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Fifteen monoclonal antibodies (MAs) directed against either the E, or E, glycoprotein of Semliki Forest virus
(SFV) were characterized by immunoglobulin subclass, pl traject, hemagglutination inhibition, neutralization
of infectious virus, and protection against virulent infection in mice. All MAs except UM8.4 (immunoglobulin
M [IgM]) belonged to various subclasses of IgG and predominantly to IgG2a, but all were unique as indicated
by their banding patterns in isoelectric focusing. Competitive binding assays with these MAs revealed the
presence of at least six distinct antigenic determinants (epitopes) on the E; glycoprotein and five epitopes on the
E, glycoprotein. Two of the epitopes on E,, as defined by the properties of the MAs, were associated with
hemagglutination inhibition (E,* and E,°), three were associated with neutralization (E,*, E,", and E,"), and
five were associated in various degrees with protection (E,®, E,°, E;*, E,°, and E;") of mice against virulent SFV
infection. With the MAs against E,, the epitopes on E, were similarly defined. Epitopes E,® and E,* were
associated with hemagglutination inhibition, E,° and E,? were associated with neutralization, and three
epitopes were associated with in vivo protection (E,*, E;, and E,%). Furthermore, for each MA the relative
avidity to purified SFV was determined with an enzyme-linked immunosorbent assay. The binding of some
MaAs to purified SFV was enhanced by a second MA. The relative avidities of individual MAs did not correlate
with their neutralizing capacities. From the results, we suggest that the amino acid sequence which makes up
determinant E,? and is recognized by the highly protective MA UMS.1 is an excellent candidate for the

production of a synthetic vaccine.

Injection of mice with Semliki Forest virus (SFV) results
in polyclonal formation of antibodies against the various
antigenic components of the virus. Sera containing these
antibodies cause hemagglutination inhibition (HAI), neutral-
ize infectious virus, and protect recipient mice against lethal
challenge (13, 20). In a previous paper (1), we described two
monoclonal antibodies (MAs) which have specificity for the
E, glycoprotein and which also protect mice against virulent
SFV. One of these MAs (UMS5.1) neutralizes SFV in a
plaque reduction test; the other (UM4.2) does not. Similar
results have been obtained by other workers with MAs
against two closely related Togaviridae, Sindbis and Vene-
zuelan equine encephalomyelitis viruses (18, 22).

In the present study, we extended our earlier passive
protection experiments with 13 selected MAs directed
against either the E; or E, glycoprotein of SFV. Further-
more, SFV reciprocal competitive binding assays (CBAs),
using peroxidase-labeled MAs, allowed us to define on both
the E; and E, glycoproteins distinct antigenic determinants
with different activities regarding HAI, neutralization, and
protection.

MATERIALS AND METHODS

Virus strains. The avirulent SFV strain MRS MP 192/7
(10), obtained from K. G. Oei, Royal Tropical Institute of
Amsterdam, The Netherlands, was used as an antigen.
Infectious virus was used for primary immunization, and
purified UV-inactivated SFV was used as a booster. The
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latter antigen was also used in enzyme immunoassays. The
virulent SFV strain SF/LS 10CI/A (2) was received from
C. J. Bradish, The Porton Down Microbiological Research
Establishment, Salisbury, United Kingdom. The 50% lethal
dose (LDs) for male BALB/c mice was 1 to 2 PFU intraperi-
toneally. The preparation of purified, inactivated SFV (MRS
MP 192/7) and virulent SFV and the general virological
methods (plaque titration and hemagglutination) have been
described previously (14).

Animals and immunization. BALB/c mice were bred and
maintained in our own animal house. For hybridoma produc-
tion, female BALB/c mice of about 12 weeks of age were
injected intraperitoneally with 0.5 ml of diluted avirulent
SFV (3 x 10° PFU) and boosted 4 weeks later intravenously
with 0.5 ml of inactivated SFV (10* hemagglutinating units) 4
days before fusion. Hyperimmune mouse serum was collect-
ed from the retroorbital plexus 7 days after booster injection,
pooled, and kept in small portions at —20°C.

