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Ebola Zaire virus (EBO-Z) causes severe hemorrhagic fever in humans, with a high mortality rate. It is
thought that a vaccine against EBO-Z may have to induce both humoral and cell-mediated immune responses
to successfully confer protection. Because it is known that liposome-encapsulated antigens induce both anti-
body and cellular responses, we evaluated the protective efficacy of liposome-encapsulated irradiated EBO-Z
[L(EV)], which contains all of the native EBO-Z proteins. In a series of experiments, mice immunized intra-
venously with L(EV) were completely protected (94/94 mice) against illness and death when they were chal-
lenged with a uniformly lethal mouse-adapted variant of EBO-Z. In contrast, only 55% of mice immunized
intravenously with nonencapsulated irradiated virus (EV) survived challenge, and all became ill. Treatment
with anti-CD4 antibodies before or during immunization with L(EV) eliminated protection, while treatment
with anti-CD8 antibodies had no effect, thus indicating a requirement for CD4� T lymphocytes for successful
immunization. On the other hand, treatment with either anti-CD4 or anti-CD8 antibodies after immunization
did not abolish the protection. After immunization with L(EV), antigen-specific gamma interferon (IFN�)-
secreting CD4� T lymphocytes were induced as analyzed by enzyme-linked immunospot assay. Anti-CD4 mono-
clonal antibody treatment abolished IFN� production (80 to 90% inhibition compared to that for untreated
mice). Mice immunized with L(EV), but not EV, developed cytotoxic T lymphocytes specific to two peptides
(amino acids [aa] 161 to 169 and aa 231 to 239) present in the amino-terminal end of the EBO-Z surface
glycoprotein. Because of the highly successful results in the mouse model, L(EV) was also tested in three
cynomolgus monkeys. Although immunization of the monkeys with L(EV)-induced virus-neutralizing antibod-
ies against EBO-Z caused a slight delay in the onset of illness, it did not prevent death.

Ebola Zaire virus (EBO-Z), an enveloped, nonsegmented
negative-strand RNA virus in the family Filoviridae, causes
severe hemorrhagic fever in humans and uniformly lethal in-
fection in nonhuman primates (16). EBO-Z emerged in 1976
and reappeared in 1995 as the causative agent of hospital-
based outbreaks in the northern part of the Democratic Re-
public of Congo, then called Zaire (8, 16). The main route of
transmission is through contact with body fluids of patients.
EBO-Z infection causes widespread damage to parenchymal
cells of vital organs, resulting in severe homeostatic and im-
mune disturbances and leading to death in 80 to 90% of the
cases.

Ebola virus virions possess a single surface transmembrane
glycoprotein (GP) that plays a crucial role in mediating virus
entry into cells. In addition to GP and a smaller secreted GP
that is synthesized in abundance early in the infection (25), the
genome of Ebola virus codes for other structural proteins (24):
the nucleocapsid-associated nucleoprotein (NP), matrix pro-
teins VP24 and VP40, presumed nonstructural proteins VP30
and VP35, and the viral polymerase.

Despite the potential threat of further emergence or spread

of EBO-Z, there are presently no approved vaccines or ther-
apeutic agents for humans. A number of preliminary vaccine
studies have been performed using guinea pig- and mouse-
adapted variants of EBO-Z in the respective rodent hosts.
Much of the work (10, 27, 31, 32) has focused on the use of
recombinant viral surface GP or viral NP as immunogens, with
attention centering on GP as a target of the neutralizing anti-
body response. Several studies have demonstrated protective
efficacy in mice or guinea pigs after immunization with recom-
binant vaccinia viruses, DNA vaccines, or RNA replicons ex-
pressing GP (10, 17, 27, 33). Immunization with NP alone, or
with both GP and NP, has also conferred protection in rodents
(17, 27). One success has been recently reported in vaccinating
nonhuman primates through the use of a prime-boost strategy,
using three doses of a DNA vaccine encoding both GP and NP,
followed by a boost with recombinant adenovirus expressing
GP (26). This study also showed that depletion of CD4� T
lymphocytes but not CD8� T lymphocytes reduced the EBO-
Z-specific T-cell proliferative response. It thus appears that the
correct induction of cell-mediated immunity contributes to-
wards a successful immunization against EBO-Z (26).

A role for humoral immunity has been demonstrated by the
successful protection of rodents through passive transfer of
immune serum or GP-specific monoclonal antibodies (MAbs)
(11, 13, 31). However, antibodies have proven to be less suc-
cessful in conferring protection in nonhuman primates (13,
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14). It appears likely that both humoral and cell-mediated
immunity play important roles in protection. It has been shown
that guinea pigs injected with plasmids encoding GP or
secreted GP generated both antibody and cell-mediated re-
sponses to the viral GP (33). Although antibody titer cor-
related with protection, cell-mediated immunity appeared
necessary for protection, because antiserum from protected
guinea pigs did not inhibit virus replication in vivo or in vitro
(33). In a separate study, it was shown that transfer of T cells
from NP-immunized mice protected naïve mice against lethal
EBO-Z challenge (32). Further research is thus needed to help
define the requirements for successful immunization against
EBO-Z.

Given the uncertainty as to the immunological requirements
for an effective vaccine, we hypothesized that a useful strategy
might be to deliver the appropriate EBO-Z antigens by a
method that would elicit both antibody and cellular immune
responses. We have previously shown that liposomes (L) serve
as an efficient delivery system for a variety of antigens and
evoke both types of immune response (2, 28, 30). L-encapsu-
lated protein and peptide antigens enter the major histocom-
patibility complex (MHC) class I pathway and thus are efficient
inducers of cytotoxic T lymphocytes (CTLs) (2, 18–21, 23). It
was previously shown that immunization of B10.BR mice with
irradiated EBO-Z in L containing lipid A induced CTLs spe-
cific for EBO-Z GP peptides and that lipid A was necessary for
a long-term CTL memory recall response (21). We further
hypothesized that L-encapsulated irradiated EBO-Z [L(EV)]
virions would be especially immunogenic, since they would
simultaneously deliver all the viral proteins to antigen-present-
ing cells.

