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Summary

Dengue is an emerging mosquito-borne viral infection with increasing reports of out-
breaks. The clinical picture ranges from a benign febrile iliness through to severe and
potentially fatal manifestations. No specific anti-viral treatment exists, and therapy
only consists of supportive care. During the last three decades, several attempts to
develop an effective vaccine have been made. The first dengue vaccine to obtain
licensure was Dengvaxia, which was authorized in 2015 and is currently available in
over 20 countries. Its use has been approved with strict limitations regarding age and
serostatus of the recipients, highlighting the necessity for a more safe and efficacious
vaccine. At present several vaccine, candidates are undergoing clinical and pre-clinical
trials. The most advanced candidates are TDV and TDV 003/005, two live-
attenuated vaccines, but another 15 vaccines are under development, introducing
novel immunization strategies to the traditional dengue vaccine scenario. This work
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1 | INTRODUCTION
The burden of dengue has become a major public health concern over
the last few decades. It has been identified as one of the 10 threats to
global health in 2019 by WHO,* underlining the urgent need for a
safe and effective vaccine. Although there have been numerous
attempts to produce a valid candidate, the development of a vaccine
for dengue still remains a challenging task, because there are several
critical issues that have to be considered.?

A major limitation is that, despite decades of research, many
aspects of the dengue immunopathogenesis remain unknown, in part

owing to the lack of an appropriate experimental model.® Improving
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reviews the current research status on dengue vaccines.
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the understanding of the immune response against DENV infections
would allow a more targeted approach in the development of a suc-
cessful vaccination strategy.* The pursuit for an immune correlate of
protection for dengue is a priority objective, as defining the most rele-
vant viral epitopes, the antibodies with the highest neutralizing activ-
ity and the sufficient titer to protect from infection, would help to
identify the most efficacious vaccine candidates.>®

Another useful tool for this purpose is the development of dengue
human infection models, such as those performed using rDEN2A30,
that would allow us to test the efficacy of vaccine candidates before
submitting them to clinical trials involving large cohorts of patients.”

Dengue belongs to the family Flaviviridae, genus Flavivirus, species
Dengue virus. It consists of four distinct virus serotypes (DENV1-4);
the unpredictable and simultaneous circulation of all four viral strains
in hyperendemic areas makes it necessary to have a tetravalent vac-
cine, to provide a balanced immunity against all four serotypes.®
Indeed, if an adequate immune response to all of the dengue sero-
types is not provided, vaccinated patients would still be at risk of con-

tracting the disease. Moreover, the chances of developing more
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severe disease would be paradoxically higher precisely because of the
prior immunization, as a result of the antibody-dependent enhance-
ment of disease and possibly original antigenic sin.>”'° Therefore, not
only can a vaccine that provides incomplete immunity fail to prevent
the disease, but it can also place those given the vaccine at higher risk

of developing a severe form.'*

2 | CURRENTLY LICENSED VACCINE

After decades of extensive studies, the first vaccine for dengue has
been licensed: CYD-TDV, commercialized under the brand name
Dengvaxia by Sanofi-Pasteur. It was initially released in December
2015 in Mexico and is now licensed in over 20 dengue endemic coun-

tries, with an age indication limited to subjects of 9-45 years of age.

21 | Dengvaxia- CYD-TDV
CYD-TDV is a tetravalent live-attenuated virus vaccine; therefore, it is
supposed to provide a balanced immunity against all of the four sero-
types of the virus. CYD-TDV incorporates four chimeric viruses, which
were created by using the backbone of another flavivirus, the yellow
fever virus vaccine 17D (Figure 1A).1%13

Phase | clinical trials showed that CYD-TDV was well tolerated
(no serious adverse events were reported) and manifested a high serocon-
version rate, as 100% of the participants seroconverted to all four sero-
types after receiving three doses.**> However, phase Ilb and Il clinical
trials showed limited efficacy against DENV-2 (34.7% efficacy against
virologically confirmed dengue), which is unfortunately most frequently
associated with severe dengue cases. This suggests that in many cases
the DENV-2 antibody titer might not be sufficient to guarantee a solid
protective immunity against that particular serotype. Efficacy against
DENV-1, 3, and 4 was 54.5%, 65.2%, and 72.4%, respectively.' 4%’

