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Fig. 2. Evaluation of D1-SRIP antigen in an assay to measure the balance between
neutralizing and enhancing antibodies using dengue-immune human serum sam-
ples. (A) Micrograph of K562 cells infected with D1-SRIPs or DENV-1. Cells infected
with D1-SRIP (upper panels) or DENV-1 (lower panels) were immunostained with
monoclonals JE-2D5 and D1-4G2, respectively. D1-SRIP or DENV-1 antigen was
incubated with human serum sample no. 551 at a dilution of 1:10 or 1:640 in the
absence of complement prior to infection (leftmost and second-left panels) or a con-
trol human serum sample negative for neutralizing antibodies against any DENV
serotypes (second-right panels). The rightmost panels show results of mock infec-
tion. Dark staining is the result of specific immunoreactivity of D1-SRIP-infected
cells with JE-2D5 antibody (upper panels) and DENV-1-infected cells with D1-4G2
antibody (lower panels). (B) Dose-dependent antibody activity curves. Curves were
obtained using D1-SRIP (closed circles) and DENV-1 (open circles) antigens with
four indicated serum samples and a negative control serum in the absence (C' [~];
upper panels) or presence (C' [+]; lower panels) of complement. The ordinate indi-
cates numbers of infected cells or foci for D1-SRIP or DENV-1 antigens, respectively.
Each datum represents an average of values obtained in two separate assays with
SDs indicated by error bars. Dashed and dotted lines indicate cut-off values for dif-
ferentiating between neutralizing and enhancing activities in assays using D1-SRIP
and DENV-1 antigens, respectively. (C) Correlation between D1-SRIP and DENV-1
antigens. Individual data from eight serum samples at dilutions of 1:10-1:10,240
are plotted on the graph, with ordinate and abscissa indicating data obtained using
D1-SRIP and DENV-1 antigens, respectively. Upper and lower panels correspond to
comparisons in the absence and presence of complement, respectively. Solid lines
are linear regression lines, with R-values corresponding to correlation coefficients.

was confirmed by the absence of infectivity in culture fluid of Vero
or K562 cells infected with D1-SRIPs.

3.2. Neutralizing/enhancing antibody balance-assay evaluation
of D1-SRIP antigen

The utility of D1-SRIP antigen in measurement assays of the
balance between neutralizing and enhancing antibodies was eval-
uated using dengue-immune human serum samples. The assay
system used semi-adherent K562 cells bearing FcyR, thus allow-
ing us to measure neutralizing or enhancing antibody activities by
comparing infected cell (for D1-SRIP antigen) or focus (for DENV-1
antigen) counts with those obtained without antibody. Smaller and
larger counts corresponded to neutralizing and enhancing activi-
ties, respectively. Fiz. 2A shows a micrograph of K562 cells infected
with either D1-SRIPs or DENV-1.

As an example, the upper panels of Fig. 2B show dose (anti-
body dilution)-dependent antibody activity curves observed for
two sera (samples no. 551 and no. 1412) in the absence of com-
plement. In sample no. 551, neutralizing and enhancing activities
were detected in dilution ranges of 1:10-1:40 and 1:640-1:40,960,
respectively, in assays using either D1-SRIP or DENV-1 antigens.
Similarly, curves obtained using D1-SRIP and DENV-1 antigens in
sample no. 1412 were equivalent to one another. This result sug-
gests that D1-SRIP antigen functions similarly to DENV-1 antigen
in this assay system. D1-SRIP and DENV-1 antigens were also com-
pared using another two sera (samples no. 474 and no. 1416)
in the presence of complement (lower panels of Fig. ZB). Simi-
lar dose-dependent antibody activity curves were also obtained
using either antigen. To further evaluate D1-SRIP antigen, four addi-
tional human serum samples were used. Data obtained using all
eight samples at serum dilutions of 1:10-1:10,240 were plotted
on a scatter graph (Fig. 2C). A significant correlation was observed
between D1-SRIP and DENV-1 antigens in the absence and presence
of complement, with correlation coefficients of 0.965 (P<0.001)
and 0.956 (P<0.001), respectively.

To corroborate the results obtained using human serum sam-
ples, mouse MAbs were also used for comparison of D1-SRIP and
DENV-1 antigens. Four MADs reactive to DENV-1 (D1-IV-7F4, D1-
[II-9B1, D1-V-3H12, and D1-4G2) were subjected to the same assay
system in the absence (Fig. 3A) or presence (Fig. 3B) of comple-
ment. Equivalent dose-dependent antibody activity curves were
generated using D1-SRIP and DENV-1 antigens in all MAbs, both
in the absence and presence of complement. Data obtained using
six MAbs (including the four above-tested ones) at dilutions of
1:10'-1:10% were plotted on a scatter graph (Fig. 3C). Highly sig-
nificant correlations were observed between D1-SRIP and DENV-1
antigens in the absence (R=0.985; P<0.001) or presence (R=0.986;
P<0.001) of complement. These results imply that D1-SRIPs can
serve as an alternate antigen to DENV-1 in assays measuring the
balance between neutralizing and enhancing antibodies.

