Chapter 2
Viral-Vectored Vaccines to Control
Pathogenic Filoviruses

Chad E. Mire and Thomas W. Geisbert

Abstract For more than 35 years the filoviruses, Marburg virus and Ebola virus,
have caused sporadic outbreaks of hemorrhagic fever that result in severe and often
fatal disease in humans and nonhuman primates. Pathogenic Marburg and Ebola
viruses are endemic in resource-poor regions in Central Africa and are also of
concern as they have the potential for deliberate misuse. Although no vaccines or
antiviral drugs for filoviruses are currently available for human use, remarkable
progress has been made in developing candidate preventive vaccines against
Marburg and Ebola viruses in nonhuman primate models. Most of these vaccines
are based on viral vectors including recombinant adenoviruses, alphaviruses, para-
myxoviruses, and rhabdoviruses. Because of the remote geographic locations of
most filovirus outbreaks, a single-injection vaccine is an important goal in vaccine
development. Among the prospective viral-vectored vaccines that have demon-
strated efficacy in nonhuman primate models of filoviral hemorrhagic fever, two
candidates, one based on a replication-defective adenovirus serotype 5 and the other
on a recombinant vesicular stomatitis virus (rVSV), were shown to confer complete
protection to nonhuman primates when administered as a single injection. Notably,
the rVSV-based vaccines have also shown utility when used as postexposure
treatments for filovirus infections.

2.1 Introduction

Marburg virus (MARV) and Ebola virus (EBOV), the causative agents of Marburg
and Ebola hemorrhagic fever (HF), comprise the family Filoviridae (Feldmann
et al. 2013). The taxonomy of filoviruses has become complicated and controver-
sial. For the purposes of this chapter, the most commonly used terms in the
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published literature will be used to best ensure clarity. The MARV genus contains
two lineages: one represented by a number of strains including Angola, Ci67, and
Popp and a second lineage represented by the Ravn strain. The EBOV genus is
comprised of five distinct species: (1) Sudan ebolavirus (SEBOV), (2) Zaire
ebolavirus (ZEBOV), (3) Ivory Coast ebolavirus (ICEBOV) (also referred to as
Cote d’'Ivoire ebolavirus or Tai Forest ebolavirus), (4) Bundibugyo ebolavirus
(BEBOYV), and (5) Reston ebolavirus (REBOV) (Feldmann et al. 2013). MARYV,
ZEBOV, SEBOV, and BEBOV are important human pathogens with case fatality
rates frequently ranging up to 90 % for MARYV and ZEBOV, around 50-55 % for
SEBOV, and 40-48 % for BEBOV [reviewed in Feldmann et al. (2013)]. ICEBOV
caused mortality in chimpanzees and a severe nonlethal human infection in a single
case in the Republic of Cote d’Ivoire in 1994 (Le Guenno et al. 1995). REBOV is
highly lethal for cynomolgus macaques but has not been associated with disease in
humans (Feldmann et al. 2013). An outbreak of REBOV was reported in 2008 in
pigs in the Philippines; however, it is unclear whether the disease observed in the
pigs was caused by REBOV or other agents shown to be coinfecting the animals,
especially porcine reproductive and respiratory syndrome virus (Barrette
et al. 2009).

Filoviruses are filamentous enveloped non-segmented negative-sense RNA
viruses with genomes approximately 19 kb in length. These viruses encode seven
gene products: the nucleoprotein (NP), virion protein (VP)35, VP40, glycoprotein
(GP), VP30, VP24, and polymerase (L). In addition, the EBOV species express two
additional nonstructural proteins from the GP gene referred to as soluble (s)GP and
small soluble (ss)GP [reviewed in Feldmann et al. (2013)].

Currently, there are no FDA-approved vaccines or postexposure treatments
available for preventing or managing EBOV or MARYV infections; however, there
are at least seven different vaccine systems that have shown promise in completely
protecting nonhuman primates (NHPs) against EBOV and four of these have also
been shown to protect macaques against MARV infection (Hevey et al. 1998;
Sullivan et al. 2000, 2003, 2006, 2011; Jones et al. 2005; Daddario-DiCaprio
et al. 2006a; Bukreyev et al. 2007; Warfield et al. 2007; Geisbert et al. 2008a,
2009, 2010a, 2011; Swenson et al. 2008a, b; Qiu et al. 2009; Pratt et al. 2010;
Hensley et al. 2010, 2013; Falzarano et al. 2011; Blaney et al. 2013; Marzi
et al. 2013; Richardson et al. 2013; Mire et al. 2013). A preventive vaccine would
be important for several populations: (1) the general population during filovirus
outbreaks in endemic areas in sub-Saharan Africa or related to imported cases of
filovirus infection in humans or NHPs, (2) healthcare workers and family members
involved in patient care and management in endemic regions, (3) personnel
involved in outbreak response missions, (4) laboratory workers conducting research
on filoviruses, and (5) military and other service personnel susceptible to the use of
filoviruses as biological weapons.

The requirements for a filovirus vaccine may vary based on the diversity of the
affected populations. While multidose vaccine regimens would be feasible for
laboratory and healthcare workers and some military personnel in stable settings
with defined risk, an outbreak setting or a case of deliberate release would require
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rapidly conferred protection with a single administration. The durability of protec-
tion required by each group may also vary. Laboratory or healthcare workers and
military personnel rotating through high-risk situations for fixed periods may not
require an extended duration of protection, perhaps as short as a year, while long-
term protective efficacy is desirable for those with more chronic exposure. The
ideal vaccine meeting all needs would confer long-term protection with little or no
filovirus viremia against SEBOV, ZEBOV, BEBOV, and the diverse strains of
MARYV with a single inoculation.

2.2 Animal Models

Guinea pigs, mice, and hamsters have been used as animal models of filoviral HF
(Bechtelsheimer et al. 1971; Zlotnik 1971; Ryabchikova et al. 1996; Bray
et al. 1998, 2001; Connolly et al. 1999; Geisbert et al. 2002; Warfield et al. 2009;
Ebihara et al. 2013). However, filovirus isolates derived from humans or NHPs do
not typically produce severe disease in rodents upon initial exposure. Lethal
infection requires serial adaptation with up eight or more passes in rodents in
some cases. Guinea pigs and mice have served well as early screens for evaluating
antiviral drugs and candidate vaccines, with genetically engineered mice providing
a platform for dissecting out specific host-pathogen interactions. However, the
disease pathogenesis seen in rodent models is far less faithful in portraying the
human condition than disease observed in NHPs (Bray et al. 2001; Geisbert
et al. 2002). Some examples include the following: the coagulation disorders that
are hallmark features of disease in filovirus-infected humans and NHPs are not
present in filovirus-infected mice or guinea pigs (Bray et al. 2001; Geisbert
et al. 2002), and while the bystander death of large numbers of uninfected lympho-
cytes due to apoptosis has been reported in filovirus-infected humans (Baize
et al. 1999), NHPs (Geisbert et al. 2000), and mice (Bradfute et al. 2007), the
morphology and process of lymphocyte apoptosis in primates and mice are not
similar (Bradfute et al. 2007). A recently described hamster model of ZEBOV
infection showed more similarity with primate disease than mice or guinea pigs
(Ebihara et al. 2013), and further studies need to be conducted to fully assess the
utility of this model. As data derived from studies using rodents may not correlate
with human disease and as it is uncertain whether studies performed in rodents
would be suitable for supporting applications for licensure of filovirus vaccines, this
review focuses on vaccine studies performed in NHPs.

