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ABSTRACT ARTICLE HISTORY

The tetravalent dengue vaccine (CYD-TDV) is approved for use as a 3-dose series for the prevention of Received 26 August 2020
dengue in seropositive individuals =9 years. A randomized, placebo-controlled, phase Il study of a booster Revised 11 November 2020
dose of CYD-TDV in individuals who completed the 3-dose schedule >5 years previously (NCT02824198), Accepted 1 December 2020
demonstrated that a booster restored neutralizing antibody titers to post-dose 3 levels. We present KEYWORDS

additional immunogenicity assessments up to 24 months post-booster, and B- and T-cell responses in CYD-TDV; dengue vaccine;
a participant subset. Participants aged 9-45 years that had received all three doses of CYD-TDV were B-cell response; T-cell
randomized 3:1 to receive a booster dose of CYD-TDV (n = 89) or placebo (n = 29). Neutralizing antibody response; booster vaccine;
levels at Months 1, 6, 12, and 24 post-booster were assessed by plaque reduction neutralization test. In long-term follow-up

a subset, B-cell responses were assessed by a fluorescent immunospot assay, and T-cells analyzed by flow

cytometry at Days 0, 7, 12, Months 1 and 12. We observed an increase of antibody titers Month 1 post-

booster, then a gradual decline to Month 24. In the CYD-TDV booster group, an increase in plasmablasts

was seen at Day 7 declining by Day 14, an increase in memory B-cells was observed at Day 28 with no

persistence at Month 12. CYD-TDV booster recalled a CD8+ T-cell response, dominated by IFN-y secretion,

which decreased 12 months post-booster. This study showed a short-term increase in antibody titers and

then gradual decrease following CYD-TDV booster injection >5 years after primary immunization, and the

presence of memory B-cells activated following the booster, but with low persistence.

Introduction There is a potential for the waning of antibody titers
following the CYD-TDV vaccine.” Higher dengue neutraliz-
ing antibody levels have been shown to be associated with
higher vaccine efficacy,* and one long-term study of dengue
neutralizing antibodies following CYD-TDV vaccination
found that they decreased over the 4 years following the
third dose.’” However, in another long-term follow-up
study, levels of neutralizing antibodies decreased over
1 year following the third dose, but then stabilized at levels
higher than baseline, which was maintained over the next 4
years.® In individuals in Singapore who had completed the
3-dose schedule of CYD-TDV >5 years previously, the
use of a booster dose of CYD-TDV restored neutralizing
antibody titers at 28 days post-booster to levels seen post-

The live, attenuated, tetravalent dengue vaccine (CYD-TDV),
based on the yellow fever (YF) 17D backbone, has been
approved for the prevention of dengue in individuals 9 years
or older in over 20 countries, with a schedule of 3 doses,
6 months apart. Only those who have had previous dengue
infection (dengue seropositive) should be vaccinated with
CYD-TDV due to an excess risk for hospitalized dengue in
those who were dengue seronegative at vaccination.' This
indication was based on results from a case-cohort study of
three CYD-TDV eflicacy studies showing that participants who
were not exposed to dengue were at a higher risk of developing
severe virologically confirmed dengue (VCD) and hospitaliza-
tion from VCD following vaccination compared with those P ) X )
who had exposure to dengue before vaccination.” Following dose 3." In a separate study conducted in Latin America,
the 3-dose schedule in those aged =9 years and dengue sero- 2 booster CYD-TDV dose 4-5 years after the primary series
positive at baseline, the vaccine efficacy against symptomatic increased neutralizing antibody titers to levels at least as
dengue over 25 months was found to be 76% (95% CI 64-84).2  high as post-dose 3.8
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Humoral immunity is sustained by the differentiation of
B-cells into antibodies secreting cells (i.e. plasma cells). The
course of an immune response can be divided into the “effector
phase” which is associated with either naive or memory B-cell
recruitment and activation, and the “memory phase” asso-
ciated with a transient germinal center reaction, and mainte-
nance of memory B-cells and long-lived plasma cells for
extended periods of time. Newly differentiated memory
B-cells and long-lived plasma cells, which sustain protective
antibody production, emerge for this dynamic structure. Recall
of memory B-cells into an “effector phase” leads to a more
specific, stronger, and faster response than naive B-cell recruit-
ment and activation.” Protective antibody levels can fall below
a protective threshold, potentially due to a decrease in the
frequency of long-lived plasma cells. In this scenario, re-
activation of memory B cells and their differentiation into
antibody-secreting cells upon booster vaccination could pro-
vide an accelerated humoral response and protection. Previous
studies of cell-mediated immunity following CYD-TDV vacci-
nation in adults and adolescents demonstrated a significant
CD8+ T-cell responses against YF 17D, with the predominant
secretion of IFN-y, while natural dengue infection-induced
CD4+ T-cell responses with secretion of TNF-a and IFN-y
secretion.'®"!

