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B cell responses were further investigated in the outbred guinea pig and
NHP animal models where possible.
RESULTS

Immune responses, weight loss, and survival
in knockout mice
The Ad-CAGoptZGP vaccine was tested in C57BL/6J wild-type and
various knockout mice of the same background for both protective
efficacy and the induction of specific T and B cell immune responses,
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and then challenged with mouse-adapted
ZEBOV (MA-ZEBOV) 28 days after vac-
cination. Infection of unvaccinated wild-
type mice resulted in 100% mortality
between days 5 and 8 after challenge,
whereas complete protection was observed
in vaccinated wild-type mice (Fig. 1A).
Vaccinated Rag-1−/− mice failed to protect
against MA-ZEBOV challenge. Complete
protection was achieved in CD8+ T cell−/−

mice. Vaccination of B cell−/− mice was
ineffective in protection against ZEBOV
with 100% mortality and rapid weight
loss after challenge (Fig. 1, A and B). Vac-
cinated IFN-g−/− and CD4+ T cell−/− mice
were able to mount a partial protective im-
mune response, with seven of nine mice
and three of nine mice surviving the lethal
challenge, respectively.

Ten days after vaccination, mouse
splenocytes were harvested and stimulated
ex vivo with a ZGP peptide library. The
numbers of ZGP-specific IFN-g–positive
cellsweremeasured by enzyme-linked im-
munospot (ELISPOT) assay. Background
T cell responses were detected for unvac-
cinated wild-type, Rag-1−/−, and IFN-g−/−

mice. ZGP-specific IFN-g–secreting cells
were observed in vaccinated wild-type, B
cell−/−, CD8+ T cell−/−, and CD4+ T cell−/−

mice with 2218, 1920, 936, and 2172 spot-
forming cells (SFCs) per million spleno-
cytes, respectively (Fig. 1C).

Humoral immune responses were quan-
tified for neutralizing antibody (NAb)
and total anti-ZGP IgG on sera harvested
28 days after vaccination using NAb as-
says and enzyme-linked immunosorbent
assay (ELISA), respectively. The limit of
detection was set at 10 reciprocal dilutions,
and background NAb titers were observed
for unvaccinated wild-type, Rag-1−/−, and
B cell−/−mice (Fig. 1D). Average NAb titers
detected in vaccinated wild-type, CD8+

T cell−/−, IFN-g−/−, and CD4+ T cell−/−mice
were 111 ± 48 (P = 0.0003), 90 ± 47 (P =
0.0005), 68 ± 58 (P = 0.0007), and 47 ±
www.Science
36 (P = 0.0034), respectively. Background total anti-ZGP levels were
observed for unvaccinated wild-type mice with an average absorb-
ance at 405 nm (A405) of 0.17 ± 0.04 (Fig. 1E). Nonzero optical den-
sity readings were observed for Rag-1−/− and B cell−/− mice. Increased
total anti-ZGP IgG levels were detected for vaccinated wild-type,
CD8+ T cell−/−, and IFN-g−/− mice, with corresponding A405 values
of 1.22 ± 0.02, 1.05 ± 0.15, and 1.15 ± 0.50, respectively (all P <
0.0001). The two nonsurviving IFN-g−/− mice had lowered levels
of anti-ZGP IgG compared to the survivors. CD4+ T cell−/− mice had
an average A405 value of 0.20 ± 0.26, where only two survivors from
a total of nine mice tested positive for anti-ZGP IgG. This difference
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Fig. 1. Survival and weight loss after challenge, and cellular and humoral immune response after
vaccination in mice. (A and B) Protective efficacy (A) and weight loss (B) of vaccinated wild-type

(WT) and knockout mice represented as percentage survival and weight change, respectively. (C)
IFN-g response. The number of IFN-g–secreting cells is expressed as SFCs per million splenocytes.
(D) Serum NAb levels. Antibody levels are reported as reciprocal dilutions. (E) Total serum IgG levels.
Antibody levels are reported as A405. Error bars represent means ± SD.
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as a group was not statistically significant compared to unvaccinated
wild-type mice (P > 0.05). Cumulatively, these results suggest that
among the parameters monitored, IFN-g, CD4+ T cell, and, most
importantly, the B cell response play essential roles in the develop-
ment of a protective immune response against MA-ZEBOV in mice
after vaccination with Ad-CAGoptZGP.

