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Sllmmary

It is generally accepted that virus-specific CD8 + cytotoxic T lymphocytes (CTLs) recognize
nine-amino acid peptides in conjunction with HLA class I molecules. We recently reported that
dengue virus-specific CD8 + CTLs of two different serotype specifidties, which were established
by stimulation with dengue virus, recognize a single nine-amino acid peptide of the nonstructural protein NS3 of dengue virus type 4 (D4V) in an HLA-B35-restricted fashion. To further
analyze the relationships between the serotype specificities ofT cells and the amino acid sequence
of the recognized peptides, we examined the ability of this viral peptide D4.NS3.500-508
(TPEGIIFTL) to stimulate T lymphocytes of an HLA-B35-positive, dengue virus type 4-immune
donor. Peptide stimulation of the PBMC generated dengue virus-specific, HLA-B35-restricted
CD8 § CTL clones. These clones lysed dengue virus-infected autologous cells, as well as autologous target cells pulsed with this peptide. Four patterns of dengue virus serotype specificities
were demonstrated on target cells infected with dengue-vaccinia recombinant viruses or pulsed
with synthetic peptides corresponding to amino acid sequences of four dengue virus serotypes.
Two serotype-specific clones recognized only D4V. Three dengue virus subcomplex-specific clones
recognized D1V, D3V, and D4V, and one subcomplex-spedfic clone recognized D2V and D4V.
Three dengue virus serotype-cross-reactive clones recognized D1V-D4V. Thus, a single nine-amino
acid peptide induces proliferation of a heterogeneous panel of dengue virus-specific CD8 + CTL
clones that are all restricted by HLA-B35 but have a variety of serotype specificities. Peptides
that contain a single amino acid substitution at each position of D4.NS3.500-508 were recognized differently by the T cell clones. These results indicate that a single epitope can be recognized by multiple CD8 + CTLs that have a variety of serotype specificities, but the manner of
recognition by these multiple CTLs is heterogeneous.
uman T lymphocytes recognize antigenic peptides
that are bound to HLA (1, 2). TCRs consist of a hetH
erodimer of oe and 3 chains expressed on the cell surface and
are responsible for recognition of the peptide--HLA complexes
(3, 4). The specificity of T lymphocytes is, therefore, determined by the interaction of TCRs with peptide-HLA complexes. It is generally accepted that the V(D)Jjunction (complementarity determining region [CDR] t 3 portion) of

1Abbreviationsusedin tkis~r: CD, complimentaritydetermining region;
DHF, dengue hemorrhagicfever;D1V-D4V, dengue virus types 1-4; LCL,
B lymphoblastoid cell lines; TCGF, T cell growth factor; VV, vaccinia
virus; VV-DV, vaccinia dengue recombinant virus.
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TCR is mainly responsible for recognition of peptide, and
that the CDR1 and CDR2 portions recognize HLA (5); however, how the TCR interacts with peptide and HLA is not
completely understood (6).
Virus-specific CTLs play an important role in recovery from
infection (7, 8) and in immunopathological mechanisms that
may occur in viral infections (9-11). Virus-specific CD8 +
CTLs are heterogeneous in their serotype specificities:serotypespecifc CTLs that recognize one serotype of the virus and
serotype-cross-reactive CTLs that recognize more than one
serotype (12). The peptides that bind to HLA class I molecules and are recognized by HLA class I-restricted CD8 +
CD4- CTLs are usually nine-amino acid peptides (13).
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Materials and Methods
Viruses. D2V (New Guinea C strain) and D4V, (814669 strain),
were used in this study. These viruses were propagated in C6/36
mosquito cells as previously described (15). Briefly, C6/36 cell
monolayers were infected at a multiplicity of infection of 0.1 PFU
per cell and were incubated for 7 d at 28~ in MEM containing
2% FCS (GIBCO BILL, Gaithersburg; MD) and 0.8% BSA, and
the supernatant was collected and stored at -70~ Viral titers
of the supernatants were 107-10s PFU/ml by plaque assay on CV-1
cell monolayers (16).
The NS3 gene of D2V (New Guinea C strain) and D3V (H-87
strain) were amplified from appropriate genomic RNAs using reverse transcription PCR with primers that contained BamH1 and
HindIII restriction sites. The resulting PCR product was ligated
into the vaccinia transfer plasmid, pKG19, which contains both
BamH1 and HindIII restriction sites in its cloning cassette. Tramfection of pGK19 vectors into vaccinia virus (VV) strain WRinfected CV-1 cells results in recombination at the viral thymidine
kinase gene locus. VV recombinants that contained the dengue
NS3 gene were isolated after growth in BudR, confirmed by PCK,
plaque purified three times, and grown to titers of 0.5-5 x 10s
PFU/ml on CV-1 cells. The presenceof the NS3 gene in VV-infected
CV-1 cells was demonstrated by SDS-PAGE. An additional VV,
which contains the NS3 gene of D4V (814669 strain), was previously provided by Dr. C.-J. Lai (National Institute of Allergy and
Infectious Diseases, National Institutes of Health, Bethesda,
MD) (17, 18).
Human PBMC. PBMC from a healthy aduh who had been
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immunized with a live attenuated experimental D4V vaccine 1 yr
earlier were collected by leukophoresis and separated by FicollHypaque density gradient centrifugation (19). PBMC were
