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The S-1 clone of dengue type 2 virus was used for the preparation of a live-
attenuated vaccine after passage in DBS-FRhL-2 cell culture. The vaccine virus
had a relatively higher replicative capacity at superoptimal temperatures than its
precursor virus, S-1, passaged in primary green monkey kidney cells (S-i PGMK).
There was also a tendency for the S-1 vaccine virus to exhibit leakiness at
increased temperatures. Another in vitro marker, replication in monkey peripheral
blood leukocytes, indicated less host restriction for the S-1 vaccine in comparative
assays with S-1 PGMK virus. Mouse virulence appeared to remain stable on
passage in DBS-FRhL-2 cells, whereas monkey immunogenicity decreased. Cau-
tious trials of the dengue type 2 S-1 vaccine in humans are indicated.

Dengue and dengue hemorrhagic fever occur
in endemic or epidemic form throughout tropical
areas of the world. In the Americas, dengue
types 2 and 3 (DEN-2 and DEN-3) and, most
recently, DEN-1, have been associated with
widespread epidemics of dengue fever (2, 10, 18).
In Southeast Asia, dengue hemorrhagic fever is
a major public health problem. Widespread ep-
idemics causing significant mortality in the pe-
diatric age group have increased markedly in the
last decade. Vector control is the only preventive
measure available, but to date this has been
ineffective in many areas.
The feasibility of producing live-attenuated

vaccines for DEN-1 (7, 12) and DEN-2 (13)
viruses has been investigated. These early vac-
cines used virus modified by passage in mouse
brain. Modification was judged by the reduction
in the severity or the complete loss of clinical
signs ofdisease in humans. These vaccines, along
with another mouse brain vaccine prepared by
Wisseman et al. (19), were shown to be effective
and to have low reactogenicity.

Present-day methodology has made it possible
to select temperature-sensitive and host-re-
stricted, conditional lethal mutants of many vi-
ruses. Several flavivirus mutants with reduced
animal virulence have been studied on a limited
scale. These include Japanese encephalitis (3,5),
tick-borne encephalitis (8), Langat (9), Kyasanur
Forest (11), and DEN-2 (la, 15, 16) viruses.
Growth of mutant viruses in cell culture sub-

strates suitable for vaccine production and care-
ful documentation of passage history of the orig-
inal isolates may permit a potential virus clone
to be used in human vaccination trials. Passage

of a small-plaque clone of DEN-2 virus in fetal
primate diploid cells and the preparation of a
candidate human vaccine in these cells are de-
scribed here. Animal and in vitro markers of
attenuation of the S-1 vaccine are compared
with those found using earlier-passaged virus.

MATERLS AND METHODS

Cells and media. A diploid cell line of fetal rhesus
monkey lung cells (DBS-FRhL-2) derived by Wallace
et al. (17) was used for virus passage and the prepa-
ration of production seed and vaccine. Frozen am-
poules of DBS-FRhL-2 cells were obtained from Mer-
rell-National Drug Co., Swiftwater, Pa. These were
frozen at the 17th passage level and extensively tested
by the supplier for the presence of viral adventitious
agents, mycoplasma, and bacteria. Karyological stud-
ies were done on cells one passage beyond the frozen
state. Cells used for the preparation of seed virus and
vaccine were at the 18th passage level. For other
experiments, DBS-FRhL-2 cells between the 20th and
30th passages were used.

Fetal bovine serum (FBS) used in cell culture media
was purchased from HEM Research, Inc., Rockville,
Md. Serum was certified free of bovine adventitious
agents, mycoplasma, and bacteria. Further testing for
the presence of bacteriophage was done at the Walter
Reed Army Institute of Research by Peter Gemski.

Cell culture medium for DBS-FRhL-2 cells was
Eagle minimal essential medium (GIBCO, catalog no.
F-15, Grand Island, N.Y.) containing 10% FBS and
antibiotics for seeding and outgrowth of monolayers.
Maintenance medium contained 2% FBS or 0.25%
human serum albumin (Hyland, Costa Mesa, Calif.)
for vaccine preparation.
Plaque assay. LLC-MK2 cells were used to assay

virus as described previously (la). For assay at non-
permissive temperatures, plaque flasks were sub-
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merged in water-tight boxes in constant-temperature,
circulating water baths. Temperatures did not fluc-
tuate more than 0.050C in these baths. Plaque assays
at 350C were done in constant-temperature, forced-
draft incubators.