2.3 Viral-Vectored Vaccines

Recent efforts to develop vaccines for the filoviral HFs have focused on the use of
various recombinant vectors expressing filovirus proteins to induce protective
immunity (Tables 2.1, 2.2, 2.3, 2.4, 2.5 and 2.6). The delivery systems used for



C.E. Mire and T.W. Geisbert

36

(89000) T8 19

oude)Iq-oLeppe( €/0 €/0 €/¢|  ploSuy | snSjowouk) I 01 (osnA) 4O ASA
(89000) 'T& 10
oude)i-oueppe( €/0 €/0 €/¢ LUARY | snSjowouk) I 01 (oosnN) dD ASA
(89007) T& 12
oude)iq-oLeppe 1/0 1/0 /1| . Pdosnpy | snSjowouk) I ,01 (oosny) dD ASA
(S00T) 'Te 10 sauof /0 /0 vy | PMosny | snSjowouk) I ,01 (oosny) dD ASA
(88000) 'Te 1° (uaey]) 40+ (L91D)
UOSUIMS S/t AN /S| MosnA | snSowouk) 4 00T | dO+(S) dD+(Z) AN+(2Z) dD SPY
(B0T100) Te 10
119gsten /0 /0 v/y|  yEl0Suy | snSjowouk) I 1101 (e1o3uy) 4o SPY
1500q
I 101 Py
(B0100) Te 10 ownid
1aqsten /T /0 v/v|  posuy | snsjowouk) € Sury 0q 10§ (e[03UY) O YNA
uoordax
(€00¢) wonspun'y ¢/c AN €/0 LUARY | snS[ouwoul) € ,01 (SOSNIAD) N + (SOSNIAD) dD ATHA
uoorjdax
(£00¢) wonspuny €€ AN €/0 LUARY | snSjowouk) € 01 (oosnN) dD AHEAA
uoordar
(8661) 'Te 10 KardH €/e €€ €/c|  MosnA | snSjowouk) € ,01 (oosnN) dN AHHA
uoorjdax
(8661) Te 10 KoaoH €/0 €/0 €/€| OSNA | snS[owouk) € ,01 (oxfosnpA)) AN + (S)OsnA) 4O ATAA
uoorjdax
(8661) 'Te 10 KoasH €/0 €/0 €/€| oSN | snS[owouk) ¢ ,01 (ejosnIAD) dD ATAA
SQOUAIAJY ®eloL eoL [e101 urens | soroads JHN Sasop Asop (urens) jonpoid suan WoISAS
\wmo..:: \OMEQHT/ \m.HONL\Cﬂm 0%-.5:&:0 Jo 'ON QUIdJB A

(dHN) sorewrid uBWNYUOU UT SSUIIORA SNITA SINQIBIAl SANUIAJL] T°T d[qel



37

2 Viral-Vectored Vaccines to Control Pathogenic Filoviruses

[0S01Y

Ie[nosnuenuy,
SN14 P]OQF] 41D7 7 ‘SNIIA SUIIEWO0)S TB[NOISIA
ASA ‘snaia snifeydoous auinba ue[onzousp\ AFFA ‘Sniia pjogyg uvpng § ‘payiodar Jou yp ‘urjordosronu gy ‘ureoidook|3 go ‘g adAjores sniaouspe gpy

(SYosnA-]A)
(6007) ‘Te 12 112gs10D €/0 €/0 ¢/¢| ,eYosny | snIjowouk) 01 dD+(S) dO+(Z) dD ASA
(e8007) ‘Te 10
113qs1on €/0 €/0 vy | Mosny | snSowouk) ,01 (osnA) dO ASA




C.E. Mire and T.W. Geisbert

38

(0100) &9
neid ‘(88007 T8 19

(uARY-IN) IO + (L9

UoSuUIMG s/o AN S/s IeZ | sngjowouk) T 00T | dD+(S) dD+(Z) dN+(Z) dD Spv
(9007) 'Te 10 ueAI[nS €/ €/ €/T PIeZ | sngjowoul) I 0101 () AN+A1L4 (Z) dD Spy
(9007) 'Te 10 ueAl[ng /0 €/0 ¢/¢ LPIeZ | sngjowoul) ! 0101 diLda(s) do+daiLd (z) do SpPv

(2) AN+
(9007) ‘T 12 ueAT[INg €/t €/c €/ PIeZ | sngjowouk) I 0101 diLd (S) do+aiLd (z) do Spy
(9007) 'Te 10 ueAl[nS €/t €/t /1 LPIeZ | sngjowous) I 101 (2) dAN+(Z) WLVdD Spv
(9007) 'Te 12 ueAInS /1 /1 €/t LIIe7 | sngjowouk) I 2101 (2) dN+(Z) WLVdD SpPv
(1102) 'Te 12 12qs1eD 1/0 1/0 /1 LIeZ | sngjowoulk) T 0101 ($) dD+(2) dD PV
(9000) Te 12 uBAI[[NG /e €/€ €/0 LIIe7 | sngjowouk) ! 01 (2) AN+ (Z) dD Spv
(9007) 'Te 10 UeAI[nS 9/0 9/0 9/9 IeZ | sngjowoul) I 0101 (Z) AN+(Z) dD Py
(1107) 'Te 10 ueAlng €/0 €/0 €/¢ PIeZ | sngjowous) 4 101 (2) AN+(Z) dD SPY
(9007) 'Te 10 ueAInS €/0 €/0 ¢/¢ LPIeZ | snS[owous) I 101 (2) AN+(Z) dD SpPv
(9000) 'Te 12 ueAI[NS /0 /0 1744 Llez | snSjowouk) I 2101 (2) AN+(Z) dD PV
(€007) 'Te 10 uvAINS /0 /0 iy LQIrez | sngjowouk) T 2101 (2) AN+ (Z) dD PV
(£007) 'Te 12 ueAT[ING /0 /0 144 IeZ | sngjowoul) I 2101 (Z) AN+(Z) dD Spy
1800q
I 101 (2) d5 SpPY
oud
(0107) Te 10 Aojsuoy ! ! v/¥ | ,0A8nqipung | snjowouk) 14 Sw (9)dD+(Z2)dD| VNA
1S00q
I 0101 (2)do Spy
(Z)dN +| ourd
(0007) 'Te 12 ueAI[INg /0 /1 1744 LIeZ | sngjowouk) € Sw ¢ QD dD+(8)dD+(Z2)dD| VNA
SQOUAIRJOY €103 €109 €10 soroads | soroads JHN | sesop asop (seroads) jonpoid ouon) | wAISAS

/SSQU[[] | /OTWAIIA | /SIOAIAING aguaqrey) JO 'ON | ourooep

(JHN) serewitid UBWINYUOU UT SOUTOOBA SNITA B[OQH PASEq-SNITAOUIPE 9ANNUAARI] T°T J[qRL



39

2 Viral-Vectored Vaccines to Control Pathogenic Filoviruses

J0soI0Y

Ie[nosnweu],
SIIA D]OqF] 24107 7 ‘SHA1A DJog uppng § ‘pajtodar jou yp ‘urerordod[onu gy ‘sn.nia pjogy 1spo) L10a] HJ ‘U0OISI JOYOIUE JUBIQUISWISURI) )
Sunyoe] JO JUBUIQUIODAI J [V JH ‘U101dodA[S g0 ‘dD AOGHZ Jo 1. uonisod je proe orwrein|3 1oy onredse jo uonmmsqns (7724 ‘S 2d£jo1as sniaouape gpy

