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Ebola hemorrhagic fever is a severe, usually fatal illness caused by Ebola virus, a member of the filovirus
family. The use of nonhomologous immune serum in animal studies and blood from survivors in two anecdotal
reports of Ebola hemorrhagic fever in humans has shown promise, but the efficacy of these treatments has not
been demonstrated definitively. We have evaluated the protective efficacy of polyclonal immune serum in a
mouse model of Ebola virus infection. Our results demonstrate that mice infected subcutaneously with live
Ebola virus survive infection and generate high levels of anti-Ebola virus immunoglobulin G (IgG). Passive
transfer of immune serum from these mice before challenge protected upto 100% of naive mice against lethal
Ebola virus infection. Protection correlated with the level of anti-Ebola virus IgG titers, and passive treatment
with high-titer antiserum was associated with a delay in the peak of viral replication. Transfer of immune
serum to SCID mice resulted in 100% survival after lethal challenge with Ebola virus, indicating that
antibodies alone can protect from lethal disease. Thus antibodies suppress or delay viral growth, provide
protection against lethal Ebola virus infection, and may not require participation of other immune components
for protection.

Ebola hemorrhagic fever (EHF), a severe, fatal illness
caused by the Ebola virus, is characterized in humans by a
rapidly progressive multisystem failure. Significant outbreaks
of EHF have occurred in Zaire (1976 and 1995), Sudan (1976
and 1979), Gabon (1996), and most recently, Uganda (2000).
Widespread viral replication and lytic infection of various cells
in the liver, kidneys, lungs, and spleen have been found in
humans and experimental models of EHF using nonhuman
primates (19). Because of the high morbidity and mortality
associated with EHF and the occurrence of the disease in
remote and poorly staffed and equipped health care settings,
there has been keen interest in the development of treatment
modalities that can be used in the field. Ribavirin, an antiviral
drug that is effective in the treatment of several viral hemor-
rhagic fevers caused by members of the families Arenaviridae
(4, 16, 17) and Bunyaviridae (5, 7, 22) appears to be ineffective
against filoviruses (6, 9).

Convalescent-phase human serum has been successful in
Argentine hemorrhagic fever (14) and has been used in the
treatment of Ebola virus infections with limited success. One
laboratorian, accidentally exposed to Ebola virus, recovered
after treatment with immune serum (IS) and human interferon
(3). Passive immunotherapy with convalescent-phase human
blood was also attempted during the EHF outbreak in Kikwit
in 1995 (18). Only one of nine patients who received conva-
lescent-phase blood died (versus 80% overall mortality in the
hospital). However, in this uncontrolled trial, most of the sur-

vivors received treatment more than 9 days after symptom
onset, and several of them received additional blood transfu-
sions and better than usual medical care during their hospital
stay, making it difficult to evaluate the contribution of trans-
fusions to their recovery (20). A panel of monoclonal antibod-
ies (MAbs) isolated from a phage library constructed from
RNA isolated from bone marrow cells from survivors of the
1995 Kikwit Ebola virus outbreak was found to have a low
frequency of anti-glycoprotein (GP) monoclonal antibodies
(MAbs) that neutralized Ebola virus in vitro (15).

DNA vaccination studies with full-length constructs of Ebola
GP and secreted glycoprotein (sGP) have demonstrated pro-
tection against lethal challenge with Ebola virus (21, 24). In
these studies, high titers of anti-GP and anti-sGP immunoglob-
ulin G (IgG) were found to correlate with protection, although
small numbers of animals and insufficient assessment of vacci-
nation-induced T-cell responses make it difficult to evaluate
the contribution of antibodies (Abs) in the protection. We
used a mouse model of Ebola virus infection to investigate
mechanisms of Ab-mediated protection against Ebola virus.
Our data demonstrate that it is possible to confer protection
against fatal infection with Ebola virus by transfer of polyclonal
IS. However, Ab-mediated protection appears to act by delay-
ing viral growth, thereby providing a window of opportunity for
host innate or cellular immune mechanisms to act synergisti-
cally in viral clearance. Abs may also completely inhibit viral
growth and protect against lethal infection in the absence of
adaptive immune responses.

