nature microbiology

Article

https://doi.org/10.1038/s41564-024-01903-7

Vaccine-inducedT cell responses control
Orthoflavivirus challenge infection without
neutralizing antibodiesinhumans

Received: 6 April 2024

Accepted: 4 December 2024

Published online: 10 January 2025

W Check for updates

Shirin Kalimuddin®"?", Christine Y. L. Tham®?2?, Yvonne F. Z. Chan',

Shou Kit Hang?, Kamini Kunasegaran?, Adeline Chia? Candice . Y. Chan',
Dorothy H. L. Ng', Jean X. Y. Sim"*, Hwee-Cheng Tan?, Ayesa Syenina?,

An Qi Ngoh??, Noor Zayanah Hamis??, Valerie Chew?>?, Yan Shan Leong ®%?,
Jia Xin Yee ® %3, Jenny G. Low ® >3, Kuan Rong Chan ®?2, Eugenia Z. Ong??,
Antonio Bertoletti®?® & Eng Eong O0i ® 3¢7

T cells have been identified as correlates of protection in viral infections.
However, the level of vaccine-induced T cells needed and the extent to which
they alone can control acute viral infection in humans remain uncertain.
Here we conducted a double-blind, randomized controlled trial involving
vaccination and challenge in 33 adult human volunteers, using the live—-
attenuated yellow fever (YF17D) and chimeric Japanese encephalitis-YF17D
(JE/YF17D) vaccines. Both Orthoflavivirus vaccines share T cell epitopes

but have different neutralizing antibody epitopes. The primary objective
was to assess the extent to which vaccine-induced T cell responses,
independent of neutralizing antibodies, were able to reduce post-challenge
viralRNAaemia levels. Secondary objectives included an assessment of
surrogate measures of viral control, including post-challenge antibody
titres and symptomatic outcomes. YF17D vaccinees had reduced levels of
JE/YF17D challenge viraemia, compared with those without previous YF17D
vaccination (mean log,,(area under the curve genome copies per ml): 2.23
versus 3.22; P=0.039). Concomitantly, YF17D vaccinees had lower post-JE/
YF17D challenge antibody titres that reduced JE virus plaque number by
50%, or PRNT,, (meanlog,,(PRNT;, titre): 1.87 versus 2.5; P< 0.0001) and
symptomatic rates (6% (n =1/16) versus 53% (n=9/17), P= 0.007). There
were no unexpected safety events. Importantly, after challenge infection,
several vaccinees had undetectable viraemia and no seroconversion, evenin
the absence of neutralizing antibodies. Indeed, high vaccine-induced T cell
responses, specifically against the capsid protein, were associated with a
level of viral control conventionally interpreted as sterilizing immunity. Our
findings reveal the importance of T cells in controlling acute viral infection
and suggests a potential correlate of protection against orthoflaviviral
infections. ClinicalTrials.gov registration: NCT05568953.
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Vaccines are undoubtedly one of the most effective public health tools
inreducing morbidity and mortality from infectious diseases. Their
effectiveness was emphatically demonstrated during the recent COVID-
19 pandemic, in which the use of vaccines helped neutralize the sting
of the pandemic’. Despite their clear benefit, many untreatable viral
diseases that cause substantial health burden still lack effective vac-
cines. This gap in the vaccine armamentariumi is further complicated
by the costly, time-consuming and challenging nature of vaccine devel-
opment?; for every successful vaccine that enters the clinic, multiple
others fail to achieve licensure or yield less than desirable outcomes.

Animpediment to viral vaccine development has been the lack
of clearly established immune correlates of protection (CoP)>. Such
CoPs are essential to guide the assessment of vaccine efficacy, allow
comparative analysis between different vaccine platforms and even
guide public health policies. Conventionally, the assessment of CoPs
has focused almost exclusively on antibodies, even though multiple
lines of evidence suggest that protection from acute viral infection
and disease is mediated not only by humoral (antibody-driven) but
also by cellular (T cell-driven) adaptive immune responses*®. In the
contextof vaccination, the success of the live-attenuated yellow fever
vaccine (YF17D) has been attributed, at least in part, to its ability to
induceabroad and polyfunctional T cell response’ 2. Theimportance
of'vaccine-induced T cellimmunity has been further cemented by our
experience with severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) mRNA vaccines; as vaccine-induced neutralizing anti-
body titres waned, preservation of vaccine-induced T cell responses,
which were less susceptible to escape mutations than neutralizing
antibodies, protected against severe COVID-19 even as SARS-CoV-2
evolved™*.

Despite the emerging body of evidence on cellular immunity
beingimportant for protection against acute viral diseases, the extent
to which T cell responses are able to also control viral replication and
reduce viralloads remains unclear; the reduction of viral burden would
not only impact disease outcome but also reduce viral transmission.
Mouse studies have previously demonstrated that T cells are able
to control viral infection independent of antibodies™* ™. However,
immune-mediated protection against infection in mouse models has
notinvariably translated to vaccine efficacy in humans and has occa-
sionally even resulted inimmune-enhanced disease**”.

Tounderstand the extent that cellular immunity protects against
human acute viral infections, we conducted a double-blind, rando-
mized clinical trial using two licensed live-attenuated Orthoflavivirus
vaccines—YF17D and chimericJapanese encephalitis-YF17D (JE/YF17D)
vaccines, administered either as a vaccination or challenge infection
inhumanvolunteers®. As the JE/YF17D vaccine was constructed using
the YF17D genomic backbone, vaccination with either would produce
homologous T cells; vaccine-induced antibodies, however, would be
cross-reactive,and we and others have previously shown that such anti-
bodies often have poor or even no cross-neutralizing activity**?*. Our
primary objective was to assess the extent to which vaccine-induced
T cellresponses, independent of neutralizing antibodies, were able to
reduce viral post-challenge RNAaemia levels. Secondary objectives
included an assessment of surrogate measures of viral controlincluding
post-challenge antibody titres, seroconversion rates and symptomatic
outcomes. Thus, our a priori hypothesis was that higher T cell response
induced by YF17D vaccination, resulting from previously shown higher
viraemia than that induced by JE/YF17D*, would control JE/YF17D
infection; the lower T cell response from JE/YF17D vaccination would
conversely notalter the YF17D challenge infection outcome®. Indeed,
we found that YF17D vaccination, without neutralizing antibodies, was
able to control JE/YF17D viral replication. More importantly, we show
that high vaccine-induced T cell response to the capsid (C), but not
the non-structural (NS) proteins, was associated with viral control.
Our findings have bearing on future orthoflaviviral vaccine design
and development.

Results

Study cohort

The proteomes of the JE/YF17D and YF17D vaccines are shown sche-
matically in Fig. 1a. We enrolled 34 dengue-seronegative healthy adult
volunteers aged 21-45 years and randomized them in a 1:1 ratio to
receive either JE/YF17D vaccination on day O followed by YF17D het-
erologous challenge on day 28 (arm1; n=17) or YF17D vaccination on
day O followed by JE/YF17D heterologous challenge on day 28 (arm 2;
n=17) (Fig.1b). The study was conducted in Singapore where dengue is
endemicand Zikavirus, another Orthoflavivirus, has also been detected
sporadically. Anegative finding on an anti-dengue IgG enzyme-linked
immunosorbent assay (ELISA) excluded previous immunity against
either virus®*?. Baseline demographics such as age, sex, body mass
index and race were similar between the two groups (Table1). In total,
33 out of 34 participants completed the study and were included in
the final analysis (Fig. 1c).

Virological and humoral responses after vaccination

We first assessed vaccine infection by measuring plasma viral RNA
levels (RNAaemia) using reverse-transcriptase quantitative polymerase
chainreaction (RT-qPCR), after either JE/YF17D or YF17D vaccination.
Humoralimmune response to vaccination was assessed by measuring
both neutralizing and binding antibodies.