SEpy

(1T07) 'Te 10 M_qSID /0 /0 iy PIeZ | snSjowouk) T 101 (9 dD+(@2) dD| /9TpV

(1107) 'Te 19 112qsToD €/¢ €/c €/0 PIeZ | sngjowouk) I 101 2)dD|  sepv

(1107) 'Te 19 112qsTon 9/9 9/S 9/1 (PIeZ | snS[owous) I 0101 2)dD|  sepv

(1107) "Te 19 112qsTon ! A v/E LPIeZ | SnS[owous) I 2101 () dD+(@Z)dD| 9TPV

ONHAT

(€100) T2 12 -y

UOSPIEYITY ¢/¢ AN €/c LIIeZ | sn3jowouk) I 0101 (vr+un(z)do| /P

ONAI

(€102) T2 32 -y

UOSpIeydry €/0 AN €/¢ IIeZ | sn3jowouk) I 0101 (Z2)do|  /spv

(0107) 'Te 10 Nexd €/ €/0 €/¢ Juepng | sngfouwoud)) 4 0101 (S) dO+(7) dN+(Z) dD Py

(0107) 'Te 30 Nexd €/T AN €/T Juepng | sngfowoud)) I 0101 (S) dD+(7) dN+(Z) dD SpPy

(0107) "Te 30 Nexd €/0 AN ¢/¢ QoIeZ | sn3[owouk) I 0101 (S) dD+(Z) dN+(Z) dD Spy
(UARY-IN) IO + (L91D-N)

(0107) 'Te 10 Nexd </o AN s/s LUEpNG | sn3jowouk) 4 00T | dD+(S) dD+(Z) dN+(Z) dD Spy




C.E. Mire and T.W. Geisbert

40

Ie[nosnurenu
SNA1A D]OqT 24107 7 ‘Sn.aia pjoq uvpng § ‘paytodar jou YN ‘G¢ adAjo1es sniraouspe ¢epy ‘9z 2dAjo1es sniraouspe 9zpy ‘G adKjores mam,\ao:owa m..uw
(€107) e 30 ONAT
UospIeyory viv AN /€ LIIEZ | snI[owoul) ryut 0101 (2) d5 “PV/SPV
(€100) T8 19 ONAL
UOSPIBYITY /¢ AN €/0 Llrez | sngjowoul) wrt 0101 (2) d5 -PV/SPV
(1100 e 1
113gs19D) €/t €/C €/ L1z | sngjowouk) urt 0101 (2) d5 sepy
(1102 &1
HaqsIaD v/C v/C v/C L1eZ | sngjowouk) urt 1101 (8) dD+(2) dD 9PV
(1102) e 1
HagsIen vy vy /0 (IIBZ | sn3jowoul) T 0101 (S) dD+(7) dD 9PV
(1100 T2 1
Hagsten /¢ /¢ €/0 Larez | sngjowoul) urt 0101 (2) dD SPV
SQOUQIOJOY 8101 Ie101 Te101 soroads | soroads JHN Jnor asop (soroads) woIsAg
/SSQU[[] |  /OIWAIIA |  /SIOAIAING Jguoqreyd QUIOOBA QUIDOBA jonpoid suen

(dHN) serewtid UBWINYUOU dUNUWIWI-SIITAOUSPE UT SQUIDIBA SNITA B[OQH PISBQ-SNITAOUIPE dATUAARL] €T J[qEL



41

2 Viral-Vectored Vaccines to Control Pathogenic Filoviruses

(ponurnuod)
(€100) 'Te 10 SN €/0 €/0 €/¢| ,oA3nqipung | snjowouk) 1 ,01 (@dD| ASA
(1102) e %
ouerez[e] 744 4 v/¢| .oA3nqipung | snS[owouk) I ,01 (Z)dD| ASA
(1102) '8
OueIeZ[eq €/e €/e €/1| ,0A3nqipung | snjowouk) I ,01 ODdD| ASA
(60027) Te 32 NIO /0 AN 4 (PIEZ | snS[owouk) I ,01 NI —(Z)dD| ASA
(6002) "Te 12 NIO /0 AN 14 L2IeZ | sn3jowoul) ! ,01 [pI0 —(Z)dD| ASA
(6002) Te 12 (SNosnN-IN)
11995190 €/0 €/0 €/€ LUepng SnSoUY 4 ,01 dO+(S)dD+(Z)dD| ASA
(6007) Te 19
1aqsIen /1 /1 1/0 LUepng | sngjowouk) I ,01 (Z)dD| ASA
(6007) Te 19 (oxosnN-IA)
112qs1eD €/0 €/0 /€| IseoD AIoAT | snSowouk) I ,01 dO+(8)dD+(Z2)dD| ASA
(6007) Te 12 (oNosnN-IA)
RENETS) T/0 7/o (/4 LUEpNg | sngowouk) I ,01 dD+(9)dD+(2)dD| ASA
(6007) T8 19 (SOSNIA-IN)
1aqston €/0 €/0 €/€ L21eZ | sndjowoul) I ,01 dO+(S)dD+(Z)dD| ASA
(28002) Te 1
1oqsIen €/0 €/0 €/¢ goIrez | snjowouk) I ,01 (2)dD| ASA
(€107) & 1
1ZIE /0 /0 14 L21eZ | sn3jowoul) ! ,01 (2)dD|  ASA
(S002) Te 19
souof /0 /0 44 (PIrez | sngjowouk) I ,01 (Z)dD| ASA
SQOUAIRJOY €103 e10 e10 soroads | seroads JHN sasop asop (seroads) jonpoid ouan) | wAISAS
/ssaul[[ JOTWAITA | /SIOATAING aguarrey) Jo 'oN QUIDIBA

(JHN) serewiLid uBWINYUOU UT SQUTOOBA SNIIA B[OQH PISEQ-SNIIA SHIBWIO)S JE[NJISOA ANNUARI] H°T QR



C.E. Mire and T.W. Geisbert

[0S019Y/

Ie[nosnweIu],

Sn1A

D]0qQF] 24107 7 ‘SNIIA SHIIRWOIS TB[NDISIA ASA ‘STA1A D]OGF uppng § ‘pariodaljou YN ‘Sn.ia pjoqd ispo)) £104] HJ ‘sn.aia vjoqy o3nqipung g ‘ur1oidodL[3 o
(€100) 'T& 10 SN €/0 €/0 €/¢| ,oA3nqipung | snjowouk) 4 ,01 (9)dD+(@2)dD| ASA
(€100) 'Te 10 21N ¢/¢ €/€ ¢/1| okSnqipung | sn3jowouk) I ,01 (9)dD+(Z)dD| ASA
SQOUAIRJOY €103 e10 e10 soroads | seroads JHN sasop asop (seroads) jonpoid ouan) | wAISAS

/SSQU[] | /OTWAIIA | /SIOAIAINS aguarrey) Jo "ON QUIDJB A

4

(poNUNU0d) 7 AqEL



43

2 Viral-Vectored Vaccines to Control Pathogenic Filoviruses

(panunuod)

