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Ebola virus (EBOV) is one of the most lethal filoviruses, with mortality rates of up to 90% in humans.
Previously, we demonstrated 100% and 50% survival of EBOV-infected cynomologus macaques with a
combination of 3 EBOV-GP-specific monoclonal antibodies (ZMAb) administered at 24 or 48 hours
post-exposure, respectively. The survivors demonstrated EBOV-GP–specific humoral and cell-mediated
immune responses. In order to evaluate whether the immune response induced in NHPs during the ZMAb
treatment and EBOV challenge is sufficient to protect survivors against a subsequent exposure, animals that
survived the initial challenge were rechallenged at 10 or 13 weeks after the initial challenge. The animals
rechallenged at 10 weeks all survived whereas 4 of 6 animals survived a rechallenge at 13 weeks. The data
indicate that a robust immune response was generated during the successful treatment of EBOV-infected
NHPs with EBOV, which resulted in sustained protection against a second lethal exposure.

E
bola virus is a member of the family Filoviridae1. It causes severe hemorrhagic fevers in primates and
respiratory disease in pigs2. Of the five Ebolavirus species, Zaire ebolavirus (EBOV) is the most lethal in
humans, with a mortality rate approaching 90%. While EBOV is not currently a major burden on public

health, the lack of an approved vaccine and post-exposure treatment raises concerns in the event of a possible
outbreak. Several vaccines (reviewed in Falzarano et al.3), and post-exposure therapeutics have been developed
with mixed success4. Many promising vaccines are moving through pre-clinical or clinical trials, but mass
immunization is unlikely due to the localized and sporadic nature of EBOV infections. Post-exposure interven-
tions are therefore necessary for the treatment of cases as they occur, but have been harder to develop as death
from an EBOV infection typically occurs within 6–9 days in non-human primates (NHPs)5,6. This leaves a very
short window for the treatment to reduce virus replication until the immune response expands sufficiently to
control the infection. Currently, the majority of proposed post-exposure therapeutics needs to be administered
within one hour in order to fully protect experimentally infected animals6–8.

The initial treatments evaluated against EBOV were more supportive in nature with a focus on remediating the
coagulation abnormalities induced by the virus9–13. A study using the VSVDG/ZEBOVGP vaccine as a post-
exposure intervention showed that this strategy was more efficacious than previous interventions, protecting 50%
of the infected animals if administered within 30 minutes after exposure6. More recently, antisense therapy has
been applied to EBOV infection with success. Modified phosphorodiamidate morpholino oligomers (PMOplus)
were found to protect 62.5% of the infected animals when administered daily for 10–14 days8. Small interfering
RNAs (siRNAs) were shown to be fully protective in NHPs when administered daily for seven days7. In both cases,
treatment began within 30–60 minutes of exposure.

Passive immunization constitutes another strategy to treat EBOV infections and was first attempted during the
initial outbreak in 1976, where an infected laboratory employee was successfully treated with interferon and
convalescent serum14. During the 1995 outbreak, convalescent serum was administered to eight infected indivi-
duals, seven of which survived15. However, evaluations of passive therapies in animal models have had mixed
success. The administration of immunoglobulin G (IgG) purified from EBOV-hypervaccinated horses failed to
protect macaques against an EBOV challenge16,17 and the neutralizing human monoclonal antibody KZ52,
isolated from a survivor of EBOV infection, also failed to protect macaques18. However, polyclonal IgG from
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rhesus macaques which survived an EBOV challenge was shown to
protect naı̈ve rhesus macaques when administered up to 48 hours
after infection19. In 2012, two groups demonstrated partial protection
in rhesus macaques following treatment with monoclonal antibodies
at 24 hours after infection20,21 and one group reported complete
protection in cynomolgus macaques with another monoclonal anti-
body treatment (ZMAb) also initiated 24 hours after infection22. In
addition, the ZMAb treatment protected two of four macaques when
initiated 48 hours after exposure. In 2013, the treatment window was
extended by using an adenovirus-vectored consensus human IFNa
(Ad-IFN)23 administered with or before ZMAb24. While the precise
mechanism of protection remains unclear, it was shown that the
monoclonal antibody-based treatment did not completely inhibit
EBOV replication, leading to the development of a host immune
response against EBOV22,24.

