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Dengue virus (DV) replication, antibody-enhanced viral infection, and cytokine responses of human primary
B lymphocytes (cells) were characterized and compared with those of monocytes. The presence of a replication
template (negative-strand RNA intermediate), viral antigens including core and nonstructural proteins, and
increasing amounts of virus with time postinfection indicated that DV actively replicated in B cells. Virus
infection also induced B cells to produce interleukin-6 and tumor necrosis factor alpha, which have been
previously implicated in virus pathogenesis. In addition, a heterologous antibody was able to enhance both
virus and cytokine production in B cells. Furthermore, the levels of virus replication, antibody-enhanced virus
replication, and cytokine responses observed in B cells were not statistically different from those in monocytes.
These results suggest that B cells may play an important role in DV pathogenesis.

Infection with any of the four serotypes of dengue virus
(DV1, -2, -3, and -4), a mosquito-borne flavivirus, can cause
self-limiting dengue fever or severe dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS). The incidence of
fatal DHF cases has increased sharply in Asia over the last 2
decades, making it a leading cause of morbidity (16, 30). Sev-
eral mechanisms have been proposed to explain the pathogen-
esis of DV infection. A long-standing hypothesis, antibody-
dependent enhancement (ADE), proposes that preexisting
nonneutralizing antibodies enhance DV infection of mono-
cytes via the Fc receptor (14). More recently, immunopatho-
genesis theories suggest that ADE results in increased T-cell
activation and cytokine production, which subsequently acti-
vate complement to damage endothelial cells (reviewed in
references 23 and 32). We have found that, besides monocytes
and T cells, B lymphocytes (B cells) contribute to pathogenesis
by producing high titers of antiplatelet and anti-endothelial
cell autoantibodies, particularly in DHF and DSS patients,
which could induce coagulopathy and vasculopathy (24-26),
two major pathologies of DHF and DSS.

Throughout DV infection, virus and cytokines are detected
in patient blood (2, 13, 17, 18, 28, 36, 39, 40), and peripheral
blood mononuclear cells (PBMC) are found to be one of the
most common recovery sites of virus (21, 34). In PBMC, virus
is detected frequently in the adherent monocytes (34). In ad-
dition, a study previously established that only B cells and
monocytes in human PBMC support virus replication and that
monocytes produce more viruses than B cells (37). Based on
these observations, and particularly based on ADE, monocytes
are thought to be the major cell target for DV. However, two
clinical observations of infected patients with evident syn-
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dromes revealed that viral antigen appeared only on B cells (4)
and that B cells, not monocytes, are infected with the virus
(21). Whether DV replicates actively in B cells is still an open
question. Because B cells and monocytes have Fc receptors
(29), they are both potential targets for antibody-enhanced
infection. B cells could also secrete cytokines such as interleu-
kin 6 (IL-6) and tumor necrosis factor alpha (TNF-a) (15, 38),
which are found to be elevated specifically in DHF and DSS
patients (2, 17, 18, 40) and affect endothelial cells (1, 3, 27).
Additionally, increased levels of IL-6 have been shown to cor-
relate with a deficiency in coagulation factor XII and with
elevated levels of antiplatelet and anti-endothelial cell autoan-
tibodies as well as fibrinolytic components, such as tissue-type
plasminogen activator, in patients with DV infection (10; Y.-H.
Huang, H.-Y. Lei, H.-S. Liu, Y.-S. Lin, C.-C. Liu, S.-H. Chen,
and T.-M. Yeh, submitted for publication; reviewed in refer-
ence 24). In this report, we characterized DV replication, an-
tibody-enhanced virus infection, and cytokine responses in hu-
man B cells and compared them to the corresponding
responses of monocytes.