MA production and characterization. Spleen cells from
immunized mice were fused with the myeloma line P3-X63-
AGS8.653 (P3) (12) as described by Fazekas de St. Groth and
Scheidegger (8). After 2 weeks, the cultures were screened
for antibody production by a virus plaque reduction test and
enzyme-linked immunosorbent assay (ELISA) as described
earlier (1). SFV-positive clones were used for ascitic fluid
production by injecting 10° to 5 X 10° subcloned cells into
pristane-primed BALB/c mice. After 1 to 2 weeks, ascitic
fluid was collected, tested for the presence of anti-SFV
antibody, and used for purification of anti-SFV immunoglob-
ulins by the protein A-Sepharose method (7). The purity and
integrity of the MAs were tested by isoelectric focusing



576 BOERE ET AL.

(IEF) and polyacrylamide gel electrophoresis (PAGE) in a 4
to 30% gradient gel without sodium dodecyl sulfate and
under nonreducing conditions with Tris-borate buffer (0.09
M Tris, 0.08 M boric acid, 2.5 mM EDTA [pH 8.4]) for 18 h
at 50 mA. After PAGE, proteins were stained with Coomas-
sie brilliant blue R250. The protein content of MA prepara-
tions was determined by the method described by Lowry et
al. (17). Glycoprotein specificity was assayed by immuno-
blotting of SFV glycoproteins (1). The isoelectric point (pI)
was determined by IEF in 1% agarose gels (Pharmacia Fine
Chemicals).

Immunoglobulin subclass determination. MA subclasses
were ascertained by ELISA. Briefly, microtiter plates were
coated with 50 ul of rabbit anti-mouse immunoglobulin G
class 1 (IgG1), IgG2a, IgG2b, IgG3, IgM, «, or \ antiserum
(Miles Research Products), diluted 1:500 in phosphate-buff-
ered saline (pH 7.2) overnight at 4°C, and washed with
phosphate-buffered saline containing 0.05% Tween 20. The
plates were incubated with horseradish peroxidase (HRPO)-
conjugated MA for 1 h at 37°C. The HRPO conjugates were
prepared by the periodate method (19). After washing, the
amount of bound HRPO was visualized by incubating the
wells with 100 wl of a solution of 3'3'5'5'-tetramethylbenzi-
dine (60 mg dissolved in 10 ml of dimethyl sulfoxide) and 100
pl of urea peroxide (1 tablet of UP dissolved in 7.5 ml of
distilled water) in 0.11 M sodium acetate adjusted to pH 5.5
with saturated citric acid. After 10 min, the enzyme reaction
was terminated by adding 100 pl of 2 M H,SO, per well, and
peroxidase activity was quantified by measuring the optical
density at 450 nm with a Titertek Multiskan instrument
(Flow Laboratories).

CBA. Competition among MAs for viral antigenic determi-
nants was assayed by a modified ELISA. To test relative
avidity, MAs were titrated against purified SFV in an
indirect ELISA by coating microtiter plates with a previous-
ly determined virus concentration and using goat anti-mouse
IgG and IgM with HRPO-labeled conjugates. Relative avid-
ity was defined as the amount of MA protein needed to reach
an ELISA absorbance value of 0.5 (see above). The CBA
was performed at antibody concentrations where linear
binding occurred (3).

The CBA was performed by coating with SFV diluted to
0.2 to 0.5 pg per well in carbonate buffer (pH 9.6) overnight
at 4°C and incubating with 50 pl of purified competitor MA (1
to 10° ng of protein) per well diluted in 0.5% Tween 20 and
5% heat-inactivated calf serum. After incubation for 1.5 h at
37°C, the HRPO-labeled MA (19) was added, and the incuba-
tion was continued for a further 1.5 h at 37°C. The plates
were washed extensively, and finally the substrate was
added as described above for the subclass determination.
The percentage of competition between two MAs was calcu-
lated by the method of Lefrancois and Lyles (15). If inhibi-
tion was at least 50% at a competitor concentration of <10
ng per well and at a virus coat concentration of 0.1 pg per
well, two MAs were presumed to bind to the same or to two
topographically related antigenic determinants (epitopes).