This follow-up study of participants from a phase II
study of a booster dose of CYD-TDV >5 years after the
primary 3-dose vaccination assessed the persistence of the
immune response for 2 years after the booster dose, with
additional analyses of B- and T-cell responses conducted in
a subset of participants.

Materials and methods
Study design and participants

This was a phase II, randomized, placebo-controlled study of
a booster dose of CYD-TDV conducted in Singapore, and the
design of the study has been described in full previously
(CYD63; UTN: Ul111-1161-2813, NCT02824198). Briefly,
participants were enrolled from the CYD28 study if they had
received all three doses of CYD-TDV, were aged 9-45 years at
first study injection and had sufficient baseline samples for
additional analyses. Participants were randomized 3:1 to
receive a booster dose of CYD-TDV or placebo at Day 0 of
CYD63. The full CYD63 study period was July 2016 to
January 2019, with primary vaccination in CYD28 from
April 2009 to October 2010 and booster vaccination in
CYD63 from July 2016 to February 2017.

The studies were undertaken in compliance with the
International Conference on Harmonization (ICH) guidelines
for Good Clinical Practice and the principles of the Declaration
of Helsinki. The protocol and amendments were approved by
applicable Independent Ethics Committees/Institutional
Review Boards and the regulatory agency as per local regula-
tions. Informed consent was obtained from the participants or
their parents/legal guardians before any study procedures were
performed.

Immunogenicity

Blood samples were obtained for immunogenicity assessment
at visits on Day 0 prior to booster dose, and Day 28, Month 6,
Month 12, and Month 24 post-booster; blood samples collected
on Day 28 were used in an earlier published analysis, as part of
the primary analysis of this study.” The primary endpoint for
CYD63 has been presented previously.” The additional ana-
lyses reported here include the neutralizing antibody levels
against each dengue serotype at Months 6, 12, and 24 after
booster or placebo injection, as assessed by plaque reduction
neutralization test (PRNT) which has been previously
described in detail.'* Dengue seropositivity was defined as
antibody titers 210 (1/dil). Results were also stratified by parti-
cipants’ dengue serostatus (seropositive or seronegative) before
the first dose of CYD-TDV in CYD28.

B- and T-cell responses from the additional
immunogenicity test (AIT) subset

A subset of 56 participants (42 in the CYD-TDV group and 14 in
the placebo group; additional immunological tests [AIT] subset)
were enrolled from two of the study sites and provided addi-
tional blood samples for assessment of B-cell and T-cell
responses; these samples were obtained prior to booster dose at
Day 0, and at Days 7, 14 and 28, and at Month 12 post-booster.
Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood collected in Lithium Heparin tubes (BD
Vacutainer) by density centrifugation over lymphocyte separa-
tion medium (Eurobio). The PBMC band was transferred,
washed in 0.9% NaCl and then suspended in fetal calf serum
(FCS) (Hyclone). PBMCs were frozen in 90% FCS + 10% DMSO
using a CoolCell freezing module (Proteigene) at — 70°C. Frozen
PBMCs were transferred to liquid nitrogen storage within seven
days for long-term storage and shipment to Sanofi Pasteur.

Memory B-cells secreting dengue specific-IgG antibodies
were quantified using a fluorescent immunospot (FluoroSpot;
Mabtech AB, Stockholm, Sweden), and specific polyfunctional
T-cells (cell-mediated immunity [CMI]) were characterized by
flow cytometry, at the Human Immunology Platform within
the Research and External Innovation Department, Sanofi
Pasteur, Marcy 'Etoile, France.

