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ARTICLE INFO ABSTRACT
ArtiC{e history: The severity of the COVID-19 pandemic and the development of multiple SARS-CoV-2 vaccines expedited
Received 14 March 2022 vaccine ‘mix and match’ trials in humans and demonstrated the benefits of mixing vaccines that vary in for-
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mulation, strength, and immunogenicity. Heterologous sequential vaccination may be an effective approach
for protecting against dengue, as this strategy would mimic the natural route to broad dengue protection and
may overcome the imbalances in efficacy of the individual leading live attenuated dengue vaccines. Here we
review ‘mix and match’ vaccination trials against SARS-CoV-2, HIV, and dengue virus and discuss the possi-

ISZ} ‘gﬁ:js" ble advantages and concerns of future heterologous immunization with the leading dengue vaccines. COVID-
Vaccine 19 trials suggest that priming with a vaccine that induces strong cellular responses, such as an adenoviral
Heterologous vectored product, followed by heterologous boost may optimize T cell immunity. Moreover, heterologous
Dengvaxia vaccination may induce superior humoral immunity compared to homologous vaccination when the prim-
TAK-003 ing vaccine induces a narrower response than the boost. The HIV trials reported that heterologous vaccina-
TV003 tion was associated with broadened antigen responses and that the sequence of the vaccines significantly
'Mix and match’ impacts the regimen’s immunogenicity and efficacy. In heterologous dengue immunization trials, where
at least one dose was with a live attenuated vaccine, all reported equivalent or increased immunogenicity
compared to homologous boost, although one study reported increased reactogenicity. The three leading
dengue vaccines have been evaluated for safety and efficacy in thousands of study participants but not in
combination in heterologous dengue vaccine trials. Various heterologous regimens including different com-
binations and sequences should be trialed to optimize cellular and humoral immunity and the breadth of the
response while limiting reactogenicity. A blossoming field dedicated to more accurate correlates of protec-

tion and enhancement will help confirm the safety and efficacy of these strategies.
Published by Elsevier Ltd.
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1. Introduction

Despite the high morbidity of dengue and > 3 billion people at
risk for infection, a universally effective dengue vaccine has eluded
scientists for decades [1,2]. The co-circulating and immunologi-
cally interactive dengue virus serotypes 1-4 (DENV1-4) pose a
unique challenge. Because second infection with a different sero-
type is associated with severe dengue, all three leading vaccine
candidates — Dengvaxia, TAK-003, and TV0O03 — are tetravalent,
live-attenuated, and designed to induce specific immunity against
each of the four serotypes simultaneously. However, both vaccines
that have completed phase 3 trials have unbalanced efficacy. Deng-
vaxia induces strong protection against DENV4 and TAK-003
against DENV2, but neither vaccine provides full protection against
other serotypes [3-7]. In contrast, TV003 phase 1 and 2 trials indi-
cate that it induces a tetravalent antibody response in about two-
thirds of subjects [8-10], but phase 3 efficacy trial results have not
been released to date.

Studies of the host response to sequential infection with dis-
tinct dengue serotypes and vaccine ‘mix and match’ trials against
other pathogens, including SARS-CoV-2, provide compelling evi-
dence that prime-boost with distinct dengue vaccines (defined
here as heterologous vaccination) may overcome the limitations
of each vaccine alone. Traditionally, heterologous vaccination has
referred to sequential vaccination with different types of vaccines,
commonly a viral or DNA vector followed by a protein-based for-
mulation [11]. However, the development of multiple SARS-CoV-
2 vaccines, with varying side effect profiles and availability, has
expedited the combination of mRNA, viral vector, and protein sub-
unit vaccines. These studies have shown how vaccine formulation,
strength, and the sequence of the prime boost may optimize the
immune response. Additionally, exposure to different viral strains
may induce a more diverse B cell repertoire with prolonged affinity
maturation as was observed in a model of human influenza vacci-
nation [12]. Mixing the leading dengue vaccines may harness many
potential benefits of heterologous vaccination, including increased
immunogenicity and efficacy, by taking advantage of differences in
vaccine platforms, parent strains, and order of vaccination.

