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ABSTRACT

Previously, we have reported protective vaccination of mice against a coronavirus infection
using rabbit polyclonal noninternal image Ab2r anti-idiotypic (anti-Id) antibody specific for
a virus-neutralizing and protective monoclonal antibody (mAb) 7-10A against the viral sur-
face S glycoprotein. To characterize further the mechanisms involved in the induction of
protective immunity by this noninternal image anti-Id, plasma and splenocytes from Ab2r-
immunized BALB/c mice were passively transferred to naive BALB/c mice, followed by vi-
ral challenge. A reproducible significant delay in mortality observed in mice to which plasma
was passively transferred, together with the presence of specific in vitro neutralizing antivi-
ral Ab3 identified the humoral immune response as the major element responsible for pro-
tection. The activation of specific and cross-reactive T lymphocytes by both virus and anti-
Id in immunized mice and the absence of adoptive transfer of protection by splenocytes
suggested the participation of T helper activity in the induction of protective virus-neutral-
izing Ab3. To obtain more defined monoclonal reagents for a better understanding of anti-
id-induced protection, mAb2 were generated against the same mAbl 7-10A and character-
ized. We report the successful generation of mAb2 of the y type. However, unlike the
polyclonal Ab2y, they were not capable of inducing a protective immune response.

INTRODUCTION

Murine hepatitis virus (MHV) is an enveloped RNA virus of the Coronaviridae family (14). Strain A59
of MHV (MHV-A59) is neutrotropic and causes an acute lethal encephalitis that is followed by chronic

multiple sclerosis-like demyelination in mice that survive the acute disease (5,36). Among the major viral
structural proteins, the surface (S) glycoprotein, which constitutes the spike projections, is responsible for
important biological properties of the virus such as attachment to the cellular receptor and cellular mem-
brane fusion (6,31). It is also a major target of the antiviral immune response: virus-neutralizing antibod-
ies have been demonstrated to protect passively against acute infection (4,8,33-35), although cell-mediated
immunity was also reported to be involved in protection (29,30,37).

We have been using the coronavirus animal model to characterize the immune modulation properties of
the idiotypic network in the context of a viral infection. This network hypothesis of interactions between
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variable regions of immunoglobulins (17) has led to the concept that internal image anti-idiotypic antibody
(anti-Id), which mimic the antigen (Ag), could be used as a surrogate Ag to induce a specific immune re-

sponse, with some reported successes (3,12,32), including the activation of T lymphocytes (11). We and
others have reported that noninternal image anti-Id could also induce protective immunity (22,39).

In a recent study, we showed that a rabbit polyclonal noninternal image anti-Id, identified as Ab2y be-
cause the Ab2 preparation did not contain detectable internal image activity, induced a protective anti-MHV
immune response in genetically different strains of mice (40). This anti-Id, produced by immunization with
a virus-neutralizing and protective mAb specific for the viral S glycoprotein, induced specific antiviral an-
tibodies in protected mice, although the importance of these antibodies in protection was not directly eval-
uated.

We now report studies designed to devaluate the mechanisms involved in protection induced by this non-
internal image Ab2y anti-Id. Monoclonal anti-Ids (mAb2) were also produced to obtain more defined mono-
clonal reagents for a better understanding of anti-id-induced protection. Our results indicate that the neu-

tralizing antiviral activity in plasma of protected animals was an important element for protection. No
complementary biological activities, such as in vitro antibody-dependent cell-mediated cytolysis (ADCC)
and antibody-dependent complement-mediated cytolysis (ADCMC), were detected in the plasma of Ab2y-
immunized mice. Even though a cellular immune response was not directly involved in protection, Ab2y
primed mice to elicit an in vitro T-cell proliferative response following stimulation with virus and Ab2y,
and we demonstrate T-cell cross-reactivity between viral and anti-Id antigens.

MATERIALS AND METHODS

Animals. Four- to 5-week-old MHV-seronegative female BALB/c mice were purchased from Charles
River, St-Constant, Québec, Canada.

