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FIG. 1. Time course study of the lysis of dengue 2-infected or
uninfected Raji cells in NK and ADCC assays. The percent specific
S1Cr release from target cells in NK and ADCC assays was assessed
after the indicated hours of incubation. Hyperimmune mouse ascitic
fluid was used at a 1:20 dilution in the ADCC assay. The E/T ratio
was 50:1 with donor no. 2 (Fig. 1a) and 10:1 with donor no. 8 (Fig.
1b). Symbols: O, infected Raji cells without antibody (NK assay);
@, infected Raji cells with antibody (ADCC assay); A, Uninfected
Raji cells without antibody (NK assay).
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but negative for anti-dengue 2 antibody did not augment the
lysis of dengue-infected Raji cells. Therefore, the killing of
dengue-infected Raji cells was not due to their being Epstein-
Barr virus-transformed cells.

Production of IFN during NK and ADCC assays of dengue-
infected Raji cells. We assessed whether IFN was produced
during these assays to determine whether IFN may have
contributed to the enhanced lysis of dengue-infected Raji
cells by PBMC (Table 4). High titers of IFN (1,600 U/ml)
were detected only in the culture supernatants containing
both PBMC and dengue-infected Raji cells. The same titer of
IFN was also detected in the ADCC assay. However, only 6
U of IFN per ml was detected in the culture supernatant of
PBMC and uninfected Raji cells. The IFN was characterized
as alpha because it was neutralized by specific antisera to
human IFNa but not by antisera to IFNB and IFNvy.

Addition of anti-IFN« antibody and pretreatment of effector
cells with actinomycin D or IFNa. We examined the effects of
anti-IFNa antibody on the lysis of dengue-infected Raji cells
in the NK assay (Table 5). We added various dilutions of
anti-IFNa antibody to the NK assay and assessed the
specific lysis and IFN titer in the culture supernatant at 18 h.
Although the addition of anti-IFNa antibody diluted to a
concentration of 1:40 neutralized all detectable IFN pro-
duced during the NK assay, the specific lysis of dengue-
infected Raji cells did not decrease, suggesting that the
presence of IFN throughout the assay was not required to
demonstrate the increased lysis of dengue-infected cells.

To study the possible early contribution of IFN to the
enhanced killing of dengue-infected cells, we pretreated the
effector cells with 0.02 to 0.16 g of actinomycin D per ml
(Table 6). Although pretreatment of effector cells in actino-
mycin D decreased the production of IFN by 50 to 75%, the
specific lysis of dengue-infected cells did not concomitantly
decrease. Pretreatment of effector cells with 0.02 to 0.16 pg
of actinomycin D per ml did not decrease the lysis of
uninfected cells either (data not shown).

In addition, we pretreated the effector cells with 10* U of
exogenous human IFNa per ml. Pretreatment of effector
cells with IFN« increased proportionally the lysis of dengue-
infected and uninfected Raji cells; i.e., 53% augmented lysis
of dengue-infected Raji cells, and 60% augmented lysis of
uninfected Raji cells. Effector cells pretreated with IFNa
lysed dengue-infected cells to a greater degree than uninfect-
ed cells, as did untreated effector cells (data not shown).
This result and those shown in Tables 5 and 6 appear to
indicate that the enhanced lysis of dengue-infected cells by

TABLE 2. Effector-target cell dose-response study in the lysis of dengue 2 virus-infected cells in NK and ADCC assays

% Specific *'Cr release from target cells”

Effector no. 2

Effector no. 8

E/T ratio Infected Raji? Uninfected Infected Raji® Uninfected

ADCC¢ NK Raji (NK) ADCC¢ NK Raji (NK)
100 41.2 26.1 11.8 ND ND ND
50 32.5 26.9 10.7 64.2 48.3 38.4
25 25.9 19.7 7.1 58.7 39.6 32.9
12.5 18.9 14.5 6.6 45.9 33.7 25.1
6.3 11.8 7.9 6.0 33.6 26.8 17.5
32 6.1 1.7 1.6 19.4 17.2 8.9
1.6 ND ND ND 26.7 19.4 6.2

@ Percent specific *'Cr release from dengue 2-infected Raji cells after 18-h assay. ND, Not determined.
® Significance was determined by the Wilcoxon rank sum test between ADCC lysis of infected Raji cells and NK lysis of infected Raji cells (P = 0.025 for both
no. 2 and no. 8) and between NK lysis of infected Raji cells and NK lysis of uninfected Raji cells (P = 0.025 for both no. 2 and no. 8).

¢ Hyperimmune mouse ascitic fluid was used at a 1:10 dilution in ADCC assay.
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FIG. 2. Dose-response relation between the dose of antibody
added and the lysis of infected Raji cells by ADCC. Percent specific
SICr release from dengue 2-infected Raji cells by ADCC was
assessed after 18 h of incubation. Hyperimmune mouse ascitic fluid
was used at 1:10 to 1:156,250 dilution. The E/T ratio was 50:1 with
donor no. 2 and 10:1 with no. 8. Ab, Antibody.