RNAaemia was measured in vaccinees on days 4, 7,10 and 14
after vaccination. Viral RNA was detected in 88% (n =15/17) and 94%
(n=15/16) of JE/YF17D and YF17D vaccinees, respectively, on at least
onesampling timepoint. Among vaccinees with detectable RNAaemia,
mean plasma viral RNA levels were higher after YF17D vaccination than
after JE/YF17D vaccination (mean log,,(area under the curve (AUC)
genome copies per ml): 4.17 versus 3.65; P=0.012) (Fig. 2a). All JE/
YF17D and YF17D vaccinees tested negative for viralRNA by day 10 and
14 post-vaccination, respectively (Extended Data Fig.1a,b).

We quantified neutralizing antibody responsesin vaccinees using
aplaquereduction neutralization test (PRNT). All vaccinees serocon-
verted by day 28 post-vaccination, developing antibodies to their
homologous virus (Fig. 2b,c), although YF17D induced higher levels
of neutralizing antibodies, as measured by the antibody titre that
reduced virus plaque numbers by 50% (PRNT,) than JE/YFID (mean
log,,(PRNTj, titres): 4.06 versus 2.50; P < 0.0001) (Extended Data
Fig.1c).Importantly, neither JE/YF17D nor YF17D vaccination produced
cross-neutralizing antibodies against the heterologous virus (Fig. 2b,c).

Aside from producing neutralizing antibodies, vaccination would
also produce antibodies against the envelope (E) and NS1 proteins,
which may potentially mediate protection and/or disease pathology
in orthoflaviviralinfection***2, We thus measured antibodies against
JEE, YFEand YF NSl in vaccinees 28 days post-vaccination. Here we
used ELISAs witha secondary antibody that detected IgM, IgA and IgG
antibodies as all of these classes of antibodies are known to be present
at day 28 post-vaccination®. Moreover, both anti-flaviviral IgM** and
IgA * antibodies can also contribute to virus clearance.

Antibodies that bound the E protein homologous to the vaccine
showed levels that were comparable between the two groups of vac-
cinees (Extended Data Fig. 1d). It should be noted, however, that the
recombinant YF E protein usedin this assay was based on anisolate from
Brazil, rather than YF17D. By contrast, the JE E protein was homologous
toJE/YF17D. YF17D vaccination produced antibodies that bound JE E
protein (Fig. 2d), although the converse was not detected (Fig. 2e).
Anti-NS1 antibody levels were consistent with what we had observed
with the neutralizing antibody responses, in which YF17D vaccination
produced higher levels of anti-NS1 antibodies compared with JE/YF17D
vaccination (mean positive-to-negative (P/N) ratio: 4.08 versus 2.74;
P=0.015) (Fig. 2f).

Insummary, vaccination with YF17D produced higher RNAaemia
and100%seroconversion, higher levels of anti-NS1antibodies and anti-E
antibodies that boundJE E protein but without cross-neutralization.
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Fig.1|Study overview. a, Pictorial representation of the YF17D and JE/YF17D
vaccine constructs. JE/YF17D is constructed by splicing the prM and E genes of
theJapanese encephalitis SA14-14-2 virus (represented in blue) into the Cand
NS backbone of YF17D (represented in red). b, Overall study design. A total of
34 Orthoflavivirus-naive healthy volunteers were randomized to receive either
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JE/YF17D vaccination on day O followed by YF17D challenge on day 28 (arm 1) or
YF17D vaccination on day O followed by JE/YF17D challenge on day 28 (arm 2)
and followed up until day 56. c, CONSORT diagram showing the flow of study
participants through the randomized-controlled trial. D, day. Panel b created by
BioRender.com.

Table 1| Baseline demographics of study participants

Arm1 Arm2

JE/YF17D vaccinationand YF17D vaccination and
YF17D challenge (n=17) JE/YF17D challenge (n=16)

Baseline demographics

Median age (IQR) 28 (24.5-33.0) 28 (23.5-31.0)
(years)
Male (n (%)) 7 (41) 7(44)
Mean BMI (s.d.) 23 (4) 24 (5)
Race
Chinese (n (%)) 17 (100) 15 (94)
Indian (n (%)) 0(0) 1(6)

IQR, interquartile range; BMI, body mass index.

Cellular immune responses after vaccination
We next assessed the functional antigen-specific T cell responses
induced by JE/YF17D and YF17D vaccination, using a whole-blood
cytokine release assay (CRA), which measures the concentration of
secreted IFNy in peptide-stimulated whole blood (Fig. 2g)*. Here whole
blood was stimulated ex vivo using overlapping peptides covering the
entire YF17D C,NS3 and NS5 proteins that are homologous between JE/
YF17D and YF17D, as well as the heterologous JE and YF17D E proteins.
Both JE/YF17D and YF17D vaccinees developed antigen-specific
T cell responses against the homologous C (Fig. 2h), NS3 (Fig. 2i) and
NS5 (Fig. 2j) proteins by day 10 post-vaccination. T cell responses
remained high on day 14 and contracted by day 28, although still pre-
sentat detectable levels. Overall, the magnitude of the T cell responses
was higher in YF17D vaccinees than inJE/YF17D vaccinees (Fig. 2h-k),

although there was considerable heterogeneity in the magnitude of
response within each group. Withinindividuals, responses between all
three peptide pools were significantly correlated, with the strongest
correlation observed between the responses against NS3 and NS5, and
aslightly weaker albeit still significant correlation between the C and
two NS proteins (Extended DataFig. 2a). Both groups of vaccinees also
developed virus-specific T cell responses against their homologous
E proteins, with minimal to no responses against the heterologous E
(Fig. 2l,m).

To ensure that the CRA findings with orthoflaviviral vaccination
correlated with those measured using a more conventional T cell
assay, we performed an IFNy-based enzyme-linked immunospot (IFNy
ELISpot) in 10 vaccinees (n =5 who received JE/YF17D and n =5 who
received YF17D) on day 14 post-vaccination. Antigen-specific T cell
responses measured by IFNy ELISpot correlated significantly with
results of the CRA (Extended Data Fig. 2b).

Finally, we compared the frequency of T cell activation induced
by the two vaccines in a subset of vaccinees. Here we measured the
frequency of CD4"and CD8" T cells expressing the activation markers
HLA-DRand CD38, using flow cytometry (Extended Data Fig. 2c). Over-
all, bothJE/YF17D and YF17D induced higher frequencies of activated
CD8" T cells than CD4" T cells on day 14 post-vaccination (Fig. 2n,0).
Unlike the antigen-specific functional T cell responses, however, there
were no significant differencesin either the CD4" or CD8" T cell activa-
tion frequency between the two groups of vaccinees (Extended Data
Fig.2d,e).

Collectively, our findings show that YF17D produced greater
antigen-specific T cell responses than JE/YF17D.

