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RESEARCH ARTICLE

DENGUE

Virus-specific T lymphocytes home to the skin during
natural dengue infection

Laura Rivino," ™ Emmanuelle A Kumaran, sss—msemtss * Chien Tel Too/

Victor Chih Hao Gan.2 Brendon J. Hanson? Annelies Wilder-Smith,® Antonio Bertoletti, 2®
Nicholas R. J. Gascoigné, David Chien Lye? Yee Sin Leo®® Arne N. Akbar&

David M. Kemeny,! Paul A. MacAry*

Dengue, which is the most prevalent mosquito-borne viral disease afflicting human populations, causes a
of clinical symptoms that include fever, muscle and joint pain, maculopapular skin rash, and hemorrh
tations. Patients infected with dengue develop a broad antigen-specific T lynphocyte respon?ﬁut th
and functional properties of these cells are only partially understood. We show that nat I
dengue-specific CD8 T lymphocytes that are highly activated and proliferating, exgibi {
functions, and express CXCR3, CCR5, and the skin-homing marker cutaneous ly
(CLA). In the same patients, bystander human cytomegalovirusspecific CD8 T cells
acute dengue infection but do not express the same tissue-homing phenotype. We
circulating dengue-specific CD4 and CD8 T cells correlates with their in vivo abilj
dengue infection. The juxtaposition of dengue-specific T cells with virus-permi
dengue exposure represents a previously uncharacterizedorm of immune surveill
suggest that vaccination strategiesmay need to induce dengue-specific i
provide durable protection against dengue viruses.

®

INTRODUCTION u at a vigorous ‘CDé&ell response is asso-
Dengue virus (DENV) is a mosquito-borne flavi ; from severe disead®.(The strong evidence

©)
cause up to 390 million infections per year, of e projec f T cells during dengue infection suggests that a
are symptomaticl. Infection causes a wide sp i : i hotld also tarpet T cell component of the antiviral
ifestations, from a self-limiting febrile iliness ter ovide durable protection across all dengue serotypes.

to more severe life-threateningndgie hemorrha ailed understanding of the differentiation and specificity
aendUe-specific lymphocytestiunderlies natural dengue immu-

js needed.

he protective capacity wirus-specific lymphocytes depends large-
on the route of immunization1(D. It is known that the context in

all viral proteins is elicited during nat
nonstructural proteins NS3 and

The role and functionality of vir i nguevhich T cells initially encounter their cognate antigen determines the
infection are still not fully und i ehgue coordinated expression of adhesioolecules and chemokine receptors,
infections, virus-spegil nd to Laabighly &ctivatedwhich provide specific anatomical address codes for the responding cells
apoptotic, and to, ptype of the stbat will govern their tissue localization. Hence, tissue-derived antigen-

ondary infectin ) ! p reported goresenting cells within skin or gutimprint the expression of the E-selectin
correlation be ell response and ligand, cutaneous lymphocyte-assisd antigen (CLA), or the integib;
disease severit® i 14 other studis7j. [binding to mucosal addressin cell adhesion mole@ulIADCAM-1))
However, an incre poth m8c8)@nd hu- and CCR9 (binding to CCL25), which are characteristic of skin- or gut-
mans 6, 10 are providing evidence of a protective role of dengubeming T cells, respectivel¥Z 13.

specific CD4 and CD8 T cells from severe disease. A recent study During the blood meal of an infected mosquito, DENV enters
reported that dengue-specific CDB cells restricted in human leuko- through the skin, infects local dendritic celld, (L5, and travels through
cyte antigen (HLA) molecules that are associated with decreatedbloodstream to the draining lymph nodes where it activates virus-
disease susceptibility display higher magnitude and polyfunctioggécific cells. The cell types and organs hosting DENV replication and
the roles played by the virus and/or by the host immune response in
Ymmunology Programme, Life Sciences Institute and Department of Microbiolddiving organ pathology have stibt been fully elucidated. Autopsy
National University of Singapore, Singgpore, Singeigoagramme in Emerging In- reports from patients deceased after acute dengue infection have de-

fectious Diseases, Duke-NUS Graduate Medical School, Sjngapore, Sihrsipaie. ; : .
of Infectious Disegse and Epidemiology, Communicable Disease Centre, Tan Tocksggrtl)ed the presence of denguel\ﬁmlA - hepatocytes as well as in

Hospital, Singapgre, Singapdefense Medical and Environmental Research Institufg,aC?OPhages in the skin, spleen, and lymph noti§s DENV was
National Laboratories, Singapore, Singafiaze. Kong Chian School of Medicine, Nanyangletected in the skin and lymph nodes of dengue-infected rhesus