2. ‘Mix and match’ COVID-19 vaccinations

‘Mix and match’ COVID-19 vaccination studies have shown that
sequential heterologous vaccination may be more effective than
homologous vaccine schedules. These studies were expedited by
evidence of vaccine-induced thrombocytopenia and thrombosis
associated with AstraZeneca’s adenoviral vectored vaccine,
ChAdOx1-S-nCoV-19 (ChAd) [13], which prompted European
health authorities to suggest that ChAd vaccine recipients may
receive a Pfizer/BioNTech BNT162b2 (BNT) vaccine as a second
dose [14]. Multiple early observational trials reported that as com-
pared to those who received BNT/BNT or ChAd/ChAd, those vacci-
nated with ChAd/BNT had higher serum neutralizing titers [15-
17], stronger CD4* and CD8" T cell responses [18,19], and lower
SARS-CoV-2 infection rates [18,20]. However, these studies were
limited by differences in the intervals between BNT/BNT dosing
(4 weeks) and ChAd prime-boost dosing (~12 weeks).

The Com-COV study group has since performed randomized
controlled trials comparing heterologous and homologous
COVID-19 vaccination after prime with either BNT or ChAd [21-
23]. These have indicated that heterologous vaccination may be
particularly effective at bolstering T cell responses, but the
sequence and immunogenicity of the vaccines are key to optimiz-
ing immunity. Of all the homologous and heterologous sequences
assessed, ChAd prime with mRNA boost resulted in the highest T
cell responses [21,22]. Atmar et al. noted a similar pattern in an
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observational trial of subjects who had completed a full primary
series and underwent homologous vs heterologous boost. In this
trial, priming with Janssen’s adenovirus-vectored vaccine Ad26.
COV2.S (Ad26) with mRNA boost resulted in the strongest cellular
responses [24]. When immune responses were tested against vari-
ants of concern, neutralizing antibody titers dropped in all groups,
but cellular responses remained unchanged [22]. Thus, priming
with a vaccine that induces strong cellular responses, such as an
adenoviral vectored product, followed by heterologous boost
seems to optimize T cell immunity. This may be particularly rele-
vant for protection against emerging variants.

In both the Com-COV and Atmar et al. trials, Moderna’s mRNA-
1273 vaccine induced the highest neutralizing antibody titers
regardless of the sequence of vaccination. The other sequences
revealed that ChAd/ChAd induced the lowest 50% neutralizing anti-
body titer (61) followed by BNT/ChAd (383), ChAd/BNT (515) and
BNT/BNT (574) [21]. The large difference in binding antibody titers
between BNT/ChAd and ChAd/BNT suggests that priming with a
stronger vaccine may dampen the immune response to the second,
weaker vaccine. Similar observations were made in Com-COV2
where BNT prime followed by Novavax’s adjuvanted protein-
subunit vaccine, NVX-CoV2373 (NVX), induced lower neutralizing
antibody titers than BNT/BNT. In contrast, ChAd/NVX induced 4-
fold higher neutralizing antibody titers compared to ChAd/ChAd
[22]. In sum, heterologous vaccination may induce superior
humoral immunity compared to homologous vaccination when
the priming vaccine is less immunogenic than the boost. However,
priming with the more immunogenic vaccine may limit the effect
of the heterologous boost.

Notably, the COVID-19 vaccines examined here are monovalent
mRNA, adenovirus vectored, or adjuvanted protein-subunit vacci-
nes all targeting the SARS-CoV-2 spike protein, while the leading
dengue vaccines are tetravalent, live-attenuated with different
parent strains, T cell targets, and humoral responses. These differ-
ences limit any direct comparisons regarding the potential benefits
and limitations of heterologous COVID-19 versus dengue vaccina-
tion. Instead, we can observe the general trends of the COVID
‘mix and match’ trials and other sequential heterologous and mul-
tivalent vaccine studies and hypothesize how these studies might
inform future heterologous dengue vaccine trials.

3. Other heterologous and multivalent vaccine studies

Other heterologous vaccine studies have generally focused on
prime with viral vector vaccines and boost with subunit vaccines,
with the goal of optimizing both cellular and humoral immune
responses. These strategies have typically been applied to patho-
gens that evade immunity such as HIV and HCV [11]. In HIV, vac-
cine candidates have often been polyvalent, with the goal of
broadening the number of antigens recognized by the immune sys-
tem. For instance, the first HIV vaccine regimen to show any effi-
cacy in humans (30% vaccine efficacy) consisted of a recombinant
canarypox vector prime expressing three HIV proteins and a biva-
lent recombinant envelope protein boost [25]. This has inspired
numerous heterologous vaccine trials, including a successful phase
1/2 trial with the aforementioned vaccine adapted for South Afri-
can HIV strains [26], a subsequent phase 2b/3 trial
(NCT02968849) where a heterologous adenoviral vector prime
was followed by a adjuvanted subunit boost in Sub-Saharan Africa
(NCT03060629), and a study where heterologous vaccination with
poxvirus vector vaccine and subunit protein vaccine was trialed
both sequentially and simultaneously [27]. The HIV vaccine trials
have highlighted the benefits of multivalent heterologous vaccina-
tion including improving cellular and humoral responses, broaden-
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ing the number of antigens recognized, and bolstering vaccine effi-
cacy [11].

