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Summary

Respiratory syncytial virus (RSV) is one of the most important causes of viral lower respiratory 207
tract illness in infants and children globally. It often causes severe and even fatal infections,
particularly in children aged under 6 months, and RSV is considered responsible for one-
third of deaths resulting from acute lower respiratory infection (ALRI) in the first year of life.
There is no vaccine currently available to protect from RSV infection, especially the severely
affected risk groups. Immunoprophylaxis with the neutralizing monoclonal antibody,
palivizumab, is used to prevent RSV disease in very premature infants and high risk individuals.
Live-attenuated vaccine approaches have been in development for the past decades, but to
achieve immunogenicity, their safety was compromised in the past. In recent years, several
RSV vaccine candidates using various technologies and targeting different populations and
age-groups have emerged. In the present review, the current status of RSV vaccine develop-
ment is presented. Sixty RSV vaccine candidates are in development, targeting the whole
range of age-groups, of which 16 vaccine candidates are currently in clinical development,
while most are at a preclinical stage.
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1. Introduction

Respiratory syncytial virus (RSV) is one of the most
important causes of viral lower respiratory tract illness
in infants and children globally. It often causes severe
and even fatal infections, particularly in children aged
under 6 months, and RSV is considered responsible
for one-third of deaths resulting from acute lower re-
spiratory infection (ALRI) in the first year of life." Ho-
wever, the overall burden of RSV disease is underesti-
mated, especially in older age-groups. Recent studies
have shown that the morbidity and mortality asso-
ciated with RSV in the elderly and high-risk individuals
is also substantial.!

1.1. RSV epidemiology and burden of disease

RSV, which is transmitted by direct and indirect con-
tact with oral or nasal secretions, may cause repeating
infections throughout life and significant disease in
various age-groups, mostly in paediatric and elderly
populations.??* For most infants and young children,
the infection is restricted to the upper respiratory
tract. For a small percentage, infection with RSV can
lead to bronchiolitis, inflammation of the small airways
of the lungs, or pneumonia, severe conditions that
may become fatal. During the early stages of the dis-
ease, occurs a peribronchiolar inflammation with lym-
phocytes. During the progression of the disease, the
inflammation progresses to the characteristic necrosis
of the bronchiolar epithelium, which blocks the bron-
chioles resulting to the obstruction of the air flow, the
hallmark of bronchiolitis. This effect is maximized due
to the small width of bronchioles in infants.* Tachyp-
nea, wheezing and especially cough are important
signs of RSV infection. However, almost half of RSV-
infected children present without fever.> The absence
of fever is the major distinction from Influenza-Like-
lliness (ILI) symptoms. The presence of fever is often
considered an indication of a lower respiratory tract
infection in children. RSV infection can sometimes
present only with apnea in infants <6 weeks of age.
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The incubation period of the virus varies, but it is usu-
ally between 4-6 days.

The virus seasonal circulation pattern has been
identified and, in temperate regions, it usually coin-
cides with influenza virus circulation, between the late
fall and early spring, and lasts three to four months.
However, the timing of circulation varies between
years and different regions, as well as within commu-
nities. The annual global burden of RSV is estimated
to be 33.8 million new cases of ALRI in children less
than five years old, 3.4 million hospital admissions,
and in 2010 253,000 deaths, with most of the fatalities
occurring in developing countries.®

1.2. RSV virus characteristics

RSV virus is an enveloped RNA Pneumovirus with a
non-segmented, single-stranded, negative-sense RNA
genome and belongs to the family Paramyxoviridae.
The viral genome consists of a total of 10 genes en-
coding 11 proteins. The RSV virion encodes three sur-
face envelope proteins: the attachment protein G, the
fusion protein F, and the small hydrophobic protein
SH. The fusion (F) and attachment (G) surface glyco-
proteins are the most important for vaccine produc-
tion because of their ability to induce neutralizing
antibodies. There are two major subgroups: A and B

