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Abstract: Respiratory syncytial virus (RSV) is the leading cause of lower respiratory tract
infections in children worldwide, with the most severe disease occurring in very young infants.
Despite half a century of research there still are no licensed RSV vaccines. Difficulties in RSV
vaccine development stem from a number of factors, including: (a) a very short time frame
between birth and first RSV exposure; (b) interfering effects of maternal antibodies; and (c)
differentially requlated immune responses in infants causing a marked T helper 2 (Th2)
immune bias. This review seeks to provide an age-specific understanding of RSV immunity
critical to the development of a successful pediatric RSV vaccine. Historical and future
approaches to the prevention of infant RSV are reviewed, including passive protection using
monoclonal antibodies or maternal immunization strategies versus active infant immunization
using pre-fusion forms of RSV F protein antigens formulated with novel adjuvants such as
Advax that avoid excess Th2 immune polarization.
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Introduction

Respiratory syncytial virus (RSV) (see Figure 1)!
is the leading cause of pediatric acute lower res-
piratory tract infections (ALRI), with the inci-
dence peaking at 2—4months of age? and most
cases of severe RSV occurring in infants <6 months
of age.? Using a risk factor-based model and 2015
population estimates in 132 developing countries,
the RSV Global Epidemiology Network estimated
~33.1 million annual episodes of RSV-ALRI, 3.2
million hospital admissions, and 59,600 in-hospi-
tal deaths among children under the age of
5years. In infants younger than 6 months of age,
RSV-ALRI was estimated to be responsible for
1.4 million hospital admissions and 27,300 in-
hospital deaths.* In a retrospective case series, the
median age for global RSV-related deaths was
between 5 and 7 months of age.> Overall, about
45% of hospital admissions and in-hospital deaths
due to RSV-ALRI occur in children younger than
6 months. Accompanying the heavy burden of
RSV clinical disease is the large financial burden,

with projected annual costs attributable to RSV
infection of $342 million in the United States
alone.% In the absence of an effective treatment
option for RSV disease’ there is an urgent need
for early-life RSV prevention strategies to help
reduce RSV-associated morbidity and mortality.

Despite the clear need, the development of a safe
and effective RSV vaccine for young children has
met with significant barriers. These include dif-
ficulty in the ability to generate protective long-
term immune memory in young children and
concerns regarding the potential for vaccine
enhanced respiratory disease (ERD) when vacci-
nated children contract RSV infection. The lack
of long-term immunity is a particular problem
for RSV and individuals can be infected repeat-
edly throughout their lives. RSV infection does
not induce long-term immunity even in adults.
The problem of ERD was first recognized during
clinical trials that took place in the 1960s to test the
efficacy of a formalin-inactivated RSV vaccine
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* Member of the Paramyxoviridae family of viruses,
which includes viruses responsible for measles, mumps,
and other respiratory tract infections.

* Enveloped negative-sense, single-stranded RNA virus
that contains 10 genes encoding for 11 proteins.

* RSV proteins include:

» Fusion glycoprotein (F)

= Attachment glycoprotein (G)

+ Small hydrophobic surface glycoprotein (SH)
* Nucleoprotein (N)

* Phosphoprotein (P)

» Large polymerase protein (L)

+ 2 Non-structural proteins (NS1 & NS2)

* Matrix protein (M)

* M2-1 and M2-2 proteins

* The F and G proteins are the most antigenic and most
commonly used in subunit and vector-based vaccines,
but N has also been used in vector vaccines.

» The L, NS1, NS2, and M2-2 proteins are the
predominant targets of attenuation.

Figure 1. Key facts on respiratory syncytial virus
(RSV).1

(FI-RSV) formulated with alum adjuvant.8-!! In
a study of 2—7-month-old children, the FI-RSV
vaccinated children developed an enhanced form
of RSV disease, now referred to as ERD, follow-
ing natural RSV infection. This resulted in
increased rates of hospitalization of 80% of the
vaccinees, with two deaths.!! All vaccinated
infants had measurable RSV antibody after
immunization but the FI-RSV vaccine failed to
provide any protection and instead caused ERD.
This clinical trial failure impeded subsequent
RSV vaccine development for many years; only
recently have strategies been advanced to address
these safety concerns, as will be discussed later in
this review.

In addition to the issue of ERD, viable pediatric
RSV immunization strategies must also over-
come reduced infant immune responsiveness to
vaccination, including the potential inhibitory
effects of maternally derived RSV antibodies.
Infants, particularly those that are born prema-
turely, possess an immature innate and adaptive
immune system that leaves them more vulnera-
ble to pulmonary infections (see Figure 2).
Neonates have a reduced ability to generate
effective, long-lived adaptive memory responses
following immunization, attributed to a predis-
position towards tolerogenic immune responses.

Newborn cord-blood dendritic cells (DCs) and
monocytes stimulated with Toll-like receptor
(TLR) agonists demonstrate a preference to T
helper (Th)-2 cytokine responses with reduced
production of Th-1 cytokines.!?2 Moreover, neo-
natal lymphocytes exhibit a high proportion of
recent thymic emigrants,!> which are biased
towards the Th2 effector lineage.'* Humoral
immunity of the infant is disadvantaged as there
is a low frequency of somatic mutations, thereby
leading to lower avidity and less antibody diver-
sity.15 In the United States hepatitis B vaccine is
the only vaccine recommended for administra-
tion at birth and still requires subsequent
booster doses.!%17 Qutside the US, Bacillus
Calmette—Guerin (BCG) and oral polio vaccine
(OPV) are live vaccines given at birth. However,
OPV still requires three additional childhood
boosters. While BCG protects infants from seri-
ous complications of meningitis and dissemi-
nated tuberculosis, it does not protect from
primary tuberculosis. Collectively, these exam-
ples highlight the difficulties of developing vac-
cines to protect very young infants from
infectious diseases.

