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E

bola virus is one of the most virulent human pathogens, and
infection with the Zaire ebolavirus (EBOV) species results in
up to 90% mortality (1). Ebola outbreaks are mostly concentrated
in remote areas of sub-Saharan Africa (2), but evidence of prior
Ebola infection of swine in the Philippines (3), the presence of
Ebola virus antibodies among orangutans in Indonesia (4) and
bats in China (5), and the existence of an Ebola virus-like filovirus
among European insectivorous bats (6) indicates that Ebola virus
may be more widespread than previously thought. Since pigs have
been established as a new intermediate host for Ebola (3), with
effective transmission to nonhuman primates (NHPs) (7), there is
the potential for Ebola to overwhelm larger populations should
the virus be introduced in more-populous areas. Therefore, preventative and therapeutic strategies need to be developed to protect the population at large.
While several prophylactic vaccine candidates against EBOV
have shown preclinical promise in NHPs (8), the options for postexposure intervention are limited. A major reason is that EBOV
typically kills its host within 6 to 10 days after the onset of symptoms (8), thereby providing a very small window for intervention
before death from multiple organ failure. A recent promising
treatment is a combination of three Ebola virus glycoprotein-specific murine monoclonal antibodies (MAbs), 1H3, 2G4, and 4G7,
that protects 100% and 50% of NHPs when administered 24 and
48 h, respectively, after lethal EBOV infection (9–11). Another
combination of chimeric humanized MAbs produced in plants
was also able to save lethally infected NHPs, with 2 of 3 infected
animals surviving when the MAbs were administered either 24 or
48 h after EBOV challenge (12). These findings constitute a substantial improvement in the length of the therapeutic window
over previous postexposure strategies, which required administration within 60 min of exposure to EBOV in order to result in at
least partial survival of NHPs. Ideally, an optimized treatment
would be capable of saving infected individuals even when given
hours before death.
DEF201 is a replication-defective recombinant human adenovirus of serotype 5 (AdHu5) expressing consensus human alpha
interferon (IFN-␣) (13). It was previously investigated as a broadspectrum antiviral and shown to be effective against several viral
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pathogens (14–18). While IFN-␣ treatment has been associated
with various amounts of toxicity in the past, these adverse effects
are mostly due to the short half-life of the protein, thereby necessitating extremely high doses in order to have a biologically relevant impact. Adenovirus-vectored administration of the IFN-␣
gene allows for steady delivery of the protein, which avoids the
bolus dose effect of recombinant IFN-␣. Safety and toxicity studies on DEF201 in rodents indicate tolerability meeting regulatory
requirements. Furthermore, combination studies to increase the
effectiveness of an adenovirus-based EBOV vaccine showed that
DEF201 was superior to all other interventions tested in improving survival, due to its ability to enhance the EBOV-specific adaptive immune response, hamper EBOV replication, and produce
high levels of IFN-␣ for days in a cost-effective manner (19). Combining a broad-spectrum intervention with an EBOV-specific
therapy may extend the treatment window while enhancing survival beyond the current limits. The main goal of this study was to
evaluate the combination of MAbs (9–11) with DEF201 against
EBOV in guinea pigs and establish a number of relevant parameters, such as the optimal dosage and timing of treatments, in order
to develop a similarly effective therapy for NHPs and humans.
The two treatments were first tested separately to generate the
baseline levels of protection. After lethal intraperitoneal (i.p.)
challenge with 1,000 times the 50% lethal dose (LD50) of guinea
pig-adapted Zaire ebolavirus (GA-ZEBOV), strain Mayinga (20),
guinea pigs were treated either intramuscularly (i.m.) with 2 ⫻ 108
PFU DEF201 per animal 1 day postinfection (d.p.i.) or i.p. with
equal amounts of 1H3, 2G4, and 4G7 MAbs totaling 10 mg per
animal 3 d.p.i. (Table 1). The phosphate-buffered saline (PBS)treated controls suffered rapid weight loss and decreased activity,
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Monoclonal antibodies (MAbs) are currently a promising treatment strategy against Ebola virus infection. This study combined
MAbs with an adenovirus-vectored interferon (DEF201) to evaluate the efficacy in guinea pigs and extend the treatment window
obtained with MAbs alone. Initiating the combination therapy at 3 days postinfection (d.p.i.) provided 100% survival, a significant improvement over survival with either treatment alone. The administration of DEF201 within 2 d.p.i. permits later MAb
use, with protective efficacy observed up to 8 d.p.i.

