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Antibody therapy has been used to treat a variety of diseases and the success of ZMapp and other monoclonal antibody-based
therapies during the 2014-2016 West African Ebola outbreak has shown this countermeasure can be a successful therapy for Ebola
hemorrhagic fever. This study utilized transchromosomal bovines (TcB) vaccinated with a DNA plasmid encoding Ebola virus gly-
coprotein sequence to produce human polyclonal antibodies directed against Ebola virus glycoprotein. When administered 1 day
postinfection, these TcB polyclonal antibodies provided partial protection and resulted in a 50% survival rate following a lethal

challenge of Ebola virus Makona in rhesus macaques.
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The passive transfer of plasma collected from convalescent
patients who suffered Ebola hemorrhagic fever (EHF) has
been used as a therapy for EHF as far back as 1976 [1, 2]. The
2014-2016 Ebola virus outbreak in west Africa saw an expan-
sion of convalescent plasma treatments with clinical trials
occurring in Liberia, Sierra Leone, and Guinea, but little suc-
cess was measured in these studies [3-6]. Monoclonal antibody
(mADb) treatments have since come to the forefront in EHF
treatments following the experimental and clinical successes of
ZMab, ZMapp, and others [7-10]. Although mAb treatments
are promising, a potential downside is that escape mutants may
render them ineffective; whereas treatment with polyclonal anti-
bodies (pAbs) could greatly reduce the virus’s ability to mutate
and escape based on the sheer number of different epitopes the
virus would need to evade. The protective effects of pAbs from
filoviruses was illustrated previously when purified immuno-
globulin (IgG) isolated from Ebola or Marburg-infected rhesus
macaques provided full protection to newly infected animals
[11]. The study described here uses pAbs produced and isolated
from transchromosomal bovines (TcB) that were genetically
engineered to produce human heavy and kappa light-chain
immunoglobulin from a human artificial chromosome [12, 13].

Correspondence: C. Schmaljohn, PhD, Virology Division, US Army Medical Research Institute
of Infectious Diseases, 1425 Porter Street, Fort dDetrick, MD 21702 (connie.s.schmaljohn.civ@
mail.mil).

The Journal of Infectious Diseases® 2018;218(S5):S658—61

Published by Oxford University Press for the Infectious Diseases Society of America 2018.
This work is written by (a) US Government employee(s) and is in the public domain in the US.
DOI: 10.1093/infdis/jiy430

These TcB were vaccinated with a eukaryotic expression plas-
mid containing codon-optimized glycoprotein genes of Sudan
virus and Ebola virus (EBOV) to generate fully human pAb IgG
[14]. These pAbs were first tested in the BALB/c and IFNAR™/~
mouse models of EHF, where they showed a significant increase
in survival in both models with treatments occurring 1 day
postinfection [14]. In the study reported here, the efficacy of
the TcB-generated pAbs were assessed in the rhesus macaque
model of EHF with 2 different treatment schemes.

All infectious work was performed in the maximum con-
tainment laboratory at the Rocky Mountain Laboratories,
Division of Intramural Research, National Institute of Allergy
of Health,
Montana, applying standard operating protocols approved by

and Infectious Diseases, National Institutes
the Institutional Biosafety Committee. All animal work was
approved by the Institutional Animal Care and Use Committee
(IACUC) and was performed in strict accordance with the
Guide for the Care and Use of Laboratory Animals, Office
of Laboratory Animal Welfare, National Institutes of Health
and the Animal Welfare Act, United States Department of
Agriculture. The pAbs were purified and titered as described
previously [14]. TcB pAb treatments were designed according
to animal weights and previously established titers [14].
Clinical examinations were performed on days 0, 1, 3, 5, 7, 10,
14, 18, 24, and 31 and included blood sampling for virology and
clinical pathology. Hematological analysis was performed with
fresh ethylenediaminetetraacetic acid blood using a Procyte Dx
analyzer (IDEXX Laboratories) and serum biochemistries were
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analyzed on a Piccolo Xpress instrument (Abaxis). Changes in
hematology and the blood chemistries were evaluated as previ-
ously described [15]. Presence of viral RNA and infectious virus
titers were assessed as previously described [15]. Blood samples
from days 7, 17, 24, and 31 were titered in triplicate with 10-fold
serial dilutions on Vero cells using 50% tissue culture infective
dose (TCID,;) methodologies and the Reed-Muench formula
[15]. Animals were monitored and scored twice daily using
an IACUC-approved scoring methodology for signs of clini-
cal disease. Animals were euthanized when they reached their
clinical endpoint and a full necropsy with histopathology was
completed.

