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Infection of Human Dendritic Cells by Dengue Virus Causes
Cell Maturation and Cytokine Production*

Ling-Jun Ho,* T Jaang-Jiun Wang} Men-Fang Shaio® Chuan-Liang Kao,T Deh-Ming Chang,*
Shou-Wha Han! and Jenn-Haung LaP* "

Dengue virus (DV) infection is a major problem in public health. It can cause fatal diseases such as Dengue hemorrhagic fever and
Dengue shock syndrome. Dendritic cells (DC) are professional APCs required for establishing a primary immune response. Here,
we investigated the role of human PBMC-derived DC in DV infection. Using different techniques, including plaque assay, flow
cytometry analysis, nested RT-PCR, and confocal microscope and electron microscope examinations, we show that DV can enter
cultured human DC and produce virus particles. After entrance, DV could be visualized in cystic vesicles, vacuoles, and the
endoplasmic reticulum. The DV-infected DC also showed proliferation and hypertrophy of the endoplasmic reticulum as well as
the swollen mitochondria. In addition, the DV-stimulated DC could express maturation markers such as B7-1, B7-2, HLA-DR,
CD11b, and CD83. Furthermore, the infection of DC by DV induced production of TNFa and IFN-e, but not IL-6 and IL-12.
Although DC underwent spontaneous apoptosis in the absence of feeding cytokines, this process appeared to be delayed after DV
infection. Our observations provide important information in understanding the pathogenesis of DV infection. The Journal of
Immunology, 2001, 166: 1499-1506.

that cause serious human diseases all over the worldand activation of CDZ and CD8™ T lymphocytes that recognize
especially in Asia. There are four serotypes of DV serotype-specific, Dengue serotype cross-reactive epitopes (4—7)2
(DV1, -2, -3, and -4), and infection by each of them may result inThe activation of T lymphocytes and other immune effector cells
either a relatively benign febrile course called Dengue fever (DFXhen leads to increased levels of TNE-soluble TNF receptor
or fatal outcomes, such as Dengue hemorrhagic fever (DHF) angsTNFR/75), IL-8, IFN+, and other mediators that may be asso-
Dengue shock syndrome (DSS). In 1998 DF was the most imporcjated with the pathogenesis of increased vascular permeability, a
tant tropical infectious disease after malaria. It is estimated thagharacteristic picture seen in DHF/DSS patients (8—11). Impor-
DV infection results in 100 million cases of DF, 500,000 cases Oftanﬂy’ not only the activation of CD8T lymphocytes but also the
DHF, and 25,000 deaths annually (1). Nevertheless, although thefigye| of cytokines and the production of viruses, compared with
are many proposed mechanisms, the pathogenesis of DHF anfose in DF patients, are significantly higher in DHF patients (7,
DSS is still far from understood (2, 3). 11, 12). Because both virus replication in organs such as brain,
After DV infection most patients are viremic in the early febrile gyin and lymph nodes and host factors such as cytokines influence
phase, and the viruses are quickly cleared from the blood aftefe pathogenesis of DV infection in humans, the identification of
defervescence (4). The activation of both humeral and cellular imz, o natural hosts for DV as well as the subsequent consequence§
mune responses is considered to be involved in virus clearance; tQﬁ the infected cells and their interactions with T lymphocytes S
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D engue viruses (DV?) are arthropod-borne flaviviruses tralizing Ab levels, and the latter is correlated with the generation
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former response is shown by detecting the increased serum “e'.a{bpear to be critical for effective therapy of DV infection. =
Dendritic cells (DC) are potent APCs that, after infection, mi- 13
*Rheumatology/Immunology and Allergy, Department of Medicine, Tri-Service Gen- grate from peripheral tissues to the lymph nodes and activate N

eral Hospital;Graduate Institute of Life Sciencépstitute of Biology and Anatomy; + . .
and SDepartment of Parasitology and Tropical Medicine, National Defense MedicaICD4 and CD8 T lymphocytes (13-16). By using mutational