resuspended in RPMI containing 200/0FCS and 100/oDMSO, and
frozen in a programmable cryopreservation chamber (Cryo-Med,
Mt. Clemens, MI). The HLA type of this donor was A2, A23;
B35; Cw4; DR7, DK53; DQ2; DPw4.
Preparation of Dengue Virus Type 4 Antigen. D4V antigen was
prepared from infected Vero cell monolayers as previously described
(20). Briefly, Vero cell monolayers were infected at a multiplicity
of infection of 1.0 PFU per cell and incubated at 37~ in MEM
containing 2% FCS until 50% of the cells displayed cytopathic
effects. Cells were then harvested by scraping, washed, fixed in
0.025~ glutaraldehyde in PBS for 15 min on ice, washed again,
and resuspended at 3 x 10s cells per ml in RPMI. The suspension of fixed cells was then sonicated on ice using a sonic dismembrator (Fisher Chemical Co., Pittsburgh, PA) and centrifuged at
1,500g for 10 rain at 4oC. The supernatant was collected, aliquoted,
and frozen at -70~ Control antigen was prepared similarly from
uninfected Vero cell monolayers.
Peptide Synthesis. Peptideswere synthesized using the RAMPS
Multiple Peptide Synthesis System (New England Nuclear Products, Boston, MA), as previously reported (21-23). Some peptides
were synthesized using the Symphony Peptide Synthesizer (Rainin
Instruments, Woburn, MA) at the University of Massachusetts Peptide Core Facility. Analyses to verify the amino acid composition
of the peptides and purification of the peptide D4.NS3.500-508
using HPLC were performed by Dr. Robert Carraway at the Peptide Core Facility.
Flow Cytometrl/ Peptide Binding Assay. A peptide binding assay
using RMA-S-B*3501 cells was performed as previously described
(24). Briefly,RMA-S-B*3501 cellswere cultured at 26~ for 18-24
h. Cells (6 x l0 s in 50 #1 of PBS supplemented with 20~ FCS)
were incubated at 26~ for 1 h with 50/zl of different concentrations of peptide solution in 96-well culture plates followed by incubation at 37~ for 3 h. After washing with PBS containing 20%
FCS, the cellswere stained with mAb to HLA-Bw6, SFR8-B6 (25),
and FITC-conjugatedIgG of sheepanti-mouse Ig antibodies(Silenus
Laboratories, Hawthorn, Australia). Fluorescenceintensity was measured using a FACScan|
Cell Surface Antigen Analysis. 5 x 10s cells were washed twice
in ice-cold PBS and stained with FITC-conjugated anti-Leu2 (antiCD8), anti-Leu3 (anti-CD4), or anti-Leu4 (anti-CD3) as previously
described (26). Control cells were labeled with FITC-conjugated
normal mouse IgG. Labeled cells were then washed three times
in ice-coldPBS. The surfacefluorescencewas quantitated by FACS|
analysis (FACS| 440; Becton Dickinson & Co., Mountain View,
CA), or the cells were analyzed for CD4 or CD8 expression with
a fluorescence microscope.
Stimulation of D4Vimmune PBMC with D4V. PBMC were suspended at 5 x l& cells/m1 in AIM-V medium containing 10%
heat-inactivatedhuman AB serum (AdvancedBiotechnologies,Inc.,
Columbia MD). 5 x l& cells in 1 ml were added to 1.0 ml of
D4V in 24-well duster plates (Costar Corp., Cambridge, MA),
as previouslydescribed (27). Viral peptide-specific cytolytic activity
was assayedusing some of these cells after 7 d of culture at 37"C,
1.0 ml of D4V was then added to the rest of the cells and cytolytic
activity was assayed again on day 14 at 37~
Proliferative Response of PBMC to Viral Peptides. PBMC (1.5 x
105 to 2.5 x 105)were cultured with synthetic viral peptides and
viral antigen at various dilutions in 0.2 ml of AIM-V medium
(GIBCO BILL)containing 10% human AB serum in 96-wellroundbottom microtiter plates (Costar, Corp.) at 37~ for 6 d. The cells
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Serotype specificity and serotype cross-reactivity of virusspecific CD8 + CTLs are believed to be determined by the
degree of conservation of the amino acid sequences among
serotypes. Thus, it is likely that epitopes that are not conserved among serotypes of certain viruses are recognized by
serotype-specific CTLs, while epitopes that are conserved
among serotypes are recognized by serotype--cross-reactive
CTLs. Ahhough this may be generally the case, we have recently described dengue virus-specific CTL clones that have
different serotype specificities: dengue virus type 4 (D4V)
serotype-specific and D4V-D2V cross-reactive, but recognizing the same nine-amino acid peptide in an HLA-B35-restricted fashion (14). This resuh suggests that serotype
specificity and cross-reactivity may be determined, not only
by the degree of conservation in the amino acid sequences
of the epitopes, but also by the T cell itself via its TCR. T cells
that possess a very specific TCR are serotype specific, while
T cells that possess a less specific T C R are serotype crossreactive, even though these two groups of T ceils recognize
the same epitope.
In this paper, we further elucidate the relationship between
the amino acid sequences of a peptide and the serotype
specificities of the T cells that recognize the peptide. After
stimulation of PBMC with a single nine-amino acid peptide, we established virus-specific CTL clones that recognize
the stimulating peptide with the same HLA restriction but
have heterogeneous serotype specificities. These results suggest that T cell serotype specificities and cross-reactivities may
not be solely determined by the degree of amino acid conservations of the epitopes among serotypes.