Production seed virus. The passage history of the
DEN-2 PR-159 human isolate, preparation of a parent
virus seed, and derivation of the S-1 clone have been
described in detail (la). For adaptation to DBS-FRhL-
2 cells, the 19th passage of the S-1 clone in primary
green monkey kidney cells (PGMK) (previously des-
ignated in Harrison et al. [6] as S-1 p-19a) was used to
inoculate DBS-FRhL-2 monolayers. After two pas-
sages in 25-cm2 flasks, the S-1 virus was inoculated
into 700-cm2 roller flasks. Viral inocula were diluted
so that a low multiplicity of infection (MOI) was used
to prevent reversion to large-plaque, temperature-re-
sistant virus (la). Supernatant fluids were harvested
between days 7 and 10 and were assayed for infectious
virus by plaquing at 35 and 39.30C.

Tests for adventitious microbial agents in the pro-
duction seed virus pool were performed as described
(la) and followed Public Health Service regulations
for licensed, live-attenuated vaccines (Code ofFederal
Regulations, chapter 21, subchapter F, Biologics).

Vaccine. DEN-2 S-1 vaccine was prepared accord-
ing to procedures established for the preparation of
production seed. DBS-FRhL-2 roller flasks were in-
oculated with S-1 seed virus at an MOI of 5 x 10'.
After adsorption for 1.5 h at 350C, the inoculum was
removed and flasks were washed three times with 100
ml of Hanks balanced salt solution (HBSS). Mainte-
nance medium (200 ml per roller) consisted of Eagle
minimal essential medium with 0.25% human serum

albumin, 0.22% NaHCO3, streptomycin (50.ug/ml), and
neomycin (100 ,ug/ml). Medium on all flasks was
changed on day 4, and supernatant fluids were har-
vested on day 6. Before centrifugation at 1,050 x g for
20 min, human serum albumin was added to superna-
tant fluids, resulting in a final concentration of 2.75%.
The pH of the albumin was adjusted to 7.6 before
addition to the virus fluids. As a final step in clarifi-
cation, fluids were filtered through a 0.45-,um mem-
brane filter (Nalge, Rochester, N.Y.). After removal of
samples for safety testing and plaque assay, the re-
maining volume was held in ice baths in a 40C refrig-
erator for 7 days pending results of sterility and plaque
assays. A final pool of vaccine was made by using virus
fluids from flasks containing <5 plaque-forming units
(PFU)/ml at 39.30C and with no detectable large-
plaque virus at 350C. The titer of the vaccine pool was
5.5 x 104 PFU/ml. After freeze-drying in 3-ml
amounts, the average titer for 10 vials was 8.5 x 104
PFU/ml, with no detectable large-plaque virus pres-

ent. The infectivity of freeze-dried vaccine held at
-20°C has remained stable for a period of approxi-
mately 2.5 years.

Safety tests on supernatant fluids before centrifu-
gation were identical to those performed on the vac-

cine seed preparation. Final container tests for 25 vials
of vaccine included bacterial sterility and the inocula-
tion of two young adult mice and two guinea pigs. All
tests were negative, indicating the absence of any

adventitious agents in the DEN-2 vaccine, lot no. 1.
Neurovirulence testing of vaccine has been de-

scribed in detail elsewhere (6). Eleven male rhesus
monkeys were inoculated intracerebrally into each
hemisphere and intraspinally, using 0.5 ml of vaccine
per injection site. Two control monkeys received sim-
ilar inoculations with virus-free cell culture fluids. All
monkeys were held for 19 days and observed daily for
evidence of central nervous system involvement or
other physical abnormalities. Upon completion of the
holding period, blood samples were taken from each
animal for evidence of DEN-2 replication. Under deep
pentobarbital sodium anesthesia, each monkey was
perfused with 10% Formalin, and appropriate tissues
were removed. Histological sections of the lumbar and
cervical cord, lower and upper medulla, mesenceph-
alon, and the motor cortex were made and examined
for viral pathology. Lesions observed in both brain and
spinal cord sections were due to needle insertion
trauma, and none could be attributed to viral infection
processes. No increase in the number or severity of
lesions was seen in the vaccinated group of monkeys
compared with the two control monkeys.
Monkey peripheral blood leukocyte (PBL) cul-