1.3.Viral F and G proteins

RSV F is a membrane anchored glycoprotein that me-
diates viral entry into host cells. The F glycoproteins
undergo a conformational change that brings the
viral and cellular membranes into proximity, ulti-
mately leading to their fusion during cell entry. RSV F
protein is present on the viral surface in two states: a
metastable pre-F and a stable postfusion (post-F)
form. The prefusion and postfusion forms of RSV F
protein are important for the use as vaccine antigens.
There are large structural differences between the lol-
lipop-shaped prefusion F trimer and the crutch-
shaped postfusion F trimer. To prevent viral entry,
F-specific neutralizing antibodies must bind the pre-



fusion conformation of F on the virion, before the viral
envelope fuses with a cellular membrane.®

The heavily glycosylated RSV G protein is responsi-
ble for viral attachment to cells. The majority of the
differences between the two major RSV strains (A and
B) are attributed to the antigenic variability in this pro-
tein. The G protein of the A and B strains can differ by
up to 47%, whilst G proteins from the same strain can
differ by as much as 20%.8

The success of passive immunization with an anti-
body that target the viral F protein (palivizumab) pro-
vided the rationale for developing a vaccine that
elicits functional antibody responses. The efficacy of
palivizumab, which bind to antigenic site Il on the
RSV F protein, has led many developers to focus on
RSV F as a primary immunogen).® Antibodies target-
ing the F protein exhibit and increased cross-reaction
across both RSV subtypes compared to antibodies to
G protein.

2. RSV infection prevention and therapy

There is no vaccine currently available to protect from
RSV infection, especially the severely affected risk
groups and the current knowledge of RSV epidemiol-
ogy and burden of RSV disease still has gaps that will
need to be addressed by proper RSV surveillance at a
national and international level. However, several tar-
get populations for RSV vaccines have been selected:
1) infants younger than six months of age, which as
mentioned above is the age-group at highest risk of
severe disease; 2) children six months of age and
older, which will also indirectly help decrease trans-
mission to other high-risk individuals; 3) pregnant
women to decrease their own infection rates, and pro-
tect their newborns by placental antibody transfer
and 4) the elderly, who are also at risk for severe dis-
ease, similar to that of influenza, though the burden
of RSV disease to this age-group is underestimated.®
RSV is also a significant concern for other high-risk in-
dividuals, such as pre-term infants, immunocompro-
mised individuals, and those with pulmonary or
congenital heart disease.

The fact that RSV infects early in life is one of the
main challenges of RSV immunisation. Immune re-
sponses are limited in infancy compared to older age
groups, and the safety of any vaccine is a major con-
cern. The incidence of severe RSV disease is consid-
ered to be higher in infants younger than six months
of age. Peak hospitalizations occur at about one
month of age, while the RSV-related fatality rate is
highest in infants younger than two months. A strat-
egy of vaccinating pregnant women to prevent infant
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disease is under consideration. A single immunization
in late pregnancy could be sufficient to boost infant
RSV antibody concentrations to protective levels.!
Several studies have demonstrated a reduced inci-
dence of RSV disease during the first several months
of life that coincides with higher concentrations of
RSV-specific maternal antibody transplacentaly intro-
duced to the infant." Further, prevention of RSV in the
mother resulting in reduced transmission to the infant
due to their intimate contact is another potential ben-
efit of vaccinating pregnant women. Most impor-
tantly, any vaccine administered to pregnant women
will need to be in accordance with the highest safety
standards.

2.1. Therapeutic options

Immunoprophylaxis with the neutralizing monoclonal
antibody (mAb) palivizumab is used especially in some
high and middle income countries to prevent RSV dis-
ease in very premature infants or those with other
underlying medical conditions, such as congenital
heart disease. Palivizumab is a humanized monoclonal
antibody (IgG) directed against an epitope in the A
antigenic site of the F protein of RSV. Palivizumab was
shown to reduce the risk of hospitalization due to RSV
infection by 55% and 45% during two Phase Il clinical
trials. Palivizumab is dosed once a month via intra-
muscular injection, and is administered prophylacti-
cally throughout the duration of the RSV season. The
high cost and requirement of monthly administration,
precludes its use in resource-constrained public health
settings.'?

Recently two major pharmaceutical companies an-
nounced to develop and commercialize a monoclonal
antibody —called MEDI8897- for the prevention of
Respiratory Syncytial Virus (RSV) associated illness in
newborns and infants. MEDI8897 is a highly potent
monoclonal antibody (mAb) that neutralizes RSV by
binding the RSV fusion (F) protein expressed on viri-
ons and infected cells; it has been developed to have
long half-life so that only one dose would be needed
for the entire RSV season, which facilitates its admin-
istration to infants. MEDI8897 received fast-track des-
ignation from the U.S. FDA in 2015 and it is currently
being investigated in a Phase lIb study in preterm in-
fants with plans for a Phase lll trial in healthy full-term
infants.