In the present study, immunization of BALB/c mice intra-
venously with L(EV) induced complete protection against
challenge with live EBO-Z, even though virus-neutralizing an-
tibodies could not be detected in the sera of these mice. When
L(EV) was tested in a cynomolgus monkey model, discordant
results were obtained between mice and monkeys. Although
immunization with L(EV) induced virus-neutralizing antibod-
ies in the three monkeys studied, the monkeys were not pro-
tected against challenge with live EBO-Z.

MATERIALS AND METHODS

Biologic containment. Infectious material and animals were handled in bio-
logical safety level 4 (BSL-4) facilities at the U.S. Army Medical Research
Institute of Infectious Diseases (USAMRIID). Laboratory personnel wore pos-
itive-pressure protective suits (ILC Dover, Frederica, Del.) equipped with high-
efficiency particulate air filters and supplied with umbilically fed air.

Virus and preparation of vaccine. For preparation of irradiated vaccine, EBO-
Z/95 was amplified in Vero E6 cells (Vero C1008; American Type Culture
Collection accession number CRL-1586) to a titer in supernatants of approxi-
mately 108 PFU/ml. Virus was then concentrated by precipitation with polyeth-
ylene glycol, purified by sucrose density gradient centrifugation, and subjected to
6 � 106 rads of � irradiation from a 60Co source. Safety testing revealed no
residual infectious virus. Monkeys were challenged with the same EBO-Z/95 (not
inactivated). Challenge studies in mice employed a mouse-adapted variant of
EBO-Z/76 (3–5). Viral titers in serum samples were determined as described
previously (4). Irradiated virus was encapsulated in L containing 20 �g of lipid A,
as previously described (1, 21). The amount of encapsulated antigen was deter-
mined by a modified Lowry procedure (29).

Immunization and challenge of mice. The investigators adhered to the “Guide
for the Care and Use of Laboratory Animals,” prepared by the Committee on Care
and Use of Laboratory Animals of the Institute of Laboratory Animal Resources,
National Research Council (National Institutes of Health Publication No. 86-23,

revised 1996), and used facilities fully accredited by the American Association for
Accreditation of Laboratory Animal Care. Six-to-eight-week-old female BALB/c
mice were purchased from Jackson Laboratories (Bar Harbor, Maine) and main-
tained in a pathogen-free facility. Groups of 36 mice were immunized by the
intravenous (i.v.) or intramuscular (i.m.) route at 0 and 3 weeks with 1.4 �g of
unencapsulated irradiated EBO-Z (EV) alone or with the same quantity of
irradiated EBO-Z encapsulated in L [L(EV)] or with empty L (L).

Fifteen mice from each group at 1 week and 15 mice at 4 or 5 weeks after the
second immunization were transferred to BSL-4 containment at USAMRIID.
The day after arrival, they were injected i.p. with 10 PFU (300 � the 50% lethal
dose [LD50]) of mouse-adapted EBO-Z and observed on a daily basis for illness
and death. In most experiments, five mice from each group were anesthetized
and terminally exsanguinated on day 4 postchallenge, viral titers of sera were
determined by plaque assay, and alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) levels were measured using a Kodak 250 chemistry
analyzer (Eastman Kodak, Rochester, N.Y.).

Immunization and challenge of monkeys. Four cynomolgus monkeys weigh-
ing 4 to 5 kg, free of antibodies against filoviruses, were transferred to BSL-4
containment. Three animals were immunized on days �84, �56, and �28 before
challenge by i.v. inoculation of 1.0 ml of L(EV), which consisted of L containing
194 �g of irradiated EBO-Z and 100 �g of lipid A, while a negative-control
animal received 1.0 ml of L, also containing lipid A. On day 0, the monkeys were
challenged by i.m. injection with 1,000 PFU of EBO-Z/95. They were observed
daily for signs of illness and anesthetized, examined, and bled every second or
third day. Serum viral titers were determined by plaque assay, and serum AST
and ALT concentrations were measured using a Piccolo portable blood analyzer
(Abaxis, Inc., Sunnyvale, Calif.).

Neutralizing antibody determinations. Pooled prechallenge serum samples
from groups of mice and individual prechallenge serum samples from monkeys
were tested for the presence of EBO-Z-neutralizing antibodies as previously
described (4). Aliquots of EBO-Z/95 in growth medium were mixed with serial
dilutions of test sera and incubated at 34°C for 1 h, followed by infecting the
monolayers of Vero E6 cells. The 50% plaque reduction titer (PRNT50) was
calculated as the reciprocal of the highest dilution of serum that caused a 50%
reduction in the number of plaques compared to that of a normal serum control.

Serum antibody determinations. Ebola virus-specific antibodies were quanti-
tated in pooled mouse sera (1 and 5 weeks after the boost) or individual monkey
serum samples (day �56 and day �28) by an enzyme-linked immunosorbent
assay (ELISA) as previously described (12). Irradiated EBO-Z/95 (1:1,000 dilu-
tion in phosphate-buffered saline [PBS]) was used as the coating antigen. Each
sample was tested in duplicate. Affinity-purified peroxidase-labeled goat anti-
mouse immunoglobulin (Ig) [IgA � IgG � IgM(H�L)] (Kirkegaard and Perry
Laboratories, Gaithersburg, Md.) was used as the secondary antibody. Endpoints
were determined by subtracting the mean optical density value obtained using
normal mouse or monkey serum from that of the test sera. The highest serum
dilution that gave a corrected value of �0.20 was considered the endpoint.