Our understanding of RSV immunity comes from
more than 50years of clinical research and use of
animal models. Neutralizing antibody has been
shown to be an important correlate of protec-
tion.!8-21 More recently, the superiority of neutral-
izing antibodies targeting RSV pre-fusion protein
has been demonstrated.??22¢ Studies describing
mucosally-associated immunity, including RSV-
specific memory B cells,?* breast milk IgG,?3 and
nasal IgA,?> as well as interferon (IFN)-y-producing
RSV-specific CD8+ T cells have broadened our
understanding of protective immunity.26-3! These
findings highlight the importance of considering
correlates of protection beyond serum neutraliz-
ing antibodies in RSV vaccine research.
Although the role of eosinophils in causing
immunopathology is controversial, eosinophilia
is an indication of overexuberant Th2 immu-
nity, which has been associated with RSV
immunopathology.32:33 The recent characteriza-
tion of the pre-fusion conformations of the RSV
F protein has helped advance immunization.
This review will discuss the latest approaches to
the development of infant RSV vaccines, includ-
ing the use of novel adjuvants to overcome neo-
natal immune hypo-responsiveness.
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Innate RSV Immune Responses
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Figure 2. Differences in immune responses to RSV between infants and adults. Data from RSV-infected
infants and animal models demonstrate infant immune responses are manifested by reduced anti-viral type
I/Il interferon (IFN) production and increased T helper (Th])-2 and anti-inflammatory cytokine production
when compared to adults. The adaptive immune response of infants is characterized by reduced activation
and IgG class switching of B cells with higher production of IgM compared to IgG from a reduced plasma cell
population. Neonatal T-cell populations are also altered and demonstrate reduced proliferation, decreased
expression of co-stimulatory markers, and a higherinterleukin (IL)-4/IL-17A to IFNy ratio

BAFF, B-cell activating factor of the tumor necrosis factor family; BCMA, B-cell maturation antigen; mTOR,
mammalian target of rapamycin; pDC, plasmacytoid dendritic cells; RSV, respiratory syncytial virus; TACI,
transmembrane activator and calcium-modulating cyclophilin ligand interactor.

Infant RSV immune responses

Innate responses

The infant immune response to RSV is charac-
terized by suboptimal type I and II interferon
responses.>43% In murine models of RSV infection,
infants produced significantly less IFN-a, 3 and y
than similarly infected adult mice.3%37:38 This
blunted type I interferon response mirrored the
decreased plasmacytoid dendritic cell (pDC) fre-
quency in RSV-infected infant murine lungs.3*
The absence of these crucial anti-viral cytokines
during infant RSV exposure severely impacts the
ability of infants wersus adults to mount effective
anti-RSV responses.3+35:39 Furthermore, supple-
menting these type I/Il interferons during early
RSV infection in an infant murine model of RSV
improves the immune response on re-infection,
resulting in reduced airway hyperresponsiveness

and lung pathology.3%35 These studies highlight
the importance of type I/II interferons in early RSV
protection, and successful pediatric vaccine strate-
gies should ideally overcome this deficit.

In addition to the blunted type I/II interferon
responses, infants also display elevated produc-
tion of anti-inflammatory cytokines following
exposure to RSV, which are typically associated
with greater disease severity.3%:40 In murine mod-
els of RSV infection, infants expressed more
interleukin (IL)-4 and IL-10 shortly after RSV
exposure.3® This suggests that the early produc-
tion of these cytokines skews the infant lung
towards a Th2 environment, which by suppress-
ing Th1l anti-viral T-cell responses, may lead to
less effective viral control and clearance.
Similarly, studies conducted in human neonatal
blood show robust production of Th2 cytokines
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and reduced production of Thl cytokines fol-
lowing TLR stimulation. Neonatal whole blood
immune cells, when compared to similarly stim-
ulated adult blood immune cells, produced
fewer Thl-promoting cytokines (ex. IL-12p70,
IFNa, IFNy, and tumour necrosis factor (TNF)-
o) while expressing more IL-23, IL-6, IL-1b,
and IL-10, well-known promoters of Th17 and
anti-inflammatory responses.!! Even in low-
resource settings known to have greater infec-
tious pressure, most TLR agonists (TLRs 1-9)
induced production of TNFa, IL-1f, IL-6, and
IL-10 in cord blood.#! The greatest TNFa and
IFNy responses were produced from cord blood
samples following stimulation with a TLR7/8
agonist. However, one striking finding from
TLR stimulation studies done in blood from
African*! and Papua New Guinean*? infants was
the robust and persistent IL.-10 response. RSV
activates several Toll-like receptors (TLRs),43-45
and single nucleotide polymorphisms (SNPs) in
multiple TLRs have been associated with RSV
disease severity.4%47 The differential response
to TLR stimulation in infants should be taken
into consideration when designing pediatric
RSV vaccines. Furthermore, overcoming anti-
inflammatory bias may be especially important
in areas with high rates of infections, e.g. para-
sites and helminths, that induce Th2-dominant
immune responses.

Differential cytokine production in infants paral-
lels many other differences in cell populations
and innate immune activation pathways in
infants. As the predominant immune cell present
in the naive airspace, alveolar macrophages
(AMs) play an important role in the early immune
response to RSV, characterized by rapid AM acti-
vation and phagocytosis of the virus. However,
infant mice mount an immature AM response,
with delayed upregulation of major histocompat-
ability complex (MHC)-II and CD86.38
Exogenous intranasal delivery of IFNy overcame
infant murine AM immaturity, expediting activa-
tion and viral clearance.8 Notably, depletion of
infant murine AMs resulted in higher viral titers
indicating a role for AMs in RSV control.48

Neutrophils are an innate immune cell commonly
identified in clinical bronchoalveolar lavage
(BAL) samples obtained from pediatric patients
infected with RSV.49-51 They have been reported
to represent approximately 70-85% of cells

recovered from clinical samples obtained from
infants and children with RSV bronchiolitis.
Interestingly, a correlation between IL-8, a
chemokine integral in the recruitment of neutro-
phils, and RSV clinical severity has been estab-
lished in pediatric patients.>! However, cell counts
from bronchial secretions do not correlate with
RSV clinical severity®! despite increased airway
neutrophil frequency following RSV infection.52
Therefore, although neutrophils are commonly
found in infants and children with severe RSV,
their precise role in the pathological response is
unclear.