Center, Taiwan, Republic of Chin3School of Medical Technology, College of Med ~ analysis, this migration step has been shown to be crucial for viral

icine and Division of Infectious Disease, National Taiwan University, Taiwan, Re- th nesis (17). The T lvmph t timulator ity is me-
public of China; andimmunology Division, Cheng-Hsin Rehabilitation Medical Cen pathogenesis (17). N ymphocyte stimu‘atory capacity 1S me

ter, Taiwan, Republic of China. diated through both the increased expression of B7-1 and B7-2
Received for publication May 30, 2000. Accepted for publication November COStimulatory molecules and the secretion of a variety of cytokines
14, 2000. (16, 18). Reciprocally, DC may be activated or regulated by en-

The costs of publication of this article were defrayed in part by the payment of pagevironmental factors, chemokines as well as cytokines (reviewed in
charges. This article must therefore be hereby maddertisemenin accordance _ i i ; i

with 18 U.S.C. Section 1734 solely to indicate this fact. Refs. 1,9 21)', F,urthermore,’ DC can efficiently help maintain the

. ) ) rotective antiviral cytotoxic T cell memory (22). Because DC

1 This work was supported by grants from National Health Research Institute . . . .

(NHRI-CN-CL8902T-1 to M.-F.S. and NHRI-GT-EX89B915C to J.-H.L.) and in part Nave been shown to bind and allow replications of many viruses
by grants from Department of Defense (DOD-89-11 to M.-F.S., and DOD-88-15 and(23—26; reviewed in Refs. 27 and 28), we postulated that DC could
DOD-89-13 to J-H.L.), Taiwan, Republic of China. be infected with DV and possibly play a role in the pathogenesis

2 Address correspondence and reprint requests to Dr. Jenn-Haung Lai, Rheumatolo ; H ; ; ;
Immunology & Allergy, Tri-Service General Hospital, No. 325, Sec. 2, Cheng-Kunggé* DV infection throth an increase in virus load and cell

Road, Naihu 114, Taipei, Taiwan, Republic of China. E-mail address: activation.

haungben@tpts5.seed.net.tw In the present study we show that DV could efficiently infect DC
2 Abbreviations used in this paper: DV, Dengue virus(es); DC, dendritic cells; Pl, and produce virus particles. After infection, DC were activated to
propidium iodide; NS1, nonstructural protein 1; DHF, Dengue hemorrhagic fever;secrete TNEx and IFN« and were driven to undergo the matu-

DSS, Dengue shock syndrome; BHK, baby hamster kidney; MOI, multiplicity of - - o
infection; GAG, glycosaminoglycan. ration process. Given that DC underwent spontaneous apoptosis in

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/$02.00
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FIGURE 1. Generation and identification of DC
from human peripheral bloodh, Whole blood was SRR <. ool POUE N E B .

obtained from healthy donors. After mixing with Fi- 0200 429“3?0 200 1000 0200 4qu£0 800 1000 0200 400 500 600 1000
coll-Hypaque and centrifugation, the layer contain-
ing mononuclear cells was collected. The adherent
mononuclear cells were cultured and maintained in
complete medium containing IL-4 and GM-CSF.
After culturing for 3, 5, 7, and 10 days, the detached
cells were stained with CD1a or isotype-matched
control mAb.B, The first-day cells (collected from
scratching the attached cells with a policeman) and
the seventh-day cells (detached) were stained with B 1
both CD14 and CD1a or isotype-matched control
mAb. The gated areas represent the monocyte-de-
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the absence of feeding cytokines and that the infection of DC bynactivated FCS at 28°C for 7 days. The supernatants were collected and
DV resulted in accelerated cell apoptosis in the early phase aftegtored at=70°C until use. The virus titer was determined to be 40° to

= h h
infection, both cell maturation and cytokine production could 3 * 10" PFU/mI by plaquing on baby hamster kidney (BHK) cells. The
trains of four serotypes of DV used in this study were described previ-

probably produce an anti-apoptotic effect in the late phase ofg)y or obtained as follows: DV1, Hawaii strain (American Type Culture

infection. Collection); DV2, New Guinea C strain (32); DV3, H87 strain (American
Type Culture Collection); and DV4, H241 strain (American Type Culture
Materials and Methods Collection). Unless otherwise specified, DV2 New Guinea C strain was

used as the source of DV to infect DC throughout this paper.