MATERIALS AND METHODS

Viruses, cells, and media. A mouse-adapted strain of Ebola virus was derived
from a 1976 isolate of the Zaire subtype by serial passage through progressively
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older suckling mice, followed by plaque purification as described elsewhere (2).
Virus was amplified to a titer of 5 3 107 PFU/ml by one passage in Vero E6
(monkey kidney) cells. Vero E6 cells were obtained from the American Type
Culture Collection and propagated in modified Eagle’s medium supplemented
with 2% fetal bovine serum, glutamine (2 mM; Life Technologies, Gaithersburg,
Md.), streptomycin (100 mg/ml; Life Technologies), and penicillin (100 U/ml;
Life Technologies). All infected samples and animals were handled under max-
imum containment in the biosafety level 4 (BSL-4) laboratory at the Centers of
Disease Control and Prevention, Atlanta, Ga. All samples from the BSL-4
laboratory were gamma irradiated (5 3 106 rads) before further processing in
BSL-2 and -3 conditions.

Quantitation of virus. Virus was titrated by a standard plaque assay on Vero
E6 cells (2). Briefly, virus-containing Vero E6 supernatants or samples were
serially diluted (1:10) and incubated for 1 h at 37°C on confluent monolayers of
Vero E6 cells in 35-mm-diameter-well plates. Three milliliters of 23 Basal
Eagle’s medium (Life Technologies) supplemented with 5% fetal bovine serum,
antibiotics, HEPES, and L–glutamine mixed 1:1 with 2% SeaKem agarose (Sig-
ma, St. Louis, Mo.) was added to each well and allowed to incubate for 6 days at
37°C (until the appearance of cytopathic effect). A second layer of basal Eagle’s
medium-agarose medium (2 ml) containing 2% neutral red (Life Technologies)
was added, and plates were reincubated at 37°C for a another 24 to 48 h for to
allow for the development of plaques.

Viral antigen assay. Levels of circulating Ebola virus antigens (Ags) in sera
and organs were estimated by using a capture enzyme-linked immunosorbent
assay (ELISA) as described (10). Briefly, Flexiplates (Becton Dickinson, Bed-
ford, Mass.) were coated overnight at 4°C with mouse ascites fluid (control wells)
or wells containing a mixture of seven mouse MAbs raised against viral protein
VP40, GP, and nucleoprotein (NP) from Zaire 1976 and Sudan 1976 strains of
Ebola virus. Tissue and serum samples were serially diluted in 5% skim milk in
phosphate-buffered saline (PBS; pH 7.2) with 0.1% Tween 20 (blocking buffer)
and incubated at 37°C for 1 h. Captured Ag was detected by polyclonal anti-
Ebola Virus Zaire serum produced in rabbits, followed by a goat anti-rabbit
horseradish peroxidase conjugate and ABTS [2,29-azino-bis(3-ethylbenzthiazo-
line-6-sulfonic acid)] substrate (both from Kirkegaard & Perry, Gaithersburg,
Md.). The optical density at 410 nm (OD410) of each sample in control wells
(coated with normal mouse ascites fluid) was subtracted from the OD of the
same sample in the corresponding well coated with anti-Ebola virus MAbs to
derive a corrected OD. The highest dilution of sample that resulted in a cor-
rected OD of $0.1 was designated the viral Ag titer of the sample. Viral Ag titers
were found to have a log-linear relationship with PFU values (data not shown)
for values of $300 PFU. We used viral Ag titers to compare levels of virus in sera
and tissues.

Anti-Ebola virus IgG detection by ELISA. Anti-Ebola virus IgG titers were
determined by ELISA as previously described (11, 12). Briefly, 96-well Falcon
Flexiplates (Becton Dickinson) were coated overnight (4°C) with Ebola virus-
infected or uninfected (control) Vero E6 cell lysates. Sera diluted serially in
blocking buffer were incubated for 1 h at 37°C, and bound IgG was detected by
addition of an anti-mouse horseradish peroxidase conjugate (Biosource Interna-
tional, Camarillo, Calif.) followed by ABTS substrate (Kirkegaard & Perry).
Corrected OD410 values were calculated as done for the Ag assay above, and IgG
titers were assigned for the highest serum dilution resulting in a corrected OD of
$0.1.