Moreover, HIV trials have indicated that the sequence of
heterologous prime boost vaccine is central to immunogenicity.
In a human trial of heterologous polyvalent adenovirus (rAd5)
and poxvirus (NYVAC-B) vectored HIV vaccines containing HIV
proteins from different clades, the rAd5 followed by NYVAC-B
boost induced higher cellular and humoral responses than the
reverse order [28]. A subsequent mouse study compared heterolo-
gous vs. homologous vaccination with a chimeric vesicular stom-
atitis virus containing the glycoprotein of the lymphocytic
choriomeningitis virus (VSV-GP) and a poxvirus (NYVAC), both
expressing the same HIV envelope protein. This work also showed
that administering the poxvirus-based vaccine second (VSV-GP/
NYVAC) induced higher cellular and humoral responses than the
reverse heterologous or homologous vaccination [29]. Although
the determinants of the superior immunogenicity when the second
dose is a poxvirus-vectored HIV vaccine remain unclear, these
studies highlight the importance of trialing various vaccine
sequences.

Unlike multivalent viral vector or protein subunit HIV vaccines,
the leading dengue vaccines are multivalent and live attenuated.
The benefits of multivalent live attenuated vaccines (LAV) are
widely accepted and evidenced by the success of the oral polio
and measles, mumps, and rubella vaccines in eliminating or mark-
edly reducing the morbidity and mortality of these viruses world-
wide. Because live attenuated viruses replicate, they can induce
durable T and B cell responses against viral antigens in their native
conformations [30]. Despite these advantages, no large heterolo-
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gous vaccination trials have been performed with multivalent
LAV to date. The potential of LAV to mimic natural infection is
especially compelling in dengue where sequential heterotypic dis-
ease is associated with broad immunity.

4. Can sequential heterologous dengue vaccination induce
cross-serotypic immunity?

Observations of natural dengue infection have indicated that
exposure to two different dengue serotypes induces broad protec-
tion even against previously unexposed strains. Specifically, while
second heterotypic infection has the highest risk of severe dengue,
third and fourth infections are less likely to be symptomatic or
serious [31,32]. Immunologic studies have demonstrated that pri-
mary dengue infection results in significant protection against
the infecting serotype by inducing type-specific antibodies with
some cross-serotypic immunity [33]. When the cross-reactive anti-
bodies are at a specific low-titer range, they are strongly associated
with severe dengue [34]. This phenomenon is hypothesized to be
caused by antibody-dependent enhancement (ADE), where the
weak, low-titer antibodies promote viral internalization rather
than neutralization, facilitating viral entry and replication in cells
with Fc receptors (FcR), and resulting in earlier and higher peak
viremia [35]. Enhanced replication can lead to increased virulence
and severe disease but also induces potent antibodies that target
conserved epitopes and neutralize all four serotypes [36] (Fig. 1).

Induction of this broad immunity has been demonstrated in a
small vaccine trial mimicking heterotypic infection by Durbin
et al. Sequential immunization with monovalent dengue LAV
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Fig. 1. Sequential heterotypic dengue infection and potential benefits of heterologous dengue vaccination. Primary natural infection and vaccination induce type-
specific and cross-reactive antibodies. These antibodies provide strong protection against homologous reinfection but may blunt the immunogenicity of a booster with the
same vaccine. Cross-reactive antibodies increase the replication of the second infecting virus, leading to more severe disease but also inducing a robust, broadly neutralizing
antibody response. Heterologous vaccination may provide a safe, controlled way to induce broadly neutralizing anti-dengue antibodies.
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resulted in earlier onset and higher mean peak viremia after sec-
ondary heterotypic versus primary vaccination in one of the four
cohorts with no increased adverse effects [37]. Primary immuniza-
tion induced potent type-specific and weak cross-reactive antibod-
ies, while secondary vaccination resulted in cross-reactive
antibodies with high avidity to and strong neutralization of both
exposed and nonexposed serotypes [38]. Studies of natural dengue
infections have confirmed that type-specific antibodies correlate
with protection against dengue disease [33], and cross-reactive
antibodies targeting conserved E dimer epitopes (EDE) can
potently neutralize all four serotypes [39]. Together, these studies
suggest that sequential heterotypic LAV may induce broadly pro-
tective antibodies perhaps through the weak cross-reactive anti-
bodies induced by the first exposure enhancing the second
exposure. The enhanced second vaccination may have increased
immunogenicity due to more antigen production and/or the rapid
expansion and affinity maturation of dengue responsive B cells
after exposure to conserved and novel epitopes.