Antibodies. The production and characterization of a mouse hybridoma secreting neutralizing mAb 7-
10A, which is specific for a discontinuous epitope on the S glycoprotein of MHV-A59, was previously de-
scribed (8). This antibody was purified by standard Protein-A-Sepharose chromatography (25). The prepa-
ration and characterization of a polyclonal rabbit anti-Id against mAb 7-10A was described previously (22).

Virus, cells, and viral production. The A59 strain of MHV was initially obtained from the American
Type Culture Collection (ATCC; Rockville, MD), plaque-purified twice, and passaged four times at a mul-
tiplicity of infection (MOI) of 0.01 on DBT cells as described previously (7). DBT astrocytoma cells in-
duced as described previously (21) were a kind gift of Dr. Michael J. Buchmeier (The Scripps Research In-
stitute, La Jolla, CA). N-l 1 mouse microglial cells, immortalized as described previously (24), were a kind
gift of Drs. Yves Lombard and Jacques Borg (Université Louis Pasteur de Strasbourg, Illkirch, France).

Persistently infected N-l 1 cells were obtained by infecting the cells with MHV-A59 at a MOI of 0.9. Af-
ter a 60-minute incubation period at 37°C with 5% (vol/vol) C02, the cells were washed twice with 10 mL
of phosphate-buffered saline (PBS), and 10 mL of RPMI medium supplemented with 10% (vol/vol) fetal
calf serum (FCS) were then added. The infected cells were incubated at 37°C with 5% (vol/vol) C02 for 2
days before being passaged. Cells were tested at each passage for production of infectious virus by plaque
assay, as described previously (7). Virus production levels varied between 3 X 104 and 2 X 107 pfu/mL.

Passive protection assay. Two groups of 6 BALB/c mice each were injected intraperitoneally, 6 hours
before viral challenge, with plasma in quantity equivalent to plasma from 1.2 mice previously immunized
with either Ab2y or normal rabbit immunoglobulins (NRIg). Two other groups of 6 mice were injected in-
travenously, 1 hour before viral challenge, with 108 splenocytes, prepared as described below, from mice
previously immunized with Ab27 or NRIg (22). Finally, two other groups of 3 mice each were injected with
both plasma and splenocytes before viral challenge.

Viral challenge consisted of an intracerebral injection of 5 X 105 pfu (10 LD50) of MHV-A59. This vi-
ral dose reproducibly yielded 100% mortality by 5 days after infection. Survival was evaluated and its sig-
nificance was calculated using the log rank test (1).

Splenocytes used for adoptive transfer were prepared as follows. Spleens were collected from Ab2r- or

NRIg-immunized BALB/c mice, 10 days after the last boost, and teased apart with tweezers. After filtra-
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tion through a nylon net, splenocytes were centrifuged at 200 X g for 10 min and red blood cells were lysed
with 6 mL of 0.16 M ammonium chloride (Anachemia Canada Inc., Montréal, Québec, Canada) and 10
mM HEPES (Canadian Life, Technologies, Inc., Burlington, Canada). After 10 minutes of incubation on

ice, splenocytes were washed twice in RPMI medium supplemented with 2% (vol/vol) FCS and counted.
Antibody-dependent complement-mediated cytotoxicity. Approximately 1.5 X 107 Nil cells persis-

tently infected with MHV-A59 were labeled with 600 pCi of sodium chromate (Na251Cr04, ICN Pharma-
ceuticals Canada Ltd., Montréal, Québec, Canada) for 18 hours at 37°C with 5% (vol/vol) C02. Labeled
target cells were then washed four times with Hanks' balanced sodium salts (HBSS) (Canadian Life Tech-
nologies) and detached from the culture flask by adding 0.4 mM ethylene diamine tetracetic acid, tetra-
sodium salt (EDTA) (Anachemia Canada Inc.) and incubated for 5 minutes.