Technological University, Singapore, Singaf®irgapore Institute for Clinical Scienc:eq,,nonkeyS 17 in human cadaveric skin explants3(and in skin biopsies

Agency for Science, Technology and Research, Singapore, Siﬁ@mpﬂ' isian of Infection ) ) S o .
a,?d mﬁ'munny' University 00||egz of London, L%doﬁ?upK. from areas of skin rash in an individual receiving a live attenuated

*Corresponding author. E-mail: laura.rivino@duke-nus.edu.sg experimental dengue vaccinkd) Accordingly, skin manifestations,
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RESEARCH ARTICLE

gastrointestinal complications (mgea, vomiting, and diarrhea), anddata suggest that CDF cells specific for the DENV NS3 péptide n

liver enlargement accompanied by elevated blood levels of alanine anmiramant an efficient antiviral Tc1-type effector response, because they are

transferase (an enzyme found in tiver) are commonly observed dur-activated, proliferatg, and produce antiviral effector molecules.

ing acute dengue2(). Skin manifestations include a maculopapular

rash that occurs in a large proportion of dengue patients (50 to 82B@ngue-specific CD8 T cells are highly differentiated Tcl

on the third or fourth day from fever onset and/or petechiae, a mikffector cells with skin-homing potential during acute dengue

hemorrhagic skin manifestation observed toward the end of the febfilee combination of chemokine receptors and tissue-homing a

period RJ). Petechiae is commonly seen in patients with DHF and D8®lecules expressed by antigen-specific T cells is imprinted during

but more rarely in patients with DF. their initial encounter with antigen provides clues as to their mi-
Here, we show that during acutendgie infection, DENV-specific gratory capacity1?. We characte the phenotype of dengue-

CDS8" T cells are activated, proliferatiisplay antiviral effector func- specific CD8 T cells in the peripheral

tions, and express the skin-homing marker CLA. Expression of Cpatients by using NS3 27 pentaigg

by circulating DENV-specific T celcorrelates with their capacity topanel of phenotypic/homing 4 xpression profiles of

traffic to the skin, because virusesgfic T cells were enriched in theNS3 27 pentaméran(?nta bown for one represent-

skin as compared to the peripheral blood of dengue patients. The alive patient inFig. 2 (. ®en patientsHig. 3 (andF2 F3

richment of DENV-specific T cells at sites of possible virus entry highble S2). During erved that most N§3e2ific

lights a potential role of these cells in immune surveillance duripgripheral blood ess CLA, which is associated with

subsequent dengue infections andgests that vaccination may needhoming to the skin ion highest in pentahueils

to elicit dengue-specific T cells vimilar properties to provide du- during acute red to ad pentamer cells

rable protection against DENVs. from subs i ontrast, the gut-homing
markers ed at all or only at lower

DENV, specific effector T cells

, E and F), which typically support
|s es durlng inflammati@d) ( Expres-
ased in pentaroells during acute
n of this marker was detected on a subset
umanQ(I) as well as on T cells homing to
omblned expression of CCR7 and CD45RA
cific for the NS3 27 peptide are highly differen-
emory cells of the T effector menpory or T effect
expressing subgets (Fig. 3, G anthidpnclusion, weA(;)b
bind T cells specific for the HLA-A*118%stricte irculating DENV-specific CD§ cells during acute den-
Because DENV 2 accounted for most of i i ighly differentiated CXCRECRS cells endowed with a

the time of patient recruitment, we use i inshoming phenotype.

NS3 27 peptide (sequence: GTSGS
centages of circulating NS3-8pecifi

RESULTS

Dengue-specific CD8 T cells are activated, proliferate, &
display antiviral effector function during acute dengue

The activation status and functionality of virus-specific €I
were assessed in a cohort of aduligrds during q
and convalescent phases of dengue infection
Dengue-specific CD8T cells from periphe blo

ringactivated during acute dengue but lack expression of
gle, maise skin-homing marker CLA
rolif- Because the skin-homing phenotype of NS3 27 pentareéts during
dlmlnlshed aaclite dengue was very striking, vilose to further characterize the
escence (Figspe€ficity of CLA expression and eehine whether it correlated with
to E). The activi i GD8" T cells fol-  homing to the skin. First, we addressed whether the skin-homing