With the well-characterized Th2 cytokine envi-
ronment of the infant airspace, it is not surprising
that type 2 innate lymphoid cells (ILC2s) play an
important early role in shaping pediatric
responses to RSV.33:5¢ At baseline, infant mice
have significantly more ILC2s in their lungs than
adults, and on RSV challenge, these cells quickly
expand and produce IL-13. This quick ILC2
response is mediated by epithelial cell release of
IL.-33, which is significantly higher in the lungs
of infant compared to adult mice.>3 Importantly,
elevated populations of ILC2s and concentra-
tions of IL.-33 and IL-13 were identified in the
nasal aspirates of infants hospitalized with severe
RSV infection.>3:54

In addition to aberrations in AM function and
enhanced ILC2 responses, neonates also display
altered DC behaviour.’>57 In early life, infant
mice show delayed development of IL-12-
producing CD8+ DCs, leading to the apoptosis
of IFNy-producing Th1 cells.?> This reduction in
Thl immunity compromises anti-viral immune
responses. Furthermore, infant mice show a pre-
dominant CD103+ DC phenotype in draining
lymph nodes following RSV infection, with
reduced immunodominant K4 M2, ,,-specific
CD8+ T cells compared to adult mice.>” As DCs
play a crucial role in bridging the innate and adap-
tive responses, knowledge of how neonatal DCs
differ from adult DCs needs to be factored into
the design of RSV vaccines aimed at protecting
infants. Hence, many aspects of the innate
immune system display age-dependent differences
that affect infant immunity and predispose infants
to more severe RSV infection, and less efficient
vaccine responses. Understanding these differ-
ences will be critical to the development of effec-
tive pediatric RSV vaccines.
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Infant B-cell responses to RSV

The infant B-cell response to purified antigens is
generally weak compared to adults. Nonetheless,
in vivo data suggest that B cells are extensively
recruited and activated in response to RSV infec-
tion, even in infants. Quantitatively, B cells are
increased in the peripheral blood of RSV-infected
infants aged 1-12months compared to healthy
controls,>® yet the functional capacity of these B
cells has not been extensively investigated. Reed
et al. analyzed post-mortem lung samples from
fatal infant RSV cases and found that B cells were
present in the lower respiratory tract, while CD4+
and CD8+ T cells were essentially absent.’® As
RSV-specific antibodies were detected in naso-
pharyngeal secretions, a T-cell independent anti-
body production process dependent on local
innate immune factors may be a potential expla-
nation for this observation. In both human and
murine models of RSV, low levels of antibodies
are produced following antigen exposure in
infants, with less efficient affinity maturation.60-62
Following RSV exposure in human infants, plen-
tiful IgM is produced by B cells whereas IgG is
produced in relatively low quantities compared to
adults, despite similar levels of the B-cell activa-
tion markers, CD69 and CD86.%3 The relatively
low antibody response to infection suggests
infants may elicit predominantly short-lived effec-
tor B-cell responses rather than production of
long-lived plasma cells. Indeed, this was observed
in a neonatal mouse model of tetanus toxoid vac-
cination, in which early life immunization led to
the development of significantly fewer bone mar-
row plasma cells compared to immunized adult
mice.%* However, the ability to mount a humoral
response to antigen progresses rapidly within the
first 3 months of life.%5 By 6 months of age, signifi-
cant increases in the quantity of antibody produc-
tion is notable in humans following RSV
exposure.®® Younger age is also associated with
differences in RSV epitope recognition by anti-
bodies, with responses in children older than
6months starting to resemble adult-like
responses.®” Many of these maturational changes
in B-cell development coincide with the natural
decay of maternal antibodies, which may also
influence RSV-specific B-cell responses in infants.

Several differences in infant immunology offer
potential explanations for the decreased overall
B-cell response to viral antigen. Decreased
strength of B-cell receptor signaling and decreased

expression of B-cell receptors CD21, CD40,
CD80, and CD86 may contribute to impaired
production of IgG in humans.%5:%¢ Neonatal B
cells also show decreased expression of costimula-
tory receptors within the tumor necrosis factor
receptor superfamily, which are relevant to B-cell
survival and antibody class switching. Members
of this family, including transmembrane activator
and calcium-modulating cyclophilin ligand inter-
actor (TACI), B-cell activating factor of the
tumor necrosis factor family (BAFF), and B-cell
maturation antigen (BCMA), were reduced in
preterm neonatal cord blood compared to
adults.®® Impaired T helper cell stimulation of
antigen-specific B cells through CD40L-CD40
interactions may also contribute to this early-life
B-cell phenotype, as decreased CD40L on T cells
and CD40 on B cells have been observed in
human infants compared to adults.%8-70

Infant T-cell responses to RSV

The infant T-cell response to RSV in humans has
been evaluated using peripheral blood samples
from infants hospitalized with RSV-associated
bronchiolitis. A more severe disease course was
observed in infants with lower IFNy and total
T-cell counts at hospital admission compared to
those with milder disease.”! T cells isolated from
RSV-infected human infants showed significantly
more production of IL.-4 and less IFNy than
healthy controls, supporting the hypothesis that
RSV elicits a Th2 skewed immune response.”?
Furthermore, younger age at the time of infection
has been associated with an allergy-associated
T-cell response with increased proportions of
Th2, Th9, Th17, and Th22 cells in infants and
children.”® In one infant study that included nasal
washes and lung tissue from post-mortem sam-
ples, nearly all cytokines measured, including
IFNy, IL-2, IL-4, and IL-17, were lower in infants
infected with RSV than those infected with influ-
enza,’* suggesting RSV may actively suppress
T-cell immunity more than other respiratory tract
infections. Notably, in fatal cases, CD8+ T cells
were nearly absent in most lung samples.”* De
Weerd er al. reported a non-significant trend to
lower total CD8+ T-cell counts in RSV-infected
human infants compared to controls.”> Other
studies have, however, found evidence of a Thl
response accompanying the Th2 response to RSV
infection in both humans and murine models.”6-78
A limitation in the afore-mentioned studies is that
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most T-cell characterization has been performed
with peripheral blood samples, which may not be
representative of the T-cell response occurring in
the RSV-infected airways. In addition, samples
are generally restricted to a single time point dur-
ing hospitalization (usually at admission) which
precludes characterization of the kinetics of T-cell
responses. Finally, most studies have included a
range of ages, not restricting their assessment to
young infants.