Ten Indian-origin rhesus macaques (Macaca mulatta, ages
2-4 years, weights 3-5 kg) were randomly divided into a
control group (n = 2) and 2 treatment groups (n = 4 each).
All animals received a lethal dose of 1000 plaque-forming
units (pfu) of EBOV Makona (Guinea C07, passage 1). The
2 treatment groups were administered pAb doses composed
of 20 000 neutralizing antibody units (NAU)/kg intravenously
on different days. NAU is defined as the amount of anti-
body required to neutralize 80% of vesicular stomatitis virus
pseudovirions [14].Group 1 received treatments on days 1, 4,
7, and 10 postinfection and group 2 received antibodies on
days 2, 5, 8, and 11 days postinfection (Table 1). Control ani-
mals received an equivalent amount of unrelated polyclonal
antibodies harvested and isolated from the cattle prior to vac-
cination. One control animal was treated on schedule with
group 1 and reached the humane endpoint 9 days postchal-
lenge (Figure 1A). The second control animal was treated on
schedule with group 2 and was euthanized on day 7 postchal-
lenge (Figure 1A).

None of the animals from group 2 survived, with 2 animals
reaching humane endpoint at day 7, 1 at day 10, and 1 at day 19
postchallenge (Figure 1A). In comparison, 2 animals in group
1 survived EHF; the remaining 2 animals reached the humane
endpoint on days 7 and 9 postinfection (Figure 1A).

Viral RNA was detected in all animals beginning on day 5
postinfection and peaked at day 7 when the first animals required
euthanasia (Figure 1B). Viral RNA levels were decreased on day
10 in the remaining surviving animals in group 1 and RNA was
no longer detectable in either survivor by day 24 postchallenge.

The animal in group 2 that survived to day 19 had steady lev-
els of viral RNA on days 10, 14, and 17 before succumbing on
day 19 (data not shown). Infectious titers measured on day 7
revealed that all animals had similar levels of viremia except 1,
which was 1 of 2 surviving animals from group 1 (Figure 1C).
While this animal had detectable levels of viral RNA on day 7, it
was approximately a log less than the second survivor and infec-
tious virus was not recovered from the blood. The discrepancy
between detectable RNA but lack of infectious virus is likely due
to the lower level of virus in this animal as determined by poly-
merase chain reaction (PCR) and the presence of neutralizing
pAbs in the blood. Samples taken on day 17 revealed that both
surviving animals from group 1 were no longer viremic but the
remaining animal from group 2 maintained a level of viremia
greater than 10* TCID, /mL of blood.

Corresponding to the decreasing viremia, blood chem-
istries measured in both surviving animals from group 1
revealed mild elevation in liver enzymes that occurred later
in the disease course (Figure 1D). Total protein and albu-
min were mildly decreased in all animals at day 3 with more
severe decreases in animals that ultimately succumbed. Liver
enzymes began returning to baseline levels on day 10 in the
2 surviving animals and by day 14 aspartate transaminase,
alanine transaminase, albumin, y-glutamyl transferase, and
blood urea nitrogen levels had all nearly recovered to pre-
infection levels (Figure 1D and Supplementary Figure 1).
Several pAb treated animals exhibited a delay in most param-
eters measured as compared to the controls but ultimately
succumbed to disease. Hematologically, thrombocytopenia
was noted among all the animals (Supplementary Figure 1).
Similar to the liver enzymes in the 2 surviving animals, the
thrombocytopenia improved by day 10 and fully recovered by
day 14 (Supplementary Figure 1).

Animals that were euthanized for clinical disease showed
typical gross and histopathological lesions of EHE, including
hepatic and splenic necrosis, fibrin thrombi within the liver
and spleen, and multifocal lymphocytolysis in lymph nodes
(Supplementary Table 1). Of note, the prolonged survivor in
the second treatment group had orchitis and epididymitis and
immunohistochemistry positivity within the testicle, retinal
epithelium, and sclera (data not shown).