tures. Heparinized blood from a cynomolgus monkey,
immunized 9 months previously with DEN-3 virus,
was mixed with an equal volume of Ca- and Mg-free
HBSS. Fifteen milliliters of Ficoll-Hypaque was lay-
ered under 35 ml of the diluted, heparinized blood and
centrifuged at 350 x g for 40 min. The leukocyte band
was removed and washed once in HBSS and once in
RPMI 1640 medium containing 10% FBS, 2 mM glu-
tamine, 0.01 M HEPES buffer (N-2-hydroxyethylpi-
perazine-N'-2-ethanesulfonic acid), and antibiotics.
Cells were resuspended in RPMI 1640 medium and
adjusted to a concentration of 6.8 x 10' cells/ml before
inoculation of the suspension with virus. Growth
curves were performed at 350C.
Monkey immunogenicity studies. Details of

monkey inoculation experiments and procedures for
testing complement-fixing, hemagglutination inhibi-
tion, and neutralizing antibodies have been described
elsewhere (6, 14).

RESULTS
S-1 replication in cell culture. DEN-2 S-1

vaccine was prepared at the fourth passage level
in DBS-FRhL-2 cells. Virus used to initiate this
line of passages was S-1 at the 19th passage level
in PGMK cells (S-1 PGMK). Experiments to
characterize the vaccine virus were initiated to
detect any changes in the virus that may have
occurred during passage in DBS-FRhL-2 cells.
Previous data for S-1 passaged in PGMK cells
indicated that restriction of replication of this
virus occurred at temperatures of 370C and
higher. Growth kinetics for the S-1 vaccine and
S-1 PGMK viruses were compared at the per-
missive temperature of 350C and also at 37 and
38.50C. This was accomplished by inoculation of
LLC-MK2 cells at an MOI of approximately 0.01
and removal of supernatant culture fluid sam-
ples for days 2, 3, and 4 post-inoculation. Results
of this experiment (Fig. 1) revealed that very
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little restriction of replication occurred for S-1
vaccine at 370C, whereas S-1 PGMK virus was
significantly restricted at the same temperature.
At 38.50C no detectable virus could be found in
culture fluids from S-1 vaccine- or S-1 PGMK-
inoculated flasks. Parent virus (not shown) rep-
licated with reduced yields at 38.50C (la).

Efficiency of plating (EOP), i.e., the ability to
form plaques at superoptimnal temperatures, was
calculated for both the S-1 PGMK virus and the
S-1 vaccine. For comparison, the DEN-2 parent
(PGMK-6) virus was also included in the assay.
To calculate the EOP, plaque flasks were incu-
bated at permissive temperature (350C) and also
at 38.5 and 39.30C. The ratios of plaque titers at
38.5 or 39.30C to the plaque titer at 350C are
listed in Table 1. The twofold-higher EOP for
the S-1 vaccine at 38.50C could be repeated in
three separate comparative assays. The higher
EOP indicated a greater efficiency of the S-1
vaccine virus to form plaques. Together with
data from the growth curves of Fig. 1, a higher
replicative capacity for the S-1 vaccine was
found at superoptimal temperatures.

Effect of temperature on virus pheno-
type. Maintenance of small-plaque, tempera-
ture-sensitive virus on further passage of S-1
vaccine virus could be achieved by incubation at
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FIG. 1. Replication of S-i vaccine (0) and S-I
PGMK (0) viruses at 35°C (-), 370C (---), and
38.50C (- -----) in LLC-MK2 cells.
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310C. The effect of temperature on the emer-
gence oftemperature-resistant virus was assayed
for both the S-1 vaccine and S-1 PGMK viruses
by growth at 310C, 350C, and 370C. Table 2 lists
the 7-day harvest titers of these viruses plaqued
at 350C as well as the number of cell culture
flasks containing virus which plaqued at 39.30C.
The S-1 vaccine-inoculated flasks showed an
increase in the percentage of flasks with temper-
ature-resistant virus as a function of increased
temperature. At 370C, 65% of these flasks con-
tained virus in supernatant culture fluids that
formed plaques at 39.30C, whereas no tempera-
ture-resistant virus was found in any of the
infected flasks at 310C. None of the S-1 PGMK
virus-inoculated cell culture flasks at 31, 35, or
370C was found to contain temperature-resistant
virus; however, virus titers were appreciably
lower at all temperatures than virus from flasks
inoculated with S-1 vaccine virus. Lower virus
titers may account for the inability to demon-
strate this phenomenon with the S-1 PGMK
virus.

