virus spread rapidly throughout Guinea, Sierra 
Leone, and Liberia, infecting over 28 000 people and killing 
over 11 000 [2]. In addition to numerous chains of transmission 
within these countries, imported cases were documented in 
other countries located in Africa, Europe, and North America 

through air and land travel [2]. The pathogenicity of EBOV-
Makona, compared with those of its Central African coun-
terparts (EBOV-Mayinga and EBOV-Kikwit), in humans and 
animals is a topic of debate [3, 4].

Reverse-genetic systems are an excellent tool for studying 
determinants of viral pathogenicity. Infectious clone systems 
have been developed for EBOV since 2001–2002, and is based 
on either (1) cotransfection of a pFL vector encoding the 
entire viral genome (EBOV-Mayinga) under T7 ribonucleic 
acid (RNA) polymerase control along with 4 helper plasmids 
encoding EBOV nucleoprotein (NP), viral protein (VP) 30, 
VP35, and RNA-dependent-RNA-polymerase (L) [5] or (2) 
a modified pTM1 vector encoding the entire viral genome 
(EBOV-Mayinga), flanked by the T7 RNA polymerase pro-
moter and a ribozyme, along with the 4 helper plasmids men-
tioned above [6]. A T7-controlled reverse-genetics system for 
an EBOV-Makona isolate from Liberia has also been made pre-
viously [7]. In this study, we present an updated reverse genet-
ics (rg) system for more rapid and efficient rescue of infectious 
EBOV based on viral sequences from clinical isolates, with-
out the need for T7. As a proof-of-concept, we used this sys-
tem to rescue virus based on an EBOV isolate from early in 
the 2014–2016 outbreak (H.sapiens-wt/GIN/2014/Makona-
Gueckedou-C07 [GenBank no. KJ660347.2], hereafter referred 
to as rgEBOV-C07) [8]. To characterize rgEBOV-C07 in vitro 
and in vivo, we performed growth kinetic studies in VeroE6 
cells, in addition to median lethal dose (LD50) studies in the 
immunocompromised knockout mouse and immunocompe-
tent ferret models.
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METHODS

Construction of the Ebola Virus Reverse-Genetics System

A modified pSP72 (Promega) cloning vector was used for the 
EBOV reverse-genetics system. Modifications included the 
deletion of the multiple cloning site to decrease the number of 
restriction sites on the vector, the addition of a cytomagelovirus 
(CMV) promoter and Hammerhead ribozyme (HHrbz) at the 
5’ end to EBOV-C07 (+sense) genome, and the Hepatitis delta 
virus ribozyme (HDVrbz) and β-globin transcription termina-
tor (β-Term) on the 3’ end. The restriction sites NotI and AscI 
were used to clone the first fragment into pSP72, and AscI was 
then used to systematically add each of the remaining 3 frag-
ments into the vector. The 4 fragments were amplified from viral 
RNA with the use of Maxima H Minus Reverse Transcriptase 
(Thermo Fisher) and PrimeSTAR Max (Takara) and cloned by 
In-Fusion cloning (Clontech) in the following order: 5’-NotI/
PmlI (fragment 1), PmlI/SacI (fragment 2), SacI/SanDI (frag-
ment 3), and SanDI/AscI (fragment 4). The final schematic of 
the plasmid for the rescue of EBOV-C07 (pSP-EBOV Makona 
C07) was as follows: 5’ – (NotI) CMV – HHrbz – EBOV-C07 – 
HDVrbz–β-term (AscI) –3’ (Figure  1). Helper plasmids were 
cloned into the pCAGGS expression vector.

Virus Rescue and Next-Generation Sequencing

The rescue of live, infectious rgEBOV-C07 was performed as fol-
lows: 2 ×  105 GripTite 293 MSR (Life Technologies) cells were 
seeded onto 6-well dishes 1 day before transfection and grown at 