HAI. HAI experiments were performed with 4 hemaggluti-
nating units of SFV (=10° PFU) in microtiter plates as
described by Clarke and Casals (5), using goose erythrocytes
at pH 5.8 and twofold dilutions of purified MA. The virus
antigen used in HAI was avirulent SFV purified by means of
cesium chloride ultracentrifugation and column chromatog-
raphy.

Plaque reduction test. Virus neutralization titers in vitro
were determined by a plaque reduction test in 24-well plastic
palettes. Briefly, 25 l of 10-fold dilutions of MAs in culture
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FIG. 1. Immunoblotting of SFV probed with MAs. Viral glyco-
proteins were solubilized in sample buffer with 1% sodium dodecyl
sulfate without 2-mercaptoethanol, boiled, and separated by sodium
dodecyl sulfate-PAGE. The nitrocellulose blots were stained with
Coomassie brilliant blue (lane 1) or incubated with mouse hyperim-
mune serum (lane 2), UM4.2 (lane 3), UMS.1 (lane 4), UM.115 (lane
5), or UM8.64 (lane 6) followed by goat anti-mouse HRPO conjugate
and HRPO staining. Molecular weights are in thousands.
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FIG. 2. PAGE MAs in a polyacrylamide gel without sodium
dodecyl sulfate. MAs were solubilized under nonreducing condi-
tions and in the absence of sodium dodecyl sulfate in Tris-borate
electrophoresis buffer at pH 8.4. Proteins were stained with Coo-
massie brilliant blue R250. The proteins separated were: lane 1,
high-molecular-weight references; lane 2, UM8.4; lane 3, UMS8.20;
lane 4, UMS8.22; lane 5, UMS.1. Molecular weights are in thousands.
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TABLE 1. Characteristics of MAs directed against either the E; or E, glycoprotein of SFV
. I tra- Relative Antigenic Neutralization” In vivo
G;ggg;tsn MA Igl?:l;lll:lli:- pject avidity detegrmi- HAI° protec-
(range) (pg/ml) nant A% A tion‘
E, UMS8.4 IgM 6.3-6.7 10 E.? - +++ +++ +
UMS.20 IgG2a 6.0-6.3 0.4 E* - + + +
UMS.47 I1gG2a 6.5-7.3 10 E,¢ ++ - - +
UMS.64 1gG1 5.9-6.4 0.05 E,¢ + - - -
UMS8.115 1gG2a 7.0-7.5 S E,® - - - +
UMS.139 I1gG2a 7.0-7.6 5 E,f - + + +
E, UM4.2 1gG2a 7.5-8.0 0.2 E;? - - - +
UMS.22 1gG2a 5.9-6.2 0.04 E,? - - - +
UMS.77 IgG2b 5.2-5.6 10 E,? - - - +
UMS.130 1gG2a 7.1-7.4 0.2 E,® - - - +
UMS8.73 1gG2a 7.2-8.3 0.05 E,° + - - -
UMS.48 I1gG2a 7.8-8.2 0.02 E,¢ — ++ + +
UMS.SS IgG2a 7.0-7.7 0.02 E,* - ++ + +
UMS.1 IgG2a 6.7-7.2 1 E.d - +++ ++ +
UMS.107 I1gG1 5.3-5.8 0.4 E;® + - - -

@ HAI tests were performed with the avirulent strain of SFV. —, No HAI; +, HAI log, titer of 6 to 8; ++, HAI log, titer of 9 to 10.
® Plaque reduction tests were performed with both the virulent (V) and avirulent (A) strains of SFV. —, No neutralization; +, 50% plaque reduction with a log,o

titer of 0.5 to 1.5; ++, log,, titer of 1.5 to 2.5; +++, log,, titer of 2.5 to 6.

¢ +, Full protection after intravenous injection of 0.1 ml of ascitic fluid against intraperitoneal challenge with 10 LDs, units of virulent SFV; —, no full

protection.

medium were made in 96-well palettes, mixed with an equal
volume of either the virulent or avirulent SFV strain, and
incubated for 1 h at 37°C. Subsequently, 200 pl of medium
was added, and virus-MA mixtures were tested in quadrupli-
cate (50 pl each) on monolayers of L cells (about 5 x 10°
cells per well). After 40 min of adsorption at room tempera-
ture, 0.3 ml of overlay medium was added. After 24 h
(avirulent strain of SFV) or 36 to 48 h (virulent SFV strain) of
incubation at 37°C, plaques were developed with 50 ul of
0.02% neutral red. Controls contained about 100 plaques per
16-mm well. The reciprocal of the highest dilution of an MA
or serum causing 50% plaque reduction was called the
plaque reduction titer.