Outcomes of challenge infection
Next, we compared the outcomes of challenge infection between
JE/YF17D and YF17D vaccinees. Here JE/YF17D vaccinees were
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Fig. 2| RNAaemia and adaptive immune responses induced by vaccination.

a, Viral RNA AUC inindividuals with detectable RNAaemia after JE/YF17D (n =15)
or YF17D (n =15) vaccination. b,c, Neutralizing antibody titres (PRNTj,) against
JESA14-14-2 (b) and YF17D (c) 28 days after JE/YF17D (n=17) or YF17D (n=16)
vaccination. The black dashed line indicates minimum serum dilution of 1:20.
PRNT;, titres < 1:20 were conservatively considered to be 1:10. d-f, Anti-JEE
antibody levels (d), anti-YF E antibody levels (e) and anti-YF NSl levels (f) 28 days
afterJE/YF17D (n=17) or YF17D (n =16) vaccination. The P/N ratio was calculated
by dividing the absorbance value of the vaccine sera by that of the day 0 (naive)
sera. The black dotted lines indicate a positive threshold (P/N > 1). g, Whole blood
fromJE/YF17D (n=17) or YF17D (n =16) vaccinees was stimulated with individual
peptide pools covering the entire YF17D C, NS3 and NS5 proteins, and the JEand
YF17D E proteins, or DMSO, after which the concentration of secreted IFNy was

measured. h—j, T cell response against YF17D C (h), NS3 (i) and NS5 (j) pre- and
post-vaccination in JE/YF17D (n =17, blue bars; mean) or YF17D (n =16, red bars;
mean) vaccinees. k, Total response was calculated by summing the responses
to C,NS3 and NS5 for each individual vaccinee.l,m, T cell response against the
heterologous JE E (I) and YF E (m) proteins pre- and post-vaccinationin
JE/YF17D (n =17, blue bars; mean) or YF17D (n =16, red bars; mean) vaccinees.
n,o0, Frequency of activated (CD38"HLA-DR*) CD4" and CD8" T cells on day

14 post-vaccinationin asubset of JE/YF17D (n =12) (n) and YF17D (n =10) (o)
vaccinees. Values plotted are after subtraction of the baseline (day O pre-
vaccination) activation frequency. Inall figures, the dots represent individual
vaccinees. The black horizontal bars represent the mean. Pvalues were calculated
withatwo-tailed paired or unpaired Student’s t-test or two-tailed unpaired
Mann-Whitney Utest. NS, not significant.

challenged with YF17D on day 28 post-vaccination, while YF17D vac-
cinees were challenged with JE/YF17D (Fig. 1b). Given that bothJE/YF17D
and YF17D vaccination did not induce cross-neutralizing antibodies
against each other (Fig. 2b,c), any difference in infection outcomes
observed between the two arms would be independent of the effect
of neutralizing antibodies.

The primary outcome of this trial was the reduction in viral RNA
levels (log;,(AUC genome copies per ml)) after the challenge infection,
compared with viral RNA levels following primary vaccination alone.
As hypothesized, mean plasma JE/YF17D RNA levels were lower fol-
lowing challenge infection than following primary vaccination (mean
log,,(AUC genome copies per ml): 2.23 versus 3.22; P= 0.039) (Fig. 3a).
Likewise, as hypothesized, neither mean plasma YF17D RNA levels
(mean log;,(AUC genome copies per ml): 4.14 versus 3.91; P=0.33)
(Fig. 3b) nor the proportion of vaccinees with RNAaemic infection
(94% (n=15/16) versus 88% (n =15/17), P> 0.99) (Fig. 3c) was different
following the YF17D challenge infection in JE/YF17D vaccinees, com-
pared with those who received YF17D as a primary vaccination.

Besides RNAaemia, we also assessed challenge infection outcomes
using seroconversion rates and antibody titres, and compared them
with primary vaccination outcomes; we have previously shown that
YF17D viraemia was positively correlated with PRNT,, titres®. Sero-
conversion was defined as a fourfold or greater rise in PRNT;, titre,
using a titre of 10 as baseline. Unlike primary JE/YF17D and YF17D
vaccination that resulted in 100% seroconversion rates in vaccinees,
3 0f 16 (19%) and 2 of 17 (12%) vaccinees did not seroconvert after the
JE/YF17D and YF17D challenge, respectively (Fig. 3d,e). The mean JE
PRNT,, titres produced from the JE/YF17D challenge were lower than
those produced after primaryJE/YF17D vaccination (meanlog,,(PRNTj,
titre): 1.87 versus 2.5; P< 0.0001) (Fig. 3f). By contrast, there was no
difference between the YF PRNT titres after the YF17D challenge and
that after primary YF17D vaccination (mean log,,(PRNT, titre): 4.11
versus 4.06; P=0.86) (Fig. 3g). In both groups, there was no further
boost in the YF and JE neutralizing antibody titres after the JE/YF17D
and YF17D challenge, respectively (Extended Data Fig. 3a).

All vaccinees with detectable viral RNA post-challenge had a
greater than fourfold rise in PRNT;, titres (Table 2). Remarkably, all
5 participants who showed a less that fourfold rise in PRNT, titres
(n=3/16 after the JE/YF17D challenge and n = 2/17 after the YF17D

challenge) also had undetectable viral RNA post-challenge (Table 2).
Indeed, overall antibody titres were significantly lower in both groups
of vaccinees with undetectable RNAaemia after the heterologous
challenge, compared with those with detectable RNAaemia (Extended
DataFig.3b,c).

To determine whether the reduced RNAaemic JE/YF17D chal-
lenge infection had an impact on clinical outcomes, we compared
the rate of systemic symptoms (vaccine-related adverse events) after
the challenge infection with those after the primary vaccination. The
most commonly reported symptoms after vaccination were lethargy
or fatigue (33%, n =11/33), myalgia (24%, n = 8/33), headache (24%,
n=8/33)and fever (12%, n = 4/33), consistent with what has been previ-
ously reported in the literature in individuals receiving JE/YF17D and
YF17D vaccination®*"*°, While both JE/YF17D and YF17D vaccinees
reported comparable rates of symptoms after primary vaccination
(29% (n=5/17) versus 31% (n = 5/16), P> 0.99) (Fig. 3hand Extended Data
Table1), fewer YF17D vaccinees reported symptoms after the JE/YF17D
challenge (6% (n=1/16)), in contrast to the YF17D challenge in JE/YF17D
vaccinees (53% (n=9/17), P=0.007) (Fig. 3h and Extended Data Table1).

The primary end-point of the trial was thus met in YF17D vaccinees,
in which immunity from YF17D vaccination reduced the extent of
JE/YF17D infection, even to the point of undetectable RNAaemia and
absence of seroconversion.

Innate immune and binding antibody responses
Given that the YF17D vaccination resulted in viral control after the
JE/YF17D challenge, we next conducted a series of post hoc analyses
toidentify the YF17D vaccination-induced immune response that con-
trolled the JE/YF17D challenge infection.

Wefirstanalysed the expression of a panel ofimmune genes on the
day of challenge (day 28), as well as one day after the challenge (day 29).
Unsupervised clustering analysis did not reveal any difference in gene
expressionbetween vaccinees with and without detectable RNAaemia
after the JE/YF17D challenge (Extended Data Fig. 4a,b), suggesting
that differences in innate immune response from vaccination, which
can be prolonged”*°, were not responsible for viral control. Notably,
allsix vaccinees who had undetectable RNAaemia post-challenge had
demonstrable upregulation of innateimmune genes, confirming that
they didindeed receive JE/YF17D infection.

Fig.3 | Outcome of JE/YF17D or YF17D challenge infection. a, Viral RNA AUC
after JE/YF17D vaccination (n =17) versus JE/YF17D challenge (n =16).b, Viral
RNA AUC after YF17D primary vaccination (n = 16) or YF17D challenge (n =17).
¢, Proportion of vaccinees with detectable RNAaemia after vaccination (upper
panels) and after challenge (lower panels). d,e, Kinetics of neutralizing antibody
titres (PRNT,,) against JE SA 14-14-2 28 days after the JE/YF17D challenge (n =16)
(d) and against YF17D after the YF17D challenge (n =17) (e). The grey arrows
indicate the timepoint of the challenge infection. f, Comparison between
neutralizing antibody titres (PRNT,,) against JE SA 14-14-2 28 days after the
primary JE/YF17D vaccination (n =17) and the JE/YF17D challenge infection
(n=16).g, Comparison between neutralizing antibody titres (PRNT,) against

YF17D 28 days after the primary YF17D vaccination (n =16) and the YF17D
challenge infection (n =17). For d-g, the black dashed lines indicate aminimum
serumdilution of 1:20. PRNTj, titres <1:20 were conservatively considered to
be1:10. The pink dashed lines indicate seroconversion defined as a fourfold or
greater increase in PRNT, titres from 1:10 to 1:40. h, Proportion of vaccinees in
each armwho experienced systemic symptoms after vaccination (upper panels)
and after challenge (lower panels). The dots or circles represent individual
vaccinees. The black horizontal bars represent the mean. nrepresents the
number of biological replicates. Pvalues were calculated with a one-tailed
unpaired Student’s ¢-test. NS, not significant.
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Table 2| RNAaemia and seroconversion status of
participants after the challenge infection

JE/YF17D YF17D Both arms
challenge challenge (n=33)
(n=16) (n=17)
RNAaemia
Seroconversion (%) 10 (62) 15 (88) 25 (76)
No seroconversion (%) 0(0) 0(0) 0(0)
No RNAaemia
Seroconversion (%) 3(19) 0(0) 3(9)
No Seroconversion (%) 3(19) 2(12) 5(15)

n, number of participants.

