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Abstract | Dengue virus (DENV) is a human pathogen with a large impact on public
health. Although no vaccine against DENV is currently licensed, a recombinant
vaccine—chimeric yellow fever virus—-DENV tetravalent dengue vaccine
(CYD-TDV)—has shown efficacy against symptomatic dengue disease in two
recent Phase lll clinical trials. Safety observations were also recently reported for
these trials. In this Opinion article, we review the data from recent vaccine clinical
trials and discuss the putative mechanisms behind the observed efficacy of the
vaccine against different forms of the disease, focusing on the interactions
between the infecting virus, pre-existing host immunity and vaccine-induced

immune responses.

Dengue, a mosquito-borne disease caused
by one of four dengue virus serotypes
(DENV-1, DENV-2, DENV-3 and DENV-4)
of the genus Flavivirus, is a growing public
health problem'. Although infection is
mostly asymptomatic?, it can cause ‘classic’
dengue fever, which often presents as a
flu-like syndrome. Furthermore, classic
dengue fever may evolve towards severe
disease in 1-3% of cases™*. As detailed
below, the development of severe dengue is
multifactorial and thought to result from an
immunopathological reaction involving both
innate immune responses (particularly when
severe disease occurs as a result of primary
infection) and adaptive immune responses
(particularly when severe disease occurs as
a result of secondary infection).

Currently, there is no vaccine licensed
to prevent dengue, and as a result, the
WHO considers the development of an
effective dengue vaccine to be a high
priority®. Several vaccine candidates
are being developed: live-attenuated
vaccines, including live chimaeras based
on attenuated DENV or yellow fever virus
backbones; recombinant vector vaccines,
such as those using adenoviruses; DNA
vaccines; inactivated vaccines or subunit

proteins, used in combination with
adjuvants; and combinations of several of
these technologies®'°. The most advanced
candidate in clinical development is a
recombinant tetravalent dengue vaccine
(TDV), often referred to as the chimeric
yellow fever virus-DENV (CYD) vaccine
or CYD-TDV (for a review, see REF. 11).
CYD-TDV is a live-attenuated vaccine
composed of four CYD vaccine viruses that
each express the structural genes — encoding
the membrane protein (prM) and envelope
protein (E) — of one of the four DENV
serotypes. These structural genes are
expressed using a yellow fever virus strain
17D (YFV17D) genetic backbone, which is a
well-characterized live-attenuated flavivirus
vaccine for which immunogenicity and
safety have been documented for several
decades™. This strategy results in the
generation of vaccine viruses that collectively
express the structural antigens of the four
DENV serotypes, and these antigens act as
the targets of the host immune response
involving innate immune cells, neutralizing
antibodies and T cell responses.

CYD-TDV has progressed to Phase III
efficacy trials, and two pivotal studies are
ongoing, one in children 2-14 years of age in

Asia'? and the other in children 9-16 years
of age in Latin America® (BOX 1). The active
phase of these two trials (the 25 months
following the initial vaccination) has now
been completed, and both trials reached
their primary endpoint by demonstrating
vaccine efficacy against virologically
confirmed dengue (VCD), when overall
efficacy was measured (that is, irrespective
of disease severity and infecting DENV
serotype) (BOX 1). An acceptable safety
profile, consistent with prior trials, was

also demonstrated in both trials during

the active surveillance period. All four
serotypes contributed to the overall efficacy
in both studies, and both trials also showed
greater efficacy against severe disease and
against disease leading to hospitalization,

in comparison with the overall efficacy
(BOX 1). Newly published longer-term safety
data have now been obtained for the first
year of follow-up during the surveillance
phase for the safety of participants requiring
hospitalization (referred to as the hospital
phase, in which the semi-passive surveillance
of hospitalized individuals is carried out;
BOX 2), and these data provide information
about the overall benefit-risk profile

of CYD-TDV. Briefly, in this first year of
long-term follow-up (LTFU), the benefit

of vaccination was confirmed in individuals
9 years of age or older, whereas a higher
incidence of hospitalization as a result of
dengue fever was observed in the Asian trial
for individuals younger than 9 years of age
(discussed below).

Although all serotypes contributed to
the overall efficacy, vaccine efficacy varied
by serotype, as observed in a previous
Phase IIb trial in Thailand". Furthermore,
prior exposure to wild-type DENV
infection — which was defined through
the measurement of DENV-neutralizing
antibodies using the gold-standard DENV
plaque reduction neutralization test
(PRNT)'"*? — was identified as an important
covariate for efficacy in both clinical trials.
Vaccine efficacy was greater in participants
who had previously been exposed to DENV
(referred to as seropositive individuals) than
in participants who had never been exposed
to DENV (referred to as seronegative
individuals). Efficacy also increased with
participant age in the Asian trial, suggesting
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Box 1| The CYD-TDV efficacy trials: results of the 25-month active surveillance phase

The chimeric yellow fever-dengue virus (DENV) tetravalent dengue vaccine (CYD-TDV) has
progressed to Phase lll efficacy trials, and two pivotal studies are ongoing in endemic
countries—one in children 2-14 years of age in Asia (Thailand, Vietnam, Malaysia, Indonesia and
the Philippines)'? and the other in children 9 -16 years of age in Latin America (Brazil, Columbia,
Mexico, Honduras and Puerto Rico)™. Both trials examine the efficacy of a three-dose schedule
(0, 6 and 12 months) of CYD-TDV to reduce symptomatic virologically confirmed dengue (VCD).
In both trials, the primary endpoint was for the lower bound of the 95% confidence interval (Cl)
of overall vaccine efficacy to be greater than 25% during the first year post vaccination (that is,
for the initial 12 months after 28 days have passed since the third CYD-TDV dose). The active
surveillance period was designed to maximize the detection of symptomatic VCD, regardless
of severity, and involved weekly contact with participants.