Enhanced Ebola Protection with DEF201 and Antibodies

TABLE 1 Increased survival and extended postexposure treatment window in guinea pigs
Time of treatment
(d.p.i.) with:

No. of survivors/
total no. in groupc

P valued

Avg wt
loss (%)e

3
3
4

7.17 ⫾ 0.75 (6)
9.75 ⫾ 0.96 (4)
10.33 ⫾ 1.03 (6)
11.50 ⫾ 3.70 (4)
NA
14.33 ⫾ 2.08 (3)

0/6
2/6
0/6
2/6
6/6
3/6

NAf
8.00E⫺04
8.00E⫺04
8.00E⫺04
8.00E⫺04
8.00E⫺04

18
8
25
⬍5
⬍5
10

6
4
5
6
7
8

7.33 ⫾ 0.82 (6)
7.50 ⫾ 0.84 (6)
NA
NA
NA
NA
14 (1)

0/6
0/6
6/6
6/6
6/6
6/6
5/6

NA
7.37E⫺01
1.00E⫺03
1.00E⫺03
1.00E⫺03
1.00E⫺03
1.00E⫺03

16
22
⬍5
⬍5
8
16
21

2
2
2
2

4
5
6

7.33 ⫾ 1.21 (6)
10.17 ⫾ 0.75 (6)
NA
NA
10.25 ⫾ 1.71 (4)

0/6
0/6
6/6
6/6
2/6

NA
1.30E⫺03
6.00E⫺04
6.00E⫺04
2.90E⫺03

15
30
⬍5
7
23

3
2
1
1
1
1

3
3
3
3
4
5
6

7.50 ⫾ 0.55 (6)
9.17 ⫾ 2.14 (6)
11.60 ⫾ 2.19 (5)
8 (1)
NA
NA
NA
14 (1)

0/6
0/6
1/6
5/6
6/6
6/6
6/6
5/6

NA
5.53E⫺02
9.00E⫺04
3.40E⫺03
9.00E⫺04
9.00E⫺04
9.00E⫺04
9.00E⫺04

16
31
21
5
⬍5
⬍5
⬍5
9

Treatment (amt in mg)

1

PBS
MAbs only (10)
DEF201 only
AdHu5-lacZ⫹MAbs (10)
DEF201⫹MAbs (10)
DEF201⫹MAbs (10)

1
3
3
4

PBS
AdHu5-lacZ⫹MAbs (10)
DEF201⫹MAbs (10)
DEF201⫹MAbs (10)
DEF201⫹MAbs (10)
DEF201⫹MAbs (10)
DEF201⫹MAbs (10)

1
1
1
1
1
1

PBS
DEF201 only
DEF201⫹MAbs (10)
DEF201⫹MAbs (10)
DEF201⫹MAbs (10)

2

3

4

PBS
MAbs only (5)
DEF201⫹MAbs (5)
DEF201⫹MAbs (5)
DEF201⫹MAbs (5)
DEF201⫹MAbs (5)
DEF201⫹MAbs (5)
DEF201⫹MAbs (5)