(L00D) T8 1

Adkonng €/0 €/0 ¢/c M 4 snsoyy 4 ,01 (2) dD ¢AIdH
(L00D) "Te 32
Adkonng (754 ! ! ez STSaY ! 501 (2) AN+ (Z) dD E€AIdH
(L00D) "Te 12
Adkoning €/T €/T €/T ,o1eZ SNSAYY I ,01 (2) d5 EAIdH
(L00D) "Te 1
Adkoning v/l /0 14 Lelez SNSAUY I 501 (2) dD ¢AIdH
(€100) "Te 12 uoorjdar
1aqIoH €/t €/1 ¢/c qUEPNS | sn3jowouk) 4 0101 ($)do AFFA
(€100) "Te 12 uoordoar
11qIoH ¢/c €/c €/0 qUepns | sn3jowous) I 0101 ($)do ATAA
(€107) e 19 uoordar
119qI0H €/0 €/0 ¢/c IEZ | sn3[owoul) I o101 (2) dD+(S) dD ATAA
(€107) e 1 uoorjdar
MaqIoH €/0 €/0 ¢/¢ LUepng | sn3jowoul) I 0101 (2) dD+(S) dD ATAA
(€100) "Te 12 uoorfdor
MeqIoH 9/9 9/0 9/9 LUEPNG | sn3jowouk) I 0101 () do ATHA
(200D) "Te 12 uoordar
19Qs1on €/¢ €/€ €/0 LIz | sngjowoulk) € ,01 () AN+(Z) dD ATAA
(2007) Te 12 uooridar
MaqsIen ¢/¢ €/¢ /0 Irez | snSjowouk) € ,01 (2) dN ATAA
(200T) "Te 12 uoorfdar
e NETs) ¢/c ¢/€ €/0 (IeZ | snS[owouk) € ,01 (2) dD ATAA
(2000) "Te 12
IRERNET) 90 90 €/0 L1z | sngjowouk) € ,01 (2) d5 BIUIOOEA
SQOUAIRJOY €103 €103 €101 saroads | saroads JHN S9sOp asop (seroads) WoISAS
\mwoﬁ—: \oﬂaob A \muo>_>b..m omﬁo:w&@ JOo 'ON QUIdIBA HUSUOHQ uAH)

(dHN) sorewrid uewINYUOU UT SSUTIOBA SIIIA B[OQH oAnudAa1d Joyl0 §°7 dIqe



C.E. Mire and T.W. Geisbert

44

Tesuojrrodenuy,
Joso1ovy,
Te[nosnurenur,

sn.1a pjoqd 24107 7 ‘snaia snieydoous aumnbe uefonzous
AFAA ‘SIIA SAIqeI 9AT}0Jop-uonedrdar (7y-Agvy ‘sniia saiqel jusedwod-uonedr[dar DY-AGVY ‘Sniia pjogyg uvpng § ‘urajoidosonu g ‘ure101dodk[s go

(€100) Te 1
Kouerg 1% /€ ¥/T SIRZ STSAY ! ,01 (Z)dD| aI-Advd
(€100) T8 19
Kouerg 44 /1 4% «S1BZ SnsayY I ,01 (Z)dD| D¥-AdVY
SQOUAIRJOY €103 €103 €103 saroads | saroads JHN S3sop asop (seroads) WoISAS
/SSQUI[] |  /oTWAIIA | /SIOATAING JSuorey) Jo 'oN QUIOOBA jonpoid ouen

(ponuNuod) §'7 AqeL



45

2 Viral-Vectored Vaccines to Control Pathogenic Filoviruses

SN.11A DJOQF 24107 7 ‘SNIIA SHITERWO]S JB[NOISOA ASA ‘Sn1a bjoqr uvpng § ‘urjoirdodk[s o

(98002 Te 10

HogsIen viv ¥/T 1714 AOHdS | snseyy ur 0¢—0c 1 01 (8) do ASA
(L00D7) 'Te 12

uuewp[og 8/8 8/8 8y AOddZ | sSnsayy urr 0e—0¢ I 01 (Z2) dd ASA
(Q0100) T8 10 (ayosniy

Hqs1en 9/9 9/ 9/T| MOSNN-AAVIN | SnsSauy skep ¢ 1 01 -AIVIN) dO ASA
(Q0102) 'Te 19 (a3osniy

H2qs1en oty 9/1 9/S | MOSNN-AYVIN | Snsauy Kep | 1 01 -AIVIN) dD ASA
(49007) Te 10 (aosny

oude)iqg-oLreppeq S/0 S/0 G/S | SOSNN-AMVIN | Snsouy urar Og—0¢ I 01 -AIVIA) dD ASA

SOoUQIRJAY 2101 2101 2101 | urens 1o soroads | soroads | omsodxeysod | sesop osop | (urens 1o sooads) | wa)sAg
/SSQU[] | /oTWAITA | /SIOATAING aSuarey) JHN owr] | jo-oN| oumoep 1onpouid ouen

(dHN) serewiLid UBWNYUOU UT SAUIDOBA SIITAO[Y 2Insodxa)sod 9°7 d[qe],



46 C.E. Mire and T.W. Geisbert

these purposes include vaccinia viruses, Venezuelan equine encephalitis virus
(VEEV) replicons, adenoviruses, rhabdoviruses vesicular stomatitis virus (VSV)
and rabies virus (RABV), and human parainfluenza virus type 3 (HPIV3).

2.3.1 Recombinant Vaccinia Viruses

Vaccinia virus has been the most extensively studied live recombinant vaccine
vector [reviewed in Jacobs et al. (2009)]. While recombinant vaccinia viruses have
shown utility as vaccine vectors against a number of infectious agents, there have
been very few studies which have evaluated this platform against filovirus infec-
tion. When this platform was evaluated in the cynomolgus macaque ZEBOV
model, the recombinant vaccinia viruses expressing the ZEBOV GP were unable
to prolong survival or protect cynomolgus monkeys from lethal ZEBOV infection
(Geisbert et al. 2002) (Table 2.5).

2.3.2 Venezuelan Equine Encephalitis Virus Replicons

Alphaviruses have a broad host range and replicate in multiple vertebrate and
invertebrate cells. The alphavirus genome contains a single-stranded, positive-
sense RNA divided into two open reading frames, one encoding the nonstructural
proteins responsible for transcription and replication and the second encoding the
structural proteins, which are responsible for encapsidating the viral RNA and final
assembly into enveloped virions. Alphaviruses can be employed as vaccine vectors
by cloning the gene of interest in place of the alphavirus structural genes. These
vectors are commonly called “replicons” and have the ability to replicate but do not
make virus particles in the absence of the alphaviral structural proteins. Therefore,
alphavirus replicons are single-cycle, non-replicating vectors that cannot spread
from cell to cell. Three different expression vectors have been constructed based on
alphavirus replicons, including VEEV and Semliki Forest and Sindbis viruses
(Rayner et al. 2002; Schlesinger 2001; Lundstrom 2003).

VEEV replicons expressing MARV-Musoke strain (MARV-Musoke) GP either
alone or in combination with NP were used to vaccinate cynomolgus macaques
against MARV (Hevey et al. 1998) (Table 2.1). The experiment consisted of a
regimen of three VEEV replicon injections 28 days apart followed by a high-dose
im. MARYV challenge 35 days after the final immunization. Animals vaccinated
with either combination were completely protected against a homologous MARV
challenge. NP alone protected against death but did not prevent disease in two of
three monkeys, and all three animals became viremic. A similar strategy did not
protect against challenge with the heterologous MARV-Ravn strain (MARV-Ravn)
(Hevey et al. 2001a), which raises the question about the degree of cross-protection
of candidate vaccines for the diverse strains of MARYV using vaccines expressing
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the GP and/or NP proteins. For EBOV, results in NHPs have been inconsistent.
Vaccination of cynomolgus monkeys with multiple injections of VEEV replicons
expressing either ZEBOV GP, NP, or both GP and NP at doses in the 107 pfu range
failed to protect any animals from a lethal i.m. ZEBOV challenge (Geisbert
et al. 2002) (Table 2.5). Subsequent studies have employed higher doses of
VEEV replicons (Table 2.5). Specifically, it was recently shown that a single
injection in cynomolgus macaques with blend of 10’ VEEV replicons expressing
the ZEBOV GP and SEBOV GP was able to protect animals from high-dose
(1,000 pfu) i.m. challenge with ZEBOV or SEBOV (Herbert et al. 2013). However,
the same test conditions do not appear to afford complete protection against
SEBOV if the challenge virus is administered by the aerosol route even when the
challenge virus dose is reduced 10-fold (Herbert et al. 2013). In this study, a single
injection of 10'® VEEV replicons expressing the ZEBOV GP and SEBOV GP was
unable to protect any cynomolgus monkeys against an aerosol exposure of 100 pfu
of SEBOV. Altering the vaccination regimen to two injections was able to provide
protection of macaques against death but not clinical illness.