In order to evaluate whether the immune response induced in
NHPs during the ZMAb treatment and EBOV challenge is of suf-
ficient quality to protect survivors against a subsequent exposure,
ZMAb-treated animals that survived an initial challenge22,24 were
rechallenged with EBOV either 10 or 13 weeks after the initial chal-
lenge and the memory immune responses were evaluated before and
during the rechallenge.

Results
Clinical findings. In the first experiment, 6 cynomolgus macaques
which survived a previous EBOV challenge by receiving a mouse
MAb combination (ZMAb) beginning either 24 hours (A1–A4) or
48 hours (B1, B4) post-infection22, were rechallenged 10 weeks after
the initial challenge (Figure 1A) to evaluate whether the immune
response developed during treatment was protective without further
intervention. The 6 treated survivors were rechallenged intramuscu-
larly (IM) with 1000 PFU of EBOV and monitored daily for survival
and clinical signs of disease over 28 days. All ZMAb-treated survivors
survived the rechallenge (Figure 1B). Since this was a pilot study, the
controls used were from a parallel but different study using rhesus
macaques and are only included here to show that the virus dose used
to infect the cynomolgus macaques was indeed lethal. The normal
time to death for cynomolgus macaques is generally 2–3 days earlier
compared to rhesus macaques (Figure 1C).

In a subsequent experiment24, 8 cynomolgus macaques were chal-
lenged with EBOV and treated using Ad-IFN and ZMAb starting at
48 or 72 hours post-infection, followed by two administrations of
ZMAb 72 hours apart and were monitored for 28 days. Six animals
survived, one animal in each treatment group died along with two
control animals, one receiving a PBS treatment and one receiving
normal mouse IgG. The survivors were rechallenged 13 weeks after
the initial infection along with two naı̈ve cynomolgus macaque con-
trols (Figure 2A). Four of the 6 animals survived the rechallenge
(Figure 2B; p 5 0.0039) with low to undetectable viremia
(Figure 2C, Supplementary Table 1). The surviving animals experi-
enced no clinical signs of disease (Figure 3A, summarised in Table 1)
or fever (Figure 3B). Platelet and white blood cell counts were stable
throughout the experiment (Figures 3C and 3D, respectively) and
there were no changes in liver enzyme activity (Figures 3E and 3F) or
levels of amylase (Figure 3G). In contrast, both controls and animal
A6 exhibited decreased platelet counts, white blood cell counts (for
B2 and A6), and amylase activity as well as increased liver enzyme
activity. Animal A5 was found dead on day 7, therefore blood chem-
istry and a complete blood count could not be evaluated. All the
survivors gained weight throughout the experiment while the ani-
mals that succumbed to the infection experienced weight loss
(Figure 3H).

EBOV-GP-specific immune responses during rechallenge. Antibody
response. The humoural and cell mediated immune responses to the
EBOV surface glycoprotein (EBOV-GP) were monitored to evaluate
the recall response. The humoural response was characterized by
measuring the serum levels of EBOV GP-specific IgG by ELISA
because these antibodies were reported to be found at high levels in
vaccinated macaques surviving lethal EBOV challenge25. The controls
B1 and B2 had no detectable levels of EBOV GP-specific IgG
throughout the rechallenge experiment (Figure 4). However, on day
0 of the rechallenge all 6 survivors from the initial challenge and
treatment had detectable levels of EBOV GP-specific IgG with titres
greater than 1 3 106 for A1–4, and 128,000 for A5–6. While the titres
in animal A4 remained stable throughout the rechallenge, the IgG
levels decreased for A1–3 early in the course of the infection, before
returning to 512,000 by day 28. In contrast, the IgG titres for subjects
A5 and A6 that died on days 7 and 8 never increased above 128,000.
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Overall, a strong EBOV GP-specific IgG response over 1 3 106 prior
to a second lethal exposure to EBOV correlated with survival.