Besides innate immunity, we also found no association between
vaccination-induced antibody response and RNAaemia. Both
pre-challenge anti-YF NS1antibody levels (Extended Data Fig. 4c) and
pre-challenge anti-JE E antibody titres (Extended Data Fig. 4d) did not
correlate with post-challenge JE/YF17D RNA levels, suggesting that viral
control was not primarily being driven by anti-NS1 or cross-reactive
anti-E antibodies.

As expected, there was no association between innate immune
responses or binding antibody titres and YF17D RNAaemiainJE/YF17D
vaccinees who received YF17D challenge infection (Extended Data
Fig.4e-h).

T celllevels correlate negatively with challenge viraemia
Conversely, the magnitude of the T cell response against C on both
day 14 post-vaccination (Fig. 4a) and the day of challenge (Fig. 4b)
correlated negatively with post-challenge JE/YF17D viral RNA levels.
Likewise, higher T cell responses to C on study days 32 and 35 after the
JE/YF17D challenge were also associated with viral control after the
JE/YF17D challenge (Fig. 4c,d).

There was, however, no association between the T cell responses
against NS3 (Fig. 4e-h) and NS5 (Fig. 4i-1), and post-challenge JE/Y17D
RNAlevels. Whenthe T cell responses to C, NS3 and NS5 were summed
(Fig. 4m-p), only the total T cell response before the challenge on
day 28 wassignificantly and negatively correlated with post-challenge
JE/YF17D RNA levels (Fig. 4n).

In those who were vaccinated with JE/YF17D and challenged
with YF17D, we expectedly did not find any significant correlation
between the T cell responses induced by JE/YF17D vaccination and
post-challenge YF17D RNA levels (Extended Data Fig. 5).

Aviraemic individuals have higher C-specific T cell levels
Given that higher YF17D-vaccination-induced T cell responses, parti-
cularly against C, were associated with reduced viral RNA levels
post-JE/YF17D challenge, we next examined post hoc whether the
magnitude of T cell responses could differentiate between those
with and without detectable post-challenge RNAaemia. Altogether,
we identified 6 of 16 vaccinees after the JE/YF17D challenge and 2 of
17 vaccinees after YF17D challenge who had no detectable RNAaemia
(Fig.3c).

Notably, we found that the magnitude of the vaccine-induced
T cell response against C on days 14 and 28 (Fig. 5a,b), as well as the
post-challenge C-specific T cell response on days 32 and 35 (Fig. 5c,d),
was higherinvaccinees with undetectable than detectable RNAaemia
post-challenge. There was no difference in the magnitude of the T cell
response against NS3 between both groups at any timepoint (Fig. 5e-h).
T cell responses against NS5 were higher in vaccinees with undetect-
able RNAaemia only on day 14 (Fig. 5i) but not at any other timepoint
(Fig. 5j-1), with similar findings for the total T cell response against all
three proteins (Fig. 5m-p).

Remarkably, not only was aviraemia following the challenge
infection associated with no or lower seroconversion, many of these
vaccinees showed minimal and, in some cases, complete absence
of expansion of antigen-specific T cell responses post-challenge
(Extended Data Fig. 6a-h). Even the development of a T cell response
against the E protein of the challenge virus was muted (Extended Data
Fig. 6a,e), when compared with the T cell responses in vaccinees with
detectable RNAaemia post-challenge (Extended Data Fig. 6i-1).

We also examined whether the finding of a higher C-specific T cell
response in individuals with undetectable RNAaemia, as measured
by IFNy secretion, could also be observed with other T cell-related
cytokines. Here we analysed the concentration of IL-2, granzyme B
(GZB), IL-10 and TNF in C, NS3 and NS5 peptide-stimulated whole
blood on day 14 post-vaccination, in a subset of 16 vaccinees (alln =8
with undetectable RNAaemia and n = 8 with detectable RNAaemia
post-challenge). Overall, there was significant intra-individual corre-
lation between the levels of these cytokines and IFNy (Extended Data
Fig.7a-d). Consistent with our findings with secreted IFNy, vaccinees
with undetectable post-challenge RNAaemia also had higher levels
of secreted IL-2, GZB and TNF in C-peptide-stimulated whole blood
compared with those with RNAaemia (Extended Data Fig. 7e). There
was, however, no differencein the levels of these cytokinesin NS3-and
NSS5-stimulated whole blood between individuals with and without
detectable RNAaemia (Extended DataFig. 7f,g), again consistent with
our findings with secreted IFNy.

Finally, we performed a receiver-operating characteristic (ROC)
analysis to determine whether we could identify aminimum threshold
of T cell response that was needed for viral control to the extent of
undetectable RNAaemia. ROC analysis showed that both day 14 and day
28 (day of challenge) C-specific T cell responses were able to clearly dis-
tinguishbetween vaccinees with and without detectable post-challenge
RNAaemia (mean AUC = 0.85(95% C10.72-0.99) and mean AUC = 0.81
(95% C10.66-0.97), respectively) (Fig. 5q,r). Indeed, based onthe ROC,
a day 14 post-vaccination C-specific T cell response of 38.8 pg ml™
of IFNy in whole blood was able to differentiate between vaccinees
with detectable and non-detectable post-challenge RNAaemia, with
asensitivity of 72%, specificity of 87.5% and a likelihood ratio of 5.76.

Discussion

Although theimmune response to infection is multifaceted, the extent
to which cellular immunity alone can control acute viral infection in
humans has remained unclear. Cohortstudies on COVID-19 vaccination
have found that, until hybrid immunity levels of neutralizing antibody
were attained, the spike-specific T cell response was the mostimportant
correlate of protection against symptomatic SARS-CoV-2 infection*. In
this study, we used two orthoflaviviral vaccines that share acommon
genomic backbone. Thisapproachallowed usto define experimentally
the extent to which T cells control infection in the absence of neutral-
izing antibodies.

Mouse models have previously shown protection afforded by
T cells against lethal orthoflaviviral infection™¢. These studies, how-
ever, used immunocompromised mice that do not accurately represent
viral infection in immunocompetent humans. Moreover, the mouse
studies measured T cells against NS3 and/or NS4b only and would have
thus missed nuancesin T cells against the C protein.