The active phase of these two trials has now been completed, providing efficacy and safety
results from the 25 months following the initial vaccination. In the Asian trial, efficacy against VCD
was 56.5% when measured overall (that is, irrespective of disease severity and the infecting DENV
serotype). Similarly, in the Latin American trial, overall efficacy against VCD was 60.8%. Therefore,

both trials achieved their primary endpoint.

Secondary analyses in the Asian study showed that efficacy against all four DENV serotypes
contributed to the overall efficacy during the active phase, although efficacy against DENV-2 was
measurable but insignificant. Efficacy was significant against all four serotypes in the Latin
American trial. Pre-planned exploratory endpoints for both trials also showed that the vaccine
was able to reduce the frequency of hospitalization and severe cases of disease during the active
phase, and vaccination was more efficacious against severe disease, compared with overall
efficacy. Specifically, in the Asian trial, there was 54.8% overall efficacy against dengue disease
versus 67.2% efficacy against hospitalization and 80.0% efficacy against dengue haemorrhagic
fever (DHF). In the Latin American trial, there was 64.7% overall efficacy against dengue disease
versus 80.3% efficacy against hospitalization and 95.5% efficacy against DHF**3.

During the active phase of both trials, the safety profile for the vaccine was similar to that for the
placebo, with no marked differences in rates of adverse events, in agreement with prior clinical
trials'. Vaccine efficacy varied by serotype, with both trials showing higher efficacy rates against
DENV-3 and DENV-4 than against DENV-1 and DENV-2, as had been observed in a previous
Phase lIb trial in Thailand. Furthermore, prior exposure to wild-type DENV infection was
identified as an important covariate for efficacy in both trials. In particular, efficacy was higher
in participants who had been previously exposed to DENV (seropositive individuals) than in
participants who were DENV-naive (seronegative individuals): in the Asian trial, vaccine
efficacy was 74.3% in seropositive individuals versus 35.5% in seronegative individuals, and
in the Latin American trial, efficacy was 83.7% in seropositive individuals versus 43.2% in

seronegative individuals**3.

Efficacy also increased with age in the Asian trial, suggesting that age can be a covariate and/or
a surrogate for accumulated exposure to DENV'2 Thus, the DENV serotypes that are in circulation
within the general population and an individual’s previous exposure to DENV seem to affect the
overall rate of vaccine efficacy. A meta-analysis of efficacy for the active-phase and hospital-phase
(BOX 2) surveillance data prompted a focus for the pooled analysis on individuals aged =9 years®.
Overall vaccine efficacy in the pooled analysis for participants aged =9 years in the active phase
was 65.6%. In the same population, vaccine efficacy was 81.9% in seropositive individuals and
52.5% in seronegative individuals. Moreover, in this age group, the pooled vaccine efficacy against
hospitalization for dengue was 80.8%, the efficacy against severe dengue was 93.2%, and the

efficacy against DHF was 92.9%°.

that age can be a covariate. However, it is not
clear at the mechanistic level how age affects
vaccine efficacy, and these observations
could be linked to several factors, including
host physiology (for example, maturity of the
microvascular system or immune status'>'®)
or the accumulated exposure to DENV'2,

In this Opinion article, we discuss the
mechanisms behind the observed efficacy
profile of CYD-TDV in the two most recent
clinical trials. We focus on the interactions
between the vaccine, the infecting virus
and host immunity, and we consider how
these interactions may affect short-term and

long-term efficacy, and safety against the
different disease forms of dengue. We also
discuss how pre-immunity to DENV and
serotype distribution affect vaccine efficacy
and why superior protection is observed in
seropositive individuals. Finally, we explore
the benefit-risk profile of CYD-TDV and its
potential public health impact as a result of
the reduction of dengue disease.

Immunity to infection and vaccination
To understand the crucial interactions
between the vaccine, the challenge virus
and host immunity, the nature of the

immunity induced by wild-type infection
and how this compares with the immune
responses elicited by CYD-TDV need to be
considered. Subsequently, the differences
in immunity induced by the dengue
vaccine in seronegative versus seropositive
individuals must be understood. Finally, it
is necessary to appreciate how responses to
a DENV vaccine affect the clinical outcome
of DENV infection.

Immune responses to wild-type DENV
infection. Primary infection with DENV
(that is, an infection caused by a specific
DENV serotype in a naive individual)
induces potent innate immune responses,
which in turn shape the adaptive immune
responses, including humoral responses
(that is, antibody production by B cells) and
cellular responses (that is, those mediated by
CD4" T cells and CD8" T cells). Furthermore,
humoral and cellular immune responses
against DENV can be either serotype-specific
or cross-reactive (that is, directed against
multiple DENV serotypes).

The innate immune system represents
the first line of defence against DENV,
and infection triggers the expression of a
wide array of pro-inflammatory (and also
anti-inflammatory) cytokines and
chemokines. Notably, the levels and kinetics
of these cytokines and chemokines shape the
outcome of the disease. As this article focuses
on vaccine-induced protection, innate
immunity is not discussed in detail here
(for reviews on innate immune responses
to DENV infection, see REFS 17,18).