Cytokine production during the rechallenge. The EBOV GP-specific
cell mediated immune response was examined during rechallenge
utilizing the standard IFN-c ELISPOT, and flow cytometric intracel-
lular cytokine staining (ICS) assays. PBMCs isolated on days 7, 14 and
28 after challenge were added to 3 peptide pools spanning the entire
region of GP. At 7 dpi in the IFNc ELISPOT assay A2, A3 and A6 had
a combined peptide pool response ranging from 35–319 spot forming
units (SFU)/106 PBMCs (Figure 5A). While A2 and A3 responded to
all 3 peptide pools A6 responded only to pools 1 and 3. A5 had
reached the humane end point prior to conducting the day 7
ELISPOT assay and therefore was not included. At 14 and 28 dpi
all 4 survivors had strong responses to all 3 peptide pools, with com-
bined responses ranging from 927–2038 SFU/106 PBMCs and 342–
1231 SFU/106 PBMCs, respectively. The highest levels of IFN-c secret-
ing PBMCs were observed with peptide pool #2, followed by pool #1.

In addition to the ELISPOT assays, an ICS assay was employed in
order to examine the cytokine response in more detail. CD81

(Figure 5B) and CD41 (Figure 5C) cells were co-stained with anti-
bodies for the cytotoxic degranulation marker CD107a, and intra-
cellular cytokines IL-2, IL-4 and IFN-c. On 7 dpi, there was no
CD41IL-2 or IL4 response. A1 had a higher percentage of
CD41CD1071 cells and CD41IFN-c1 cells, whereas there were
lower levels of CD41CD107a1 in A2, and CD41IFN-c1 in A3–4.
By 14 dpi, the percentage of CD41 cells for any of the 4 markers was
negligible. At 28 dpi, A2 had the strongest CD41 percentage for all 4
markers, while A4 had low levels of CD41IFN-c1 and CD41IL-
21, whereas all other responses were undetectable. For the CD81

cells, there was a negligible response for all markers in all 4 subjects at
7 dpi, except for a strong response in CD81CD107a1 cells in A1. By
14 dpi, low to moderate levels of cells were seen in the
CD81CD107a1 (A2 and A4), the CD81IFN-c1 (A2–4) and
CD81IL-21 (A2–4) populations. At 28 dpi, there was a negligible
CD81CD107a1 response for all 4 subjects, but there was a very low

CD81IFN-c1 response (A2–4), and a low CD81IL-21 response
(A2 and A4), with a high CD81IL-41 (A2–3) response. PBMCs
double positive for the various cytokines were also evaluated for
CD8 (Supplemental figure S1) and CD4 (Supplemental figure S2).
For the majority of the animals, the highest levels of CD81 double
positives were found at 14 dpi, whereas for CD41 they were highest
on 7 or 28 dpi. Overall, the ELISPOT and ICS assays demonstrated a
robust EBOV GP-specific cell mediated response in all 4 survivors.

EBOV-GP-specific T cell memory responses prior to rechallenge.
Cytokine production. In order to determine whether a long term
immune response was established in the ZMAb treated survivors of
the first challenge, the EBOV-GP-specific cellular immune response
was evaluated using flow cytometry. PBMCs were isolated 5 days
before rechallenge and included in a memory panel in the EBOV
GP-specific proliferation, and IFN-c ICS assays (Figure 6). The T
lymphocyte markers CD45RA and CCR7 were used to determine
the proportion of CD41 and CD81 EBOV GP-specific central
memory (CM 5 CD45RA 2 CCR71), effector memory (EM 5

CD45RA 2 CCR7-), or differentiated effector cell (EMRA 5

CD45RA 1 CCR72) populations. The majority of IFN-c produc-
ing CD41 and CD81 T cells were found in the EMRA population
for subjects A1–4 (Figure 6A and 6B). A1, 3, 4 had CD41 IFN-c1

EM populations, with only A4 also having a CM population. In
addition to the EMRA, the CD81 cells in A1–4 also had an EM,
CM and naı̈ve population that was half as strong as the EMRA. In
contrast, for the subjects who died at 6 dpi, A5 and A6 lacked a
CD41 EBOV GP-specific memory response, and A6 also lacked a
CD81 response. While A5 exhibited a comparable CD81 IFN-c
response to A1–4, the EMRA was not the dominant population as
it was approximately half as strong as the EM and CM populations.