Animal models of RSV disease have allowed a
more thorough characterization of T-cell
responses to RSV. Infant models of RSV disease
in mice reflect commonalities to iz vivo human
data, with a relatively reduced CD8+ T-cell
response to RSV in infants compared to adults.”®
Reduced CD8+ T-cell responses in infants may
reflect the fact that RSV in human infants has
been associated with increased mTOR gene
expression with the use of an mTOR inhibitor
leading to increased RSV-specific CD8+ T
cells.80 Reduced lymphoproliferative responses to
RSV in infants may also be related to deficiencies
in IFNy. In vitro and i vivo data in mice suggest
that local delivery of IFNy can increase the activa-
tion and proliferation of RSV-specific CD8+ T
cells.79:81

CD4+ and CD8+ T-cell depletion studies in
animal models have shed some light on their rela-
tive contributions to viral clearance and disease
pathology, albeit with conflicting results. In a
study by Graham ez al., both CD4+ and CD8+
T cells appeared important to viral clearance in
adult mice, with CD8+ T cells also suggested to
play a role in lung immunopathology.2’” CD8+
T-cell enhancement of lung pathology was also
observed in another study following adoptive
transfer of CD8+ T cells into RSV-infected adult
mice, although no comparison was made to
CD4+ T-cell transfer.26 T-cell adoptive trans-
fers2:83 and T-cell depletion84 studies in mice sug-
gested that CD4+ T cells also contribute to
immunopathology. Depletion of CD8+ T cells in
a mouse model of RSV infection was associated
with increased eosinophilia suggesting CD8+
cells play a key role in preventing excess Th2
bias.?® In a study in adult mice in which anti-IL-4
was administered at the time of immunization
with an FI-RSV vaccine adjuvanted with alum,
the anti-IL-4 treated mice had significantly less
weight loss and viral titers were reduced by

five-fold, with RSV-specific cytotoxic CD8+
T-cell activity being augmented.8> This suggests
IL4-producing CD4+ T cells play a key role in
RSV pathogenesis with CD8+ T cells counterbal-
ancing this. Age at first exposure to RSV also
appears to play a critical role in pathophysiology
of subsequent RSV infections. Mice infected with
RSV at a younger age had increased total T-cell
recruitment to the lung and greater severity of
disease following re-challenge, with greater
recruitment of Th2 cells and eosinophils.8¢
Hence, CD4+ T cells appear to make a greater
contribution to RSV immunopathology than
CD8+ T cells which if anything act to suppress
excess Th2 responses. Facilitating optimal Thl
CD4+ and CD8+ T-cell responses to RSV
through vaccination early in life may help to pre-
vent subsequent immunopathology.

Other T-cell populations have been evaluated for
their contribution to or amelioration of RSV
immunopathology. T regulatory (Treg) cells are
characterized by their anti-inflammatory activity,
therefore the immunopathology observed in
enhanced RSV disease may be due in part to
excessive or impaired Treg responses. Adult mice
depleted of Tregs prior to RSV exposure experi-
enced increased severity of disease and a Th2
skewed response compared to control animals,
demonstrating the importance of Tregs in con-
trolling Th2-associated immunopathology.87
Infant mice infected with RSV developed a Treg
population with a compromised suppressive func-
tion that instead produced Th2 cytokines.88 In
agreement with pre-clinical data, a reduction in
Tregs in the peripheral blood of infants hospital-
ized with RSV has been associated with RSV dis-
ease progression.8® The cytokine profile of the
infants suggested a Th2 skewed response and a
lack of IL-10 producing Tregs, resulting in an
unbalanced immune response. Overall, both
infant animal and human RSV data suggest that
reduced IL-10 producing Tregs can result in an
excess of Th2 cytokine producing CD4+ T cells.
Moreover, FI-RSV vaccines formulated with the
Th2-biasing alum adjuvant caused enhanced
local recruitment of conventional CD4+ T cells
accompanied by a profound loss of Tregs in adult
mice.?® Adoptive transfer of CD4+ T cells har-
vested from FI-RSV immunized mice reduced
Treg recruitment to the airway, resulting in
increased immunopathology. Strategies to limit
Th2 CD4+ polarization in response to
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immunization may ensure appropriate Treg activ-
ity, which could reduce the risk of immunopa-
thology following RSV exposure.

Gamma-delta (yd) T cells are yet another T-cell
subset whose activity has been studied in relation
to RSV immunopathology. In a study of hospital-
ized RSV-infected infants, a reduction in periph-
eral y0 T cells in the hospitalized infants with RSV
was observed compared to controls, suggesting
that yd cells may play a role in RSV disease.”
Further investigation of y0 T cells in infant mice
showed a higher total numbers of yd T cells in the
lung than adult mice early in RSV infection, but
the yd cells present had a less activated phenotype.
The identified y0 T cells were largely responsible
for the production of IL-17A.°! IL-17A concentra-
tions in tracheal aspirates positively correlate with
neutrophil recruitment to the airways of infant
RSV patients.?2 In the adult mouse model, CD4+
T cells were primarily responsible for IL-17A
production.®?

Passive immunization

Ineffective treatments (ex. ribavirin)?3 combined
with alterations in the neonatal immune response
to RSV have prompted researchers to look for
alternative means of protection. Passive immuni-
zation of vulnerable infants can provide immedi-
ate protection against RSV exposure and does not
rely on vaccine immunogenicity in infants follow-
ing direct immunization. This is an important
consideration given the fact that infants were not
able to mount an effective neutralizing antibody
response before the age of 4months following
natural RSV infection.? Passive immunity can be
achieved through direct administration of pro-
phylactic monoclonal anti-RSV antibodies or
through maternal immunization.

Each approach is associated with its own benefits
and drawbacks and each will be discussed in more
detail below. Generally, immunoprophylaxis with
anti-RSV monoclonal antibodies can be achieved
with a known, effective dose. However, monoclo-
nal antibodies require repeated administration to
maintain protection due to the short antibody
half-lives, proper timing of administration is
required, recommendations for use are restricted
to high-risk infants, therapy is costly, and there is
a small risk of hypersensitivity reactions (less than

one case per 100,000 patients).%* Passive protec-
tion through maternal immunization is beneficial
because it has the potential for more complete
coverage (i.e. development of IgA and multiple
IgG subtypes, although IgG1 is the predominant
subtype transferred placentally with IgA acquired
through breastfeeding). Maternal immunization
is also broadly applicable to every infant, provides
protection at the time of birth, and there is no risk
of hypersensitivity reactions. However, protection
derived from maternal immunization is depend-
ent on the immunogenicity of the vaccine in the
mother, babies born prematurely may not be
completely protected, and the timing of the
maternal vaccination will affect the durability of
the antibody levels in the infant.