MATERIALS AND METHODS

Cells, viruses, and reagents. The B-cell line Raji was maintained in RPMI
medium containing 10% fetal bovine serum according to American Type Culture
Collection instructions. A DV3 strain isolated from a patient in Taiwan and DV2
strains PL046 and M16681 were propagated in C6/36 mosquito cells and titrated
on BHK cells as previously described (18). Unless otherwise specified, strain
PL046 was used as the source of DV to infect cells. The same batch of each virus
stock was used throughout the experiments. Human DV3 immune serum was
obtained with consent from an infected patient. The titer of this serum was
1:12,000 against DV3 and 1:3,200 against DV2 strain PL046, as determined by
measuring 50% plaque reduction in a neutralization assay using BHK cell mono-
layers (14). Control serum was collected from a healthy blood donor without
DV-specific antibodies in serum as determined by an enzyme-linked immunosor-
bent assay (ELISA) modified from a previous report (19). A monoclonal anti-
body (MADb) against the viral envelope protein was obtained from Chemicon
(Temecula, Calif.), and a MAb against the viral core protein with high specificity
was purified from supernatant of hybridoma cells as described previously (S.-H.
Wang, W.-J. Suy, K.-J. Huang, H.-Y. Lei, C.-W. Yao, C.-C. King, and S.-T. Hu,
submitted for publication). The immunoglobulin G (IgG) fractions of mouse

12242



VoL. 76, 2002

normal serum and mouse hyperimmune serum of viral nonstructural protein 1
(NS1) used for flow-cytometric analyses were prepared and purified as described
previously (26).

Isolation of primary B cells and monocytes from human PBMC. Peripheral
venous blood obtained from healthy blood donors was kindly provided by the
Tainan Blood Center. Sera were tested for DV-specific antibodies by an ELISA
as described above. PBMC were separated from plasma and granulocytes by
Ficoll-Hypaque gradient centrifugation, washed three times with Hanks basal
salt solution by centrifugation for 10 min, and then counted by the trypan blue
exclusion method. Afterward, PBMC were resuspended in RPMI medium to 2 X
10° cells/ml and seeded to 10-cm-diameter culture dishes for 3 days at 37°C as
described in the study of Theofilopoulos et al. (37). The adherent monocytes
contained 92% CD14" cells as determined by fluorescence-activated cell sorter
(FACS) analysis using an anti-human CD14 antibody (BD Biosciences Clontech,
Palo Alto, Calif.). B cells were purified from nonadherent cells by magnetic cell
sorting superparamagnetic microbeads conjugated with a anti-human CD19 an-
tibody (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manu-
facturer’s protocol. Consistent with the manufacturer’s protocol and a previous
study (33), the purified cells contained 90% CD19" B cells and less than 3%
CD14" monocytes as determined by FACS analysis using anti-human CD19 (BD
Biosciences Clontech) or CD14 antibodies.

Infection and preparation of virus-antibody complexes for infection of cells.
Viruses were incubated with 2 X 10° cells for 90 min at 37°C for infection. To
prepare virus-antibody complexes, viruses were mixed with diluted DV3 immune
serum or control serum. These mixtures were incubated for 15 min at 37°C
before infecting cells. After infection, cells were washed two times and resus-
pended in 4 ml of RPMI medium or medium containing a dilution of human
serum to achieve the same final concentration of antibodies used for virus
infection. Infected cells were then divided into four aliquots and cultured in 5-ml
tubes. At various times ranging from 4 to 120 h after infection, cultures were
centrifuged. Supernatants were assayed for virus by plaque assay on BHK cell
monolayers.

RNA isolation and RT-PCR analyses. Total RNA was isolated from cells 1 day
after infection with TRI reagent (Sigma, St. Louis, Mo.) according to the man-
ufacturer’s protocol. To analyze positive- and negative-stand RNA genomes as
well as B-actin transcripts, total RNA was split into two portions. One portion
was annealed with 2 uM reverse primer for human B-actin (B2 [5'-CAGGGTA
CATGGTGGTGCC-3") and virus forward primer D1 (5'-TATGCTGAAACG
CGCGAGAAA-3'; genomic positions 138 to 161). The other portion was an-
nealed with reverse primers for B-actin and virus reverse primer D2 (5'-TTGC
ACCAACAGTCAATGTC-3'; genomic positions 616 to 635). Mixtures were
subjected to thermal cycling for 7 min at 70°C and then cooled down to 4°C for
the RNA to denature and anneal with primers. Half of each sample was added
to a reverse transcriptase (RT) reaction mixture containing 32 U of RNase
inhibitor, 0.5 mM deoxynucleoside triphosphates (dNTPs), and buffer with or
without avian myeloblastosis virus RT (10 U; Promega, Madison, Wis.) and
reverse transcribed at 42°C for 90 min and then at 94°C for 10 min to inactivate
the RT. Aliquots of cDNA were combined with a PCR mixture containing 2.5 U
of Taq polymerase, buffer, 0.25 mM dNTPs, and 2 mM D1 and D2 primers and
then subjected to thermocycles to amplify 498-bp DNA products. The PCR
conditions were 94°C for 4 min, 55°C for 1 min, and 72°C for 1 min followed by
39 cycles of 94°C for 30 s, 55°C for 35 s, and 72°C for 35 s. To analyze B-actin
transcripts, aliquots of cDNA were combined with the PCR mixture as described
above except that forward (B1 [5'-AGCGGGAAATCGTGCGTG-3']) and re-
verse primers for B-actin were used and then 26 PCR cycles (1 min each at 94,
58, and 72°C) to amplify 309-bp DNA products were performed. Reaction
products were separated by electrophoresis on agarose gels containing ethidium
bromide. Gels were scanned with a FluorImager FLA3000 (Fuji, Tokyo, Japan)
according to the manufacturer’s protocol. The intensity of each band was quan-
tified, and the ratio of negative-strand virus genome to B-actin was calculated for
each sample. Next, the ratio of negative-strand virus genome to B-actin of the
DV3 immune serum-treated sample was divided by the ratio of negative-strand
virus genome to B-actin of the control serum-treated sample to determine the
fold increase of negative-strand virus genome under ADE conditions.