A large phase lll clinical trial recruited over 10 000 children aged
2-14 years in five Asian-Pacific countries. The primary objective was
to evaluate the efficacy of the vaccine. Overall, a 56.5% (95% ClI
43.8-66.4) reduction of PCR-confirmed dengue cases was observed in
the vaccine recipients compared to the control group.t”

Nevertheless, the long-term follow-up analyses showed a worry-
ing trend: vaccines under 9 years of age presented a 1.58 relative risk
for dengue-related hospitalization compared to the control group.
Moreover, the efficacy of the vaccine seems to be consistently lower
in children under 9 years compared to that of older participants
(44.6% vs 67.8%),'8 because as these children are younger in age they
are less likely to be seropositive. For these reasons, CYD-TDV has
been licensed for use only in individuals above 9 years of age.*’

One additional limitation to the use of Dengvaxia is that the vac-
cine candidate appears to sensitize dengue naive participants, which
acts like a natural primary infection, therefore putting them at a higher
risk of developing a secondary infection which is associated with more
severe forms of dengue. The reason behind this phenomenon is not

fully understood yet; however, it might be explained by the

(A) Structure of Dengvaxia®
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(C) Structure of TVO03/TV005

mechanism of antibody-dependent enhancement, combined with an
imbalanced immunogenicity against the different serotypes.?°

Lower efficacy for seronegatives at baseline was observed for all par-
ticipants and not only the younger group. CYD-TDV has been proven to
be safe and effective in patients with antibodies against at least one den-
gue serotype; however, its administration is potentially dangerous in sero-
negative individuals. Given this fact, the Strategic Advisory Group of
Experts (SAGE) on immunization from WHO recommends a pre-
vaccination screening to assess the serostatus of the recipients, to
immunize exclusively the people who had a previous DENV infection. In
environments where this screening is not feasible, the vaccine should be
administered only in those countries where the seroprevalence has been
demonstrated to be greater or equal to 80% over the age of 9.2

Dengvaxia is currently undergoing postmarketing surveillance
studies, to monitor any rare or long-term adverse event and to collect

additional data about its efficacy.??724
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FIGURE 2 Dengue vaccine pipeline

After a mass vaccination campaign, the vaccine was suspended in
2017 in the Philippines, as a precautionary measure, in response to a
higher hospitalization rate in children over the age of 9 who con-
tracted dengue. In high seroprevalence regions, overall public health
benefit is still favorable despite the negative press that has sur-
rounded the dengue vaccination campaign in the Philippines. How-
ever this event confirms, once again, the urgent need for an
alternative vaccine strategy. The ideal vaccine has to be safe and
effective against all of the serotypes, and it is necessary to find a can-
didate which ensures a solid protective immunity from DENV infec-

tion regardless of the age or serological status of the recipients.?’

3 | FUTURE VACCINE CANDIDATES
PIPELINE

The increasing global burden of dengue in the last decades has moti-
vated researchers and pharmaceutical companies to invest a growing
amount of resources in the development of new vaccines. Thanks to
these investments, there are now several vaccine candidates under
development involving various approaches (Figure 2).

The most advanced candidates are the two live-attenuated vac-
cines: TDV and TDV 003/005, which are both currently in phase IlI
clinical trials. TDENV-PIV is a purified inactivated vaccine; it is the only
candidate which is currently in phase Il clinical trial. The candidates
which are undergoing phase | and preclinical trials are listed and

briefly described in Tables 1 and 2, respectively.?-5°

3.1 | Tetravalent dengue vaccine—DENVax

TDV (Tetravalent Dengue Vaccine) or DENVax is a live attenuated
chimeric vaccine manufactured by Takeda Vaccines (Singapore). It is
based on the backbone of the live attenuated dengue serotype 2 viral
strain DENV-2 PDK53,%! which was first tested as a monovalent vac-

cine in two small phase | clinical trials enrolling 10 adult volunteers

each. In these trials, the live attenuated vaccine was found to be
safe, with no reported severe adverse reactions, as well as highly
immunogenic, with neutralizing antibodies persisting for at least
12-15 months.’>>% DENV-2 PDK53 has been combined with the
pre-membrane and envelope genes from DENV-1, DENV-3, and
DENV-4, to create TDV, a tetravalent formulation made up of four
different chimeric viruses (Figure 1B).>*