Humoral immune responses and survival in guinea pigs
Guinea pigs were used to further analyze immune markers correlat-
ing with protection against ZEBOV infection. Guinea pigs were chal-
lenged with guinea pig–adapted ZEBOV (GA-ZEBOV) 28 days after
vaccination, which typically causes death within 7 to 9 days in un-
treated animals, but treated nonsurvivors have been observed to
succumb to disease between 7 and 10 days, with one animal lasting
20 days after challenge (Fig. 2, A and B). Data generated for this ani-
mal have been highlighted in Fig. 2 for clarity. Because of the un-
availability of molecular tools to evaluate T cell responses in this
animal model, only antibody responses were monitored for survivor
www.Science
versus nonsurvivor animals 28 days after vaccination but before
challenge.

Average levels of ZEBOV-specific NAb reached 38 ± 31 in survi-
vors and 17 ± 23 in nonsurvivors (P = 0.0221) (Fig. 2C). Two ELISA-
based approaches were used to identify circulating IgG levels. In the
first method, GA-ZEBOV–infected cell lysate was used as a capture
antigen to assay for the overall IgG immune response to ZEBOV. Sera
IgG levels between survivors and nonsurvivors were 0.56 ± 0.28 and
0.28 ± 0.31 A405, respectively (P = 0.0054) (Fig. 2D). In the second
method, recombinant ZGP protein was used as the capture antigen
to assay for ZGP-specific immune responses. Using this method, sur-
viving and nonsurviving animals had circulating IgG levels of 1.31 ±
0.47 compared to 0.45 ± 0.39 A405, respectively (P = 0.0002) (Fig. 2E).
Using a 95% confidence interval, the range of lysate-specific IgG
levels and total ZGP for survivors falls between 0.47 to 0.65 and
1.16 to 1.46 A405, respectively, whereas the range for nonsurvivors is
between 0.04 to 0.52 and 0.15 to 0.75 A405, respectively. Overall, IgG
levels corresponding to survival could be measured more precisely
TranslationalMedicine.org 31
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with ZGP-specific IgG than total ZEBOV-
specific IgG levels.

Humoral immune responses in
NHPs before and after challenge
Because ZEBOV disease progression in
humans is most closely mimicked in the
NHP animal model, cellular and humoral
immune responses were characterized in
surviving versus nonsurviving NHPs be-
fore or after a lethal challenge with 1000
plaque-forming units (PFU) of ZEBOV.
NHPs were either vaccinated 28 days be-
fore or treated 30min after challenge. Blood
samples were analyzed either at 28 days
after vaccination to characterize the im-
mune response immediately before chal-
lenge or at 7 days after challenge, which
represents antibody levels generated as
a result of treatment and ZEBOV expo-
sure. Circulating NAb could not be de-
tected before challenge (Fig. 3A). Because
the ZGP-specific immune response cor-
related with survival to a higher degree
than overall IgG immune responses in
guinea pigs, only ZGP-specific IgG im-
mune responses were evaluated before
and after challenge in NHPs. Anti-ZGP
IgG levels before challenge were 2.00 ±
0.18 and 0.12 ± 0.17 A405 for surviving
and nonsurviving NHPs, respectively (P =
0.0001) (Fig. 3B). Using a 95% confidence
interval, the range of total ZGP-specific
IgG levels before challenge was between
1.85 to 2.16 and 0.03 to 0.21 A405 for sur-
vivors and nonsurvivors, respectively.