Mice. Six- to eight-week-old BALB/c male and female mice were obtained
from commercial suppliers (Jackson Laboratory, Bar Harbor, Maine; Harlan
Sprague-Dawley, Indianapolis, Ind.). T- and B-cell-deficient BALB/cj (SCID)
mice aged 6 to 8 weeks were obtained from the Jackson Laboratory. All mice
were housed under pathogen-free conditions and allowed to acclimate to the
BSL-4 laboratory for 3 to 4 days before use in our experiments.

Immune serum. To generate anti-Ebola virus IS, mice were infected subcuta-
neously (s.c.) with 100 PFU of Ebola virus followed by intraperitoneal (i.p.)
rechallenge with 104 to 106 PFU of Ebola virus 3 weeks later. One to three weeks
after i.p. challenge, sera were collected, pooled, g irradiated (5 3 106 rads), and
titrated for IgG by ELISA. The pooled serum from these mice had IgG titers
ranging from 20,000 to 1,600,000.

Purification of IgG from IS. Anti-Ebola virus IgG was purified from IS with a
protein G-Sepharose affinity column (Pierce, Rockford, Ill.) following the pro-
cedure recommended by the manufacturer. Purified IgG was dialyzed against
PBS (pH 7.2) and filter sterilized for injection. Anti-Ebola virus titers were
determined by ELISA as described above. The titers of purified IgG ranged from
20,000 to 1,600,000.

Infection procedure. Lethal Ebola virus infections were produced by i.p. in-
oculation of 10 to 103 PFU mouse-adapted Ebola virus (in 0.2 ml of PBS); for
nonlethal infections, 100 PFU of mouse-adapted Ebola virus (in 0.2 ml of PBS)

was given s.c. as previously described (2). After infection, mice were caged in
groups of five, weighed daily or on alternate days, and observed for survival for
at least 21 days. For serum transfer experiments, mice were given 1 ml of
g-irradiated, pooled IS, purified IgG from IS, or normal mouse serum (NMS) i.p.
1 day before or after i.p. challenge with Ebola virus. In some experiments, blood
samples were collected via retro-orbital phlebotomy for determination of Ab and
viral Ag titers prior to i.p. challenge with Ebola virus.

Statistics. Comparisons of anti-Ebola virus Ab and Ag titers between exper-
imental groups were done by Student’s t test on log-transformed data. Animal
weights and survival data were compared by analysis of variance. Differences
between groups for categorical data were analyzed using Fisher’s exact test. P
values of ,0.05 were designated the cutoff for statistical significance.

RESULTS

Mice immunized s.c. with live Ebola virus have high levels of
anti-Ebola IgG and are protected against lethal rechallenge.
All adult BALB/c infected i.p. with the mouse-adapted Ebola
virus died as reported previously (2). Signs of disease in i.p.-
infected mice appeared from day 3 onward, when mice begin
to lose weight and exhibit ruffled fur, huddling, and inactivity
progressing to death between 6 and 8 days postinfection. In
marked contrast, mice challenged s.c. showed no signs of ill-
ness, and all survived (data not shown). Furthermore, s.c.-
infected mice (hereafter referred to as immune mice) were
completely protected against i.p. rechallenge with doses as high
as 106 PFU per mouse given 3 weeks after the primary infec-
tion (data not shown). Naive mice infected i.p. had a progres-
sive increase in levels of viral Ag in their serum, spleen, liver,
and kidneys (Fig. 1A) from day 2 postinfection until death, in
contrast to immune mice, which had no detectable Ag in these
tissues after i.p. challenge. Immune mice had high titers of
anti-Ebola virus IgG Abs (range, 20 to 50,000) that were fur-
ther elevated up to fourfold by i.p. rechallenge with Ebola virus
(Fig. 1B). Anti-Ebola virus Ab titers declined from 100,000 to
100 by 32 weeks postinfection (data not shown). On Western
blots, sera from immune mice detected bands representing GP,
NP, VP35, VP24, and VP40 proteins, with a weaker recogni-
tion of GP compared to the other viral proteins (data not
shown). In contrast, naive mice infected i.p. had undetectable
levels of anti-Ebola virus IgG by ELISA until death around day
6 postinfection (Fig. 1B). These data are in agreement with
patterns of Ab responses to Ebola virus reported for human
disease (1, 11) in which survivors were found to have high titers
of anti-Ebola virus IgG in the convalescent phase, whereas
fatal disease was associated with low levels or absence of anti-
Ebola virus Abs.