MAbsb
3

Guinea pigs were treated intramuscularly with DEF201 or AdHu5-lacZ (2 ⫻ 108 PFU) at the indicated number of days postinfection (d.p.i.) with 1,000⫻ LD50 of GA-ZEBOV.
Guinea pigs were treated intraperitoneally with 5 or 10 mg total MAbs at the indicated d.p.i.
c
Survival rates on day 28 after challenge.
d
The log-rank (Mantel-Cox) test was used to calculate the P values. All treatment groups were compared to the corresponding PBS control group.
e
Average of the maximum weight loss from the original weights on the challenge date.
f
NA, not applicable.
a
b

resulting in uniform lethality between 6 and 9 d.p.i. While the
mean time to death was significantly extended by DEF201 alone, it
failed to provide survival to the animals. MAbs were partially protective, with 33% of animals surviving infection, which was lower
than the rate in previously published data (11), possibly due to the
use of a different MAb preparation for these studies or to the
inherent genetic variation among outbred Hartley guinea pigs.
The difference between the two studies (33% and 67%) is not

statistically significant (P value ⫽ 2.01E⫺01). The results suggest
that each strategy interferes with EBOV-induced mortality but is
insufficient for complete survival under these conditions. The
protective effects of these two strategies were then evaluated in
combination. Guinea pigs were given DEF201 and 10 mg of MAbs
per animal as separate injections either 3 or 4 d.p.i., resulting in
significantly improved survival, to 100% and 50%, respectively
(Tables 1 and 2). Replacing DEF201 with AdHu5 expressing lacZ

TABLE 2 Statistical comparison of DEF201 and AdHu5-lacZ treatments
Time of treatment
(d.p.i.)
DEF201a

MAbsb

Test treatment (amt in mg)

DEF201a

MAbsb

P valuec

MAbs only (10)
MAbs only (10)
AdHu5-lacZ⫹MAbs (10)

3

3
3
3

AdHu5-lacZ⫹MAbs (10)
DEF201⫹MAbs (10)
DEF201⫹MAbs (10)

3
3
3

3
3
3

8.36E⫺01
1.79E⫺02
1.85E⫺02

AdHu5-lacZ⫹MAbs (10)

1

6

DEF201⫹MAbs (10)

1

6

4.00E⫺04

Expt

Reference treatment (amt in mg)

1

2

Time of treatment
(d.p.i.)

Guinea pigs were treated intramuscularly with DEF201 or AdHu5-lacZ (2 ⫻ 108 PFU) at the indicated number of days postinfection (d.p.i.) with 1,000⫻ LD50 of GA-ZEBOV.
b
Guinea pigs were treated intraperitoneally with 10 mg total MAbs at the indicated d.p.i.
c
The log-rank (Mantel-Cox) test was used to calculate the P values.
a
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Mean time to death ⫾ SD
(no. of animals that died)

DEF201a

Expt

Qiu et al.

(AdHu5-lacZ) failed to significantly improve the MAb-based protection, highlighting the added specific contribution of IFN-␣ to
survival as opposed to an unspecific effect from an innate immune
response triggered by the AdHu5 vector (Tables 1 and 2).
Earlier administration of DEF201 allows for significant delays
in the timing of MAb treatment. Animals were given DEF201 either 1 or 2 d.p.i., followed by a single treatment of 10 mg of MAbs
per animal at up to 8 d.p.i. (Table 1). Complete survival was observed for animals given MAbs within 7 and 5 d.p.i. if DEF201 was
administered 1 and 2 d.p.i., respectively. Dose sparing of MAbs
was also protective, with complete survival observed when guinea
pigs were given equal amounts of 1H3, 2G4, and 4G7 MAbs totaling 5 mg per animal within 5 d.p.i. after DEF201 administration at
1 d.p.i. As expected, early AdHu5-lacZ administration in place of
DEF201 did not significantly extend the treatment window (Tables 1 and 2).
EBOV was detected by real-time reverse transcription (RT)-