Individual plaque isolates were made from
plaques formed at 39.30C in four S-1 vaccine-
inoculated flasks incubated originally at 370C.
The plaque picks were inoculated into LLC-MK2
flasks incubated at 350C, and the supernatant
fluids were harvested after 14 days. Assays of
the clone harvests from seven plaque picks listed
in Table 3 indicated that six of seven did not
form plaques at 39.30C. This indicates that these
clones are not revertant, and the one clone which
plaqued at 39.30C appeared to contain leaky
virus.

TABLE 2. Emergence of temperature-resistant S-I
virus as a function of increasing temperature

Temp No. of cultures with tempera-Virus (0c) ture-resistant virus/total no.
(00) of cultures

S-1 PGMK .... 31 0/21 (9.9 x i04 ± 0.i)a
35 0/23 (8.6 x 104 ± 0.1)
37 0/22 (2.1 x 1i0 ± 0.2)

S-1 vaccine ... 31 0/23 (3.4 x 105 ± 0.3)
35 3/23 (3.0 x 10i ± 0.2)
37 15/23 (1.8 x 10:± 0.2)

'Numbers in parentheses are 7-day harvest mean
titers ±fi standard error of the mean.

TABLE 1. EOP for S-I andparent viruses at 38.5 and 39.3°C
PFU/m1 EOP

Virus
350C 38.50C 39.30C 38.5/350C 39.3/350C

S-1 PGMK 7.0 x 106 8.0 X 104 <5.0 1.1 X 10-2 <7 x 10-7
S-1 vaccine 7.5 X 105 1.6 x 104 <5.0 2.1 x 10-2 <7 X 10-6
Parent.6.5 x 106 Not done 5.0 x 105 .7.7 x 10-2



178 ECKELS ET AL.

TABLE 3. Plaque formation by clones of S-i virus
grown at 370C

PFU/ml
Clone

350C 39.30C

1 1.5 X 105a <5
2 7.5 X 105 <5
3 6.0X 105 <5
4 4.3 X 105 <5
5 3.7 X 105 <5
6 2.0 X 105 <5
7 8.0 X 105 6.0 X 102

aHarvest of clones derived by plaque picking and
amplification for 14 days in LLC-MK2 cell cultures.
Plaques selected for cloning were from a 39.30C assay
of S-1 vaccine virus grown at 370C.

Replication in monkey PBL cultures. Hal-
stead and O'Rourke (4) demonstrated that rep-
lication ofdengue virus occurred in monkey PBL
cultures when the PBL were from a dengue-
immune monkey or when a nonimmune cell
donor was used and diluted dengue antibody
was added to the culture system. Cells from a
cynomolgus monkey, previously immunized
with DEN-3, were inoculated with S-1 vaccine
and S-1 PGMK viruses at an MOI of approxi-
mately 0.015. Human antiserum with a DEN-2
neutralization titer of 1:80, previously shown to
enhance dengue virus replication in human mon-
ocytes (1), was added to cell culture medium at
a final dilution of 1:500. Both dengue-immune
monkey PBL and addition of diluted homolo-
gous antibody were used for maximal enhance-
ment of growth of the S-1 viruses. On days 2, 3,
and 4 postinfection, triplicate vials were frozen
at -70'C and later assayed in LLC-MK2 cells.
Growth curves plotted in Fig. 2 indicate that the
S-1 vaccine virus grew to higher titer than the
S-1 PGMK virus in monkey PBL cultures. In
addition to temperature restriction, which was
previously seen for S-1 PGMK virus, host re-
striction of this virus was demonstrated in the
PBL growth curves.
Mouse neurovirulence. Suckling mouse

neurovirulence for the S-1 clone is less than that
of the parent virus (la). Death of mice after
intracerebral inoculation of S-1 virus is used as
a measure of virulence and compared with the
plaque titer of the S-1 virus assayed in LLC-
MK2 cells. The virulence ratios for S-1 PGMK
and S-1 vaccine viruses are listed in Table 4.
Mouse virulence appears not to have changed
after passage of S-1 in DBS-FRhL-2 cells, and
further attenuation, which would result in a
lower virulence ratio, has not occurred. With
this marker, the parent virus is approximately
20 times more virulent than the S-1 clone.
Monkey immunogenicity. Rhesus monkey

antibody response to the S-1 vaccine was com-
pared with responses in earlier monkey inocula-
tion experiments, using approximately the same
amount of virus in the inoculum (Table 5). Data
shown in this table were compiled over a period
of 3 years; however the complement-fixing, he-
magglutination inhibition, and neutralization
test procedures did not change over this period
of time. Geometric mean titers in three different
serological tests were lower for the S-1 vaccine
group than for monkeys that received S-1 virus
at the 14th or 18th PGMK cell passage level.
These results point to an apparent decrease in
immunogenicity of the S-1 clone after passage in
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FIG. 2. Replication of S-i vaccine (0) and S-I
PGMK (0) viruses in monkey PBL cultures. Bars
indicate the standard error for triplicate cultures.