Table1. Dosage Groups and Study Design of the 2 Experimental Groups to Treat Ebola Hemorrhagic Fever in Adult Rhesus Macaques
No. of Animals Treatment Schedule, Days Dosing (NAU/kg) Survival/Total
Group 1 1 Nonspecific TcB pAb 1,4,710 Equal volume 0N
4 Anti-EBOV TcB pAb 1,4,710 20000 2/4
Group 2 1 Nonspecific TcB pAb 2,5,8,11 Equal volume 0/1
4 Anti-EBOV TcB pAb 2,5,8,11 20000 0/4

All animals were challenged with a previously determined lethal dose of 1000 pfu Ebola virus (strain Makona) via intramuscular injection. Treatments began on day 1 (group 1) or day 2 (group
2) and continued every 3 days until 4 treatments had been administered. Animals were examined daily for clinical signs of disease, and samples were taken for hematology, blood chemistry,
and virology analyses at different time points throughout the study beginning on day of virus challenge and ending on day 31 postinfection.

Abbreviations: EBOV, Ebola virus; NAU, neutralizing antibody unit; pfu, plague-forming unit; TcB pAb, transchromosomal bovine polyclonal antibody.
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macaques. Ten rhesus macaques were infected with a lethal dose of EBOV Makon
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The effect of postinfection administration of transchromosomal bovine polyclonal antibodies (TcB pAbs) upon survival in Ebola virus (EBOV)-infected rhesus

a (1000 pfu). One group of 4 animals received treatments on days 1, 4, 7, and 10 postin-

fection (group 1). A second group of 4 animals received the same treatments of TcB pAbs on days 2, 5, 8, and 11 (group 2). Two animals were used as controls and received

nonspecific TcB pAbs on schedule group 1 or group 2. A, Survival of animals in grou
chain reaction from blood samples taken on days 0, 1, 3,5, 7, 9, 10, 14, 17, 24, and
indicates an individual animal within the treatment group. C, Blood samples from a
mL]) on day 7 and from surviving animals on days 17 and 24 postinfection. [, Select
postinfection. The color of each line denotes the treatment group, the style of the li
transaminase; AST, aspartate transaminase; GGT, y-glutamyl transferase.

ps 1 and 2, and controls postinfection. B, Viral RNA detected by quantitative polymerase
31 postinfection. The color of each line denotes the treatment group, the style of the line
II'animals analyzed for infectious EBOV titers (50% tissue culture infective dose [TCID,/
blood chemistries from blood samples taken on days 0, 1, 3,5, 7,9, 10, 14, 17, 24, and 31
ne indicates an individual animal within the treatment group. Abbreviations: ALT, alanine

Although the treatment regimen did not improve the out-
come in the second group, the pAbs increased survival from
0% to 50% in the first treatment group, despite a high level
of viremia and clinical signs of disease. Disease and viremia
resolved quickly following the third treatment (day 7) of
pAbs in the surviving animals, with blood parameters return-
ing to baseline within a few days. These results, coupled with
those from a similar study that resulted in complete protec-
tion from EHF in rhesus macaques when treated with puri-
fied pAbs [11], suggest that modifications of the treatment
scheme to adjust timing, number of doses, or increasing the
amount of pAbs administered could make this a viable ther-
apeutic for EHF.

Antibody therapy through passive transfer of pAbs in serum
or produced and purified mAbs have successfully been used to
treat several different viral diseases both experimentally and
clinically. The list of recent experimental successes includes
the Middle East respiratory syndrome and Zika viruses; while
human cytomegalovirus, influenza, respiratory syncytial virus,
rabies, and Ebola viruses all have antibody therapies in clinical
trials [16]. Treatment of EHF with either convalescent plasma
or monoclonal antibodies has shown promise both experimen-
tally and clinically but problems persist. Production of conva-
lescent plasma is dependent upon the presence and willingness
of an EHF survivor to provide plasma. Antibody therapy as a
viable option for the treatment of EHF has been proven by the
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recent successes of ZMAb and then ZMapp. Both ZMAD and
ZMapp are a purified and defined cocktail of 3 EBOV-specific
mADbs that were selected on the basis of protection in small ani-
mal models. This is in stark contrast to the relatively undefined
TcB-generated pAbs used in this study. The nature of the mAb
cocktails are advantageous as a defined dose can be adminis-
tered to a patient. However, there are concerns with mAbD ther-
apies as well as they are currently limited by production means
and the potential of generating escape mutants could eliminate
its effectiveness. TcB-generated pAbs have several advantages
over convalescent plasma or monoclonal therapies. Large
quantities can be produced relatively easily and pAbs would
contain several nonneutralizing and neutralizing antibodies
that greatly reduce the potential for escape mutants. The upside
of the TcB pAbs and the promising results established in the
first treatment group in these studies merits additional studies
to further characterize and optimize this potentially lifesaving
treatment of EHE
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