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Abstract

 

A severe complication of dengue virus infection, dengue

hemorrhagic fever (DHF), is hypothesized to be immuno-

logically mediated and virus-specific cytotoxic T lympho-

cytes (CTLs) may trigger DHF. It is also likely that dengue

virus–specific CTLs are important for recovery from den-

gue virus infections. There is little available information on

the human CD8

 

1

 

 T cell responses to dengue viruses. Mem-

ory CD8

 

1

 

CTL responses were analyzed to determine the di-

versity of the T cell response to dengue virus and to identify

immunodominant proteins using PBMC from eight healthy

adult volunteers who had received monovalent, live-attenu-

ated candidate vaccines of the four dengue serotypes. All

the donors had specific T cell proliferation to dengue and to

other flaviviruses that we tested. CTLs were generated from

the stimulated PBMC of all donors, and in the seven donors

tested, dengue virus–specific CD8

 

1

 

CTL activity was dem-

onstrated. The nonstructural (NS3 and NS1.2a) and enve-

lope (E) proteins were recognized by CD8

 

1

 

CTLs from six,

five, and three donors, respectively. All donors recognized

either NS3 or NS1.2a. In one donor who received a dengue 4

vaccine, CTL killing was seen in bulk culture against the

premembrane protein (prM). This is the first demonstration

of a CTL response against the prM protein. The CTL re-

sponses using the PBMC of two donors were serotype spe-

cific, whereas all other donors had serotype–cross-reactive

responses. For one donor, CTLs specific for E, NS1.2a, and

NS3 proteins were all HLA-B44 restricted. For three other

donors tested, the potential restricting alleles for recognition

of NS3 were B38, A24, and/or B62 and B35.These results in-

dicate that the CD8

 

1

 

CTL responses of humans after immu-

nization with one serotype of dengue virus are diverse and

directed against a variety of proteins. The NS3 and NS1.2a

proteins should be considered when designing subunit vac-

cines for dengue. (

 

J. Clin. Invest. 

 

1996.

 

 

 

98:1684–1691.) Key

words: cytotoxic T lymphocyte 

 

•

 

 dengue virus 

 

•

 

 flavivirus 

 

•

 

epitope analysis

 

Introduction

 

Classical dengue, along with its more serious forms, dengue
hemorrhagic fever (DHF)

 

1

 

 and dengue shock syndrome
(DSS), are caused by any of the four closely related viruses of
the genus 

 

Flaviviridae

 

, designated dengue virus serotypes 1, 2,
3, and 4 (D1, D2, D3, and D4). Dengue fever is a self-limited
febrile disease. DHF is a life-threatening syndrome catego-
rized into four grades from less severe (Gr. 1) to severe (Gr.
4), and is a serious health problem in many parts of the world.
DHF grades 3 and 4 are also referred to as DSS because there
is profound plasma leakage leading to shock.

Primary infection with any of the four serotypes of dengue
virus (DV) induces life-long immunity to that serotype (1), but
only short-term immunity to the other dengue serotypes. Epi-
demiological observations indicate that the more severe form
of dengue, DHF, is more likely to occur during secondary den-
gue infections (2). Serotype–cross-reactive T cells have been
shown to be generated after primary dengue infection, sup-
porting the possibility that memory T cells could be activated
during secondary dengue infections (3).

Our laboratory has extensively studied the human CD4

 

1

 

cytotoxic T lymphocyte response to dengue virus infection to
attain a deeper understanding of the role of T cells in immuno-
pathology and/or recovery (3–5). The CD8

 

1

 

CTL response,
however, has only been extensively examined in one individual
who received a live attenuated D4 vaccine (6). CTL clones iso-
lated from this donor were found to recognize a synthetic pep-
tide encompassing amino acids (a.a.) 500–508 of the nonstruc-
tural protein NS3 in the context of HLA-B35 (6, 7). CD8

 

1

 

CTLs
have been shown to be the principal T cell surveillance system
in combating viral infections, and therefore, analysis of the
CD8

 

1

 

CTL responses will be critical in elucidating their role in
severe dengue infection. The lack of a suitable animal model
to analyze severe dengue infection stresses the need to exam-
ine the responses of humans. This information should provide
useful information for the future development of subunit vac-
cines.

We have examined the memory CD8

 

1

 

CTL responses in
eight healthy adult volunteers who received monovalent (D1,
D2, D3, or D4) experimental live attenuated candidate vac-
cines. PBMC from all donors had significant proliferative re-
sponses to flaviviral antigens, and CTLs were generated from
the PBMC in all donors. The results indicate that the CD8 T
cell response to dengue virus infection is diverse and directed
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Abbreviations used in this paper:

 

 a.a., amino acid; BLCL, B lym-
phoblastoid cell line; CTL, cytotoxic T lymphocyte; D1–D4, dengue
virus serotypes 1–4, respectively; DHF, dengue hemorrhagic fever;
DSS, dengue shock syndrome; DV, dengue virus; E, envelope pro-
tein; NS, nonstructural protein; prM, premembrane protein; WNV,
West Nile virus; YFV, yellow fever virus.
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against multiple epitopes on various proteins with dominant
recognition of NS3 and NS1.2a.

 

Methods

 

Viruses. 