were pulsed with 1.5 #Ci of [3H]thymidine for 10 h before harvest with a multiharvester (Titertek; Skatron Inc. Sterling, VA).
[3H]Thymidine incorporation was counted in a liquid scintillation
counter (1205 Betaplate; Pharmacia, Wallac Oy, Finland).

Establishment of Dengue Virus-specific T Cell Clones by Limiting
Dilution. PBMC (6 x 106)were "y-irradiated(3,000 fads) and in-
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[(cpm experimental release) - (cpm spontaneous release)] x 100
[(cpm maximal release) - (cpm spontaneous release)].
Results

ProliferativeResponses of Donor 1 PBMC to the Synthetic Viral
Peptide D4.NS3.500-508 and Recognition of the Peptide by CTLs
Generated in Bulk Cultum We have previously reported that
the epitopes that are recognized by dengue virus-specific, HLAB35-restricted CD8 + CTL clones established by stimulation
with D4V are located within amino acids 453-618 of NS3
(14). The motif for HLA-B35-binding peptides has been
reported to be nine-amino acids peptides that contain a proline at the second position (28). Eight nine-amino acid peptides were prepared based on the HLA B35-binding motif
from the amino acid sequence located between amino acids
453 and 618 of D4V NS3.
PBMC from this D4V-immune, HLA-B35-positive donor
were cultured with each of these peptides and T cell proliferation was examined. PBMC proliferated when cultured with
peptide D4.NS3.500-508 (TPEGIItrrL), but did not proliferate when cultured with the other peptides (Table 1).
D4. NS3.500-508 did not induce proliferation of PBMC from
a dengue virus-non immune, HLA-B35-positive donor or
cord blood lymphocytes (data not presented).
We then examined whether D4.NS3.500-508 is recognized
by CTLs generated by stimulation with DV4 in bulk culture
(Table 2). PBMC from the D4V-immune donor were cultured with D4V for 7 d (Experiment 1), and further cultured with D4V for seven more days in the presence of 10%
TCGF (Experiment 2). Lysis of autologous LCL that had been
pulsed with each of the eight peptides by CTL generated
in bulk cultures was examined. CTLs generated by stimulation with D4V in bulk cultures lysed target cells pulsed with
D4.NS3.500-508, but did not lyse target cells pulsed with
the other peptides. These results suggest that D4.NS3.500508 is the only HLA-B35-restricted epitope recognized by
D4V-specific CTLs between amino acids 453 and 618 on NS3.
We quantified the binding of these peptides to HLA-B*3501
molecules by flow cytometry analysis of RMA-S cells transfected with the HLA-B*3501 gene as described in Materials
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cubated for 2 h with peptide D4.NS3.500-508 at 1 #g/rnl in 0.7
ml of RPMI containing 10% FCS. Cells were then washed five
times in ILPMI containing 10% FCS, centrifuged together with
4 x 106 autologous PBMC, and cultured in 48-well plates (Costar
Corp.) for 7 d in 1 ml of AIM-V medium supplemented with 10%
human AB serum. T cell growth factor (T-Stim; Collaborative Research, Inc., Bedford, MA) was added to the final concentration
of 10% on day 3. On day 7, 2 x 106 ~,- irradiated autologous
PBMC were pulsed with peptide D4.NS3.500-508 at 1 #g/m1 for
2 h and then washed five times. These 3,-irradiated, peptide-pulsed
PBMC were mixed and centrifuged together with growing cells
and resuspended in lml of AIM-V medium containing 10% human
AB serum and 10% T cell growth factor (TCGF) in 48-well plates.
The growing cells were restimulated again on days 21 and 35. Half
of the media in the wells was replaced every 3 d with AIM-V, 15%
T cell growth factor and 15% human AB serum. 1 wk after the
last restimulation on day 35, cells were seeded into V-bottom plates
(Costar Corp.) at concentrations of 100, 10, 3, and 1 cells per well
with 10s 3~-irradiatedautologous PBMC in 0.2 ml of AIM-V containing 10% human AB serum, 20 U/ml human rib2 (Collaborative Research, Inc., Bedford, MA) and 0.1/zg/ml ofmAb to CD3
(12F6; kindly provided by Dr. Johnson Wong, Massachusetts
General Hospital, Boston, MA). Every 3 d, 0.1 ml of superuatant
was removed from each well and replaced by AIM-V containing
10% human AB serum and 20 U/m1 Ib2.2 wk after seeding, half
of the cells in each well were examined for cytotoxicity against antologous B lymphoblastoid cell lines (LCL) infected with rVV containing the D4V NS3 gene ( W [D4:NS3]) or with control VV.
In one limiting dilution experiment, 33 out of 672 wells demonstrated cytotoxic activity that was greater than spontaneous release
+2.56 x SEM. These ceils were transferred to 48-well plates, and
were further expanded. The percentages of the wells that contained
the growing ceils with specificcytotoxic activity were 4.9% with
1 cell per well, 4.2% with 3 cells per well, 8.3% with 10 ceils
per well, and 43% with 100 cells per well. The nine CTL clones
used in the experiments were selected based on the specificity and
growth. Clones 2, 9, 12, and 14 were established from the wells
that contained 1 cell per well, clones 20, 21, and 22 were established from the wells that contained 3 calls per well, and clone
26 was established from the well that contained 10 cells per well.
Pre~ration of Target Cells. Autologous LCL were derived
through transformation of peripheralblood lymphocytes with EBV
as previously described (20) and were maintained in RPMI containing 10% FCS at 37~ Culture fluid from the EBV transformed
marmoset cell line, B95-8, was used as a source of EBV. Vacciniadengue recombinant virus (VV-DV)-infected target cells were prepared by infecting 106 LCL with VV-DV at a multiplicity of infection of ~20 PFU per cell for 2 h. After being washed twice,
LCL were cultured in RPMI containing 10% FCS at 37~ for
16-20 h and were used as target ceils.
D2V-infccted LCL were established by infection of 4 x 10s
LCL with 0.25 ml of an undiluted supernatant from D2V-infected
Raji cells and were maintained in cultures for 2-6 wk before use
as CTL targets. 50-70% of the D2V-infectedLCL contained dengue
virus antigen as detected by immunofluoresceuce using hyperimmune anti-D2V mouse ascites fluid 2 and 4 wk after infection.
Target cells were washed twice in RPMI containing 10% FCS

and were labeled by incubation with 0.25 mCi Na251CrO4 (New
England Nuclear Research Products, Boston, MA) for 45-60 rain
in 0.1 ml at 37~ After four washes to remove excess SlCr, target
cells were counted and resuspended at 104 cells per ml for use in
cytotoxicity assays.
SICr Release Cytotoxicity Assay. Cytotoxicity assays were performed in 96-well round-bottom plates as previously reported (22,
26). Effector ceils in 0.1 ml of RPMI containing 10% FCS were
added to 1 x 103 SlCr-labeled target cells in 0.1 ml at E/T ratios
of 50-100:1 for bulk cultures and 5-10:1 for CTL clones. In cytotoxicity assays using synthetic peptides, 0.05 ml of synthetic peptides was added to 103 target ceils in 0.1 ml, incubated at 37~
for 30 min, and 0.05 ml of effector calls were then added. All assays
were performed in triplicate. After centrifugation at 200 g for 5
min, plates were incubated at 37~ for 4-5 h. Supernatant fluids
were harvested and the SICr content was measured in a gamma
counter (PackardInstrument s, Sterling, CA). The percent of specific
release was calculated using the formula:

Table 1. Stimulationof PBMC from D4V-imrauneDonor with

Dengue Peptides*

Recognitionof D4.NS3.509508 by CTLs Generated
in Bulk Culture with D4V*

Table 2.

Stimulation index*

Autologous LCL
infected or
pulsed with

Peptide
concentrations
Peptides

Amino acid
sequences

1

0.1

0.01

/zg/ml
NPAQEDDQY
DPLKNDEDH
TPEGII PTL
IPTLFGPER
GPEREKTQA
LPVWLSYKV
RPRWLDARV
DPMALKDFK

0.7
0.8
2.__fi6
0.9
1.0
1.2
1.7
1.3

1.0
1.1
2.__77
0.8
1.1
1.1
1.1
0.8

ND
ND
1.8
ND
1.0
ND
ND
ND
10.7
1.1

* PBMC (2 x 10s cells)were incubatedfor 7 d in the presence of peptides, denguevirus, or control antigen. 10% TCGF was added on day
3. Cells were pulsed with 1.5 #Ci of [3H]thymidinefor 10 h, and
[3H]thymidineincorporationwas measured.Stimulationindicesof >t2.0
are underlined.
Stimulationindex is the ratio of [3H]thymidineincorporation(cpm)in
the presence of peptides or antigens to [3H]thymidineincorporation
(cpm) in the absenceof antigens. [3H]thymidineincorporationwithout
antigen was 14,970 cpm.
SD4V antigenwas preparedas describedin Materialsand Methodsand
used at a 1:120 dilution.

and Methods (Table 3). Six of the eight peptides, including
peptide D4.NS3.500-508, bound to HLA-B*3501, while two
peptides did not bind. The results shown in Tables 1-3 suggest that the stimulation of the PBMC by D4.NS3.500-508
is caused, not only by the peptide's ability to bind to HLAB35, but also by specific recognition of this peptide by CTLs.