Althoughwe had hypothesized that T cells, when present at suffi-
ciently highlevels after vaccination, would control challenge infection,
we did not expect that the control would be to the extent consistent
with sterilizing immunity; five of our trial participants had no detect-
able RNAaemia and no seroconversion. These same five individuals
also reported no systemic symptoms following the challenge infec-
tion. Indeed, others have previously described the phenomenon of
‘abortive infection’ in the context of SARS-CoV-2, in which exposed
but asymptomatic individuals did not seroconvert. However, unlike
our findings of minimal to no T cell expansion following challenge
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sum of the responses to all three proteins (m-p), on study days 14, 28,32 and 35, (P<0.05).
were correlated with the level of viral RNA post-challenge in YF17D vaccinees

infection, the individuals with ‘abortive infection’ showed expansion T cell epitopes between the vaccine and challenge virus were identical.
of antigen-specific T cell responses*. ‘Abortive infection’ in these  Indeed, the unexpected absence of seroconversionand lack of a T cell
SARS-Cov-2-exposed individuals was probably mediated by T cells  responseto]JEV after theJE/YF17D challenge led us to terminate the trial
that targeted only conserved epitopes in both human coronaviruses  afterinterimanalysis, asalack ofimmunity from]JE/YF17D inoculation
and SARS-CoV-2. As such, the degree of infection control may not made further continuance of the study ethically questionable.

have beento the extent achieved in our study, in which, except for the Our findings also have clinical implications on how sequential
limited heterologous epitopes onthe pre-membrane (prM) andE,the  administration of vaccines with a shared YF17D backbone, both in
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terms of vaccination order and interval, may interfere with vaccine
immunogenicity. Although other studies have concluded that previ-
ous YF17D vaccination does not affectimmunogenicity of subsequent
JE/YF17D (refs. 24,39) or dengue vaccination®, our findings suggest
otherwise.Indeed, similar to our study, a previous study demonstrated
that the titres of JE neutralizing antibody were significantly lower in
JE/YF17D vaccinees who had received YF17D vaccination 1 month
before, despite overall seroconversion rates of 90% (ref. 24). The extent
towhich previous YF17D vaccination affects subsequent vaccineimmu-
nogenicity may also be influenced by vaccine viral titres, which can
vary fromlottolot.

The finding that vaccine-induced T cell responses against the C,
but not the NS3 or NS5, proteins was associated with viral control is
intriguing. Upon endocyticcell entry, the E proteinisknown to fuse with
endosomal membrane to reveal the nucleocapsid. The mechanism of
nucleocapsid disassembly to release the viralRNA into the cytoplasm
fortranslation and replication remains inconclusive. Tantalizingly, the
release of viral RNA from C may be dependent on the ubiquitylation of C
(ref.44). Although proteasomal functionis not required for RNA release
from C, ubiquitylated C could nonetheless be processed through the
proteosomal pathway and presented on MHC class I molecules®. T cell
response against C could thus be initiated even before expressionand
processing of the viral proteome.

Despite thefindings onantiviral potency C-specific T cellresponses,
our findings do not conclude that NS3- and NS5-specific T cells
are redundant. C-specific T cell responses could have masked the
effects of NS3- and NS5-specific T cells in controlling infection from
being revealed. Further experimental studies on the extent to which
NS3- and NS5-specific T cells control infection will be needed. None-
theless, the usefulness of the C-specific T cell response has substan-
tial bearing on orthoflaviviral vaccine design; incorporation of the
homologous capsidinto orthoflaviviral vaccines, such as those against
dengue, would be desirable for protection. Among all the Orthoflavi-
virus proteins, C is the least genetically conserved*®, with limited
C-specific T cell cross reactivity between the different Orthoflavivirus
species”.

Our study has several limitations. YF17D is known to replicate to
higher viraemialevels thanJE/YF17D vaccination®*. While the extent
of infection shapes adaptive immune response to vaccination*®,
the immunity threshold needed to control YF17D infection may be
higher than that needed to control JE/YF17D infection; further statis-
tical modelling may be helpful to define the exact contribution of the
T cell responses in such scenarios. We have also not measured T cell
responses to the entire proteome of YF17D. Our choice of measuring
Tcellresponse to C,NS3 and NS5 proteins was because these proteins
areknown tobeimmunodominant YF proteins*>*°. Attenuated viruses
were used asinthe challenge infection, which was done at 28 days after
vaccination. Itis unlikely that memory T cell responses would have been
ableto fully developin this short timeframe®. Hence, although we have
shown experimental evidence of T cell control of virus infection without
neutralizing antibodies, the threshold of virus-specific T cells needed
forlong-term protection against wild-type viruses willneed to be deter-
mined separately. Finally, our study was statistically powered to test
the hypothesis that YF17D-specific T cells produced from vaccination
would control JE/YF17D challenge infection. We found no correlation
between anti-NS1 and anti-E cross-reactive antibodies, which have
shown protective effects in animal models'>**~*?, and post-challenge
RNAaemia. This lack of correlation may be due to statistical factors
rather thanalack of functional protection.

Collectively, our results suggest that, without neutralizing anti-
bodies, high vaccine-induced T cell responses, especially to C, are able
to control viral infection to the point of undetectable viraemia and
absence of seroconversion. Inaddition, the C-specific T cell response
that is induced 14 days after vaccination could serve as an important
CoP against orthoflaviviral infection.

Methods

Clinical trial and study participant details

Study conduct and approvals. The study was approved by the
SingHealth Centralised Institutional Review Board (reference:
2021/2738) and registered on ClinicalTrials.gov (NCT05568953). The
full study protocol has been previously published”. The study sponsor
was the Singapore General Hospital, Singapore, in collaboration with
Duke-NUS Medical School, Singapore. The study was conducted at the
SingHealth Investigational Medicine Unit and carried outinaccordance
with the principles of the Singapore Good Clinical Practice guidelines
and in compliance with the Helsinki Declaration. Participants were
compensated for their time and inconvenience. Study enrolment,
follow-up and data collection were conducted between 30 March 2023
and 310ctober 2023 at the SingHealth Investigational Medicine Unit,
Singapore. Data were collected using REDCap (v13.1.30).

Study participants. Healthy adult volunteers aged 21-45 years witha
negative serum anti-dengue IgG ELISA at screening were enrolled into
the study, after providing written informed consent. Other inclusion
criteriaincluded asatisfactory baseline medical assessment and stable
health status, willingness to use adequate and reliable contraceptive
measures or practice abstinence for 10 days after vaccination, and a
negative urine pregnancy test (for female volunteers of child-bearing
potential) at screening and day of vaccination. Key exclusion criteria
included a history of cardiovascular, respiratory, hepatic, renal, gas-
trointestinal, neuropsychiatric, haematological, endocrine or immu-
nosuppressive disorders that would be arisk factor for study vaccine
administration; a positive serum anti-dengue IgG ELISA; previous
receipt of any yellow fever or Japanese encephalitis vaccines; known
allergy to JE/YF17D or YF17D vaccines; known allergy to egg; thymus
gland disease; acute infection in the preceding 7 days or presence of
atemperature >38.0 °C on the day of the first vaccination; pregnant
or breastfeeding women; receipt of anti-inflammatory drugs (such as
non-steroidal anti-inflammatory drugs or systemic steroids) in the past
7 days; and receipt of any licensed vaccine in the past 30 days before
the first study vaccine dose.

Study design. Participants wererandomized into one of twoarmsina
1:1ratio. Both theinvestigators and study participants were blinded to
the allocation. Participants in arm 1 received JE/YF17D vaccine (IMO-
JEV, Sanofi Pasteur) on day 0, followed by YF17D (STAMARIL, Sanofi
Pasteur) challenge on day 28. Participants in arm 2 received YF17D
vaccine on day O followed by JE/YF17D challenge on day 28. To ensure
consistency in the antigen load delivered, all vaccines administered
were from the same manufacturing lot. Participants were followed
up for 56 days from the first vaccination, and blood samples were
collected at multiple timepoints (both pre- and post-vaccination) for
viral RNA quantification, T cell and serological analysis, and transcrip-
tomic analysis. Participants were also monitored for vaccine-related
symptoms after the vaccination and challenge, and these symptoms
were recorded. A detailed study schedule, including study visit and
biological sampling timepoints, can be found in the published study
protocol®.

Vaccine administration. BothJE/YF17D and YF17D vaccinations were
administered via subcutaneous injection into the deltoid region of
theleft or right arm. The second vaccination (heterologous challenge,
day 28) was delivered into the ipsilateral arm as the first vaccination
(day0).