NS3 2#specific T ¢

cells. As describe 8
are undergoing secon |nfect|ons and no significant differencegriession on activated CDF cells specmc for an antigen not derived
terms of dengue-specific T cell responses were observed betireem DENV in the same dengue patient cohort. A previous report
primary and secondary infection®).( showed that during acute dengue infection, there is bystander activa-
To address the antiviral effector capacity of NS3@&cific T cells, tion of CD8" T cells specific for the human cytomegalovirus (HCMV)
ex vivo isolated peripheral blood mononuclear cells (PBMCs) were sif@€). We thus analyzed the activation status and CLA expression level
ulated with or without NS3 27 peptide, and production of interfegon-of HCMV-specific CD8 T cells from the peripheral blood of dengue
(IFN-g), tumor necrosis factea (TNF-a), and CD107a was assesseplatients by using pentamers specific for the HLA-A*028dtricted
by intracellular cytokine staining (ICS). IFdNsroduction and CD107a NLV peptide from HCMV (sequence: NLVPMVATYV). Plots for one re-
expression (an indirect measure of cytotoxicity) by penthells in - presentative patienE{g. 4A) and for six patients are shown (Fig. 4, B dl
response to their specific peptide were similar across all time poi@tsand table S3). CD38 and HLA-DR expression were increased on
(Fig. 1, F and G). Similar results were obtained by udlod-A*1101 HCMV-specific CD8 T cells during acute dengue as compared to the
pentamers presenting the DENV 1 and DENV 3/4 variants of the argiubsequent time points. In contta€LA expression on NLV-specific
genic peptide (fig. S2). In contrast, THBroduction was low during acute CD8" T cells was low (~6% of cells) and similar across all time points,
dengue but increased during postfebrile and convalescence phasess@gresting that CLA expression is not simply activation-induced.
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RESEARCH ARTICLE

A Healthy donor 1 Healthy donor 2 Dengue patient persistent herpes viruses such as HCMV were activated and proliferat-
wlo  NS3/5 «CD3/28 wlo  NS3/5 .CD3/28 wlo NS3/5 .cD3/zs NG, whereas those specific for anelated nonpersistent virus such as
o O 0 0 0 7 5600 flu were not 6. Here, we provide further evidence of the presence of
{

bystander T cell actitian during acute dengue. The absence of CLA
expression by HCMV-specific cells demonstrates that this tissue-homing
0 0 567 0 0 499 0 189  >600 ; ; ; P

PBMC marker is not induced simply as a consequence of T cell activation and
suggests that additional yet unknown factors are required for its up-
regulation. The cytokine environment may play a role, because it was

Denguel Dengue2 Dengue3 Dengue4  Dengue5 shown that CLA could be up-regulajgsl in vitro by transforming growth
B 600 factorb and IL-12, whereas IL-4 w nd to down-regulat2d (
500 I In conclusion, here, we show that | dengue infection induces
400 / Skin skin-tropic DENV-specific T celtbziges Ived inimmune sur-
2 300 m pevc  Veillance upon subsequent infg : he protective efficacy of
o 200 . virus-specific T cells i* g K capacity to home to the
S 100 site of infection, theseviiggli § e taken into account when
% 80 || designing new voghi
60
40
20 I I
0 - - Ha = n- MATERIAL S 0
w/o NS3/5 w/o NS3/5 w/o NS3/5 w/o NS3/5 w/o NS3/5
Fig. 6. Dengue-specific T cells are present in the skin of dengue patients. Study d_ : & _ _
IFNg production was measured by ELISPOT in cells isolated from skin blistéthe pa ited two studies, one designed to

fluid (skin) or from peripheral blood (PBMCs) of healthy controls and dengueCh; S € engue infection in clinically well-
patients. Equal number of cells was incubated overnight with or wjgout d inQidf@ls (tables S1 to S4). This study re-
NS3/NS5 peptide pools or with anti-CD3/28 antibodies) (Results fo aNing QI atlst 21 years of age with clinically
healthy donors and one representate acute dengue patient. The numiN Engue SIS WYirus-sifiecT cells identified in these in-

of spot-forming cells (SFC) detected in each well is indicate®). Datg “H duals were experintgedescribed in Figs. 1 to 5 to sup-

four acute patients (dengue 1to 4) and one convalescentwgue ] y. The other study was designed to understand

aim
patient are summarized. The number of SFC relative tG £glIS icate Dle oLC in the pathogenesis of denque. with a focus on
indicates that the number of SFC was too high to un 608 f ¢ Ip' Igif ot t t?l S’S This stud
tistics were calculated by using a nonparametric d-pans .. - er”_‘a ologicalmias .a.lons (tal e. ). This study
aim rait consenting healtfand clinically confirmed dengue-
ly,

signed rank test. ) ) o !
infe Ividuals of at least 21 years of age. Individuals from this
tudy were used in Fig. 6 to understand the role of dengue-specific T
in the skin of the dengue patients. Both studies are of an explor-
nature for which no previous data exist for any form of sample
jee justifications. No blindingr sandomization was performed.

