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To characterize the cell mediated immunity (CMI) induced by the investigational CYD tetravalent dengue vaccine
(TDV), we developed a whole-blood, intracellular cytokine staining (ICS) assay and a multiplex assay, each requiring 3 mL
of blood. We assessed CMI before and 28 d after a first and third injection of CYD-TDV and one year after the third injection
in a subset of 80 adolescents and adults enrolled in a phase Il trial in Singapore (ClinicalTrial. gov NCT NCT00880893). CD4/
IFNy/TNFa responses specific to dengue NS3 were detected before vaccination. Vaccination induced YF-17D-NS3-specific
CD8/IFN+ responses, without significant TNFa, and a CYD-specific Th1/Tc1 cellular response in all participants, which was
characterized by predominant IFNvy secretion compared with TNFa, associated with low level IL-13 secretion in multiplex
analysis of peripheral blood mononuclear cells (PBMC) supernatants after restimulation with each the CYD vaccine
viruses. Responses were directed mainly against CYD-4 after the first vaccination, and were more balanced against all
four serotypes after the third vaccination. The same qualitative profile was observed one year after the third vaccination,
with approximately 2-fold lower NS3-specific responses, and 3-fold lower serotype-specific cellular responses. These
findings confirm previous observations regarding both the nature and specificity of cellular responses induced by CYD-
TDV, and for the first time demonstrate the persistence of cellular responses after one year. We also established the

feasibility of analyzing CMI with small blood samples, allowing such analysis to be considered for pediatric trials.

Introduction

Dengue virus, a member of the genus Flavivirus, exists as four
closely related but antigenically distinct serotypes (DENV1-4).
The virus infects humans via blood feeding by infected Aedes
mosquitos (Aedes aegypti and Aedes albopictus). Over the past
two decades, the number of dengue infections has continued to
increase in the endemic areas of South-east Asia, Central and
South America and the South Pacific regions."

Immune responses to natural infection are thought to provide
lifelong protection against homoserotypic strains, but limited
cross-protection between serotypes.® Secondary infections with
a different serotype have been associated with a higher risk of
developing severe disease due to inappropriate heterologous
and Low-affinity
heterologous T-cell responses, excessive production of soluble

humoral cellular immune responses.

pro-inflammatory mediators and complement activation have
been linked to disease severity*® while other response profiles are

considered indicative of a safe immune response to infection or
vaccination.’

The investigational, YF-17D-based,
attenuated tetravalent dengue vaccine being developed by

Sanofi Pasteur (CYD-TDV),”" is one of several dengue vaccines
11,12

recombinant, live,

in development'"'? and has demonstrated satisfactory safety
and immunogenicity, and protective efficacy for 3 of the 4
serotypes.?

We have previously shown that CYD-TDV vaccination in
adults induces significant CD8* T-cell responses against the
YE-17D backbone of the CYD vaccine viruses and T helper
1 (Thl) responses to each dengue serotype without inducing
changes in serum pro-inflammatory cytokines.” Here we expand
on these investigations and report on cellular responses up to
one year after CYD-TDV vaccination of a cohort of adolescents
and adults recruited in a dengue low endemic area. One of our
objectives was to assess the feasibility of evaluating CMI responses
using small volumes of blood.
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Figure 1. DEN NS3-specific CD4 responses pre-exist in adults, and DENV NS3-specific CD8 responses can be recalled by vaccination Dengue virus
NS3-specific CD4* (left) and CD8* (right) T cell responses in CYD-TDV vaccinees (top) and placebo controls (bottom). Geometric mean (GM) interferon-
gamma (IFNy) and tumor-necrosis-factor-a (TNFa) production in CD4 (CD3*CD8) (left) and CD8 T cells (right) following ex vivo stimulation of whole
blood with DENV NS3 peptides in dengue vaccine group (top panel) and placebo group (bottom) before and 28 d after the first, before and 28 d after
the third vaccination, and 1y after the last vaccination as measured by ICS. For each subject, first the background cytokine levels in the negative control
(medium+DMSOs) were subtracted from DENV NS3 peptide pool A and B stimulated cytokine levels. Second, the responses from pool A and pool B were
combined by taking the higher percentage of the two pools for each subject. Responses shown are the geometric mean (GM) cytokine percentages of
these combined results. (A) Percentages of IFNy* or TNFat CD4 cells in adult and adolescent vaccinees (B). Percentages of IFNy* or TNFa CD4 cells in
adult and adolescent placebo recipients (C) Percentages of IFNy* and TNFa* CD8 cells in adult and adolescent vaccinees. (D) Percentages of IFNy* and

TNFa CD8 cells in adult and adolescent placebo recipients.