Alternative symptomatic treatment for patients
with severe ALRI consists of supportive care, supple-
mental oxygen and mechanical ventilation. Bron-
chodilators, corticosteroids, and ribavirin have failed
to prove clearly beneficial in randomized controlled
trials and are not currently recommended for use in
many countries. Prophylaxis, either with palivizumab
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administration or vaccination, is thus considered the
optimal solution.

2.2.Vaccines under development

Live-attenuated vaccine approaches have been in de-
velopment for the past decades, but to achieve im-
munogenicity, sometimes their safety was compro-
mised. Several RSV vaccine candidates using various
technologies and targeting different populations and
age-groups have emerged in recent years.”> There are
now 60 RSV vaccine candidates in development, tar-
geting the whole range of age-groups, of which 16
vaccine candidates are currently in clinical develop-
ment, while most are at a preclinical stage.

In the past, RSV vaccine development in the 1960s
was shaded by the vaccine-caused illness that oc-
curred after a formalin-inactivated RSV vaccine was
administered to seronegative infants. Proposed mech-
anisms for the cause of the disease included the pro-
duction of high titers of non-neutralizing antibodies
and Th2-biased cellular immune profile. These im-
munologic responses may have caused the deposi-
tion of immune complexes, the activation of the
complement and allergic inflammation. The severe
lung inflammation, the diminished health status, and
fatalities that occurred in vaccinated infants raised
concerns that other non-replicating RSV vaccines
might also predispose infants and RSV-seronegative
children to unpredictable immune responses.’

Presently, sixteen RSV candidates are currently ad-
vancing through Phase 1 to Phase 3 clinical trials
(Table 1,2). The regulatory pathways for RSV vaccines
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are strict: 1) to establish evidence of protection against
RSV disease affecting the youngest age group; 2) to
provide enhanced respiratory disease safety assur-
ances, especially for vaccines intended for pregnant
women or infants; 3) to generate safety information
about the technology that will be used.'

AWHO Consultation on Respiratory Syncytial Virus
Vaccine Development held on 23-24 March 2015 con-
cluded that safety, immunogenicity, and efficacy data
in preclinical models should be reviewed when con-
sidering the advancement of a vaccine candidate into
the clinic. In general, safety and immunogenicity stud-
ies should first be performed in healthy adults. Early
trials that involve seronegative infants should occur
in a setting with appropriate facilities for the manage-
ment of adverse events."

The RSV vaccine development is by nature a pro-
longed, risky, and increasingly expensive process.
Multiple candidates are now in the human testing
phase, targeting different age-groups and popula-
tions- young children, older adults, pregnant women
and high-risk individuals. As previously described,
among neonates and young infants the vaccine de-
velopment has great potential benefit due to the in-
creased disease burden on these age-groups.'®

A growing number of RSV vaccine candidates,
across multiple platforms, has emerged as of late.? The
type of vaccine used will be dependent on the target
population.

2.2.1 Live-attenuated vaccines
Live-attenuated vaccines (LAVs) are the most ad-

Table 1 List of LAIV vaccines in clinical trials!®

VACCINE CLINICAL MANUFACTURER | APPROACH OUTCOME
TRIAL STATUS
Live attenuated | Phase 1/2a MedIlmmune LLC | Live attenuated | Increased rate
MEDI 557 of LRTIs in vaccine
recipients, further
study on-going
LID AM2-2 Phase 1 Adults NIAID Recombinant Estimated completion
live attenuated | May 2016
ANS2 A1313 Phase 1 Children | NIAID Single Dose of | Estimated completion
12- 59 RSV+ Recombinant May 2016
and 6-12 mo RSV Live-Attenuated
cps2 Phase 1 Medimmune, Recombinant Completed
NIAID live attenuated
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vanced vaccine candidates in RSV-naive infants.'” LAVs
to protect pediatric populations from RSV disease
have been in development for decades and do not
appear to cause enhanced disease in RSV naive infants.
Recent approaches include engineered viruses that
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use knowledge of RSV gene function to create ‘knock-
out’viruses that are attenuated but stillimmunogenic,
such as the M2-2 deletion mutant that favors tran-
scription over replication of the genome, leading to
increased protein production, but limited virus am-