 

D1 (Hawaii strain) and D2 (New Guinea C strain) were
provided by Walter E. Brandt (Walter Reed Army Institute of Re-
search). D3 (CH53489 strain) was provided by Bruce L. Innis
(Armed Forces Institute of Medical Science, Bangkok, Thailand). D4
(814669 strain) was provided by Jack McCown (Walter Reed Army
Institute of Research, Washington, DC). Yellow fever virus (YFV;
17D strain) was provided by Jacob J. Schlesinger (University of
Rochester School of Medicine and Dentistry, Rochester, NY). West
Nile virus (WNV; E101 strain) was provided by Margo Brinton
(Georgia State University, Atlanta, GA). Viruses were propagated as
previously described (8) and frozen at 

 

2

 

70

 

8

 

C until use. Recombinant
vaccinia viruses containing the gene coding for DV proteins were
produced as described previously (9–11). Vaccinia viruses expressing
D1 proteins were kindly provided by Dr. Enzo Paoletti (Virogenetics
Co., Troy, NY), and those expressing D4 proteins were kindly pro-

 

vided by Dr. C.J. Lai, (National Institutes of Health, Bethesda, MD).
D2 and D3 vaccinia recombinants were described earlier (11). Most
of the recombinant vaccinia viruses used in this study are shown in
Fig. 1. The amino acids contained in the D3 and D4 NS3 truncations
are indicated in Tables VI and VII.

 

Experimental vaccines and PBMC. 

 

These donors were proven to
be infected with DV by antibody responses and virus isolation. Most
of the volunteers had few symptoms (4, 12, 15), and two had symp-
toms compatible with dengue fever (13, 14, Hoke, C.H., Jr., personal
communication). PBMC were purified, resuspended at 10

 

7

 

/ml in
RPMI 1640 with 10% FBS (Sigma Immunochemicals, St. Louis, MO)
and 10% DMSO and cryopreserved until use. The HLA typing was
done in the Tissue Typing Laboratory at the University of Massachu-
setts Medical Center in Worcester.

 

Proliferative responses of PBMC. 

 

Proliferation assays were per-
formed as previously described (16). Tritiated thymidine [

 

3

 

H]TdR re-
ceptor (TdR) incorporation was counted in a liquid scintillation
counter (1205 Betaplate; Pharmacia, Wallac Oy, Finland). Significant
virus-specific proliferative responses after immunization were de-
fined using the following criteria (17): the maximum stimulation in-
dex (SI) induced by each of the flaviviruses had to be two or more
times greater than that induced by control antigen at the same dilu-
tion, the differences had to be statistically different, and [

 

3

 

H]thymi-
dine incorporation had to be 

 

.

 

 1,000 cpm.

 

Bulk culture of PBMC. 

 

PBMC were cultured at 

 

z

 

 5 

 

3

 

 10

 

6

 

/well
in 2 ml of AIM-V medium containing 10% human AB serum with the
homologous DV at a final dilution of stock virus between 1:2–1:6 in
24-well cluster plates. Cells from donors 2–7 were tested in bulk cul-
ture CTL assays between days 7 and 9. Cells from donors 1 and 8
were restimulated with 2 

 

3

 

 10

 

6

 

 gamma-irradiated (3,500 rad) autolo-
gous PBMC on day 7 in 1 ml of fresh medium containing 10% human
AB serum, 10 U/ml IL-2, and DV. Restimulated cells were assayed 7 d
later for cytolytic activity.

 

Preparation of target cells. 

 

Lymphoblastoid cell lines (BLCLs)
were established by culturing with EBV in 24-well plates (4). BLCLs
(5 

 

3

 

 10

 

5

 

) were infected with vaccinia viruses for 1.5–2 h at 37

 

8

 

C. The
cells were then diluted in 2 ml of media and further incubated for
12–16 h. Target cells were labeled with 0.25 mCi of 

 

51

 

Cr for 60 min at
37

 

8

 

C. After four washes, target cells were counted and diluted to 10

 

4

 

cells/ml for use in the cytotoxicity assay. The allogeneic target cells
used in the assays were either produced in our laboratory in Massa-
chusetts from unrelated donors, or were obtained from the National
Institutes of General Medical Sciences (NIGMS) Human Genetic
Mutant Cell Repository or the American Society for Histocompati-
bility and Immunogenetics (ASHI) Cell Bank and Repository.

 

51

 

Cr release cytotoxicity assay. 

 

Cytotoxicity assays were performed
in 96 round-bottom plates, as previously reported (18) . Effector cells
were added to 10

 

3

 

 

 

51

 

Cr-labeled target cells at an E/T ratio of 

 

z

 

 100:1.
In CTL assays with synthetic peptides, peptides at the indicated con-
centrations were added to target cells and incubated at 37

 

8

 

C for 30
min, after which the effector cells were added. Plates were centri-
fuged at 200 

 

g

 

 for 5 min and incubated for 4–5 h at 37

 

8

 

C. Supernatant
fluids were harvested using the supernatant collection system (Ska-
tron Instruments, Sterling, Virginia), and 

 

51

 

Cr content was measured
in a gamma counter. The percent-specific 

 

51

 

Cr release was calculated
with the following formula: (

 

cpm experimental release

 

 

 

2

 

 

 

cpm sponta-

neous release

 

)/(

 

cpm maximum release

 

 

 

2

 

 

 

cpm spontaneous release

 

) 

 

3

 

100. All assays were performed in triplicate, and the results were cal-
culated from the average of the triplicate wells. The SEM was 

 

,

 

 10%
in all the experiments.