Murine CTL assay. The amino acid sequence of EBO-Z GP was analyzed to
identify murine CTL epitopes, based on the motifs specific for the MHC allele
H-2D, using two different computer programs (Patterns, University of Wisconsin
Genetics Computer Group Sequence Analysis Program, and HLA peptide bind-
ing predictions) (6, 22). Two sequences at the amino-terminal end of EV-GP
were identified as specific for the MHC class I allele H-2Kd by this program:
LYDRLASTVI (peptide P1, specific for Kd) and EYLFEVDNL (peptide P2,
specific for Kd and Kb). These peptides were synthesized by SynPep Corp.,
Dublin, Calif.

One, two, and five weeks after the booster immunization, splenic lymphocytes
(effector cells) were collected from three mice from each group. Effector cells
were stimulated for 5 days with or without antigen (10 �g of P1 or P2 per ml) in
the presence of T STIM culture supernatant (Collaborative Biomedical Prod-
ucts, Bedford, Mass.), as described previously (21). In some experiments, effector
cells were also cultured with irradiated Ebola virus (3,000 PFU/5 � 106 cells/1.5
ml). Effector cells were collected 5 days later and analyzed for the presence of
CTLs. Target cells consisted of syngeneic P815 (H-2d) cells alone or incubated
with either 50 �g of P1 or P2 or incubated with 100 �g of an unrelated H-2kd-
specific CTL epitope (CYASGWGSI) from human prostate-specific antigen or
allogeneic EL-4 (H-2b) cells. In some experiments, P815 cells were infected with
recombinant vaccinia virus expressing Ebola virus GP or with wild-type vaccinia
virus (kindly provided by Kevin Anderson, USAMRIID) at a multiplicity of
infection of 10 (21). Target cells were labeled for 1 h with 100 �Ci of 51Cr as
Na2CrO4 per 106 cells (NEN Life Science Products, Boston, Mass.). CTL assays
were performed, and the percentage of specific lysis was calculated as previously
described (21). Each assay was performed at least three times. The results shown
are means of triplicate wells from a representative experiment.
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In vivo T-cell depletion in mice. Mice were divided into three groups for
treatment with monoclonal antibodies (MAbs). All groups were immunized i.v.
with L(EV) on day 0 and on day 21 and challenged on day 28. In the first set of
experiments, one group received daily injections of 0.5 to 1 mg of either anti-CD4
(GK1.5) or anti-CD8 (53.10.72) MAbs (50% ammonium sulfate precipitate of
ascites fluid). The injections were given on days �3, �2, and �1 and on days 17
through 20 (3 days before the first immunization and 4 days before the second
immunization). The second group received weekly injections of anti-CD4 or
anti-CD8, beginning 4 days after the first immunization and continued through
the week of challenge. The third group received daily injections of both anti-CD4
and anti-CD8 on days �3, �2, and �1 and on days 17 through 20 (3 days before
the first immunization and 4 days before the second immunization). The positive-
control group was immunized with L(EV) but not treated with MAbs. The
negative-control groups consisted of naïve mice or mice immunized with L alone
or treated with MAbs alone.

In the second set of experiments, mice were immunized i.v. with L(EV) on day
0 and on day 21 and challenged on either day 28 or on day 56. One group
received daily injections of 0.5 to 1 mg of either anti-CD4 or anti-CD8 MAbs.
The injections were given on days �3, �2, and �1 and on days 17 through 20 (3
days before the first immunization and 4 days before the second immunization).
The second group received daily injections of either anti-CD4 or anti-CD8 on
days 25 through 27 (3 days prior to challenge on day 28). The third group of mice
received daily injections of either anti-CD4 or anti-CD8 on days 53 through 55
(3 days prior to challenge on day 56). The positive- and the negative-control
groups were the same as in experiment 1.

The effectiveness of cell depletion was analyzed by flow cytometry either on
day 25 or on day 61 (5 to 6 days after the last MAb treatment) using either
peripheral blood lymphocytes or spleen cells. Lymphocytes were stained with
fluorescent antibodies to CD4, CD8, and CD3 (BD PharMingen, San Diego,
Calif.) and analyzed on a FACSCalibur apparatus (Becton Dickinson, San Jose,
Calif.) using CellQuest software.

Cytokine ELISPOT. Spleen cells secreting IFN� were analyzed by enzyme-
linked immunospot assay (ELISPOT). Ninety-six-well nitrocellulose-backed
MultiScreen-IP sterile plates (Millipore, Bedford, Mass.) were coated overnight
at 4°C with 10 �g of anti-gamma interferon (IFN�) (clone RMGG-1; BioSource
International, Inc., Camarillo, Calif.)/ml in sterile PBS. The wells were blocked
with sterile PBS–0.5% bovine serum albumin for 30 min at 37°C and washed with
PBS–0.025% Tween 20 (wash solution) followed by sterile RPMI-1640 complete
medium. Single cell suspensions were prepared from the spleens (three mice/
group) of naïve and immunized mice. Cells (2 � 106/well) were plated on
anti-IFN�-coated plates and incubated for 18 h at 37°C in a humidified CO2

incubator. In some cases, CD4� and CD8� T cells were purified from naïve and
immunized mice by using T-cell enrichment columns (R and D Systems, Inc.,
Minneapolis, Minn.). Purified T cells were plated at a concentration of 2 � 105

cells/well. Cells were incubated with or without irradiated EBO-Z (360 ng/ml)
and peptide P1 or P2 (5 to 10 �g/ml). Plates were washed with the wash solution
followed by distilled water and overlaid with 0.125 �g of biotinylated anti-IFN�
(clone XMG 1.2; BD PharMingen)/ml and incubated at room temperature for
2 h. The plates were then washed and incubated with a 1:1,000 dilution of
avidin-conjugated alkaline phosphatase (Vector Laboratories, Burlingame, Cal-
if.) for 2 h at room temperature. The plates were washed, and bound IFN� was
detected by the addition of 5-bromo-4-chloro-3-indolylphosphate (BCIP)/ni-
troblue tetrazolium (NBT) (Kirkegaard and Perry Labs, Gaithersburg, Md.). The

plates were washed with water, and the individual spots were visualized and
counted the next day using a stereo binocular microscope. The average number
of spots/number of cells plated was plotted.