Passive transfer of IS or IgG protects mice against lethal
Ebola virus infection. Studies of Ebola virus, infection in
guinea pigs (24), nonhuman primates (9), and humans (1, 18)
suggest an important role of Abs in protective immunity. How-
ever, studies using animal models to date have used nonho-
mologous serum in passive transfer experiments. We took ad-
vantage of the immune status of s.c.-infected mice to assess the
ability of homologous IS to protect against lethal i.p. challenge
with Ebola virus. Mice infected s.c. had high levels of anti-
Ebola virus IgG that were boosted by i.p. challenge (Fig. 1B).
Pooled serum from these mice was transferred to naive mice
prior to lethal challenge with Ebola virus to assess the protec-
tive efficacy of IS. Mice that received NMS lost 15 to 25% of
their original body weight during the course of infection, and
all died 6 to 8 days postinfection (Fig. 2A and B). Immune
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serum recipients also showed signs of illness characterized by
ruffling of fur and weight loss (10 to 15% of original body
weight), but these changes occurred later than in NMS recip-
ients, and a proportion of IS recipients recovered by days 12 to
14 postinfection (Fig. 2B). Fifty-six percent (18 of 32) of the
mice that received IS survived i.p. infection with .30 times the
50% lethal dose of Ebola virus (Fig. 2A). In nine experiments
done to evaluate the efficacy of immune serum transfer in
protection against i.p. infection with Ebola virus, the survival
among immune serum recipients ranged from 43 to 100%.

The variability in survival among IS recipients was further
investigated by determination of anti-Ebola virus IgG titers
resulting from serum transfer. Survival after IS transfer corre-
lated with anti-Ebola IgG titers. Thus, serum titers below 100
to 400 resulted in no survivors among six mice (Fig. 2C),
whereas titers of 1,600 resulted in a delay in death (mean time
to death, 10.5 days in IS recipients versus 7 days in NMS
recipients) and a 25% survival (one of four mice surviving)
(Fig. 2C). In a representative experiment (Fig. 2C), posttrans-
fer serum titers of $6,400 provided the highest protection,
89% (8 of 9 mice), with the only death occurring on day 9.
Further, in a different experiment, all of five IS recipients with
anti-Ebola virus IgG titers of .6,400, survived a lethal chal-
lenge with 103 PFU (30,000 times the 50% lethal dose) of
Ebola virus. IS recipients that survived i.p. Ebola virus infec-
tion remained healthy and had no detectable viral Ags by day
25 postinfection (data not shown), and these survivors had
anti-Ebola virus IgG titers (25,600 to 409,600) that were higher
than those before challenge (100 to 6,400). IS recipients that
survived the first i.p. infection were able to resist a subsequent
lethal challenge with Ebola virus on day 30 postinfection (data
not shown), indicating the development of protective immunity
as seen with s.c. challenge with Ebola virus (Fig. 1). In repeated
experiments we found that the titer required for protection
against lethal infection with Ebola varied between different
batches of pooled IS; however, in each experiment we were
able to determine a titer above which complete protection was
achieved.

To further confirm that the protection associated with IS is

Ab mediated, we tested the protective efficacy of IgG purified
from IS in naive mice. As shown in Fig. 3, 40% (two of five)
mice that received purified IgG resulting in a circulating titer
of ,100,000 survived, compared to 75% (three of four) of IS
recipients with anti-Ebola virus Ab titers of $100,000. The
percentage of survivors increased with increasing posttransfer
titers. Thus, 66% (two of three) of mice with titers of .400,000
survived, compared to 75% (three of four) of IS recipients with
similar titers. Nevertheless, these data indicate that at equiva-
lent titers, IgG provided levels protection similar to those as-
sociated with IS.