Target cells (104/well) were seeded into flat-bottomed 96-well plates and allowed to bind to the plastic
for 2 hours at 37°C. The medium was then aspirated and serial three-fold dilutions of mouse plasma were

added in triplicate to the target cells. After incubation for 1 hour at 37°C, the antibodies were aspirated,
and 100 ph/well of rabbit complement (Pel-Freez, Rogers, AK) was added and allowed to react for 45 min-
utes at 37°C. For determination of spontaneous and maximum release, medium or 5% (vol/vol) Triton X-
100 was added to the wells, respectively. After the incubation, 100 /¿L/well of RPMI without FCS was

added. The cells were then centrifuged at 200 X g for 8 minutes, and 150 ph of supernatant was collected
and counted for radioactivity in a Beckman Gamma 7000 counter (Beckman Instruments Canada Inc., Mis-
sissauga, Ontario, Canada). A mAb against ICAM-1 was used as a positive control mAb (YN1/1.7.4, CRL
1818; ATCC). It was a kind gift of Dr. Yves St-Pierre (INRS-Institut Armand-Frappier). Results are ex-

pressed as percent specific release:

100 X (cpm experimental
-

cpm spontaneous)/(cpm maximum
-

cpm spontaneous)

Antibody-dependent cell-mediated cytotoxicity. Serial three-fold dilutions of decomplemented mouse

plasma were diluted in quadruplicate in flat-bottomed 96-well plates for a final volume of 50 ph per well.
Ten thousand target cells/well (50 ph), prepared as described above, were added to the diluted sera and the
mixture was incubated for 1 hour at 37°C. One hundred microliters containing 106 splenocytes from BALB/c
mouse were then added to each well containing the mixture of target cells and sera. Plates were centrifuged
at 200 X g for 5 minutes. For determination of spontaneous and maximum release, medium or 5% (vol/vol)
Triton X-100 were added to the wells, respectively. Plates were incubated for 6 hours at 37CC with 5%
(vol/vol) CO2. At the end of the incubation period, plates were centrifuged at 200 X g for 5 minutes, and
150 ph of supernatant was collected and counted for radioactivity and the results expressed as described
above.

Ab2-induced cellular proliferation. Lymphocytes from immunized mice were obtained from in-
guinofemoral and axillary lymph nodes (draining the site of immunization), 10 days after two subcutaneous
immunizations with either 100 pg of Ab2 or MHV-A59-infected cell lysates performed at 10-day intervals.
Lymph nodes were dissociated, washed twice, and placed in 96-well flat-bottomed microtiter plates by
adding 5 X 105 cells per well, along with various antigens. The specific and control antigens were 0.1 pg
of concanavalin A (ConA), 10 pg of infected and noninfected cell lysate, 100 ph of supernatant of infected
cells, and 10 pg of Ab2 or NRIg per well. Cultures were maintained at 37°C supplemented with 5% (vol/vol)
CO2 for 4 days. Eighteen hours before harvesting, 1 pC\ of [3H]thymidine (ICN Pharmaceuticals, Inc.,
Irvine, CA) was added to each well. Cells were harvested onto glass microfiber filter paper (Skatron In-
struments Inc., Sterling, VA) on a 96-well Skatron model 11050 Micro cell harvester and counted in 5 mL
of Ecolite ( + ) scintillation fluid (ICN), using a Canberra Packard Tri-Carb 2200A scintillation counter.
Tests were run in triplicate. A stimulation index was calculated for each triplicate assay by dividing the
mean radioactivity of stimulated cells by that of unstimulated cells. A value of at least 3.0 is considered
significant.

Viral antigens used in these assays were prepared from DBT cells infected with MHV-A59 at an MOI
of 1 at 37°C for 11 hours. Control antigens were prepared from parallel cultures of uninfected DBT cells.
Infected and noninfected adherent cells were washed twice with 10 mL of PBS, pH 7.4, and frozen at

—

90°C
overnight in 3 mL of PBS, pH 7.4. The cells were thawed at 37°C and detached from the plastic. The pooled
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cells were sonicated (BraunSonic 2000) 2X 1 min with a 0.5-minute delay between the sonications, cen-

trifugated at 500 X g for 10 minutes and stored in aliquots at —90°C. Before use, infectious virus in the
viral preparation was inactivated by exposure to ultraviolet light (Ultraviolet illuminator, Model 3-3000,
Fotodyne, New Berlin, WI, USA) for 10 minutes.

