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Introduction

Summary

The Flavivirus genus of viruses includes dengue (DENV), Zika (ZIKV),
yellow fever (YFV), Japanese encephalitis (JEV), and West Nile (WNV)
viruses. Infections with these species combined are prevalent in tropical
and sub-tropical areas, affecting millions of people and ranging from
asymptomatic to severe forms of the disease. They therefore pose a seri-
ous threat to global public health. Several studies imply a role for T cells
in the protection but also pathogenesis against the different flavivirus spe-
cies. Identifying flavivirus-specific T-cell immune profiles and determining
how pre-exposure of one species might affect the immune response
against subsequent infections from other species is important to further
define the role of T cells in the immune response against infection.
Understanding the immune profiles of the flavivirus-specific T-cell
response in natural infection is important to understand the T-cell
response in the context of vaccination. In this review, we summarize the
current knowledge on human immune profiles of flavivirus-specific T-cell
reactivity, comparing natural infection with the acute form of the disease
and vaccination in different flavivirus infections.

Keywords: Dengue virus; T cells; transcriptomic; yellow fever virus; Zika
virus.

Envelope (E)] and seven non-structural (NSI, NS2A,
NS2B, NS3, NS4A, NS4B, NS5). Strains within the same

Flaviviruses are transmitted to humans primarily by the
mosquitoes Aedes aegypti, Aedes albopictus and Culex. The
most prominent representative viruses such as dengue
(DENV), Zika (ZIKV), yellow fever (YFV), Japanese
encephalitis (JEV), and West Nile (WNV) virus® are par-
ticularly prevalent and problematic in the large tropical
and equatorial areas inhabited by hundreds of millions of
people. Globally, tens of millions of infections occur
worldwide each year, making the prevalence of these
infections comparable to that of malaria.”

Flaviviruses are enveloped viruses with a single-
stranded positive-sense RNA genome and share similarity
in their genomic organization with a unique translated
polyprotein sequence cleaved in the ten main proteins,
three structural [Capsid (C), pre-Membrane (prM) and

flavivirus species are quite conserved with the exception
of DENV, where four different serotypes are observed.””

The role of T-cell responses in the context of infection
with DENV has been controversial, with previous studies
hypothesizing a detrimental effect (or ‘antigenic sin’)®*™'°
and several recent studies showing a protective effect of
DENV-specific T cells.'"° Although it cannot be
excluded that both hypotheses are valid and depending
on other factors, it is certain that the T-cell response
plays a major role in the flavivirus immune responses.
Hence, it is important to define the virus-specific T-cell
immune profiles in natural infection and compare them
with those elicited in the context of vaccination.

To comprehensively assess the amount of studies per-
formed on human T cells in the context of flavivirus

Abbreviations: C, capsid; DENV, dengue virus; DHF, dengue haemorrhagic fever; E, envelope; IFN-7, interferon-y; JEV, Japanese
encephalitis virus; KIR, killer cell immunoglobulin-like receptor; NS, non-structural; prM, pre-membrane; TCR, T-cell receptor;

WNV, West Nile virus; YFV, yellow fever virus; ZIKV, Zika virus
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infections, we queried the IEDB (www.IEDB.org) using
the following parameters: Positive Assays Only, Organism:
Dengue virus, Japanese encephalitis virus, West Nile
virus, Yellow fever virus, Zika virus, No B cell assays, No
MHC ligand assays, Host: Homo sapiens (human), MHC
Restriction Type: Any (for both CD8 and CD4), Class I
(for CD8) or Class II (for CD4). This query resulted in
more than 3000 flavivirus-derived epitopes described in
96 different studies. More specifically, 70 of these studies
described flavivirus-specific CD8 T-cell responses and 37
studies characterized CD4 T-cell responses. Among those,
the majority were focused on DENV (reviewed by Tian
et al,’' Rivino®® and Malavige and Ogg>’) followed by
YEV (reviewed by Watson and Klimstra®*), ZIKV (re-
viewed by Pardy and Richer®®), WNV (reviewed by Net-
land and Bevan)?® and JEV.2"~%