Currently, the VEEV replicon system faces a number of challenges as an ideal
vaccine candidate against filovirus infection due to the inconsistency in studies
against ZEBOV and inability to provide cross-protection between strains of
MARYV, along with protection against homologous MARYV requiring a series of
three injections over 17 weeks. It does appear that increasing the vaccine dose in the
EBOV studies improves protection. However, even with the low dose of vaccine
used in the MARYV studies (10’ pfu), the NHPs developed VEEV-neutralizing
antibodies after two injections (Hevey et al. 2001b) which raises doubts about the
possibility of reusing this system even if the problem of cross-protection against
diverse MARYV strains can be solved.

2.3.3 Adenoviruses

Adenoviruses are attractive vaccine vectors for gene therapy because of their high
transduction efficiency, broad tropism, and ability to induce both innate and
adaptive immune responses in mammalian hosts. Though there have been setbacks,
including the death of a patient in 1999 from adverse effects associated with the
administration of adenovirus vectors (Lehrman 1999), the interest in their use as a
vaccine has remained high, and efforts have focused on developing vectors that
have low or no immunogenic toxicities.

Replication-defective adenoviruses, such as the recombinant adenovirus sero-
type 5 (rAd5), are the most commonly used platform (Hitt and Gauldie 2000). The
common feature of all replication-defective rAd vectors is deletion of the viral E1
region that is essential for the regulation of adenovirus transcription and viral
replication. Additionally, the E3 region, which is not essential for production of
the rAd vectors, is often deleted. The E4 region can also be deleted to increase
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capacity for gene inserts and to reduce host responses in vivo; however, it must be
provided in trans for production of recombinant virus (Hitt and Gauldie 2000).

In NHPs, the rAd5 platform has shown remarkable success for filoviral HFs
(Sullivan et al. 2000, 2003, 2006, 2011; Swenson et al. 2008a; Pratt et al. 2010;
Geisbert et al. 2010a; Richardson et al. 2013) (Tables 2.1, 2.2 and 2.3). Notably, a
single i.m. injection with a rAd5-based vaccine expressing MARV-Angola GP
resulted in complete protection with no signs of clinical illness in cynomolgus
macaques after a high-dose (1,000 pfu) i.m. challenge with MARV-Angola 28 days
later (Geisbert et al. 2010a). Additionally four NHPs who received the rAdS
MARV-Angola GP vaccine after three injections of MARV-Angola GP DNA in a
prime-boost strategy were also completely protected; however, the failure of the
DNA vaccine alone to protect against clinical illness suggests that rAd5S MARV
was the key component (Geisbert et al. 2010a).

Sullivan and colleagues were the first to successfully protect NHPs from
ZEBOV HF using a prime-boost strategy (Sullivan et al. 2000); cynomolgus
monkeys were vaccinated three times with DNA expressing the GPs of ZEBOV,
SEBOV, and ICEBOYV and the NP of ZEBOV with a booster vaccination of a rAd5
vector expressing the ZEBOV GP 3 months later. All four vaccinated animals
survived challenge after week 32 of the vaccination regimen when exposed to a
low dose (6 pfu) of ZEBOV. The data for this study revealed that humoral
immunity and T memory helper cells were strongly associated with protection;
while cell-mediated immunity was important, it was not an absolute requirement
for protection (Sullivan et al. 2000). Whether the DNA component of this regimen
is absolutely needed is not clear, since there have been no reports on its efficacy
when used alone, while the rAd5 component used alone is protective; as with
MARYV, a single injection of rAd5 expressing the ZEBOV GP resulted in complete
protection from death and illness of cynomolgus macaques after a high-dose
(1,000 pfu) i.m. challenge with homologous ZEBOV 28 days later (Sullivan
etal. 2003). A DNA prime rAdS strategy was also employed to demonstrate vaccine
efficacy against the most recently discovered species of EBOV, BEBOV (Hensley
et al. 2010). In brief, NHPs were initially vaccinated with DNA expressing ZEBOV
GP and SEBOV GP and then boosted at weeks 4, 8, and 14. A little over a year later
(week 53), animals were boosted with a rAd5-based vaccine expressing the
ZEBOV GP. The animals were then challenged 7 weeks after the rAdS5 boost
with BEBOV. All four specifically vaccinated macaques survived the challenge,
and only one animal showed evidence of clinical illness from the BEBOV expo-
sure. While the study showed protection against BEBOV, the regimen requiring
five injections over the period of nearly a year and half is not very practical in either
natural or biodefense settings.

While filovirus transmission is not thought to be a major route of infection in
nature, the inhalation route is among the most likely portals of entry in the setting of
a bioterrorist event. Studies have shown that cynomolgus monkeys vaccinated once
with a rAd5 vector expressing ZEBOV NP, ZEBOV GP, and SEBOV GP were
completely protected against an aerosol ZEBOV challenge, while there was only
partial protection against an aerosol SEBOV challenge (Pratt et al. 2010). However,
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increasing the vaccination regimen to two injections over 99 days completely
protected against a SEBOV aerosol challenge (Pratt et al. 2010).

Additionally, a two-injection filovirus vaccine platform was described that is
based on a rAd5 vector expressing multiple antigens from five different filoviruses
(ZEBOV NP, ZEBOV GP, SEBOV GP, MARV-Ci67 GP, MARV-Ravn GP,
MARYV-Musoke NP, MARV-Musoke GP) (Swenson et al. 2008a). In this study,
two groups of cynomolgus monkeys were given an initial i.m. injection of this
vaccine and then revaccinated 63 days later. The first group was challenged with
MARV-Musoke 42 days after the second vaccination and was protected from lethal
disease; this group was then subsequently back-challenged 72 days later with
SEBOV. The second group was initially challenged with ZEBOV 43 days after
the second vaccination with each animal surviving challenge and then back-
challenged 69 days later with MARV-Ci67. All animals in these studies survived
the back challenges as well. This platform using the same vaccination strategy has
also showed protection against an initial SEBOV challenge (Pratt et al. 2010).

Based on the success of the rAd5 filovirus vaccine platform in NHPs, a phase I
clinical trial was conducted using a rAdS vaccine encoding the ZEBOV and
SEBOV GPs. The study consisting of 31 volunteers showed that the vaccine was
safe and that subjects developed antigen-specific cellular and humoral immune
responses (Ledgerwood et al. 2010). While this study is encouraging, the high
prevalence of preexisting immunity to adenoviruses in the human population may
substantially limit the immunogenicity and clinical utility of the rAd5-based vac-
cines. The prevalence of anti-adenovirus antibody is up to 60 % in the general
human population and up to 85 % in Africa, where filovirus vaccines are most
needed (Schulick et al. 1997; Piedra et al. 1998). Additionally, Merck discontinued
its HIV vaccine program based on rAdS as it was reported that the vaccine appeared
to increase the rate of HIV infection in individuals with prior immunity against the
adenovirus vector used in the vaccine (Cohen 2007; Sekaly 2008).