Recognition of Dengue Virus NS3 Protein and the Peptide
D4.NS3.500-508 by Dengue Virus-specific CD8 + CTL
Clones. The PBMC from this D4V-immune donor were cultured with peptide D4.NS3.500-508 for 6 wk and was then
subjected to limiting dilution to isolate CTL clones as described in Materials and Methods. Those CTL clones, which
demonstrated D4V NS3-specific cytotoxicity in the screening
CTL assays, were expanded and nine clones were selected.
These nine CTL clones had a CD3 + CD4- CD8 + phenotype, as determined by immunofluorescence staining.
After establishment, each of the nine CD8 + CTL clones
was again examined for cytotoxicity against VV[D4:NS3]infected and Ix'pride D4.NS3.500-508-pulsed autologous LCL.
All the tested CTL clones lysed VV[D4:NS3]-infected and
peptide D4.NS3.500-508-pulsed target cells (Table 4). Recognition of two eight-amino acid peptides, D4.NS3.501856

Experiment 1
56
4
0
ND
80
ND
ND
ND
ND
0
0

Experiment 2
47
3
0
0
86
0
0
0
0
0
ND

103 autologousLCL target cellswere incubatedwith effectorcellsin
the presence of peptides at 0.025/zg/ml for 5 h.
Effectorswere generatedin 7-d bulk culture (Experiment1) and 14-d
bulk culture(Experiment2). E/T cellratios were 100:1 and 50:1 in Experiments 1 and 2, respectively.
SVV [D4:NS3] indicates recombinantvacciniavirus that contains the
gene coding for the NS3 protein of D4V.
*

508 and D4.NS3.500-507, which are NH2-terminal and
COOH-terminal mmcations of D4.NS3.500-508, respectively,
was then examined. These two peptides were not recognized
or were recognized to much lower levels compared to
D4.NS3.500-508 by peptide-induced, dengue virus-specific
CD8 + CTL clones (data not presented). This result indicates
that the nine-amino acid peptide D4.NS3.500-508 represents
the smallest recognition unit.

Lysis of Dengue Virus-infectedAutologous LCL by CD8 +
CTL Clones. To confirm that the CD8 + CTL clones established by stimulation with the peptide D4.NS3.500-508
lyse dengue virus-infected target cells, we examined the ability
of the CTL clones 12 and 20-22 to lyse autologous LCL infected with D2V. These CTL clones lysed D2V-infected autologous LCL, but did not lyse uninfected LCL (Table 5).
Dengue Virus Serotype Specificities of CD8 + CD4- CTL
Clones. To determine dengue serotype specificities of the
CD8 + CTL clones, we examined cytotoxicity against autologous LCL infected with VV [D2:NS3], VV [D3:NS3], or
VV [D4:NS3] (Table 6). CTL clones 9 and 14 lysed target
calls infected with VV [D4:NS3], but did not lyse target cells
infected with other recombinant VV. Clone 12 lysed target
cells infected with VV [D2:NS3] and VV [D4:NS3] and clones
2, 17, and 26 lysed target cells infected with VV [D3:NS3]
and VV [D4:NS3]. Clones 20-22 lysed target cells inf~ted
with any of the three VV constructs. These results indicate
that CD8 + T cell clones with four distinct patterns of
dengue serotype specificities were established by stimulation

Peptide-stimulatedCytotoxicT LymphocyteClones
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D4.NS3.464-472
D4.NS3.477-485
D4.NS3.500-508
D4.NS3.505-513
D4.NS3.510-518
D4.NS3.542-550
D4.NS3.592-600
D4.NS3.603-611
D4 AgS
Control Ag

VV [D4:NS3]S
VV [control]
D4.NS3.464-472
D4.NS3.477-485
D4.NS3.500-508
D4.NS3.505-513
D4.NS3.510-518
D4.NS3.542-550
D4.NS3.592-600
D4.NS3.603-611
None

Percent of specific SlCr release*

Quantitationof the Binding of Eight Peptides Synthesizedfrom the Amino Acid Sequence of D4V NS3 to
HLA-B*3501 Molecules*
Table 3.

Mean fluorescence intensity
Concentration of peptides (pM)
Experiment

Peptide

1,000

D4.NS3.477-485
D4.NS3.500-508
D4.NS3-505-513
D4.NS3.542~
D4.NS3.592-600
D4.NS3.603-611

2

D4.NS3.464-472
D4.NS3.500-508

3

D4.NS3.510-518
DR.NS3.500-508

400

200

100

10

1

0.1

0.01

143
219
140
156
24
208

84
197
97
144
36
191

63
194
55
97
41
142

48
180
36
53
45
77

40
82
38
41
45
45

40
46
42
40
47
41

37
40
41
40
41
38

36
37
38
38
41
37

118
193

51
93

45
57

41
48

41
48

46
210

45
113

52
60

47
49

48
49

47
327

* Peptide binding assays were performed using RMA-S-B*3501 cells as described in Materials and Methods. Mean fluorescence intensities without
peptide were 37 in Experiment 1, 44 in Experiment 2, and 48 in Experiment 3.
The - symbol indicates concentrations not tested.

w i t h a single viral peptide. T h e bulk-cuhured T cell line that
had been stimulated w i t h D4.NS3.500-508 for 6 w k lysed
target cells infected w i t h VV[D2:NS3], VV[D3:NS3], or
VV[D4:NS3].
We then synthesized peptides D2.NS3.500-508 (TPE-

GIIPSM) and D3.NS3.500-508 (TPEGIIPAL), which correspond to amino acids 500-508 of dengue 2 NS3 and dengue
3 NS3 respectively, to examine serotype specificities of the
T cell clones at the peptide levels. T h e patterns of dengue
virus serotype specificities determined using VV were con-

Recognitionof Peptide D4.NS3.SOO-SO8-pulsedand VV[D4:NS3]-infectedAutologous Target Cells by Dengue Virus-specific
CD8 + T Cell Clones*

Table 4.

Percent of Specific SlCr release
Denguespecific
clones

Peptide D4.NS3.500-508 (pg/ml)

Control peptide (/~g/ml)*

2.5

2.5 x 10 -2

2.5 x 10 -4

2.5 x 10 -6

2.5

2.5 x 10 -2

No
peptide

VV [D4:NS3]S

2
9
12
14
17
20
21
22
26

85
56
37
79
70
90
79
26
60

87
49
40
71
63
89
71
36
62

55
12
2
44
57
72
38
11
37

0
0
0
0
0
0
0
0
0

0
0
0
0
1
0
0
0
1

0
0
0
0
0
0
0
0
0

0
0
0
0
0
1
0
1
1

68
35
33
66
31
87
50
18
30

* A total of 103 autologous target cells were incubated with effector cells in the presence or absence of peptides for 5 h. E/T cell ratio was 10:1.
* D4.NS3.464-472 was used as a control peptide.
s VV [D4:NS3] depicts rVV that contains genes coding for NS3 protein of D4V.
857
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Table 5. Lysis of Autologous LCL Infected with D2Vs by

CD8 + CTL Clones*
Percent of specific 51Cr release
CD8 § CTL clones

D2V-infected

Uninfected

12

30

0

20

59

6

21

67

0

22

34

0

* 103 target cells were incubated with effector cells for 4 h. D2V-infected
and uninfected autologous LCL were used as target cells. E/T ratio was
10:1.

HLA-B35 Restriction of Dengue Virus-specific CD8 + CTL
Clones. HLA restriction of the lysis of target cells by the
CD8 + T cell clones was examined using a panel of HLA-

T a b l e 6.