Immunofluorescence assay. Forty-eight hours after infection, B cells were
harvested and immobilized on glass slides coated with 1% poly-L-lysine by cyto-
spin. Next, the cells were fixed with 1% paraformaldehyde and stained with an
anti-DV core or envelope protein MAb. After being washed, slides were incu-
bated with diluted fluorescein isothiocyanate-conjugated anti-mouse IgG (ICN
Pharmaceuticals, Costa Mesa, Calif.) for 1 h. After being washed, slides were
stained with a phycoerythrin-conjugated anti-human CD19 antibody (Pharmin-
gen, San Diego, Calif.). Slides were viewed and photographed by using fluores-
cence microscopy (Olympus).
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Flow cytometry. Infected B cells were washed with phosphate-buffered saline
(PBS) twice, fixed, and permeabilized simultaneously with a solution containing
1% paraformaldehyde and 0.3% saponin. The permeabilized cells were washed
and incubated with the IgG fraction of NS1 hyperimmune serum or normal
mouse serum for 30 min at 4°C. Cells were then washed and incubated with
fluorescein isothiocyanate-conjugated goat anti-mouse IgG (ICN Pharmaceuti-
cals) for 30 min at 4°C. After incubation, cells were washed twice with PBS,
resuspended in PBS, and then analyzed with a FACScan flow cytometer (Becton
Dickinson Immunocytometry Systems, San Jose, Calif.).

Cytokine measurement. Cytokines were measured by ELISA kits according to
the manufacturer’s protocols. The detection limits for the cytokines (Endogen,
Woburn, Mass.) were as follows: TNF-a, 16 pg/ml; IL-6, 11 pg/ml.

Statistics. Data were analyzed or plotted, and statistics were calculated with
Microsoft Excel. When necessary, the results were expressed as the means *
standard errors of the means (SEM). Student’s ¢ test was used to determine the
significance, which was taken as a value of P =<0.05.

RESULTS

Active DV replication in human primary B cells. Purified B
cells were infected with DV2 strain PL046 at a multiplicity of
infection (MOI) of 10. Supernatants were harvested after in-
fection to determine virus titers by plaque assay on BHK cells
(Fig. 1A). The amount of virus detected in B cells of donors 1
and 2 increased from 8 to 48 h postinfection (p.i.), indicating
that DV actively replicated in B cells. DV3 was also able to
infect B cells with similar growth kinetics although the peak
virus titer at 48 h p.i. was about 10-fold less than that of DV2
in the three donors that we tested.

During DV replication, the negative-strand RNA genome is
synthesized from the positive-strand virus genome and serves
as a template for replication. Therefore, the presence of neg-
ative-strand RNA could be used as an index to determine if
virus is replicating in and not simply being absorbed on or
sequestered by B cells. The replication of DV2 in B cells was
confirmed by detecting the negative-strand virus RNA in in-
fected cells, but not in mock-infected cells, at 24 h p.i. by using
RT-PCR analyses (Fig. 1B, lanes 1 and 7). Additionally, the
replication of DV2 in B cells was further confirmed by staining
cells with both B-cell marker CD19 and intracellular viral core
protein and then analyzing them with a fluorescence micro-
scope (Fig. 1C). DV2-infected B cells strongly coexpressed
both the viral core protein and CD19 at 48 h p.i. Mock-infected
cells were only weakly stained by the antibody to the viral core
antigen, and this is probably due to the interaction of the Fc
portion of the antibody with the Fc receptors on B cells. In-
fected B cells also expressed the viral NS1 protein (see Fig. 4);
17 and 49% of the infected B cells expressed viral core and
NS1 proteins, respectively.