The DENV genome encodes three
structural antigens — capsid protein (C), prM
and E—and seven non-structural antigens
(NS1, NS2a, NS2b, NS3, NS4a, NS4b and
NS5). Antibody responses to DENV infection
mainly target the structural antigens present
on the surface of virions (prM and E) and
the secreted glycosylated NS1 antigen.

By contrast, cellular responses primarily
target non-structural antigens expressed

in infected cells during viral replication,
particularly NS3 (REFS 19,20). Notably,
immunity induced by the primary infection
is believed to induce life-long protection
against the infecting serotype (homotypic
protection), whereas the cross-protection
afforded against other serotypes (heterotypic
protection) lasts, on average, several months
to 3 years**”. However, beyond this ‘grace’
period of waning cross-protection, there

is an increasing risk that severe disease

will result from a secondary heterologous
infection (that is, infection by a different
DENV serotype to that which caused
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the primary infection). For example, a
meta-analysis estimated that an individual
is approximately 24 times as likely to suffer
from severe disease caused by a secondary
heterologous infection than that caused by a
primary infection (although severe secondary
heterologous infections still represent a very
low percentage of overall dengue cases)?.
This increased disease risk on secondary
infection has been hypothesized to be
linked, in particular, to non-neutralizing
enhancing antibodies that facilitate

virus uptake through Fcy receptors —a
mechanism known as antibody-dependent
enhancement (ADE) — or to a detrimental
inflammatory or biased T cell response.
ADE may also contribute to biased cytokine
responses through an ‘intrinsic ADE’
mechanism, enhancing immunosuppressive
interleukin-10 (IL-10) expression and
counteracting antiviral responses (for
reviews, see REFS 18,19).

During a secondary heterologous
infection, memory B cell responses
preferentially recall serotype-specific
antibody responses against the serotype
responsible for the primary infection.
Secondary infection also boosts and further
induces the production of cross-reactive
antibodies®~*. This results in more efficient
cross-protection against subsequent (that is,
tertiary or quaternary) infections, which are
then less likely to be severe, regardless of the
infecting serotype*-’.

The protective role of broadly
cross-reactive antibodies is further
demonstrated by the observation that a
pre-existing multitypic antibody-
neutralization pattern (that is, targeting
multiple serotypes) has been associated
with a more favourable outcome than a
pre-existing monotypic antibody-
neutralization pattern®*3%%. Furthermore,
children with pre-existing cross-neutralizing
antibody responses were less likely to develop
dengue fever than children with pre-existing
monospecific neutralizing responses.

In addition to antibody production by
B cells, T cells seem to have a protective
role in both animal models and humans,
depending on their level and profile**.
Although this article focuses mostly on
the role of antibodies and B cells during
vaccination, the role of T cells is also
discussed (for a review on the role of T cells
during DENV infection, see REF. 19).

Taken together, studies of the immune
response to DENV infection suggest that a
protective vaccine should preferably induce
a B cell response comparable in level and
quality to that induced by a secondary

PERSPECTIVES

Box 2 | Long-term safety: first year of the hospital-phase follow-up

The clinical development programme for the chimeric yellow fever-dengue virus (DENV)
tetravalent dengue vaccine (CYD-TDV) includes a 4-year long-term follow-up (LTFU) phase (that is,
the hospital phase) starting 13 months after the administration of the third vaccine and ending

5 years after completion of the vaccination schedule, to assess safety, in line with the WHO
guidelines. During the hospital phase, study procedures are different from those applied during
the active phase, which included weekly contact with subjects or parents and monitoring of school
attendence'***. In the LTFU, participants attend yearly visits, with =1 contact every 3 months by
phone, short messages services (SMS) or home visits between the yearly visits. Hospitalization for
acute fever is recorded during study contacts and visits, and by self-reporting and surveillance of
identified non-study hospitals; acute blood samples are taken for virological confirmation of

infection with DENV.

During the first year of the LFTU in the multicentric Asian trial, there was a trend for a higher risk
of hospitalization as a result of symptomatic virologically confirmed dengue (VCD) in the vaccine
group, despite the low number of dengue cases observed®. Pre-planned analyses showed that the
risk was higher in younger children, particularly in the youngest age group analysed (2-5 years of
age), in whom the relative risk was 7.45. This shift in the number of hospitalized children with VCD
prompted the separate assessment of children below and above 9 years of age. No issue was seen
in children =9 years of age in the first year of LTFU in the Asian and Latin American trials and in the
first 2 years of LTFU in the Phase IIb trial in Thailand. Pooled relative risk values for hospitalization
due to VCD during the first year of LTFU for the multicentric trials in Asia and Latin America and
the trialin Thailand were 0.84, 1.58 and 0.50 for all participants, for those <9 years of age and for
those =9 years of age, respectively. Importantly, the clinical profile of hospitalized individuals with
severe symptomatic VCD during the LTFU is no different to that observed during the active
surveillance phase. Cumulative relative risk values for the whole population (the active phase and
the first year of LTFU) were 0.46 for the Asian trial, 0.28 for the Latin American trial and 0.66 for the
Thailand trial.Collectively, these analyses suggest that the optimal age for intervention is at 9 years
of age or older, given the observed favourable clinical profile, with higher efficacy for preventing
VCD and an acceptable post-vaccination safety profile for individuals aged =9 years.