Passive protection by MAs. Protection provided by MAs in
BALB/c mice against lethal encephalitis caused by 10 LDs,
units of SFV (16 PFU) was determined after intravenous
injection of serial dilutions in phosphate-buffered saline of
either 0.1 ml of ascitic fluid or 0.1 to 100 pg of protein A-

purified MA. After 2 h, groups of four to six mice received 16
PFU of virulent SFV intraperitoneally. To quantitate protec-
tion, mice were observed for 21 days. Control mice that
received phosphate-buffered saline instead of MA had after
challenge with virus a mean survival time of 5 to 6 days.
Only 1 out of 42 control mice survived the challenge.

RESULTS

Production and characterization of SFV-specific MAs.
Spleen cells of SFV-immunized mice were fused with P3
myeloma cells and grown as hybridomas in cell cultures.
Screening of the hybridoma supernatants with ELISA and
plaque neutralization yielded 130 clones positive either in the
ELISA or in both tests. Fifteen clones were selected for
further study mainly because of their rapid growth in cell
cultures and their neutralizing and nonneutralizing proper-
ties. The E; or E, glycoprotein specificity was determined
by immunoblotting (Fig. 1). Of the four clones shown, two

TABLE 2. Antigenic determinants on E, and E, glycoproteins of SFV detected by CBA

U“ﬁb:‘ed HRPO-labeled MA blocking” by unlabeled MA gontigenic
Anti-E, 8.4 8.20 8.47 8.64 8.115 8.139
UMS8.4 + - - - - - E.*
UMS.20 — + - - - - E°
UM8 .47 - - + - 1 -1 E
UMS.64 - - - + - - E¢
UMS.115 - - -1 - + - E;c
UMS.139 - - -1 - - + E,f
Anti-E, 4.2 8.22 8.77 8.130 8.73 8.48 8.55 5.1 8.107
UM4.2 + + + + - - - - - E>*
UMS.22 + + + + - - - - - E.*
UM8.77 + + + + + - - - - E>*
UMS.130 + + + + + - - - - E.*
UM8.73 - - + + + - - - - E.°
UMS.48 - - - - - + + - - E>¢
UMS8.55 - - - - - + + - - E>*
UMS.1 - - - - - - - + - E¢
UMS.107 - - - - - - - - + E.

2 +, Competition of =50% at an unlabeled MA concentration of =10* ng per well; —, no competition; 1, enhancement of second MA binding.
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FIG. 3. CBAs with anti-E; MAs. Assays were performed as described in the text, using HRPO-labeled UM8.64 (A), UM8.47 (B),
UMS.115 (C), and UM8.139 (D). The percentages of competition and enhancement were estimated from the optical density at 450 nm in the
presence of competitor compared with that in the absence of competitor as described in the text. Symbols: A, UM8.64; ®, UM8.47; O,

UMS.115; A, UMS.139.

were specific for E,, whereas the other two were specific for
E;. The results of the immunoglobulin subclass determina-
tion of the 15 MAs are shown in Table 1. MAs of subclass
IgG2a predominated, although one IgM, two IgG1, and one
IgG2b subclass that produced hybridomas were generated.
All MAs shared the kappa light chain. The subclass of each

MA was cohfirmed by its specific elution pattern during the
purification procedure with protein A-Sepharose affinity
chromatography (7). Analysis of the purified MAs by PAGE
(Fig. 2) and IEF (1; data not shown) revealed that all MAs
were free of contaminating proteins. The high molecular
weight (>900 x 10°) of MA UMS8.4 confirmed that this MA
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was of the IgM isotype. The other MAs were predominantly
of subclass IgG2a (Table 2). By using the IEF technique, it
could be proved that each MA was unique as indicated by
distinct banding patterns at specific pH trajects (Table 1).