Two complementary methods were chosen to characterize
the cellular immune response. To measure the cellular response
against each serotype and the Th1/Th2 balance, freshly isolated
PBMCs were stimulated in vitro with each monovalent CYD
dengue vaccine, and the cytokines IFNy, TNFa, IL-13 and IL-5
were measured. It was demonstrated in human recipients of live
attenuated dengue vaccine candidate (VDV1 and VDV2) that the
cytokine pattern induced upon live or inactivated vaccine in vitro
restimulation was very similar, suggesting a CD4 helper response
specific for structural proteins.” By intracellular cytokine staining,
the CD4 and CD8 response against the NS3 protein of either wild-
type dengue or the YF-17D vaccine virus were analyzed, allowing
the differentiation of the memory response against CYD-TDV
and wild-type virus in the same subject, since no cross-reactivity
between DENV and YF-17D NS3 was previously demonstrated.”

2318

Human Vaccines & Immunotherapeutics

Results

CD4* T cell responses to DENV NS3

Both before and after vaccination, adult CD4* T cell
populations secreted TNFa and IFNvy (Fig. 1A), but not
IL-2 (data not shown), in response to DENV NS3. Levels of
TNFa and IFNvy were similar, and most cells co-expressed
both cytokines.

Results of the PRNT,  assay at baseline for all four serotypes
and results of CMI are available for 29 adults in our cohort
of 39. Of these 29, 10 had DENV-NS3 specific CD4*TNFa*
responses, 50% of whom had no detectable antibodies. Similarly,
of the 12 of these 29 subjects with neutralizing antibodies against
at least one serotype, 7 had no detectable DENV-NS3 specific
CD4*TNFao response (data not shown).
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Figure 2. Tetravalent CYD vaccination induces mostly CD8* YF-17D NS3-specific responses YF-17D NS3-specific CD4* (left) and CD8* (right) T cell
responses in CYD-TDV vaccinees (top) and placebo controls (bottom). Geometric mean (GM) interferon-gamma (IFNy) and tumor-necrosis-factor-a
(TNFa) production in CD4 (CD3*CD8) (left) and CD8 T cells (right) following ex vivo stimulation of whole blood with YF-17D NS3 peptides in dengue
vaccine group (top) and placebo group (bottom panel) before and 28 d after the first, before and 28 d after the third vaccination, and 1 y after the
last vaccination (V07) as measured by ICS. For each subject, first the background cytokine levels in the negative control (medium+DMSOs) were sub-
tracted from YF-17D NS3 peptide pool A and B stimulated cytokine levels. Second, the responses from pool A and pool B were combined by taking the
higher percentage of the two pools for each subject. Responses shown are the geometric mean cytokine percentages of these combined results.(A)
Percentages of IFNy* or TNFa* CD4 cells in adult and adolescent vaccinees (B). Percentages of IFNy* or TNFa* CD4 cells in adult and adolescent placebo
recipients (C) Percentages of IFNy* and TNFa* CD8 cells in adult and adolescent vaccinees. (D) Percentages of IFNy* and TNFa* CD8 cells in adult and

adolescent placebo recipients.

In the adult control group no or very low cytokine secretion
was detected before or after vaccination (Fig. 1B). No adolescent
in either group, displayed cytokine responses to dengue NS3
before or after vaccination (Fig. 1A and B).

CD8* T cell responses to DENV NS3

Before vaccination, no I[FNvy, TNFa, or IL-2 was secreted by
CD8* T cells in response to DENV NS3. After vaccination, adult
and to a lesser extent adolescent CD8* T cells secreted IFNy and
TNFa at comparable levels at each timepoint (Fig. 1C).