Proliferation. Upon examining the CD41 and CD81 EBOV GP-
specific proliferation response, it was the CD41 CM population that
expanded the most in subjects A1, 2, 4, and 5 (Figure 6C and 6D).
CD41 EM populations expanded about half as much in A2, 3, and 5,
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and somewhat in A4. A4 and A6 had the only CD41 EMRA popula-
tions. In contrast, the most expanded CD81 memory cell was the
EM population in A1, 2, 4–6 with CM expansion at 25% of the EM
expansion. The nonsurvivor A6 had a small CD41 EM population
but no CM or EMRA population, along with a CD8 CM and EMRA,
but no EM population. Although A5 had proliferative responses
similar to the survivors, for the CD41 panel the CM population of
the survivors proliferated more dominantly to either peptide pool 1
or 3 whereas A5 proliferated predominantly to pool 2 (data not
shown). A5’s CD81 EM panel responded primarily to pool 1 versus
pool 2 for A1–4. Overall the survivors have a much stronger prolif-
erative response to the peptides than A5 and A6. However, when A5
and A6 did respond, they had either a different memory subset
responding or they responded predominantly to a different peptide
pool.

Discussion
The high fatality rate of EBOV, coupled with the unavailability of
approved vaccines or treatments, make outbreaks or lab exposures a

major challenge1. Post-exposure treatments are being developed to
fill the gap and reduce mortality in those who could not receive a
protective vaccine in time6–8,16–19. We previously demonstrated that
the administration of ZMAb within 24 hours after exposure com-
pletely protected all treated NHPs22. The current study aims to evalu-
ate the potentially protective role of an anti-EBOV GP-specific
immune response that was generated in the presence of ZMAb dur-
ing the first EBOV infection. This scenario was explored in experi-
ment 1, a pilot study in which 6 ZMAb treated animals that survived
a first challenge with EBOV were rechallenged with EBOV 6 weeks
after the end of the initial study. All of the rechallenged animals
survived and showed no signs of disease. A more in-depth study
was then carried out on 6 animals which survived an initial challenge
by receiving a combination of adenovirus-vectored IFNa and ZMAb
followed by two ZMAb administrations. This second set of animals
was rechallenged 9 weeks after the end of their first challenge along
with two naı̈ve controls. Four of the 6 rechallenged animals survived
with no signs of illness. High antibody titres were observed at the
beginning of the experiment. The production of IFN-c as detected by
ELISpot increased between days 7 and 14, suggesting that there is an
expansion of specific T cells. Flow cytometric analysis of cytokine
production in CD81 T cells also show the same pattern for IFN-c
and IL-2 production. Cytokine production in CD41 T cells is dis-
tinguishable when the signal is decomposed between single and dou-
ble positives and shows a temporal pattern similar to the ELISpot and
CD81 T cells. The two animals that did not survive died 1–2 days
later than the controls, suggesting that their immune response may
not have been sufficient to protect them against an EBOV infection.

The overall survival for both rechallenge studies is 83% (10 out of
12 animals); with all 6 animals in experiment 1 surviving as well as 4
out of 6 animals in experiment 2. The differences in survival between
these two experiments may be accounted for by a number of factors.
First, the rechallenge occurred 3 weeks later in experiment 2 which
may have allowed the immune response to diminish more than in
experiment 1. Second, the treatments administered during each
experiment were different in nature and in schedule. In experiment
1, the treatment consisted only of ZMAb with the administration
starting on days 1 or 2 post-infection, whereas the treatment in
experiment 2 included Ad-IFNa in the first dose administered on
days 2 or 3 post-infection. The difference in the initiation of ZMAb
may have modified the immune response by allowing more cell death
in the immune compartments to occur with treatment being initiated
later26. It is also possible that the IFNa may have polarized the Th1/
Th2 balance towards a stronger cell mediated Th1 response. There is
evidence that a strong antibody response is needed to increase sur-
vival rates25,27.