PBMC isolation

Peripheral blood mononuclear cells (PBMCs) were isolated by
density-gradient centrifugation using Ficoll-Paque. Isolated PBMCs
were either studied directly or cryopreserved and stored in liquid
nitrogen until used inthe T cell assays.
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Peptide pools

Fifteen-mer peptides that overlapped by 10 amino acids and cover-
ing each of the following YF17D proteins (C, E, NS3 and NS5) and the
E protein of JE SA 14-14-2 were synthesized (GenScript).

Whole-blood CRA

A total of 320 pl of whole blood drawn on the same day was mixed
with 80 pl RPMI and stimulated with peptide pools at 2 pgml™or a
DMSO control, following the same protocol previously described for
SARS-CoV-2 (ref. 36). After 16 h of culture, the culture supernatant
(plasma) was collected and stored at —80 °C until quantification of
cytokines. Cytokine concentrations in the plasma were quantified
using an Ella machine with microfluidic multiplex cartridges measuring
IFNy, IL-2, GZB, IL-10 and TNF following the manufacturer’s instruc-
tions (ProteinSimple). The level of cytokines present in the plasma of
DMSO controls was subtracted from the corresponding peptide-pool-
stimulated samples. A cutoff of 10x the lower limit of detection
(1.7 pg ml™") was used to determine a positive response.

IFNy ELISpot assay

ELISpot plates (Millipore) were coated with human IFNy antibody
(1-D1K, Mabtech; 5 pg ml™) overnight at 4 °C. Then,200,000-400,000
PBMCswere seeded per well and stimulated for 18 hwith peptide pools
of the individual proteins (2 pg ml™). Subsequently, the plates were
developed with human biotinylated IFNy detection antibody (7-B6-1,
Mabtech; 1:2,000), followed by incubation with streptavidin-AP
(Mabtech) and KPL BCIP/NBT Phosphatase Substrate (SeraCare).
Spot-forming units (SFU) were quantified with ImmunoSpot. To quan-
tify positive peptide-specific responses, 2x the mean spots of the
unstimulated wells were subtracted from the peptide-stimulated wells,
and the results expressed as SFU/10° PBMCs. Results were excluded
if negative control wells had >30 SFC/10° PBMC or positive control
wells (phorbol 12-myristate 13-acetate and ionomycin) were negative.

Activation-induced marker assay

Fresh PBMCs were stained using the yellow LIVE/DEAD fixable dead cell
stain kit (Invitrogen) and anti-CD3 (clone SK7; 2:50 dilution), anti-CD4
(clone SK3;3:50 dilution) and anti-CD8 (clone SK1; 3:50 dilution) anti-
bodies. For analysis of the activation status, cells were additionally
stained with surface markers anti-HLA-DR (clone L243;1:20 dilution)
and anti-CD38 (clone HIT2;10:50 dilution). Allsamples were acquired
ona CytoFLEXS (Beckman Coulter) and analysed with FlowJo software
v10.10 (BD). The gating strategy is shown in Extended Data Fig. 2c.

Dengue IgG ELISA

Dengue serostatus was determined using the Abbott Panbio Dengue
IgG Indirect ELISA kit according to the manufacturer’s instructions.
Panbio units >11 indicate the presence of dengue-virus-specific IgG
antibodies; the specificity of this ELISA for anti-dengue virus antibodies
is 100%, according to the product brochure. Cross-reactive anti-Zika
virus antibodies can also be detected on this ELISA with specificity
above 85% (ref.52).

PRNT

Neutralizing antibody titres induced by YF17D and JE/YF17D vaccina-
tion were measured by PRNT as described previously?**. Briefly, 40 pfu
of YF17D or JE SA14-14-2 virus were reacted with serial twofold-diluted
serum samples andincubated at 37 °C. This mixture wasthenaddedtoa
monolayer of baby hamster kidney cells and incubated for 1 h. The mix-
ture was aspirated and cells were overlaid with maintenance medium
with 1% carboxymethylcellulose. The viruses and cells were thenincu-
bated for 3-5 days, following which the cells were washed, fixed with
20% formaldehyde and stained with 1% crystal violet. The number of
plaques was then counted and the PRNTj, titres was calculated using a
sigmoid dose response curve and reported as reciprocal values.

Anti-NS1serology

Ninety-six-well Maxisorp plates (Thermo Scientific) were coated with
1pg mi™of purified recombinant YF NS1 proteins (Native Antigen Com-
pany)in 0.1 Msodium carbonate (pH 9.5) overnight at4 °C. The plates
were then washed thrice with washing buffer (PBS + 0.1% Tween-20
(PBS-T)) and blocked with blocking buffer (5% bovine serum albumin
in PBS-T) for 1.5 h at room temperature with gentle shaking. Next,
heat-inactivated sera from day O and 28 of primary vaccination were
diluted 1:40 in blocking buffer, added into the respective wells and
further incubated for 2 h at room temperature with gentle shaking.
The plates were then washed thrice with washing buffer, using an
automated washer, to remove any unspecific binding of sera compo-
nents to the well. To detect IgM, IgG and IgA antibodies, secondary
anti-humanIgM, IgG and IgA HRP conjugated (Dako) were then added
at1:1,000 dilutions in blocking buffer and further incubated for 1 h at
room temperature with gentle shaking. After 3 more times of washing,
3,3',5,5'-tetramethylbenzidine (TMB) substrate (KPL) was added into
each well, and the reaction was stopped after 25 min with stopping
solution (1M H,SO,). Absorbance at 450 nm with 595 nm correction
in the Varioskan Lux microplate reader (Thermo Scientific) was then
recorded. After wavelength correction, the absorbance values were
further subjected to blank subtraction using signal values read in the
empty wells. Antibody levels were determined using the P/N ratio,
whichis the standard for test result interpretations in the diagnostic
lab in the US Centers for Disease Control and Prevention®*. This ratio
was calculated by dividing the average absorbance of the technical
replicate of the sample seraby the average absorbance of the technical
replicate of the day O sera. The day O sera were used as the naive control
asallstudy participants had anegative dengue IgG ELISA at enrolment;
neither JE nor YF is endemic in Singapore.

Anti-envelope serology

Ninety-six-well Maxisorp plates (Thermo Scientific) were separately
coated with either 1 pg ml™ of purified recombinant YF Envelope (Native
Antigen Company) or 1 pg ml™ of purified recombinant JE Envelope
(Native Antigen Company) in 0.1 M sodium carbonate (pH 9.5) over-
night at 4 °C. The plates were then washed thrice with washing buffer
(PBS-T) and blocked with blocking buffer (1% casein in PBS; Thermo
Scientific) for1.5 hatroom temperature with gentle shaking. Next, the
heat-inactivated vaccinee serafrom day 0 and 28 of primary vaccination
were diluted 1:10 in blocking buffer, added into the respective wells and
furtherincubatedfor 2 h atroom temperature with gentle shaking. The
plates were then washed thrice with washing buffer, using an automated
washer, to remove any unspecific binding of sera components to the
well. TodetectIgM, IgG and IgA antibodies, secondary anti-humanIgM,
IgG and IgAHRP conjugated (Dako) were thenadded at1:1,000 dilution
in blocking buffer and further incubated for 1 h at room temperature
with gentle shaking. After three more times of washing, TMB substrate
(KPL)wasaddedinto eachwell and the reaction was stopped after 7 min
with stopping solution (1M HCI). Absorbance at 450 nm with 595 nm
correctioninthe Varioskan Lux microplate reader (Thermo Scientific)
wasthenrecorded. After wavelength correction, the absorbance values
were further subjected toblank subtraction using signal valuesreadin
the empty wells. Antibody levels were determined using the P/Nratio,
which is the standard for test result interpretations in the diagnostic
laboratory of the US Centers for Disease Control and Prevention®. This
ratiowas calculated by dividing the average absorbance of the technical
replicate of the sample seraby the average absorbance of the technical
replicate of the day O sera. The day O sera were used as the naive control
asallstudy participants had anegative dengue IgG ELISA at enrolment;
neitherJE nor YF isendemic in Singapore.