Disclaimer. The views, opinions, and/or findings contained herein are those of
the authors and should not be construed as an official Department of the Army
position, policy, or decision unless so designated by other documentation.

RESULTS

Antibody response in mice induced after immunization with
L(EV). Using pooled sera from mice bled 1 or 5 weeks after the
second immunization, antibody responses to EBO-Z were an-
alyzed by ELISA and PRNT50 assays (Table 1). Antibodies
specific to EBO-Z could be detected by ELISA 1 and 5 weeks
after the second immunization, with antibody titers being five-
fold higher 5 weeks after the boost. L(EV) elicited a 10-fold
stronger antibody response than EV (endpoint titers of 500
versus 5,000) 5 weeks after the boost, irrespective of the route
of immunization. No neutralizing antibodies were detected in
any of the groups at either 1 or 5 weeks after the second
immunization. This result is consistent with those of other
studies with rodents, in which anti-Ebola virus-neutralizing
antibodies were low or undetectable in animals that proved to
be resistant to EBO-Z challenge (17, 27).

Cellular immune response to L(EV) in mice. Figure 1 shows
the presence of CTLs 2 weeks after the second i.v. immuniza-
tion with L(EV). Effector spleen cells from naïve or L(EV)-
immunized mice were cultured for 5 days with peptide P1,
peptide P2, or irradiated EV and then analyzed for the pres-
ence of CTLs by using either peptide P1- or P2-pulsed synge-
neic P815 cells as targets. Effector cells from L(EV)-immu-
nized mice cultured with EV recognized both peptide P1- and
P2-pulsed target cells and gave recall CTL responses reaching
30% to 40% specific lysis (Fig. 1A and B). Similarly, cells
cultured with peptide P2 recognized P2-pulsed target cells

FIG. 1. CTL response to Ebola virus 2 weeks after the boost.
BALB/c mice were immunized i.v. with 1.4 �g of L(EV) at 0 and 3
weeks or left untreated. Splenic lymphocytes from immunized mice
were collected 2 weeks after the boost and stimulated in vitro with
EBO-Z GP peptide 1 (F), EBO-Z GP peptide 2 (■ ), or irradiated
EBO-Z (} and Œ), and splenic lymphocytes from untreated mice were
stimulated in vitro with EBO-Z GP peptide 1 (E), EBO-Z GP peptide
2 (�), or irradiated EBO-Z ({ and ‚), as described in Materials and
Methods. Standard 5-h CTL assays were performed using 51Cr-labeled
syngeneic (H-2d) P815 cells pulsed with EBO-Z GP peptide 1 or 2.
Effector/target ratios ranged from 12.5:1 to 100:1. Percentages of spe-
cific lysis were calculated as described in Materials and Methods. Data
represent the means of triplicate cultures of a representative experi-
ment.

TABLE 1. Antibody response specific to EBO-Z in micea

Immunogen
(immunization method)

Wk 1d Wk 5

ELISAb PRNT50
c ELISAb PRNT50

c

L(EV) i.v. 1,000 �20 5,000 �20
L(EV) i.m. 1,000 �20 5,000 �20
EV i.v. NDd ND 500 �20
EV i.m. ND ND 500 �20
L i.v. �100 �20 �100 �20
L i.m. �100 �20 �100 �20

a BALB/c mice were immunized i.v. or i.m. with L(EV), or EV or L and bled
1 and 5 weeks after the second immunization. Sera were pooled and analyzed for
EBO-Z-specific and neutralizing antibodies (see Materials and Methods).

b Data shown represent the endpoint titers for ELISA.
c PRNT50 values represent reciprocal 50% endpoint dilutions for neutralizing

antibodies.
d ND, not determined.
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(Fig. 1B). Less than 5% lysis was seen (Fig. 1A and B) with
naïve effector cells cultured under conditions identical to those
for the effector cells from L(EV)-immunized mice. These re-
sults confirm that the lysis seen with effector cells from L(EV)-
immunized mice (Fig. 1A and B) was specific for Ebola virus
GP peptides P1 and P2 and was not due to in vitro artificial
induction of CTLs. In contrast to the CTL responses obtained
after immunization with L(EV), peptide-specific CTL re-
sponses were not detected in spleen cells from mice immunized
with EV or with L (data not shown).

To ensure that the CTL response was EBO-Z specific and to
demonstrate that peptides P1 and P2 are potential CTL epi-
topes of Ebola virus GP, splenocytes taken from BALB/c mice
5 weeks after the second immunization were cultured with
either peptide P1 or P2 and then tested against P815 target
cells infected with either recombinant vaccinia virus expressing
EBO-Z GP or with wild-type vaccinia virus. Irrespective of the
route of immunization, in comparison with the lysis seen with
wild-type vaccinia virus-infected control targets, more-specific
lysis of target cells infected with vaccinia virus GP was obtained
with effector cells from L(EV)-immunized mice cultured with
either peptide P1 (Fig. 2A and G) or P2 (Fig. 2B and H). The
specificity of lysis was greater when cells were cultured with P2
(Fig. 2B and H). In contrast, no specific lysis of vaccinia virus
GP-infected targets was observed with effector cells from mice
immunized with EV (Fig. 2C, D, I, and J) or with L (Fig. 2E,
F, K, and L). These results confirm that CTLs specific for

EBO-Z GP peptides P1 and P2 were induced upon immuni-
zation with L(EV) but not by immunization with EV or L.