The B-cell response was assessed by two different protocols,
either with in vitro pre-incubation for five days with
a polyclonal stimulus, namely R848 and IL-2, to expand and
activate the B-cells (memory B-cell FluoroSpot), or without
pre-incubation for the enumeration of antigen-specific B-cells
that have recently been activated in vivo (Plasmablast
FluoroSpot). The memory B-cell frequency against each den-
gue serotype was measured at Day 0 prior to booster and Day
28 and Month 12 post-booster; the plasmablast frequency
against each dengue serotype was measured at Day 0 prior to
booster and Day 7 and Day 14 post-booster.

Briefly, 96-well plates were pre-treated with 35% ethanol
before coating with 5 ug/mL of an anti-dengue antibody (3F11;
in-house monoclonal antibody against the envelope of the four
serotypes) or an anti-total IgG, and incubated overnight at +5°C.



After washing and blocking, the four dengue serotypes (CYD1,
CYD2, CYD3, and CYD4; 10 log GEeq/mL) were added to
separate wells on each plate and incubated for 1 hour at ambient
temperature. The plates were subsequently washed and serially
diluted concentrations of either stimulated or non-stimulated
PBMCs (B memory cells or plasmablasts, respectively) were
added to the wells and incubated for 5 hours in a humidified
incubator at +37°C with 5% CO,. Plates were then washed and
kept in phosphate-buffered saline (PBS) overnight at +5°C.
Plates were incubated for 2 hours at ambient temperature with
a fluorochrome-labeled detection antibody anti-IgG 550 (clone
MT78/145; Mabtech) diluted in PBS-FCS. The plates were then
washed to remove excess fluorochrome-labeled antibody and
dried at ambient temperature while protected from light, before
counting spots with the FluoroSpot reader (ISpotRobot, AID,
Strasburg, Germany).

T-cell CMI response was measured in samples at Day 0 prior
to booster, and Day 28 and Month 12 post-booster by intracel-
lular cytokine staining. PBMCs were incubated with YF 17D
NS3 peptide pool (a total of 153 15-mer peptides with 11 amino
acid overlap), and peptide pools for the envelope of each
dengue serotype and dengue NS3, an antibody against the
degranulation marker CD107a, and secretion inhibitors to
allow the intracellular accumulation of cytokines in activated
cells. Cells were then stained with surface markers CD3, CD4,
CD8, CD45RA, and CCR7, and, once fixed, were stained with
intracellular markers CD154, IFN-y, TNF-q, IL-2, and MIP-1§
and analyzed by flow cytometry, corrected by a negative control
medium + DMSO solvent result; samples were acquired on
LSR-II (BD Biosciences, San Jose, CA, USA) and data were
analyzed using a computational-automated gating pipeline
(this pipeline is based on a supervised Machine Learning
approach using training datasets gated manually [Altrabio
algorithm, www.altrabio.com]). Some unique approaches
have been adopted to leverage data pre-processing, feature
engineering, transfer learning and data augmentation to over-
come the major challenges encountered in building predictive
models for cytometry data automated gating. This approach
has already been used for several different other academic or
industrial studies.'>'* The assessed outcomes were the cytokine
secreting CD4+ and CD8+ T-cell counts, T-cell subclass pro-
portion among antigen-specific cells (positive for one or more
of the functional markers CD154, IL-2, TNF-a, IFN-y, CD107a,
MIP-1B): (naive [CD45RA+ and CCR7+], effector [CD45RA-
and CCR7-], central [CD45RA- and CCR7+] and terminally
differentiated [CD45RA+ and CCR7-] memory T-cells), and
the proportion of polyfunctional CD4+ and CD8+ T-cells
among antigen-specific cells (T-cells expressing at least one,
two, three, or >three markers among: CD154, IL-2, TNF-q,
IFN-y, CD107a, MIP-1p).

Safety

The occurrence of serious adverse events (SAE) and cases of
hospitalized dengue were recorded throughout the study fol-
low-up period up to 24 months post-booster injection.
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Statistical analyses

All the analyses in this study were descriptive. For categorical
data results are presented as number and percentage of parti-
cipants and 95% confidence intervals (CI), with the 95% CIs for
proportions calculated using the exact binomial distribution
(Clopper-Pearson method). For continuous data, geometric
means and 95% CI were presented; assuming the log;, trans-
formation of the geometric mean titer ratio (GMTR) followed
a normal distribution, the mean and 95% ClIs were calculated
on a log;o scale; antilog transformations were applied to the
results of calculations to compute geometric mean titers
(GMTs), GMTRs and 95% Cls on their original scale.