PBMC may not be due to the IFN produced during the
assay.

Effector cells responsible for lysis of dengue-infected target
cells in NK and ADCC assay. We initially assessed the nature
of the effector cells responsible for killing dengue-infected
target cells with or without anti-dengue 2 antibody, using
adherent and nonadherent cells from PBMC (Table 7). The
results showed that the predominant cells responsible for the
lysis of dengue-infected Raji cells in NK and ADCC assays
were nonadherent cells, although some lysis was associated
with the adherent cells.

We then analyzed in more detail the nature of the nonad-
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herent cytotoxic cells, using monoclonal antibodies to the
M1 and T3 antigens. Nonadherent PBMC were reacted with
monoclonal antibodies to M1 or T3 antigens and sorted for
use as effector cells in NK and ADCC assays (Table 8). In
the NK assay, OKM1" cells caused higher lysis of dengue-
infected Raji cells than OKM1™ cells (P < 0.001). However,
OKT3" and OKT3" cells lysed dengue-infected Raji cells to
almost the same degree. In the ADCC assay, OKM1™ cells
also caused a significantly higher level of lysis (P < 0.001),
although some level of lysis was observed with OKM1™
cells. OKT3™ cells caused a higher level of lysis than did
OKT3" cells. K562 cells, which are used as target cells for
assaying human NK cells, were lysed by OKM1* and
OKT3" cells but not by OKM1~ and OKT3" cells. These
results indicated that the nonadherent effector cell(s) respon-
sible for lysis of dengue-infected cells are contained in the
OKM1* fraction and in both OKT3~ and OKT3" fractions
in the NK assay and are contained in OKM1* and OKT3"
fractions in the ADCC assay. Therefore, some of the effector
cells responsible for killing dengue-infected Raji cells include
some cells of a different phenotye than the NK cells respon-
sible for lysis of K562 cells, which are OKM1* and OKT3"~.

DISCUSSION

In these studies, we have shown that PBMC-mediated
cytotoxicity and ADCC effectively kill dengue virus-infected
cells in vitro. This conclusion is based on the following
results. (i) PBMC from donors without antibodies to dengue
2 virus lysed dengue 2-infected Raji cells significantly better
than uninfected Raji cells. (ii) The addition of murine or
human anti-dengue 2 antibody into the NK assay increased
the lysis of dengue-infected cells but did not increase the
lysis of uninfected cells. The addition of ascitic fluid from
unimmunized mice did not increase the lysis of dengue-
infected cells. (iii) There was a dose-response relationship
between the level of anti-dengue 2 antibody added and the
specific >!Cr release of ADCC, indicating the dengue virus
specificity of the lysis of dengue-infected cells.

We have also detected increased lysis by PBMC of Raji
cells infected with another subtype of dengue virus. PBMC
lysed Raji cells persistently infected with dengue 4 virus to a
higher level than uninfected Raji cells, and the addition of
anti-dengue 4 antibody further increased the lysis of PBMC
of dengue 4-infected Raji cells (unpublished data).

TABLE 3. Lysis of dengue 2 virus-infected Raji cells by ADCC, using human sera as antibody sources

% Specific *'Cr release”

(neutr aﬁgzg‘::"?;?ay diery® Infected Raji® Uninfected Raji®
ADCC Ax¢ ADCC Ax
Anti-dengue 2 antibody positive
1 (640) 29.4 14.6 9.5 3.8
2 (640) 21.8 7.0 10.4 4.7
3 (160) 27.1 12.3 11.9 6.2
4 (80) 25.1 10.3 8.0 2.3
Anti-dengue 2 antibody negative
1 13.8 -1.0 4.1 -1.6
2 15.3 0.5 4.5 -1.2
3 Control AB serum 14.8 0 5.7 0
Anti-EBV antibody
4 Antibody + 13.6 -1.2 4.6 -1.1
5 Antibody — 11.2 -3.6 2.8 -2.9

: Percent specific *!Cr release from dengue 2-infected and uninfected Raji cells after 18-h assay.
Human sera were used at a 1:10 dilution after inactivation of complement. The neutralizing antibody titers in the human sera are described in parenthesis.

¢ Significance was determined by paired ¢ test between Ax of infected Raji cells and Ax of uninfected Raji cells in the assay using sera positive for anti-dengue 2

antibody (P < 0.025).