3.3. Neutralization-test evaluation of D1-SRIP antigen

The performance of D1-SRIP antigen in a conventional Vero-
cell neutralization test was subsequently evaluated. Fig. 4A shows
dose-dependent percent inhibition curves obtained with two sera
(samples no. 551 and no. 1412) and two MAbs (D1-IV-7F4 and
D1-4G2) when complement was absent from the virus-antibody
mixture. Equivalent curves were obtained using DENV-1 and
D1-SRIP antigens. To further evaluate D1-SRIP antigen, PRNT50s
obtained with eight serum samples and six MAbs using DENV-1
and D1-SRIP antigens in the presence or absence of comple-
ment were plotted on a scatter graph (Fig. 4B). A significant
correlation coefficient (R=0.919; P<0.001) was obtained between
both antigens. This result indicates that D1-SRIP antigen can be
used in place of authentic DENV-1 antigen in Vero-cell neutraliza-
tion tests.

3.4. Evaluation of D2- and D3-SRIP antigens

To expand the utility of SRIP antigens for dengue functional
antibody assays, D2- and D3-SRIPs were evaluated for their suit-
ability as antigens in an assay to measure the balance between
neutralizing and enhancing antibodies using K562 cells. Infected
cell/focus counts obtained from four serum samples (no. 553, no.
1142, no. 1417, and no. 1703) at dilutions of 1:10-1:10,240 and
four mouse MAbs reactive to DENV-2 and DENV-3 (D1-11I-9B1, D1-
V-3H12, D1-4G2, and JE-10B4) at dilutions of 1:10-1:10° were
plotted on scatter graphs (Fig. %). A significant correlation was
observed between D2-SRIP and DENV-2 antigens in serum samples
and mouse MAbs, with correlation coefficients of 0.943 (P<0.001)
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Fig. 3. Evaluation of D1-SRIP.antigen in an assay to measure the balance between neutralizing and enhancing antibodies using mouse monoclonal antibodies (MAbs). ((A)
and (B)) Dose-dependent antibody activity curves. Curves were obtained using D1-SRIP (closed circles) and DENV-1 (open circles) antigens with four indicated MAbs in the
absence (A) or presence (B) of complement. The ordinate indicates numbers of infected cells or foci for D1-SRIP or DENV-1 antigens, respectively. Each datum represents an
average of values obtained in two separate assays with SDs indicated by error bars. Dashed and dotted lines indicate cut-off values for differentiating between neutralizing
and enhancing activities in assays using D1-SRIP and DENV-1 antigens, respectively. (C) Correlation between D1-SRIP and DENV-1 antigens. Individual data from six mouse
MADs at dilutions of 1:10'-1:10° are plotted on the graph, with ordinate and abscissa indicating data obtained using D1-SRIP and DENV-1 antigens, respectively. Upper and
lower panels show comparisons in the absence and presence of complement, respectively. Solid lines are linear regression lines, with R-values corresponding to correlation

coefficients.

and 0.935 (P<0.001), respectively. Furthermore, significant corre-
lations were observed between D3-SRIP and DENV-3 antigens using
serum samples (R=0.975; P<0.001) or mouse MAbs (R=0.927;
P<0.001). These results suggest that D2- and D3-SRIPs can serve as
alternate antigens to corresponding authentic viruses (DENV-2 and
DENV-3)in assays measuring neutralizing and enhancing antibody
balance.

4. Discussion

The first conducted efficacy trial of a dengue vaccine candidate
found no significant protection against DENV-2, even though vac-
cinated volunteers induced neutralizing antibody against DENV-2
according to a conventional Vero-cell neutralization test {341 To
understand the discrepancy between neutralizing antibody levels
and protective efficacy, the improvement of antibody assay sys-
terns has been suggested as a possible solution {35]. Compared
with the use of non-expressing CV-1 cells, the use of Fcy-receptor-
expressing CV-1 cells in an assay system reduced neutralizing
antibody titers in dengue-immune sera {361, Moi et al. {37} further
showed that Fcy-receptor-expressing BHK-21 cells provided better
reflection of in vivo antibody activity in patient sera than did a non-
expressing control. We have previously used Fcy-receptor-bearing,

semi-adherent K562 cells to measure the balance of neutralizing
and enhancing antibody activities {33}. The combination of these
antibody assay systems with SRIP antigens should be a power-
ful tool to evaluate vaccine-induced antibody responses against
antigens of a variety of serotype/genotype strains distributed
worldwide.