Immune responses were evaluated during the second study. The
levels of anti-EBOV-GP IgG were found to be generally very high at
the beginning of the rechallenge (titres $ 1 024 000 for animals A1–
A4) with the exception of the two animals that succumbed to the
infection (A5 and A6, titers of 128 000). This observation is again
congruent with previously published data suggesting a crucial role
for the antibody response, as VSV-EBOVGP vaccinated NHPs that
survived had titres of 64,000 versus 125 for the non-survivors25.
However, the titres observed in the rechallenge experiment were
higher25,27. This may be due to the use of different capture antigens
and cut-off values for the ELISA. Nevertheless, there consistently is a
measurable difference between the antibody levels of survivors and
non-survivors, and these values may differ depending on the
immunizing antigen or treatment used. Furthermore, the VSV-
EBOVGP vaccinated animals were only exposed to EBOV GP before
challenge, whereas the ZMAb treated animals had been exposed to all
the EBOV proteins before rechallenge. Additionally, the humoural
response generated during post-exposure treatments may suffer
from the presence of sGP produced by the virus28, which could
increase in vitro titres that do not contribute to protection in vivo.

Table 1 | Clinical findings on days 1–28 after EBOV challenge

Animal ID Findings Status

A1 - - - Survived
A2 - - - Survived
A3 Leukocytopenia (7, 21 and 28dpi) Survived
A4* Moderate rash (7dpi), Thrombocytosis (7 dpi) Died - 7 dpi
A5 - - - Survived
A6 Moderate rash (7dpi), Leukocytopenia (7 dpi),

Thrombocytopenia (7 dpi), ALT""" (7 dpi),
AMY## (7 dpi), CRE" (7 dpi)

Died - 8 dpi

B1 Fever(5 dpi), Severe rash (5 dpi),
Thrombocytopenia (5 dpi), ALP""" (5 dpi),
TBIL" (5 dpi), AMY#(5 dpi), PHOS"(5 dpi)

Died - 5 dpi

B2 Severe rash (7 dpi), Leukocytopenia (7dpi),
Thrombocytopenia (7 dpi), ALP""" (7 dpi),
ALT" (7 dpi), BUN" (7 dpi), CRE" (7 dpi),

Died - 7dpi

Hypothermia was defined as below 35uC. Fever was defined as $1.0uC higher than baseline.
Mild rash was defined as focal areas of petechiae covering ,10% of the skin, moderate rash as
areas of petechiae covering 10 to 40% of the skin, and severe rash as areas of petechiae and/or
ecchymosis covering .40% of the skin. Leukocytopenia and thrombocytopenia were defined as a
.30% decrease in numbers of white blood cells (WBCs) and platelets, respectively. Leukocytosis
and thrombocytosis were defined as a twofold or greater increase in numbers of WBCs and
platelets over baseline, where WBC count .11.000. ", two- to threefold increase, "", four- to
fivefold increase, """, greater than fivefold increase. #, two- to threefold decrease, ##, four- to
fivefold decrease, ###, greater than fivefold decrease. ALP, alkaline phosphatase, ALT, alanine
aminotransferase, AMY, amylase, TBIL, total bilirubin, BUN, blood urea nitrogen, PHOS,
phosphate, CRE, creatinine, - - -, no change.
*No serum biochemistry data for this animal.
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Mohan et al suggest that when sGP is present during immunization
against GP, it biases the antibody response towards epitopes shared
by the two proteins. The affinity of those antibodies for sGP may
mean that they will be produced in large quantities, increasing the
titres detected in an anti-GP ELISA. However, those antibodies
would be ‘‘mopped up’’ by sGP during the rechallenge. Thus the
actual absolute value of the titres might be less relevant when com-
paring post-exposure treatment-induced immunity with vaccine-
induced immunity. In regards to correlates of protection, these result
suggest that the optimal protective titres may need to be determined
on a per intervention basis, with an emphasis on the difference
between prophylactic and post-exposure interventions because of
the different antigens that are present during immunization.

The non-surviving animals in experiment 2 also differed from the
survivors in their cell-mediated immune responses. The memory T

cell response was assessed 5 days before the rechallenge. Animals A5
and A6 showed low to non-existing IFNc-producing CD4 T cells.
Even animal A2, which had the lowest CD41 IFNc production, had
EMRA cells producing IFNc. Animal A5 did have some IFNc pro-
duction in its CD81 cells, but unlike the others its EMRA subset was
under-represented. Animals A5 and A6 also had very different pro-
liferative responses compared to each other. A5 had a CD41 prolif-
eration profile very similar to the survivors A1–A3, except that it
responded to different peptide pools. On the other hand, A6 had
proliferation of naı̈ve cells which are absent from all the other ani-
mals, and no proliferation of its CM and EM subsets. The CD81