4 Ax, Percent specific lysis of target cells minus percent specific lysis by ADCC with control AB serum.
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TABLE 4. Quantitation of IFN in culture superantants of effector
cells and dengue virus-infected Raji cells

J. VIROL.

TABLE 6. Effect of actinomycin D on the lysis of dengue virus-
infected cells by PBMC and IFN production

Anti-den- b %
Target cells Eg‘:ﬁtsor gue 2¢ ({JF/?]]) Specific
antibody lysis
Dengue 2-infected + + 1,600 45.5
Raji

+ - 1,600 321
- - <6 0

Uninfected Raji + - 6 18.8
- - <6 0

None + - <6 —

“ Hyperimmune mouse ascitic fluid was used at a 1:20 dilution.

b Effector cells and target cells were cultured at an E/T ratio of 50:1 for 18 h,
and IFN in the culture supernatants was quantitated.

¢ —, No value due to lack of target cells.

There is a statistically significant correlation in the specific
lysis by PBMC between K562 cells and dengue-infected
cells. However, there is a relatively high heterogeneity as to
the lytic activity of PBMC against dengue-infected cells, and
some effector cells which lyse K562 to an average level lyse
dengue-infected cells to a low level.

We have characterized the cells responsible for the lysis of
dengue 2-infected Raji cells, using monoclonal antibodies to
M1 and T3. Our results were as follows: effector cells
responsible for the lysis of dengue-infected Raji cells in NK
assay are contained in the OKM1™ cells and in both OKT3*
and OKT3™ cells, effector cells in ADCC assay are con-
tained in OKM1* and OKT3" cells. In the same experi-
ments, K562 cells, which are usually used as target cells for
human NK assay, were lysed very well by nonadherent cells
contained in OKM1* and OKT3" fractions but not by cells
contained in the OKT3" fraction. These results as well as
the different level of lysis by PBMC of K562 and dengue-
infected cells indicate that some of the effector cells respon-
sible for lysis of dengue-infected cells are different cells from
those responsible for lysis of K562. Heterogeneity of NK
cells has been reported in human systems (12). Lopez has
noted that the human NK cells killing K562 and herpes
simplex virus type 1 (HSV-1)-infected target cells have
somewhat different characteristics, although both cell types
appear within the larger granular lymphocyte population
(12). Our results with dengue virus-infected cells are consis-
tent with these previous reports.

Little is known about the characteristics of effector cells
responsible for ADCC to virus-infected cells. Some reports
showed that null cells and T cells are effector cells in the
ADCC assay for virus-infected cells, and both cell types

TABLE S. Effect of anti-IFN antibody on the lysis of Dengue
virus-infected Raji cells by PBMC

Serum N “ % Specific
added Dilution IFN“ (U/ml) lysis®
None 400 (25)¢ 36.9 (13.0)¢
Anti-IFNa 1:40 <25 (<295) 31.5 (13.0)

1:160 100 (<25) 36.0 (15.8)
Control 1:40 200 (<25) 35.1 (15.0)
1:160 400 (50) 31.8 (13.7)

2 Dilutions of anti-IFN antibody were added to wells in the NK assay. IFN
in the culture supernatant was quantitated after 18 h of culture.

b E/T ratio was 40:1.

¢ Numbers in parentheses indicate results obtained by using uninfected Raji
cells as target cells.

Actinomycin D* % Specific’ IFN?
(pg/ml) lysis (U/ml)

0 31.8 1,600
0.02 31.8 800
0.04 31.1 800
0.08 27.7 800
0.16 27.7 400

¢ Pretreatment of effector cells with actinomycin D is described in the text.
b Effector and target cells were cultured at an E/T ratio of 50:1 for 18 h.

have human NK (HNK-1) antigen, using respiratory syncy-
tial virus- and influenza virus-infected targets (18, 23). In our
experiments, T cells (OKT3™ cells) were not responsible for
ADCC of dengue-infected cells. We do not know whether
this difference is due to the virus used, the methods of
separating cells, or for some other reasons. Our studies with
other monoclonal antibodies indicate that the effector cells
responsible for lysis of dengue-infected cells in the NK and
ADCC assays are contained in the Leull® and Leu7~
fraction, but some activity is in the Leull™ and Leu7*
fraction (unpublished data). Further characterization of the
effector cells is in progress.

There are reports with several other viruses that infected
cells are lysed by NK cells to a greater degree than uninfect-
ed target cells (6, 9). However, the mechanism of enhanced
lysis of virus-infected cells is not clearly known. In some
cases, IFN is thought to be a prominent cause of enhanced
lysis of infected cells. That is, NK cells which were activated
by virus-induced IFN during the NK assay are thought to
cause the enhanced killing of infected cells (29). We detected
>400 U of IFNa per ml in the culture supernatants of PBMC
and dengue-infected cells. However, the addition of anti-
IFNa antibody, which neutralized all IFN produced during
the assay, did not decrease the specific lysis of infected Raji
cells by PBMC. Pretreatment of effector cells with actinomy-
cin D, which decreased IFN production, did not decrease
the lysis of dengue-infected cells. Dengue-infected cells were
also lysed to a greater degree than uninfected cells by IFN-
pretreated effector cells as when effector cells were not
pretreated with IFN. These results suggest that the en-