Protective efficacy of L(EV) in mice. The most direct means
of evaluating L(EV) as a successful vaccine in mice was to
assess the ability of L(EV) to confer protection against weight
loss and death after lethal EBO-Z challenge. Two experiments
(Table 2) were performed, in which groups of mice were im-
munized twice, either by the i.m. or by the i.v. route. Mice were
then challenged with 300 LD50 of mouse-adapted EBO-Z at 1,
4, or 5 weeks after the second immunization. The two experi-
ments gave similar results (Table 2) (Fig. 3A). All naïve mice
(negative controls) died after challenge. In contrast, immuni-
zation with L(EV) by the i.v. route completely prevented ill-
ness and death in 64/64 mice. Mice immunized i.m. with L(EV)
were partially protected. Even though all mice in the latter
group became ill after challenge, 33/43 (77%) survived, a result
differing significantly from that for the placebo group. Immu-
nization with EV was even less protective, with an overall
survival rate of 55% for i.v. and 45% for i.m. immunization.
The percent survival differed significantly from that of the
placebo group when mice were challenged 1 week but not 5
weeks after the boost (Table 2). In individual experiments,
because of small group sizes, groups immunized with L(EV)
i.m. or with EV i.v. or i.m. did not differ significantly from each
other in total numbers of mice surviving and in mean times to
death (Table 2). In all experiments, the average duration of
survival of those immunized mice that died after challenge

FIG. 2. CTL response to EBO-Z 5 weeks after the second immunization, using recombinant vaccinia virus-infected target cells. BALB/c mice
were immunized i.m. (A through F) or i.v. (G through L) with 1.4 �g of L(EV) (A, B, G, and H) or with 1.4 �g of EV (C, D, I, and J) or L (E,
F, K, and L) at 0 and 3 weeks. Splenic lymphocytes were collected 5 weeks after the boost and stimulated in vitro with either EBO-Z GP peptide
1 or 2, as described in Materials and Methods. Standard 5-h CTL assays were performed using peptide-cultured effector cells and 51Cr-labeled
syngeneic (H-2d) P815 cells infected with either recombinant vaccinia virus expressing Ebola virus GP (F and ■ ) or wild-type control vaccinia virus
(E and �). Effector/target ratios ranged from 12.5:1 to 100:1. Percentages of specific lysis were calculated as described in Materials and Methods.
Data represent the means of triplicate cultures of a representative experiment.
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tended to be longer than that of negative controls, reflecting
partial protection (Fig. 3A). Although the results of immuni-
zation with EV i.v. were statistically significant compared to
those with L (P � 0.001), only 40% of the mice were protected
against live EBO-Z challenge. The results of immunization
with L(EV) were statistically significant compared to those
with EV i.v. (P � 0.001), and 100% protection was obtained.
Encapsulation of irradiated EBO-Z in L is thus superior to
immunization with EV alone.

In the second experiment, the titer of circulating virus in the
serum (five mice per group) was determined on day 4 post-
challenge. While control mice immunized with L developed
titers in the range of 109 PFU/ml, no virus was detected in sera
of mice immunized i.v. with L(EV) (Fig. 3B). Three of the
mice immunized i.m. with L(EV) also remained free of vire-
mia, while the other two had titers around 103 PFU/ml. In
contrast, all animals immunized i.v. with EV showed viremias
in the range of 103 to 106 PFU/ml and those immunized i.m.
had titers in the range of 105 to 108 PFU/ml.

Serum AST concentrations showed a pattern resembling
that of viremia, reflecting the degree of viral replication and
hepatic cell injury (Fig. 3C). Negative-control mice immunized
with L had marked AST elevations on day 4. In contrast,
animals immunized i.v. or i.m. with L(EV), as well as those
immunized i.v. with EV, showed no increase in AST levels
compared to those of sera from normal mice. Animals immu-
nized i.m. with EV had intermediate values.

Contribution of T-cell subsets to protection. Complete pro-
tection in mice was achieved by i.v. administration of L(EV)
not only 1 week but also 5 weeks after the booster immuniza-

tion (Table 2). To further understand the mechanism of solid
protection induced, we assessed the function of CD4� and
CD8� T lymphocytes in inducing resistance to EBO-Z chal-
lenge.

Mice were injected with anti-CD4 (GK1.5) or anti-CD8
(53.10.72) MAbs either before or after soon after i.v. immuni-
zation with L(EV). Flow cytometry studies (Fig. 4, experiment
1) showed that treatment with anti-CD8 and anti-CD4 anti-
bodies caused a 99.9% reduction in the levels of circulating
CD8� T cells (Fig. 4, experiment 1) and splenic CD4� T cells
(Fig. 4, experiment 2), respectively. Mice treated with anti-
CD4 antibodies either before or soon after i.v. immunization
with L(EV) developed high viral titers on day 4 postchallenge,
became ill, lost weight, and died (Table 3). In contrast, mice
treated with anti-CD8 MAbs remained healthy after challenge
and had very low levels of circulating virus on day 4, ranging
from undetectable to 103 PFU/ml (Table 3).

Similar results were obtained when the experiment was re-
peated with anti-CD4 and anti-CD8 antibody administration 3
days prior to immunization and 3 days prior to the booster
injection (Table 3). However, treatment with either anti-CD4
or anti-CD8 MAbs 3 days before a live Ebola virus challenge
did not abolish protection (Table 3). Furthermore, 5 weeks
after the booster immunization, treatment with anti-CD4 an-
tibodies 3 days before a live Ebola virus challenge also did not
abolish protection (Table 3).

IFN� production by CD4� T cells. The above results clearly
indicate the importance of CD4� T cells in inducing protection
during the induction phase following L(EV) priming and
boosting. To determine if these CD4� T cells were making

TABLE 2. Immunization with L(EV) induces protection in BALB/c micea

Expt
no.

Challenge
week

Immunogen (immuniza-
tion method) or status

No. morbid (ruffled
fur) vs total no.

No. surviving
vs total no.