proliferation profile of A5 was again very similar to that of the sur-
vivors but A6 had more of a ‘‘reversed’’ profile when compared to the
survivors, i.e. high levels of naı̈ve cells proliferating but low to no
proliferation of the memory subsets. These data suggest that animals
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A5 and A6 likely developed a non-protective memory response dur-
ing the initial challenge, in both the T- and B- cell compartments.
Although the NHPs are outbred and genetic diversity could account
for the differing immune response, it is not possible to distinguish
between treatment effects and the genetic variation between indivi-
duals in this study. These data support the hypothesis that ZMAb
treatment does not impair the establishment of an immune response.
It is not possible to compare the immune responses produced during
the first challenge to that produced by vaccines as vaccination studies
challenge the animals 4 weeks after the last vaccination and no
information has been published to date on their long-term protec-
tive responses before a challenge. However, the data presented
here, along with previously published data25, suggest that the anti-
body levels of survivors may be a good indicator of when the immun-
ity becomes too low to protect the individual without further
intervention.

The current study demonstrates a protective memory response
that lasts at least 9 weeks after the initial infection. This could be of
benefit in outbreak situations where infected people receiving the
ZMAb treatment could return to their community without risk of
serious disease if re-infected. Additionally, first responders would
also be able to resume outbreak response functions if needed in a
large outbreak. This data further supports the development of ZMAb
therapy for outbreak responses, and for use in combination with
other treatments that could possibly extend the post-exposure treat-
ment window. This study also suggests that anti-EBOV-GP antibody
levels could potentially be used as a rapid and simple readout of the
quality of the immune response induced by EBOV infection.

Methods
Ethics statement. Animal studies were performed under CL4 conditions and
approved by the CSCHAH Animal Care Committee following the guidelines of the
Canadian Council on Animal Care. The animal use document (AUD) numbers

associated with these experiments were H-11-002 for the pilot experiment and H-12-
007 for the second, complete, experiment.

Viruses and peptides. The challenge virus consisted of Ebola virus H.sapiens-tc/
COD/1995/Kikwit-9510621 (EBOV) (order Mononegavirales, family Filoviridae,
species Zaire ebolavirus; GenBank accession no. AY354458) obtained from the
Center for Disease Control and Prevention, Atlanta, Georgia, USA, passaged twice on
Vero E6 cells cultured in complete minimal essential medium (cMEM). Peptides
spanning the GP of EBOV were 15 amino acids (aa) long with 11 aa overlaps (167
peptides total). The peptides were combined in three pools as follows: pool 1 has 56
peptides (amino acids 1 to 235), pool 2 has 56 peptides (amino acids 236–459), and
pool 3 has 55 peptides (amino acids 460 to 676).

Animal experiments. In the first experiment, six healthy male and female
cynomolgus macaques (Macaca fascicularis; 2.5 to 4.9 kg; Animal Use Document
(AUD) # H-11-002) which previously survived an EBOV challenge after receiving a
mouse mAb cocktail (ZMAb)22, and two previously untreated and unchallenged male
rhesus macaques (Macaca mulatta; 2.5 to 4.9 kg) used as controls of infection
received were infected 10 weeks after the original challenge on the cynomolgus
macaques. In the second experiment, eight cynomolgus macaques (weight: 2.8–
7.6 kg), consisting of six animals that survived an initial challenge and two naı̈ve
controls, were infected 13 weeks after the initial challenge. The diet was composed of
commercial monkey chow, treats, vegetables and fruits; enrichment consisted of
commercial toys and visual enrichment. For sampling and examinations, the NHPs
were first sedated with ketamine (at 6–8 mg/kg) and the anaesthesia was maintained
using isoflurane at 2.5–3.5% carried by oxygen. Animals that reached the humane
endpoint or the end of the experiment were first anaesthetised and were euthanized
by terminal bleeding after the induction of deep anaesthesia with ketamine (25–
50 mg/kg) or by injection of 100 mg/kg pentobarbital after ketamine (10 mg/kg)-
induced anaesthesia. Husbandry enrichment consisted of commercial toys and visual
stimulation. All macaques received 1000 PFU (two intramuscular injections of 1 ml)
of EBOV in Dulbecco’s modified Eagle’s medium (DMEM). The subjects were
monitored daily and scored for disease progression with an internal filovirus scoring
protocol approved by the Canadian Science Centre for Human and Animal Health
(CSCHAH) Animal Care Committee. The scoring rates changes from normal,
including: the subject’s posture/activity level, attitude, feces/urine output, food and
water intake, weight, temperature, respiration, and scored disease manifestations
such as visible rash, hemorrhage, cyanosis, or flushed skin. The animals were
examined and sampled (blood; oropharyngeal, nasal, and rectal swabs into 1 ml of
DMEM) on the specified dates. Blood analyses included: hematological analyses
(Animal Blood Counter, scil Vet abc); blood biochemistry for albumin, alkaline
phosphatase, alanine aminotransferase, amylase, blood urea nitrogen, carbohydrate
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Figure 6 | CD41 and CD81 EBOV GP-specific memory T cell response prior to rechallenge. Flow cytometry was utilized to determine the EBOV GP-