 

mAb depletion assays. 

 

Anti-OKT3 (CD3), anti-OKT4 (CD4), anti-
OKT8 (CD8) antibodies (Ortho Diagnostic Systems, Inc., Raritan,
NJ) and anti-Leu11b antibodies (CD16; Becton Dickinson & Co.,
Mountain View, CA) were used in antibody-complement depletion
assays. DV-stimulated effector cells (1–1.5 

 

3

 

 10

 

6

 

) were resuspended
in 0.5 ml of RPMI 1640 supplemented with 2% FBS with 50 

 

m

 

l of the
individual antibodies. After a 30-min incubation at 4

 

8

 

C, the cells were
washed twice in cold RPMI/2% FBS and then resuspended in 0.6 ml,

Figure 1. Recombinant vaccinia viruses expressing different portions 
of the dengue genome. The range of proteins expressed is listed based 
on the order of proteins in the flavivirus polyprotein, C-prM-E-NS1-
NS2a-NS2b-NS3-NS4a-NS4b-NS5, where prM is the precursor of the 
membrane and is not drawn to scale. The dengue proteins expressed 
by these recombinant vaccinia viruses are designated based on the 
dengue serotype that served as the source for cloning and the genome 
segment included.

 

Table I. Summary of Vaccination and HLA Class I Types of 
Immune Donors

 

Donor number

Serotype and
strain of vaccine

received

Months after
vaccination

PBMC obtained

Class I HLA type

A B Cw

 

1 D1 45AZ5 (28) 4 2, 11 27, 60 1, 3

2 D2 16881 (17) 12 2, 29 44 5

3 D2 16881 (17) 12 1 8, 38

4 D2 16881 (17) 12 2, 3 7, 44 5, 7

5 D3 CH5348 (14) 36 2, 24 7, 62 3, 7

6 D4 341750 (13) 22 26, 28 27, 39 1

7 D4 341750 (15) 6 2, 23 35, 44 4

8 D4 341750 (15) 5 2, 28 51, 57 6

Numbers in parentheses are references of the individual vaccines.
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to which 0.2 ml of rabbit complement (Cedarlane Laboratories,
Hornby, Ontario, Canada) was added. After a 60-min incubation at
37

 

8

 

C, cells were washed three times, resuspended in RPMI/10% FBS,
and then used as effector cells in cytotoxic assays.

 

Results

 

Lymphocyte proliferative responses to flaviviruses. 

 

We first ex-
amined the proliferative responses of the PBMC from all eight
donors to DV and other flaviviruses. Proliferation was mea-
sured on day 7 by uptake of [

 

3

 

H]TdR. Previous studies have
shown that both DV-specific CD4

 

1

 

 and CD8

 

1

 

 T cells can be
stimulated in this assay (18). All eight donors had significant
proliferative responses to one or more of the viruses in the
panel (Table II). The PBMC of all the donors responded
strongly to the serotype that they had been vaccinated with,
and the PBMC of most donors responded to a lesser degree to
the other serotypes of DV, WNV or YFV. These results sug-

gest that DV-specific memory T lymphocytes from the eight
donors are predominantly serotype-specific, though cross-
reactive cells are also present.

 

Protein specificity of CTLs generated from the PBMC of

dengue-immune donors. 

 

BLCLs were infected with vaccinia
recombinants expressing portions of the D1 genome and used
as target cells in the assay (Table III). The effector cells gen-
erated from donor 1 PBMC lysed targets expressing the D1
structural proteins core (C), premembrane (prM), and enve-
lope (E), as well as those expressing the E and NS1.2a pro-

 

Table II. Proliferation of PBMC from Dengue Vaccine Recipients to Flaviviruses in Bulk Culture

 

Donors (vaccine)

SI after stimulation with

D1V D2V D3V D4V WNV YFV Control

 

‡

 

1:8 1:16 1:8 1:16 1:8 1:16 1:8 1:16 1:8 1:16 1:8 1:16 1:8 1:16

 

Donor 1 (D1) 5 3 2 1 4 2 1 1 2 2 1 1 1 1

Donor 2 (D2) 26 21 44 55 15 2 15 13 15 14 21 11 5 12

Donor 3 (D2) 7 5 54 40 12 6 12 7 35 37 5 5 15 11

Donor 4 (D2) 5 3 10 14 6 7 5 4 10 4 5 3 2 1

Donor 5 (D3) 3 3 3 2 6 6 2 1 3 3 2 2 3 1

Donor 6 (D4) 1 2 12 11 5 8 19 10 9 5 8 6 4 4

Donor 7 (D4) 1 1 2 2 1 1 2 2 1 2 1 1 1 1

Donor 8 (D4) 3 4 2 3 1 1 10 4 5 3 7 5 4 4

*PBMC (2 

 

3

 

 10

 

5

 

 cells) were incubated for 6 d in the presence of serial dilutions of flaviviruses. Cells were pulsed with 1.25 

 

m

 

Ci of [

 

3

 

H]TdR for 12 h

and [

 

3

 

H] TdR incorporation was measured. SI is calculated as mean cpm of cultures with virus/mean cpm of cultures with medium. Data are maximal

SI of immune PBMC of each subject (average of three or two wells). 