Analyses of the differences in the memory B-cell responses
were conducted by 2-way ANOV A model, with group and visit
or group and age group and their interaction (dual interaction
terms) as fixed effects, computed in a mixed model with
repeated statement to account for the longitudinal aspect of
the study (participant repetition). All data were log,-
transformed prior to statistical analysis. P-values were cor-
rected for multiple testing using the False Discovery Rate
procedure (q-values are reported). For plasmablast responses
a non-parametric Wilcoxon signed-rank test was used;
p-values of Signed Rank were reported.

Analyses were performed with SAS software version 9.4
(SAS Institute, Cary, NC, USA).

Immunogenicity analyses were conducted on the per-
protocol analysis set (PPAS) which comprised those who
received booster dose, had valid post-injection serology results
and had no protocol deviations; participants were included
according to the group they were randomized. Safety analyses
were conducted in the safety analysis set (SafAS) which com-
prised all participants who received an injection; participants
were included according to the vaccine they received.

Results
Study participants

The participants randomized into CYD63 have been described
in detail previously.” All participants had received a primary
3-dose series of CYD-TDV five or more years prior to the
booster or placebo injection in this study. Out of 269 eligible
subjects, 118 subjects were randomized to the CYD-TDV
booster (n = 89) and placebo group (n = 29). Overall, 100
(84.7%) participants completed the 24-month follow-up, 74
in the booster group and 26 in the placebo group (Table S1).
A subset of 42 participants from the CYD-TDV booster group
and 14 from the placebo group provided additional blood
samples for evaluation of B- and T-cell responses.

Immunogenicity results

Following the previously reported increase in antibody titers at
Day 28, there was a gradual decrease in the neutralizing anti-
body titers at Month 6, Month 12 and Month 24 post-injection
for each of the dengue serotypes in the CYD-TDV booster
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Table 1. GMTs against each serotype during the 2-year follow-up in all participants
regardless of baseline serostatus (PPAS).

CYD-TDV (N = 75)

Placebo (N = 28)

M GMT (95% Cl) M GMT (95% Cl)
Serotype 1
Post-dose 3 in CYD28* 74 203 (13.9,29.5) 28  26.8(12.4,57.7)
Day 0% 75  135(9.3,19.6) 28 16.7 (7.7, 36.1)
Day 28* 75 37.7(264,537) 28  18.1(8.,38.1)
Month 6 72 251(17.4,364) 27 143 (7.4,27.6)
Month 12 69 209 (14.0,31.1) 27 146 (7.6, 283)
Month 24 66 144 (9.9 21.0) 26 13.6(7.1,25.7)
Serotype 2
Post-dose 3 in CYD28* 73  85.6 (55.7, 132) 27 654 (283, 151)
Day 0* 75 184(12.1,28.00 28  23.2(10.0,53.9)
Day 28* 75  56.2(385,821) 28  21.5(9.6,48.1)
Month 6 72 443(29.0,67.7) 27 204 (9.1, 45.9)
Month 12 69  393(253,61.2) 27  22.1(10.0, 49.1)
Month 24 66  41.6(258,67.2) 26  21.7 (9.5 49.8)
Serotype 3
Post-dose 3 in CYD28* 72 102 (78.4, 133) 27 107 (63.6, 179)
Day 0* 75  224(156,32.00 28  27.4(14.8,51.0)
Day 28* 75 105 (77.4,142) 28 24.1(13.6, 42.6)
Month 6 72 65.1(47.3,89.5) 27  26.7(15.3,46.7)
Month 12 69  54.81(40.1,749) 27 206 (11.8,36.0)
Month 24 65  36.5(256,51.8) 26  16.8 (9.4, 30.2)
Serotype 4
Post-dose 3 in CYD28* 70  92.8 (72.5, 119) 26 86.5(51.0, 147)
Day 0* 75  28.0(20.4,385) 28  44.9(283,713)
Day 28* 75 123(93.8,161) 28 39.8(23.9, 66.3)
Month 6 72 75.6(58.8,97.2) 27  34.6(20.5, 58.5)
Month 12 69 619(47.2,81.2) 26  33.1(21.0,52.2)
Month 24 66  50.1(384,654) 26  245(14.0,42.8)

*Data from post-dose 3 in CYD28, and Day 0 and Day 28 from CYD63 have been
previously presented in Park et al’.