% Sur-
vival

Significance vs
L i.v. (P)b MTDc � SD

1 1 L(EV) i.v. 0/10 10/10 100 �0.001
L(EV) i.m. 10/10 10/10 100 �0.001
L i.v. 10/10 0/10 0 6.0 � 0.94
L i.m. 10/10 0/10 0 5.3 � 0.67
Naive 10/10 0/10 0 5.2 � 0.79

4 L(EV) i.v. 0/14 14/14 100 �0.001
L(EV) i.m. 13/13 11/13 85 �0.001 7.5 � 0.71
L i.v. 14/14 0/14 0 5.7 � 0.95
L i.m. 14/14 0/14 0 5.8 � 0.42
Naive 10/10 0/10 0 5.4 � 0.84

2 1 L(EV) i.v. 0/20 20/20 100 �0.001
L(EV) i.m. 10/10 7/10 70 �0.01 8.7 � 0.58
EV i.v. 10/10 7/10 70 �0.01 6.7 � 0.58
EV i.m. 10/10 5/10 50 �0.05 7.2 � 1.1
L i.v. 10/10 0/10 0 6.4 � 0.84
L i.m. 10/10 0/10 0 5.8 � 0.92

5 L(EV) i.v. 0/20 20/20 100 �0.001
L(EV) i.m. 10/10 5/10 50 �0.05 9.7 � 1.5
EV i.v. 10/10 4/10 40 �0.05 7.5 � 1.5
EV i.m. 10/10 4/10 40 �0.05 6.7 � 1.2
L i.v. 10/10 0/10 0 5.9 � 1.1
L i.m. 10/10 0/10 0 5.8 � 1.1

a BALB/c mice were immunized with L(EV), EV, or L on days 0 and 21 or left untreated. Mice were challenged on day 28, 49, or 56 with 10 PFU (300 LD50) of
mouse-adapted EBO-Z.

b Values represent results obtained using Fisher’s exact test.
c MTD, mean time to death of animals that died. SD, standard deviation.
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IFN�, naïve and immune spleen cells as well as purified CD4�

and CD8� T cells were tested by ELISPOT assay for the
production of IFN�. As shown in Fig. 5A, in vitro restimulation
of spleen cells obtained from mice 3 weeks after the L(EV)
boost resulted in a three- to fivefold increase in IFN� produc-
tion over spontaneous background levels. Purified CD4� T

cells from L(EV)-immunized mice also produced IFN� (four-
to fivefold increase over background) in response to EV and
the putative CTL epitopes, peptides P1 and P2. In contrast,
there was no IFN� production by purified immune CD8� T
cells in response to in vitro stimulation with the antigen or the
peptides. There was a further increase in the number of cells
stimulated to produce IFN� even 7 weeks after the boost (Fig.
5B). Again the response was specific to CD4� T cells. No IFN�
production was elicited from naïve spleen cells or purified
naïve CD4� or CD8� T cells in response to in vitro stimulation
with the antigens. To conclusively prove that IFN� production
was due to CD4� T cells, spleen cells were prepared from
immunized mice or mice pretreated with either anti-CD4 or
anti-CD8 antibodies and then immunized and boosted with
L(EV). IFN� production was seen only in immunized mice
that were either untreated (three- to fourfold increase com-
pared to background) or treated with anti-CD8 antibodies
(seven- to eightfold increase over background). Treatment of
mice with anti-CD4 antibodies either before or soon after i.v.
immunization with L(EV) eliminated the IFN� response (Fig.
5C). These results were similar to those obtained by using
purified immune CD4� and CD8� T cells, as shown in Fig. 5A
and B. IFN� production from CD4� T cells correlated with
protection (Table 3), in that protection was consistently seen in

FIG. 3. Protective efficacy of L(EV) in mice. Groups of 15 BALB/c
mice were either immunized with L(EV) or EV or L on days 0 and 21
or left untreated. Five weeks after the second immunization, mice were
challenged with 300 LD50 of mouse-adapted EBO-Z. (A) Percent
survival of groups of 15 mice immunized and challenged as described
above. (B) Viral titer in serum of five mice from each group killed on
day 4 postchallenge. Each symbol represents an individual mouse.
(C) Serum AST and ALT levels of pooled serum samples obtained on
day 4 from mice challenged 1 week (F and }) or 5 weeks (E and {),
respectively, after the second immunization. Normal values represent
pooled serum from five naïve mice.

FIG. 4. Flow cytometric analysis of lymphocytes from L(EV)-im-
munized mice. Peripheral blood lymphocytes (Experiment 1) or
splenic lymphocytes (Experiment 2) from naïve mice or anti-CD4-
treated mice or anti-CD8-treated mice and then immunized with
L(EV) were stained with fluorescein isothiocyanate-labeled anti-CD3,
anti-CD4, and anti-CD8. Nonspecific labeling (shaded area, experi-
ment 1) was determined by using an isotype-matched, fluorescein
isothiocyanate-labeled antibody. Cells were analyzed on a FACSCali-
bur instrument using CellQuest software. The percentages of positive
stained cells are shown (Experiment 2). Peripheral blood lymphocytes
or spleens were processed individually from three mice/group. The
data shown are from an individual mouse from each group.
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mice immunized with L(EV) and either left untreated or
treated with anti-CD8 antibodies. The results of challenge with
live virus, together with the ELISPOT data, strongly suggest a
role for CD4� T cells and IFN� in inducing protection.

Immunization and challenge of monkeys. The success of i.v.
immunization with L(EV) in mice encouraged us to test the same
preparation in a limited experiment in cynomolgus monkeys.
Three animals immunized i.v. with L(EV) (monkeys 1, 2, and 3)
developed EBO-Z-specific ELISA titers of 800, 400, and 400,
respectively, and PRNT50 titers of 40, 80, and 40, respectively, on
day �28 before challenge (Table 4). No antibodies were detected
in a control animal immunized with L (monkey 4).