 

‡

 

Control, C6/36 mosquito cell supernatants. Underlined values indicate signifi-

cantly elevated SI values as defined in the Methods section.

 

Table III. Recognition of DV Proteins by CTLs Generated 
from PBMC of D1-immune Donor 1*

 

Target cells
infected with

Percent specific 

 

51

 

Cr release

Donor 1 (D1)

 

Exp. 1

 

‡

 

Vac. D1 (C.prM.E) 58

Vac. D1 (E.NS1.2a) 51

Vac. (control) 26

Exp. 2

 

§

 

Vac. D1 (C.prM.E) 22

Vac. D1 (E.NS1.2a) 17

Vac. D2 (E) 4

Vac. D2 (C.prM) 5

Vac. D2 (NS1.2a) 7

Vac. D4 (E) 5

Vac. (control) 4

*Autologous target cells (10

 

3

 

) were infected with vaccinia recombinants

and incubated with effector cells for 4–5 h. The E/T ratio was 

 

z 

 

100:1.

 

‡

 

Donor 1 PBMC were stimulated twice in vitro with D1. 

 

§

 

Donor 1

PBMC were stimulated once in vitro with D1.

 

Table IV. Recognition of DV Proteins by CTLs Generated 
from PBMC of D2-Immune Donors 2, 3, and 4 and
D3-Immune Donor 5*

 

Target cells
infected with

Percent specific 

 

51

 

Cr release

Donor 2
(D2)

Donor 3
(D2)

Donor 4
(D2)

Donor 5
(D3)

 

Exp. 1 Vac.D2 (C. prM.E) 49 35 17 —

Vac.D2 (C. pr.M) — 6 10 —

Vac.D2 (E) — 25 16 —

Vac.D2 (NS1.2a) 54 41 92 —

Vac.D2 (NS3) 71 50 89 —

Vac.D3 (NS3) — — — 82

Vac. (control) 26 7 19 32

Exp. 2 Vac.D2 (NS3) 51 43 52 70

Vac.D3 (NS3) 5 45 17 82

Vac.D4 (NS3) 16 0 11 54

Vac (control) 4 0 10 32

Exp. 3

 

‡

 

Vac.D2 (E) 32 16

Vac.D4 (E) 6 0

Vac.D2 (NS1.2a) 33 72

Vac.D1 (ENS1.2a.2b) 13

Vac.D4 (NS1.2a) 11 9

Vac. (control) 10 0

*PBMC from donors 2–5 were stimulated with autologous virus once in

vitro. Autologous target cells (10

 

3

 

) were infected with vaccinia recombi-

nants and incubated with effector cells for 4–5 h. The E/T ratio was

 

z

 

 100:1. 

 

‡

 

The E/T ratio was 

 

z

 

 200:1 for donor 2.
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teins (Table III, Exp. 1). PBMC from donors 2–4 were stimu-
lated with D2, and the PBMC from donor 5 was stimulated with
D3 for 7–9 d. CTLs from donor 2 recognized target cells ex-
pressing the three D2 structural proteins C.prM.E (Table IV,
Exp. 1), and were further shown to lyse target cells expressing
only E (Table IV, Exp. 3), indicating that specific killing was
directed against the E. They also recognized recombinant vac-
cinia viruses expressing the nonstructural proteins NS1.2a and
NS3. CTLs from donor 3 PBMC also recognized E, NS1.2a, and
NS3 (Table IV, Exp. 1). CTLs from donor 4 demonstrated no
lytic activity against any of the structural proteins, but recog-
nized NS1.2a and NS3 (Table 4, Exp. 1). Using target cells ex-
pressing D3NS3, CTLs from donor 5 were found to recognize
NS3 (Table IV, Exp. 1).

For donor 6, we found a CTL response against target cells
expressing the structural proteins C, prM, and E (Table V,
Exp. 1). We then narrowed the response down to the prM pro-
tein (precursor of the membrane) using target cells expressing
the individual structural proteins. This is the first time a T cell re-
sponse has been detected against the prM protein. NS3 was also
recognized by CTLs from donor 6. CTLs from donor 7 recog-
nized E and NS3 (Table V, Exp. 1). Our laboratory has previ-
ously detected CD8

 

1

 

CTL clones from this donor that recognized
NS3 (6, 7). CTLs from donor 8 mainly recognized target cells ex-
pressing D4 NS1.2a and E to a lesser degree (Table V, Exp. 1).
The results from the above experiments indicate that CTLs
were generated against at least one viral protein in all eight do-
nors. The main dengue proteins recognized by CTLs were
NS1.2a, NS3, and E.

 

Serotype specificity of CTLs generated from the PBMC of

dengue-immune donors. 

 

To analyze the serotype specificity
of the CTL responses in all donors, we used target cells ex-
pressing dengue proteins of serotypes other than one used to
immunize the donor. For donor 1, the response was serotype-
specific, since target cells expressing dengue proteins from se-
rotypes other than D1 were not recognized (Table III, Exp. 2).
For donor 2, the response to E and NS1.2a proteins was found
to be serotype-specific, whereas recognition of NS3 was cross-

reactive with D4NS3, but not D3NS3 (Table IV, Exp. 2). CTLs
from donor 3 had primarily serotype-specific responses to both
E and NS1.2a, but recognition of NS3 was cross-reactive with
D3NS3 and not D4NS3 (Table IV, Exp. 2). The response was
serotype-specific for CTLs generated against NS1.2a (data not
shown) and NS3 (Table IV, Exp. 2) from donor 4 PBMC.
CTLs from donor 5 were cross-reactive with both D2 and D4
NS3 (Table IV, Exp. 2).