In the context of dengue, the role of T cells is still con-
troversial. On one side, a pathogenic contribution of the
T-cell response is suggested by the antigenic sin theory,
based on a cross-reactive suboptimal T-cell response after
the first DENV primary infection that leads to an exces-
sive pro-inflammatory response and cytokine storm.*™'

On the other hand, many other studies have supported
a protective role in the context of DENV infection.
Recently, additional studies comparing the acute form of
the disease have correlated the early onset of interferon-y
(IEN-y)-producing T cells with a mild form of the DENV
disease as well as with increased T-cell polyfunctionality
overall, suggesting that lack of an efficient and rapid T-
cell response might be important for DENV protection
and not immunopathogenesis.**”!

A similar protective role is observed in the context of T
cells in YFV, with long-lasting memory for both CD4 and
CD8 T-cell responses.”>” Many studies have recently
focused on dissecting the contribution of the T-cell
response in ZIKV, and particularly the role of previous
DENV exposure in shaping ZIKV-specific T-cell
responses.”**> Also in JEV, the T cell plays a major role,
with divergent functionality between JEV-specific CD4
and CD8 T cells and cross-reactivity capability across dif-
ferent neurotropic flaviviruses.””*® Finally, T cells can also
be detrimental in other flavivirus contexts depending on
tissue location; for instance the presence of CD8" T cells
in the brain is associated with a severe form of disease, as
shown in the context of WNV where reduction of anti-
gen-specific T cells protects from neurological complica-
tions.>®

The number of studies focusing on T cells in flavivirus
infections increases if the query is extended to include
data derived from animal models, as some of the stron-
gest data confirming important roles for T-cell responses
against flaviviruses come from animal models, particularly
mice (reviewed by Hassert et al,”’ Wen and Shresta,*®
and Diamond et al.>?) but also non-human primates.**~*?
For example, in mice, it has been shown that

heterologous peptides were able to contribute to protec-
tion.**> A recent study in non-human primates has
characterized the T-cell response following subsequent
ZIKV and DENV infection, showing that the time elapsed
between the two infections influences the virus-specific B-
cell and T-cell responses differently.*’

It is important to note that the vast majority of these
studies on T-cell responses did not perform transcrip-
tomic analyses of the virus-specific T-cell response. Per-
forming comprehensive transcriptomic studies of these
flavivirus-specific T cells would be immensely useful to
establish immune profiles associated with these different
disease states as well as commonly shared immune pro-
files across the different flaviviruses. Following this con-
cept, in this review, we summarize studies that have used
transcriptomic analyses to investigate the T-cell-specific
immune profiles in the context of different flavivirus
infections.

Defining the quantity and quality of T-cell
responses in different settings

Dissecting the contribution of T-cell responses in infec-
tion is complex, so it is advantageous to study the T-cell
reactivity in various different contexts such as natural
infection and vaccination. Establishing the T-cell immune
profiles in natural infection allows evaluation of the T-cell
memory response in the endemic population naturally
exposed to the virus. Studying the general population
allows a baseline signature of the T-cell response to be
established that then enables comparison with acute infec-
tion and vaccination. (Fig. 1, top circle). This baseline
signature can then be compared with T-cell profiles in
acute infection associated with different severities of dis-
ease and can provide insight if the better cross-protection
is associated with an aberrant T-cell profile (Fig. 1, left
circle). Finally, analysis of T-cell responses induced by
vaccination is of high relevance and allows evaluation as
to whether different vaccine constructs and regimens
induce T-cell responses that are similar in phenotype and
specificity to those induced by natural infection (Fig. 1,
right circle). In the next paragraphs, we will describe the
role of T cells in natural immunity, acute infection and
vaccination by using DENV infection as a model and
compare these findings with closely related flaviviruses.

Flavivirus T-cell responses in natural immunity
as a model to dissect flavivirus-specific
responses

The transcriptomic profiles of CD4 and CD8 T cells have
been systemically investigated in DENV-exposed individu-
als from endemic regions. In terms of CD4 T cells, stud-
ies from our group and others have revealed the gene
expression profiles of effector memory T cells

© 2019 John Wiley & Sons Ltd, Immunology, 160, 3-9
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Figure 1. Contributing factors in dissecting flavivirus-specific T-cell immunity. Natural infection (top circle), Acute disease (left circle) and Vac-

cination (right circle).