Antigenic determinants on the E, and E, glycoproteins of
SFV. A CBA was used to identify separate antigenic deter-
minants on SFV. Fifteen protein A-purified MAs were
labeled with HRPO and cross-matched with unlabeled MAs.
First, the relative avidities of these MAs for purified SFV
were measured (Table 1). Two of the anti-E; MAs showed
high relative avidities (UM8.20 and UM8.64) (low value),
whereas the others were in the low-relative-avidity range.
The binding patterns found in relative avidity measurements
were comparable when indirect ELISA was performed with
goat anti-mouse IgG or IgM conjugates or direct ELISA with
HRPO-labeled MAs (see Fig. 5). All MAs with specificity for
E, displayed high relative avidities for E,, except for clones
UMS.77 and UMS.1.

Taking into account the different relative avidities of these
MAs, we used them in CBAs in a region where linear binding
occurred. The CBA data of four anti-E; HRPO-labeled MAs
(UM8.47, UMS.64, UMS8.115, and UMS8.139) and their unla-
beled counterparts for antigenic determinants on E; are
shown in Fig. 3A to D. In tests with homologous MAs (e.g.,
UMS8.64 versus UMS8.64), complete inhibition was obtained;
however, in assays with heterologous MAs, there was no
competitive inhibition. Instead, enhanced binding of the
enzyme-labeled MA was observed (Fig. 3B and Table 2).
UMS.115 and UMS8.139 enhanced the binding of clone
UMS.47. In the reciprocal assays, enhanced binding was
also observed (Fig. 3C and D). The CBA data indicated that
each anti-E;-specific MA recognized a separate (E,* to E,f)
antigenic determinant (six in total) (Table 2).

CBAs with anti-E>-specific MAs revealed that a number of
MAs recognized the same antigenic determinant. Two exam-
ples are shown in Fig. 4A (MA UMS8.130 inhibited by itself,
UM4.2, and UM8.22 but not by UM8.55) and B (UM8.55
inhibited by itself and UM8.48 but not by UMS8.130 and
UMS.1). In reversed assays, similar results were obtained.
At least five antigenic determinants (E,* to E,°) could be
distinguished with nine MAs. Four MAs were specific for
site E,?, and two were specific for E>°. MA UMS.73 showed
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competition with UM8.77 and UMS8.130 but not with the
other MAs specific for the E,* epitope. Therefore, UM8.73
was directed to a separate antigenic determinant (E,°),
which was probably adjacent to the E,* epitope.

Protective immunity afforded by MA. In preliminary ex-
periments, 12 of 15 clones induced ascitic fluids that were
capable of protecting mice against lethal encephalitis caused
by SFV (Table 1). The experiments were repeated with the
purified MAs. BALB/c mice were injected intravenously
with graded amounts (0.01 to 100 ng) of MA, followed 2 h
later by an intraperitoneal challenge with 10 LDsg units of
virulent SFV (16 PFU). The patterns of protection related to
different antigenic determinants are shown in Fig. 5. Three
MAs (UMS8.64, UMS8.73, and UMS.107, corresponding to
epitopes E,4, E,°, and E,°, respectively) were not fully
protective at the highest tested dose of 100 pg per mouse.
MA UMS.1 displayed the highest capacity of passive protec-
tion (0.1 pg per mouse). The four MAs specific for the E,*
epitope had the same protective properties, although differ-
ent relatjve avidities of these MAs were found in ELISA
(Table 2).

Virus neutralization and HAI. In vitro neutralizing activi-
ties of 15 MAs were assayed by plaque reduction tests
against both the virulent and avirulent strains of SFV. Three
out of six anti-E; MAs (UMS8.4, UM8.20, and UM8.139) and
three out of nine anti-E, MAs (UM8.48, UM8.55, and
UMS.1) were positive for neutralization (Table 1), although
with different efficiencies. Maximum neutralization was ob-
tained with MA UMS.1. Clones which showed no neutraliza-
tion of the avirulent strain of SFV also did not neutralize the
virulent strain. Neutralization titers were in each case higher
for the virulent strain than for the avirulent strain. The
neutralization patterns were compared with in vivo protec-
tion (Fig. 5). In vivo protection was not concordant with in
vitro neutralization (plaque reduction). For the E;* determi-
nant, there was agreement between both activities, but for
the E,® and E,f epitopes, 100% plaque reduction was
reached at lower MA concentrations than were necessary for
in vivo protection. For two E; epitopes (E;° and E;°) and one
E, epitope (E,%), 100% protection was reached, whereas
there was no plaque reduction at all.