On day 4 after challenge with EBO-Z/95, monkeys 1 to 3
were still active but monkey 4 (control) appeared ill. On day 5,
all animals were febrile and monkey 4 had a rash over most of
its body. On day 6, monkeys 1, 2, and 4 all appeared depressed
and dehydrated, and all three were found dead the next morn-
ing. Monkey 3 was still active on day 7 but was severely ill by
day 10, with a rash on the upper and lower limbs, and was
found dead the morning of day 11. The three immunized
monkeys showed a delay in onset of viremia, corresponding to
the delay in onset of illness, with respect to that of the negative
control (Fig. 6A). A similar delay was observed in the increase
in serum AST concentrations (Fig. 6B) and ALT concentra-
tions (not shown).

DISCUSSION

Several animal studies demonstrate an apparent require-
ment for both cell-mediated and humoral responses for the

induction of protection against live Ebola virus challenge (10,
27, 33). Development of an effective Ebola virus vaccine should
therefore include antigen preparations that induce not only
humoral immunity but also cell-mediated immune responses.
The results of the present study demonstrate that immuniza-
tion with L(EV) induces complete protection against lethal
EBO-Z challenge in BALB/c mice and that the protective
response is dependent on IFN�-producing CD4� T lympho-
cytes. However, the mechanism of protective immune re-
sponses elicited is still unclear. It is possible that protection is
dependent on three major elements: IFN�, CD4� T lympho-
cytes, and nonneutralizing antibodies.

Based on the previous successful induction of antibody and
CTL responses to several L-encapsulated antigens containing
lipid A (20, 21, 23, 30), we hypothesized that our immunization
strategy of delivering all EBO-Z proteins by encapsulating
irradiated EBO-Z in L containing lipid A would provide pro-
tection against subsequent viral challenge. In the present study,
mice immunized i.v. with L(EV) were completely protected
against a 300-LD50 EBO-Z challenge. In contrast to previous
studies (17, 27), in which mice immunized with DNA or rep-
licon vaccines became viremic postchallenge, L(EV) prevented
the development of viremia. Our inability to detect neutraliz-
ing antibodies in L(EV)-immunized mice is consistent with the
results of other vaccine studies, as well as with the recent
report that mice are protected by GP-specific MAbs that fail to
show activity in PRNT50 assays (17, 27, 31).

We identified two peptides (LYDRLASTVI and EYLFE
VDNL), consisting of ten and nine amino acid sequences,
respectively, in the amino terminus of the Ebola virus GP

TABLE 3. Requirement of T-cell subsets for protectiona

Expt
no. Vaccine Antibody Treatment days Challenge

day
No. surviving
vs total no. MTD � SDb Log10 (viremia)c

(significance [P])d

1 L(EV) None None 28 10/10 �21 1.7
L(EV) Anti-CD4 �3, �2, �1, 17 to 20 28 0/10 6.6 � 0.52 7.8 (�0.00001)
L(EV) Anti-CD8 �3, �2, �1, 17 to 20 28 10/10 �21 2.7 (�0.05)
L(EV) Anti-CD4 � anti-CD8 �3, �2, �1, 17 to 20 28 0/10 6.4 � 0.52 ND
L(EV) Anti-CD4 4, 11, 18, 25 28 1/10 7.1 � 0.33 7.7 (�0.00001)
L(EV) Anti-CD8 4, 11, 18, 25 28 9/9 �21 1.8 (�0.05)
L None None 28 0/10 5.0 � 0.67 8.3 (�0.00001)
None Anti-CD4 �3, �2, �1, 17 to 20 28 0/10 5.2 � 0.79 ND
None Anti-CD8 �3, �2, �1, 17 to 20 28 0/10 5.7 � 1.2 ND

2 L(EV) None None 28 10/10 �21
L(EV) Anti-CD4 �3, �2, �1, 17 to 20 28 0/10 6.6 � 0.55
L(EV) Anti-CD8 �3, �2, �1, 17 to 20 28 10/10 �21
L(EV) Anti-CD4 25, 26, 27 28 10/10 �21
L(EV) Anti-CD8 25, 26, 27 28 10/10 �21
None None None 28 0/10 5.8 � 1.0
None Anti-CD4 25, 26, 27 28 0/10 6.2 � 0.79
None Anti-CD8 25, 26, 27 28 0/10 6.7 � 0.48
L(EV) None None 56 10/10 �21
L(EV) Anti-CD4 53, 54, 55 56 9/10 7.0
L(EV) Anti-CD8 53, 54, 55 56 10/10 �21
None None None 56 0/10 5.3 � 0.68

a Mice were immunized with L(EV) on days 0 and 21 and challenged on either day 28 or 56 with 10 PFU (300 LD50) of mouse-adapted EBO-Z. Mice received either
anti-CD4 or anti-CD8 MAbs or no treatment on the indicated days. Controls were either vaccinated with L(EV) and not treated or not vaccinated but treated with
MAbs or immunized with L alone. In experiment 1, five mice from some of the groups were killed on day 32 (4 days after challenge) and serum viral titers were
determined.

b MTD, mean time to death in days of animals that died. SD, standard deviation.
c Log10 (mean serum viral titer) on day 4 postchallenge.
d Significance of difference in mean serum viral titer from that of the L(EV)-immunized, untreated group, by two-way t test. ND, not done.
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protein (amino acids [aa] 161 to 169 and aa 231 to 239) as CTL
epitopes in BALB/c (H-2d) mice. CTLs specific to these two
GP peptides of Ebola virus were induced only in those mice
that had been immunized with L(EV) but not in mice immu-
nized with EV. The fact that L(EV) induced GP-specific CTLs
suggests that L(EV) may also induce CTLs specific for other
EBO-Z proteins, including NP that may also be involved in
conferring protection.