46,47

re-expressing CD45RA (Temra cells), which expand
in individuals with multiple previous DENV infections
and up-regulate the expression of the chemokine receptor
CX3CR1.*** CD4 Temra cells have highly heterogeneous
transcriptomic profiles and a subset of these cells is char-
acterized by its high expression of cytotoxic molecules
such as granzyme B and perforin as well as transcription
factors including Runx3 and Hobit, and can be identified
by surface phenotypic markers such as GPR56 and
CD244.%*7 Burthermore, it has been demonstrated that
cytotoxic CD4 Temra cells have more restricted T-cell
receptor (TCR) repertoires, so may have undergone
extensive clonal expansions.**” Combining TCR profiling
and single-cell analysis allowed the determination of the
precursors of these cytotoxic CD4 T cells. The precursor
cells shared TCR clonotypes with CD4-CTL effectors and
were distinguished by high expression of the interleukin-7
receptor.46

In terms of CD8 T cells, our group recently character-
ized the transcriptomic profiles of DENV-specific memory
CD8 T-cell subsets. It was previously demonstrated that
DENV-specific CD8 T cells can be found predominantly
in the two effector memory CD8 T-cell subsets (Tem and
Temra).”® DENV-specific Tem and especially Temra cells
have highly specialized gene expression programs and up-
regulated genes related to T-cell activation, co-stimula-
tion, and effector functions.>® DENV-specific CD8 T cells
from both effector memory subsets responded to

© 2019 John Wiley & Sons Ltd, Immunology, 160, 3-9

DENV-specific stimuli by producing IFN-y in association
with genes involved in activation and cytotoxicity, such
as CD69, CDI160, CRTAM, SLAMF7, TNFRSF9, TNF,
CCL3, CCL4, and GZMB, XCLI, and XCL2.*° Addition-
ally, DENV-specific Temra cells express a few killer cell
immunoglobulin-like receptor (KIR) genes including
KIR2DL3, which are innate immunity signatures and are
expressed on natural killer cells.”® In addition, DENV-
specific CD8 T cells showed preferential usage of TCR f-
chain variable (TRBV) genes such as TRBV7-9 and
TRBV7-8,”° pointing to a clonally expanded TCR reper-
toire.

Interestingly, a very similar gene expression pattern has
also been found in the context of ZIKV-specific CD8
T-cell responses®’ (Fig. 2). More specifically, ZIKV-speci-
fic CD8 T-cell gene profiles were more similar to the
DENV-specific CD8 profiles of Tem cells then Temra
(Fig. 2). This is in line with previous findings showing
that ZIKV-specific CD8 T cells have mainly been detected
in the Tem compartment.” A set of genes sharing a simi-
lar gene expression pattern was found in DENV-specific
as well as ZIKV-specific T cells. In both viral infections,
these genes were found to be up-regulated in the IFN-
7" CD8" T cells and are associated with pathways
involved in the regulation of cytokine production, T-cell
activation, and the cellular response to IFN-y. Overall,
this might suggest that flavivirus-specific T cells share
similarities in terms of quality of response whereas the
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magnitude and the protein immunodominance (preferen-
tial T-cell reactivity against one or more structural or
non-structural proteins) depend on the specific flavivirus
analyzed.” Another important point when analyzing the
natural immunity against flavivirus is the co-circulation
of many of these viruses and the fact that previous expo-
sure to one flavivirus might impact the T-cell signature
to a subsequent infection with a different flavivirus.

In the context of ZIKV, we previously showed that
DENV pre-exposure skewed the protein immunodomi-
nance of ZIKV-specific CD8" T cells towards non-struc-
tural proteins both in the context of CD8 and CD4 T-cell
reactivity.”” However, when the gene immune signature
was evaluated, the quality of ZIKV-specific CD8" T cells
did not differ based on DENV pre-exposure.” No tran-
scriptomic profiles of other flavivirus-specific CD4 and
CD8 T cells have been systematically investigated in the
context of natural immunity and additional studies are
needed to dissect the immune profiles of YF-, JEV-, and
WNV-specific T cells in human populations to take into
account the human genetic variability and provide new
insights for vaccine development and validation.