DENV infection, as such a response would
result in more efficient cross-protection
against subsequent infections with all
DENYV serotypes. This optimal response
should include neutralizing antibodies
against different serotypes, and both specific
and cross-reactive neutralizing antibodies
should be produced at high-enough levels
and affinities to be effective. Furthermore,
an optimal vaccine should induce the
production of moderate levels of pro-
inflammatory cytokines, type I interferons
(IFNs) and other chemokines and cytokines
that link the innate and adaptive immune
responses. Similarly, at the T cell level, a
vaccine should induce serotype-specific
CD4" T cell and/or CD8* T cell responses
directed against both structural and
non-structural antigens, with no overt
inflammatory profile. The amount and
kinetics of the different immune mediators
should also be considered; too much of a
good thing is not necessarily beneficial, and
some ‘detrimental’ factors involved in innate
or T cell responses may play a positive part
during disease onset or may be necessary to
terminate inflammatory reactions®.

CYD-TDV-induced immune responses in
seronegative individuals. Initial clinical
studies have shown that the administration
of three doses of CYD-TDV to seronegative

volunteers induces the production of
neutralizing antibodies (seroconversion)
against all four DENV serotypes, as measured
by PRNT, which is considered more as a
quantitative than a qualitative assay. Recent
investigations exploring qualitative aspects
of the vaccine response suggest that the
three-dose regimen induces predominantly
homotypic responses dominated by specific
antibodies against one or a few serotypes
(usually DENV-4), whereas responses
against the other serotypes are largely due to
cross-reactive antibodies. These observations
are consistent with previous immunogenicity
trials** and with the fact that the proportion
of volunteers experiencing viraemia after the
first dose is higher for CYD-4 viraemia than
for viraemia with other CYD serotypes*>“.
Homotypic responses against some of
the other serotypes are also observed,
although these responses are variable
across individuals.

The three doses of CYD-TDV also induce
serotype-specific CD4" T cell and/or CD8*
T cell responses directed against structural
antigens from all four DENV serotypes.
On viral stimulation, these T cells express
pro-inflammatory cytokines, such as IFNy
and tumour necrosis factor (TNF) (IFNy
is produced at higher levels than TNF),
and can thus be classified as T helper 1
cells (T, 1 cells) and T cytotoxic 1 cells
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(Tcl cells), for CD4* T cells and CD8* T cells,
respectively. Furthermore, the serotype
specificity of these T cell responses has been
confirmed after bivalent CYD vaccination
(that is, using formulations containing only
two CYD serotypes)**. In addition to T cell
responses against DENV structural antigens,
CYD-TDV leads to the generation of T .1 cell
responses directed against the YEV17D NS3
antigen*~*. The generation of these T cell
responses, whatever their specificity, may be
triggered by CYD-TDV-mediated activation
of human monocyte-derived dendritic cells
(DCs), which results in the production
of type 1 IFNs and moderate levels of
inflammatory cytokines and chemokines that
link innate and adaptive immunity***'.
Overall, the three-dose vaccination
strategy in seronegative volunteers
maximizes the immune response and may
partially mimic an attenuated and subclinical
primary infection (FIG. 1a). It should be noted
that CYD-TDV vaccination has different
features to a true primary infection, given
the presence of YFV17D NS antigens and
the tetravalent nature of the vaccine, so the
mimicry of a primary infection could only
be partial.

CYD-TDV-induced immune responses in
seropositive individuals. The higher PRNT
responses observed on a three-dose regimen
in seropositive individuals'>'*****, and in
animal models™, suggest that vaccination
boosts pre-vaccine immunity by inducing
a recall response in the existing memory
B cells and T cells (which were generated
during the primary DENYV infection). At the
qualitative level, recent preliminary findings
suggest that this response is both specific
to the first infecting DENV serotype and
cross-reactive against all four serotypes®.
Additional responses to serotypes other
than that responsible for the primary
infection are also induced to some extent;
this is possibly due to bystander help from
recalled memory T cell responses, both
cross-reactive and specific for the first
infecting serotype, and/or the fact that
pre-existing cross-reactive memory B cells
can act as potent antigen-presenting cells
(APCs) that participate in the generation
of B cell responses against all four DENV
serotypes present in CYD-TDV.
Importantly, a broader T cell response
has also been detected in seropositive
individuals, including a boost of the T cell
responses directed against DENV NS3
(REF. 49). As seen in seronegative individuals,
the vaccine induces a cellular response with
aT, land T_I cell profile.

Figure 1 | Responses induced by CYD-TDV in seronegative and seropositive individuals. »