. . ) . Infection of DC with DV
The cell culture medium consisted of RPMI 1640 (Life Technologies,

Gaithersburg, MD) supplemented with 10% FBS, 2 mM glutamine, andDC cultured for 7-10 days were infected with mock (C6/36 mosquito cell
1000 U/ml penicillin-streptomycin (Life Technologies, Gaithersburg, culture supernatants) or different DV serotypes at various multiplicities of <
MD). Recombinant GM-CSF and IL-4 were purchased from R&D Systemsinfection (MOls) for 4 h at 37°C as modified from the report by Hung et <
(Minneapolis, MN). mAb to viral E protein was obtained from supernatantsal. (31). Cells were then washed and cultured in six-well plates (Costar)
of hybridoma cells (HB46; American Type Culture Collection, Manassas,with culture medium supplemented with or without cytokines as indicated
VA) and mAb to viral nonstructural protein 1 (NS1) with high specificity in the figure legends. Cell density was maintained at 10°ml in 0.5-2

has been described previously (29). The fluorescence-labeled mAbs against of the medium.

cell surface molecules were purchased as follows: anti-B7-1, anti-HLA- . .

DR, anti-CD3, anti-CD19, anti-CD14, and anti-CD56 from Becton Dick- Measurement of virus titers

inson (Mountain View, CA); anti-B7-2 and anti-CD83 from PharMingen The supernatants from DV-infected DC were collected at various time
(San Diego, CA); and anti-CD11b from Dako (Carpinteria, CA). The iso- hoints as indicated. The production of virus particles in supernatants was
type-matched control mAb for flow cytometric analysis was purchasedgetermined by titration on adherent BHK cells, permissive to four sero-
from either PharMingen or Becton Dickinson. Unless otherwise indicatediypes of DV. The numbers of plagues were counted and shown as PFU per
the rest of the reagents were purchased from Sigma (St. Louis, MO).  miljiliter. Virus titers <107 were taken as Fofor convenience.

Culture medium and reagents

q /610’ jounwiwi[:mmm//:dny wouy pepeojumod
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Establishment of DC from human PBMC Confocal microscope and electron microscope examinations

The generation of DC from human PBMC was performed as described byfter infection, DC were collected at 24 and 48 h and fixed in 4% para-
Romani et al. (30). In brief, whole blood (20-50 ml) from healthy donors formaldehyde in 0.1 M PBS, pH 7.4, for 30 min. The DC cell suspensions
(>80 participants) was mixed with Ficoll-Hypaque, and after centrifuga-were adhered to a polylysine-coated slide, permeabilized by incubating
tion the layer of mononuclear cells was collected. After lysis of RBC, thewith 1% Triton X-100 for 5 min twice, and stained with anti-NS1 mAb
mononuclear cells were laid on petri dishes (Costar, Cambridge, MA) for(29), and then rabbit anti-mouse Ab conjugated with FITC (Jackson Im-
30-60 min at 37°C to remove nonadherent cells. After five washes withmunoResearch Laboratories, West Grove, PA) was added. After washing,
PBS, adherent cells were cultured in 3 ml of medium containing 800 U/mlthe cells were stained with goat anti-CD1a polyclonal Ab (Santa Cruz
GM-CSF and 500 U/ml IL-4. The culture medium was changed every otheBiotechnology, Santa Cruz, CA), followed by biotin-conjugated anti-
day with 300ul of fresh medium containing 2400 U of GM-CSF and 1500 sheep/goat mAb (Amersham Pharmacia, Piscataway, NJ), which was fi-
U of IL-4. The detached cells, the main population of CD1zells (our nally labeled with streptavidin-Cy3 (Amersham Pharmacia). For electron
unpublished observations), were used for experiments after culture fomicroscopy, DC cell pellets were collected and fixed in 2.5% glutaralde-
7-10 days. During this period of time, the examination of cell type-specifichyde and 0.1 M cacodylate buffer. After dehydrations with ethanol, the
markers in a gated population of established DC showed CD14 (0%), CD8ells were embedded in eponate-12 as described previously (33), and ex-
(0%), CD19 (1%), and CD56 (2%). Consistently95% of the cells inthe ~ amined under a transmission electron microscope (JEM 1230; JEOL,

gated region expressed CDla. Peabody, MA).
Preparation of DV Determination of cytokine production and cell surface molecule
expression