HAI of goose erythrocytes infected with SFV occurred
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FIG. 4. CBAs (see legend to Fig. 3) with HRPO-labeled anti-E, MAs UM8.130 (A) and UMS8.55 (B). Symbols: ®, UM8.130; A, UM4.2; *,

UMS8.22; O, UM8.55.
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with two of the anti-E; MAs and two anti-E, MA (Table 1).
Moreover, MA UMS8.47 was the most effective and was also
able to give HAI of Sindbis virus, a closely related alpha-
virus (data not given).

DISCUSSION

MAs reactive with either E; or E, glycoprotein of SFV
were isolated and characterized by ELISA, virus neutraliza-

J. VIROL.

tion, and HAI. The MAs were applied to detect the antigenic
determinants (epitopes) on the glycoproteins of SFV by
CBAs, and these results were compared with the different in
vitro and in vivo properties of the associated MAs.

Before the CBA was performed, relative avidities of MAs
for purified SFV were measured by ELISA. The relative
avidities differed between the anti-E; and anti-E, MAs. They
were generally higher for the anti-E, MAs and varied be-
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FIG. 5. Comparison of in vivo protection (@), plaque reduction of avirulent SFV (O), and optical density in ELISA (O) for E; and E,
antigenic sites of SFV at 10-fold-increasing MA concentrations. The ELISA index is the optical density at 450 nm.
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tween 0.02 to 10 pg of MA binding per ml. In CBAs, we
observed enhanced binding of the second HRPO-labeled MA
(Fig. 2). Such enhanced binding has been reported for MAs
against vesicular stomatitis virus (15) and La Crosse virus
(11) and might be related to an advantageous allosteric
alteration of the antigenic glycoprotein after binding with the
first MA, thereby resulting in increased binding of the
second MA. Another explanation of this enhancement phe-
nomenon might be the formation of a multicomponent com-
plex (6).

None of the described anti-E; MAs (except MA UM8.4, a
pentameric IgM molecule [Fig. 2], at very high inhibitor
concentrations) showed competition with one of the other
MAs in CBAs. Therefore, with the six MAs specific for E,
(UM8.4, UMS8.20, UMS8.47, UMS8.64, UMS8.115, and
UMS.139), six distinct antigenic determinants (E,* to E;"
could be distinguished. Each of the anti-E; MAs was unique
when tested for a number of biological parameters like
plaque reduction, HAI, and in vivo protection (Table 1).
Although MA UMS.4 had a low relative avidity for SFV, it
was very effective in in vivo protection. This might be due to
either in vivo complement activation by the IgM MA (24;
unpublished data) or a higher relative avidity for viral
antigens expressed on the surface of virus-infected cells (21).