immune surveillance upon reinfection g
CLA" cells could lose CLA expression
antigen in a different context. This_ha
where T cell homing properti
sequent antigenic encounters
liminary finding that ¢ e skin bfsaman peripheral blood and skin blister samples were obtained after
written informed consent from all participants. The study was con-
8 (ve do not ducted in accordance with the Daltion of Helsinki and approved
observe functio @ ic T cells during acbtethe Singapore National Healthcare Group ethical review board
dengue, at least i iri ) Pliferative capacity §B$GRB 2008/00293 and DSRB 2013/00209). The details of the dengue
ex Vvivo capacity to
stimulation. The discrepancies between the two studies may reflect the
fundamental differences in the characteristics of the patient cohddgngue diagnosis
used for the two studies. First, thai study involves child cohorts Dengue diagnosis was confirmed on the basis of either detection of DENV
infected with DENV 1 as compared to adult cohorts infected mainfRNA by reverse transcription polyrase chain reaction or of NS1 anti-
with DENV 2 in our study. The ethnicities of the two cohorts are alggen by enzyme-linked immunosortiessay (Bio-Rad). Some patients
different, and this may result inffrences in terms of immunodomi- with positive immunoglobulin M (IgM) and IgG acute serologies (Panbio
nance of the NS3 27 epitope, whicfiiences the extent to which NS3Dengue Duo Cassette) were also included if they fulfilled the V28O (
27-specific T cell populations will be functionally impaired in vi#g( criteria for probable DENV, as described previouBlyHealthy indi-
Previous studies suggested thastaxtivated T cells during acuteviduals with no clinical history of DENV infection were recruited for the
dengue are dengue-specific and that there is minimal contributiekin study from laboratory staff.
of bystander cells to the T cell resse. This was based on the obser-
vation that during acute dengue, flu-specific CO8cells were not PBMC isolation
activated ). However, Sandaloehal.showed that during acute viral Blood samples were collected from patients with confirmed DENV
infections (hepatitis B virus and dengue), COBcells specific for diagnosis in EDTA vacutainer tubes at three different time points
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from fever onset. PBMCs were isolated from peripheral blood by &t a final concentration of dg/ml) for 6 hours at 37°C in the presence
coll gradient purification and cryopreserved. Cells were thawed afmonensin (used according to the manufactsiiadication, BioLegend)
the day of the experiment and were used directly for the ex vivo assayd.of brefeldin A (5rg/ml) (Sigma-Aldrich), added for the last 4 hours

of stimulation. Cells were then washed and stained with the NIR viabil-
Suction blister induction ity stain (Invitrogen), followed by anti-CD3 PC7, anti-CD8 PerCP,
With skin suction chambers (Medical Engineering, Royal Free Hospitatli-CLA FITC, and anti-CCR9 APBioLegend) antibodies. ICS was
and a clinical suction pump, suction blisters were raised on the foregrarformed with antHFN-g V450 and antiTNF-a PE antibodies.
of dengue patients, as described previo@gy A negative pressure of  For detection of cytokine pduction by NS3 27 pentaniecells,
25 to 40 kPa (200 to 300 mmHg) below atmospheric pressure wesved ex vivo isolated PBMCs weg either left unstimulated or stim-
applied to the skin for 2 to 4 hours uhdi unilocular blister was formed. ulated with the NS3 27 peptide (i r 5 hours at 37°C in the
The blister was then protected oveynii with a rigid adhesive dressingpresence of brefeldin A (I@/ml). To degranulation, CD107a
and 18 to 24 hours later, the fluid inside the blister was aspirated &fi@C antibody was added to the ggi inning of the stimula-
microcentrifuged at 653000 rpm) for 4 min. The supernatant wadion. After the stimulation, cells g e HLA-A*1NB3
removed and stored aB0°C. The cellular pellet was resuspended Y pentamers and thegfrfacqaig anti-CD3 PC7 and anti-CD8
500nof AIM-V supplemented with 2% AB human serum until analyzedPerCP antibodies. ICS ainbl-g V450 and TNFa