CD4* T cell responses to YE-17D NS3

Before vaccination, no IFNy, TNFa, or IL-2 was secreted
by adult and adolescent CD4* T cell populations in response to
YE-17D NS3. Low levels of IFNy and TNFo were initially
expressed after the first vaccination, but were not boosted by
third vaccination and stayed stable over time (Fig. 2A).

www.landesbioscience.com
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CD8* T cell responses to YF-17D NS3

In adults and adolescents, no IFNy, TNFa, or IL-2 was secreted
by CD8* T cells before vaccination in response to YF-17D NS3,
however significant levels of IFNy were detected in samples from
both age groups in response to YE-17D NS3 (Fig. 2C) after the
first vaccination and, to a lesser extent, before and after the third.
TNFa was also detected after vaccination, but at lower levels than
IFN'y, with most cells co-expressing both cytokines. One year later,
the CD8* T cell IFNy/TNFa response decreased about 2-fold.

CYD-serotype specific responses measured by Luminex
assays

Before vaccination, there was no detectable cytokine secretion
in response to in vitro stimulation with the CYD viruses (Figs. 3
and 4). One month later, an overall increase in IFNvy secretion
was observed in the vaccinated group (Fig. 3A) but not in controls
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Figure 3. Tetravalent CYD vaccination induces serotype-specific responses dominated by IFNvy. IFNy was produced following ex vivo stimulation of
PBMCs with CYD1-4 monovalent vaccine with a predominant response against serotype 4 after primary CYD-TDV vaccination and a different balance
after booster vaccination. Geometric mean (GM) interferon-gamma (IFNvy) production following ex vivo stimulation of freshly purified PBMCs with
CYD-1,CYD-2, CYD-3, and CYD-4 monovalent vaccine in dengue vaccine group (top) and placebo group (bottom) in adults (left) and adolescents (right)
before and 28 d after the first, before and 28 d after the third vaccination and 1y after the last vaccination as measured by Luminex. Responses shown
are geometric mean IFNvy levels in pg/mL in the CYD-TDV group and placebo group in adults and adolescents from CYD1-4 stimulated PBMCs with the
background IFNvy level in the negative control (CY110 stimulated PBMCs) subtracted. (A) IFN+y secretion in adult vaccinees (B) IFN+y secretion in adult
placebo recipients (C) IFN+y secretion in adolescent vaccines (D) IFNvy secretion in adolescent placebo recipients

(Fig. 3B), with higher concentrations detected among adults
than adolescents (Fig. 3A and 3C). TNFa levels increased in
each group, but only slightly (Fig. 4A). More IENvy than TNFa
was produced in response to CYD re-stimulation in both age
groups of vaccinees, but not among controls among who the ratio
was often in favor for TNFa (Table S1), although the sample size
for this calculation was small. IL-13 levels increased in both age
groups of vaccines (Fig. 4C and D) but not in controls (data not
shown). Before the third vaccination, cytokine responses were
generally lower than after the first vaccination. They increased
after vaccination, but remained lower than the levels seen after
the first. However, while responses after the first vaccination were
predominantly against serotype 4, the balance between serotypes
was different after the third dose, with a weaker response against
serotype 1 and some dominance of serotype 2 (Fig. 3).

One year after the third vaccination response were still directed
against all four serotypes, albeit at lower levels than 11 mo eatlier,
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with the strongest responses detected against CYD-2 and the
weakest against CYD-1 (Fig. 2).

Discussion

Our CMI study, conducted as part of a wider Phase II study of
the immunogenicity and safety of the CYD-TDV dengue vaccine
candidate in an area where dengue is semi-endemic® confirms
the importance of three vaccinations CYD-TDV for a broad Thl
response against the 4 serotypes and shows that cellular immune
responses persist with an unchanged qualitative profile until at
least one year after the third vaccination, although at lower levels.
As memory T cells generated in response to vaccination persist,
a benefit of this vaccine would be a more rapid immune response
to dengue infection in vaccinees, compared with naive T cells.

Opportunities to assess CMI have been limited by the need for
large volumes of blood, typically of the order of 30 to 50 mL, which

Volume 9 Issue 11
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IL-13 secretion in adolescent vaccines.