Five distinct antigenic determinants on the E, glycopro-
tein were detected (E,® to E;®) by using nine different MAs.
To each epitope, a different biological function as mediated
by the corresponding MA could be ascribed. Determinant
E,* was recognized by four different MAs which did not
neutralize SFV in vitro, but all four afforded protective
immunity. Analysis of biochemical parameters of the MAs
(IgG isotype and PI) indicated that different clones were
involved (Table 1). These MAs will be used in future
research to elucidate the mechanism of nonneutralizing MA-
mediated protection. MA UMS8.73, which recognized the E,°
and partially the E,® epitopes, was not completely protective
in the dose range tested (Fig. 5) but showed HAIL. None of
our MAs exhibited both functions (neutralization and HAI),
which is in contrast to the findings of Chanas et al. (4), who
studied MAs (IgG2a subclass) directed to the closely related
Sindbis virus. On the other hand, three MAs (UMS.48,
UMS.55, and UMS.1) directed to E, epitopes E,¢ and E,°
and all of the IgG2a subclass neutralized SFV both in vivo
and in vitro. Although virus neutralization might be related
to IgG isotypes (none of our IgG1 isotypes showed protec-
tive immunity) (24), the efficacy of virus neutralization
largely depended on the epitope recognized by a specific
MA. Our results (Fig. 4) indicated that determinant E,Y,
which was recognized by UMS.1, was superior to all other
epitopes defined on the surface of SFV in providing protec-
tion. UMS.1 protected mice at a dose of 0.1 pug of MA
protein, whereas 10 to 100 ug was required for most of the
other MAs. The two MAs which were the most effective in in
vivo protection (UM8.4 and UMS5.1, corresponding to epi-
topes E; and E,?, respectively) did not have reactivity in
ELISA at the MA concentration at which they could afford
100% protection (Fig. S). The lack of reactivity in the ELISA
might be caused by ‘‘deformation’’ of antigenic determinants
during the purification procedure by the cesium chloride
gradient, column chromatography, or by immunoadsorption
of the virus to the solid phase at pH 9.6.

Schmaljohn et al. (23) identified six different antigenic
determinants on another alphavirus, Sindbis virus. They
found five distinct epitopes on E; and only one epitope on
the E, glycoprotein of Sindbis virus. The E; glycoproteins of
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SFV and Sindbis virus have a great similarity in amino acid
sequences (9). We found one more antigenic determinant on
the E,; glycoprotein of SFV. The number of epitopes on E,;
involved in neutralization of SFV exceeded by two the
known number found on E; of Sindbis virus (23) and
Venezuelan equine encephalomyelitis virus (18). That more
epitopes on E; of SFV were found may be caused by the
immunization procedure. Mice were immunized with live
avirulent SFV without addition of an adjuvant and were
boosted with highly purified, concentrated SFV. The influ-
ence of the immunization procedure on the expression of
more antigenic determinants was also shown by Lerner (16)
with purified hemagglutinin of an influenza virus strain. We
showed in this study that MAs against E; of SFV were also
involved in neutralization, albeit less than were anti-E,
MAs. This is in agreement with other data for MAs against
Sindbis virus (23) and Venezuelan equine encephalomyelitis
virus (18). The MA UMS.47, which recognized E ¢, cross-
reacted with Sindbis virus both in ELISA and HAI tests and
probably recognized a determinant with the same amino acid
sequence for both alphaviruses.

In conclusion, we identified a major antigenic determinant
on the E, glycoprotein of SFV (E,%) which is associated with
the induction of a highly protective MA, and therefore,
synthetic peptides with amino acid sequences identical to
that of the E,° determinant seem to be perfect candidates for
further research on synthetic vaccines.

ACKNOWLEDGMENTS

We thank R. van den Akker for introducing us to peroxidase
coupling.

This study was supported by the Foundation for Medical Re-
search project no. 13-27-67.

LITERATURE CITED

1. Boere, W. A. M., B. J. Benaissa-Trouw, M. Harmsen, C. A.
Kraaijeveld, and H. Snippe. 1983. Neutralizing and non-neutral-
izing monoclonal antibodies to the E, glycoprotein of Semliki
Forest virus can protect mice from lethal encephalitis. J. Gen.
Virol. 64:1405-1408.

2. Bradish, C. J., K. Allner, and H. B. Maber. 1971. The virulence
of original and derived strains of Semliki Forest virus for mice,
guinea-pigs and rabbits. J. Gen. Virol. 12:141-160.

3. Carter, M. J., M. M. Willcocks, S. Loffler, and V. Ter Meulen.
1982. Relationships between monoclonal antibody-binding sites
on the measles virus haemagglutinin. J. Gen. Virol. 63:113-120.

4. Chanas, A. C., E. A. Gould, J. C. S. Clegg, and M. G. R. Varma.
1982. Monoclonal antibodies to Sindbis virus glycoprotein E,
can neutralize, enhance infectivity and independently inhibit
haemagglutination or haemolysis. J. Gen. Virol. 58:37-46.

5. Clarke, D. H., and J. Casals. 1958. Techniques for hemaggluti-
nation and hemagglutination-inhibition with arthropod-borne
viruses. Am. J. Trop. Med. Hyg. 7:561-573.