ZIKV-DENV Tem

IFNG
CcCL3
TNFRSF9
NAMPT
GZMB
MCOLN2
SLC1A5

DENV Tem

HSPH1

FABP5 4 CRTAM TAGAP
KLF10 NR4A2 CD69
TM2D3 CCL4 SLA
LINC00152 XCL1 GADD45B

Flavivirus T-cell responses in acute disease

Studying immune responses during acute viral infections
presents several challenges: sample collection is challenged
by the severity of disease status affecting both the volume
of the sample available and the homogeneity of the
cohort analyzed. For those reasons, many studies in the
DENV context have dissected the overall peripheral blood
mononuclear cell immune signature during the acute
phase of the disease, trying to identify potential gene can-
didates able to distinguish the severe form of the dis-
eases.”>®' Robinson and co-authors combined all these
studies by in silico approaches and identified a 20-gene
set able to predict severe dengue disease that is signifi-
cantly enriched in natural killer and natural killer T cell
populations.®? Interestingly, very similar gene expression
patterns are found in CX3CRI, which is under-expressed
in dengue hemorrhagic fever (DHF)/dengue shock syn-
drome.”” As cytotoxic CD4 Temra cells up-regulate the
expression of CX3CR1,* this finding may support the
notion that these cells provide protective immunity
against severe dengue disease.

Common
DENV Temra EGR2 RGS16
IRF8 IRF4
NR4A3 MAP3K8
XCL2 REL
NR4A1 MTHFD2

EGR1 C10orf54
BCL2A1 SERTAD1
CD160 D2

spbcBP MIR155HG PKM2
CBLB TNF NOP16
TNFSF14 NFKBID
PGAM1

ZIKV-DENV Temra
RAB27A
HSPIOABH cD83 GPR18
PRNP Icos OSBPL3
PHLDA1 ZIKV oKsz SRGN
TNFRSF1B GADDA45A HSPA5
GAPDH HOPX

Figure 2. Immune profile comparison in dengue virus (DENV) and Zika virus (ZIKV) -specific CD8 T cells. Gene expression comparison
between DENV-specific and ZIKV-specific CD8 T cells. Gene list has been extracted based on DEG between interferon-y-positive (IFN-y*) and
IFN-y~ after CD8 MegaPool stimulation with log2FoldChange |2| Padj < 0-05 derived from two studies analyzing transcriptomic profiles of

DENV and ZIKV-specific T-cell responses, respectively.’>' The overlap between gene lists has been performed comparing ZIKV with DENV-

Tem and DENV-Temra, respectively. The common list represents the overlap of the three different data sets.

© 2019 John Wiley & Sons Ltd, Immunology, 160, 3-9
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In a recent study from our group, we characterized
antigen-specific CD4 T cells during acute DENV infection
and investigated whether there was any difference in CD4
T-cell response between patients with dengue fever or
DHFE.®> We identified a unique interleukin-10" IFN-y"
double-positive (DP) CD4 T-cell subset that predomi-
nated the antigen-specific CD4 T-cell response during
acute DENV infection. Moreover, although the frequency
of DENV-specific DP cells is higher in DHF patients than
in dengue fever patients, the transcriptomic profile of DP
cells was similar in dengue fever and DHF patients. These
findings suggest that dengue disease severity is not associ-
ated with altered phenotypic or functional attributes of
this specific CD4 T-cell subset and argue against the
notion that altered CD4 T-cell phenotype or function
may be a determinant of severe dengue disease.®’

In terms of CD8 T cells, it has been shown that HLA-
DR" CD38"-activated CD8 T cells isolated from DENV-
infected patients exhibit increased expression of genes
involved in T-cell proliferation, activation, migration, and
cytotoxicity.®* These HLA-DR™ CD38" CD8 T cells up-
regulate the expression of multiple inhibitory receptors
such as Lag-3, Tim-3, and CD160.°* Conversely, they
down-regulate several genes that mediate TCR signaling,
including AKT3, SOSI, ITK, PLCGI, NCK2, and
RASGRP1.**