The ability of IS to protect mice after infection was also
tested. IS provided complete protection from lethal Ebola vi-
rus infection (survival of all of six IS recipients, versus none of
six NMS recipients) when given 1 day postinfection. In this
experiment, all IS recipients had posttransfer serum anti-Ebola
virus IgG titers of $6,400.

Ab-associated protection does not require complete sup-
pression of viral replication. Ab-mediated protection in this
model could be operating either by complete inhibition of viral
replication or by simply delaying the rate of viral growth. To
investigate these possibilities, we determined the relationship
between viral Ag titers and survival in IS recipients. Two of
nine IS recipients had high levels of viral Ags in serum (range,
640 to 2,560 [Fig. 4]) similar to those in all of nine NMS
recipients (range, 640 to 2,560) and died by day 7 postinfection.
These IS recipients also had lower anti-Ebola virus Ab titers
(1:400), consistent with earlier results (Fig. 2C). The surviving
seven IS recipients had undetectable serum Ag titers on day 4
postinfection. In three of these mice, the titers peaked on day
8 postinfection (mean titer, 3,680; range, 160 to 10,240) and
returned to undetectable levels by day 15 (Fig. 4), whereas the
remaining four survivors had no detectable viral Ag in serum at
any time point tested. The delayed peak of viral antigenemia
suggests that anti-Ebola virus Ab inhibits or retards viral
growth in at least a proportion (three of seven [43%]) of mice,
and the failure to detect viral Ag indicates complete neutral-
ization of the virus in the remaining four survivors.

FIG. 1. Subcutaneous infection with Ebola virus confers protection against lethal challenge in a mouse model. (A) Viral Ag levels in peripheral
tissues and serum of naive (E) and immune (F) BALB/c mice following i.p. challenge. Three mice from each group were sacrificed on days 2, 4,
and 6. Viral Ag levels measured by ELISA (see Materials and Methods) are shown for serum ( ), spleens (. . .), and livers (—). (B) Anti-Ebola
virus IgG titers measured by ELISA in naive (E) and immune (F) mice following i.p. challenge (n 5 3 per time point). Gray regions indicate the
limit of detection in the Ab and Ag ELISAs.
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Immunodeficient mice are protected against lethal Ebola
virus infection by IS transfer. The experiments above with
transfer of IS in immunocompetent mice suggested that non-
humoral adaptive immune responses may participate in pro-
tection against Ebola virus infection. We next investigated the
ability of IS alone to protect against lethal Ebola virus infection
by transferring IS to T- and B-cell-deficient (SCID) mice. All
SCID mice that received IS had high titers of anti-Ebola virus
IgG (1:400,000) 1 day after the transfer. All of five SCID mice
that received IS survived lethal challenge, whereas none of five
recipients of NMS survived (Fig. 5). None of the IS recipients
showed any sign of illness during the 21-day observation pe-
riod. Thus, IS alone had the ability to confer protection against
lethal Ebola virus infection in the absence of the adaptive host
immune system.

DISCUSSION

The mouse model of Ebola virus infection used in our ex-
periments has some features that resemble human infections
with Ebola virus. Mice infected s.c. clear the virus and generate
high titers of anti-Ebola virus IgG (Fig. 1), as do human sur-
vivors (1, 11). In contrast, the disease course in mice infected
i.p. resembles that in humans who die, who have high levels of
Ebola virus in the circulation and low levels or absence of
anti-Ebola IgG at the time of death (1). This dichotomy in the

outcome of Ebola virus infection is not seen in other animal
models. In guinea pigs and nonhuman primates, inoculation
with adapted or naturally lethal live virus results in death
irrespective of the route of infection (19). Thus, other animal
models do not allow the development of high Ab titers. These
advantages over other animal models and similarities with hu-
man cases encouraged us to use a mouse model to investigate
the role of Abs in protection against Ebola virus infection.