4.1. Monovalent vs. tetravalent dengue vaccination

The dengue field has focused on tetravalent vaccination with
the aim of avoiding secondary heterotypic natural dengue infection
and severe dengue in the period between vaccinations. Further,
there is concern that a sequential heterologous vaccination with
only two serotypes would not induce tetravalent immunity in all
subjects. However, one pre-clinical study suggests that sequential
heterotypic monovalent dengue vaccination might be more likely
than homologous tetravalent vaccination to induce potent, cross-
serotypic dengue antibodies. This study of dengue DNA vaccines
in mice reported that compared to homologous tetravalent vacci-
nation, sequential heterotypic monovalent vaccination induced
stronger cellular and humoral responses to both exposed and
unexposed serotypes [40]. The authors posit that heterologous
sequential monovalent immunization may favor the induction of
potent broadly neutralizing antibodies by focusing the B cell mat-
uration on conserved residues. In contrast, the simultaneous intro-
duction of multiple variant antigens may limit B cell selection as
was observed in an in silico model of affinity maturation against
HIV [41]. However, an equivalent study has not been performed
in human trials.

Interestingly, the two leading dengue vaccines, TAK-003 and
Dengvaxia, have some qualities that liken them to DENV2 and
DENV4 monovalent vaccines, respectively. Specifically, clinical trial
data indicates that the vast majority of viral replication post vacci-
nation consisted of the DENV2 component for TAK-003 and the
DENV4 component for Dengvaxia [42,43]. Consistently, antibody
depletion assays, which remove cross-neutralizing antibodies to
identify type-specific antibodies, have revealed that TAK-003
recipients develop type-specific antibodies primarily against
DENV2 while Dengvaxia recipients develop these against DENV4.
These antibody responses correlate strongly with the serotype-
specific efficacy of each vaccine [44,45]. Additionally, the two vac-
cines have different parent strains and backbones. TAK-003 is an
attenuated DENV2 backbone with chimerized pre-membrane
(prM) and envelope (E) proteins from the other serotypes while
Dengvaxia consists of a 17D yellow fever vaccine virus backbone
chimerized with prM and E proteins from DENV1-4. Thus, these
two vaccines may be less likely to neutralize each other and may
mimic natural heterotypic infection with DENV2 and DENV4,
thereby inducing broadly neutralizing antibodies.

4.2. Other ‘mix and match’ dengue vaccine trials

Although sequential heterologous trials with tetravalent LAV
have never been performed, a number of heterologous dengue vac-
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cination trials have been reported in animals and some in humans
[46]. In the early 2000s, multiple animal trials were performed
with dengue DNA vaccines with mixed results. In mice and mon-
keys, a DNA vaccine encoding DENV2 prM and E followed by pro-
tein vaccination with DENV2 E2 protein domain III (DIII) did not
induce neutralizing antibodies, while simultaneous vaccination
with these two products did induce them. However, the antibodies
afforded no protection against infectious dengue in a monkey
model [47,48]. A separate DNA vaccine encoding both DENV2 E
protein DII and Il and NS1 followed by a recombinant DENV2 E
and NS1 protein vaccine induced low to moderate neutralizing
antibodies in mice, and this combination has not been further
studied to date [49,50]. In monkeys, heterologous vaccination with
either DNA/inactivated virus or DNA/viral replicon particle (VRP)
induced neutralizing antibodies, but only the DNA/VRP sequence
afforded protection against challenge [48,51]. Additionally, one
group examined multiple combinations of DNA and viral vector
vaccines, all expressing the DENV2 E protein. In this mouse study,
priming with the vaccinia vector vaccine induced the most potent
IgG and CD8" T cell responses while priming with the adenovirus
vector vaccine induced stronger CD4" T cell responses. After viral
vector vaccine prime, boost with the DNA vaccine resulted in a
stronger stimulation of T cell responses than boost with a different
viral vector [52]. These studies suggest that heterologous dengue
vaccination does induce different patterns of cellular and humoral
immunity, consistent with vaccines against other pathogens. How-
ever, because different combinations of DNA vaccines with protein,
inactivated virus, or vector vaccines did not consistently induce
neutralizing and protective antibodies, the dengue field shifted to
LAV.