TDV has been administered to dengue naive individuals in phase |
and Il clinical trials, enrolling 96 and 148 volunteers, respectively. The
vaccine candidate was well tolerated by recipients, who only
manifested mild adverse events such as injection site pain, itching,
and erythema. In these trials, TDV elicited seroconversion for all four
serotypes in 62% of the cases, for three or more serotypes in 96% of
the cases, with the strongest immune response against DENV-2
(>95% seropositivity after two doses) and the poorest against DENV-
4 (87.5% seropositivity after two doses).>>¢

This vaccine candidate is currently undergoing a large phase Il
clinical trial. This is a double-blind, multicenter, controlled, randomized
clinical trial which aims to enroll over 20 000 children from 4 to
16 years of age in Asia and Central/South America. Its primary objec-
tive is to verify the vaccine efficacy of two doses of TDV in
preventing virologically confirmed dengue. Primary efficacy data pub-
lished in November 2019 showed encouraging results, with 80.2%
overall vaccine efficacy, 95.4% efficacy in preventing severe forms of
dengue, and 74.9% efficacy in dengue seronegative patients.’” One
secondary objective is to assess the long-term safety of the vaccine
(by analyzing the percentage of participants and severity of solicited

adverse events), with results expected by 2021.%®

32 | TVO003/TVO05—LAVA30
TV003/TV005 also known as LAVA30 or TetraVax-DV is a live attenu-
ated tetravalent vaccine candidate for dengue developed by the
U.S. National Institute of Health (NIH). It was generated by using three
wild-type dengue viral strains attenuated through the deletion of a series
of 30/31 nucleotides from the 3’ untranslated region: rDENV1A30,
rDENV3A30/31, and rDENV4A30. As rDENV2A30 did not result in a
sufficiently attenuated strain, the DENV-2 component of this vaccine was
obtained by substituting prM and E genes from DENV-2 into the
rDENV4A30 backbone to generate the chimeric strain rDENV2/4A30
(Figure 1C). TVO03 and TVOO5 are two different vaccine formulations,
which only differ in the dose for the DENV2 component.®®

Seven phase | and Il clinical trials were conducted to verify the
safety and efficacy of TVO03/TV005. The vaccine candidate had an
acceptable safety profile, the most common adverse event being a
mild maculo-papular rash in 61%-79% of the recipients. The rash was
classified as mild and asymptomatic. Less common adverse events
were mild and temporary neutropenia and raised alanine transaminase
serum levels. Tetravalent and trivalent antibody responses were
detected in 74% and 92% of the cases, respectively, after a single
dose. A two-dose regimen of administration was excluded, as it did

not solicit any significant antibody boost.®%¢*



TABLE 1 Phase | vaccine candidates

Vaccine type Candidate name Features

DNA vaccine D1ME®

Circular, double-stranded, monovalent DNA plasmid that expresses prM and E genes from

DENV-1. Pre-clinical studies have shown that monovalent dengue DNA vaccine candidates
are able to elicit a solid immune response in mice and NHP?4~28; DENV-1 DNA vaccine in
particular provided 80%-95% protection during dengue live virus challenge in apes.?’ Given
these results, D1IME has been tested in a phase | clinical trial to assess its safety and
reactogenicity in humans. The 22 participants to the trial were randomized in two groups

to receive 1.0 mg or 5.0 mg of D1M

E%0 vaccine. The vaccine was found to be safe;

however, the results were overall disappointing, because anti-dengue neutralizing
antibodies were detected in 0% of the recipients in the low-dose group and only 41.6% of
the recipients in the high-dose group. By contrast, IFN-y T cell response was far more
significant, with 50%-83% of individuals responding.%°