Comparison of DV2 replication in B cells with that in mono-
cytes. We next investigated DV2 replication in B cells and
compared our results with those for monocytes. B cells ob-
tained from eight donors were all able to support DV2 repli-
cation (Fig. 1A), but the amounts of virus produced by differ-
ent donors varied. B cells of donor 1 yielded the highest virus
titer (4.09 log units), and those of donor 8 yielded the lowest
virus titer (1.65 log units), with a 274-fold difference between
these two donors at 48 h p.i. The amounts of virus produced by
infected monocytes also varied among donors, with a 128-fold
difference between donor 4 (4.10 log units) and donor 1 (2.0
log units) at 48 h p.i. Not only different individuals but also
different types of cells from the same individual differ in their
abilities to support DV2 infection. B cells of donors 1, 2, and
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FIG. 1. Active DV replication in human B cells. (A) B cells were infected with DV2 (solid diamonds) or DV3 (open triangles) and monocytes
were infected with DV2 (open diamonds) at an MOI of 10. Culture supernatants were collected at the indicated times to determine virus titers.
Numbers adjacent to symbols designate individual donors, and bars represent the mean values for each group. (B) After infection or mock infection
of B cells of donor 4 with DV2 at an MOI of 10 in the absence or presence of control or DV3 immune serum, total RNA was isolated from B
cells at 24 h p.i. Portions of each sample were hybridized with 2 and D1 primers (top) and the D2 primer (middle) to analyze negative- and
positive-strand RNA genomes. Afterward, half of each sample was incubated with (+) or without (—) RT, amplified by PCR, and run in adjacent
lanes. B-Actin (bottom) served as an internal control. M, DNA marker. (C) Staining of DV2-infected B cells. After mock treatment (1) or DV2
infection (2 to 4) at an MOI of 10, B cells of donor 6 were collected 48 h later and stained for intracellular viral core protein (1 and 2) and cell
surface CD19 molecules (3). Panel 4 is the compiled image of panels 2 and 3.

3 produced 17-, 3-, and 2-fold more viruses, respectively, than 4, and 8 could not detect a DV-specific IgG or IgM antibody,
monocytes at 48 h p.i. However, B cells of donors 4, 5, 7, and suggesting that these four donors were not previously infected
8 produced 1.3- to 8-fold less viruses than monocytes after (data not shown). Surprisingly, we found that not only did the
infection. A modified ELISA performed on sera of donors 1, 2, ranges of virus produced by infected B cells and monocytes
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overlap but also the mean values for these two cell types were
not statistically different (P > 0.6) at any time point in the
donors we tested.

Antibody-enhanced DV2 replication in a B-cell line, primary
B cells, and monocytes. To investigate the ADE effect on virus
replication in human B cells, the B-cell line Raji was used for
pilot studies and for comparison to primary cultured B cells.
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FIG. 2. Antibody-enhanced DV infection of B-cell line Raji. Vi-
ruses were incubated with control or DV3 immune serum diluted as
indicated before infecting cells at an MOI of 10. Culture supernatants
were collected at the indicated times, and virus titers were determined.
The means = SEM of duplicate samples are shown. *, P < 0.05 when
immune serum-treated samples are compared to control serum-
treated samples.

DV2 was mixed with human serum collected from a healthy
individual and a DV3-infected patient with a neutralizing titer
of 1:12,000, and then the mixture was added to Raji cells. The
virus was not able to infect Raji cells when mixed with a
neutralizing dose (1: 6,000) of DV3 immune serum (Fig. 2). A
fivefold dilution beyond the neutralizing titer has been used by
Brandt et al. (6) to achieve optimal ADE. Therefore a 1:60,000
dilution of serum was used to investigate ADE. Using this
dilution, we did not detect any apparent effect of control serum
on virus replication in B cells. However, this nonneutralizing
dose of DV3 immune serum was able to enhance DV2 repli-
cation significantly by 1.6-, 2-, and 4.5-fold at 24, 48, and 96 h
pi. (P = 0.05), respectively, compared to control serum. The
heterologous DV serum enhanced virus infection but did not
alter the growth kinetics of virus in Raji cells.