Of the three leading LAV, TV003 induced the most balanced
tetravalent response in phase 1 and 2 trials and homologous boost-
ing did not induce viremia or strengthen the immune response
[10,53]. This suggests that the immunity induced by the first dose
may neutralize the second. To overcome this, heterologous vacci-
nation has been trialed in two studies of TV003 with protein sub-
unit vaccines. In a human trial, 20 subjects who had received
TVO003 or TV0O05 in the 2 to 4 years prior, were boosted with a sub-
unit vaccine consisting of recombinant envelope protein from each
of the four serotypes (V180) [54]. Of note, TVOO05 has the same for-
mulation as TV0O03 except for a 10-fold higher dose of the DENV2
component. Heterologous boost with V180 resulted in no serious
adverse systemic events and a > 3-fold peak rise in titers for all
serotypes, followed by antibody waning. Although this study could
not determine whether the longer vaccination interval (2-4 years
versus 1 year) contributed to the superior immunogenicity
observed after TV003/V180 compared to TV003/TV003, it suggests
that heterologous boosting may stimulate immunity more than
homologous boosting, although this immunity may be transient.

The reverse sequence of dengue vaccination was studied in a
small monkey trial, where one or two doses of a chimeric subunit
vaccine made of DIll-capsid fusions from each serotype (DIIIC)
were followed by TV0O05 [55]. Results revealed that DIIIC/TV005
and 2xDIIIC/TV005, all dosed at 2-month intervals, induced the
same level of neutralizing antibodies as homologous TV005, but
significantly less TV005-associated viremia was observed in the
heterologous vaccine group. This suggests that a protein subunit
prime can limit the replication of a LAV without negatively impact-
ing its immunogenicity, potentially representing a strategy to
decrease the reactogenicity of LAV.

Apart from TV003, a tetravalent LAV (TLAV) candidate has been
studied as part of a heterologous regimen with a tetravalent puri-
fied inactivated virus (TPIV) by the Walter Reed Army Institute of
Research. In monkeys, TPIV followed by TLAV resulted in high neu-
tralizing titers and protection after challenge [56]. A follow-up
phase 1 clinical trial revealed that TPIV/TLAV, at a six-month inter-
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val, induced higher neutralizing antibody titers and more balanced
and durable cellular responses than the sequence at a 1-month
interval, the reverse sequence, or homologous vaccination with
either vaccine [57]. However, this TPIV/TLAV regimen was associ-
ated with 20% of subjects reporting grade 3 systemic adverse
events after heterologous boost, compared to 5% of subjects who
received either TLAV/TPIV at a 6-month interval or TPIV/TLAV at
a 1-month interval. Additionally, 0-5% of subjects reported grade
3 systemic adverse events after TPIV or TLAV prime, indicating that
these vaccines alone are somewhat reactogenic. Although the
determinants of higher immunogenicity and reactogenicity after
TPIV/TLAV are not known, it is notable that this group had the sig-
nificantly higher rates of viremia after TLAV compared to other
groups. This suggests that the antibodies induced by TPIV may
have enhanced TLAV replication. In contrast, the antibodies
induced by TLAV may neutralize TPIV boost decreasing the
immunogenicity of this combination.

Dengvaxia has also been studied in a small heterologous vacci-
nation clinical trial, where flavivirus naive participants received
either no prime, a monovalent dengue or a yellow fever (YF) LAV
[58] followed by one dose of Dengvaxia one year later. The subjects
were observed for 180 days post Dengvaxia injection, and the
heterologous prime-boost group had significantly higher neutraliz-
ing titers for the entire study period, with no increased reacto-
genicity, laboratory abnormalities, or viremia compared to the
flavivirus naive group. Although this study did not compare two
doses of Dengvaxia to heterologous prime boost, it does suggest
that  heterologous vaccination may bolster = humoral
immunogenicity.

Thus, in heterologous dengue immunization trials, where one
dose was with a live attenuated vaccine, all reported equivalent
or increased immunogenicity compared to homologous boost,
although one study reported increased reactogenicity. The time
interval, sequence, formulation, strength, and reactogenicity of
the various vaccines were associated with differences in safety
and immunogenicity after heterologous immunization. These
observations again highlight the need to trial various heterologous
regimens to optimize outcomes.