6. Ehrlich, P. H., W. R. Moyle, Z. A. Moustafa, and R. E. Canfield.
1982. Mixing two monoclonal antibodies yields enhanced affini-
ty for antigen. J. Immunol. 128:2709-2713.

7. Ey, P. L., S. J. Prowse, and C. R. Jenkin. 1978. Isolation of pure
1gG,, IgG,, and IgG,, immunoglobulins from mouse serum
using protein A-sepharose. Immunochemistry 15:429-436.

8. Fazekas de St. Groth, S., and D. Scheidegger. 1980. Production
of monoclonal antibodies: strategy and tactics. J. Immunol.
Methods 35:1-21.

9. Garoff, H., C. Kondor-Koch, and H. Riedel. 1982. Structure and
assembly of alphaviruses. Curr. Top. Microbiol. 99:1-50.

10. Henderson, B. E., D. Metselaar, G. B. Kirya, and G. L. Timms.
1970. Investigations into yellow fever virus and other arbovi-
ruses in the northern regions of Kenya. Bull. W.H.O. 42:787-
79s.



582

11.

12.

13.

14.

15.

16.

17.

18.

BOERE ET AL.

Kingsford, L., L. D. Ishizawa, and D. W. Hill. 1983. Biological
activities of monoclonal antibodies reactive with antigenic sites
mapped on the G, glycoprotein of La Crosse virus. Virology
129:443-445.

Keohler, G., S. W. Howe, and C. Milstein. 1976. Fusion between
immunoglobulin-secreting and non-secreting myeloma cell
lines. Eur. J. Immunol. 6:292-295.

Kraaijeveld, C. A., M. Harmsen, and B. Khader Boutahar-
Trouw. 1979. Cellular immunity against Semliki Forest virus in
mice. Infect. Immun. 23:213-218.

Kraaijeveld, C. A., M. Harmsen, and B. Khader Boutahar-
Trouw. 1979. Delayed-type hypersensitivity against Semliki
Forest virus in mice. Infect. Immun. 23:219-223.

Lefrancois, L., and D. S. Lyles. 1982. The interaction of anti-
body with the major surface glycoprotein of vesicular stomatitis
virus. I. Analysis of neutralizing epitopes with monoclonal
antibodies. Virology 121:157-167.

Lerner, R. A. 1982. Tapping the immunological repertoire to
produce antibodies of predetermined specificity. Nature (Lon-
don) 299:592-596.

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

Mathews, J. H., and J. T. Roehrig. 1982. Determination of the

19.

20.

21.

22.

23.

24.

J. VIROL.

protective epitopes on the glycoproteins of Venezuelan equine
encephalomyelitis virus by passive transfer of monoclonal anti-
bodies. J. Immunol. 129:2763-2767.

Nakane, P. K., and A. Kawaoi. 1974. Peroxidase-labeled anti-
body: a new method of conjugation. J. Histochem. Cytochem.
22:1084-1091.

Rabinowitz, S. G., and W. H. Adler. 1973. Host defenses during
primary Venezuelan equine encephalomyelitis virus infection in
mice. 1. Passive transfer of protection with immune serum and
immune cells. J. Immunol. 110:1345-1353.

Rector, J. T., R. N. Lausch, and J. E. Oakes. 1984. Identification
of infected cell-specific monoclonal antibodies and their role in
host resistance to ocular herpes simplex virus type 1 infection.
J. Gen. Virol. 65:657-661.

Schmaljohn, A. L., E. D. Johnson, J. M. Dalrymple, and G. A.
Cole. 1982. Non-neutralizing monoclonal antibodies can prevent
lethal alphavirus encephalitis. Nature (London) 297:70-72.
Schmaljohn, A. L., K. M. Kokubun, and G. A. Cole. 1983.
Protective monoclonal antibodies define maturational and pH-
dependent antigenic changes in Sindbis virus E; glycoprotein.
Virology 130:144-154.

Spiegelberg, H. L. 1974. Biological activities of immunoglob-
ulins of different classes and subclasses. Adv. Immunol. 19:259-
294,