In a recent study, CD8� CTLs have been shown to protect
mice immunized with a single Ebola virus protein (NP) against
Ebola virus challenge (32). In the present work, all the EBO-Z
viral proteins were delivered by encapsulating irradiated Ebola
virus in L-containing lipid A, as opposed to immunization with
a single protein. Under these circumstances, treatment with
anti-CD8 MAbs did not eliminate protection, since more than
one protective mechanism was probably active. Furthermore,
our studies use BALB/c mice that differ from C57BL/6 mice at
the MHC. Therefore, the CTL epitopes and the CTL re-
sponses would be different due to the MHC restriction. Using
L(EV), the presence of CD8� CTLs in B10.BR mice has pre-
viously been demonstrated (21). However, in that study the
ability of CTLs to protect against live Ebola virus challenge
was not evaluated. Also, in another study (31), MAbs to Ebola

virus GP were sufficient for protecting C57BL/6 mice from a
lethal Ebola virus challenge. The results for all these studies
again emphasize the strain differences and argue that several
mechanisms are involved in inducing protection against Ebola
virus infections.

FIG. 5. Production of IFN� by CD4� T cells. BALB/c mice were immunized i.v. with L(EV) or pretreated with anti-CD4 or anti-CD8 MAbs
and then immunized with L(EV). Spleen cells from immunized mice (three mice/group) were isolated 3 weeks (A) and 7 weeks (B) after the boost.
Total immune and naïve spleen cells, as well as purified CD4� T cells and CD8� T cells, were purified and stimulated in vitro with EV, P1, and
P2 for 18 h. The number of cells activated to secrete IFN� was determined by ELISPOT assay. (C) Spleen cells from L(EV)-immunized anti-CD4-
and anti-CD8-pretreated BALB/c mice were isolated 2 weeks after the boost and processed as described above for determination of antigen-
specific IFN� spots. Naïve spleen cells served as the negative control.

TABLE 4. Pre- and postchallenge parameters
for cynomolgus monkeysa

Monkey

Day �28 Day �5
Day of
deathPRNT50

b ELISA
(titers)c

Log10
(viremia)d

AST
(U/ml)e

1 40 800 6.6 68 7
2 80 400 2.3 31 7
3 40 400 �1.7 36 11
Control �10 �100 7.0 774 7

a Cynomolgus monkeys were immunized as described in Materials and Meth-
ods. Monkeys were bled on day �28 with respect to EBO-Z challenge and on day
�5 postchallenge. Individual serum samples were analyzed by ELISA for anti-
bodies, for neutralizing antibodies, for circulating virus, and for AST enzyme.

b Reciprocal endpoint.
c Endpoint titer against EBO-Z/95.
d Log10 (circulating virus titer).
e Aspartate aminotransferase concentration.
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Our study demonstrates that establishment of protective im-
munity required the presence of CD4� T cells during the
vaccination period, since administration of anti-CD4 MAbs
before and during L(EV) immunization prevented induction
of a protective immune response. This contrasted with the
result obtained when anti-CD4 or -CD8 MAbs were given after
vaccination, in which case the MAbs had no significant effect.
A similar result was obtained with the Toxoplasma gondii mu-
rine model system. In that study, C57BL/6 mice treated with
anti-CD4 MAbs during vaccination showed a complete loss of
resistance to challenge, whereas anti-CD4 given after vaccina-
tion was ineffective in preventing the loss of resistance (7).

In the present study, it is not certain which function is being
eliminated by antibody treatment, since there are a range of
types of CD4� T cells. Thus, the critically important cells could
be either MHC class I- or II-restricted CD4� T cells that are
specific to GP or to another viral protein. It is also possible that
antibody treatment ablates CD4� NK1.1 T cells that play a
critical role in nonspecific resistance to infection. Antigen-
specific IFN� production in vitro was seen only with immune

CD4� T cells. The responses could be recalled even 7 weeks
after the boost. It is possible that immunization with L(EV)
drives the lymphocytes towards a dominant IFN�-producing
CD4� T cell. It will be interesting to learn, in future research,
whether immunity induced by recombinant GP or NP is elim-
inated by treatment with anti-CD4 or anti-CD8 antibodies.

The results with mice thus encouraged us to test the same
approach in nonhuman primates in a limited experiment. Al-
though, in the single experiment performed, the immunized
animals did develop neutralizing antibodies against EBO-Z,
they showed little evidence of protection against subsequent
viral challenge. Since we did not perform CTL assays on the
monkeys, we cannot report on the efficacy of L(EV) in induc-
ing cell-mediated immune responses in primates.

The discordant results between mice and monkeys, with
respect to both antibody induction and protection, highlight
the difficulty of extrapolating vaccine data from rodents to
primates. In general, the outcome of viral challenge in immu-
nized animals is determined by two factors: the vigor of innate
antiviral resistance to infection and the strength of the ac-
quired antigen-specific immune response. Rodents and pri-
mates differ markedly in their innate resistance to filovirus
infections (3). This difference is best illustrated by the fact that
EBO-Z isolates from human patients do not cause significant
disease in mature mice or guinea pigs. These viruses must first
be adapted to lethal virulence through serial animal-to-animal
passage (4, 9). Nonhuman primates, in contrast, are susceptible
to uniformly lethal infection with very low doses of nonpas-
saged isolates of EBO-Z.

The outcome of our preliminary experiment in monkeys
provides two lessons. The first is that the presence of neutral-
izing antibodies does not guarantee protection against EBO-Z
infection. The fact that the monkeys showed only minimal
resistance to challenge is consistent with previous studies dem-
onstrating a weak prophylactic or therapeutic effect of pas-
sively transferred neutralizing antiserum and adds some sup-
port to the argument that antibodies may be less important
than cellular immune mechanisms for protection.

The second lesson is that proper presentation of Ebola virus
proteins may be the most fruitful route to vaccination to elicit
a strong protective response. Even though our vaccine showed
partial efficacy in its present form, standardization of the type
of adjuvant and the dose administered could result in better
protection in monkeys. An immunization scheme based on GP
and NP has been reported to protect monkeys at a very low
challenge dose (26). This fact encourages us to continue our
research to evaluate L encapsulation or novel liposomal oil-in-
water emulsions (15) as a method for efficiently delivering re-
combinant GP or other Ebola virus proteins for presentation to
both the humoral and cellular arms of the immune system.
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