TVDV - TVDVVAX

Tetravalent DNA vaccine that comprises four distinct monovalent DNA plasmids, encoding

prM and E genes from the four serotypes. Combination with the adjuvant Vaxfectin
stimulates a stronger immune response. Pre-clinical trials on NHP showed an improved

immune response comparing to that of D1M

g1o0 along with a robust protection in a

DENV-2 live virus challenge.®* TVDVV** was well-tolerated in a phase | trial, but
immunogenicity remained poor, as only 10% of the study participants manifested a
tetravalent antibody response. As seen in DIME®, TVDVVAX stimulates a pronounced T
cell IFN-y response in a dose-related manner.3? Although these first attempts to develop a
DNA vaccine for dengue might have been discouraging, this technique still has potential
and should be developed further. New DNA vaccine delivery strategies, such as
electroporation, are being evaluated at present as potential ways to promote a targeted
immune response.>3

Subunit vaccine DEN-80E - V180

Tetravalent subunit vaccine that focuses on the expression of dengue envelope (E) genes

from each of the four serotypes. The recombinant structural proteins are truncated at the
carboxy-terminal portion of E (DEN-80E), and they are produced through Drosophila S2
cell expression system, which allows to obtain high-quality proteins that maintain a native-
like conformation.®* After showing promising preclinical data, DEN-80E underwent the
first-in-man phase | clinical trial, in which dengue-naive individuals were randomized to
receive the pure vaccine, formulations with a variety of adjuvants or placebo. All the
formulations were well-tolerated and ISCOMATRIX formulated DEN-80E demonstrated
the strongest immunogenicity (tetravalent responses were observed in 71-88% after
receiving two doses), although it was more often related to mild AEs. In all formulations,
neutralizing antibody titers waned after 6 months.®

Heterologous prime/boost TLAV prime / TPIV boost  This strategy involves the use of two phase Il vaccine candidates: the live-attenuated vaccine
TDENV-LAV and the purified inactivated vaccine TDENV-PIV. TLAV is used to prime the
study participants and TPIV serves as a booster, or vice versa. Using multiple types of
vaccines may help to overcome the critical issues of a single category. Indeed, a combined
approach allows to achieve more balanced and solid immune response.>¢ TLAV/TPIV and
vice versa combinations are currently being tested in different regimens of administration

in two phase | clinical trials.

DENV-2 manifested the poorest rate of seroconversion (76%), in
comparison with the other serotypes (92% for DENV-1, 97% for
DENV-3, 100% for DENV-4); for this reason, it appeared necessary to
verify its immunogenicity. Immunogenicity of TVOO3 was tested in a
dengue human infection model which used the DENV-2 strain
rDEN2A30 as a challenge virus. rDEN2A30 was administered to TVO03
recipients 6 months after immunization and to dengue naive subjects as
a control; as a result, none of the vaccines manifested viremia or other
clinical features, whereas the controls manifested viremia in 100%, rash
in 80% and neutropenia in 20% of the cases. TV003 therefore has been
proven to be highly protective against infection with rDEN2A30.762

TV0O03 has been licensed independently to different companies for
different geographical regions; it has been tested in a phase | clinical
trial with MSD and NIAID®? and in a phase Il clinical trial with Medigen

37,38

Vaccine Biologics Corp.®® TV003 has also been licensed by Butantan
Institute in Brazil and is currently undergoing a double blind, controlled,
multicenter, phase lll randomized clinical trial which is expected to
enroll 16 944 subject from 2 to 59 years of age. Participants receive a
single dose of TVOO3 or placebo in a 2:1 ratio, and the primary objective
is to compare the incidence of virologically confirmed dengue infections

in the two study groups; results are expected in 2025.%*

3.3 | Purified formalin-inactivated vaccine—
TDENV-PIV

TDENV-PIV is a tetravalent purified inactivated vaccine developed by
the Walter Reed Army Institute of Research and GlaxoSmithKline. It



TABLE 2  Preclinical vaccine candidates

Vaccine type Candidate name

Live-attenuated vaccines  DENV-1/2 chimeric virus

HR-Tet

ChinDENV

Features

Mutant chimeric virus created by replacing DENV-1 prM and E genes in a live
attenuated DENV-2 viral strain; enhanced prM cleavage apparently increases the
virus specific infectivity.3?