4.3. Dengue vaccines that have completed phase 3 trials

Although many dengue vaccine candidates have been studied
over the past 20+ years, at the time of writing, only Dengvaxia is
approved for use. Notably, it is licensed specifically for dengue
seropositive individuals, as this group experienced lower rates of
dengue disease and hospitalization after vaccination [4]. In con-
trast, compared to those who received placebo, dengue seronega-
tive people immunized with Dengvaxia had higher rates of
hospitalization and severe dengue starting 8 months after the third
dose [59]. While the reason for this adverse effect is not confirmed,
it is notable that Dengvaxia induces lower antibody titers in
seronegative versus seropositive individuals, and the titers wane
overtime, especially in the first year post the third vaccination
[59,60]. Studies of natural infection have demonstrated that low
antibody titers are associated with severe dengue, and ADE is a
leading hypothesis to explain this phenomenon [34]. Thus, it is
highly plausible that the lower titers induced by Dengvaxia in
seronegative individuals enhance subsequent natural infection
resulting in higher rates of severe dengue.

Dengvaxia only contains DENV structural proteins from prM
and E but not the capsid or any of the seven non-structural pro-
teins. Because both structural and non-structural proteins are
required to trigger effective T cell responses, investigators have
suggested that lack of dengue non-structural proteins may con-
tribute to Dengvaxia’s limited immunogenicity [61]. The only
study to investigate cellular immunity induced by Dengvaxia
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reported that one dose induced CD8* T cell responses to yellow
fever virus and dengue serotype-specific CD4" T cell responses pri-
marily to the vaccine DENV4 strain [62]. Cross-serotypic CD4" T
cell responses were observed in flavivirus naive individuals who
received two doses of Dengvaxia and in those primed with YF vac-
cine or monovalent dengue LAV vaccine containing the full DENV
genome. Moreover, those primed with the monovalent dengue
LAV did develop dengue specific CD8" T cell responses after Deng-
vaxia injection, and CD8" T cell immunity is protective against sev-
ere dengue [62,63]. Thus, heterologous prime seems to bolster
Dengvaxia’s cellular immunogenicity, and may mimic the protec-
tive effects of natural infection followed by Dengvaxia.

Aside from Dengvaxia, TAK-003 is the only vaccine to have com-
pleted phase 3 clinical trials, and this vaccine also induces lower
antibody titers in seronegative vs. seropositive recipients [64].
However, TAK-003 has a better efficacy profile in seronegative
individuals except against DENV3, where proportionally (although
not significantly) more TAK-003 recipients were hospitalized and
developed plasma leakage and thrombocytopenia compared to
placebo [7]. TAK-003 is currently being reviewed for licensure by
the European Medicines Agency with a decision expected by the
end of 2022.

4.4. Future dengue ‘mix and match’ vaccine trials with leading
candidates

The pending approval of a second dengue vaccine moves the
field closer to the possibility of heterologous immunization with
safe and well-studied vaccines, similar to the approach used for
COVID-19 vaccines. Sequential heterologous dengue vaccination
may mimic natural heterotypic infection and induce broad immu-
nity by capitalizing on the intrinsic imbalances of existing vaccines,
with TAK-003 inducing the strongest immunity against DENV2 and
Dengvaxia against DENV4.

The more comprehensive immunity induced by TAK-003 has
led experts to propose sequential vaccination with TAK-003 prime
followed by Dengvaxia boost [65]. This approach mirrors the clas-
sic prime-boost strategy to optimize cellular immunity and is con-
sistent with the observation of stronger T cell responses in COVID-
19 trials when adenovirus-vectored vaccination was followed by
mRNA boost. Previous small trials have observed that prime with
yellow fever or monovalent dengue LAV bolster Dengvaxia’s cellu-
lar immunogenicity, including inducing a CD8" T cell response [62].
Moreover, studies of TAK-003 recipients indicate that their T cells
do have significant reactivity against the non-structural proteins of
DENV1, DENV3, and DENV4 that is less than but directly propor-
tional to their DENV2 response [66]. Thus, if heterologous prime
increases TAK-003's immunogenicity, then the cellular immunity
against all serotypes may improve. While combining these vacci-
nes may not induce serotype-specific T cells against all four sero-
types, heterologous prime boost with the two leading dengue
vaccines may overcome some of the limitations of each vaccine
alone.