In primary cultured B cells, DV3 immune serum was also
able to enhance viral replication (Fig. 3A). The levels of ADE
on viral replication at two different MOIs were comparable
(1.9-, 1.8-, and 1.7-fold increases for an MOI of 1 and 1.6-, 1.5-,
and 1.6-fold increases for an MOI of 10 at 24, 48, and 72 h p.i.,
respectively). The effects of ADE on viral replication in in-
fected B cells and monocytes in additional donors (donors 1, 2,
4, 5, and 8) were investigated. The ranges of ADE of viral
replication in B cells and monocytes overlapped (Fig. 3B). DV
immune serum slightly increased viral replication by an aver-
age of 2.2-fold in both infected B cells and monocytes (P >
0.05). RT-PCR assays detected a 1.3-fold increase of the neg-
ative-strand RNA genome in infected B cells of donor 4 with
DV3 immune serum compared to that with normal serum,
further confirming that ADE increases virus replication (Fig.
1B). Flow-cytometric analyses of NS1 expression were per-
formed for donors 4, 5, and 8 (Fig. 4). We found that, in the
presence of DV3 immune serum, not only was the percentage
of cells positive for the viral NS1 protein increased significantly
(P < 0.05) but also the mean fluorescence intensity of NS1
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FIG. 3. Antibody-enhanced DV infection of primary mononuclear
cells. (A) Viruses were incubated with a 1:60,000 dilution of control
serum or DV3 immune serum before infecting B cells of donor 4 at
MOIs of 1 and 10. Culture supernatants were collected at the indicated
times, and virus titers were determined. The means = SEM of dupli-
cate samples are shown. (B) B cells (solid diamonds) and monocytes
(open diamonds) of donors were infected with DV2 at an MOI of 10
in the presence of control serum or DV3 serum. Culture supernatants
were collected at 48 h p.i., and virus titers were determined. The fold
increase of virus titer due to ADE was calculated as follows: fold
increase = virus titer of DV3 immune serum sample/virus titer of
control serum sample. Numbers adjacent to symbols designate indi-
vidual donors, and bars represent the mean values for each group.

expression in infected B cells was augmented about 2.8-fold
(78 = 32 [control serum] versus 221 = 92 [immune serum]).
Comparison of cytokine responses in DV-infected B cells
and monocytes. Both B cells and monocytes can produce IL-6
and TNF-«a (15, 38), so the cytokine responses of these two cell
types after infection were examined. DV2 infection signifi-
cantly increased the levels of IL-6 in both B cells (P < 0.001)
and monocytes (P < 0.02) 48 h after infection (Fig. 5A). Sim-
ilar to the results of virus yield, the ranges of IL-6 produced by
infected B cells and monocytes overlapped. Although the av-
erage amount of IL-6 secreted by infected B cells was 1.6-fold
less than that secreted by infected monocytes, this difference
did not attain statistical significance (P = 0.37). By a compar-
ison of Fig. 1A and 5A, a correlation between the amount of
virus and IL-6 produced by infected B cells in some donors can
be seen, so linear regression analyses were applied to investi-
gate the correlation between these two values. We found that
the correlation was strong (> = 0.47) for B cells but not
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FIG. 4. Antibody-enhanced NS1 expression in infected B cells.
DV2 was incubated with normal human serum or DV3 immune serum
before infecting B cells of donors 4, 5, and 8 at an MOI of 1. At 48 h
p-i., infected cells were collected and subjected to flow-cytometric
analysis of the viral NS1 protein. The results are expressed as the mean
percentages of cells that express the NS1 protein of DV = SEM.

apparent (¥ = 0.03) for monocytes (Fig. 5B). In the presence
of DV3 immune serum, IL-6 secretion was slightly increased:
about 1.6-fold in infected B cells and 1.3-fold in infected mono-
cytes of donors 4, 5, and 8 (P > 0.05).