GMT, geometric mean titer; M, number of participants with available data for that
endpoint.

group (Table 1).” For serotype 3, the GMTs (1/dil) increased
from 22.4 pre-booster to 105 at Day 28 post-booster, then
gradually decreased to 36.5 at Month 24 post-booster. For
serotype 4, the GMTs increased from 28.0 pre-booster to 123
at Day 28 post-booster, then gradually decreased to 50.1 at
Month 24 post-booster. Considering the CYD-TDV/placebo

o
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Serotype 3

ratio, the GMTR between the booster and placebo groups
showed a booster effect (lower bound of 95% CI >1) up to
24 months post-booster for serotypes 3 and 4, with ratios of
2.17 (95% CI 1.12, 4.19) and 2.05 (95% CI 1.19, 3.51), respec-
tively, while the GMTRs for serotypes 1 and 2 at 24 months
were 1.06 (95% CI 0.52, 2.16) and 1.92 (95% CI 0.77, 4.76),
respectively.

Among the 75 subjects enrolled in the CYD-TVD
booster group, 19 (25%) were seropositive at baseline,
prior to first injection in CYD28, with 10/28 (36%)
seropositive in the placebo group. When assessed by
baseline serostatus, GMTs were higher at pre-booster
injection in those who were seropositive at baseline
(Figure 1A-D and Table S2). At Month 24 post-
booster, GMTs (1/dil) ranged from 71.7 (serotype 1) to
354 (serotype 2) in those who were seropositive at base-
line and from 7.88 (serotype 1) to 39.1 (serotype 4) in
those who were seronegative at baseline.

For all participants in the CYD-TDV booster group, the
proportion of participants with seropositivity to each den-
gue serotype increased from Day 0 to Day 28, and then
decreased until Month 24, but remained above Day 0 levels
(Figure S1A-D). Seropositivity to each serotype in the
placebo group remained relatively constant over the 2
years of follow-up.

B- and T-cell responses

Memory B-cell and T-cell analyses were conducted on
frozen PBMC. The cell yield of around 10° cells per mL
of blood collected was as expected, and the good cell
viability (median around 96%) indicated the good quality
of the cells and their ability to present good functionality in
subsequent testing.

The results from the Additional Immunogenicity Test subset
on the plasmablast and memory B-cell and T-cell outcomes could
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Figure 1. GMTs of neutralizing antibodies against (a) serotype 1, (b) serotype 2, (c) serotype 3 and (d) serotype 4 during the 24-month follow-up in all participants by

baseline dengue serostatus before the first dose of CYD-TDV in CYD28 (PPAS).



not be determined by baseline dengue serostatus as only 10
subjects out of the 56 recruited were dengue seropositive at
baseline.

Plasmablast and memory B-cell results

The plasmablast and memory B-cell FluoroSpot assay could
not determine specificity against each dengue serotype. The
CYD-specific IgG cross-reactivity between serotypes was too
strong and prevented the detection of a dominant serotype.

Pre-booster dose, no IgG secreting plasmablasts were
detected in either the booster or placebo group. Seven days
after the booster dose a significant increase in CYD-TDV-
specific plasmablasts was seen in the booster group, and was
observed for all four dengue serotypes (Figure 2A-D;
p < .0001). This response declined by 14 days after booster
injection but remained above pre-booster levels, with signifi-
cant differences still seen compared to baseline (CYDI
p = 0313, CYD2 p = .0078, CYD3 p = .0313, CYD4
p = .0313). While there was an increase in dengue-specific
plasmablasts in the booster group, this response was not seen
in all participants; for example, for CYD1 at Day 7 a response
was detected in only 23/41 (56%) of participants in the booster
group, and this response was generally low with a GM of
57 x 10° PBMCs/mL.