Viral RT-qPCR
Viral RNAaemia was measured using RT-qPCR directed against the NS5
gene of YF17D (ref. 10). Viral RNA was extracted from 200 pl of plasma
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samples using the Roche MagNA Pure 24 Total NA Isolation Kit, and the
elution volume was 50 pl. The YF17D qPCR was conducted using the
Superscript Ill Platinum One-Step qRT-PCR Kit (Invitrogen). Briefly,
5 plof extracted RNA was added to 20 pl master mix containing 10 pM
of YF17D-specific primers and probe as shown below:

YF17D forward: GAACAGTGATCAGGAACCCTCTCT

YF17D reverse: GGATGTTTGGTTCACAGTAAATGTG

YFV-17D probe: 5 HEX-CTACGTGTC/ZEN/TGGAGCCCGCAG

CAAT-IABKFQ 3’

The human RNase P gene® was amplified as an internal control
for successful nucleic acid extraction using the same master mix con-
taining 10 pM of RNase P specific primers and probe as shown below:

RNase P forward: AGATTT GGA CCT GCGAGCG

RNase Preverse: GAG CGG CTG TCT CCACAAGT

RNase P probe: 5 HEX-TTCTGACCT/ZEN/GAAGGCTCTGCGCG-

IABKFQ 3’

Reverse transcription was performed at 50 °C for 15 minand then
at 95 °Cfor 2 min, followed by 45 cycles of PCR amplificationinaRoche
LC96 RT-PCR System at an annealing temperature of 54 °C. Samples
were tested in technical duplicates for YF17D and singlicates for RNase
P. RNA extracted from pooled human serum matrix (Seracare) was
used as an extraction control; a positive signal for RNase P from the
extraction control showed the integrity of the RNA extraction. An
invitro-transcribed RNA of the YF17D NS5 gene was used to construct
astandard curve ranging from 10° copies pl™ to1 copy pl™, which was
used to quantitate vaccine RNAaemia in plasma samples. Raw cycle
threshold (C,) values were subsequently converted intolog,,(genome
copies per ml) for reporting purposes.

nCounter profiling of gene expression

Nanostring profiling of host response was performed using the
nCounter Human Immunology v2 Panel, comprising 594 genes (the
full gene list can be found at https://nanostring.com/resources/
ncounter-human-immunology-v2-panel-gene-list/). RNA from whole
blood was isolated from Tempus blood RNA tubes according to the
manufacturer’s protocol (Tempus Spin RNA Isolation Kit, Thermo
Fisher Scientific). 50 ng of RNA was hybridized toreporter and capture
probe sets of the nCounter Human Immunology v2 panel (Nanostring
Technologies) at 65 °C for 24 h. Hybridized samples were loaded on the
nCounter cartridge, and post-hybridization steps and scanning were
performed on the nCounter Sprint Profiler. RCC files were analysed
using nSolver analysis software (v4.0) as per the manufacturer’s pro-
tocols. Negative and positive controlsincludedin probe sets were used
for background thresholding, and normalizing samples for differences
in hybridization or sample input, respectively.

Partek Genomics Suite (v7.21) was used to analyse the transcrip-
tomic differences between individuals with and without detectable
post-challenge RNAaemia. Heatmaps were constructed using the R
package (v4.3.2) pheatmap (v1.0.12).

Statistical analysis
Asamplesize of 28 per arm (assuming a10% drop-out rate) was initially
estimated to provide 80% power at a 5% type 1 error rate, to detect an
effect size of 0.8 standard deviationin mean RNA levels on alog,scale,
between primary vaccination and challenge infection. However, a deci-
sion was made to terminate enrolment after the first 34 participants, as
5 participants did not seroconvert after JE/YF17D or YF17D challenge
infection, indicating thataproportion of study participants would notbe
fully protected froma futureJE or YFinfection, despite being vaccinated.
The primary end-point of the study was the reductionin viralRNA
levels (as measured by log,,(RNA AUC genome copies per ml)) after
the challenge infection compared with after the primary vaccination
alone. This was analysed using a one-tailed Student’s ¢-test, as the
a priori hypothesis was that high vaccine-induced T cell responses
would reduce RNAaemia after heterologous challenge infection.

All other analyses of continuous variables were performed using a
two-tailed Student’s ¢-test for parametric outcomes or aMann-Whitney
Utest for non-parametric outcomes. Differences in the proportion of
symptomatic participants between the two arms were analysed using
Fisher’sexact test. Post hoc correlation analyses were performed using
Spearman’s correlation. Statistical analyses were performed using
GraphPad Prism v9.0; details are provided in the figure legends. In all
instances, n refers to the number of participants analysed.
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Extended Data Fig. 2 | Cellular immune responses after vaccination.

a, Two-tailed Spearman’s correlation of IFN-y concentration in whole-blood
stimulated with capsid, NS3 or NS5 (314 samples from 33 participants). Dotted
lines denote the 95% confidence interval. b, Two-tailed Spearman’s correlation of
IFN-y concentration in peptide-stimulated whole blood (C, NS3 or NS5) and the
corresponding frequency of reactive T cells in peptide-stimulated cryopreserved
PBMCs quantified by IFN-y ELISPot (30 samples from 10 participants). Dotted
lines denote the 95% confidence interval. ¢, Gating strategy of activation induced
marker flow cytometry assay. d, Absolute frequency of activated CD4+ (left panel)

and CD8+ (right panel) T cells pre- and post-JE/YF17D (n =12, blue bars; mean)

or YF17D (n =10, red bars; mean) vaccination. e, Comparison of frequency
ofactivated CD4+ (left panel) and CD8 + T cells (right panel) on day 14 after
JE/YF17D (n=12) and YF17D (n =10) vaccination. Values plotted are those after
subtraction of baseline (day O pre-vaccination) activation frequency. For (d,e),
dots or circles represent individual participants. Black horizontal bar represents
mean. Pvalues were calculated with two-tailed unpaired Student’s t-test. ns, not
significant.
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Extended Data Fig. 4 | Association between innate immune response or
binding antibodies and post-challenge viremia. a,b, Heat map showing gene
expression profiles of YF17D vaccinees on day 28 (day of JE/YF17D challenge)
(a) and (b) day 29 (one day post-JE/YF17D challenge) from the nCounter human
immunology panel. Z-scores of log, counts are displayed. c,d, Correlation
between anti-YF NS1(c) and anti-JE E (d) antibody levels on day 28 post-YF17D
vaccination (day of JE/YF17D challenge), and viral RNA levels post-JE/YF17D

challenge. e,f, Heat map showing gene expression profiles of JE/YF17D vaccinees
onday 28 (day of YF17D challenge) (e) and day 29 (one day post-YF17D challenge)
(f) from the nCounter humanimmunology panel. Z-scores of raw log, counts are
displayed. g,h, Correlation between anti-YF NS1(g) and anti-YF E (h) antibody
levels on day 28 post-JE/YF17D vaccination (day of YF17D challenge), and viral
RNA levels post-YF17D challenge. Pvalues calculated with two-tailed Spearman’s
correlation.
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Extended Data Fig. 7| Multi-cytokine antigen-specific T cell responses in (e), NS3 (f) and NS5 (g) stimulated whole-blood of vaccinees with (n = 8, blue bars;
vaccinees. Correlation analysis of concentration of IFN-y in C peptide-stimulated =~ mean) and without (n = 8, red bars; mean) detectable RNAemia post-challenge.
wholeblood and the corresponding concentrations of IL-2 (a), granzyme-B (b), Circlesrepresentindividual vaccinees. P values calculated with two-tailed