Immuno-prophylaxis

Palivizumab, a humanized IgG1l monoclonal
antibody produced by recombinant DNA tech-
nology, is a preventive treatment that targets a
conserved epitope at the antigenic site II of the
RSV fusion (F) protein resulting in inhibition of
fusion activity and viral neutralization.®> It was
licensed by the Food and Drug Administration
(FDA) in 1998 (Figure 3) and is currently rec-
ommended for the prevention of RSV disease in
high-risk infants, including those with congenital
heart disease (CHD) and chronic lung disease by
the American Academy of Pediatrics (AAP).%6:97
Approval of palivizumab was based largely on the
IMpact-RSV trial which enrolled 1501 children
during the 1996-1997 RSV season and showed
an absolute 5.8% reduction in RSV hospitaliza-
tions among high-risk infants that received palivi-
zumab compared to the placebo group.®® A
second randomized, double-blind, placebo con-
trolled trial conducted from 1998 to 2002 also
showed a reduction in RSV hospitalization rates
from 9.7% to 5.3% among children with CHD.%°
Despite its reported benefits of reducing the rate
of RSV-associated hospitalizations, none of the
five randomized, controlled trials demonstrated a
significant decrease in RSV-attributable mortal-
ity. Moreover, economic analyses fail to demon-
strate an overall savings in health care dollars in
high-risk children owing, in part, to the difficulty
in estimating cost per hospitalization among the
highly varied rates of RSV hospitalizations within
risk-stratified groups. Although the benefits of
palivizumab have been shown for high-risk
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Figure 3. Timeline of RSV - vaccine and monoclonal antibody development.

RSV, respiratory syncytial virus.

infants, significant costs estimated to be over
$5500 for a 5-month course of therapy, have
raised considerable debate regarding the overall
value of palivizumab.5 Moreover, high cost, cold
chain requirements, and the need for repeated
injections remain significant barriers to delivering
palivizumab to low-resource settings with high
RSV morbidity and mortality.100,101

Recommendations from the AAP are continuing
to evolve based on newer data and publications,
including those that address palivizumab’s impact
on the subsequent development of RSV-
associated asthma and wheezing. Among these
reports was a multicenter, double-blind, rand-
omized, placebo controlled trial (MAKI) designed
to assess the causal link between RSV infection
and recurrent wheeze.!92 Enrolled in this study
were 429 otherwise healthy preterm infants, in
which the total number of wheezing days was
reduced by 61% in those children who received
palivizumab versus placebo in the first year of life.
In a single, assessor-blind, follow-up of the trial
participants, children who had received palivi-
zumab for RSV prevention as infants showed no
change in the development of asthma compared to
those who received placebo through 6years of
age.193 In a phase III, double-blind, placebo con-
trolled, randomized trial in healthy term infants
(=6months of age), motavizumab (another anti-
RSV monoclonal antibody) gave an 87% reduction
in the proportion of infants admitted to the hospi-
tal with RSV compared to placebo.!%¢ However,
similar to the follow-up study of participants in
the MAKI trial by Scheltema ez al., there was no
effect on rates of medically attended wheezing in

children aged 1-3years who received motavi-
zumab compared to subjects who received
placebo.

Newer preventive monoclonal antibodies attempt
to address some of the barriers associated with
palivizumab.195 MEDI8897 is an anti-RSV F
monoclonal antibody in development that received
a breakthrough therapy designation (BTD) from
the FDA for the prevention of lower respiratory
tract infection caused by RSV.19 The added ben-
efit of MEDI8897 over palivizumab is its extended
half-life, which is projected to protect at-risk chil-
dren for a 5-month RSV season with a single 50 mg
intramuscular dose as opposed to palivizumab
monthly injections. Preterm infants and high-risk
children with CLD and CHD are currently being
recruited for a phase II/III study to evaluate the
safety and tolerability of MEDI8897.197 Recent
findings from a phase IIb study showed that
MEDI8897 was safe compared to placebo with
all-cause mortality and serious adverse event rates
0f0.21% and 11.16%, respectively in MEDI8897-
treated infants compared to 0.63% and 16.91%
in the placebo group.198:109 In a similar endeavor
to extend the half-life and reduce the number of
injections required to protect infants during the
RSV season, MK-1654, a broadly neutralizing
human RSV antibody that targets the conserved
site IV of the RSV F protein is being tested.!10 A
double-blind, randomized, placebo controlled
study is currently recruiting healthy pre-term and
full-term infants to evaluate the safety, tolerabil-
ity, pharmacokinetics, and incidence of anti-drug
antibodies following a single dose of MK-1654.111
Early studies show that the parent compound of

journals.sagepub.com/home/tav


https://journals.sagepub.com/home/tav

KM Eichinger, JL Kosanovich et al.

MK-164, RB1 is approximately 50-fold more
potent iz vitro than palivizumab against both RSV
A and B subtypes. MK-1654 is a modified ver-
sion of RB1 whereby the Fc portion was altered
to extend the half-life.!'® These extended-life
monoclonal antibodies may help overcome the
need for repeated injections in at-risk children
throughout the RSV season. With a reduction in
the number of injections required, the deliverabil-
ity of such a formulation to rural communities
could be improved and the cost reduced.

Maternal immunization

The primary role of maternal antibodies is to
attenuate infection severity and promote off-
spring survival.!l2 A number of clinical studies
has shown that maternal neutralizing antibody
levels correlate with protection from RSV
disease.!8:19,113-115 Clinically, maternal immuniza-
tion has been embraced for protection from influ-
enza, tetanus, diphtheria, and pertussis for both
mothers and their offspring.11® Moreover, clinical
data from full-term RSV-infected infants have
suggested that higher maternal anti-RSV antibod-
ies at the time of birth delay RSV infection.!1?
Pre-clinical studies have also demonstrated the
protective potential of maternal RSV immuniza-
tion. Intranasal immunization of female mice
using a chimpanzee adenoviral vector expressing
RSV F protein (AdC7-Fsyn) was protective for
immunized mothers and their offspring.118
Offspring of AdCy7-Fsyn-immunized dams were
protected from RSV challenge at 3weeks of age
through the transfer of RSV-specific IgG.
Moreover, direct intranasal AdCy7-Fsyn immuni-
zation of offspring born to AdCy7-Fsyn-immunized
mothers boosted their anti-RSV-specific IgG and
was protective of RSV challenge. Importantly,
this demonstrated that intranasal AdCy7-Fsyn
immunization could be administered to mice in
the presence of high maternal antibodies and still
elicit boosted anti-RSV-specific IgG and protec-
tion from RSV challenge.