The preparation of DV has been described previously (31). In brief, four
serotypes of DV were propagated in C6/36 mosquito cells in half DMEM Standard ELISAs were used to measure cytokine concentrations in har-
and half Mitsuhashi and Moramorosch insect medium containing 2% heatvested supernatants as detailed in our previous work (34). All determinants
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were performed in duplicate (IL-6 and IFd:- or triplicate (TNFe and
IL-12) and expressed as the meanSD. The detection limits for these

A —_—— Wi_thout cytpkines cytokines are: TNFRy, 5 pg/ml (R&D Systems); IFNy, 10 pg/ml (Endo-
------- <O With cytokines gen, Woburn, MA); IL-6, 3 pg/ml (R&D Systems); and IL-12, 7 pg/ml
6 (R&D Systems). The expression of cell surface molecules was determined

by flow cytometric analysis (35). Each histogram or density plot comprised
at least 10 events.

w
1
o4

Measurement of cellular apoptosis by flow cytometric analysis

o
-~

The mock-treated or DV-infected DC, after washing with cold PBS, were
pelleted and resuspended in binding buffer containing HEPES-buffered
PBS supplemented with 2.5 mmol/l CgCThen 10ul of annexin V-FITC

at a concentration of 1@g/ml and 10ul of propidium iodide (PI) at a
concentration of 5Qg/ml were added to each sample and incubated for 15
min at room temperature. After washing, the cells were analyzed by a flow
cytometer (Becton Dickinson). The annexin \and PI" population rep
resents early apoptosis, and the late apoptotic or necrotic population is
shown to be annexin Vand PI".

Virus Titer (PFU/ml in logs)

0 1 2 3 4 5 (days) Nested RT-PCR

To determine the specificity of DV2, a nested RT/PCR method described
B by Lanciotti et al. (36) was exactly adapted. In brief, the viral RNA was
(bps) MK 0 1 2 3 4 S 6 (days) isolated from the supernatants of DV-infected DC. After RT of RNA to

I 7 ] cDNA, samples were subjected to PCR. The consensus primers 5'-
TCAATATGCTGAAACGCGCGAGAAACCG-3' (D1 primer, genomic
positions 134-161) and 3 TGCACCAACAGTCAATGTCTTCAGGTTC-
3’ (D2 primer, genomic positions 616—644) were used to amplify 511-bp
DNA products (our unpublished observations). After the first-round am-
plification reaction with consensus primers, a second-round amplification
reaction was conducted, except that the D2 primer was replaced with the
DV2-specific primer 5'-CGCCACAAGGGCCATGAACAG-3genomic
positions 232-252). The RT-PCR working conditions have been detailed
previously (36). The final products were analyzed on a 4% agarose gel,
stained with ethidium bromide, and visualized under UV light. After the
second-round PCR, a 119-bp product specific for DV2 is detected.

500—
200— B
100— |

Statistics

When necessary, the results were expressed as the m&ih A paired
(for comparison of cytokine production) or unpaired (for comparison of
virus titers) Student’s test was used to determine the difference, which
was considered significant pt< 0.05.

Mock-CDl1a Mock-NS-1 Mock-Merge

Results
Establishment of DC from human PBMC

DC were propagated from culturing adherent human PBMC in the
presence of GM-CSF and IL-4. The detached cells were then re-
moved at different time points, stained with anti-CD1a or isotype-
matched control mAb, and analyzed in a flow cytometer. As shown
in Fig. 1A, after culture for>7 days,>95% of the gated mono-
cyte-derived DC population expressed CD1a. In contrast, the ex-
DV-CDla DV-Merge pression of CD14 was barely detectable after 7 days of culture

: (Fig. 1B). All of the following experiments were performed using
DC cultured for 7-10 days. At this time point, DC routinely rep-
resented 65-95% of the total cell population. Such an estimation is
a conservative, low measure of the DC population, because a sig-
nificant number of unstained “cells” are acellular debris, as char-
acterized by their size and light scatter properties in flow cytomet-
ric analysis.