Virus neutralization assay. Serial three-fold dilutions of mouse plasma were incubated in tubes with
approximately 80 plaque-forming units (pfu) of MHV-A59 for 60 minutes at 37°C. The mixtures were trans-
ferred in duplicate onto 12-well plates (ICN) containing confluent monolayers of DBT cells. After a 60-
minute incubation at 37°C with 5% (vol/vol) C02, the virus-antibody mixtures were removed and the cells
were overlaid with 1.5% (wt/vol) Bacto-Agar (Difco Laboratories, Detroit, MI) in Earle's minimal essen-

tial media/Hanks' M199 (1:1 (vol/vol) (Canadian Life Technologies Inc.) supplemented with 5% (vol/vol)
FCS and 50 pg/mL gentamicin (Canadian Life Technologies, Inc.). The plates were incubated for 48 hours
at 37°C with 5% (vol/vol) C02. The cells were then fixed with 25% (vol/vol) formalin and stained with
0.1% (wt/vol) crystal violet. Plaques were counted visually, and viral neutralization titers were expressed
as the reciprocal of the plasma dilution that neutralized 50% of viral input. A known virus-neutralizing mAb
was used as positive control.

Immunizations and cell fusions. Four BALB/c mice were immunized intraperitoneally with 100 pg of
mAb 7-10A coupled to keyhole limpet hemocyanin (KLH) and emulsified in complete Freund's adjuvant ( 1:1,
vol/vol) for the first injection. For the two subsequent booster doses, mice were immunized with 50 pg of
mAb 7-10A using incomplete Freund's adjuvant (1:1, (vol/vol) at 12-week intervals. Three days before fu-
sion, 100 pg of mAb 7-10A in PBS, pH 7.4, were injected intravenously. Mice were sacrificed, and spleen
cells were fused with P3X63-AG8.653 nonsecreting mouse myeloma cells (ATCC) at a ratio of 5:1, using
polyethylene glycol 1450 (Eastman Kodak Company, Rochester, NY). The fusion technique used was de-
scribed previously (8), except that spleen macrophages were eliminated by adherence to a 150-mm plastic
Petri dish (Canadian Life Technologies) in RPMI medium containing 10% (vo/vol) FCS, 1 mM sodium pyru-
vate, 2.5 mg/mL fungizone, 50 pglmL gentamicin (Canadian Life Technologies, Inc.) for 1 hour at 37°C. The
nonadherent cells were washed off with 10 mL of warm medium. After fusion, the culture medium was sup-
plemented with 10% (vol/vol) of BM-Condimed® HI hybridoma cloning supplement (Roche Diagnostics,
Laval, Québec) and 50 nM of /8-mercaptoethanol [Bio-Rad Laboratories (Canada) Ltd., Mississauga, Ontario].

Isotype determination. The immunoglobulin isotype was determined by a double immunodiffusion as-

say (2). Five milliliters of 1% (wt/vol) Seakem agarose gel (FMC Bioproducts, Rockland, ME) in PBS, pH
7.4, was melted and then solidified on 5-cm X 5-cm glass plates (thickness of approximately 2.5 mm). A
central hole of 3-mm diameter was punched in the agarose gel surrounded by five other holes. Thirty mi-
croliters of mAb2 hybridoma supernatant were added in the central hole, and 10 pL of specific antiserum
to IgGj, IgG2a, IgG2b, IgG3, IgA, and IgM (Cappel, Organon Teknika, West Chester, PA) in the other holes.
Plates were incubated at 37°C for 18 hours until precipitation bands were visible.