37˚C with 5% CO2 overnight. Cells were transfected with 2 µg of 
pSP-EBOV Makona C07, 1 µg of pCAGGS-NP, 1 µg of pCAGGS-L, 
0.5 µg of pCAGGS-VP35, and 0.3 µg of pCAGGS-VP30 in Opti-
MEM with 15  µL TransIT-LT1 (Mirus Bio) as the transfection 
reagent. Dulbecco’s modified Eagle’s medium (HyClone) supple-
mented with 1% Bovine Growth Serum (HyClone) and l-gluta-
mine (Gibco) was added at 1 day posttransfection, and 1 × 105 
of fresh GripTite 293 MSR cells were added at 3 days posttrans-
fection. Supernatant was collected at 7  days posttransfection 
and pelleted at 1500 ×g for 5 minutes to remove any cell debris. 
VeroE6 cells were infected with 500 µL of the supernatant, and 
cytopathic effect (CPE) was monitored starting at 6 days post-
infection. The P1 supernatant was harvested when CPE reached 
80%–90% and pelleted to remove cell debris. The rescued virus 
was passaged once more on VeroE6 cells to make the P2 stock 
virus, and the viral genome was confirmed by next-generation 
sequencing using the previously published 11rx_v3 primer set 
[9] to amplify the genome in 11 fragments. Polymerase chain 
reaction (PCR) amplicons were amplified using PrimeSTAR Max 
DNA polymerase from complementary deoxyribonucleic acid 
(cDNA) generated with Maxima H minus Reverse Transcriptase. 
The amplicons were then normalized to reduce sequencing bias, 
pooled, and sequenced in-house using the Illumina MiSeq. 
FastQ consensus sequences were then aligned with SeqMan 
Pro (DNASTAR) to ensure there were no mutations to the rgE-
BOV-C07 genome, compared with the EBOV-C07 first isolated 
from clinical samples (clinEBOV-C07).

Virus Growth Kinetics

In addition, a growth kinetics study was performed in vitro on 
VeroE6 cells to ensure that there were no differences in viral 
replication rates between rgEBOV-C07 and clinEBOV-C07. 
VeroE6 cells were infected in triplicate with either rgEBOV-C07 
or clinEBOV-C07 at a multiplicity of infection of 0.1, superna-
tant was harvested daily from 0 to 5 days after infection, and viral 
RNA was quantified by quantitative reverse-transcription PCR 
using the EBOV polymerase gene as the target. The primer-probe 
set is as follows: forward 5’-CAGCCAGCAATTTCTTCCAT-3’, 
reverse 5’-TTTCGGTTGCTGTTTCTGTG-3’, and probe 
5’-[FAM]-ATCATTGGCGTACTGGAGGAGCAG-[TAMRA]. 
Reaction conditions were as follows: 63oC for 3 minutes, 95oC 
for 30 seconds, followed by 45 cycles of 95oC for 15 seconds and 
60oC for 30 seconds.

Animal Experiments

Four- to eight-week-old, male or female, Type I  interferon 
receptor knockout mice (Ifnar1−/−; Jackson Laboratories) or 
6-month-old, female domestic ferrets (Mustela putorius furo, 
Marshall BioResources) were used to test the virulence of rgE-
BOV-C07. Knockout mice (n  =  3 per group) were challenged 
with 1, 0.1, or 0.01 plaque-forming units (PFUs) of rgEBOV-C07 
via the intraperitoneal (IP) route, in which survival and weight 
loss were monitored for 17 days (2 times longer than the time to 
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Figure 1.  Reverse genetics system for the rescue of rgEBOV-C07 from comple-
mentary deoxyribonucleic acid. The cytomegalovirus (CMV) promoter is denoted in 
green, and the EBOV-C07 full-length genome is denoted in yellow. Abbreviation: 
HHrbz, Hammerhead ribozyme.
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death of knockout mice challenged with 1 PFU rgEBOV-C07). 
Animals losing over 20% of their initial body weight as deter-
mined on day 0 were euthanized following animal ethics guide-
lines. Ferrets (n = 3 per group) were challenged with 1, 0.1, or 
0.01 PFUs of rgEBOV-C07 via the intramuscular (IM) route, in 
which survival and signs of disease were monitored for 15 days 
(2 times longer than the time to death of ferrets challenged with 
1 PFU rgEBOV-C07). Animals with a clinical score of over 20 
based on signs of disease were euthanized following animal eth-
ics guidelines. All experiments involving infectious EBOV were 
performed at the Biosafety level 4 laboratory at the Public Health 
Agency of Canada, Winnipeg. Animal experiments were per-
formed to guidelines set forth by the Animal Care Committee in 
accordance with the Canadian Council on Animal Care.

RESULTS

Viral Kinetic Studies of Reverse-Genetics Ebola Virus-C07 and Clinical 

Samples Ebola Virus-C07 

The in vitro infection results showed that rgEBOV-C07 and 
clinEBOV-C07 replicated at similar rates. Starting from almost 
104 genome equivalents at day 0, the titers for both viruses 
reached 106 genome equivalents at day 3 and a peak of 107 
genome equivalents at day 5 (Figure 2). Statistical analysis using 
2-way analysis of variance with the Bonferroni multiple com-
parison test showed that the 2 curves were not significantly dif-
ferent (P > .05) from each other at any timepoint.