TABLE 7. Lysis of dengue-infected Raji cells by adherent and
nonadherent cells with or without anti-dengue 2 virus antibody

% Specific *'Cr release”

Effector cells* E/T Infected Raji Uninfected
ratio Raji K5.62
+Antibody’ —Antibody (—antibody) (~2ntibedy)
Unfractionated 50 ND 55.4 43.9 73.7
PBMC 10 47.7 31.7 19.1 33.0
Adherent cells 50 ND 35.3" 16.7 15.0°
10 25.5" 16.4™"" 7.4 10.0™
Nonadherent 50 ND 51.7" 26.6 75.5°
cells 10 46.6" 37.0"" 18.4 38.8""

9 Percentage of phagocytic cells contained in each fraction: unfractionated,
15%; adherent, 96%; and nonadherent, 3%.

b Percent specific *'Cr release from each target after 16 h of assay.
Significance was determined for the difference in the level of lysis between
groups with the same symbol: *, P < 0.001; **, P < 0.0025, **, P <0.001, ,
P <0.001, ", P < 0.001.

¢ Hyperimmune mouse ascitic fluid was used at 1:10 dilution. ND, Not
done.
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TABLE 8. Lysis of dengue virus-infected Raji cells by effector
cells sorted with OKM1 or OKT3 antibody

% Specific *'Cr release”

Infected Raji

Effector cells® Uninfected K562
+ Anti- — Anti- Raji (—anti-
body© body (—antibody) body)
Expt 1
Unfractionated PBL  17.0 11.3 2.4 4.2
OKM1* 24.17 209 5.1 26.37"
OKM1~ 9.1 317 1.1 1.1
Expt 2
Unfractionated PBL  24.6 20.1 4.5 8.5
OKT3* 1427 155" 1.2 0.8"""
OKT3~ 25.9"  18.4™ 4.7 33.37"

“ Percentage of OKM1™ cells was 16% in unfractionated, 96% in OKM1*,
and 2% in OKM1~ fraction. Percentage of OKT3" cells was 78% in unfrac-
tionated, 99% in OKT3", and 2% in OKT3"~ fraction.

b Percent specific *!Cr release after 16-h assay. The E/T ratio was 10.
Significance was determined by Student’s 7 test. *, P < 0.001; *, P < 0.001:
™, 0.0025; ', P < 0.001; ', Not significant, ™", P < 0.001.

< Hyperimmune mouse ascitic fluid was used at a 1:20 dilution.

hanced lysis of dengue-infected Raji cells by PBMC may not
be due to the INF produced during assay. These results are
consistent with reports that natural killing of HSV-1-infected
target cells is dissociated from the induction of IFN (2, 13).
Other possible explanations of the enhanced lysis of virus-
infected cells include: (i) enhanced adhesion of NK cells to
virus-infected targets due to glycoproteins or to virus-in-
duced cellular receptors (35), (ii) impairment of infected cells
to repair damaged membranes (12), or (iii) an activation of
NK cells via viral glycoproteins (7). The mechanism which is
responsible for the enhanced lysis of dengue-infected cells
by PBMC remains to be elucidated.

Despite the evidence that virus-infected targets are lysed
more than uninfected targets by NK and ADCC in vitro (9,
23), there is relatively little information available on the in
vivo significance of these cells in virus infection. Mice
deprived of NK activity by the injection of anti-asialo GM1
antibody are more susceptible to murine cytomegalovirus,
mouse hepatitis virus, and vaccinia virus (5). Beige mice,
which have very low NK activity, are also very sensitive to
murine cytomegalovirus infection (31). In a study designed
to analyze the contribution of ADCC in HSV infection, mice
were irradiated and then injected with human peripheral
blood lymphocytes and anti-HSV antibody. These mice
were reported to be more resistant to HSV infection than
mice injected with only human peripheral blood lympho-
cytes or anti-HSV antibody (19).

This is the first report which demonstrates increased lysis
of dengue-infected cells by PBMC in vitro in NK and ADCC
assays. Many questions remain to be answered concerning
the role of NK and ADCC in dengue infections. What is the
role of NK and ADCC in the lysis of dengue-infected human
monocytes? Monocytes are the source of replicating virus in
humans and are hypothesized to release various mediators
leading to dengue shock syndrome (15). What is the virus-
antigenic specificity of killing by ADCC? Epidemiologically,
it is reported that infection with a different subtype of virus
from the primary one is more likely to cause the dengue
shock syndrome (16); therefore, a cross-reactive antigen
may be involved. These studies should lead us to a better
understanding of dengue infection and eventually to prevent
the dengue shock syndrome.
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