Similar to the IL-6 response, the average amounts of TNF-a
in both B cells (P < 0.001) and monocytes (P < 0.001) were
also significantly increased, by about eightfold, after infection
(Fig. 5C). The ranges of TNF-a produced by the two cell types
overlapped. Although the average amount of TNF-a secreted
by infected B cells was 2.7-fold less than that secreted by
infected monocytes, this difference was not statistically signif-
icant (P = 0.14) and, actually, was very close to the difference
between the amounts secreted by infected B cells and unin-
fected cells (2.2-fold). Therefore, the levels of induction of
TNF-« after infection in B cells and monocytes were equiva-
lent. We also found that the correlation between virus and
TNF-a responses in infected B cells with (> = 0.68) or without
(r* = 0.22) donor 8 was greater than that between these re-
sponses in infected monocytes (r* = 0.03; Fig. 5D). In the
presence of DV3 immune serum, TNF-a secretion was only
slightly increased: about 1.5-fold in infected B cells and 1.3-
fold in infected monocytes of donors 4, 5, and 8 (P > 0.05).

DISCUSSION

We initiated these studies to determine the contribution of B
cells to DV amplification and cytokine secretion in the trigger-
ing of pathological responses. Our results demonstrate that
DV replication, antibody-enhanced DV replication, and cyto-
kine responses in infected B cells and monocytes are similar.
We discuss these findings below.

B cells actively support DV replication. Only one report
documented DV replication in human B cells by detecting
increasing amounts of virus after infection (37). In this study,
we found more substantial evidence to indicate that DV ac-
tively replicates in B cells. Our expanded study has demon-
strated the following: (i) the negative-strand RNA genome,
which is the replication template present only during virus
replication, was found in infected cells; (ii) viral antigens, in-
cluding core and NSI1 proteins, were detected in infected cells;
(iif) amounts of virus detected in infected cells increased over
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FIG. 5. Cytokine production in DV-infected human mononuclear cells. The same 48-h supernatant samples used for virus titration in Fig. 1A
and their corresponding mock-treated samples of B cells (solid diamonds) and monocytes (open diamonds) were assayed for IL-6 (A) and TNF-a
(C) by using ELISA kits. Numbers adjacent to symbols represent individual donors, and bars represent mean values for each group. (B and D)
Correlation of IL-6 and virus production (B) and correlation of TNF-a and virus production (D) in infected B cells (top) and monocytes (bottom).
The amounts of the indicated cytokines produced in the infected samples were plotted against the amounts of virus produced in the same samples.
The best-fit lines were generated by linear regression of log;, values. Star, virus production in B cells for donor 8.

time; (iv) cytokines were secreted from infected cells; and (v)
the heterologous antibody was able to enhance both DV rep-
lication and cytokine secretion in infected cells. The replication
of DV observed in B cells was not due to the contamination of
monocytes for the following reasons: (i) B-cell cultures used
for studies contained a high percentage of B cells (=90%); (ii)
infected cells coexpressed the B-cell marker CD19 and viral
antigens; and (iii) in some donors, the levels of virus, cytokines,
and ADE produced by B cells were higher than those produced
by monocytes after infection. We also made sure that the
viruses used for this study were never grown or passaged in any
B-cell line or primary cultured B cells previously, because one
earlier report has shown that only a Raji cell-adapted strain of
DV2 could replicate in lymphocytes (5).

Consistent with the previous study (37), our initial results
showed that primary mononuclear cells, including PBMC, B
cells, and monocytes, inoculated with virus immediately (4 h)
after isolation from most donors were not permissive for DV
infection. One possible explanation for this phenomenon is
that mononuclear cells are affected during the process of blood
collection and cell isolation and it may take time for the cells
to recover. For example, the use of heparin for anticoagulation
during blood collection may affect the heparin sulfate on the
cell surface, which has been identified as the receptor for virus
entry into cells (9). Indeed, experiments set up to test this
hypothesis demonstrated that the permissiveness of B cells to
DV, as determined by measuring virus production, gradually
increased with cultivation time in the 3-day test period. Addi-
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tional studies are needed to examine whether the increased
permissiveness of mononuclear cells to DV after culture may
be due to the recovery of the viral receptor.