ELISA for determination of mAb2 specificity. Ninety-six-well microtiter plates (ICN Pharmaceuticals
Canada Ltd.) were coated with 60 ng/well of purified F(ab')2 fragments of mAbs 7-10A and B35 (the lat-
ter used as an isotypic control) and KLH. The plates were incubated for 16 hours at room temperature.
Then, the plates were blocked with 150 pL of PBS, pH 7.4, containing 10% (vol/vol) FCS and 0.2% (vol/vol)
Tween-20 (ELISA blocking solution) for 30 minutes at 37°C. Serial five-fold dilutions of 15 ¿ig/well of
mAb2 in ELISA blocking solution were added to the wells and incubated for 90 min at room temperature.
Wells were washed five times with PBS containing 0.1% (vol/vol) Tween-20 (PBS-T), and 100 pL of per-
oxidase-labeled anti-Fc fragment of mouse immunoglobulin conjugate (ICN ImmunoBiologicals, Costa
Mesa, CA) diluted 1/2,000 was then added. Plates were then incubated for 90 minutes at room tempera-
ture. Plates were washed five times with PBS-T, and specific mAb binding was revealed by the addition
of 100 pL of 2.2 mM O-phenylenediamine and 3 mM hydrogen peroxide. The enzymatic reaction was

stopped with 100 pL of 1 N HC1, and the absorbance read at 492 nm using an SLT EAR 400 AT plate
reader (SLT-Labinstruments, Austria).

ELISA for detection of inhibition of binding of Id to Ag by anti-Id and inhibition of virus-neu-
tralization assay. This was performed as described previously (22).

Mab2 immunization and protection assay. Groups of 6 or 15 BALB/c mice were immunized by in-
traperitoneal injection of 100 pg of mAb2 coupled to KLH and emulsified in complete Fruend's adjuvant
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(1:1, vol/vol) for the first injection. For the two subsequent booster doses, 50 pg of mAb2 emulsified in
incomplete Freund's adjuvant (1:1, vol/vol) were given at 14-day internals. Seven days after the last injec-
tion, blood samples were drawn from the retroorbital plexus. An intracerebral viral challenge was given 3
days later with 10 LD50 (27) of MHV-A59 (equivalent of approximately 5 X 105 pfu).

RESULTS

Previously, we have reported that a polyclonal noninternal image anti-Id antibody induced antiviral an-

tibodies that correlated with protection of mice from a normally lethal viral challenge (40). Data obtained
with MHC-congenic mice supported the conclusion that both H-2- and non-H-2-dependent gene factors
were involved in anti-coronavirus vaccination with Ab2r To characterize further protective immune re-

sponses induced by this noninternal image anti-Id, we wanted to identify the major elements involved in
antiviral protection and to determine whether mechanisms other than direct antibody-mediated virus neu-

tralization were involved.
To characterize the possible involvement of humoral and/or cellular components in the protective im-

mune response, plasma and/or splenocytes of immunized BALB/c mice were transferred to naive BALB/c
mice before a normally lethal intracerebral challenge with 10 LD50 of MHV-A59. Results are shown in Fig.
1. Mice that received plasma, splenocytes, or both from mice immunized with NRIg died within 4 days af-
ter the viral challenge. However, a statistically significant and reproducible delay in mortality (p < 0.001)
was observed with naive mice that received a passive transfer of serum from Ab27-immunized mice. This
significant 3-day delay in mortality suggests the important role played by plasma components in protection
against infection by this coronavirus. A small and reproducible delay in mortality was also observed in mice

8 9 10

Days after viral challenge Days after viral challenge
FIG. 1. Protection assay illustrating the involvement of plasma components in Ab2r-mediated vaccination of mice.

In a first group of BALB/c mice, plasma from Ab2r- or NRIg-immunized mice was passively transferred to 6 naive
BALB/c mice. In a second group of mice, splenocytes from Ab2r- or NRIg-immunized mice were adoptively trans-
ferred to 6 other naive mice. In a third group of mice, plasma and splenocytes from Ab2r- or NRIg-immunized mice
were transferred together into 3 naive mice. Mice were then challenged with 10 LD50 of MHV-A59. The statistical sig-
nificance of the delays in mortality were analyzed by the log rank test and only passive transfer of plasma was deter-
mined to be statistically significant (p < 0.001). The results presented are representative of two separate experiments,
with very similar results.

97



YU AND TALBOT

that received a combination of plasma and lymphocytes, although statistical significance was not achieved.
No difference in mortality was observed for mice that received an adoptive transfer of splenocytes from
Ab27-immunized BALB/c mice, suggesting that these cells were not directly involved in protection.