IL-10 (c) and TNF-a (d) (n =16). Two-tailed Spearman’s correlation. Dotted lines unpaired Mann-Whitney Utest. ns, not significant.

denote the 95% confidence interval. e-g, Concentration of secreted cytokinesin C
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Extended Data Table 1| Systemic adverse events reported by study participants

Arm1 Arm 2
JE/YF17D vaccination  YF17D vaccination p-value
YF17D challenge JE/YF17D challenge

(n=17) (n=16)
Any systemic AE throughout 11 (65) 6 (38) 0.17
study period?, no. (%)
Any systemic AE after primary 5(29) 5(31) >0.99
vaccination®, no. (%)
Any systemic AE after 9 (53) 1(6) 0.007

challenge infection®, no. (%)
Type of systemic AE after primary vaccination, no. of events
General disorders

Fever 1 0
Myalgia 2 0
Arthralgia 0 0
Fatigue/Lethargy 3 1
Central nervous system disorders
Headache 3 3
Vertigo 0
Dermatological disorders
Rash 1 1
Pruritis 1 0
Gastrointestinal disorders
Anorexia 0 0
Abdominal pain 0 1
Type of systemic AE after challenge infection, no. of events
General disorders
Fever 5 0
Myalgia 6 1
Arthralgia 1 0
Fatigue/Lethargy 9 0
Central nervous system disorders
Headache 1
Vertigo 1 0
Dermatological Disorders
Rash 0 0
Pruritis 0 0
Gastrointestinal disorders
Anorexia 1 0
Abdominal pain 0 0

Participants in Arm 1 received JE/YF17D vaccination followed by YF17D challenge infection. Participants in Arm 2 received YF17D. Only adverse events assessed by the study investigator to
be possibly, probably or definitely related to the study vaccination are listed. *Participants who reported at least one systemic AE during the course of the study. °YF17D in Arm 1and JE/YF17D
in Arm 2. °JE/YF17D in Arm 1and YF17D in Arm 2. AE = adverse event; n = number of study participants reporting at least one adverse event. AE rates were compared using two-sided Fisher’s
exact test.
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Reporting on sex and gender Study population demographics are shown in extended data Table 1. Both males and females were recruited for the study
and the sex of participants were balanced between the groups. Sex was determined based on information recorded in
national identity documents. No information on gender was collected. No sex or gender specific analysis was conducted due
to the small sample size.

Reporting on race, ethnicity, or | Study population demographics are shown in extended data Table 1. Race was determined based on information recorded

other socially relevant on national identity documents. No adjustment for potential confounders were made as this was a randomized trial.
groupings
Population characteristics Study population demographics are shown in extended data Table 1. Essentially, study participants were all healthy adult
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Recruitment Study participants were recruited from within Singapore, through a combination of print and email advertisement. Potential
sources of self-selection bias include the need to be available for the frequent study visits and the need to be dengue
seronegative at the time of study enrolment.

Ethics oversight The study was approved by the SingHealth Centralised Institutional Review Board (CIRB) (Ref: 2021/2738).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size A sample size of 25 per arm was initially estimated to provide 80% power at a 5% type 1 error rate, in order to detect an effect size of 0.8
standard deviation in mean RNA levels on a log10 scale, between primary vaccination and challenge infection. However, a decision was made

to terminate enrolment after the first 34 participants, as five participants did not seroconvert after JE/YF17D or YF17D challenge infection,
indicating that a proportion of study participants would not be fully protected from a future JE or YF infection, despite being vaccinated.

Data exclusions | No data was excluded from this analysis.
Replication Samples were run in technical duplicates for the viral RT-qPCR and the anti-NS1 and anti-E antibody ELISAs, and in triplicates for the whole-
blood cytokine release assay. All attempts at replication were successful. Apart from these 3 assays, samples were only re-run if the assay

controls indicated an experimental failure, due to the limited and unique nature of samples collected from study participants.

Randomization  Participants were randomized in a 1:1 ratio using opaque sealed envelopes, each containing a study arm, that were randomly picked by a non-
study team member.

Blinding Study investigators were blinded to group allocation during data collection and analysis.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

IZ Antibodies IZ |:| ChlP-seq

IZ Eukaryotic cell lines |:| |Z Flow cytometry

|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|:| Animals and other organisms
|Z Clinical data

|:| Dual use research of concern

|:| Plants

NXOXKOO S

Antibodies

Antibodies used From BD Biosciences
Anti-human CD3-PerCPCy5.5 (clone SK7, 340949, 2:50 dilution)
Anti-human CD4-PECy7 (clone SK3, 557852, 3:50 dilution)
Anti-human CD8-APCCy7 (clone SK1, 557834, 3:50 dilution)
Anti-human CD38-APC(clone HIT2, 555462, 10:50 dilution)

From Biolegend
Anti-human HLA-DR-BV605 (clone L243; 307640, 1:20 dilution)

Validation Antibody validation is available at each manufacturer's website below:
Anti-human CD3-PerCPCy5.5 - https://www.bdbiosciences.com/en-sg/products/reagents/flow-cytometry-reagents/clinical-discovery-
research/single-color-antibodies-ruo-gmp/percp-cy-5-5-mouse-anti-human-cd3.340949
Anti-human CD4-PECy7 - https://www.fishersci.com/shop/products/anti-cd4-pe-cy-7-clone-sk3-bd/BDB557852
Anti-human CD8-APCCy7 - https://www.bdbiosciences.com/en-sg/products/reagents/flow-cytometry-reagents/research-reagents/
single-color-antibodies-ruo/apc-cy-7-mouse-anti-human-cd8.557834
Anti-human CD38-APC - https://www.bdbiosciences.com/en-sg/products/reagents/flow-cytometry-reagents/research-reagents/
single-color-antibodies-ruo/apc-mouse-anti-human-cd38.555462
Anti-human HLA-DR-BV605 - https://www.biolegend.com/fr-lu/products/brilliant-violet-605-anti-human-hla-dr-antibody-7875

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Baby Hamster Kidney (BHK) cell lines were used for the PRNT assay, obtained from ATCC.
Authentication None
Mycoplasma contamination Cell lines tested negative for mycoplasma contamination

Commonly misidentified lines  No commonly misidentified cells lines were used.
(See ICLAC register)

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration ' NCT05568953
Study protocol The study protocol has been previously published (https://doi.org/10.3389/fimmu.2023.1135979).

Data collection Study enrolment, follow-up and data collection were conducted between 30 MAR 2023 and 31 OCT 2023 at the SingHealth
Investigational Medicine Unit, Singapore

Outcomes The primary outcome of the study was viral RNA levels after challenge infection. Secondary objectives included an assessment of
surrogate measures of viral control, including post-challenge antibody titers and symptomatic outcome rates.
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Plants

Seed stocks NA

Novel plant genotypes  NA

Authentication NA

Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

& The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

PBMCs were isolated by density-gradient centrifugation using Ficoll-Paque. Fresh PBMCS were used for the AIM assay.Cells
were suspended Yellow live/dead (invitrogen) was used to exclude dead cells in all experiments.

CytoFLEX S (Beckman Coulter)
FlowJo software (BD) v10.10
Sorting and collection of cells was not performed.

Gating strategy is shown in Extended data Figure 2c.

To exclude dead cells, Fixable Live/Dead Cell reactive dye+ cells were gated out. Single cells were gated on a forward scatter
height vs. forward scatter area plot. Lymphocytes were gated on forward vs. side scatter area plot based on their size and
granularity. CD3+ T cells were gated by selecting cells positive for the anti-CD3 antibody. CD4+ and CD8+ T cells were
identified by gating on CD3+ cells that were positive for either CD4 or CD8 expression, respectively. A Boolean gating strategy
was applied to ensure mutually exclusive subsets. Activation status was assessed within the CD4+ and CD8+ T cell subsets by
gating on cells co-expressing HLA-DR and CD38.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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