However, not all pre-clinical maternal immuniza-
tion models demonstrate boosted anti-RSV IgG
production when direct immunization occurs in
the presence of maternal antibodies. In a mater-
nal RSV immunization model using cotton rats,
adult female rats were administered mono (palivi-
zumab) or polyclonal (Respigam or GAMUNEX)
anti-RSV antibody preparations 2days prior to

vaccination to simulate the presence of maternal
antibodies. Dosing of mono and polyclonal anti-
body preparations was done to mimic average
maternal anti-RSV antibodies found in the serum
of human infants at 2 months of age. The animals
were then immunized intranasally with SeVRSV,
a live Sendai virus vaccine expressing the full-
length RSV F gene.!!® The animals were RSV
challenged 3 months after immunization to allow
the passively acquired antibodies time to wane
and test the de-novo immunity elicited by SeVRSV
vaccination. Despite high concentrations of pas-
sively acquired RSV neutralizing antibody,
SeVRSV immunization conferred protection
against RSV challenge. It is important to note,
however, that (a) the safety of SeVRSV immuni-
zation was not described, (b) there was an indica-
tion that high levels of passively acquired RSV
neutralizing antibodies reduced SeVRSV immu-
nity following direct immunization and (c) the
study was done to mimic a maternal immuniza-
tion model but used adult animals, which may
not accurately predict the immunogenicity of
SeVRSV in infants.

The FI-RSV vaccine trials of the 1960s ended
with disastrous results. Years of experimental evi-
dence have demonstrated that ERD is largely
mediated by Th2 cells.33:120 This was supported
in a maternal model of FI-RSV vaccination,
whereby FI-RSV immunized female mice devel-
oped severe Th2-associated immunopathology
on RSV challenge, but their offspring were pro-
tected from RSV challenge by passively acquired
maternal antibodies without evidence of increased
immunopathology in the challenged infants.!2!
Despite formalin-inactivation of RSV altering
RSV epitopes and resulting in poor antibody
affinity maturation,!22 offspring of FI-RSV immu-
nized mothers were protected from RSV chal-
lenge as long as 4 weeks after weaning. Previous
reports have suggested a role for pulmonary
immune complex deposition and complement
activation in ERD in FI-RSV vaccinated chil-
dren.123 Significantly, RSV-challenged offspring
of FI-RSV immunized female mice demon-
strated no increases in peri-vascular or bronchial
inflammation, mucus production, pulmonary
eosinophil infiltration, or cytokine-secreting cell
responses compared to primary RSV control ani-
mals.12 However, ERD was only evaluated in the
offspring of FI-RSV immunized dams at 5days
post-RSV challenge. This time point may be too
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early to detect differences in T-cell responses
elicited in the presence of maternal antibodies
that may impact the development of ERD.
Nevertheless, this study demonstrates that mater-
nal immunization, even with a RSV vaccine with
a poor safety record, can provide passive protec-
tion against RSV to their offspring without induc-
ing early signals of immunopathology.

Clinical studies of maternal RSV vaccinations
began in the early 2000s with the intramuscular
(IM) administration of a RSV purified fusion pro-
tein 2 (PFP-2) subunit vaccine to women in their
third trimester of pregnancy compared to pla-
cebo.12¢ The objectives of the study were to evalu-
ate the safety and immunogenicity of PFP-2 in
mothers and their offspring. Generally, PFP-2
immunization had a good safety profile in the
mothers and was only associated with mild pain
at the injection site. All infants were born healthy
and there were no differences in peri or post-natal
development between groups. Only 10% of vac-
cine recipients demonstrated four-fold increases
in neutralization titers with increases generally
seen in women with low pre-vaccination titers.
Transplacental transfer of IgG was efficient
(>100%) and anti-PFP-2 levels were four-fold
higher in infants of vaccine recipients at birth, 2,
and 6 months after delivery compared to placebo
controls. Although the maternal PFP-2 vaccine
lacked sufficient immunogenicity, it provided
important proof of concept data demonstrating
the efficiency of transplacental anti-RSV antibody
transfer and a good safety profile.

Recently published data from phase II testing of
the maternal RSV vaccine candidate, ResVax,
[RSV fusion (F) protein nanoparticle adjuvanted
with aluminum phosphate] in 50 healthy third-
trimester pregnant women demonstrated good
tolerability and no severe vaccine-related adverse
events.!?> Due to the small study group sample
sizes and natural exposure to RSV, baseline levels
of RSV antibodies were markedly different
between sample groups. However, women who
received RSV F vaccine generated antibody
responses within 14days of immunization and
infants born to immunized mothers had higher
levels of RSV-specific antibodies in their cord
blood compared to placebo recipients. The effi-
ciency of transplacental transfer was greater when
the interval between immunization and delivery
was =30days (110-120% of maternal serum)

compared to infants born <30 days after maternal
immunization (60—-80% of maternal serum). The
half-lives of RSV-specific maternal antibodies in
infants were approximately 40days. This study
provided important safety data for a maternal
RSV F vaccine candidate and demonstrated the
importance of appropriate timing of maternal
vaccination. By allowing an interval of =30days
between immunization and birth, infants will be
provided with the highest level of maternal anti-
body to protect them early in infancy when they
are most vulnerable to severe RSV disease.

In July 2020, final results were released from the
first ever phase III clinical trial of the maternal
RSV vaccine, ResVax.126 This global maternal
vaccination study of more than 4600 pregnant
women failed to meet its primary endpoint of a
41% reduction in medically significant RSV
lower respiratory tract infections (LRTI) in
infants through their first 90 days of life. However,
maternal ResVax immunization did reduce RSV
LRTT hospitalizations by 44% through the first
90days of life. Results were not consistent
across regions, with South Africa demonstrating
greater disease reduction than in the United
States.!2” Unfortunately, the study was not pow-
ered to determine if this regional difference was
due to random variations or if other mechanisms
were responsible for improved responses. In
August 2019, Novavax released preliminary
results from a follow-up study demonstrating a
56% reduction in the incidence of pneumonia in
infants born to ResVax immunized mothers
through their first year of life.128 Acute and long-
term results from the phase III trial demonstrated
the safety of maternal RSV immunization.