specific T cell memory immune response in the survivors of the first challenge. PBMCs isolated 5 days prior to rechallenge were added to 3 peptide pools

spanning the entire EBOV GP in either an IFN-c ICS assay, or a 6 day CFSE proliferation assay. The results displayed are the average of the response to the

3 pools combined after the media only background was subtracted for each pool. (A) IFNc production in CD41 T cells. (B) IFNc production in

CD81 T cells. (C) Proliferation of CD41 T cells. (D) Proliferation of CD81 T cells.
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antigen, creatinine, globulin, glucose, K1, Na1, phosphate, total bilirubin, and
protein (VetScan vs2, Abaxis); blood samples for virus titration and ELISpot and
FACS analysis; and, serum samples for ELISAs and neutralization assays. Surviving
animals were kept until day 28. Animal studies were performed under CL4 conditions
and approved by the CSCHAH Animal Care Committee following the guidelines of
the Canadian Council on Animal Care.

EBOV titration by TCID50. Viremia was assessed on specified days by evaluating the
TCID50 of blood samples. The samples were assayed in triplicates on Vero E6 cells as
previously described22.

EBOV titration by RT-qPCR. Total RNA was extracted from 140 ul of blood or swab
resuspension using the QIAmp Viral RNA Mini Kit (Qiagen). EBOV genome copies
(genome equivalents; GEQ) were detected by reverse-transcription qPCR (RT-qPCR)
using the LightCycler 480 RNA Master Hydrolysis Probes kit (Roche) with probes
targeting the RNA polymerase (nucleotides 16472 to 16538, AF086833). Reaction
conditions were: 63uC for 3 min; 95uC for 30 s; and cycling of 95uC for 15 s and 60uC
for 30 s for 45 cycles on a StepOne Plus cycler (Applied Biosystems). The lower
detection limit for this assay is 1 GEQ per reaction well which is equivalent to 86 GEQ/
ml of blood; negative results were given a value of half that of the detection limit (0.5
GEQ) for graphing purposes. The primer sequences were: EBOVLF2 (CAGCCAG
CAATTTCTTCCAT), EBOVLR2 (TTTCGGTTGCTGTTTCTGTG), and
EBOVLP2-FAM (FAM-ATCATTGGCGTACTGGAGGAGCAG-BHQ1).

EBOV GP-specific Enzyme-linked immunosorbent assay (ELISA). ELISAs for
NHP EBOV GP-specific IgG were performed using recombinant Ebola GPDTM (IBT
Services) as the antigen29. Briefly, 96 well half-well plates were coated with 1 mg/ml of
protein, and then blocked with PBS 5% skim milk. The sera dilutions were incubated
at 37uC for 1 hour. A goat anti-human IgG-HRP was added for 1 hour at 37uC. The
plates were read using ABTS Peroxidase substrate (KPL). Assays were performed with
each sample assayed in triplicate. A titre was considered positive if the average value
was higher than the day 0 average plus two standard deviations.