In summary, both the CD4 and CD8 T-cell responses
show an immune signature of genes associated with pro-
liferation, activation, migration, and cytotoxicity pointing
to a fully functional effector capability of flavivirus-speci-
fic T cells.*

Importance of T cells in flavivirus vaccination:
the dengue example

In the absence of an effective antiviral therapy, the devel-
opment of effective vaccines that are able to protect from
flavivirus infections is the most desired strategy to be able
to control flavivirus-induced disease. However, although
it has been possible to develop efficient vaccinations for
some members of the family (e.g. YFV, JEV), multiple
factors are challenging the design of protective vaccina-
tion against WNV, DENV, and ZIKV.®> Among those,
the viral variability has a considerable impact, and is par-
ticularly important in the case of DENV, where the co-
circulation of multiple serotypes with only 50%—-60%
homology leads to heterologous infections strongly associ-
ated with increased risk of severe DENV disease.>**>%
Additionally, co-circulation of multiple flaviviruses in
the same geographical areas is often observed,’® making it
difficult to separate the immune response specific for a
single flavivirus without considering the effect that previ-
ous flavivirus exposure or the following exposure can
have in shaping the immune system, as previously
reported between DENV and ZIKV.’>**®  This

© 2019 John Wiley & Sons Ltd, Immunology, 160, 3-9
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observation also has implications in vaccine development,
as in order to design an efficient vaccination able to pro-
tect from a specific flavivirus infection, it should be con-
sidered that the target populations are most likely
flavivirus-exposed. Increasing progress is observed in the
development of flavivirus vaccination, with YFV and JEV
being the most successful targeted flaviviruses, and many
promising vaccine candidates in different stages of
approval for DENV, WNV, and ZIKV.%

The vaccine design for flaviviruses encompasses differ-
ent strategies ranging from live attenuation, inactivation,
or the development of chimeric vaccine constructs com-
bining the structural proteins of the different flaviviruses
with the YF17D vaccine strain backbone.®> The chimeric
CYD-TDV (Dengvaxia®) developed by Sanofi (Lyon,
France) has recently been licensed as a vaccine against
DENV. The vaccine construct contains the prM and E
proteins of the four major DENV serotypes strains within
a YF backbone comprised of C and NS proteins. The lack
of protection observed in the DENV seronegative popula-
tion in this vaccination® raised questions about the need
for DENV NS proteins in the vaccination to establish an
efficient immune response despite the presence of neu-
tralizing antibodies against prM and E proteins.””*"*
Previous studies have shown that the main reactivity of
DENV-specific T-cell responses is against C and NS pro-
teins, suggesting that the inclusion of proteins for which
DENV-specific T-cell responses are detected might be
required for efficient vaccine development.'"'>!%7>"77
Another DENV vaccine in development by Takeda
(Tokyo, Japan) is TAK-003, which contains prM and E
proteins from all four DENV serotypes in a DENV2 back-
bone and so all DENV proteins. In a recent paper,
Waickman and co-authors have shown vaccine-reactive
memory-precursor CD8" T cells in TAK-003 vaccination,
with a similar CD8" T-cell immune profile to that shared
by the DENV-specific and ZIKV-specific CD8" T cells in
the natural immunity context (summarized above).”®
Additionally, in the same study after DENV vaccination,
a specific subpopulation of activated CD8" T cells in the
memory compartment with transferrin receptor (TfR1/
CD71) up-regulation is associated with long lasting mem-
ory and increased cytotoxic capability within the vaccine-
reactive CD8" T cells defined as HLA-DR" CD38".7% In
conclusion, this underlines the importance of establishing
T-cell immune signatures after vaccination and analyzing
them with respect to immune profiles observed in natural
infection.

Conclusion

This review summarizes the current landscape of gen-
ome-wide transcriptomic studies of flavivirus-specific T
cells and underlines the potential of such studies that
allow the characterization of antigen-specific cells in an
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unbiased way. The knowledge of immune signatures and
biomarkers associated with natural infection, severe dis-
ease and vaccination have the potential to identify novel
immune signatures associated with protection or progres-
sion to severe disease.
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