Intraperitoneal infection of mice with the mouse-adapted

FIG. 2. Protection of mice following passive transfer of IS corre-
lates with anti-Ebola virus IgG titers. Pooled IS from s.c.-infected mice
was irradiated, titered for anti-Ebola virus IgG (mean titer, 25,600),
and administered i.p. (1 ml/mouse) 1 day before an i.p. challenge with
a mouse-adapted Ebola virus (10 PFU/mouse). Irradiated NMS was
administered (1 ml/mouse i.p.) to age-matched mice as controls. Cir-
culating IgG titers estimated 1 day after serum transfer ranged from
100 to 6,400 in IS recipients. (A) Survival of mice that received NMS
(n 5 32; E) or IS (n 5 32; F) before challenge with mouse-adapted
Ebola virus. (B) Weight change in NMS (n 5 32; E) and IS (n 5 20;
F) recipients that survived Ebola virus challenge during the course of
infection. Each point represents the mean and standard error of the
calculated percent prechallenge (day 0) weight for each mouse. (C)
Survival of mice that received NMS (n 5 19; E) or IS resulting in IgG
titers of 1:100 to 1:400 (n 5 6; ■), 1:1,600 (n 5 4; F), or 1:6,400 (n 5
9; Œ).

FIG. 3. Transfer of purified IgG from IS protects mice from lethal
Ebola virus infection. Shown is the survival of mice that received NMS
(n 5 12; E) IS, with resulting titers of #1:100,000 (n 5 4; F) or
$1:200,000 (n 5 4; F), or purified IgG with titers of #1:100,000 (n 5
5; ) or $1:200,000 (n 5 3; Œ).
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Ebola virus resulted in a predictable and progressive rise in
viral Ag leading to death in 6 to 8 days. However, IS transfer
in mice before and 1 day after Ebola virus challenge protected
them from lethality. Our data are supported by a recent study
by Wilson et al. that demonstrated that a panel of MAbs that
recognized epitopes from Ebola virus GP1 and sGP provide
protection from lethal challenge with Ebola virus in mice at
levels similar to our experiments (23). However, in this study it
was not clear whether protection in recipients was mediated by
immediate neutralization of challenged virus or viral replica-
tion occurred initially and was followed by clearance.

Our study points to a complex role of Abs in protection
against Ebola virus. The protection observed is clearly medi-
ated by the IgG fraction of serum (Fig. 3). Our data also

demonstrate directly that there is complete clearance of virus
by day 15 postinfection (Fig. 4). The protective efficacy of Abs
appears to be titer dependent. Although there was significant
variability between the protective titer of different batches of
IS in our experiments, in general, serum transfer resulting in
titers of $6,400 provided at least partial protection, and post-
transfer titers of $400,000 resulted in complete protection,
even in the absence of adaptive host immunity.

Control of the virus in animals that receive IS could be
attained either by complete suppression of viral replication,
e.g., by binding and neutralization of the virus, or by a partial
inhibition of replication, allowing other immune mechanisms
to clear the virus. The observation that the peak of viral anti-
genemia occurs later in IS recipients that survive indicates that
Abs limit but do not completely block viral replication in a
proportion of animals, although all these mice cleared the virus
by day 15 postinfection. In the remaining survivors, however,
there was no detectable viral Ag at any of the sampling time
points. In these mice, viral replication appears to be completely
suppressed by the transferred IS. Thus, it appears that Abs can
induce protection by both means, complete neutralization and
inhibition of viral replication. It is possible that the mechanism
that dominates is determined by the Ab titer in the recipient.
Recipients with the highest titers can clear the virus even in the
absence of adaptive immunity and may neutralize virions early
in the course of infection, as demonstrated by the survival of
SCID mice, while those with lower (but protective) titers have
a delayed kinetics of viral growth allowing other factors, such
as adaptive immune responses, to clear the virus. Interestingly,
mice protected by passive immunotherapy, on exposure to the
virus, attained protection against subsequent lethal rechallenge
with Ebola virus (data not shown).

In the mouse model, high-titered homologous IS provides
significant protection against lethal infection with Ebola virus,
but the mechanisms underlying Ab-mediated protection, par-
ticularly the relationship between Ab-mediated immunity and
viral clearance by adaptive immune responses, need further
exploration. Our data suggest that the use of convalescent-
phase or immune serum as potential therapy for Ebola virus
infections warrants further investigation.
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