Tetravalent vaccine for dengue that comprises four viral strains carrying host-range
(HR) mutations, generated by truncating a transmembrane segment of the envelope
protein.*°

Chimeric flavivirus based on the backbone of a Japanese encephalitis virus LAV, with
the addition of prM and E structural genes from DENV-2; it elicited a strong

immune response in NHP in a dose-related manner.*!

Inactivated vaccine

Purified psoralen-inactivated virus DENV-1 WP74 viral strain has been attenuated by using psoralen, a photoreactive

compound that inactivates dengue virus after exposure to UVA radiation. The
vaccine has been administered in a preclinical trial on NHP in combination with

alum adjuvan

Subunit vaccine cEDII

t42

Consensus envelope (E) domain Il is a recombinant protein antigen that has been

produced through the expression system of E. coli. The administration of cEDIII
combined with alum adjuvant induces E-specific neutralizing antibodies in NHP.43

Heterologous prime/boost YF17D-D2 prime / pE1D2 boost

YF17D-D2 (a chimeric yellow fever and DENV-2 live-attenuated vaccine) and pE1D2

(a DNA vaccine) are combined in different regimens of administration with the
prime/boost strategy or simultaneously, to achieve a solid and balanced immune
response.*#

Venezuelan equine encephalitis (VEE) virus replicon particle (VRP) hosts a

recombinant genome that expresses the prME and E85 antigens of all four viral
strains; it showed a rapid and effective seroconversion rate in mice and NHP.*®

This non-infectious virus like particle (VLP) carries EDIII antigens from the four

dengue serotypes; VLP vaccine platforms are a safe and inexpensive strategy to
induce a protective immune response against DENV infections.*

DENV-2 VLP is a monovalent candidate that expresses prM and E antigens; it aims to

boost the immune response against DENV-2 after immunization with Dengvaxia, a
live-attenuated vaccine that needs an improvement in the seroconversion rate
against this viral serotype.*”

Virus like particles VEE-VRP
DSv4
DENV-2 VLP

Viral vector vaccine MV-DEN

The envelope domain Il (EDIII) antigens from the four dengue serotypes are delivered

through a recombinant, live-attenuated measles vaccine (MV), which serves as a
replicating viral vector.*®

involves four viral strains which have been chemically inactivated
through formalin. In this way, it is possible to suppress the infectivity
of the viral strains, while at the same time maintaining their structure
and antigenicity.®®

The first-in-man, phase | clinical trial that tested a monovalent
PIV candidate, showed that DENV-1 PIV has an acceptable safety
profile—with only mild adverse events occurring such as minimal
injection site reactions, and induced seroconversion in all of the
study participants.®®> The high safety level of inactivated vaccines
comes, however, with a lower immunogenicity compared to that of
live attenuated vaccines; however, the immune response can be
enhanced through co-administration with an adjuvant compound.
Two phase | clinical trials were conducted to evaluate the safety and
efficacy of the tetravalent formulation TDENV-PIV combined with
different adjuvants: aluminum hydroxide, ASO1E, or ASO3B; all
the formulations were well tolerated by the recipients and induced
a balanced immune response against all of the four serotypes,
with the highest mean antibody titers reached with ASO1E
and AS03B.%¢” A phase Il clinical trial is currently evaluating

TDENV-PIV with ASO3B to determine the most effective injection
schedule (0-1, 0-1-6, or 0-3 months).%®

4 | DISCUSSION
The burden of dengue has increased considerably over the last
50 years, and its incidence has risen 30-fold from the 1970s, turning
it from a neglected tropical disease to a global public health concern.2