a| Chimeric yellow fever—dengue virus (DENV) tetravalent dengue vaccine (CYD-TDV) responses in
seronegative individuals. Vaccination of seronegative individuals with CYD-TDV (which includes
CYD-1,CYD-2,CYD-3 and CYD-4) induces the production of neutralizing antibodies against all four
DENV serotypes. This response is dominated by specific antibodies against one or a few serotypes,
whereas responses against the other serotypes are largely due to cross-reactive antibodies.
Vaccination in this population also induces serotype-specific and cross-reactive T cell responses
against DENV structural antigens. Therefore, vaccination of seronegative individuals may represent a
subclinical attenuated ‘primary-like” infection. The consequences of vaccination in these individuals
at the immunological level vary according to the serotype (that is, the induction of serotype-specific
neutralizing responses). This will result in limited cross-protection in seronegative individuals com-
pared with cross-protection elicited by vaccination in seropositive individuals. Nevertheless, subse-
quent infection with DENV (true primary infection) may act as a ‘secondary-like’ infection, boosting
the vaccine-induced response resulting in a better and longer cross-protection against subsequent
infection or infections. b | CYD-TDV responses in seropositive individuals. Wild-type DENV infection
induces DENV-specific antibodies against the infecting serotype, but also induces cross-reactive neu-
tralizing antibodies, which will contribute to short-term cross-protection. Wild-type infection also
induces serotype-specific and cross-reactive T cells. On subsequent infection with a heterologous
DENV serotype, there will be a boost to the DENV-specific responses against the serotype responsible
for primary infection, and also to the cross-reactive responses. Furthermore, heterologous infection
will result in the limited induction of anti-DENV-specific responses directed against the serotype
responsible for secondary infection. Such a boost will result in more efficacious subsequent cross-
protection. Therefore, CYD-TDV vaccination of seropositive individuals may represent an attenuated
heterotypic secondary-like infection, resulting in better and longer cross-protection than that induced
by vaccination of seronegative individuals. Furthermore, vaccination of seropositive individuals

enables the boosting of T cell responses against DENV nonstructural antigens.

Overall, the administration of three
CYD-TDV doses in seropositive individuals
mimics an attenuated and subclinical
secondary infection with a heterotypic
DENYV serotype (FIG. 1b).

Pre-immunity and vaccine efficacy
CYD-TDV vaccination in seropositive
individuals results in a boost in both the
level and quality of the immune response,
and this boost is similar to that observed
following a secondary wild-type infection.
The boost probably contributes to the
increased protection from infection observed
in these patients, compared with seronegative
volunteers, during the active phase of the two
Phase II1 clinical trials'*'? (FIC. 1).

At the quantitative level, logistic
regression analyses of the relationship
between the PRNT response for each
serotype and protection suggest that higher
antibody titres are associated with a lower
probability of disease®. However, a different
level of protection may be required for
different serotypes. For example, a cluster
study suggested that the threshold required
to protect against DENV-2 is higher than
that required to protect against DENV-1
or DENV-4 (REF. 56). This could partially
explain the lower level of efficacy of
CYD-TDV against DENV-2 than against
the other serotypes'*4.

Compared with vaccination of
seropositive individuals, vaccination
of seronegative individuals results in the
production of lower levels of antibodies™,

which could explain the lower efficacy of
CYD-TDV against primary infection in
naive individuals'*". Indeed, both Phase III
trials showed a lower vaccine efficacy in
seronegative subjects during the active
phase'>"* but, as discussed below, this needs
to be further addressed through long-term
surveillance studies™.

Importantly, vaccination in young
seronegative individuals may temporarily
increase the frequency of a subsequent
symptomatic or severe infection (see below)
(BOXES 1,2). Nevertheless, vaccination in
seronegative individuals will probably
boost vaccine-induced immunity in the
longer term by expanding the population
and number of memory serotype-specific and
cross-reactive B cells and T cells, irrespective
of the clinical picture. In this case, a primary
infection of a vaccinated seronegative
individual might act similarly to a secondary
infection in unvaccinated individuals,
therefore improving protection against
subsequent infections (FIG. 1a). In support
of this hypothesis, neutralizing antibody
responses against wild-type DENV infection
are stronger in vaccinated monkeys than
in naive monkeys (although it is important
to note that this species is not a model for
dengue disease)***. In addition, unpublished
ongoing statistical analyses of the active
phase of the two Phase III efficacy trials
indicate that seronegative individuals
who received CYD-TDV mount a greater
response after primary wild-type infection
and more frequently develop a multitypic
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response than seronegative controls (B.G.
and N.J., unpublished observations); such
multitypic responses are usually considered
more favourable in the case of sequential
wild-type infections?>****%, Preliminary
statistical analyses in the Asian trial also
show that more controls than vaccinated
individuals had two consecutive infections
during the active phase.

Opverall, although the immunity induced
by CYD-TDV in seronegative individuals
may not result in optimal protection
against a symptomatic primary infection,
and in younger age groups the frequency
of symptomatic primary infections may
even be higher in vaccinated individuals
than in controls (BOXES 1,2), the vaccine
could still provide superior protection
against subsequent infections. Boosting
of vaccine-elicited responses by a primary
infection may then improve the benefit-risk
profile in this subpopulation (FIC. 1a).

Protection against severe disease
Many aspects of dengue pathology have
not been fully elucidated”. In particular,
the direct cause of plasma leakage, a central
event in severe dengue cases, remains
unclear. Severe disease has been suggested to
be multifactorial and to be mediated by an
immunopathological mechanism that starts
early after infection and involves multiple
aspects of the immune system, including
innate and adaptive immune cells". For
example, inadequate, low-affinity responses
to the infecting serotype may drive the
immune response towards an inflammatory
profile, with the release of inflammatory
cytokines and chemokines, such as TNF and
IL-8, which can lead to impaired endothelial
permeability and plasma leakage. Similarly,
a T, 2 cell-biased or even immunosuppres-
sive response involving the production
of IL-10 may impair the development of
a beneficial T 1- or T 1-type response”.
Therefore, to prevent severe disease,
vaccination must elicit an immune response
that, when activated by an infection, would
not be harmful.

In the Phase III efficacy trials, efficacy
rates for CYD-TDV during the active
phase were high against severe disease
and hospitalization (BOX 1). Also, during
the active phase of the Asian trial, when
all dengue cases were considered, plasma
leakage with clinical signs and thrombo-
cytopaenia were significantly less severe in
vaccinated individuals than in controls'.
These data suggest that in vaccinated
individuals, infection during the 25-month
follow-up period may rapidly recall or

induce an adequate response involving
multiple components of the immune
system, preventing the development
of severe disease.