Initial attempts to improve adenovirus-based vaccines against filoviruses
focused on employing different adenoviruses with lower seroprevalence. However,
these initial studies were not very successful (Geisbert et al. 2011). Vaccination of
cynomolgus monkeys with recombinant adenovirus serotype 35 (rAd35) expressing
the ZEBOV GP failed to completely protect animals against a lethal ZEBOV
challenge. Similarly, vaccination of cynomolgus macaques with either recombinant
adenovirus serotype 26 (rAd26) or a modified adenovirus in which only the seven
short hexon hypervariable regions of Ad5 were exchanged from human adenovirus
serotype 48 (each expressing the ZEBOV GP) failed to protect animals against a
lethal ZEBOV challenge. A strategy to prime with rAd26 vectors expressing
ZEBOV GP and boost with rAd35 vectors expressing ZEBOV GP was able to
protect NHPs against a lethal ZEBOV challenge. However, to date, rAdS is the only
adenovirus serotype capable of inducing a protective response against EBOV as a
single-injection vaccine. While the data associated with the filovirus rAdS vaccine
platform is impressive, a study revealed that when macaques are pre-immunized
against Ad5 and then vaccinated with the rAd5 vaccine expressing the ZEBOV GP,
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the NHPs are not protected against disease or death after challenge with ZEBOV
(Geisbert et al. 2011) (Table 2.3).

The most recent studies to improve rAdS-based filovirus vaccines have utilized
an additional boost with an adenovirus vector expressing interferon (IFN)-a as well
as changing the vaccination route (Richardson et al. 2013) (Table 2.3). While it
appears that incorporation of a boost vaccination with the adenovirus vector
expressing IFN-a did not have any benefit regarding overcoming preexisting
immunity, the administration of the rAd5-based ZEBOV GP vaccine by a combined
intranasal and intratracheal route did improve survival of NHPs against homolo-
gous ZEBOYV challenge when compared with vaccination by i.m. injection.

2.3.4 Rhabdovirus-Based Vaccines
2.3.4.1 Vesicular Stomatitis Virus

Over the last decade, Rose and colleagues have pioneered the use of VSV, the
prototypic member of the Rhabdoviridae family, as an expression and vaccine
vector (Roberts et al. 1999, 2000, 2001). VSV is very suitable as a vaccine
expression vector, as it grows to high titer (>10° pfu/ml) in vitro, can be propagated
in almost all mammalian cells, can induce strong humoral as well as cellular
responses in vivo, and has the capacity to elicit both mucosal and systemic
immunity (Rose et al. 2001; Zinkernagel et al. 1978a, b; Fehr et al. 1996). Further-
more, preexisting immunity to VSV is rare, and infection is not typically associated
with serious disease, although VSV-associated encephalitis has been reported (Reif
et al. 1987; Gaidamovich et al. 1966; Quiroz et al. 1988).

A recombinant VSV (rVSV)-based system has proven to be among the most
successful vaccine platforms for MARV to date and has been proven equally
effective against EBOV (Tables 2.1 and 2.4). A single i.m. vaccination of
cynomolgus monkeys with a rVSV-MARV-Musoke GP vector elicited complete
protection against a high-dose (1,000 pfu) i.m. challenge of homologous MARV
given 28 days later (Jones et al. 2005). These animals were also protected when
rechallenged 113 days later. Additionally, the MARV-Musoke vaccine proved
protective against the most genetically disparate MARV strain, Ravn, and what
appears to be the most virulent strain, Angola, suggesting that it may confer cross-
protection against all the diverse strains of MARV (Daddario-DiCaprio
et al. 2006a). Studies have also shown that a single vaccination of cynomolgus
monkeys with r'VSV-MARV-Musoke GP completely protected animals against a
homologous aerosol challenge of MARV given 28 days later (Geisbert
et al. 2008a).

For EBOV, a single i.m. vaccination of cynomolgus monkeys with a rVSV
vector expressing only ZEBOV GP also elicited complete protection against a
high-dose (1,000 pfu) i.m. challenge of homologous ZEBOV given 28 days later
(Jones et al. 2005). However, cross-protection against another species of EBOV,
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SEBOV, was not achieved as SEBOV challenge of the survivors resulted in fatal
disease (Jones et al. 2005). A single i.m. vaccination of cynomolgus monkeys with
rVSV-ZEBOV-GP was also able to completely protect animals against a homolo-
gous aerosol challenge of ZEBOV given 28 days later (Geisbert et al. 2008a).
Importantly, protection can be conferred by these vaccines via various routes.
Immunization of NHPs with the rVSV-ZEBOV-GP vector by either the oral or
intranasal route resulted in complete protection of all animals against a high-dose
(1,000 pfu) i.m. homologous ZEBOV challenge (Qiu et al. 2009). Recently, the
mechanism of rVSV-ZEBOV-GP protection from lethal challenge with ZEBOV
was evaluated, and results suggested that antibodies are necessary and correlate
with protection of cynomolgus macaques (Marzi et al. 2013).

The ideal filovirus vaccine should be a single-injection vaccine that can protect
primates against the various species and/or strains of EBOV and MARV. This is
important because endemic areas of filoviruses overlap and since the specific strain
or species of filovirus may not be immediately known in the case of a biological
weapon attack. With this goal in mind, a study was conducted where cynomolgus
monkeys were vaccinated with a multivalent vaccine consisting of equal parts of
the rVSV-filovirus-GP vaccine vector for MARV, EBOV, and SEBOV (Geisbert
et al. 2009). After 28 days the groups of the animals were challenged with either
MARYV, ZEBOV, SEBOV, or ICEBOV. Importantly, none of the vaccinated
macaques succumbed to a filovirus challenge, showing the utility this platform
could have as a single-injection multivalent vaccine.