Despite decades of extensive studies, the ideal vaccine candidate
for dengue has not been found yet, due to the multiple obstacles that
render the development of a vaccine for this disease extremely chal-
lenging: insufficient knowledge of the dengue immunopathogenesis,
lack of an adequate experimental model, need for a tetravalent immu-
nity, and risk of enhanced disease.>™*

Dengvaxia is the only candidate that has been licensed so far;
however, the severe limitations in its use highlight the demand for a
more safe and versatile vaccine for dengue. Indeed, Dengvaxia can

only be given to children older than 9 years of age, leaving younger



individuals uncovered. Children are at increased risk of developing
dengue shock syndrome; therefore, it is essential that any vaccine
against dengue should be efficacious and safe in both children and
adults. Immunization with Dengvaxia may increase the risk of severe
disease in dengue naive individuals; therefore, testing the recipient's
serostatus before administration of the vaccine is now recommended.
This would make the roll out of a widespread vaccination campaign
difficult and too costly for many endemic countries.'”

TDV might be a viable alternative to Dengvaxia, due to its effi-
cacy in preventing severe forms of dengue (95.4%) and its strong pro-
tective immune response against DENV-2,>* whereas the usage of
TVO003/TVO0O05 is likely to be hampered by the significant incidence of
mild adverse events.>”>®

However, live-attenuated vaccines tend to induce a strong and
long-lasting immunogenicity; but, they are subject to viral interfer-
ence, which can cause an imbalanced immune response and expose
the recipients to a higher risk of contracting severe dengue. For sev-
eral years, they were the main investigated vaccine platform; but, now
a wide range of different dengue vaccination strategies are emerging,
such as inactivated, DNA, or subunit vaccines.??

Clinical trials for TDENV-PIV, for the DNA vaccine TVDV"AX 5758
and for the subunit vaccine DENBOE®> showed very encouraging
results: although these novel techniques may be less immunogenic than
live-attenuated vaccines, they manifest significantly lower viral serotype
interference, along with a higher safety profile, possibly allowing the
administration in infants and seronegative individuals as well.

The most appealing perspective for the future is the heterologous
prime/boost approach, which combines different vaccine platforms
(LAV with DNA/subunit/inactivated vaccines) to overcome one single
vaccine category's drawbacks, to achieve a more balanced and solid
protective immunity.3¢**

Vaccines are certainly one fundamental resource in preventing
the spread of dengue infection among the human population; how-
ever, given their current limited efficacy, it is necessary to implement
diverse techniques to reduce the impact of this rapidly expanding
disease.

Vector control programs remain the main way to prevent the
transmission of dengue. The control of Aedes mosquito vectors is
accomplished through a number of different techniques, which can be
mainly divided into environmental, chemical, and biological methods.
Environmental control consists in eliminating potential mosquito
breeding sites and requires the education and involvement of commu-
nity members. The implementation of preventive measures has been
shown to be very effective in limiting mosquito propagation in urban
areas.®’

Chemical methods involve the development of new insecticide
products and prevention of mosquito resistance to these substances.
Traditionally, the use of insect repellents and insecticides has had lim-
ited effectiveness, as it is difficult to maintain these programs in large
populations living in endemic countries. One emerging approach con-
sists of creating textile fabric impregnated with long-lasting insecti-
cides.”® Biological control is an exciting and promising area, which

involves the use of Wolbachia—an intracellular bacterium that lives in

a symbiotic relationship with insects. Infecting female Aedes mosqui-
toes with Wolbachia reduces their ability to transmit dengue and
other arboviruses.”* The roll out of Wolbachia infected mosquitoes is
underway in Vietnam, Indonesia, and parts of Australia and Brazil
through the World Mosquito Program with encouraging results.”? A
different approach is the Release of Insects carrying Dominant Lethal
genes (RIDL), which aims to create genetically modified male mosqui-
toes that diffuse infertility genes among the mosquito population.”®

Although vector control strategies alone will not be sufficient,
their integration with an efficient prophylactic vaccine is the key strat-
egy to prevent the global spread of dengue.”
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