Figure 4. Tetravalent CYD vaccination induces serotype-specific TNFa and IL-13 responses lower than for IFN+y, but with a good pattern correlation in
both age groups. Geometric mean TNFa and IL-13 production following ex vivo stimulation of freshly purified PBMCs with CYD-1, CYD-2, CYD-3, and
CYD-4 monovalent vaccine in adults (top) and adolescents (bottom) before and 28 d after the first, before and 28 d after the third vaccination, and 1
y after the last vaccination as measured by Luminex. Responses shown are geometric mean TNFa (left) and IL-13 levels (right) in pg/mL in the dengue
vaccine (CYD-TDV) group in adults and adolescents from CYD1-4 stimulated PBMCs with the background cytokine level in the negative control (CY110
stimulated PBMCs) subtracted. (A) TNFa secretion in adult vaccinees (B) TNFa secretion in adolescent vaccinees (C) IL-13 secretion in adult vaccinees (D)

is particularly problematic in pediatric studies. As understanding
CMTI in children is of particular interest in the case of dengue,” we
adapted two complementary assays to using smaller sample volumes
by using whole blood instead of purified PBMC:s in the antigenic
stimulation step of the ICS assay, and using freshly purified, rather
than thawed PBMCs in the multiplex assay. This required that a
laboratory close to the clinical site perform the stimulation of whole
blood samples and freshly purified PBMCs, which in turn required
that samples be collected in the morning to allow fresh blood to
be simulated for 5 h. Due to school, morning study visits proved
unfeasible for adolescents and instead adolescent participants were
recruited in the afternoon and samples were processed the next day.
While this limits the validity of comparing results between age
groups as it may have contributed to the lower responses observed
in adolescents compared with adults,*? it did not prevent us from
demonstrating the feasibility of performing these assays with just
6 mL of blood.

This study was performed in an area where dengue viruses
circulate. Despite this, baseline samples, including those

www.landesbioscience.com

Human Vaccines & Immunotherapeutics

displaying a positive anti-dengue PRNT, antibody response,
did not detectably respond to stimulation in multiplex assays
with any of the four CYD vaccine viruses. In contrast, CD4*
T-cell responses, characterized by IFNvy and TNFa expression,
were detected at baseline in ICS assays but only among adults,
consistent with a greater risk of exposure to dengue infection.?
Interestingly, among participants with positive DENV NS§3-
specific responses at baseline, some were seronegative in the
PRNT,  assay, possibly due to a greater persistence of memory
T cells than antibodies (data not shown). Thus neither antibody
nor cellular assays can be used to demonstrate with certainty that
an individual is dengue-naive. The different outcome of ICS and
multiplex assays might be to a higher sensitivity of the ICS assay,
or to a greater persistence of anti-NS3 memory responses than
anti-envelope responses.

After vaccination, we observed increased IFNy, TNFa
and IL-13 secretion in both age groups of vaccinees upon
separate restimulation with each CYD virus. The fact that the
cellular response was strongest against serotype 4 after the first

2321



Table 1. Baseline demographic characteristics of participants who were randomized to the CMI group, by age and vaccine group

All participants Age group
12-17y 18-45y

CYD-TDV Control CYD-TDV Control CYD-TDV Control

(n=59) (n=20) (n=30) (n=10) (n=29) (n=10)

Male n (%) 26 (44.1) 14 (70) 15 (50.0) 7 (70.0) 11(37.9) 7(70.0)

Age, mean (SD), years 22.5(9.3) 22.3(9.6) 14.8(1.7) 14.3(1.4) 30.4 (6.8) 30.2(7.3)
Height, mean [SD], cm 161.7 (8.3) 163.6 (9.1) 160.4 (8.6) 159.8 (10.4) 163.1(7.9) 167.3 (5.9)
Weight, mean [SD], kg 60.0 (14.9) 62.6 (18.5) 56.3(14.7) 54.5(14.9) 63.8(14.2) 70.7 (18.8)
Body mass index, mean [SD], kg/m? 22.7 (4.6) 23.2(5.6) 21.7 (4.6) 21.1(4.1) 23.8(4.4) 25.2 (6.3)

ppesesitioon | s | e | e |0 [ m |
Dengue Immune subjects* n (%) 9(17) 10 (52.6) 2(6.7) 3(30) 7(30.4) 7(77.8)