PCR of the blood of infected animals in selected treatment groups
at 0, 3, 7, 14, and 22 d.p.i., in addition to terminal bleed samples on
moribund animals (Fig. 1), and the level of viremia was found to
correlate with survival (Table 3). PBS and IgG controls demonstrated peak average viremia levels of ⬃1011 genome equivalents
(GEQ)/ml of blood 6 d.p.i. Single DEF201 and 10-mg-MAb treatments were both able to delay and suppress viremia, with a 0.5and a 3.5-log decrease, respectively, at 7 d.p.i. and peak average
viremia reaching ⬃1010 and ⬃109 GEQ/ml, respectively. Combined DEF201 and MAb treatment at 3 d.p.i. strongly suppressed
viral replication, as measured by a 4.5-log decrease in viremia at 7
d.p.i. and peak average viremia reaching ⬃106 GEQ/ml. Surviving
animals recovered fully from the disease, with undetectable
viremia by 22 d.p.i. It is notable that the single-MAb-treatment
group of 4 animals yielded 3 survivors, which is higher than previously described; however, this difference was not found to be
statistically significant (P value ⫽ 3.48E⫺01).

TABLE 3 Survival of guinea pigs tested for viremia levels
Time of treatment
(d.p.i.)
Treatment (amt in mg)
PBS
Normal mouse IgG control
DEF201 only
MAbs only (10)
DEF201⫹MAbs (10)
DEF201⫹MAbs (10)

DEF201a

MAbsb
3

1
3
4

3
3
4

Mean time to death ⫾ SD
(no. of animals that died)

No. of survivors/total
no. in groupc

P valued

Avg wt
loss (%)e

7.75 ⫾ 0.96 (4)
7.00 ⫾ 0.00 (4)
11.00 ⫾ 1.00 (3)
8 (1)
NA
9.00 ⫾ 1.15 (4)

0/4
0/4
1/4
3/4
4/4
0/4

NAf
1.27E⫺01
6.20E⫺03
3.46E⫺02
6.20E⫺03
1.04E⫺01

13
18
16
⬍5
⬍5
22

Guinea pigs were treated intramuscularly with DEF201 or AdHu5-lacZ (2 ⫻ 108 PFU) at the indicated number of days postinfection (d.p.i.) with 1,000⫻ LD50 of GA-ZEBOV.
Guinea pigs were treated intraperitoneally with 5 or 10 mg total MAbs at the indicated d.p.i.
c
Survival rates on day 28 after challenge.
d
The log-rank (Mantel-Cox) test was used to calculate the P values. All treatment groups were compared to the corresponding PBS control group.
e
Average of the maximum weight loss from the original weights on the challenge date.
f
NA, not applicable.
a
b

7756

jvi.asm.org

Journal of Virology

Downloaded from http://jvi.asm.org/ on May 19, 2019 by guest

FIG 1 EBOV viremia at various times postchallenge as measured by quantitative RT-PCR. Average viremia levels for guinea pigs from various treatment groups,
summarized in Table 3, at different time points after Ebola virus infection are shown. The dotted line represents the limit of detection (1,750 GEQ/ml of blood).
Error bars are omitted for figure clarity. Averages were calculated from log-transformed data.
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The general symptoms of early EBOV infection resemble those
of more-common pathogenic diseases, such as malaria, cholera,
typhoid, or even other African hemorrhagic fevers, including
Marburg, Rift Valley fever, and Crimean-Congo hemorrhagic fever (21), making differential diagnosis difficult. By the time positive cases are confirmed via quantitative RT-PCR (qRT-PCR) or
serology (22, 23), it is already too late to intervene with previously
described experimental treatment options, with the exception of
MAbs. The results reported here demonstrate for the first time
complete protection against lethal EBOV infection when treatment is initiated as late as 3 d.p.i. in guinea pigs, when EBOV was
detectable by qRT-PCR. Interestingly, rapid administration of
DEF201 resulted in complete survival provided that specific MAbs
were administered within 7 d.p.i., with partial survival observed
for treatment at 8 d.p.i. Since DEF201 may be cost effective to use
as a broad-spectrum antiviral, this treatment protocol could offer
an additional tool to successfully manage suspected infections due
to a presumed accidental exposure in a laboratory or treatment
center, as well as close contacts of confirmed cases in outbreak
situations. Confirmed EBOV infection could then be treated with
specific MAbs at later time points, presumably as late as 2 days
preceding death. This combination therapy holds promise for the
treatment of EBOV infection in NHPs and humans and can likely
be adapted against other filoviruses.