The role of B cells in virus amplification and spread during
infection. We found that DV actively replicates in B cells,
indicating that the virus detected in or recovered from B cells
of symptomatic patients in two clinical studies (4, 21) most
likely replicates in B cells. These two clinical studies also sug-
gested that B cells are a major site of DV replication. However,
our results suggest that DV replicates equally well in both B
cells and monocytes. It is possible that our infection conditions
were not optimal to observe maximum growth of DV in B cells.
As described earlier, the cultivation time and MOI (Fig. 3)
used for infection dramatically affected DV replication in B
cells. Therefore, conditions other than 3-day culture or an
MOI of 10 may be needed to observe a growth profile closer to
in vivo situations. Another possibility is that only selected in-
dividuals such as donors 1, 2, and 3, whose B cells support DV
replication better than monocytes, develop clinically evident
syndromes. There is support for this notion in two clinical
studies (4, 21). Alternatively, another unknown factor(s) might
be able to promote DV replication of B cells in vivo.

Our report is the first one to demonstrate that a heterolo-
gous antibody is able to enhance DV replication in both pri-
mary B cells and a B-cell line. The antibody is able to enhance
the number of B cells infected. This is similar to results seen in
monocytes (11, 12, 22). Additionally, we observed that anti-
bodies also enhanced the level of viral replication in individual
cells, as determined by measuring the mean fluorescence in-
tensity of NS1 expression. This observation has not been pre-
viously documented. The enhancing effect of the antibody
could possibly result from the antibody increasing virus entry
into cells or transducing a signal to activate B cells (20) or from
another unknown mechanism. The levels of ADE in B cells
were not much different from those in monocytes. However,
the overall observed levels were minimal compared to those in
monocytic cell line U937 (6, 11, 12). This was not due to the
MOI we used because the levels of ADE at two different MOIs
(1 and 10) were comparable and because similar MOIs have
been used to observe optimal ADE in U937 cells (6, 11, 12, 22).
Although the donors from whom we obtained mononuclear
cells for studies were mostly nonimmune, the levels of ADE in
both their B cells and monocytes were comparable to those in
monocytes obtained from immune donors (35).

In the blood circulation, the numbers of B cells and mono-
cytes and their abilities to support DV amplification are simi-
lar. Because B cells circulate between lymphoid tissue and
blood, while monocytes transit from bone marrow to periph-
eral tissues (reviewed in the discussion of reference 21), it is
suggested that infected B cells may be more efficient than
infected monocytes in spreading the virus between lymph
nodes and the circulation, which are the two most common
sites of virus recovery in infected patients (21, 31, 34). Taken
together, these data suggest that B cells play an important role
in virus amplification and spread during infection.

Role of B cells in the secretion of cytokines and autoanti-
bodies to trigger pathological responses during infection. This
report is also the first one to show that DV infection is able to
significantly induce cytokine responses in B cells and that cy-
tokine responses of infected B cells and monocytes are com-
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parable. RT-PCR analysis demonstrated the mRNAs of both
IL-6 and TNF-« in infected cells were elevated (unpublished
results). Therefore DV infection could increase synthesis of
these two cytokines, either at the transcriptional level or by the
enhancement of mRNA stability. In addition, we found a
greater correlation between virus and cytokine production in B
cells than in monocytes. This suggests that DV might be able to
induce cytokine synthesis in B cells directly. In monocytes, DV
infection increases the production of IL-1 (8). IL-1 is a well-
known inducer of both IL-6 and TNF-a and may act to stim-
ulate the synthesis of these two cytokines (15, 38). Future
studies investigating how DV induces IL-6 and TNF-« produc-
tion are warranted in order to address why the correlation
between virus and cytokine production is greater in B cells
than in monocytes. Interestingly, the antibody also slightly in-
creased cytokine responses in both infected B cells and in-
fected monocytes. This may explain why the maximum activa-
tion of endothelial cells mediated by TNF-a was obtained with
culture fluids from monocytes in which virus infection was
achieved by the addition of DV immune serum (1).

In addition to the activities described above, B cells could
also produce autoantibodies directed to human platelets and
endothelial cells to trigger pathological responses during in-
fection (25, 26). Mechanisms including molecular mimicry and
a polyclonal, nonspecific B-cell activation could cause this phe-
nomenon. A number of viruses are able to induce polyclonal
B-cell activation once they infect or interact with B cells (re-
viewed in reference 7). Our results show that DV not only is
able to replicate in B cells but also induces IL-6, which is a
growth factor as well as a differentiation factor for B cells (15).
This raises the possibility of polyclonal B-cell activation after
DV infection. Preliminary results have shown that B cells re-
mained viable 1 week after infection. Studies to examine
whether DV could induce polyclonal B-cell activation are in
progress. Taken together, our results suggest that B cells may
be an important component in DV pathogenesis.
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