Different explanations could account for
the observed superior protection against
severe disease compared with protection
against infection or mild but symptomatic
disease in the active phase. Protection
against infection or mild but symptomatic
disease requires antibodies that inhibit viral
replication or that lower viraemia and
viral dissemination. Therefore, by enabling
a faster recall response by B cells, CYD-TDV
could cause a more rapid production of
antibodies, resulting in protection against
severe disease (FIG. 2).

Vaccination may also preferentially
protect seropositive individuals, who may
be at higher risk than naive individuals of
developing severe disease on secondary
infection. In this regard, the vaccine mimics
an attenuated asymptomatic secondary
infection, so subsequent infections would
correspond to tertiary or quaternary
exposures, which are less likely to be
severe”’. Conversely, according to the ADE
hypothesis, non-neutralizing or waning
antibodies, if they are not cross-protective,
may enhance infection®; this could increase
the frequency of severe disease in some age
groups (see below) (FIG. 2).

The vaccine could also protect from
severe disease owing to the generation
of protective T cell responses. In fact, an
infection with sufficient dissemination and
viraemia to cause symptomatic disease may
trigger a rapid recall of several memory
mechanisms, including both B cell and T cell
responses to structural and non-structural
antigens from all serotypes. T cells could act
as a second line of defence through cytotoxic
activity or by rapidly triggering innate
mechanisms through the release of cytokines.
These cytokines can activate innate immune
cells and other immune effector cells, such
as tissue-resident memory cells®, which may
also contribute to protection in dengue, as
has been recently proposed®. Therefore,
the rapid induction or recall of multitypic
T cell responses could further contribute to
protection against severe disease (FIG. 2).

In agreement with a protective role
for T cells following vaccination, both
CD4" T cells and CD8" T cells seem to have
a protective role in animal models and
humans*~#. In animal models, even CD8*
T cell responses restricted to the envelope
help protect against lethal DENV infection
and prevent the potentially harmful effect of
antibodies*. CD8* T cells can also mediate

short-term cross-protection®. Therefore,
following vaccination, the development

of severe disease on infection may be
prevented by the recall stimulation of both
B cell and T cell effector mechanisms
(including neutralizing antibodies, T, -type
responses and T . cell-mediated killing of
infected cells), as well as by the induction

of T 1 cell-associated cytokines (FIG. 2). For
example, this is known to occur on infection
with the measles virus (a member of the
Paramyxoviridae family), when CD8* T cells
facilitate clearance of the virus even though
they do not prevent infection®.

The superior protection observed during
the active phase against severe disease in
individuals vaccinated with CYD-TDV may
also be linked to a narrower case definition
that requires the identification of additional
clinical parameters, as seen, for instance, in
the case of acellular pertussis vaccine or as
modelled for Lyme disease®*”.

The hospital phase

The clinical development programme for
CYD-TDV includes a 4-year LTFU phase

to assess safety, in line with the WHO
guidelines (that is, 5 years after completion
of the vaccination schedule)®® (BOX 2).

Taking into consideration the relative

risk of hospitalization during the hospital
phase (including for severe dengue), the
cumulative dengue cases across the active
and hospital phases, and the pooled efficacy
data for the two Phase III trials, the ongoing
LTFU phase indicates that CYD-TDV
vaccination results in a favourable clinical
profile with a high efficacy for preventing
VCD and has an acceptable post-vaccination
safety profile for individuals 9 years of

age or older. Although the clinical profile

of disease is the same in the active phase and
thehospital phase, the first year of the LTFU
hospital phase in the Asian trial recorded

an imbalance in the number of individuals
who were younger than 9 years of age and
were hospitalized because of dengue or had
severe dengue disease. This finding requires
further follow-up and investigation. Several
non-mutually exclusive hypotheses have
been proposed to explain such observations
(see below). Notably, on-site investigations
have shown that major forms of bias (for
example, unblinding) are unlikely to explain
the imbalance, and a chance event is also
unlikely (although it is still difficult to explain
the lower-than-expected level of individuals
with severe dengue or who were hospitalized
in the placebo group, despite it being a ‘quiet’
epidemiological period across most of Asia
for the period of LTFU reported).
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Figure 2 | Mechanism of CYD-TDV-mediated protection against over-
all disease and severe disease. Individuals who are vaccinated with the
chimeric yellow fever-dengue virus (DENV) tetravalent dengue vaccine
(CYD-TDV) could respond differently to infection with wild-type DENV. For
example, pre-existing neutralizing antibodies and T cell responses, which
are induced at different levels and qualities by vaccination of seronegative
versus seropositive individuals, can block viral entry and replication, or at
least keep viral replication below a ‘clinical’ threshold, resulting in protec-
tion against DENV infection or dengue disease. Alternatively, pre-existing
immunity may not be potent enough to prevent a symptomatic outcome.
In this case, antibodies, if they are not cross-protective, may enhance

T 1 responses kill mfected cells

antibody-dependent infection (through viral uptake mediated by Fcy recep-
tors (FcyR)) and may thus increase the frequency of severe disease or hospi-
talization. This is called the antibody-dependent enhancement (ADE)
hypothesis. By contrast, infection can rapidly recall or trigger additional B
celland T cell responses, which can also modulate innate responses and
effectors. For example, B cells may produce protective antibodies;
CD4* T cells, in addition to providing B cell and CD8* T cell help, may
produce T helper 1 cell (T, 1 cell)-associated cytokines; and CD8" type 1
cytotoxic T cells (T_1 cells) may kill infected cells. Collectively, these multiple
players may act in a synergistic way to prevent progression towards severe
disease and hospitalization.