Using target cells expressing NS3 from serotypes other
than D4 for donors 6 and 7, CTLs were shown to be cross-reac-
tive with D3NS3 for donor 6 and with both D2 and D3NS3 for
donor 7 (Table V, Exp. 2). CTLs from donor 8 were also cross-
reactive as target cells expressing D1E.NS1.2a were lysed (Ta-
ble V, Exp. 2). These results suggest that the CTLs generated
from the donors were predominantly cross-reactive although
donors 1 and 4 had serotype-specific responses.

 

Localization of the epitope within the NS3 protein recognized

by CTLs from donors 3, 5, 6, and 7. 

 

Donor 3 PBMC recognized
D2 and D3NS3 (Table VI, Exp. 2) to similar levels. We used
recombinant vaccinia viruses expressing truncated D3NS3
proteins to localize the epitopes on NS3 recognized by this do-
nor’s CTLs. The epitope was localized to a region between a.a.
247 and 618, since a truncated vaccinia recombinant containing
a.a. 1–247 (Vac D3-8) of D3NS3 was not recognized (Table VI,
Exp. 1). From Exp. 2, the area was further localized to the re-
gions from a.a. 247-412, since Vac D3-C2 (a.a. 412–618) was
not recognized. Exp. 3 narrows the epitope down to a region
between a.a. 247 and 354. Similarly for donor 5, it appears that
the epitope lies between a.a. 214 and 247 (Table VI, Exp. 2).

From the results in Table VII Exp. 1, we conclude that

 

Table V. Determination of Proteins Recognized by CTLs 
Generated from PBMC of D4-immune Donors 6–8*

 

Percent specific 

 

51

 

Cr release

Target cells
infected with

Donor 6
(D4)

Donor 7
(D4)

Donor 8
(D4)

 

Exp. 1 Vac. D4 (C.prM.E) 29 41 16

Vac. D4 (prM) 26 27

Vac. D4 (E) 11 51 14

Vac. D4 (NS1.2a) 7 27 32

Vac. D4 (NS3) 30 58 8

Vac. (control) 0 21 0

Exp. 2 Vac. D2 (NS3)

 

2

 

2 59

Vac. D3 (NS3) 16 42

Vac. D4 (NS3) 24 73

Vac. D2 (NS1.2a) 11

Vac. D1 (E.NS1.2a) 46

Vac. (control) 1 26

 

2

 

1

*PBMC were stimulated with D4V twice for donor 6 and once for do-

nors 7 and 8, as described in Methods. E/T ratio was 

 

z

 

 100:1.

 

Table VI. Localization of the Epitopes on NS3 Recognized by 
CTLs Generated from PBMC of D2-immune Donor 3 and 
D3-immune Donor 5*

 

Target cells
infected with a.a.

 

‡

 

Percent specific 

 

51

 

Cr release

Donor 3
(D2)

Donor 5
(D3)

 

Exp. 1 Vac.D2 (NS3) 1–618 32 —

Vac.D3 (NS3) 1–618 26 —

Vac.D3-8 1–247 3 —

Vac.D3-3 1–214 4 —

Vac.D3-14 1–176 2 —

Vac. (control) 0 —

Exp. 2 Vac.D3 (NS3) 1–618 46 54

Vac.D3-5 1–548 51 60

Vac.D3-3 1–214 — 39

Vac.D3-C1 447–618 8 42

Vac.D3-C2 412–618 9 —

Vac. (control) 7 34

Exp. 3 Vac.D3 (NS3) 1–618 76 78

Vac.D3-15 1–354 54 87

Vac.D3-8 1–247 — 71

Vac. (control) 3 29

*PBMC were stimulated with autologous virus once in vitro and used as

effectors. Autologous target cells (10

 

3

 

) were infected with vaccinia re-

combinants and incubated with effector cells for 4–5 h. The E/T ratio

was 

 

z

 

 100:1. 

 

‡

 

The numbers indicate a.a. residues of NS3 expressed by

the various recombinant vaccinia viruses.
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CTLs from donor 6 recognized an epitope between a.a. 1 and
183 of NS3. The CTLs of donor 7, on the other hand, recog-
nized a region between a.a. 453 and 618 on NS3. Using syn-
thetic peptides, we confirmed that the recognition was directed
against a peptide containing a.a. 500–508 of NS3 (Table VII,
Exp. 2). This is in agreement with previous work in our labora-
tory which showed that CD8

 

1

 

CTL clones isolated from this
donor recognized a synthetic peptide containing a.a. 500–508
of NS3 (6). CTLs in bulk culture were also shown to lyse syn-
thetic peptides containing a.a. 500–508 of D2 and D3NS3, con-
firming the cross-reactive nature of this response at the pep-
tide level (Table VII, Exp. 2).

 

Phenotype of dengue-specific CTLs in bulk cultures. 