There are several reasons to consider testing the sequence of
Dengvaxia followed by TAK-003 as well (Table 1). First, as was
observed in the COVID-19, HIV, and dengue trials of heterologous
immunization, the ordering of the vaccines and can greatly impact
the immunogenicity of the regimen. Since TAK-003 is a more
potent vaccine than Dengvaxia, it could neutralize Dengvaxia
boost. Alternatively, Dengvaxia prime could bolster TAK-003's
humoral and cellular responses, and if proven safe, this sequence
could benefit the hundreds of thousands who have received Deng-
vaxia, including those who were seronegative prior to vaccination
and those with waning immunity. Given Dengvaxia’s adverse
effects on seronegative individuals, there may be concern for dos-
ing this vaccine first. However, the benefits of bolstering TAK-003's
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Table 1
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Hypothesized advantages and concerns of various prime-boost combinations with the leading dengue vaccines, ordered top to bottom from least to most likely to be
immunogenic. Note, Dengvaxia is also called CYD-TDV and is abbreviated here as CYD. TAK-003 is abbreviated here as TAK.

Vaccine Advantages Concerns

Sequence

CYD/CYD/CYD Decreases hospitalization in dengue immune individuals. Increased risk of severe dengue in seronegative people. No dengue

capsid or non-structural protein antigens.

TAK/TAK Induces broad protection in dengue immune individuals. Protects Limited DENV3 protection and unknown DENV4 protection in
against DENV1 and DENV2 in seronegative individuals. seronegative people. Induced mainly DENV2 type-specific antibodies.

Immunity against non-structural proteins is primarily against DENV2
with proportionally less immunity to those of other serotypes.

TAK/CYD TAK will induce immunity against DENV non-structural proteins, TAK may neutralize CYD, but this could potentially be overcome by
especially DENV2. Induce type-specific antibodies against DENV2 and  increasing vaccine interval. May not broaden T cell response compared
DENV4. to TAK/TAK although heterologous prime did bolster CYD CD8" T cell

responses.

CYD/TAK Induce type-specific antibodies against DENV2 and DENV4. CYD will not  Possible effects of original antigenic sin with giving CYD first, although
neutralize but may enhance TAK, improving immunogenicity. If safe, CYD seems to induce cellular response mostly against yellow fever.
could be beneficial for those who have received CYD. Yellow fever immunity is associated with increased response to dengue

vaccines.

TV003/TV003 Balanced DENV1-4 immunity in phase 1/2 trials in both seronegative Phase 3 data not available yet. Does not contain DENV2 non-structural
and seropositive individuals. proteins. Second vaccine seems to be neutralized by the first and does

not bolster immunity.

TV003/CYD Different parent strains and backbones may broaden immunity some.  TV003 could neutralize CYD.

CYD/TV003 CYD may enhance TV003 and prime immune cells, improving Could cause more reactogenicity, although this was not seen in trials of
immunogenicity. If safe, could be beneficial for those who have received  flavivirus immune individuals receiving TV003 vaccine.

CYD.

TV003/TAK TAK has DENV2 non-structural proteins, which complements TV003 TV003 could neutralize TAK, although may be less likely than TV003/
DENV1,3,4 non-structural proteins. Different parent strains. TV003 given different non-structural proteins and parent strains.

TAK/TV003 May be ideal combination because the vaccine with narrower immune TAK may enhance TV003 vaccine and increase reactogenicity, although

responses is first, complementary T cell antigens.

this was not observed in individuals with previous flavivirus exposure
who received TV003.

immunogenicity with a Dengvaxia prime may outweigh risks if the
vaccination interval is within a half year, well before the increased
dengue severity was observed in the clinical trials.

Aside from the ordering, the interval between the vaccines is an
important factor in optimizing immunity and safety. Dengue vac-
cine clinical trials indicated that longer intervals were associated
with higher antibody titers. Specifically, 6-month spacing resulted
in higher titers than 3-month spacing in the Dengvaxia phase 1
trial [3], and 12-month spacing resulted in higher titers than 3-
month spacing in the TAK-003 trial. Takeda did not study a 6-
month booster, but they did note that antibody titers primarily
waned in the first 6 months [5]. The combination of higher titers
with 6- and 12-month boosters and waning antibody levels by
6 months suggests that a 6-month interval may provide optimal
immunity.