Hypothesis 1: waning protection leads

to reduced efficacy, particularly in
seronegative individuals. The LTFU

study was designed to assess vaccine
safety. However, comparing the counts

of individuals requiring hospitalization
for dengue in the active phase versus the
hospital phase, one can postulate that

the protective effect of the vaccine against
hospitalization may have declined by the
hospital phase in individuals younger than
9 years of age. Humoral immunity is likely
to wane more rapidly in seronegative than
in seropositive vaccinated individuals, as the
recall response in seropositive vaccinated
individuals gives rise to a stronger immune
response than is seen in their seronegative
counterparts (FIC. 1). Given that younger
age groups have a higher chance of being
seronegative than older age groups (as the
likelihood of being exposed to a primary
infection increases with age), waning

immunity is more probable in the youngest
vaccinated individuals. Consequently, their
neutralizing responses are more likely to
rapidly fall below protective thresholds for
all four DENV serotypes and to present a
monotypic pattern that is less likely to be
cross-protective®%%,

Hypothesis 2: younger vaccinated
individuals are more susceptible to severe
infection. Age-related differences in vaccine
efficacy may also be explained by differences
in physiology that influence susceptibility
to severe infection. For example, age
differences at the microvascular and
vascular levels could be associated with
higher chances of plasma leakage, which is
thought to contribute to severe disease’”.

In addition, younger children could be

less able to recover from dengue-induced
disorders, increasing their chances of
requiring hospitalization. Furthermore,

some qualitative differences at the
immunological level were seen between
children 5-10 years of age and those who
were older’s. These differences may affect
innate immune responses, the diversity
of the repertoire of B cells and T cells
that are mobilized or the affinity of B cell
clones, thus influencing the duration and
quality of the CYD-TDV-induced specific
responses in younger children versus
older children. In agreement with there
being an independent age effect, pooled
efficacy analyses showed a significant
vaccine efficacy in seronegative individuals
9 years of age or older, whereas the vaccine
was not significantly effective in younger
seronegative individuals®.

The risk of developing severe disease
is higher for individuals with a secondary
heterotypic infection than for those with a
primary infection®. This may be mimicked
by CYD-TDV vaccination of seronegative
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Figure 3| The cluster hypothesis. Immunological priming is clustered in
vaccinated individuals, but not in placebo recipients. In seronegative indivi-
duals, vaccination with chimeric yellow fever-dengue virus (DENV) tetra-
valent dengue vaccine (CYD-TDV) may represent an attenuated subclinical
‘primary-like” infection, which means that in the efficacy trials, this initial
infection has been temporally clustered in all vaccinated individuals (inclu-
ding those belonging to the younger age groups). Vaccination induces short-
term cross-protection, but results in the clustering of the ‘secondary-like’
infection (which is the primary infection with wild-type DENV); this infection
is potentially more severe and occurs earlier in vaccinated individuals than
in those who received the placebo. In individuals given a placebo, the pri-
mary infection (with wild-type DENV) is non-clustered (can occur over a
much longer time period), which potentially results in longer cross-protection
seen across the group as a whole. The secondary infection (with wild-type
DENV), which potentially results in more severe disease and hospitalization,

will also be non-clustered. Therefore, a consequence of the cluster hypoth-
esis is that the imbalance observed between individuals given the vaccine
and those given a placebo may be only temporary, occurring during a limited
period of time, after which more severe cases would be accrued in placebo
recipients (‘catch-up’ events). Therefore, vaccine efficacy may evolve with
time. This ‘instantaneous’ vaccine efficacy may be temporarily negative after
a few years post-vaccination, although later ‘catch-up’ events in placebo
recipients may lower or even suppress the differences observed at the earlier
time points between vaccinated and non-vaccinated individuals. The com-
bination of the ‘catch-up’ eventsin placebo recipients and the booster effect
afforded by natural infection in vaccinated individuals would then result,
after some time, in an increased (or at least neutral) vaccine efficacy in vac-
cinated versus non-vaccinated individuals. This increase in efficacy is
dependent on epidemiological factors and the age at which children were
vaccinated, and could take months to years.

individuals, whereby vaccination represents a
‘primary-like’ infection dominated by one or
a few serotypes, and diminishing responses
lead to only short-term cross-protection. As
cross-protection wanes (potentially rapidly,
owing to low antibody titres), so vaccine
efficacy is reduced, as discussed above.
Furthermore, vaccinated individuals could
be at greater risk of developing a severe or
symptomatic ‘secondary-like’ infection the
first time they contract DENV: the vaccine

could act as their primary infection, and
the subsequent true primary wild-type
DENYV infection (which would otherwise
be typically less severe) could simulate a
secondary wild-type infection (which is
typically more severe).This situation
is also more likely to occur in younger
vaccinated individuals.