On day 7 after challenge, total anti-ZGP
IgG levels from survivor and nonsurvivor
NHPs were 1.45 ± 0.51 and 0.18 ± 0.23
A405, respectively (P < 0.0001) (Fig. 3C),
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Survivors (n = 40)

Nonsurvivors (n = 9)
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Fig. 2. Survival and weight loss after challenge, hu-
moral immune response after vaccination in guinea
pigs. (A and B) Protective efficacy (A) andweight loss
(B) of survivor and nonsurvivor guinea pigs represented
as percentage survival andweight change, respectively.
(C) Serum NAb response. Antibody levels are reported
as reciprocal dilutions. (D and E) Total serum IgG levels
with GA-ZEBOV lysate (D) or His-tagged ZGP (E) as the
capture antigen. Antibody levels are reported as A405.
The animal that succumbed to ZEBOV infection 20 days
after challenge was highlighted (green diamond). Error
bars represent means ± SD.
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whereas NAb levels for survivor and nonsurvivor NHPs were 35 ± 69
and 70 ± 110, respectively (P > 0.05) (Fig. 3D). Using a 95% confi-
dence interval, the range of total ZGP-specific IgG levels after chal-
lenge was between 1.19 to 1.71 and 0.12 to 0.25 A405 for survivors
and nonsurvivors, respectively. NHP survivors treated 30 min after
challenge typically exhibited lower ZGP-specific IgG titers than those
vaccinated 28 days before challenge.

To determine whether this observation also applied to other vac-
cine platforms, we also analyzed serum samples from an independent
NHP survival study with a VSV-based vaccine with respect to ZGP-
specific IgG levels immediately before or day 7 after challenge. End-
point dilution titers of 12,805 ± 29,905 and 64 ± 59 were obtained for
www.Science
survivors and nonsurvivors, respectively, immediately before chal-
lenge (P = 0.0003) (Fig. 3E), whereas endpoint dilution titers of
6491 ± 4616 and 136 ± 100 were observed for survivors and non-
survivors, respectively, 7 days after challenge (P = 0.0001) (Fig. 3F).

Cellular immune responses in NHPs
In an effort to define the cellular immune response in surviving and
nonsurviving NHPs, the numbers of ZGP-specific IFN-g–secreting
cells were measured in parallel with the expression levels of CD4
and CD8 T cell markers 14 days after vaccination or 7 days after
ZEBOV challenge. Before challenge, the occurrence of IFN-g–secreting
cells was not statistically different between survivors and nonsurvivors.
TranslationalMedicine.org 31
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Upon ex vivo stimulation by ZGP pep-
tides, the occurrence of IFN-g–secreting
cells in nonsurvivors compared to sur-
vivors was 29 ± 29 and 127 ± 112 spot-
forming units (SFU) per million peripheral
blood mononuclear cells (PBMCs), respec-
tively (P > 0.05), as measured by ELISPOT
(Fig. 4A). However, analysis of flow cy-
tometry [fluorescence-activated cell sort-
ing (FACS)] data on lymphocytes revealed
a difference between survivors and nonsur-
vivors at 660 ± 324 and 142 ± 72 IFN-g–
secreting cells per million lymphocytes,
respectively (P = 0.0013). At early time
points after infection, the occurrence of
IFN-g–secreting cells upon in vitro stim-
ulation by ZGP peptides was lower in
nonsurvivors compared to survivors with
18 ± 27 and 152 ± 105 SFU per million
PBMCs, respectively (P = 0.0013), as
measured by ELISPOT (Fig. 4C). However,
analysis of FACS data revealed a much
higher proportion of granulocytes in sam-
ples from the nonsurvivors compared to
survivors (Fig. 4D), which may be respon-
sible for the lower rate of IFN-g–secreting
cells in nonsurvivors. Therefore, FACS
analysis on the T cell ratio of total IFN-
g–producing cells likely offers a better
estimate of the impact of cell-mediated
immunity after exposure. After ZEBOV
challenge, IFN-g was mainly produced
by T cells at 69 ± 24% and is higher in
survivor animals compared to nonsurvi-
vors (P = 0.0057), in which T cells only
represent 34 ± 24% of IFN-g–positive cells
(Fig. 4E).