DV-Merge

FIGURE 2. DV infect DC. A, After mock treatment or DV2 New .

Guinea C strain infection at an MOI of 1, DC were seeded back onto dishegmtectlon of DC by DV

and maintained in the culture medium with or without adding IL-4 and Because DC were established in the culture medium containing
GM-CSF. The supernatants were collected every day for 5 days, and thg -4 and GM-CSF, we first investigated the effects of these cyto-
virus titers were measured by standard plaque assays. Each point represepises on virus production. After infection with DV2 New Guinea
the mean= SD for two determinants in duplicate or triplicat®, After C strain at an MOI of 1, DC were maintained in the culture me-

infection of DC with DV at an MOI of 1 in the absence of supplemented . . . . -
cytokines, the supernatants were harvested at the indicated time points argjl m with or without cytokines. As shown in FigA2 DC could

analyzed with nested RT-PCR as describedMiaterials and Methods. prov_ide efficient replic_a_tions of DV and yielded infecFious Vi_rus
Bands shown are 119-bp PCR products specific for DV2. MK, 100_bppartlcles in both conditions. In the presence of cytokines, higher

DNA ladders.C, After mock treatment or DV infection at an MOI of 10, titers _Of virus particles were prpduced. To minimize the gffects of
DC were collected 48 h later and stained for intracellular NS1 and cellcytokines, the rest of the experiments were conducted without sup-

surface CD1a molecules, then visualized under a confocal microscope. plementing the culture medium with cytokines after DV infection.
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The specificity of the productive infection of DV2 was subse- vesicles, vacuoles, and the endoplasmic reticulum. Bg:l8arly
quently confirmed with nested RT-PCR that detects a 119-bp prodshows the structures of the rough endoplasmic reticulum with virus
uct specific for DV2 in the culture supernatants (Fig)2These particles inside. This is consistent with the characters of flavivirus
results exclude the possibility that the productive infection of DCinfection (37). In addition, virus-induced hypertrophy and prolif-
by DV2 is because of the contamination by other DV serotypes oeration of the rough endoplasmic reticulum as well as swollen
other flaviviruses. The infection of DC by DV was further inves- mitochondria were observed (Fig. 8 andb). We could not find
tigated by staining both the intracellular viral NS1 protein and thesimilar pictures in mock-treated DC (our unpublished observa-
cell surface CD1la molecule and then was analyzed under a cottions). These findings may suggest a cell undergoing apoptosis,
focal microscope. As illustrated in Fig. 2C, only DV-infected, but although in this particular picture of EM, the nuclear condensation
not mock-treated, DC coexpressed CDla and NS1 proteins. Asas not developed yet (38) (Fig. 3a). However, we did observe
predicted, CD1a was localized on the cell surface, whereas NStany DV-infected cells showing pictures of nuclear condensation
was located in the cytosol (FigC2 lower panel, showing better (our unpublished observation). Because mock-treated DC also
contrast). In our preliminary studies we also found that neithershowed patterns of nuclear condensation, whether these findings in
purified B lymphocytes nor T lymphocytes, two major populations DV-infected DC were due to DV infection or as were the result of
contaminating DC purity, could be infected by DV (our unpub- a spontaneous consequence in the absence of fegdoignes was
lished observations). Therefore, these results strongly suggest thabt clear. When the cells were examined 48 h after infection, bulky
DV could infect cultured human DC. virus particles inside the vesicle were detected, and virus release out
of the cell membrane became evident (Fig). 3
Localization of DV particles
To investigate the organelle of DC where DV resided, the infectednfemlon of DC by different DV serotypes
DC were examined under an electron microscope. As shown iThere are four serotypes of DV (DV1-4), and their infectivities in
Fig. 3a, after infection for 24 h DV particles were obvious in cystic DC were examined. As shown in Fig. 4, although the production