Table 2 List of recombinant viral vectors expressing RSV antigens

VACCINE CLINICAL MANUFACTURER | APPROACH OUTCOME
TRIAL STATUS
RSC 001 Phase 1 Kairos Adenovirus vector Commenced 2013,
and an MVA vector outcome awaited
encoding RSV
antigens
MEDI-7510 Phase la Medimmune LLC | RSV sF antigen + Estimated
synthetic completion
glucopyrasonyl 2015
lipid A adjuvant
Nanoparticle Phase 2 Novavax Recombinant Commenced
RSV F Healthy 3rd RSV F protein October 2013,
semester outcome awaited
pregnant
RSV-F Vaccine | 60-75 yrs 75+ | Novavax RSV-F Commenced
with Adjuvant Protein Nanoparticle | October 2013,
Vaccine, With or outcome awaited
Without Aluminum
Adjuvant
RSV F subunit | Phase I Novartis /GSK F subunit/MF59 Estimated
completion 2015
GGSK Phase 1 GSK Prefusion Estimated
3003891A. etc | Healthy males F subunit completion 2016
GSK 3003895A,| Phase 1 GSK Viral Proteins Estimated
3003898A, healthy women Encoded by completion 2016
3003899A Chimpanzee-derived
adenovector
(ChAd155- RSV)
GSK 3389245A | Phase 1 GSK ChAd155-RSV Estimated
healthy adults completion 2016
MVABN RSV | Phase | Bavarian Nordic | Recombinant MVA Estimated
BN® RSV Vaccine completion 2016
DPX-RSV(A) Phase 1 Dalhousie univ SHe antigen and Estimated
DepoVaxTM adjuvant | completion 2016
Ad26.RSV Phase 1 Crucell Holland Human adenovirus- | Estimated
Ad35.RSV vectored vaccine completion 2016
candidate
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plification. Achieving a proper balance between at-
tenuation (safety) and immunogenicity, as well as ge-
netic stability, has been difficult. A live vaccine ap-
proach targeted to older infants and young children
could ultimately complement a maternal/passive im-
munization approach by protecting these older pop-
ulations and decreasing transmission of the virus.’

2.2.2. Protein-based vaccines

Protein-based vaccine approaches have been devel-
oped for protecting the elderly population from severe
disease and are often formulated with adjuvant. Par-
ticles can display viral proteins, peptides, or neutral-
izing epitopes with increased density to enhance B
cell receptor binding. Particle and protein-subunit vac-
cines are also being developed forimmunization dur-
ing pregnancy to boost pre-existing immunity to in-
crease transplacental transfer of RSV-specific antibody
to infants. Maternal RSV vaccines will likely be more
acceptable either as unadjuvanted formulations or
adjuvanted only with alum given their history of safe
use in this population.®

2.2.3. Vaccines encoding RSV surface antigens
Replication competent and deficient alphavirus, ade-
novirus, and modified vaccinia virus Ankara (MVA)
vectors encoding RSV surface antigens are being de-
veloped for use in infant and pediatric populations.
These vectors are intended to express surface proteins
in their authentic conformation and processed by
MHC class | and class Il pathways, thus eliciting robust
humoral and cellular immunity.°

VOL. 62 @ |SSUE 4, October-December 2017

G. KARATSAIS, M. EXINTARI, G. GIOULA, M. CHRISTOFORIDOU, A. MELIDOU

2.2.4. Nucleid acid vaccines
Nucleic acid vaccines using either plasmid DNA or
messenger RNA encoding RSV antigens are being tar-
geted to protect both pediatric and elderly popula-
tions. Combination approaches with DNA and protein
are in early development as well and could induce
both cellular and humoral immunity.®

Preclinical vaccine development is a target of phar-
maceutical companies, government agencies, aca-
demic institutions, and biotechnology organizations
focusing on infant, child, and elderly populations. An
Innovative Medicines Initiative funded project
(RESCEU) on RSV burden, surveillance and severity-as-
sociated biomarkers has recently commenced and
will support the RSV surveillance and research needed
for vaccination purposes in Europe.'®