The discovery and subsequent stabilization of the
pre-fusion conformation of RSV F protein (pre-
F) has garnered a great deal of excitement for its
use as a vaccine antigen due to its ability to elicit
high titers of RSV neutralizing antibody.!?°
Clinically, higher pre-F IgG serum concentra-
tions in full-term infants were associated with
lower clinical disease severity scores and pos-
sessed greater neutralizing capacity than G pro-
tein or post-F IgG.22 Elevated human breast milk
concentrations of pre-F IgG were also demon-
strated to be a correlate of protection against RSV
acute respiratory infections in a cohort of Nepalese
mother—infant pairs.?> In an experimental infec-
tion of human adults with RSV, elevated titers of
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pre-challenge RSV-specific nasal IgA were corre-
lated with protection from RSV challenge.?>
However, there was no association between breast
milk pre-F-specific IgA and protection from acute
RSV infection in the Nepalese mother—infant
pairs.?3

As a result of pre-Fs greater neutralization capac-
ity and correlation with reduced disease severity,
it is currently being explored as an antigen in
maternal vaccine formulations by
GlaxoSmithKline INCT02753413), Pfizer NCT
03529773), and the NIAID (NCT03049488).
The RSV pre-F vaccine candidate being devel-
oped by Pfizer is also being evaluated for use in
the elderly including in combination with a CpG
TLRY9 adjuvant. Maternal RSV pre-F vaccine
candidates by GlaxoSmithKline and National
Institute of Allergy and Infectious Disease
(NIAID) are being tested unadjuvanted or with
aluminum hydroxide adjuvant.

Active pediatric immunization

The feasibility of direct RSV vaccination of infants
has been called into question due to the short
time frame (2-3 months) between birth and peak
RSV-related hospitalizations.!3! Direct vaccina-
tion of infants is also complicated by their lower
vaccine responses and maternal antibody interfer-
ence. However, nearly 40% of hospitalizations
and 75% of RSV-related outpatient visits occur in
children >6 months of age.!3! In addition, older
children most commonly introduce younger sib-
lings to RSV,132 50 a delayed vaccination strategy
may still reduce the burden of infant RSV disease
while allowing for immunological maturation and
a decay of suppression due to maternal antibody
titers. Recent detailed analysis of infant RSV anti-
body specificity following natural infection dem-
onstrated that age-dependent differences in
epitope specificity for antigenic sites on RSV F
protein exist.®” Encouragingly, infants were able
to generate potent neutralizing antibodies.

Live-attenuated and chimeric vaccines

Development of live-attenuated RSV vaccines
began in earnest following the tragic failure of
the first FI-RSV vaccine trials of the 1960s. As
described previously, alum-adjuvanted FI-RSV
vaccination primed for ERD upon community-
based RSV exposure whereas live RSV vaccines

may not prime for ERD. Furthermore, animal
studies demonstrated that RSV exposure prior
to FI-RSV vaccination appears to abrogate
FI-RSV-related ERD.!33 Clinical studies of live-
attenuated RSV vaccine candidates administered
to nearly 400 RSV-naive infants and children
confirmed an absence of ERD after RSV expo-
sure.!3* Live-attenuated vaccines are adminis-
tered intranasally and their immunogenicity is
partially dependent on their level of replication
within the respiratory tract. Active replication
induces broad cellular and humoral responses as
well as local mucosal immunity. There is a sug-
gestion they may have effect despite the presence
of maternal neutralizing antibody.!?> The degree
of viral replication of live RSV vaccines is inversely
correlated with the level of attenuation.!?> This
delicate balance of attenuation and immuno-
genicity is difficult to achieve, with over-attenua-
tion resulting in a lack of immunogenicity and
under-attenuation potentially leading to increased
adverse events. Most live-attenuated vaccine can-
didates currently being investigated have a large
gene deletion, which reduces the risk of de-atten-
uation, the most serious concern for live-attenu-
ated vaccines. The basis of attenuation of a
number of live-attenuated pediatric vaccine can-
didates is a deletion within the RSV M2-2 gene.
The M2-2 gene regulates the switch from tran-
scription to RNA replication, which makes it an
attractive target for attenuation. Deletion of M2-2
increases viral mRNA accumulation within the
cell and reduces viral RNA replication. Increased
mRNA accumulation is accompanied by an
increase in the expression of RSV proteins,
including the major antigenic F and G glycopro-
teins, suggesting that M2-2 deletion mutants may
have improved immunogenicity over wild-type
virus.136 A second target for reverse genetics is
deletion of the non-structural genes 1 or 2 (NS1
and NS2), which are responsible for antagonizing
types I and III interferon responses and inhibiting
the apoptosis of airway epithelial cells.137-139
Additional modifications to the virus, such as
point mutations and amino acid substitutions are
incorporated to attenuate the virus further.
Currently, there are five live-attenuated RSV vac-
cines in phase I/II clinical studies that are being
developed in partnership with the National
Institutes of Health. In September 2019, Meissa
Vaccines announced that it would initiate phase I/
II clinical trials of its MV-012-968 live-attenuated
RSV vaccine candidate.!¥® Meissa’s vaccine
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candidate uses reverse genetics and synthetic
biology to stabilize antigenic conformations and
highly attenuate the candidate vaccine. Pre-
clinical studies demonstrated that MV-012-968
exhibited elevated pre-fusion antigen levels, had
thermal stability, was highly attenuated, and was
protective of RSV challenge in cotton rats.!4!
There is one chimeric vaccine candidate in phase
I testing, rBCG-N-hRSV, which comprises
recombinant strains of Mycobacterium bovis bacil-
lus Calmette—Guerin expressing RSV nucleopro-
tein (N). In pre-clinical studies using mice,
rBCG-N-hRSV immunization induced a Thl-
dominant response that protected from RSV
challenge, with significantly reduced airway
inflammatory cell infiltration.14%143 However,
testing was performed in adult mice and it remains
to be determined if similar Thl-dominant
responses will be elicited in infants.