The BEBOV outbreak in 2007 offered a new challenge to develop a strategy to
protect against an emerging species of EBOV using existing vaccines that were
available at the time of the outbreak. This strategy was tested in cynomolgus
macaques against heterologous challenge with BEBOV. The NHPs in this study
were vaccinated with rVSV-ZEBOV-GP or rVSV-ICEBOV-GP separately and
challenged with BEBOV 28 days after vaccination. While the rVSV-ICEBOV-
GP vector did not provide any additional protection when compared to mock-
vaccinated control NHPs in the study (33 % survival), the rVSV-ZEBOV-GP
vaccine protected 75 % of animals against lethal infection (Falzarano et al. 2011).
Recently, the utility of combining rVSV-SEBOV-GP and rVSV-ZEBOV-GP vec-
tors using either a single-injection blended vaccination approach or in a prime-
boost regimen against heterologous BEBOV challenge in cynomolgus macaques
was evaluated (Mire et al. 2013). Furthermore, the ability of a single injection of a
newly developed homologous rVSV-BEBOV-GP vaccine vector to provide pro-
tection against homologous BEBOV challenge was assessed in this study. The
rVSV-BEBOV-GP vector protected against homologous challenge with BEBOV.
The prime-boost strategy with the rVSV-SEBOV-GP (prime) and rVSV-ZEBOV-
GP (boost 14 days post rVSV-SEBOV-GP vaccination) vectors, which were avail-
able at the time BEBOV emerged, was capable of providing cross-protection
against BEBOV challenge 35 days after prime vaccination. These results were
promising and showed that a condensed, prime-boost vaccine regimen of available
heterologous rVSV-filovirus-GP vaccines could be considered as a paradigm for
controlling newly emerging EBOV species.
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In addition to its efficacy as a preventive vaccine, the rVSV vaccine platform has
also been used as a postexposure treatment for filovirus infections (Table 2.6).
Remarkably, treatment of rhesus macaques with r'VSV-MARV-GP shortly after a
homologous high-dose MARV challenge resulted in complete protection of all
animals from clinical illness and death (Daddario-DiCaprio et al. 2006b). Subse-
quent studies demonstrated that the rVSV-filovirus-GP vectors for ZEBOV and
SEBOV protected 50 and 100 % of rhesus macaques, respectively, when adminis-
tered as postexposure prophylaxis after high-dose homologous virus challenge
(Feldmann et al. 2007; Geisbert et al. 2008b). The rVSV-filovirus-GP vectors
were administered 20-30 min after filovirus challenge in these studies. A major
question is how long after virus exposure can the rVSV-filovirus-GP vectors be
effective? To address this question, rhesus macaques were treated with rVSV-
MARYV-GP 24 h post-homologous MARYV challenge which resulted in protection
of five of six monkeys while, remarkably, two of six animals were protected when
the vaccine was administered 48 h after infection (Geisbert et al. 2010b).

Replication-competent vaccines, including the rVSV platform, are not without
concern when it comes to their safety, especially in immunocompromised persons.
However, initial results of various rVSV vectors in NHPs have been promising as
no toxicity was seen in rhesus macaques following intranasal inoculation with wild-
type VSV, rVSV wild-type, and two rVSV-HIV vectors, although neurovirulence
was noted in one of four animals after direct intrathalamic inoculation of rVSV
(Johnson et al. 2007). To date, no toxicity has been seen in over 100 NHPs given
rVSV-MARYV or rVSV-EBOV (Jones et al. 2005; Daddario-DiCaprio et al. 2006a;
Geisbert et al. 2008a, 2009; Qiu et al. 2009; Falzarano et al. 2011; Marzi et al. 2013;
Mire et al. 2013). Furthermore, there has been no significant vaccine vector
shedding detected in these experiments despite immunization doses of up to
107 pfu (Jones et al. 2005; Daddario-DiCaprio et al. 2006a; Geisbert et al. 2008a,
2009, 2008c; Qiu et al. 2009; Falzarano et al. 2011; Marzi et al. 2013; Mire
et al. 2013) which suggests, along with the natural low transmissibility of VSV
(Tesh et al. 1975; Hanson 1952), that spread to persons outside the vaccine target
population is unlikely.

To specifically address its safety, the rVSV-ZEBOV-GP vaccine was evaluated
in two animal models for the immunocompromised state, NOD-SCID mice (Jones
et al. 2007) and SHIV-infected rhesus monkeys (Geisbert et al. 2008c), along with
neurovirulence testing of the rVSV-ZEBOV-GP and rVSV-MARV-GP vaccines in
cynomolgus macaques by intrathalamic injection (Mire et al. 2012). No evidence of
overt illness or neurovirulence was noted in any of the animals. In addition, the
rVSV-ZEBOV-GP vector was recently used to treat a laboratory worker after a
recent laboratory accident (Gunther et al. 2011). The vector was administered
around 40 h after potential ZEBOV exposure. The patient developed fever, head-
ache, and myalgia 12 h after injection which were readily controlled with antipy-
retics and analgesics. No other adverse effects were reported. Because it is not
certain that infection actually occurred, efficacy of the vaccine in this case could not
be evaluated. Regarding possible vaccine virus mutation to more virulent variants,
some comfort can be taken from noting the case of the live recombinant vaccinia
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vaccine for rabies that has been under field investigation in wild animals in the
United States, Canada, and Europe since the 1980s and 1990s (Slate et al. 2005)
with no evidence of evolution to more pathogenic forms.

2.3.4.2 Rabies Virus

Recently, a RABV bivalent filovirus vaccine platform (RABV/ZEBOV) was tested
in NHPs (Blaney et al. 2013) (Table 2.5). Four groups of rhesus macaques were
used in this study. Group 1 consisted of three control animals receiving a single
injection of the RABV vaccine (BNSP333); group 2 consisted of four animals that
received a single injection of the bivalent RABV/ZEBOV vaccine vector
(BNSP333-GP); group 3 had four animals that received a single injection of the
replication-restricted RABV vector expressing the ZEBOV GP (BNSP AG-GP);
and group 4 consisted of four animals that received two doses (a prime and boost
28 days later) with a beta-propiolactone inactivated version of the BNSP333-GP
vector. The vaccinated NHPs were challenged 70 days after vaccination and
followed for up to 28 days post challenge.

The study showed that all animals in groups 2 and 3 were able to generate a
humoral immune response to the ZEBOV GP immunogen with the humoral
immune response being the major response when compared to the cellular response
during the vaccination phase of the study. ZEBOV viremia was detected in all
groups to some extent with all animals in group 1, one of four animal in groups
2 and 3, and three of four animals in group 4 all having viremia at day 6 post
challenge. Each control in group 1 succumbed to ZEBOV challenge with 50 %
succumbing for groups 3 and 4, whereas all the animals in group 2 survived the
lethal challenge. These results were interesting considering all animals in groups 2—
4 had generated IgG antibodies against the ZEBOV GP with no differences in the
avidity of the antibodies between the groups. When the IgG response was further
analyzed, it was found that the IgG1 response was important for protection using
this vaccine vector suggesting that there is an antibody-dependent cellular cytotox-
icity and complement activation mechanism for protection in the NHPs. While
these results are promising, this system has yet to be tested for safety in NHPs
although neurovirulence studies in mice were encouraging (Papaneri et al. 2012). In
addition, this study utilized rhesus macaques for testing in a preventive vaccination
setting, and further studies in the more robust cynomolgus model will be needed for
better comparison with other filovirus vaccines.

2.3.5 Human Parainfluenza Virus Type 3

Human parainfluenza virus type 3 (HPIV3), a member of the family
Paramyxoviridae, is a common pediatric respiratory pathogen. Live-attenuated
vectors based on HPIV3 are actively being investigated as vaccines for HIPV3
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and other pediatric pathogens (Durbin et al. 2000; Karron et al. 2003). Bukreyev
and colleagues recently developed HPIV3 a vector expressing the ZEBOV GP and
a vector expressing two antigens the ZEBOV GP and NP (Bukreyev et al. 2007)
(Table 2.5). Combining an intranasal and intratracheal vaccination in cynomolgus
macaques with the ZEBOV GP afforded the best protection against a high-dose
(1,000 pfu) intraperitoneal (i.p.) challenge of homologous ZEBOV 28 days post
vaccination (Geisbert et al. 2008a). In this study, six of seven HPIV3 ZEBOV
GP-vaccinated animals survived challenge, and four of seven animals were
protected against clinical illness. When the vaccine regimen using the HPIV3
ZEBOV GP vaccine was expanded to two doses over a 67-day period, the efficacy
was improved, with three of three cynomolgus monkeys protected against clinical
illness and death.