Recognition of the Peptides with Amino Acid Substitution by
Dengue Virus-specific CD8 + CTL Clones. To define the
differences in the recognition of the peptide D4.NS3.500508 by CD8 + CTL dones of different serotype specificities,
we examined the effect of amino acid substitutions at single
positions on recognition. Nine peptides that have aspartic acid (D) at one of the nine amino acid positions of
D4.NS3.500-508 were synthesized. Three of the nine peptides, those that had D at the 2nd, 6th, or 7th position, did
not bind to HLA-B*3501, but the other six substituted peptides bound (Table 9).
We examined these six substituted peptides (D4.NS3.500500D, 502D, 503D, 504D, 507D, and 508D) that showed
significant binding to HLA-B*3501 for recognition by CD8 +
CTL clones in cytotoxicity assays (Table 10). The D4V specific

Dengue Serotype Specificities of Dengue Virus-specific CD8 § CTL Clones*
Percent of specific SlCr release

Dengue-specific clones

VV [D2:NS3]

VV [D3:NS3]

VV [D4:NS3]*

VV [control]

44

81

69

5

2
0

0
1

60
61

3
0

62
18
3
7

1
90
66
67

38
65
52
54

1
8
1
0

20

60

79

35

0

21

71

81

39

0

22

48

65

30

0

Bulk cultures
Serotype-specific
9
14
Subcomp~x specific
12
2
17
26
Serotype cross-reactive

* 103 target cells were incubated with effector cells for 5 h. The E/T ratios were 8:1 for clone 20, and 10:1 for clones 2, 9, 12, 14, 17, 21, 22,
and 26. The E/T ratio was 50:1 for bulk culture.
VV [D2:NS3], VV [D3:NS3], and VV [D4:NS3] depict recombinant vaccinia viruses that contain genes coding for NS3 protein of D2V, D3V,
and D4V, respectively.
S PBMC were stimulated with the peptide D4.NS3.500-508 in bulk culture for 6 wk.
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sistent with the serotype specificities determined at the peptide level (Table 7). The published sequence of amino acids
500-508 on NS3 is completely conserved between D3V and
D1V viruses (29, 30). Therefore, we assume that the CTL
clones that recognized D3V NS3 would also recognize
D1V NS3.

typed allogeneic LCL (Table 8). Seven CTL clones were tested,
and they all lysed peptide D4.NS3.500-508-pulsed aUogeneic
LCL that shared HLA-B35, but they did not lyse D4.NS3.500508-pulsed LCL that did not share HLA-B35. To confirm
that our clones are HLA-B35 restricted, we also used a murine P815 cell line transfected with the HLA-B*3501 gene.
Three clones, 14, 20, and 21, were tested and they lysed P815B35 cells pulsed with peptide D4.NS3.500-508, but did not
lyse P815-B35 cells pulsed with peptide D4.NS3.464-472 or
cells not pulsed with any peptides (data not presented). These
results indicate that the CD8 + T cell clones are HLA-B35
restricted.

Table 7.

Serotype Specificities of Dengue Virus-specific CD8 + CD4- CTL Clones at the Peptide Levels"
Percent of specific StCr release of autologous targets with peptide#

Dengue-specific clones

D4.NS3.500-508 (/~g/ml)

D3.NS3.500-508 (/zg/ml)

D2.NS3.500-508 (/zg/ml)
2.5 x 10 -z

2.5

2.5 x 10 -z

2.5

0
0

0
0

2
0

0
0

61
76

35
60

Subcomplex specific
12
2
17

23
20
0

0
1
0

1
57
23

0
11
6

52
90
69

69
85
73

Serotype cross-reactive
20
21

68
71

66
69

78
59

64
46

84
66

88
63

Serotype specific
9
14

2.5 x 10 -z

* 103 autologous LCL target cells were incubated with effector cells in the presence of peptides at different concentrations (2.5 #g/ml, 2.5 x 10-2
/~g/ml) for 5 h. E/T cell ratios were 10:1 percent specific SlCr release without peptide was 0% for clone 9, 0% for clone 14, 1% for done 12,
0% of clone 2, 0% for clone 17, 0% for clone 20, and 0% for clone 21.
* Sequences of NS3:500-508 are TPEGIIPSL for D2V, TPEGIIPAL for D3V, and TPEGIIPTL for D4V.
D4.NS3.500-508. The peptide-stimulated, dengue virusspecific human CD8 + C D 4 - T cell clones were heterogeneous with a minimum of four patterns of serotype specificities: (a) D4V-specific; (b) cross-reactive for D1V, D3V,
and D4V; (c) cross-reactive for D2V and D4V; and (d) crossreactive for all four dengue virus serotypes. The serotype-crossreactive clones 20, 21, and 22 were established from the wells
that contained three cells per well; however, only 4% of the
wells that originally contained three cells per well had the
growing cells with specific cytotoxic activity. Analysis of T C R
V gene usage by the previously reported P C R method (31)
revealed that dones 20, 21, and 22 used a single T C R V gene,
Vow8 and V/35.2. These results strongly suggest that these

clones 9 and 14 did not recognize peptides 503D, 504D, 507D,
or 508D. The subcomplex-specific clones 12, 2, and 17 did
not recognize 500D, 503D, or 507D, while the serotylx"-crossreactive clones 20 and 21 did not recognize 503D. These results
suggest that all of the CD8 + C T L clones of different serotype specificities recognize the original peptide D4.NS3.500508, but the manner of recognition by these C T L clones is
different, depending on serotype specificities of the clones.
Discussion
In this paper we characterized dengue virus-specific CD8 §
C T L clones established by stimulation with the peptide
Table 8.

Determination of HLA Class I Restriction of CD8 + CTL Clones Using Peptide-pulsed Allogeneic Target Cells*
HLA class I type~

Target
Autologous
JC
TG
M
VA 12
VA 03

Percent of specific SiCr release

A

B

C

2

9

12

14

17

20

21

2/23
3/24
23/29
24/30
1/24
2/24

35/44
35

w4
w__44
w_44
w__44/w6
w__44
w3/w7

88
80
6
6
85
73

84
87
7
11
37
50

39
35
0
0
19
17

84
84
3
3
20
38

65
86
4
1
28
34

85
84
16
24
68
55

58
55
6
5
26
29

7/44
13/55
35
7/35

* A total of 103 targets were incubated with effector cells in the presence of peptide D4.NS3.500-508 (TPEGIIPTL) at 2.5 x 10-2 /~g/ml for
5 h. The E/T cellratio was 10:1 for clones 2, 9, 14, 20, 21, and 22, and 8:1 for clones 12 and 17.
* HLA loci that match donor HLA are underlined.
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Table 9.