Similarly, pre-booster dose, there was a very low IgG
memory B-cell response in both groups, and a significant
increase in CYD-specific memory B-cells was demonstrated
28 days after the booster dose in the CYD-TDV group,
which was observed for all four serotypes (Figure 3A-D;

-
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p < .0001). The proportion of CYD-specific memory B cells
was significantly higher in the vaccine group compared to
the placebo group for all serotypes 28 days after booster
dose (p < .0001). There was no persistence of vaccine-
induced memory B-cells 12 months after the booster dose.
The number of memory B-cells at Day 28 post-booster was
significantly higher in participants aged 18-45 years than in
those aged 9-17 years (Figure S2A-D; p < .0001 for CYD3
and CYD4, and p = .0001 for CYDI and CYD2). There
were five baseline seropositive participants in the
18-45 years age group and one in the 9-17 year age
group; if we exclude the seropositive participants from
this analysis, there remains a statistically significant differ-
ence between age groups at Day 28 (p = .0002 for CYDI
and p < .0001 for CYD2, CYD3, and CYD4).

T-cell results

Booster vaccination recalled a YF 17D NS3-specific CD8+ T-cell
response, dominated by the secretion of IFN-y, this response
decreased 12 months after booster (Figure 4A). There was no notable
change in secretion of TNF-a (Figure 4B), IL-2 (Figure 4C), or MIP-
1 B (Figure 4D) after CYD-TDV booster. The CD107a expression on
CD8+ T-cells correlated with the IFN-y response, suggesting an
activation of cytotoxic CD8+ T-cells induced by YF 17D NS3
stimulation (Figure 4E). There was no CD4+ T-cell response
detected (Figure S3A-F). We did not detect any response against
the envelope peptide pools (data not shown).

The activated YF 17D NS3-specific CD8+ T-cells had a poly-
functional profile, with the booster dose increasing the pro-
portion of double, triple, and >triple positive CD8+ T-cells

b
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Figure 2. Geometric means of the number of IgG secreting plasmablasts per million PBMCs specific to (a) CYD1, (b) CYD2, (c) CYD3, and (d) CYD4 by FluoroSpot (AIT
subset). Error bars indicate 95% Cl; p-values are for CYD-TDV samples vs. Day 0 values. AlT, additional immunity test; Cl, confidence intervals; GM, geometric means;

PBMC, peripheral blood mononuclear cells.
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subset). Percentage calculated by multiplying the ratio of the geometric mean of the number of IgG secreting memory B-cells per million PBMCs specific to each
serotype to the geometric mean of the total IgG secreting memory B-cells by 100. Error bars indicate 95% Cl; p-values are for CYD-TDV samples vs. placebo values. AlT,
additional immunity test; Cl, confidence intervals; GM, geometric means; PBMC, peripheral blood mononuclear cells.

(Figure 5). The analysis of the activated YF 17D NS3-specific
CD8+ T-cell subpopulations showed that the booster dose
induced a predominantly CD8+ T effector memory cell
(CD45RA- and CCR7-) response after 28 days and a terminally
differentiated memory cell (CD45RA+ and CCR7-) response
after 12 months (Figure 6).

Safety

There were five SAEs over the study period in the CYD-TDV
booster group, none of them were related to the study vaccine
(Table 2). One SAE occurred within 28 days of the booster dose;
a deep cut following a road traffic accident. In those who experi-
enced SAEs between 28 days and 24 months after booster, the
SAEs were: hospitalization due to influenza, hospitalization due
to abdominal pain, hospitalization due to chronic pelvic pain,
and hospitalization due to pre-eclampsia. There were no SAEs in
the placebo group. There were no deaths or hospitalized dengue
cases in either group over the duration of the study.

Discussion

Following a booster dose of CYD-TDV more than 5 years after
the 3-dose primary immunization, antibody titers for each
dengue serotype increased at Day 28,” and then gradually
declined over the 24 months of follow-up. Pre-booster anti-
body titers were higher in those who were seropositive at
baseline (before the first dose in the primary study CYD28),
than in those who were seronegative. In both seropositive and

seronegative participants, the same pattern of an initial
increase in titers after booster dose followed by a decline over
2 years was observed. Decrease in antibody titers following the
initial increase was more apparent in those who were serone-
gative while the antibody titers remained relatively higher in
those who were seropositive. This suggests a potential value of
the booster for management of outbreak situations in both
areas of low and high dengue endemicity, but especially in
the latter. For all participants, seropositivity rates to each
dengue serotype remained higher than the pre-booster levels,
ranging from 38% for serotype 1 to 89% for serotype 4 at
24 months post-booster.