* Dengue Immune subjects at baseline are defined as those subjects with PRNT,_ titers > 10 1/dil against at least one dengue serotype at baseline (V01)

vaccination was in accordance with data from PRNT, assay as
described in Leo et al.? In addition, the only serotype which
consistently caused viremia after vaccination is serotype 4, as
shown in Morrison et al.!® The IFNy/TNFa ratio in vaccinees
(but not in controls), was in favor of IFNy, which is supportive of
a safe vaccine profile as it indicates homologous responses, rather
than cross-reactive heterologous responses.”®** The absence of
the Th2 cytokine, IL-5, is also favorable since a Th2 response
has been suggested to be linked to more severe outcomes after
natural infection. IL-13 has been described as an IL-4-like
type 2 cytokine,” however some of their properties differ due
to the differing expression of the cytokine themselves and their
receptors on human T cells, B cells, and monocytes.?**” IL-13
does not regulate T cell differentiation due to a lack of IL-13
receptors on T lymphocytes, and IL-4 expression is restricted to
Th2 cells. In HIV-1 infection it was demonstrated that IL-13
and IFNY secretion by activated T cells was associated with viral
suppression and a lack of disease progression.?® The co-expression
of IL-13 and IFNvy could therefore be seen as a positive feature
to control viremia after injection of the dengue vaccine or after
natural infection. In previous clinical trials we sought to detect
IL-4, and detected none.”

IFNvy and TNFa secretion by CD8* T cells in response to
YE-17D NS3, increased after vaccination in both age groups,
as seen previously,” and IFNy dominated, again in support of
vaccine safety. These responses persisted over time, but were
not boosted by the second or third vaccinations. In contrast
to previous results in samples from naive individuals,”” DENV
NS3-specific IFNy and TNFa expression by CD8* T cells
was detected after vaccination in adults but not at baseline,
and not in adolescents. Rather than a vaccine-induced primary
cross-reactive response between dengue and YF-17D NS3, it is
likely that this CD8* memory response was already present at
baseline at undetectable levels and was boosted by vaccination.
Similarly, DENV NS3-specific IFNy and TNFa secretion by
CD4* T cells was observed both before and after vaccination, but
exclusively in adults and was most likely due to previous natural

infection. CD4* cells responded only weakly to YF-17D NS3,
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as seen in previous studies.” Natural infection therefore seems
to induce CD4* T cell responses with secretion of TNFa and
IFNv, whereas vaccination induced CD8* T cell responses, with
predominant secretion of IFNvy.

Lower cytokine secretion levels in adolescents, including in
response to the positive control stimuli, may have also been due
to age, but may also have been due to the longer duration between
sampling and processing.”’ To improve conditions, samples
collected from adolescents from the booster vaccination onwards
were placed under constant agitation during overnight storage,
and increased expression of all cytokines in response to positive
control stimulation was observed. While absolute levels differed,
qualitative cytokine profiles in response to CYD restimulation
were comparable between age groups, while the NS3-specific
qualitative response profile after vaccination of adolescents was
similar to that previously seen in naive adult vaccinees.

In conclusion, we demonstrated the feasibility of assessing
CMI on blood sample volumes compatible with their potential
use in pediatric trials. The CMI profile in both adults and
adolescents support the safety of the CYD-TDV dengue vaccine
candidate, consistent with the clinical data reported from this
and other clinical trials. Finally, this study shows for the first
time the ability of CYD-TDV vaccination to elicit memory
responses for at least one year after vaccination, but whether this
translates into protection against subsequent infection or plays a
role in decreasing clinical symptoms upon infection in the field
remains to be demonstrated in clinical efficacy trials.

The limitations of the study were first the low number of
volunteers analyzed, which allowed only a descriptive analysis
of the data, and second, the fact that the adolescent blood was
processed differently than the adult blood, which limited the
comparison between the two age groups. A major strength of the
study was the ability to compare the adaptive immune response
elicited by vaccination or by natural infection in the same subject
by stimulating the cells in vitro with YF-17D NS3 or DENV NS3
peptides, respectively. Furthermore, it is the first time that we
show the persistence of the cellular response 1 y after completion
of the 3-dose vaccination regimen. Finally these analyses were

Volume 9 Issue 11



performed using only a limited amount of blood, allowing the
analysis of cellular immunity in future pediatric trials.