APC. Samples w, q essa FACScan. Antibodies were
Synthetic peptides purchased from rmi nless otherwise stated.
Peptides from the NS3 and NS5 proteins were designed on the basis of
the sequence of DENV 2 virusrégh D2/SG/05K4155DK1/2005) andIFN-g ELISP
were purchased from Mimotopes. & peptides consist of 300 15-meELISPOT e ctio I ucing cells were per-
peptides overlapping by 10 aminodx;il22 peptides for the NS3 proformed a: iousty 4w € number of cells recovered
tein and 178 for the NS5 protein. The purity of the peptides was abdnam t eral blood of dengue patients/

night with or without pooled pep-

teinsri@/ml) or with anti-CD3/28

80%, and their composition was confirmed by mass spectrometry al
ysis. All peptides were dissolvedimethyl sulfoxide (DMSO) at ggon- ti
centration of 40 mg/ml, and intermediate working dilutio i_en) | ontrol. For the negative controls, DMSO
performed in RPMI supplemented with penicillin (200 U/ me:':a t®same concentration present in the peptide
Flow cytometric analysis ‘ tIstical args

Staining was performed on thawed, ex viv e St calculated with GraphPad Prism version 5 and con-
HLA-typed patients. Cells were stained on ice min hycler NE Journal policy. For Figs. 1 and 3 to 5, statistics were
erythin (PExHabeled HLA-A*1104NS3 27 or 2 calc y using a Kruskal-Watkst, followed by a nonparametric
pentamers (Prolmmune). NS3 p&ntamers, E ere u ann-Whitney test, whereas for Fig. 6, a nonparametric Wilcoxon
for experiments in Fig. 1, whereas a mix er@ror th hed-pairs signed rank test was used. Exact two-Riedles

streptomycin (200g/ml).
1, 2, and 3/4 variants was used for expe isted in table S7P% 0.05, *P < 0.01, *P < 0.001.
washed and subsequently stained gt 4°

on
r

of the following surface antibog , anti-
(peridinin chlorophyll protein -Cy7, Qi-CD38 SUPPLEMENTARY MATERIALS n)
APC (allophycocyani a Blue &iol egeMd) or antiwsw.sciencetranslationalmedicine.org/cgi/content/full/7/278/278ra35/DC1
CD3 PC7 (Beck i -CXCR3 PeriypsSi. Gating strategy and isotype controls for Fig. 1.
. - i 2. Cytokine production of CD8T cells specific for the HLA-A*116destricted NS3 27
Cy 55 (B,IOI,'ege_ ) end)’ ar?tl Cd\;%ants from DENV serotypes 1 and 3/4.
fluorescein isothi |oLegenQ), a.nt!'CC 7 S3. Gating strategy and isotype controls for Fig. 2.
Alexa Fluor 647 nce), ardiz biotin Fig. S4. Gating strategy and isotype controls for Fig. 4.

800 streptaviin Conjugate (|nvitrog§|:1y) S5. Gating strategy and isotypg Fontrols for Fig. 5. . '
anti-CCR? (R&D) folloWed by a secondary goat anti-mouse IgG *% Foaess " 2RIl spelis Bt P00 F el l e B depave paents
AP_C antlbOdy (Jackson lmmunOResear_Ch)’ a”q anti-CD45RA b'OEHEMe S2. Details of patients included in the experiments illustrated in Fig. 3.
antibody followed by a Qdot 800 streptavidin conjugate. Table S3. Details of patients included in the experiments illustrated in Fig. 4.

For Ki67 staining, cells were fixed and permeabilized using ttagle Sa. Details of patients included in the experiments illustrated in Fig. 5.
Cytofix/Cytoperm kit (BD Pharmingerand stained intracellularly with Tables 22 :etails c;f patfientslfdonorhs inmzc:)in the skin blister study illustrated in Fig. 6.

e : : : : : es S6. Source data for all graphs w !
anti-Ki67 FITC antibodies onice for 30 min. Samples were acqu!red 1. o7, Exavalues for all graphs.
Fortessa FACScan. All antibodiesrevpurchased from BD Pharmingen
unless otherwise stated.
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Abstracts
One-sentence summaryCirculating virus-specific T lymphocytes may contribute to immune surveillance
against dengue in the skin.

Editor’s Summary:
Getting under dengue virus skin

Dengue virus infection is transmitted by mosquitoes, suggesting that a vacc rgeting the immune |
sponse to the skin could have protective effects. Refirad. examined individu tural dengue in-

fection to determine whether skin-mediated immunity indeed contributes ' ainst dengue. The
found that dengue infection induced highly activated CD&ells that exp thagelg ;
lymphocyte-associated antigen (CLA). CLA expression by these ce
the skin during dengue infection. Notably, CLA was not up-reg
these individuals, suggesting that the skin-targeted homing is pa ffic. These data support a role
skin-directed immunosurveillance against dengue and reinforc ed ine strategy for this vir
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