A decline in immunogenicity had also been previously docu-
mented after the primary CYD-TDV vaccination series in dif-
ferent populations.>® The similarly designed CYD64 study
assessed a booster dose of CYD-TDV 4-5 years after primary
vaccination in five countries in Latin America where most of
subjects were baseline dengue seropositive; approximately 72%
in the CYD-TVD group and approximately 67% in the placebo
group. The CYD64 study demonstrated an increase, followed by
a decline, in neutralizing antibody titers after a booster dose of
CYD-TDV," similar to that seen in this study. Compared to this
study where only 25% in the CYD-TDV group and 36% in the
placebo group were seropositive at baseline, CYD64 found
greater antibody titers at both pre-booster and post-booster
injection. The increases of immune response post booster were
clearer in CYD64, but the decline also seems to have been more
marked (although this was likely to simply be a reflection of the
relatively greater increase)."” Despite the decline observed in the
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Figure 4. Geometric means of percentage of CD8+ T-cells positive for (a) IFN-y, (b) TNF-q, () IL2, (d) MIP-1 8, and (e) CD107a by intracellular cytokine staining after YF
17D NS3 stimulation (AIT subset). *95% CI for Day 28 IFN-y GM not calculable. Percentages calculated following the subtraction of the negative control. Error bars
indicate 95% Cl. AIT, additional immunity test; Cl, confidence intervals; GM, geometric means.

CYD64 study, neutralizing antibody titers remained at high
levels post-booster in participants who were seropositive at
baseline (442, 375, 511, and 171 1/dil for serotypes 1, 2, 3, and
4, respectively, at Month 24 post-booster dose). Although differ-
ences in baseline dengue seropositivity likely explain the differ-
ent results observed in the CYD63 and CYD64 studies, we
cannot rule out the impact of the presence of Zika virus in
Brazil at the time of the CYD64 study, which could potentially
have caused boosting of the dengue GMTs through cross-
reactivity, which was not the case in Singapore where CYD63
was conducted."

Memory B-cells and long-lived plasma cells play a major
role in the long-term humoral immunity elicited by most
vaccines and it is, therefore, important to be able to track

memory B-cells as an independent parameter of antigen-
specific immune memory. In this study, an expansion of plas-
mablasts was only seen in about 50% of the CYD-TDV booster
group, peaking at Day 7. This expansion would support the
presence of a memory B-cell reservoir linked to the primary
vaccination, but the frequency of this population was low with
an increase of approximately 3-fold compared to the baseline.
These observations, with a lack of response in almost 50% of
the samples, could be partially explained by technical issues,
e.g. the PBMCs used in these tests were frozen, and all steps
around cell manipulation like shipment, travel, defrosting
could have affected circulating plasmablasts which are a very
fragile cell population.'® Additionally, assessing the function of
these plasmablasts at Day 7 may have been late, during the
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Figure 6. Memory subpopulations of activated CD8+ T-cells* stimulated by YF 17D NS3 at Day 0, Day 28 and Month 12, shown as the proportion of the geometric means
(AIT subset). *Activated cells are T-cells positive for at least one of the following markers IFN-y, TNF-q, IL-2, CD107a, MIP-1B. Naive = CD45RA+ and CCR7+; Effector
memory = CD45RA- and CCR7-; Central memory = CD45RA- and CCR7+; Terminally differentiated memory = CD45RA+ and CCR7.

Table 2. Safety overview for the 24-month follow-up (SafAS).

CYD-TDV Placebo
(N =89) (N=29)
n % (95% Cl) n % (95% Cl)
SAE* 5 5.6 (1.8, 12.6) 0 0 (0.0, 11.9)
Death 0 (0.0, 4.1) 0 0(0.0, 11.9)
Hospitalized VCDt 0 - 0 -

Cl, confidence interval; n, number of participants affected by the safety event;
SAE, serious adverse event; SafAS, safety analysis set; VCD, virologically-
confirmed dengue.

*No SAE was considered related to study vaccine; tno cases of hospitalized VCD
were recorded during the study.

decline of the plasmablast burst,'” when they are even more
fragile.