Material and Methods

Thisanalysis was undertaken asan observational objective as part
of a multicenter, randomized, controlled Phase I1 trial in Singapore,
designed primarily to assess the safety and immunogenicity of the
CYD-TDV vaccine candidate in 1200 subjects aged 2—45 vy, as
reported elsewhere.?? Three vaccinations of CYD-TDV or placebo
control vaccine were given in a 3:1 ratio at study months 0, 6 and
12. The trial was conducted in accordance with the Declaration
of Helsinki, Good Clinical Practices, applicable national and
local requirements, and was registered with ClinicalTrials.gov
(NCT00880893). Written informed consent was obtained for all
participants before enrollment.

This analysis was performed on the first 39 adults (40
planned) aged 18-45 y, and 40 adolescents aged 12-17 vy,
enrolled at one participating hospital, in samples collected before
and 28 d after the first and third vaccinations, and one year after
the third vaccination. Main baseline demographic characteristics
are presented in Table 1. There were fewer males enrolled in the
CYD-TDV group compared with the control group in both age
groups and more participants among controls had detectable anti-
dengue antibody responses at baseline than in the CYD-TDV
group. More adults than adolescents had anti-dengue antibodies.

We selected two methods—intracellular cytokine staining
(ICS) in whole blood and multiplex analyses in cell culture
supernatants—requiring a total sampling volume of 6 mL (3 mL
per assay).

Cell sampling and processing

Blood was collected in sodium-heparin tubes (BD Vacutainer,
ref. 367876). Samples from adults were collected in the morning
and processed within 6 h of sampling. For adolescents, due to
organizational constraints at the study site related to school
scheduling, samples were collected in the afternoon and processed
the following day: samples collected before and after the first
vaccination were stored overnight without agitation; subsequent
samples were gently agitated overnight with the aim reducing
the number of contaminated granulocytes and improving T cell
responses.”!

Responses to NS3 assessed in intracellular cytokine staining

To differentiate between responses to natural dengue infection
and CYD-TDV vaccination, we stimulated samples with peptides
from the NS3 protein of either wild-type dengue or the YF-17D
vaccine virus, the backbone for the CYD vaccine viruses. NS3
peptide pools consist of overlapping 15-mer peptides (11 amino
acid overlap) (NeoMPS) spanning the entire NS3 sequence of
DENV2/3 NS3 or YE-17D, as described previously.” Each
peptide was resuspended in DMSO at a concentration of 30
mg/mL. The peptides for DENV were grouped into two pools
each containing 74-77 peptides (NS3 DENV pool A [aa 1-313]
and B [aa 303-619]) with a concentration of 0.35 mg/mL for
each peptide. Peptides pools for YE-17D were prepared in the
same way (NS3 YF-17D pool A [aal-316] and B [aa 306-623]).
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Peptides pools were divided into 20 pL aliquots and stored at
<-70°C.

Three milliliters of whole blood was distributed into six 15 mL
tubes and stimulated with one of the four NS3 peptide pools at
a final concentration of 2 pg/mL, or with medium with DMSO
as negative control, and CytoStim (Miltenyi Biotec, ref. 130-
092-173) as positive control. Brefeldin A (Sigma, Ref. B7671)
was immediately added at 10 pg/mL. Tubes were incubated for
5 h at 37 °C, 5% CO2. After incubation, 5 mL of BD FACS
Lysing buffer (BD Biosciences, ref. 349202) was added to lyse
the red blood cells and to fix the stimulated cells. Samples were
frozen at < -70 °C and shipped on dry ice to Sanofi Pasteur
France for analysis. Frozen samples were rapidly thawed in a
water bath at 37 °C and homogenized by inverting the tubes
several times. After two consecutive washings, 2 mL of BD
FACS Permeabilizing Solution 2 (BD Biosciences, ref. 340973)
was added and samples were incubated at room temperature for
10 min followed by the addition of 10 mL FACS buffer (PBS
+ 0.1% BSA). Cells were centrifuged at 600 g for 10 min at
room temperature. Supernatants were discarded and cell pellets
were resuspended in FACS buffer and transferred to 96-well
plate. Cells were then stained with a customized lyophilized
antibody cocktail from BD Biosciences containing anti-CD3-
APC-H7 (SK7), anti-CD8-PerCPCy5 (SK1), anti-IFNy-FITC
(25723.11), anti-TNFa-PE (6404.1111), and anti-IL-2-APC
(5344.111). Stimulated, permeabilized and lyophilized PBMCs
(BD Biosciences) served as positive control throughout the study.
Samples were acquired on a FACS Canto II. Data were analyzed
using FACS DIVA 6.0 software (BD Biosciences).