FIGURE 3. Localization of DV in DC. After infec-
tion with DV at an MOI of 10 for 24 h (andb) or an
MOI of 20 for 48 h (c), DC were collected and visual-
ized under an electron microscope as describedan
terials and Methods. Barst, 0.5um; b, 0.5um; ¢, 0.3
pm. N, Nucleus; m, mitochondria; rer, rough endoplas-
mic reticulum; arrowheads, virus particles.
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6 mock-treated DC, DV infection induced significant expression of
B7-1, B7-2, CD11b, HLA-DR, and CD83 on DC. Thus, DV in-
fection of DC induced cellular maturation.

W
|

Differential regulation of cytokine production from
DV-infected DC

Aside from the expression of costimulatory molecules, DC also
initiate a potent immune response through the secreted cytokines.
The supernatants from mock-treated or DV-infected DC were col-
lected at 48 h after infection and assayed for several cytokine con-
centrations. As shown in Fig. 6A, the cultured DC spontaneously
produced a variety of cytokines, consistent with other reports (39,
40). In the presence of DV infection, DC produced higher levels of
IFN-a and TNF«, but not IL-12 and IL-6. The production of

0 1 2 3 4 5 (days) IFN-y was not detectable (our unpublished observations). The in-

duction of TNF« production could also be observed in four se-
FIGURE 4. Productive infection of four DV serotypes in DC. After in- rotypes of DV infection (Fig. 6B).
fection of DV1-4 at an MOI of 1, DC were seeded back into the culture
medium, the supernatants were collected every day for 5 days, and the
titers of virus particles were determined in BHK cells. The results are
representative of three individual experiments performed in duplicate.

Virus Titer (PFU/ml in logs)
w IN
I I

A 600 - 1500 4 n=5

500 P <0.005
of virus titers was different, four serotypes of DV atan MOl of 1 _ | Z wd ‘
could infect DC. £ B

\9«" 300 ;

Maturation of DC after DV infection 5 z .
After confirming the infection of DC by DV, the possible out- " L
comes of DC after infection were investigated. There are two JM
stages in DC development. In the immature stage, DC primarily 0- L
phagocytose and process Ag, whereas in the mature stage, DC
function as the best Ag presenters to T lymphocytes by up-regu- - n=s 01 s
lating the expression of costimulatory and HLA-DR molecules P01 P <0001 |
(16). We determined whether DV infection of DC could enhance =™ ol
the expression of these cell surface molecules. After mock infec-g o 2
tion or infection with DV at an MOI of 1 for 48 h, cells were g g ol
collected, and the gated DC population was analyzed for cell sur-s‘CL oo | 3
face molecule expression. As shown in Fig. 5, compared with 3 = N

500 4
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FIGURE 6. Cytokine production in DV-infected DCA, The superna-
tants harvested 48 h after mock treatment or DV infection at an MOI of 1
FIGURE 5. Expression of cell surface molecules on DV-infected DC. of DC were analyzed with ELISAs to measure the concentrations of cy-
After mock treatment or DV infection at an MOI of 1 for 48 h, DC were tokines as described. After obtaining the mean values of the duplicate (IL-6
collected, and the expression of several cell surface markers was measuradd IFN-«) or triplicate (IL-12 and TNFa) measurements of cytokines in
with a flow cytometer. Data shown are representative of at least five indieach donor DC, the results were readily compared between mock-treated
vidual experiments. Dashed lines represent staining of isotype-matchednd DV-infected samples by pairétest. M, Mock-treated; D, DV-infect-
control mAb, thin lines (filled areas) represent staining of mock-treated DCed; n, number of individual donor D@, The supernatants from DV1-4-
markers, and thick lines represent staining of DV-infected DC markers. Mjnfected DC were collected every 24 h and assayed for &\fecretions.
Mock-treated; D, DV-infected. The data are representative of three individual experiments.