The potential benefits of ‘mix and match’ vaccination with
Dengvaxia and TAK-003 will need to be weighed against the com-
plexities of clinical practice, especially for dengue naive individu-
als. Specifically, dengue naive individuals have a higher risk of
hospitalized dengue starting eight months after receiving the third
dose of Dengvaxia, and they are not well protected against DENV3
after receiving two doses of TAK-003 [7,59]. Thus, evaluations of
‘mix and match’ strategies in dengue naive individuals would ide-
ally occur in non-endemic areas with novel assays to more accu-
rately predict whether vaccine combinations induce broadly
neutralizing antibodies and effective T cell responses. If sequential
heterologous vaccination with the two leading dengue vaccine
candidates is proven safe and immunogenic, then implementing
this strategy in endemic areas would also be complex. Particularly,
dengue naive individuals may be at a higher risk of hospitalized
dengue if they receive only one vaccination or two homologous
vaccines due to poor adherence, incomplete records, or medical
error. Thus, successful ‘mix and match’ vaccination would depend
on informed and adherent patients and providers and may benefit
from school-located vaccination programs as well as strategies
implemented during the COVID-19 pandemic, such as vaccine
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ambassadors, medical provider vaccine standardization, and med-
ical reminders [67].

Although still in phase 3 clinical trials, the more balanced
tetravalent immunity induced by TV003 makes it a compelling
candidate for heterologous prime boost vaccination. Since about
1/3 of subjects did not develop a tetravalent response and homol-
ogous boost did not increase immunogenicity, heterologous prime
boost with another LAV may optimize the already promising
immunogenicity of this vaccine. For example, TAK-003 prime fol-
lowed by TV003 boost may be ideal since TAK-003 is a narrower
vaccine, inducing immune responses focused mainly on DENV2,
and is less likely to neutralize TV003. Moreover, these vaccines
have complementary Tcell antigens since TAK-003 contains non-
structural proteins only from DENV2 while TV003 contains all
but DENV2. While it is possible that TAK-003 may enhance
TVO003 and increase reactogenicity, this type of enhancement was
not observed after TVOO3 vaccination in individuals who had
received prior monovalent dengue, yellow fever, or Japanese
encephalitis virus vaccines [9]. The pending results of the phase
3 clinical trials may confirm (or refute) the limitations of TV003's
immunogenicity and further support the case for heterologous
dengue vaccination.

4.5. Correlates of protection

The safety and efficacy of future vaccine trials, including
heterologous vaccination studies, should be evaluated by measur-
ing newly identified correlates of protection against dengue. Anti-
bodies induced by Dengvaxia and TAK-003 neutralized all four
DENV strains in vitro, but the vaccines’ efficacies varied by strain
and seropositivity alone did not predict protection. Now, novel
assays have been developed that use antibody-depletion and mat-
uration state to measure type-specific and potent cross-reactive
antibodies [44,45,68]. Further, regardless of antibody type, neutral-
izing antibody titers — as measured using classical dengue neutral-
ization assays - that exceed a high specified threshold are strongly
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associated with vaccine efficacy, and low average post-vaccination
titers are associated with increased dengue hospitalization even in
baseline seropositive individuals [69,70]. Recent work has also
shown that antibody neutralization of mature Zika virions more
accurately predicted protection against Zika challenge in non-
human primates and mice [71]. Thus, antibody neutralization of
mature DENV virions is expected to be a superior correlate of pro-
tection and likely measures both type-specific and cross-reactive
protective antibodies.

5. Conclusions

In sum, the theoretical benefits of heterologous prime-boost
vaccination have been considered for years with some supporting
animal models and clinical trials [11]. The severity of the COVID-
19 pandemic and the development of multiple SARS-CoV-2 vacci-
nes have expedited vaccine ‘mix and match’ trials in humans and
highlighted the potential benefits of mixing vaccines that vary in
structure and immunogenicity. Results of these trials were so com-
pelling that governments rapidly implemented mix and match vac-
cination strategies at the population level. Dengue could be the
next morbid, widespread disease to benefit from heterologous
sequential vaccination. The vaccines that have completed phase 3
clinical trials, Dengvaxia and TAK-003, mimic DENV4 and DENV2
primary infections as evidenced by their type-specific antibody
profiles and serotype dependent efficacies. Thus, sequential vacci-
nation may replicate the broad immunity induced by heterotypic
natural infection, and there are benefits to trialing both sequences
of the vaccines. TV0O03 is currently in phase 3 trials and induces a
more balanced tetravalent response. A heterologous vaccine
sequence that includes TV003 may further increase its immuno-
genicity. The superior immunogenicity of heterologous vaccination
may be related to exposure to new epitopes stimulating diverse
antibody repertoires and prolonged affinity maturation, and for
viruses that replicate in cells with FcR, mild enhancement of the
second exposure by the first leading to more antigen production.
Identification of robust correlates of protection and enhancement
will further enable evaluation of the safety and efficacy of these
strategies.
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