Quantitation of the Binding of Araino Acid Substituted D4.NS3.500-508 Peptides to HLA-B'3501 Molecules*
Mean fluorescence intensity

Peptidesb

Concentration of peptides (#M)
1,000

100

10

1

0.1

0.01

TPEGIIPTL

316

253

125

74

76

64

DPEGIIPTL

311

190

88

70

65

67

TDEGIIPTL

74

72

74

71

66

71

TPDGIIPTL

266

125

74

69

71

69

TPED__IIPTL

373

301

177

100

73

71

TPEGDIPTL

273

147

78

70

67

63

TPEGI__DPTL

70

62

69

64

71

71

TPEGIID__TL

83

73

65

67

70

71

TPEGIIPDL

328

202

71

69

72

62

TPEGIIPTD

134

66

64

66

65

69

* Peptide binding assayswere performedusing RMA-S-B*3501 cellsas describedin Materialsand Methods. The meanfluorescenceintensityin the
absenceof peptide was 69. Peptidestestedincludeda seriesof peptideswith asparticacid substitutionsindicatedby the underlinedD in the sequence.

dories represent individual clones with broad reactivity rather
than mixture of the clones. Furthermore, there were clones
2 and 10 that were established from the wells that originally
contained one cell per well, and that had the same serotype
cross-reactivity as clones 20-22. Unfortunately, clones 2 and
10 did not grow enough to be used throughout the entire
experiments (data not presented).
Serotype specifidties determined using a rVV were consistent with those determined using synthetic peptides. We used
dengue-vaccinia recombinant viruses that contained genes for
the NS3 of D2V, D3V, or D4V, and the peptides that corresponded to amino acids 500-508 on NS3 proteins
of D2V, D3V, and D4V. Peptides D2.NS3.500-508 and
D3.NS3.500-508 have some amino acid substitutions as compared to the D4V peptide. Peptide D2.NS3.500-508 has two
amino acid substitutions; S for T at amino acid 507 and M
for L at amino acid 508 (32, 33). D1V and D3V have the
same amino acids sequences at amino acids 500-508, and have
one amino acid substitution as compared to D4V; A for T
at amino acid 507 (29, 30, 32). CTLs cross-reactive for D4V
and D2V recognized peptides D2.NS3.500-508, and those
cross-reactive for D4V and D3V recognized D3.NS3.500-508.
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The serotype specificities of CD8 § CTL clones are determined by the interaction of the TCR with peptides that are
bound to HLA. The amino acids at the 2nd and 9th positions of the peptide are reported to be residues that are important for binding to HLA-B35 (24). Amino acids 500-506
are completely conserved among D1V-D4V. Thus, if we
hypothesize that TCR of CTL clones of heterogeneous serotype specificities recognize the amino acids at the same position of the peptide as critical residues, amino acid 507 may
be critical for recognition by these CTL clones. The results
suggest that the TCRs of dengue 4-specific and subcomplexspecific CTL clones may be very specific and distinguish the
difference of amino acids between D4V and other serotypes
of dengue viruses, whereas the TCRs of CTL clones 20-22
do not discriminate this difference. Alternatively, TCRs of
serotype--cross-reactive CTL clones 20-22 may recognize
between amino acids 500 and 506 which are completely conserved among the four dengue serotypes, as the critical residues.
The other possibility is that the critical residues for TCR
binding are the same for all of the CTL clones and are conserved among four serotypes of dengue viruses, but are exposed differently on HLA-B35 (34). For example, the binding
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D4.NS3.500-508
D4.NS3.500.500
D
D4.NS3.500.501
D
D4.NS3.500.502
D
D4.NS3.500.503
D
D4.NS3.500.504
D
D4.NS3.500.505
D
D4.NS3.500.506
D
D4.NS3.500.507
D
D4.NS3.500.508
D

Amino acid
sequences

Table 10. Recognition of Amino Acid Substituted D4.NS3.500-508 Peptides by Dengue Virus-specific CD8 + CTL Clones"
Percent relative lysis compared to D4.NS3.500-508
Dengue-specific clones

502D

503D

504D

Serotypespecific
9
14

67
87

70
87

9
4

9
17

2
0

36
20

Subcomplex specific
12
2
17

45
23
8

121
107
72

12
20
25

97
91
64

0
0
1

112
70
83

Serotype cross-reactive
20

23

94

9

76

47

94

63

75

13

46

100

90

21

507D

508D

* Percent of relative lysis compared to D4.NS3.500-508 was calculated by the formula: 100 x (percent of specificslCr release with or substituted
peptide at 25 #g/ml)/(percent of specific51Cr release with D4.NS3.500-508 at 25/zg/ml). Percent of specificstCr release with D4.NS3.500-508
was: 74% (clone 2), 69% (clone 9), 33% (clone 12), 77% (clone 14), 36% (clone 17), 87% (done 20), and 24% (done 21) for 500D, 502D, 503D
and 504D; and 91% (done 2), 76% (done 9), 76% (clone12), 60% (clone14), 88% (done 17), 80% (done 20), and 78% (done 21) for 507Dand 508D.
+The amino acid sequences of the substituted peptides were 500D, D__PEGIIPTL; 502D, TPDGIIPTL; 503D, TPEDIIPTL; 504D,
TPEG__DIPTL;507D, TPEGIIP__DL;508D, TPEGIIPTD.

of D3.NS3.500-508 to HLA-B35 may be different from that
of D4.NS3.500-508 because of the substitution of the amino
acid at the 8th position. It is possible that serotype-crossreactive CTL clones recognize the critical residues on both
of the peptides bound to HLA-B35, while D4V-specific CTL
clones can recognize the critical residues on D4.NS3.500-508,
but cannot recognize the same critical residues on D3.NS3.500508 bound to HLA-B35.
To further understand the interaction of TCRs with critical amino add residues of the peptide, we prepared nine ix,prides
by substituting each of the nine amino acids of the
D4.NS3.500-508 with aspartic acid. The recognition of these
substitutions by the CD8 + CTL clones varied depending on
the serotype specificities of the clones. The peptide D4.NS3.
500.503D, which has an aspartic acid substitution at the 4th
position, was not recognized by any of the clones, although
this peptide bound to HLA-B35, as well as the original peptide D4.NS3.500-508. The peptide D4.NS3.500.504D was
not recognized by the D4V-specific CTL clones, but was recognized by the subcomplex-specific and serotype-cross-reactive
CTL clones. The peptide D4.NS3.500.507D was not recognized by the D4V-specific or subcomplex-specific CTL clones,
but was recognized by the serotype-cross-reactive clones. These
results are consistent with the reports that the T C R has contact with more than one amino acid residue of an antigenic
peptide bound to the HLA (35, 36), and that glutamic acid
at the 4th position, which is conserved among the four serotypes of dengue viruses, may be the most critical residue for
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recognition. These results also suggest that the differences
in the recognition of the D2V, D3V, and D4V peptides may
be caused by the differences in the configuration of these peptides when they are bound to HLA. On the other hand, recognition of D4.NS3.500.507D by serotype-cross-reactive
clones, but not by D4V-s or subcomplex-specific clones, suggest that the critical residue for recognition may be different
among T calls of different serotype specificities. Further experiments are necessary to ddineate the interactions of the
TCR of these CTL clones and dengue peptides.
Dengue virus infections are a serious cause of human morbidity and mortality in tropical and subtropical areas of the
world (37, 38). The pathological mechanisms, which result
in a severe complication of some dengue virus infections,
termed dengue hemorrhagic fever (DHF), are not understood.
Patients with DHF are usually undergoing the secondary infection with a different serotype of dengue virus than that
which caused the primary infection (39). Patients with DHF
have highly activated CD8 + and CD4 § T cells (40). The
presence of activated CD8 + CTL during a secondary dengue
virus infection raises the possibility that these CTL may contribute to the pathogenesis of DHF through lymphokine
production and lysis of dengue virus-infected monocytes. On
the other hand, a strong dengue virus-specific CTL response
is probably necessary for recovery from dengue virus infection. Currently, there is no effective vaccine against dengue
virus infections, although live attenuated experimental vaccines that induce immune responses in humans have been de-
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veloped (41, 42). Putative vaccine(s) should induce strong
protective immune responses, but should not lead to the pathogenesis of DHF. Definition of the epitopes recognized by
dengue virus-specific CD8 + CTL provides information that
is useful for the development of safe and effective vaccines.
We have shown that a single nine-amino acid peptide induced virus-specific CTLs with heterogeneous serotype
specificities from PBMC of a dengue virus-immune donor.
The priming with live attenauted virus in vivo, however, may
have had a profound effect on the precursor pool of CTL,