Vector-based vaccines

Vector-based vaccines are used to display various
RSV viral proteins to induce immunity. Several
vector-based RSV vaccines are currently being
evaluated in pediatric populations. Janssen is
developing a RSV vaccine candidate in which
pre-F is being expressed in the human adenovirus
strain 26 (Ad26). The Ad26 vector has been used
to display HIV envelope protein, inducing diverse
humoral and cellular immune responses.!44
GlaxoSmithKline is also pursuing a vector-based
RSV vaccine approach. They are using a replica-
tion-incompetent chimpanzee adenovirus vector
to display the RSV F, N, and M2-1 proteins
(ChAd155-RSV). In a phase I study in RSV-
immune adults, ChAd155-RSV generated
increases in neutralizing antibodies and RSV
F-specific interferon y-secreting T cells,'%> sug-
gesting that ChAd155-RSV is immunogenic even
in the presence of pre-existing RSV immunity.
Phase II testing of ChAd155-RSV in RSV-naive
infants began in April 2019 (Table 1).

Subunit vaccines

Pre-F antigens have potential for use as an infant
vaccine. However, in order to avoid the issue of
ERD with such antigens it will be imperative to
avoid formulating infant pre-F vaccines with
Th2-biasing adjuvants such as aluminum salts or
squalene adjuvants such as MF59; but instead
formulate these vaccines with more balanced

Th1/Th2 adjuvants, such as Advax or Advax
combined with CpG oligonucleotides. Notably,
many adjuvants that work well at inducing Thl
responses in adults may have different effects in
infants. For example, compared to their potent
effects in adult blood, the TLR agonists, lipopoly-
saccharide (LPS), Pam3CSK4, flagellin and Poly
I:C stimulate weak Thl cytokine production in
cord blood monocytes.146-148 The squalene oil
emulsion adjuvant, MF59, while effective in
adults, was ineffective at inducing influenza anti-
body responses when used to immunize 7-day-
old mice, even after a second booster dose was
administered at an older age.¥® Nevertheless,
some adjuvants may remain effective even in neo-
nates. A lipidated TLR7/8 adjuvant enhanced
antibody responses to a pneumococcal conjugate
vaccine when given to 1-day-old macaques.130
Another adjuvant shown to induce balanced Thl
and Th2 responses in infant models is Advax
(delta inulin) (reviewed in Honda-Okubo
er al.).’® A single-dose of Advax-adjuvanted
influenza vaccine given to mouse pups at 7 days of
age succeeded in producing protective influenza-
specific IgG responses, memory B cells and T
cells secreting IFN-y IL-2, IL.-4 and IL-17, with
complete protection against influenza infec-
tion.!52 In contrast, the unadjuvanted influenza
vaccine provided no protection to the infant mice,
even though the same vaccine was protective in
adults.!52 Of relevance to the issue of ERD, formu-
lation of inactivated or recombinant Severe Acute
Respiratory Syndrome (SARS) coronavirus vac-
cines with Advax adjuvant alone or co-formulated
with a TLRO active CpG oligonucleotide provided
robust protection against SARS and prevented
vaccine-associated eosinophilic lung pathology, a
problem of alum-adjuvanted SARS vaccines.!33
Hence, an optimally protective neonatal RSV
vaccine without the risks of VED might be cre-
ated by combining a pre-F antigen with Advax
adjuvant, with such a vaccine currently under
study by the authors with promising results.154-155

Summary and conclusion

RSV is the leading cause of morbidity and mortal-
ity in children worldwide. Efforts to develop an
effective RSV vaccination began shortly after its
discovery in the late 1950s. These initial attempts
at direct pediatric immunization resulted in
severe ERD and the deaths of two children upon
natural infection. These tragic results have held
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Table 1. Overview of RSV vaccines and antibodies currently under investigation.

Immunoprophylaxis

Antibody/vaccine

Company/institute

Target/modification/vector

Development phase

MEDI8897 AstraZeneca/Sanofi Pasteur Anti-RSV F monoclonal antibody Phase II/IlI
MK-1654 Merck Sharp/Dohme Corp Broadly neutralizing anti-RSV F site IV Phase I/11
antibody
Maternal
ResVax Novavax RSV F nanoparticle vaccine Phase Il
GSK3888550A/RSVPreF3 GlaxoSmithKline RSV Pre-F subunit vaccine Phase |
RSV preF vaccine Pfizer RSV Pre-F subunit vaccine Phase I/1l
VRC-RSVRGP084-00-VP NIAID RSV Pre-F subunit vaccine Phase |
Live-attenuated/chimeric
ITV-RSV-AG Intravacc RSV G deletion Phase |
RSV 6120/ANS2/1030s NIAID RSV NS2 deletion Phase Il
RSV ANS2 A1313 11314L Sanofi/LID/NIAID/NIH RSV NS2 deletion Phase |
RSV 276 Sanofi/LID/NIAID/NIH RSV M2-2 deletion Phase Il
MV-012-968 Meissa Vaccines Codon deoptimization of NS1/NS2/G, Phase I/Il
SH deletion, and ablation of secreted
form of G
SeV/RSV SIIPL/St. Jude Hospital RSV F-expressing SeV carrier Phase |
rBCG-N-hRSV Pontificia Universidad RSV N-expressing recombinant chimera  Phase |
Catolica de Chile
Vector-based
AdCy7-Fsyn Weill Cornell Medical College RSV F-expressing chimpanzee Preclinical
adenoviral vector
Ad26.RSV.preF Janssen RSV Pre-F-expressing human adenoviral ~ Phase Il
vector
ChAd155-RSV GlaxoSmithKline RSV F/N/M2-1-expressing replication Phase |l
incompetent chimpanzee adenoviral
vector
Subunit
RSV G protein Beijing Advaccine Phase |

Biotechnology

RSV recombinant G protein + low-dose
cyclosporine A

LID, Laboratory of Infectious Diseases; NIAID, National Institutes of Allergy and Infectious Diseases; NIH, National Institutes of Health;
SIIPL, Serum Institute of India Pvt. Ltd.

back further attempts to develop an infant RSV

vaccination. This includes the possibility of using

vaccine. Advances in understanding of RSV  maternal immunization for short-term passive pro-

now allow refreshed approaches to pediatric RSV

tection of newborns, or direct infant immunization
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using pre-F antigen formulated with newer adju-
vants such as Advax that elicit a more Thl bal-
anced immune response. Such advances will
benefit from a more complete understanding of
infant responses to RSV infections and immuniza-
tion through the use of age-specific animal
models.
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