TABLE 4. Relative neurovirulence for S-i and
parent viruses inoculated intracerebrally in

suckling mice

Virus logo PFU/ml LD5o/LDr~o/Mla PFU

S-1 PGMK ...... 2.9 1.1 x 105 0.006
S-1 vaccine ...... 3.8 1.4 x 106 0.004
Parent (PGMK-6) ... 5.6 3.0 x 106 0.13

a LD50, 50% lethal dose.

TABLE 5. Summary of serum antibody titers in
monkeys receiving the S-I clone

No. Reciprocal geomet-
of ric mean antibody ti-

Virus Inoculum tersamon-
keys CF HI N

S-l p-14 2 1.5 X 105 90 113 560
S-1 p-18 3 5.0 X 104 101 137 760
S-1 vaccine 5 3.8 X 104 18 15 60

a CF, Complement-fixing titer on day 30; HI, he-
magglutination inhibition titer on day 30; N, neutrali-
zation titer on day 30 (for monkey receiving S-1 p-14)
or day 45.
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DBS-FRhL-2 cells. Virulence of these viruses in
monkeys can only be measured by production of
viremia. Since viremia occurs only occasionally
if at all in monkeys inoculated with S-1 vaccine
and S-1 PGMK viruses, we can only conclude
that there has been no change in this marker
upon passage. Details of monkey experiments
with the vaccine virus are given elsewhere (14).

DISCUSSION
In vitro markers including replication and

plaque formation at superoptimal temperatures
in LLC-MK2 monolayers, as well as replication
in monkey PBL cell suspensions, indicate a
greater capacity for the S-1 vaccine virus to
overcome temperature or host restriction than
the S-1 PGMK virus. Similarly, superior repli-
cation of the S-1 vaccine virus in comparative
growth curves with S-1 PGMK virus using hu-
man monocytes has recently been demonstrated
(1). In addition, it appears that the S-1 vaccine
can generate leaky virus at 370C, whereas this
temperature-dependent phenomenon was not
seen for S-1 PGMK virus. The only marker
examined where no difference could be detected
between the two viruses was mouse neuroviru-
lence.

Previously, loss of attenuation for the S-1
clone was correlated with the emergence of a
large-plaque, temperature-resistant population
of virus which appeared to be revertant (la).
The concomitant increase in mouse and monkey
virulence made it appear that these properties
of the S-1 clone were covariant. In the present
study, the S-1 clone passaged in DBS-FRhL-2
cells appeared to gain some degree of tempera-
ture resistance without emergence of large-
plaque, revertant virus or an increase in animal
virulence.
Another change in the virus that could be

measured was a significant decrease in immu-
nogenicity of the virus for monkeys. Reduced
immunogenicity for monkeys may be associated
with a lower capacity for the S-1 vaccine to
replicate in the host animal. It is not possible to
demonstrate this directly at the present time,
and in vitro markers indicate no decreased rep-
licative capacity for the S-1 vaccine.

Selection for a variant of the S-1 clone may
have occurred during passage in DBS-FRhL-2
cells. However, there appears to be no detectable
virus population with an altered temperature-
sensitive phenotype or increased plaque size.
Host modification of viral infectivity and possi-
bly also immunogenicity may have played some
part in the observed changes in the clone upon
passage.
Although the S-1 vaccine virus demonstrates
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leakiness when it is grown at 370C, there is no
evidence of reversion. There is also no indication
that the S-1 clone reverts in rhesus monkeys or
chimps (6). In addition to the relative stability
of the clone, there were minimal changes in the
temperature-sensitive phenotype and lack ofany
measurable neurovirulence in monkeys. Exami-
nation of these and other characteristics of the
S-1 vaccine prepared in DBS-FRhL-2 cells in-
dicates that this vaccine is a reasonably safe and
potentially useful immunogen for humans.
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