and primary vaccination with the nine-amino acid peptide
may give significantly different results. Synthetic peptides have
not yet been successfully developed as human vaccines. The
strategy presented in this paper addresses virus heterogeneity
of CTLs induced by a single peptide, but is still subject to
the constraints of HLA heterogeneity. Therefore, immunization with a subunit vaccine containing a single T cell epitope is not a realistic approach to inducing broad immunity
in an outbred population.

We thank Ms. Kathy Beauregard for typing this manuscript.

Address correspondence to Francis A. Ennis, M.D., Division of Infectious Diseases and Immunology,
Department of Medicine, University of Massachusetts Medical Center, 55 Lake Avenue North, Worcester,
MA 01655.

Received for publication 23 February 1995 and in revised form 18 April 1995.

References
1. Bjorkman, P.J., M.A. Saper, B. Samraoui, W.S. Bennett, J.L.
Strominger, and D.C. Wiley. 1987. The foieign antigen binding
site and T cell recognition regions of class I histocompatibility
antigen. Nature (Lond.). 329:512-518.
2. Townsend, A., and H. Bodmer. 1989. Antigen recognition
by class I-restricted T lymphocytes. Annu. Rev. Immunol.
7:601-624.
3. Davis,M., and P. Bjorkman. 1988. T-cellantigen receptor genes
and T-cell recognition. Nature (Lond.). 334:395-402.
4. Jorgensen,J.L., P.A. Reay,E.W. Ehrich, and M.M. Davis. 1992.
Molecular components of T-cell recognition. Annu. Rev. Immunol. 10:835-873.
5. Chien, Y.-H., and M.M. Davis. 1993. How c~BT-cell receptors
'see' peptide/MHC complexes. Imraunol. Today. 14:597-602.
7. Byrne, J.A., and M.B.A. Oldstone. 1984. Biology of clones
cytotoxic T lymphocytes specific for lymphocytic choriomeningitis virus: clearance of virus in vivo. J. Virol.
51:682-686.
8. Kuwano, K., M. Scott, J.F. Young, and EA. Ennis. 1988. HA2
subunit of influenza A H1 and H2 subtype viruses induces
a prototype crossreactive cytotoxic T lymphocyte responses.
J. Immunol. 140:1264-1268.
9. Baenziger, J., H. Hengartner, R.M. Zinkernagel, and G.A.
Cole. 1986. Induction or prevention of immunopathological
diseaseby clones cytotoxic T cell lines specificfor lymphocytic
choriomeningitis virus. Eur. J. Imraunol. 16:387-393.
10. Cannon, M.J., P.J.M. Openshaw, and B.A. Askonas. 1988.
Cytotoxic T cells clear virus but augment lung pathology in
mice infected with respiratory syncytial virus. J. Exl~ Med.
168:1163-1168.
11. Graham, M.B., V.L. Braciale, and T.J. Braciale. 1994. Influenza virus-specific CD4 § T helper type 2 T lymphocytes do
862

not promote recoveryfrom experimentalvirus infection.J. Exi~

Med. 180:1273-1282.
12. Kurane, I., M.A. Brinton, A.L. Samson, and F.A. Ennis. 1991.
Dengue virus-specific, human CD4 § CD8- cytotoxic T-cell
clones: multiple patterns of virus crossreactivity recognized
by NS3-specific T-cell clones.J. Virol. 65:1823-1828.
13. Engelhard, V.H. 1994. Structure of peptides associated with
class I and class II MHC molecules. Annu. Rev. Immunol.
12:181-207.
14. Livingston, P.G., I. Kurane, L.-C. Dai, Y. Okamoto, C.-J. Lai,
R. Men, S. Karaki, M. Takiguchi, and F.A. Ennis. 1995.
Dengue virus-specific, HLA 35-restricted, human CD8 + cytotoxic T lymphocyte (CTL) clones: recognition of NS3 amino
acids 500-508 by CTL clones of two different serotype
specificities.J. Immunol. 154:1287-1295.
15. Kurane,I., D. Hebblewaite,W.E. Brandt, and F.A. Ennis. 1984.
Lysisof dengue virus-infectedcellsby natural cell-mediatedcytotoxicity and antibody-dependent cell mediated cytotoxicity.
J. Virol. 52:223-230.
16. Mady, B., I. Kurane, D.V. Erbe, M. Fanger, and F.A. Ennis.
1993. Neuraminidase augments Fc receptor II-mediated,
antibody-dependent enhancement of dengue virus infection.
J. Gen. Virol. 74:839-844.
17. Zhao, B., G. Prince, R. Horswood, K. Eckels, P. Summers,
R. Chanock, and C.-J. Lai. 1987. Expression of dengue virus
structural proteins and nonstructural protein NS1 by a recombinant vaccinia virus. J. Virol. 61:4019-4022.
18. Rothman, A.L., I. Kurane, C.-J. Lai, M. Bray, B. Falgout,
R. Men, and F.A. Ennis. 1993. Dengue virus protein recognition by virus-specific routine CD8 § cytotoxic T lymphocytes. J. Virol. 67:801-806.
19. Boyum, A. 1968. Isolation of mononuclear cells and gra-

Peptide-stimulatedCytotoxicT LymphocyteClones

Downloaded from http://rupress.org/jem/article-pdf/182/3/853/1106938/853.pdf by guest on 03 December 2022

This work was supported by grants from the National Institutes of Health (NIH RO1-AI30624, NIHT32AI07272, and NIH PO1-AI34533) and the World Health Organization (V22/181/76).