Fluorescence intensity
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Anti-apoptotic effect of cell maturation and cytokine production node specimens and 13 of 18 spleen specimens from children dy-
in DV-infected DC ing of DHF contain DV RNA. It is highly possible that DC may be

In the absence of feeding cytokines, DC died through an apoptoti@n€ Of the primary targets of DV in these infected tissues. In sup-
pathway, similar to that observed in spontaneous apoptosis 0"t of th|§ idea as well as our qbservatlo.ns,. Whl|e. this paper was
monocytes (41) (our unpublished observations). We found thatnder review Wu etal. (49) provided convincing evidence that DV
compared with mock treatment, DV infection resulted in a higherc0uld infect DC both in vitro and in vivo. _
percentage of cell death in the early phase of infection (see below). BY using different approaches, many known or sequence-uni-
Such an accelerated apoptotic mechanism appeared not to invol@entified molecules were reported to be potential DV receptors
Fas/Fas ligand interaction, because these two molecules were nt0—52)- Among previous reports, Chen et al. (53), using Vero
induced on DV-infected DC (our unpublished observations). It hasPells as target cells, presented convincing evidence showing that
been shown that mature DC are more resistant than immature DE'€ highly sulfated glycosaminoglycan (GAG) is the putative cel-
to vaccinia virus-induced cell apoptosis; we determined whethefular receptor for DV. Interestingly, we found that among the
this could also be observed in DV infection (26, 42). Both mock- GAGs examined, heparin, heparan sulfate, and dermatan sulfate,
treated and DV-infected DC cultured for longer periods of time inbut not chondroitin sulfate A, could inhibit DV-DC binding (un-
the absence of exogenous cytokines were stained with annexipublished observations). Examination of the molecular mass (kilo-
V-FITC and Pl and examined with a flow cytometer. As shown in daltons) and the number of sulfate groups per disaccharide unit
Fig. 7, compared with mock-treated DC, DV infection induced (SO;"/COQ™ ratio) of these compounds shows the order of mo
more DC showing annexin ¥PI~ and annexin VPI" in the first ~ lecular mass as chondroitin sulfate A (30 kDajermatan sulfate

22 h. In contrast to mock-treated DC that died rapidly after 22 h,(28 kDa)>heparan sulfate (18 kDa)>heparin (13.6 kDa), and the

the DV-infected DC were more resistant to apoptosis. order of SQ /COO™ ratio as heparin (2.14)>dermatan sulfate §
(1.22)>chondroitin sulfate A (1)>heparan sulfate (0.93) (54). 3
Discussion Thus, although the sulfation of GAGs is important for virus-DC g