EBOV GP-specific ELISPOT assay. PBMCs were isolated from whole blood diluted
1:1 with PBS and layered on Ficoll. The samples were centrifuged at 750 g for 45 min,
the buffy coat was harvested and washed twice. PBMCs were resuspended in complete
RPMI 1640 (cRPMI). ELISPOT assays for IFNc secretion (BD Biosciences) were
performed in triplicates according to the manufacturer’s protocol using 5 3

105 PBMCs/well in cRPMI. Three peptide pools spanning the EBOV GP were used
for stimulation (final concentration of 2.5 mg/ml) and incubated for 18 hours. The
spots were visualized using the AEC substrate (BD Biosciences) and quantified with
the ELISpot Plate Reader (AID Cell Technology). The average number of spots from
the media-only wells were subtracted from the average spot count of the peptide-
stimulated wells.

Intracellular cytokine staining (ICS) assays. PBMCs were isolated using the same
protocol as the ELISPOT assay. IFN-c, IL-2, IL-4 production and CD107a surface
expression in CD41 and CD81 lymphocytes was assessed by flow cytometry, as
described previously24. The data were analysed using FlowJo vX.0.6 (TreeStar). A
response was considered positive when the peptide stimulated frequencies were at
least 2 times the media-only frequencies, in which case the media-only frequencies
were subtracted from the peptide stimulated frequencies.

Flow cytometry memory assays. For the memory response assays, PBMCs were
isolated as for the ELISPOT assays. For the ICS assay the 5 3 105 PBMCs per well were
rested overnight before adding 2 ug/ml EBOVGP peptides and GolgiPlug plus
GolgiStop mixture and then incubating for 5 hours. The cells were then washed once
with PBS, 2% HI FBS, then blocked with 10 ml 1 mg/ml human c-globulin for 10
minutes at room temperature before adding 100 ml of the following mastermix of
antibodies from BD Biosciences CD45RA FITC (clone 5H9), CCR7 PE (R&D
Systems, FAB197P), CD3 Alexa Fluor 700 (clone SP34-2), CD4 PerCP-Cy5.5 (clone
L200), and CD8 APC-Cy7 (clone RPA-T8) for 30 minutes, 4uC. Amplification of
CCR7 using Miltenyi’s PE FASER kit was conducted according to manufacturer’s
instructions, one cycle was used. Cells were then washed and the pellet resuspended in
200 ml Cytofix/Cytoperm, spun, and resuspended in fresh Cytofix/Cytoperm for
removal from CL4. Cells were subsequently stained for IFN-c using the intracellular
staining protocol of BD’s Cytofix/Cytoperm kit. Samples were acquired (at least 350
000 single lymphocytes) on the LSRII (Becton Dickinson) using the FACS Diva
software v6, and analyzed using FlowJo vX.0.6. The positivity threshold for IFNc
secretion was set at 2 times the media-only frequency; for positive samples, the media-
only frequency was subtracted from the sample frequency.

Cell proliferation on day 25 was monitored by a decrease in carboxyfluorsecein
diacetate succinimidyl ester (CFDA-SE) staining. On day 0 of the assay, 107 PBMCs/
ml PBS were stained with 100 ul of 3 mM CFDA-SE (Invitrogen) for 8 minutes, 37uC.
After adding an equal volume of cold FBS for 1 minute, cells were washed with 10 ml
of PBS twice and resuspended at 5 3 105 cells/ml in cRPMI plus 2 ug/ml ZEBOV
GP1,2 peptide pools. On the sixth day samples were subjected to the same blocking
and surface staining as the ICS samples (antibodies from BD Biosciences: CD8 APC,
CD4 PerCP-Cy5.5, CD45RA APC-H7, and CD3 Pacific Blue; antibodies from R&D
Systems: CCR7 PE; all clones are the same as for the memory ICS) before washing the
cells and fixing. Samples were acquired (70 000 to 250 000 single lymphocytes) on the
LSRII and analyzed as above. If the average frequency of a subpopulation (Naı̈ve, CM,

EM, or EMRA) of CFDA-SElow cells across all three peptide pools was greater than the
media-only background, the difference was taken and graphed.

Statistics. The Log-Rank test for survival was used to compare the survival of the
second set of animals with their controls. For the ELISA, a dilution was called positive
if its average OD405 was at least 2 SD above the average of the day 0 sample (day 0 of
the first challenge).
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