Pathogenicity of Reverse-Genetics Ebola Virus-C07 in 

Immunocompromised Mice

Immunocompromised Ifnar1−/− mice were found to be suscep-
tible to rgEBOV-C07 challenge (Figure  3A). Animals started 

losing weight at 5, 6, and 7  days postinfection (dpi) in the 1, 
0.1, and 0.01 challenge groups, respectively (Figure 3B). In the 
1 PFU challenge group, the mice lost approximately 30% of its 
body weight as a group and animals died at 6, 7, and 8 dpi. In 
the 0.1 PFU challenge group, the mice lost approximately 15% 
of its body weight as a group and 1 mouse died at 7 dpi. In the 
0.01 PFU challenge group, the mice lost slightly over 10% body 
weight as a group, but all 3 mice survived (Figure 3A and B). 
The LD50 value was calculated by a linear regression with the 
logarithmic value of the challenge titer versus the fatality rate, 
and it was found to be 0.078 PFUs.

Pathogenicity of Reverse-Genetics Ebola Virus-C07 in Ferrets

Ferrets were also found to be susceptible to disease caused by 
rgEBOV-C07 (Figure 3C). In the 1 PFU challenge group, 2 fer-
rets succumbed to EVD on 6 dpi, and the third died at 7 dpi. 
In the 0.1 PFU group, 1 ferret died at 6 dpi and the remaining 
2 succumbed at 7 dpi. In the 0.01 PFU group, 1 ferret died at 7 
dpi, whereas the other 2 animals were symptom-free until 15 dpi 
(Figure 3C). All animals had a clinical score of >20 at the time of 
death or euthanasia (Figure 3D). The LD50 was calculated using 
the same method as mentioned above, and it was found to be 
0.015 PFUs.

DISCUSSION

The ability to generate live EBOV clinical isolates from cDNA 
has greatly increased our ability to study viral pathogenesis. In 
this study, we have updated the EBOV reverse-genetics sys-
tem by replacing the prokaryotic T7 bacteriophage promoter 
with the eukaryotic human CMV promoter (1) to increase 
RNA expression levels in mammalian cells and (2) to elimi-
nate the dependence of the system on T7 RNA polymerase. 
Furthermore, by replacing the T7 promoter with CMV, tran-
scription of viral RNA can now take place directly in cellulo 
with RNA polymerase II, as opposed to in vitro before trans-
fection into a permissive cell line [10], thus adding to the effi-
ciency of the rescue process. The addition of the HHrbz and 
HDVrbz ensures that the complete EBOV genome is processed 
correctly to avoid the addition of a G residue at the 5’ end of 
the genome [6] and that the gene is terminated at the correct 
3’ trailer end.

Knockout mice and ferrets are both established as good mod-
els to study the pathogenesis of clinical EBOV isolates without 
the need for adaptation to the host species [11–13]. The results 
from this study showed that rgEBOV-C07 is genetically identi-
cal to clinEBOV-C07 and is extremely pathogenic in both the 
knockout mice and ferret animal models with low LD50 val-
ues of 0.078 and 0.015 PFUs, respectively, demonstrating that 
potential medical countermeasures can be effectively screened 
in these 2 species before further studies in nonhuman primates. 
It should be noted that a previous study has shown that 1 PFU 
of EBOV was equivalent to approximately 25–30 virions [14], 
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Figure 2.  Growth kinetics of rgEBOV-C07 versus clinEBOV-C07 in VeroE6 cells. 
Cells were infected with rgEBOV-C07 (black) or clinEBOV-C07 (red) at a multiplicity 
of infection of 0.1, and viral ribonucleic acid was quantified from daily harvests of 
supernatant between 0 and 5 days after infection.
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suggesting that only a few EBOV virions were sufficient to kill 
the animals.

CONCLUSIONS

It is interesting to note that our data contrasts with those 
from a previous study showing that EBOV-C07 was less 
virulent than other EBOV variants in 6- to 9-week-old, 
female, A129 Type I  interferon receptor-deficient mice.  
In that study, groups of 5 mice were challenged IP with  
serial 1:10 dilutions of EBOV-C07 from 2  ×  106 to 0.02 
TCID50/mL [15]. None of the mice in any of the groups suc-
cumbed to EBOV infection, despite some weight loss (<15%) 
and mild clinical signs including ruffled fur as well as slight 
hunched posture in some animals. Since the EBOV-C07 
stock used in that study had been passaged in VeroE6 cells 
6 times, compared with twice for our study, it will be inter-
esting and potentially important to sequence and compare 
both virus stocks to elucidate mutations resulting in EBOV 
attenuation. In addition, clone expansion may have yielded 
variations in the virus stocks, which could reveal important 
understanding of the variations in the observed pathogen-
esis, and have important implications for the design of spe-
cific antivirals.
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PFUs of rgEBOV-C07. The dashed lines indicate the cutoff point for euthanasia.
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