It remains elusive which tissue cells are the natural targets iinding in several examples (53-57), our preliminary observations
which DV reside and which produce virus particles. Both immunesuggest that, in contrast to Vero cells, the binding of DV to DC =
effector cells such as monocytes and T lymphocytes and nonimMay have no strong correlation with the levels of sulfation 3
mune cells such as hepatocytes, endothelial cells, and brain cel®f GAGs.
were reported to be potential hosts (9, 43, 44). However, none of DC undergo the maturation process and migrate from peripheral £
these cells could efficiently present virus Ags to T lymphocytes.tissues to lymph nodes after being directly infected or phagocy-
Although human Kupffer cells, effective APCs, can be infected bytosing apoptotic infected cells (58, 59). The DC maturation process
DV, no viral progeny synthesis is detected (45). can be regulated by a variety of stimuli such as cytokines, viral
Human PBMC cultured with recombinant IL-4 and GM-CSF products, and CD40 ligand. In the context of infection, micro-
were shown to generate DC with the most efficient Ag-presentingdrganisms use the mechanism of modulating the DC maturation
function (46). In the presence of DC maturation factor CD40 li- process to influence the immune response. For example, the infec-
gand, these myeloid lineage DC become potent inducers of Thiion of DC by vaccinia virus inhibits DC maturation and therefore
differentiation (47). Using different techniques, we show that DC,down-regulates its stimulatory capacity to T lymphocytes (42). A
established from this well-appreciated condition, could providesimilar mechanism was demonstrated in herpes simplex virus in-
DV to enter and produce virus particles. In addition, this conclu-fection (60). The infection of erythrocytes Blasmodium falci-
sion was consistently observed in four different serotypes of DVparuminduces the expression of PIFEMP-1 Ag, which, after bind-
infection (Fig. 4). In our hands, both purified human T and B ing to DC, inhibits maturation of immature DC (61). The infection
lymphocytes were poorly infected by DV (unpublished observa-of DC by Trypanosoma cruzilso results in inhibition of the mat-
tions). According to Rosen et al. (48), 7 of 16 mesenteric lymphuration process (62); through the suppression of DC maturation, it
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FIGURE 7. Anti-apoptotic effect of DV-infected DC. DC were treated with mock or DV at an MOI of 1 for 4 h, and after extensive washes the cells
were seeded back into the culture medium without adding IL-4 or GM-CSF. The cells were then collected at different time points and stained with annexin
V-FITC and PI, and the fluorescence intensity was determined with a flow cytometer. Data shown are representative of four individual experiments.
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may help virus to evade the immune regulation and to minimize 4.
the immune response. Although some micro-organism infections
may impair the maturation process of DC, other pathogens coulds,
drive DC maturation after infection. As reported by Schnorr et al.
(63), measles virus infection of DC induces DC maturation that, in
turn, causes immunosuppression through as yet unidentified mech-
anisms. The induction of DC maturation may also result in pro- 6
tection against a viral cytopathic effect and help stabilize the pro-
duction of viral progeny (26). Similar effects were indeed observed 7.
in the example of DV infection of human DC shown in this report
(Fig. 7).

In reaction to the entrance of virus, DC may release variouss.
cytokines to initiate an immune response and probably leading to
the pathological changes seen in virus infection (59). The produc-
tion of cytokines from DV-infected DC seem to be differentially o.
regulated; only TNFx and IFN«, not IL-6 and IL-12, were sig-
nificantly induced (Fig. 6A). The induction of TNé-in DV-in-
fected DC was correlated very well with clinical observations ex-
amining TNFe levels in plasma samples from DV-infected
patients (11, 64). Importantly, the increase in TNFwas more
often detected in DHF patients’ plasma than in that from DF pa-
tients or non-Dengue febrile illness patients (11). Because the se-

cretion of cytokines may be regulated in different kinetics, we doi2.

not exclude the possibility that both IL-6 and IL-12 may be max-
imally induced at later time points after infection. Regarding the

cytokines secreted from DV-infected DC, the type 1 IFN has beens.

shown to mediate the antiviral response (65—67). In the example of
dsRNA infection of DC, the anti-apoptotic mechanism of IeNs
associated with the induction of MxA protein that exerts anti-
cytopathic effects (26, 68). Similarly, TN&-can protect DC from
cell death through up-regulating anti-apoptotic factors such agg
Bcl-xI (69, 70). Thus, aside from cell maturation, the virus-induced
production of TNFe and IFN« may also contribute to the lesser
cell death in DV-infected DC in the late phase of virus infection
(Fig. 7).

Whether DV infection results in DC apoptosis is still an open
question. In our system because DC were infected with DV in the

absence of feeding cytokines, it has been very difficult to differ-19.

entiate DV-induced apoptosis from cytokine withdrawal-induced

apoptosis. Our preliminary results also suggest that DV infectiorpg

could not induce the expression of Fas/Fas ligand on DC (our

unpublished observations). The addition of both IL-4 and GM-CSF!-
growth factors to the culture could rescue DV-infected DC from,,.

undergoing apoptosis (our unpublished observations). Apparently,
more sophisticated experiments are required to resolve this issu

In conclusion, in this study we provide evidence that human DC
support the active replication of DV. After infection by DV, DC
secrete cytokines that probably lead to cell maturation. Througr}
the infection and activation of DC, it may induce the activation of
T lymphocytes and initiate an adaptive immune response. Al-
though DV infection might accelerate the apoptotic process in cy-2
tokine-withdrawn DC, both cell maturation and cytokine produc-
tion could delay or block the ongoing process of apoptosis.
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