Cell debris and small particles were excluded by gating out
events with low forward scatter. A frechand gate was used to
gate loosely around the lymphocytes (R1) in the FSC vs. SSC
dot plot (according to size and granularity). A gate on CD4*
(CD8") and CD8* cells using a dot plot of CD8-PerCPCy5
vs. CD3-APC-H7 was drawn. CD8* (CD3*CD8*) and CD4*
(CD3*CD8) cells were gated on IFNvy, TNFa, and IL-2 positive
cells using a dot blot of SSC vs. IENy-FITC, TNFa-PE, and
IL-2-APC respectively. Boolean gating was applied to calculate
the percentages of double-positive cytokine and triple positive
cytokine CD3*CD8* or CD3*CD8  (CD4*) secreting cells.
For each in vitro re-stimulation (6 per sample: negative control,
DENV NS3 pool Aand B, YF-17D NS3 pool A and B, CytoStim),
14 results were obtained (7 different cytokine combinations
in CD4* and CD8* lymphocytes). Values obtained under
unstimulated conditions (medium + DMSQO) were subtracted
from each result. For analysis, the higher of the two responses
against peptide pool A or B was retained for each sample, and
results below the lower limit of quantification (LLOQ) of 0.01%
were replaced with one-half the LLOQ.

Cytokine quantification in multiplex analysis

A Luminex kit (Millipore, Ref. MPXHCYTO-60K) was used
to monitor the secretion of IFNvy, TNFa, IL-13, and IL-5 by
peripheral blood mononuclear cells (PBMCs), in response to
in-vitro (re)stimulation by each vaccine serotype. These cytokines
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are most likely secreted by serotype-specific CD4* cells.
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PBMCs were isolated from 3 mL of whole blood diluted 1:2
with medium (RPMI 1640 + 2% Glutamine + antibiotics) and
layered above 3 mL of Lymphoprep™ (Axis-Shield, ref. 1114547)
using 12 mL Leucosep™ tubes (Greiner bio-one, ref. 163290).
After gradient centrifugation (800 g for 15 min without break)
cells were harvested, washed twice, counted by acetic blue,
and diluted to the appropriate concentration. PBMCs were
added to 96-well plates at a concentration of 1 x 10° cells/mL
and were incubated separately with each of the four serotypes
of CYD vaccine virus at a multiplicity of infection (MOI) of
0.5 for 4 d at 37 °C. Phytohemagglutinin (PHA) (Remel, Ref.
HA16/30852801) in combination with phorbol-myristate-13-
acetate (PMA) (Sigma, Ref. P8139) was used as positive control
at a final concentration of 1 pg/mL and 10 ng/mL. Medium
with CY110 vaccine stabilizer was used as negative control.
Supernatants were harvested and kept at < -70 °C and were
shipped to Sanofi Pasteur France for analysis.

Secreted cytokines were measured by Luminex xMAP
technology (Millipore, Ref. MPXHCYTO-60K) according
to the manufacturer's instructions. Supernatants were tested
undiluted for virus stimulation and at a 1/10 dilution for PHA/
PMA stimulation. Data were acquired with Bio-Plex Suspension
Array System Luminex 100 and analyzed with Bio-Plex Manager
4.0 Security Edition software. Values obtained for unstimulated
condition (medium + CY110) were subtracted from values obtained
upon stimulation for each subject and visit. Values below the lower
limit of quantification (LLOQ) (IFNvy: 4.3 pg/mL; TNFa: 5.3
pg/mL; IL-13: 5.7 pg/mL) were replaced by half of the lower limit
of detection (LLOD) (IFNy,TNFa and IL-13: 3.2 pg/mL).

Neutralizing antibodies

Plaque reduction neutralization test (PRNT, ) was used to
determine dengue serotype-specific antibody titers, as described
elsewhere.??
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