While vaccines are considered among the most
cost-effective health interventions for infectious dis-
eases, there are none yet available for RSV. RSV is con-
sidered to be the most important missing indication
in the vaccination schedule of new-borns and the pre-
diction is that the first vaccines will become available
in the EU market within the next 5-10 years. A vaccine
to protect infants and children from RSV disease is a
high public health priority. The World Health Organi-
sation (WHO) is also focusing on the development of
a global RSV surveillance system prior to the entry of
the RSV vaccine in the market.’ Such a vaccine has
unique challenges to overcome, including the young
age at peak onset of severe disease and the history of
vaccine-enhanced illness and death. A number of piv-
otal studies are under way that will ensure a licensed
RSV vaccine will be a short-term reality.
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Neotepa dedopéva otnv €€€ENEN Tou ey oliov Evavti oTov avanvev-
OTIKO OUYKUTLAKO 16 (RSV)

Nwpyog Kapatodang, Mapia E§nvtdpn, Newpyia NkiovAa, Mapia Xpiotogopidou, AyyeAiki Mehidou
MikpopBiodoyiké epyaaoTtripio, latpikri oxoAri, ApioTotéAelo mavemoThuio Osooalovikng,
54 124 ©sooalovikn, EAAdSa

O avanveuoTIKOG CUYKUTIOKOC LOC ATTOTEAEL JIa ATTO TIC ONUAVTIKOTEPEC AITIEC IOYEVWV AOIUW-
EewV KATWTEPOU avamveuoTIkoU o€ Bpépn Kat TTadIA TTAYKOOUIWG. Zuxvd mpokalei coapég
akOuN Kal Bavatn@opeg AoluwEeL e8IKOTEPA o€ TTaIdIA NAIKIAG KATW TwV €€ UNVWV Kal CUY-
KeKPIUEVa Bewpeital n artia yia To éva Tpito Twv BavAatwy mou mpokalouvTal ard AOIPWEELS
KOATWTEPOU AVATIVEUOTIKOU OTOV TIPWTO XPOvo TnG {wnc. Zipepa dev undpxel dlabéoipo eu-
BOAIO €vavTl TOU AVATIVEUOTIKOU CUYKUTIOKOU 10U. H avocompo@UAaén e TO POVOKAWVIKO
avtiowpa palivizumab xpnotpomoleitat yia tnv mpdAnyn t¢ Aoipwéng og moAL mpdwpa
VEOYVA Kal o€ atopa uPnAou Kivduvou. Tic mepacpéveg deKaeTieC Eytvav TTPOOTIAOELEC yia TN
Snuiovpyia gpPoliouv amod (wvteg e€aBevnuévoug 100G, TTOU OUWGE £XOUV apPIoBNTNOEl Adyw
TWV mMOavwv eMMAOKWV Touc. Ta TEAeuTaia xpodvia €xouv TTPOKUYPEL TTOAA unoPripla epBoAia
€VavTlL TOU 10U, Ta OTT0ia XPNOIUOTIOOVV SIAPOPEC TEXVONOYIEG Kal 0ToXEVOULV O S1dPpopoug
uTTEPTANBUOHOUG Kalt NAIKIEG. TN CUYKEKPLUEVN AVAOKOTINON TTapouctadeTal n Tpéxouoa Ka-
TdoTaon oTIC TPOOTIABEIEC Yia TN Snpioupyia EPBOAIOU EVavTi TOU AVATTVEUOTIKOU CUYKUTIAKOU
1ov. E€Avta umoyrieia epPoiia Bpiokovtal umd dnuiovpyia AuTH TN OTIYUA €K TWV OTTOIWV TA
16 gival uTIO KAIVIKEG OOKIUEC. 213

Né€sic kAebia
‘?._u Avorvevotikog ovykotiorog 106, RSV, eufiolio

TOMOS 62 « TEYXOS 4, OktisBpioc-AekéuBpioc 2017 (| k%)
| !
\ o /



214

References

G. KARATSAIS, M. EXINTARI, G. GIOULA, M. CHRISTOFORIDOU, A. MELIDOU

1. Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K,
Aboyans V, et al. Global and regional mortality from
235 causes of death for 20 age groups in 1990 and
2010: a systematic analysis for the Global Burden of
Disease Study 2010. Lancet. 2012;380:2095-128.

2. Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh
EE. Respiratory syncytial virus infection in elderly

and high-risk adults. The New England Journal of

Medicine. 2005;352:1749-59.

3. Hall CB: The burgeoning burden of respiratory syncytial
virus among children. Infectious disorders drug tar-
gets. 2012;12:92-7.

4. Oymar K, Skjerven HO, Mikalsen IB: Acute bronchi-
olitis in infants, a review. Scand J Trauma Resusc
Emerg Med. 2014;22:24.

5. Tregoning JS, Schwarze J. Respiratory Viral Infections
in Infants: Causes, Clinical Symptoms, Virology, and
Immunology. Clinical Microbiology Reviews. 2010;
23:74-98.

6. Nair H, Nokes DJ, Gessner BD, Dherani M, Madhi SA,
Singleton RJ, et al. Global burden of acute lower res-
piratory infections due to respiratory syncytial virus
in young children: a systematic review and meta-
analysis. Lancet. 2010;375:1545-55.

7. Dudas RA, Karron RA: Respiratory syncytial virus vac-
cines. Clin Microbiol Rev. 1998;11:430-9.

8. Jason S. McLellan, William C. Ray, Mark E. Peeples.
Structure and Function of RSV Surface Glycoproteins,
Curr Top Microbiol Immunol. 2013;372:83—104.

9. Higgins, D, Truyjillo, C, Keech C. Advances in RSV vac-
cine research and development - a global agenda. Vac-
cine. 2016 34:2870-2875.

10. Anderson LJ, Dormitzer PR, Nokes DJ, Rappuoli R,
Roca A, Graham BS: Strategic priorities for respira-
tory syncytial virus (RSV) vaccine development. Vac-
cine. 2013;31 Suppl 2:B209-15.

11. Chu H, Steinhoff M, Magaret A, Roy E. Respiratory
Syncytial Virus Transplacental Antibody Transfer and

VOL. 62 @ |SSUE 4, October-December 2017

Kinetics in Mother-Infant Pairs in Bangladesh. J Infect
Dis 2014; 210:1582-9.

12. Wang D, Bayliss S, Meads C. Palivizumab for im-
munoprophylaxis of respiratory syncytial virus (RSV)
bronchiolitis in high-risk infants and young children:
a systematic review and additional economic model-
ling of subgroup analyses. Assess. 2011;15(5):iii-iv, 1-
124.

13. Karron RA, Luongo C, Thumar B, Loehr KM, Englund
JA, Collins PL, et al. A gene deletion that up-regulates
viral gene expression yields an attenuated RSV vac-
cine with improved antibody responses in children. Sci
Transl Med 2015;7:312ral75.

14. Chin J, Magoffin RL, Shearer LA, Schieble JH,
Lennette EH. Field evaluation of a respiratory syncy-
tial virus vaccine and a trivalent parainfluenza virus
vaccine in a pediatric population. Am J Epidemiol
1969;89:449-63.

15. Modjarrad K, Giersing B, Kaslow DC, Smith PG,
Moorthy VS. WHO RSV Vaccine Consultation Expert
Group. WHO consultation on Respiratory Syncytial
Virus Vaccine Development Report from a World
Health Organization Meeting held on 23-24 March
2015. Vaccine 2016;34:190-7.

16. Hall CB, Weinberg GA, Iwane MK, Blumkin AK, Ed-
wards KM, Staat MA, et al. The burden of respiratory
syncytial virus infection in young children. The New
England Journal of Medicine. 2009;360:588-98.

17. Rostad CA, Stobart CC, Gilbert BE, Pickles RJ, Hotard
AL, Meng J, et al. Recombinant Respiratory Syncytial
Virus Vaccine Candidate Attenuated by a Low-Fusion
F Protein Is Immunogenic and Protective against
Challenge in Cotton Rats. J Virol. 2016;90:7508-18.

18. Kari Johansen. Needs for RSV surveillance data from
a vaccination programme point of view. Expert In-
fluenza and other vaccine-preventable diseases Euro-
pean Centre for Disease Prevention and Control,
ECDC 7 February, 2017.