The HPIV3 system is replication competent which brings up similar safety
concerns as the rVSV platform. Additionally, a majority of all adult humans have
preexisting immunity to this common childhood pathogen, which presents a poten-
tial challenge using this vaccine vector analogous to rAd5. This concern was
recently addressed as it was demonstrated that reinfection of NHPs with HPIV3
expressing ZEBOV GP is possible and results in an immune response to ZEBOV
GP, indicating that vaccination might be feasible despite preexisting immunity
(Bukreyev et al. 2010). Unfortunately, this study did not provide data on protective
efficacy which as seen with the RABV/ZEBOV vector antibody response does not
always correlate with protection (Blaney et al. 2013).

2.4 Conclusions and Future Directions

While initial progress on developing vaccines against filoviruses was slow, tremen-
dous progress has been made over the last decade. At least four viral-vectored
vaccines have shown the ability to protect NHPs against lethal MARV and EBOV
challenges, and one of these, rVSV, was even shown to be effective as a
postexposure prophylaxis. This progress was so encouraging that efforts were
made to move candidate filovirus vaccines into clinical trials. However, there
have been four recent events that have caused concern and have dampened enthu-
siasm for rapid movement toward vaccines suitable for human use. These include:
(1) the recent awareness that the Angola strain of MARYV is more pathogenic in
primates than strains that most vaccines had been tested against; (2) the discovery
of the new BEBOV species of EBOV in 2007; (3) studies suggesting that aerosol
exposure may be more difficult to protect against than intramuscular injection; and
(4) concerns regarding most vaccine studies in NHPs being tested against an
attenuated cell culture variant of ZEBOV.

Studies have shown that the Angola strain of MARYV causes a higher case fatality
rate in humans and more rapid disease course in NHPs than other MARYV strains.
Early vaccine efficacy studies focused on the Musoke strain of MARV which was
derived from a nonfatal human case and causes a more protracted disease in NHPs.
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While rAd5- and rVSV-based vaccines have recently been shown to confer pro-
tection against this MARYV strain, other vaccines have yet to be assessed. A greater
concern than MARV-Angola is the newest species of EBOV, BEBOV. Three
studies have evaluated vaccines in NHPs against BEBOV. One study using a
rVSV-based BEBOV GP single-injection vaccine demonstrated complete protec-
tion of NHPs against disease from a homologous BEBOV challenge. However,
multivalent vaccines comprised of ZEBOV and/or SEBOV antigens while
protecting animals against death were unable to protect all animals from clinical
illness. Moreover, no single-injection vaccine containing ZEBOV and/or SEBOV
antigens has been able to completely protect NHPs from lethal BEBOV challenge.
This complicates vaccine development as single-injection protection may require
incorporation of BEBOV antigens further adding to the number of components in a
filovirus vaccine.

An ideal filovirus vaccine would protect in a natural setting which includes
contact or parenteral routes of exposure and in a biodefense scenario which would
likely involve aerosol exposure. While one study using rVSV-based vaccines
demonstrated protection of NHPs from homologous ZEBOV or MARYV challenge,
another study suggests that protection against aerosol exposure may present addi-
tional challenges. Specifically, it was recently shown that a VEEV replicon-based
vaccine was unable to protect any NHPs against homologous SEBOV infection
when administered as a single-injection vaccine. A prime-boost strategy with the
same vaccine was able to protect all animals against homologous SEBOV chal-
lenge; however, all animals experienced more than mild clinical disease.

Perhaps the most significant hurdle that has recently been encountered in
advancing filovirus vaccines for human use involves the recent discovery that
ZEBOV seed stocks have acquired mutations in the GP gene by cell culture passage
(Volchkova et al. 2011; Kugelman et al. 2012) and these viruses appear to be less
pathogenic in NHPs (Geisbert 2013). Specifically, for EBOVs, the GP gene
expresses thee different products (the spike GP1,2, the soluble (s)GP, and small
soluble (ss)GP) by alternating the use of three overlapping reading frames (ORFs).
The ratio of expression of these three proteins is controlled by a stretch of seven
(7) consecutive template uridines (7U) known as the RNA editing site. sGP is the
primary expression product of the GP gene. However, it has recently been shown
that cell culture passage has a tendency to cause the insertion of an additional U
residue in the viral genome at the GP editing site (8U) (Volchkova et al. 2011;
Kugelman et al. 2012). One of these studies also showed that the majority of
ZEBOV seed stocks used to evaluate candidate filovirus vaccines contain higher
proportions of the 8U mutation than the wild-type 7U sequence (Kugelman
et al. 2012). This mutation may have a very significant impact on virulence as it
has a direct effect on the amount of sGP produced by infected cells. For wild-type
EBOVs with the 7U phenotype, 80 % of the product of the GP gene is sGP. Cell
culture-adapted EBOVs with higher 8U content and lower 7U content will thus
produce proportionally lower amounts of sGP. While the function of sGP is
unknown, it has speculated to act as a decoy and plays a role in subverting the
host immune response (Volchkov et al. 1998; Ito et al. 2001; Mohan et al. 2012).
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Interestingly, recent studies have shown that ZEBOV seed stocks with high pro-
portions of 7U at the GP editing site cause a more rapid disease course in
cynomolgus macaques than ZEBOV stocks with high proportions of 8U at the
GP editing site (C.E. Mire, T.W. Geisbert, unpublished observations). More impor-
tantly, recent testing of several candidate vaccines that previously were shown to
provide complete protection of NHPs against 8U ZEBOV infection indicated that
only one of these vaccines, rVSV, was able to provide complete protection of
macaques against a predominantly 7U ZEBOYV seed stock (Geisbert 2013). Clearly,
more work needs to be conducted to better define the impact of the 8U mutation on
virulence and the ability of candidate vaccines to protect against the wild-type 7U
EBOV seed stocks.

A thorough understanding of the pathogenesis of filoviruses in relevant animal
models is essential not only for further evaluation of the efficacy of existing vaccine
candidates but also in light of the “animal rule” enacted by the US FDA in 2002
[reviewed in Roberts and McCune (2008)], which established requirements for the
evidence needed to demonstrate effectiveness of new drugs and biological products
when human efficacy studies are not ethical or feasible. This rule would most likely
be enacted for filoviral HF drugs and vaccines. This rule states that a product can be
licensed based on evidence of effectiveness derived from studies in well-
characterized animal models and the usual demonstration of biological activity
and safety in humans. Thus, the validation of NHPs as accurate and reliable models
of human filoviral HF has been and will be critical to the final evaluation and testing
of candidate vaccines. Ultimately, no vaccine against filovirus infection will be
approved for human use until it can protect NHPs from viremia and clinical illness.

The extent to which laboratory animal models corroborate with findings in
humans is very important in the characterization of filovirus pathogenesis. To do
this, more effort will need to be directed toward the application of modern immu-
nological and molecular techniques to the study of human filovirus infection during
the sporadic outbreaks in Central Africa (Bausch et al. 2008). In particular, a deeper
understanding of the correlates of immunity in both humans and animal models of
filoviral HF will be paramount to achieving this goal.

Lastly, if FDA approval of a filovirus vaccine should occur, there are still
questions about economic incentives for pharmaceutical companies to produce a
MARYV or EBOV countermeasure. The areas most affected by outbreaks of
filoviruses are generally in poor countries, so economic incentives will have to
come from other nations or private foundations. However, the concerns of indus-
trialized countries when it comes to protecting the military and others considered
susceptible to use of filoviruses as bioweapons are the most likely driving force.
The responsibility will then become the international community’s to ensure that
these vaccines are available to the persons in the most need in endemic areas where
pathogenic filoviruses are found in nature.
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