 

To iden-
tify the phenotypes of DV-specific cytotoxic T cells in each of
the donors, cell depletion studies with mAbs and complement
were carried out. The assays were done 7–9 d after stimulation
with autologous virus for donors 2–5, 7, and 8. For donors 1
and 6, effector cells were restimulated on day 7 and used on
day 14. The effector cell populations were tested against target
cells infected with vaccinia recombinants (expressing portions
of the dengue genome that had elicited significant lysis in pre-
vious experiments), a vaccinia control, and a natural killer cell-
sensitive tumor cell line, K562. For donor 2, autologous
BLCLs persistently infected with D2 were used as targets.

 

Table VIII. Characterization of Cytotoxic T Cells Generated in Bulk Cultures*

 

Donor
Target cells

infected with

Treatments

Phenotype of
cellsC

 

9

 

Anti–CD3 

 

1

 

 C

 

9

 

Anti–CD4 

 

1

 

 C

 

9

 

Anti–CD8 

 

1

 

 C

 

9

 

Anti–CD16 

 

1

 

 C

 

9

 

Donor 1 (D1) Vac.D1 (E.NS1.2a) 33 2 0 21 16 CD4

Vac.D1 (C.prM.E) 36 6 9 15 29 CD4 

 

1

 

 CD8

Vac. (control) 1

K562 29 24 12 30 12

Donor 2 (D2) D2V infected 18 0 19 0 21 CD8

Uninfected

 

2

 

1

K562 19 9 12 14 7

Donor 3 (D2) Vac. D2 (NS1.2a) 34 3 27 2 38 CD8

Vac. D2 (NS3) 20

 

2

 

1 15 3 18 CD8

Vac. (control) 0

K562 10 5 8 10 2

Donor 5 (D3) Vac. D3 (NS3) 21 8 14 9 14 CD8

Vac. (control) 10

K562 36 21 24 24 7

Donor 6 (D4) Vac. D4 (nonM) 26 0 15

 

2

 

1 17 CD8

Vac. (control) 0

K562 13 4 7 11 1

Donor 7 (D4) Vac.D4(NS3)

 

453-613

 

52 9 31

 

2

 

4 23 CD8

Vac. D4 (E) 22 5 10

 

2

 

1 6 CD8, CD4

Vac. (control) 0

K562 11 11 7 5 0

Donor 8 (D4) Vac. D4 (NS1.2a) 27 0 33 5 26 CD8

Vac. (control) 5

K562 12 4 12 6 0

*Values are the percent specific 

 

51

 

Cr release from target cells. Underlined values are those that were decreased by 

 

.

 

 50% compared to controls with

the indicated treatment. PBMC were stimulated with autologous virus for 7 to 14 d as described in Methods. The E/T ratio was between 100 and 150:1

before treatments.

 

Table VII. Localization of the Epitope on NS3 Recognized by 
PBMC of D4-immune Donors 6 and 7

 

Target cells
infected or
pulsed with a.a.*

Percent specific 51Cr release

Donor 6
(D4)

Donor 7
(D4)

Exp. 1 Vac.D4.NS3 1–618 23 58

Vac.D4 (1–452) 1–452 18 29

Vac. D4 (183–452) 183–452 4 —

Vac. D4 (453–618) 453–618 5 58

Vac. (control) 24 21

Exp. 2 Vac.D4 (453–618) — 54

Vac. (control) — 24

Pep.D2.500 500–508 — 46

Pep.D3.500 500–508 — 41

Pep.D4.500 500–508 — 62

None — 23

*The number indicates amino acid regions on D4 NS3 expressed by the

recombinant vaccinia viruses. Peptides were present at a final concen-

tration of 25 mg/ml for the duration of the assay.
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Treatment with anti-CD3 antibody and complement de-
pleted the specific killing activity (Table VIII). These results
indicate that the killing was mediated by T cells in all donors.
For donor 1, the killing of target cells expressing the envelope
and nonstructural proteins NS1.2a (infected with recombinant
Vac D1E.NS1.2a) was mediated by CD41CTLs, because de-

pletion with anti-CD4 and complement decreased the killing
substantially. Killing of donor 1 targets infected with a con-
struct containing all three structural proteins (Vac D1C.prM.E;
Table VIII) was mediated by CD41 and CD81CTLs, since de-
pletions with either anti-CD4 or anti-CD8 decreased killing.
For donors 2, 3, and 5–8, killing was mediated almost exclu-
sively by CD81CTLs, since treatment with anti-CD8 and com-
plement significantly decreased the lytic activity. No other an-
tibody had a significant effect on the levels of lysis for these
donors. Taken together, the results suggest that stimulation of
immune PBMC in vitro with infectious DV activated mainly
CD81 memory CTLs, and the levels of CD81CTL activity var-
ied between donors.

HLA restriction of the lysis of target cells by CD81 bulk cul-

ture CTLs. HLA restriction of the CD81 bulk cultures was
examined in four immune donors to identify the predominant
restricting alleles in these cultures. Target cells were infected
with the recombinant vaccinia viruses that had previously elic-
ited significant lysis and a control vaccinia virus. From Table
IX, we conclude that recognition of E, NS1.2a, and NS3 by the
PBMC of donor 2 were all restricted by HLA-B44, since only
allogeneic target cells having HLA-B44 in common with the
autologous BLCLs showed significant lysis.