More than 5 years after 3-dose primary CYD-TDV vaccina-
tion, a low memory B-cell frequency was still detected, which
allowed the CYD-TDV booster to elicit a memory B-cell
response in the vaccine group at 28 days post-booster. The
memory B-cell response decreased after 1 year in both groups,
showing a low persistence of the vaccine-induced response.
A similar pattern of memory B-cell response was seen in
response to CYD-TDV booster in the CYD64 study.'” In our
study, a greater memory B-cell response was observed for those



aged 18-45 years than adolescents aged 9-17 years, this is not
due to the unequal distribution of seropositive participants in
the Additional Immunogenicity Test subset. In fact, in the
Additional Immunogenicity Test subset we only had six base-
line seropositive participants; five in the 18-45 year age group
and only one in 9-17 year age group. However, if we exclude
the seropositive participants from the analysis, we still see
a difference statistically significant at Day 28 between age
groups. The difference between age groups is largely described
by the B-cell pool changes over a lifespan, including the ones
against dengue.'®'” In early life, the B-cell pool contains a large
number of naive B-cells of diverse specificity and a small num-
ber of memory B-cell clones; with age, the production of naive
B-cells decreases, contributing to the decrease in capacity to
respond to new antigens, and memory B-cell accumulate with
limited speciﬁcities.18 Nevertheless, this difference at Day 28
after booster was not the precursor of a more marked persis-
tence of response, as there was no difference between age
groups at Month 12.

In this trial, as observed in previous trials, the YF 17D NS3
response was seen exclusively in the CD8+ T-cell
population.'*">?% As no cross-reactions exist at the backbone
level for CD8+ or CD4+ responses between YF 17D NS3 and
DEN NS3,'% the CD8+ IFN-y response measured at Day 28
post-booster in the vaccine group is a response induced by
CYD-TDV booster. Although the quantified parameters were
weak, the profile of induced response was similar to what we
have shown before in response to the YF 17D NS3 peptide pool
stimulation: an IFN-y/TNF-a profile in favor of IFN-y only in
the CD8+ population.'" This IFN-y response correlated with
the CD107a expression, suggesting an activation of cytotoxic
CD8+ T-cells. A focus on the polyfunctional cells in this study
highlighted that the booster vaccination increased the propor-
tion of double, triple, and >triple positive CD8+ cells, and this
polyfunctionality has been shown to be a correlate of T-cell
efficacy.”"** The memory response measured in CD8+ cells in
response to the YF 17D NS3 peptide pool was mainly driven by
effector memory T-cells 28 days after booster vaccination, and
terminally differentiated memory cells 1 year after the booster.

Together the humoral and cellular immunogenicity findings
from this study illustrate a short-lived response following
a booster dose of CYD-TDV in the population of a country
where dengue circulates, but where levels of endemicity are
relatively low. The rapid recall of memory B-cells suggests that
a booster dose of CYD-TDV may be valuable in response to
localized outbreaks of dengue to optimize protection of the
population. However, the changes in the levels of neutralizing
antibodies in those who were seropositive for dengue before the
first vaccine dose was small and short-lived, and therefore the
potential benefit of a booster dose might be limited, but difficult
to predict due to a relatively small number of participants who
were seropositive at baseline in this study. A further considera-
tion is the role of natural boosting of the immune system of
those living in dengue endemic areas, and the potential benefits
of this may be bigger in a highly endemic population.

There were a number of limitations to this study. Few
participants of CYD28 were eligible for inclusion into
CYD63, and, as a result, CYD63 was smaller than planned.
The assessment of B- and T-cell response was also only
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conducted in a small subset of participants and may not be
representative of a larger population. This study was also only
conducted in a single country in South East Asia where dengue
endemicity is relatively lower compared to other countries in
the region, so may not be applicable to other regions.

In conclusion, this study showed that a booster dose of
CYD-TDV more than 5 years after the primary vaccination
increased neutralizing antibody levels to post-dose 3 levels,
which then declined over the following two years. Evidence
from the analyses in the Additional Immunity Test subset
indicated there is a presence of memory B-cells in peripheral
blood, that are activated following booster dose but show
limited persistence. This study highlights the importance of
combining the serological, and B- and T-cell-mediated analysis
to evaluate and better understand the immunogenicity and the
effects of a dengue vaccine booster.
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