Innate immune response in NHPs
In the search for alternative host markers
of positive versus negative outcomes be-
fore and after ZEBOV challenge, the ex-
pression profile of several cytokines and
chemokines was evaluated at 7 days after
vaccination and 6 to 10 days after chal-
lenge from Ad-CAGoptZGP–vaccinated
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Fig. 3. Humoral immune response in cynomolgus macaques. (A) Serum NAb levels 28 days after
vaccination. Antibody levels are reported as reciprocal dilutions. (B) Total serum IgG levels 28 days

after vaccination. Antibody levels are reported as A405. (C) Serum NAb levels 7 days after chal-
lenge. Antibody levels are reported as reciprocal dilutions. (D) Total serum IgG levels 7 days after
challenge. Antibody levels are reported as A405. (E and F) Total serum IgG levels immediately before
(E) or 6 days after (F) challenge for VSV-vaccinated NHPs. Antibody levels are reported as endpoint
dilutions. An infected, untreated NHP is included (red triangle) as a control for immune responses
indicative of disease progression. Error bars represent means ± SD.
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NHP serum samples. Cytokine levels between the different groups did
not differ significantly immediately before vaccination or challenge.
However, an increase in monocyte chemoattractant protein-1 (MCP-1)
levels was observed for survivors over nonsurvivors to measured levels
of 549 ± 282 and 295 ± 85 pg/ml (P = 0.0451) on day 7 after vacci-
nation (Fig. 5A).
www.ScienceTranslationalMedicine.org 31
Several cytokines showed increases early
after ZEBOV exposure.Measured levels of
interleukin-6 (IL-6) were 1720 ± 2437 and
40 ± 92 (P = 0.0001) for nonsurvivors and
survivors, respectively; macrophage in-
flammatory protein-1a (MIP-1a) levels
were 174 ± 164 and 28 ± 26 (P = 0.0003)
for nonsurvivors and survivors, respec-
tively; andmeasured levels ofMCP-1were
39,575 ± 91,741 and 383 ± 255 pg/ml (P <
0.0001) for nonsurvivors and survivors,
respectively, on days 6 to 10 after challenge
(Fig. 5B).
DISCUSSION

Whether and which immune responses
correlate with protection against ZEBOV
infection has been a matter of intense de-
bate and is in general a controversial area
in the study of infectious diseases. An im-
mune correlate of protection is defined as
“a specific immune response to a vaccine
that is closely related to protection against
infection, disease, or other defined end
point” (21). A correlate of protection must
be consistent and reliable as evidenced by
statistical analysis; otherwise, it is not a
reasonable measure of immunity to infec-
tion. Furthermore, a correlate of protection
induced by vaccination is not necessarily
the same as the mechanism that eliminates
infection (22); thus, it may contribute to
but is not necessarily solely responsible
for protection.

We evaluated the importance of hu-
moral immunity independent to the cell-
mediated immune response in relation to
protection from ZEBOV infection in the
three animal species that have been ex-
tensively used to model EBOV infection
and pathogenicity. Survival and immu-
nological studies were first performed in
knockout mice with deletions of different
regulatory and effector arms of the adapt-
ive immune system. Although the B cell
knockout mice produced IFN-g in response
to ZGP peptide stimulation in vitro, this
response was insufficient for survival. Thus,
failure to generate ZGP-specific B cell–
mediated immunity is an indicator of mor-
tality from ZEBOV challenge in mice. CD8+ T cell knockout mice
were unable to generate a ZGP-specific CD8+ T cell response but still
demonstrated a substantial number of IFN-g–secreting cells in response
to ZGP peptide stimulation, suggesting that other cellular subsets, such
as CD4+ T cells and natural killer (NK) cells, could be responsible for
the observed IFN-g response. This observation is consistent with past
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Fig. 4. Cell-mediated immune response in cynomolgus macaques. (A) Number of IFN-g–secreting
cells per million PBMCs 14 days after vaccination. (B) Number of IFN-g–secreting cells per million

lymphocytes 14 days after vaccination. (C) Number of IFN-g–secreting cells per million PBMCs 7 days
after challenge. (D) Flow cytometry analysis of cell populations present in sample from survivors and
nonsurvivors 7 days after challenge. Granulocytes represent the major proportion of cells in nonsurvivor
animals, whereas cells from survivors are mainly lymphocytes. The percentages of granulocytes are
indicated on the dot plot. (E) Percentage of T cells in IFN-g–producing cells 7 days after challenge. An
infected, untreated NHP is included (red triangle) as a control for immune responses indicative of
disease progression. Error bars represent means ± SD.
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