The nonstructural protein NS3 was recognized by CTLs of
a majority of our donors; therefore, we tested the HLA restric-
tion of three additional donors that had NS3-specific CTLs.
The results indicate that recognition of NS3 by donor 3 CTL
was B38 restricted. For donor 5, it appears that both A24 and/
or B62 may restrict recognition of D3NS3. In bulk culture,
CD81CTLs for donor 7 lysed allogeneic targets pulsed with
a.a. 500–508 that have only HLA B35 in common with autolo-
gous targets, confirming what we observed earlier with the
CD81CTL clones of this donor.

Discussion

In this study, we analyzed the bulk culture CD81CTL re-
sponses of eight donors who received monovalent, live-attenu-
ated candidate dengue vaccines (D1, D2, D3, or D4). Our aim
was to analyze the diversity of the CD81T cell responses in den-
gue infection. The PBMC from all donors exhibited proliferative
responses to flaviviruses, with the most significant prolifera-
tion being to the serotype of virus contained in the vaccine that
they had received and a variable level of cross-reactive prolif-
eration to other dengue serotypes or to other flaviviruses. We
detected dengue-specific CTL activity in all eight donors, indi-
cating that these live-attenuated vaccines elicited powerful
dengue-specific CTL responses. We found CTL killing against
a wide variety of proteins, including E, prM, and NS1.2a and
NS3 of DV, as summarized in Table X. Seven of eight donors
had CD81CTL responses directed against one or more of these
proteins although the levels of lysis varied between donors.

In DV-immunized inbred mice, bulk culture CD81CTLs
recognized only a very limited number of epitopes on DV pro-
teins—as few as one to three on the entire genome that en-
codes 3,386 amino acids (19). Preliminary studies indicated
that there were a limited number of CD81CTL epitopes on the
dengue protein in humans as well (6). The results reported in
this paper illustrate that there are multiple CD81CTL epitopes
on both structural and nonstructural proteins, which is similar
to our previous results demonstrating that multiple epitopes

Table IX. Determination of HLA Class I Restriction in 
Recognition of Dengue Proteins by CD81 CTLs*

Target
HLA

A
Class I

B
Type
CW

Percent 
specific‡

cytotoxicity

Potential
restricting

allele

Donor 2

(Vac D2E) Autologous 2,29 44 5 18

JK 2,24 7,62 3,7 9

CB 2,3 35,44 4 24 B44

TomG 23,29 7,44 4 25

9038 2 18 7 28

Donor 2

(Vac D2NS1.2a) Autologous 2,29 44 5 28

JK 2,24 7,62 3,7 9

CB 2,23 35,44 4 14 B44

VA17 2,25 18,44 5 19

9038 2 18 7 0

Donor 2

(Vac D2NS3) Autologous 2,29 44 5 71

CB 2,23 35,44 4 73 B44

9038 2 18 7 211

9049 33 65 8 5

Donor 3

(Vac D3NS3) Autologous 1 8,38 73

VA 12 1,24 35 4 10 B38

GM3105A 26,28 18,38 49

GM3162 2 8,35 12

Donor 5

(Vac D3NS3) Autologous 2,24 7,62 3,7 24

UM27 24,30 13,62 3,6 16

63390 3,24 7,62 4,7 17

Puzzro 2,3 39 2,3 3 A24

and/or

Autologous 2,24 7,62 3,7 52 B62

CB 2,23 35,44 4 12

CP 2,28 51,57 6 1

9022 1 8 7 16

VA16 2,28 7,14 5 9

Donor 7

(Pulsed with Autologous 2,23 35,44 4 52

a.a. 500–508 VA03 2,24 7,35 3,7 32 B35

of D4NS3) JC 3,24 35 4 45

*PBMC from donor 2 were stimulated with D2V for 7 d and used as ef-

fectors. (103) allogeneic targets were infected with the indicated vaccinia

recombinants with effectors, and were incubated for 4–5 h. Shared HLA

antigens are underlined. ‡For clarity, values are given as the percent of

specific cytotoxicity for the vaccinia recombinant–infected targets—per-

cent of specific cytoxicity for vaccinia control–infected targets.



1690 Mathew et al.

were recognized by DV specific CD41CTLs in both humans
and mice (3–5, 20).

The demonstration that DV-specific memory CTLs are se-
rotype cross-reactive after a primary dengue infection supports
the possibility that these memory T cells can be activated in
secondary infections with a heterologous serotype of virus
(21). We have previously shown that T cell activation markers,
soluble IL-2 receptor, soluble CD4, and soluble CD8 are ele-
vated in the sera of patients with DHF compared to those with
DF, implying that these activated T cells are likely to play a
role in severe disease (22). Lymphokines released from these
activated cells are likely to have immunoregulatory roles.

We have previously isolated human CD41CTL clones from
different donors with varying patterns of virus specificities (3,
11, 13, 20) and CD81CTL clones from one donor with four
patterns of serotype specificity (7). The results from this cur-
rent study on eight vaccine donors indicate that human CD81

bulk cultures have multiple specificities. We detected virus-
specific CTLs from two of eight donors (donors 1 and 4, Table
X), as well as CTLs with various subcomplex specificities that
recognized D2 and D4 NS3 (donor 2); D2 and D3NS3 (donor
3); D2, D3, and D4 (donors 5 and 7); and D3 and D4NS3 (do-
nor 6). Donor 8 generated CTLs that were cross-reactive pri-
marily with D1ENS1.2a and, to a much lesser degree, with
D2NS1.2a. Data from these experiments further lends support to
the possibility that both CD41 and CD81CTLs are capable of
being activated in secondary infections with a different serotype
of virus, and may contribute to the pathogenesis seen in DHF.