20.

21.

22.

23.

25.
26.

27.
28.

29.
30.

863

Zivny et al.

31. Okamoto, Y., S.J. Gag-non,I. Kurane, A.M. Leporati, and F.A.
Ennis. 1994. Preferential usage of T-cell receptor V~17 by
dengue virus-specific human T lymphocytes in a donor with
immunity to dengue virus type 4. J. Virol. 68:7614-7619.
32. Irie, K., P.M. Mohan, Y. Sasaguri, R. Putnak, and R. Padmanabhan. 1989. Sequenceanalysis of cloned dengue virus type
2 genome (New Guinea C strain). Gem (Amst.). 75:197-211.
33. Mackow, E., Y. Makino, B. Zhao, Y.-M. Zhang, L. Markoff,
A. Buckler-White, M. Guiler, R. Chanock, and C. J. Lai. 1987.
The nucleotide sequence of dengue type 4: analysis of genes
coding for nonstructural proteins. Virology. 159:217-228.
34. Tussey, L.G., M. Matsui, S. Rowland-Jones, R. Warburton,
J.A. Frelinger, and A. McMichael. 1994. Analysis of mutant
HLA-A2 molecules.Differential effectson peptide binding and
CTL recognition. J. Immunol. 152:1213-1221.
35. Evavold, B.D.,J. Sloan-Lancaster,and P.M. Allen. 1993. Tickling the TcR: selective T-ceU functions stimulated by altered
peptide ligands, lmraunol. Today. 14:602-609.
36. Van de Eynde, B., H. Mazarguil, B. Lethe, F. Laval, and J.E.
Gairin. 1994. Localization of two cytotoxic T lymphocyte epitopes and three anchoring residues on a single nonameric peptide that binds to H-2Ld and is recognized by cytotoxic T
lymphocytes against mouse tumor P815. Eur. J. Immunol.
24:2740-2745.
37. Halstead, S.B. 1990. Global epidemiology of dengue hemorrhagic fever. Southeast Asian J. TroF Med. Public Health.
21:636-641.
38. Monath, T.P. 1994. Dengue: the risk to developand developing
countries. Pro~ Natl. Acad. Sci. USA. 91:2395-2400.
39. Halstead, S.B. 1988. Pathogenesis of dengue: challenges to molecular biology. Science (Wash. DC). 239:476-481.
40. Kurane, I., B.L. Innis, S. Nimmannitya, A. Nisalak, A. Meager,
J. Janus, and F.A. Ennis. 1991. Activation of T lymphocytes
in dengue virus infections. High levels of soluble interleukin
2 receptor, soluble CD4, soluble CDS, interleukin 2, and
interferon-'f in sera of children with dengue. J. Clin. Invest.
88:1473-1480.
41. Bhamarapravati, N., S. Yoksan, T. Chayaniyayothin, S. Angsubphakorn, A. Bunyaratvej. 1987. Immunization with a live
attenuated dengue-2 virus candidate vaccine (16681-PDK53):
clinical, immunological and biological responsesin adult volunteers. Bull. WHO. 65:189-195.
42. Dharakul, T., I. Kurane, N. Bhamarapravati, S. Yoksan, D.W.
Vaughn, C.H. Hoke, and F.A. Ennis. 1993. Dengue virusspecificmemory T cell responses in human volunteers receiving
a live attenuated dengue virus type 2 candidate vaccine,j. Infect. Dis. 170:27-33.

Downloaded from http://rupress.org/jem/article-pdf/182/3/853/1106938/853.pdf by guest on 03 December 2022

24.

nulocytes from human blood. Scand. J. Clin. Lal~ Invest.
21(Suppl. 97):77-89.
Kurane, I., B.L. Innis, A. Nisahk, C. Hoke, S. Nimmannitya,
A. Meager, and F.A. Ennis. 1989. Human T call responses to
dengue virus antigens: proliferative responses and interferon
gamma production. J. Clin Invest. 83:506-513.
Dai, L.-C., K. West, R. Littana, K. Takahashi, and F.A. Ennis.
1992. Mutation of human immunodeficiency type 1 at amino
acid 585 on gp41 results in loss of killing by CD8 + A24restricted cytotoxic T lymphocytes. J. Virol. 66:3151-3154.
Kurane, I., L.-C. Dai, P.G. Livingston, E. Reed, and F.A. Ennis.
1993. Definition of an HLA-DPw2-restricted epitope on NS3,
recognized by a dengue virus serotype-crossreactive human
CD4 + CD8- cytotoxic T-ceU done. f Virol. 67:6285-6288.
Takahashi, K., L.-C. Dai, T.R. Fuerst, W.E. Biddison, P.L.
Earl, B. Moss, and F.A. Ennis. 1991. Specificlysis of human
immunodeficiency virus type 1-infected cell by a HLA-A3.1restricted CD8 + cytotoxic T lymphocyte done that recognizes a conserved peptide sequence within the gp41 subunit
of the envelope protein. Proc. Natl. Acad. Sci. USA. 88:1027710281.
Takamiya, Y., C. Schonbach, K. Nokihara, S. Ferrone, M.
Yamaguchi, K. Kano, K. Egawa, and M. Takiguchi. 1994.
HLA-B*3501-peptide interactions: role of anchor residues of
peptides in their binding to HLA-B*3501 molecules. Int. lmmunol. 6:255-261.
Radka, S.F., D.D. Kastyu, and D.B. Amos. 1982. A monoclonal antibody directed against the HLA-B26 epitope.J. Immunol. 128:2804-2809.
Kurane, I., A. Meager, and F.A. Ennis. 1989. Dengue virusspecifichuman T cell clones: serotype-crossreactiveproliferation,
interferon gamma production and cytotoxic activity. J. Exp.
Med. 170:763-775.
Bukowski, J.F., I. Kurane, C.-J. Lai, M. Bray, I3. Falgout, and
F.A. Ennis. 1989. Dengue virus-specific, crossreactive CD8 +
human cytotoxic T lymphocytes. J. Virol. 63:5086-5091.
Hill, A.V.S.,J. Elvin, A.C. Willis, M. Aidoo, C.E.M. Allsopp,
F.M. Gotch, S.M. Gao, M. Takiguchi, B.M. Greenwood,
A.R.M. Townsend et al., 1992. Molecular analysis of the association of HLA-B53 and resistance to severemalaria. Nature
(Lond.). 360:434-439.
Fu, J., B.H. Tan, E.H. Yap, Y.C. Chan, and Y.H. Tan. 1992.
Fulllength cDNA sequence of dengue type 1 virus (Singapore
strains $275/90). Virology. 188:953-958.
Osatomi, K., and H. Sumiyoshi. 1990. Complete nucleotide
sequence of dengue type 3 virus genome RNA. Virology.
176:643-647.