If this hypothesis is correct, an associated
question is whether a vaccination mimicking
a primary infection would induce an

equivalent risk, a lower risk or a higher risk of
developing a severe secondary-like infection
than the risk induced by a real primary
infection with wild-type DENV. Although

it seems unlikely that a higher risk would

be afforded by vaccination, only expanded
surveillance of the ongoing LTFU studies will
enable this point to be addressed, through
the comparison of well-defined populations
(that is, seronegative vaccinated individuals
developing a primary wild-type infection
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versus seropositive placebo recipients
developing a secondary infection). In this
regard, it should be noted that for individuals
who were hospitalized because of dengue,
the clinical picture and viraemia were no
different between vaccinated individuals and
placebo recipients in both active and hospital
phases, and the overall immune profiles

in more than 200 sera collected from both
groups were also comparable (REF. 68 and
B.G. and N.J., unpublished observations).

Hypothesis 3: susceptibility in vaccinated
individuals is temporally clustered. The
fact that vaccination of seronegative
individuals may represent an attenuated
subclinical primary infection means that in
the efficacy trials, such a primary infection
has been temporally clustered in vaccinated
individuals. This clustering occurred

in a short period of time because of the
condensed enrolment periods of the trials,
whereas subjects who received the placebo
are exposed to a primary wild-type infection
over a longer period of time. Therefore,
differences in seasonality and endemicity
may mean that the primary infection and
the subsequent secondary exposure to a
heterologous serotype (with a potentially
more severe outcome) are more spread

out in time for control subjects than for
vaccinated individuals. As a consequence,
during a given period of time, one would
observe more dengue-related hospitali-
zations for vaccinated individuals than for
controls; however, this imbalance may be
only temporary, occurring during a limited
period of time, after which more severe
cases would be accrued in placebo recipients
(FIG. 3). Such a temporary imbalance is
suggested by data from the LTFU of the
Phase IIb study, in which the first year of
the hospital phase has shown a neutral
estimate of vaccinated individuals being
hospitalized owing to dengue, whereas the
tendency was reversed in the subsequent
year. A permanent predisposition to
sensitization in seronegative vaccinated
individuals is not compatible with the
postulation behind this clustering hypothesis,
and in particular such sensitization would
no longer be present after a secondary-like
infection has developed, in agreement with
observations in the field showing a lower risk
of developing severe disease on tertiary and
quaternary infections®?.

Explaining LTFU observations. In
conclusion, one can propose interconnected
hypotheses to explain the LTFU safety
observations. Predominantly, temporally

clustered vaccination, especially in
seronegative individuals, may result in a
smaller cross-reactive immune response,
which is prone to rapid waning in a
condensed period of time. This situation

is more likely to occur in children less

than 9 years of age, given their lower

chance of seropositivity before vaccination.
A subsequent primary wild-type infection
(typically less likely to be severe in children)
then occurs in an immunological setting
created by vaccination, resulting in this
primary infection resembling a secondary
infection (typically more likely to be severe).
This situation may occur in particular in the
youngest children, who have a less-developed
vascular physiology and partially immature
immune responses, which results in younger
vaccinated individuals being hospitalized
more frequently than their control
counterparts for a certain period. However,
this imbalance is potentially only temporary.

Outlook

Results of Phase III efficacy trials
conducted in Asia and Latin America

have demonstrated that the CYD-TDV
vaccine is efficacious against all four DENV
serotypes during the active phase and

has an acceptable safety profile. However,
DENYV serotype distribution throughout
the population and an individual’s DENV
serostatus before vaccination seem to

affect vaccine efficacy. Furthermore, prior
exposure to DENV is hypothesized to

have an important role in the longer-term
(hospital phase) safety observations.
Therefore, additional studies are required
to determine the long-term effect of
differences in protection according to
baseline serological status, and to elucidate
the underlying immunological mechanisms
associated with the enhanced protection
observed in seropositive individuals.
Finally, important additional points have
to be considered regarding vaccine efficacy,
such as the level of response required to
protect against each serotype™*, the role
of circulating genotypes and their interplay
with pre-immunity®, genetic factors’®”*
and the potential role of indirect protection
afforded by vaccination.

In children younger than 9 years of age,
who are more likely to be seronegative,
vaccination may present immunological
similarities to an attenuated subclinical
primary infection; this potentially increases
the chances of their developing symptomatic
dengue disease on subsequent wild-type
infection. This may explain the current
imbalance observed in the younger

PERSPECTIVES

vaccinated individuals, which may be only
temporary; additional data are required to
address this point. Although the immunity
induced by CYD-TDV in seronegative
individuals may not result in optimal
protection against a primary wild-type
infection, CYD-TDV does offer significant
efficacy in seronegative individuals older
than 9 years of age, on the basis of pooled
efficacy analyses. Furthermore, the vaccine
may provide a benefit during subsequent
challenges, owing to the fact that the
primary infection boosts vaccine-elicited
Memory responses.

Overall, although additional data
are needed to determine the effect of
vaccinating children younger than 9 years of
age, these results and hypotheses support a
positive benefit-risk profile for vaccinating
individuals older than 9 years of age, with
recorded high vaccine efficacy for all
endpoints during the active surveillance
period and a lower risk of hospitalization
for VCD during the first years of the LTFU
period. Furthermore, the predefined risk
management plan for the vaccine is designed
to confirm its safety profile and evaluate
its effectiveness in a real-world use setting,
following its implementation in countries
with different epidemiological backgrounds.
Importantly, successful vaccination of
children older than 9 years of age has the
potential to significantly reduce the dengue
burden in endemic countries and may
contribute to achieving the WHO objectives
of reducing dengue-induced mortality by
50% and morbidity by 25% by 2020.
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