All donors had CTLs that recognized at least one nonstruc-
tural protein (NS3 or NS1.2a). The predominant protein that
was recognized by the PBMC of the eight donors was NS3.
NS3 is the second largest viral protein (containing 618 amino
acids) and is one of the most highly conserved proteins among
flaviviruses. It has both a protease (NH2 terminus) and a nu-
cleotide triphosphatase/helicase (COOH terminus) activity.

Our laboratory has previously identified multiple sites on NS3
recognized by human CD41CTLs (3,11). In the murine system,
we have shown that NS3 is the major target for DV-specific
H-2k CTL (19). Here, we show that there are at least five sites
on NS3 (different from those recognized by CD41CTLs) rec-
ognized by CD81CTLs. NS3 is therefore an immunodominant
protein, and although there is a predominance of recognition
of determinants on this protein, there is no single immuno-
dominant epitope. The results from Table X indicate that
CTLs recognizing NS3 are usually cross-reactive, whereas
CTLs recognizing other proteins (E, prM, and NS1.2a) are
mainly serotype specific. The cross-reactive nature of CTLs
against NS3 may be caused by the high levels of conservation
of amino acids of NS3 among the different serotypes. Since
NS3 is recognized by a wide variety of immune donor CTLs,
and antibodies to NS3 are unable to mediate antibody-depen-
dent enhancement of infection (23), this protein is an attrac-
tive candidate for a subunit vaccine. It is also possible that
NS3-specific CTL may contribute to the immunopathology of
DHF, since they can be reactivated after exposure to a heterol-
ogous serotype of virus. We do not yet have vaccinia recombi-
nants that express the nonstructural proteins NS4a, NS4b, and
NS5; therefore, there may be CTLs against these proteins that
we have not detected.

Genetically mediated factors may also play a critical role in
accounting for the differences in susceptibility to severe infec-
tion. Since NS3 was the immunodominant protein recognized
by CTLs, the MHC restriction was examined using CTLs gen-
erated in bulk cultures of four donors to identify class I alleles
that might present different portions of the NS3 genome. For
donors 2, 3, 5, and 7, the potential restricting alleles for NS3
are B44, B38, A24 and/or B62, and B35.

It is interesting that for donor 2, CD81 T cell epitopes for
all three proteins (E, NS3, and NS1.2a) were recognized in the
context of HLA-B44. A peptide-binding motif has been identi-

Table X. Summary of CTLs Generated in Cultures from PBMC of Dengue-immune Donors 1–8

Donor
Serotype of

vaccine received Proliferation
Dengue proteins

recognized by CTL
Serotype specificity
or cross-reactivity

Localization
of epitope

Responding cell
type (mAb1C1)

Potential HLA-
restricting allele

1 D1 1 C.prM.E Specific — CD41CD8 ND

E.NS1.2a Specific — CD4 ND

2 D2 1 E Specific —

CD8 (virus-

infected targets)

B44

NS1.2a Specific — B44

NS3 Cross-reactive — B44

3 D2 1 E Specific — ND ND

NS1.2a Specific — CD8 ND

NS3 Cross-reactive 247–354 CD8 B38

4 D2 1 NS1.2a Specific — ND ND

NS3 Specific ND ND ND

5 D3 1 NS3 Cross-reactive 214–247 CD8 A24 and/or B62

6 D4 1 prM Specific — CD8 ND

NS3 Cross-reactive 1–183 ND —

7 D4 1 E Specific — CD81CD4 ND

NS3 Cross-reactive 500–508 CD8 B35

8 D4 1 NS1.2a Cross-reactive CD8 ND
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fied for HLA-B44 with an acidic amino acid (glutamic acid) at
P2 and a less rigid requirement for a basic or hydrophobic
amino acid at P9 (24). It is likely that if we were to identify
nonamer peptides with the above motif in the three proteins,
one or more of them would be able to sensitize target cells for
lysis. Using the HLA-B44 motif, three different antigenic pep-
tides from both influenza NS1 and NP proteins were shown to
be presented by HLA-B44 to antiinfluenza type A–specific
CTLs from one donor (24). There are numerous factors in-
cluding proteolytic mechanisms, peptide stability, transport,
selective binding, etc., which determine the selection of partic-
ular peptides presented on one type of class I allele (25, 26). In
one study done on Thai children who had been hospitalized
with severe dengue infection, HLA A2 and HLA B17 ap-
peared to be statistically associated with developing increased
risk of severe disease (27).

There are a wide variety of factors that may contribute to-
wards the development of DHF and DSS. Vaccine strategists
therefore need to carefully weigh the options, since they have
to develop a vaccine that stimulates protective responses with-
out increasing the risk of immunopathological consequences.
Considerable work still needs to be done to establish the roles
of CD4 and CD8 T cells in viral clearance and pathology.
These studies will guide scientists in the development of a pro-
tective and effective vaccine that may prevent DV infections.
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