Transfection with a plasmid expressing flavivirus prM-E genes
is known to produce nucleocapsid-free, empty subviral extra-
cellular particles (EPs) in mammalian cells {38,39]. EPs are
useful as antigens in antibody binding assays, e.g., enzyme-linked
immunosorbent assays {4041}, In contrast, flavivirus SRIPs are
generated by transfection with a replicon plasmid in addition to
a plasmid expressing prM-E genes. SRIPs, which are infectious
antigens, can be used in functional assays, which provide more
important information on the protective role of antibodies than
do binding assays. Furthermore, an infectious form increases anti-
gen sensitivity; EP antigens, in fact, can be used only when the
production level is as high as that of JEV.

Higher yields of D1-SRIPs were obtained using a combination
of two (Set II; Fig. 1A) than three plasmids (Set I). Set II included
the replicon plasmid pCMV-]JErep-fullC, which contained the entire
mature C. Potential reasons for this difference are: (i) increased
efficiency of co-transfection in the system using a fewer number
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Fig. 4. Evaluation of D1-SRIP antigen performance in a conventional Vero-cell neu-
tralization test. (A) Dose-dependent percent inhibition curves. Curves were obtained
using D1-SRIP (closed circles) and DENV-1 (open circles)antigens with two indicated
human serum samples (no. 551 and no. 1412), two mouse MAbs (D1-IV-7F4 and D1-
4G2), and a human negative control serum (Negative control). All displayed results
were obtained in the absence of complement. Each datum represents an average of
values obtained in two separate assays, with SDs indicated by error bars. (B) Cor-
relation between D1-SRIP and DENV-1 antigens. Individual PRNT50s obtained from
eight human sera (open and closed circles) and six MAbs (open and closed triangles)
in the absence (closed circles and triangles) or presence (open circles and triangles)
of complement are plotted on the graph, with ordinate and abscissa indicating data
obtained using D1-SRIP and DENV-1 antigens, respectively. The solid line is a linear
regression line, with the R-value corresponding to the correlation coefficient.

of plasmids; and (ii) increased packaging efficacy for production
of nucleocapsids in the Set II system, where the C protein is syn-
thesized in close proximity to the subgenomic viral RNA. Detailed
investigations should uncover the molecular mechanisms required
for efficient packaging and virion particle formation in flaviviruses.

Although dose-dependent antibody activity curves obtained
using D1-SRIPs and DENV-1 antigens were equivalent overall,
the number of infected cells obtained using D1-SRIP antigen was
greater than the number of foci obtained using DENV-1 antigen in
some antibody samples. This situation occasionally occurred in an
antibody dilution range showing enhancing activity, e.g., sample
no. 474 at 1:2560, sample no. 1416 at 1:160-1:640 (¥Fig. 2B), and
D1-4G2 at 1:160-1:640 (Fig. 3A). One potential explanation for this
phenomenon is underestimation of the number of plaques formed
by DENV-1. While one D1-SRIP infectious unit forms only a single
infected cell, a unit of DENV-1 produces a focus composed of more
than one infected cell in a well of limited size. In this case, infec-
tious unit counts obtained using D1-SRIP antigen are considered
more accurate.

In conclusion, our study has demonstrated the utility of D1-
SRIPs as an alternative antigen to authentic DENV-1 in functional
antibody assays to measure neutralizing and enhancing activities.
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Fig. 5. Correlation between SRIP and DENV antigens in DENV-2 and DENV-3
systems. Individual infected cell/focus counts obtained in an assay to measure neu-
tralizing and enhancing antibody balance using four serum samples at dilutions
of 1:10-1:10,240 (upper panels) and four mouse MAbs at dilutions of 1:10-1:10%
(lower panels)in the absence (closed triangles) or presence (open triangles) of com-
plement are plotted on the graph. Left panels show data obtained using D2-SRIP
and DENV-2 antigens; right panels indicate data obtained using D3-SRIP and DENV-
3 antigens. Solid lines are linear regression lines, with R-values corresponding to
correlation coefficients,

These antibody activities are important for evaluating coverage and
safety of dengue vaccine candidates. SRIPs that cannot propagate
in cells and thus may not be pathogenic to humans can be pre-
pared more safely and securely than infectious clones. Furthermore,
SRIP antigens can be easily produced by co-transfection with two
plasmids, one of which contains the prM and E genes responsible
for virion surface antigens. Based on nucleotide sequence informa-
tion available in gene databases such as GenBank, production of
SRIP antigens of a variety of serotype/genotype/subclades is sim-
pler than production of an infectious clone or even importation of
the infectious virus itself. SRIP antigens may not only assist vac-
cine development, but may also contribute to an understanding of
dengue pathogenesis and the development of serodiagnostic sys-
tems.
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