Immunization of mice with Ab27 led to the production of virus-neutralizing Ab3. Virus neutralization
activity was observed, with titers ranging between 100 and 3,000 in different strains of mice (22,40; data
not shown). We also characterized antibody-mediated activities that may contribute to viral neutralization,
such as ADCMC) and ADCC. These two biological activities were evaluated using N-ll target cells per-
sistently infected with MHV-A59, without any observable virus-induced cytopathology. Plasma from Ab2y-
protected BALB/c, DBA/1, DBA/2, and SWR mice (40) were tested. No ADCC or ADCMC activities were
detected in Ab2y-immunized mice, using plasma dilutions as low as 1/50 for ADCC and 1/10 for ADCMC
(data not shown). On the other hand, a control anti-ICAM-1 mAb in the ADCMC assay, showed 66% of
lysed target cells in the presence of 5 pg of mAb (data not shown). Overall, these results suggest that the
virus neutralization activity of Ab3 may be the major immune mechanism involved in Ab2y-induced pro-
tection.

Even though adoptive transfer studies suggested that splenocytes of Ab2y-immunized mice had no direct
cytotoxic antiviral activity, we examined the participation of specific antiviral T lymphocytes in the ob-
served Ab-mediated protection. To investigate the induction of specific cellular antiviral responses to poly-
clonal Ab2y, BALB/c mice were primed in vivo with Ab2T or NRIg. Cells from lymph nodes of Ab2y-im-
munized BALB/c mice were used in an in vitro proliferation assay. These cells were stimulated in vitro
with various concentrations of Ab2y, NRIg, virus, or with medium alone. As shown in Fig. 2, lymph node
cells from Ab2y-immunized mice proliferated strongly in the presence of Ab2y, as expected, with a stimu-
lation index of 29.5. Interestingly, these cells also proliferated in the presence of virus, with a significant
stimulation index of 4.2. When lymph node cells of virus-immunized mice were stimulated with Ab2y, we

observed significant proliferation, with a stimulation index of 6.7. As expected, these cells also proliferated
strongly in the presence of virus. In this proliferation assay, virus supernatant showed a better stimulation
capability than the infected cell lysate. This could be explained by toxicity generated from the cell lysate.
This observed immune T-cell cross-reactivity suggests a role for T lymphocytes in the induction of specific
neutralizing Ab3 by noninternal image Ab2T-immunized mice.

Previously, we have demonstrated the induction of a protective immune response against coronavirus in-
fection with a polyclonal noninternal image Ab2r This anti-Id was identified as an Ab27 because no in-
ternal image activity was detected and it had the capacity to inhibit the binding of mAbl 7-10A to virus
(22). However, the possible presence of traces of internal image anti-Id in the Ab2y population that could
be sufficient to induce the observed protection could not be excluded. Thus, more defined protective mono-

clonal anti-Id reagents need to be produced from the same mAbl that induced the polyclonal Ab2r Fur-
thermore, the generation of monoclonal anti-Id antibodies (mAb2), would facilitate a more precise charac-
terization of the protective immune response induced by noninternal image anti-Id.

Thus, four BALB/c mice were immunized with mAbl 7-10A coupled to KLH to generate mAb2. After
four injections, mouse spleen cells were isolated and fused to myeloma cells. Hybridoma supernatant flu-
ids were screened for the presence of anti-Id antibodies by ELISA using viral Ag as the coating Ag. The
hybridoma in the positive wells was cloned and tested again for there specific reactivity to mAbl. Figure
3 illustrates that supernatant of hybridoma clones were specific to the idiotype of mAbl because we ob-
served a strong reactivity with mAbl 7-10A and only a background level response with another mAb (B35)
of the same isotype. Also, mAb2 did not react with KLH, which was used as coupling molecule during im-
munization. As a positive control, the plasma of mice used for the cell fusion were also tested: it reacted
with the idiotype, isotype and KLH as expected. (Fig. 3)

On the basis of the ability of Ab2 to inhibit the interaction between Abl and virus, Ab2^ and Ab2r can

be differentiated from Ab2„: an Ab2a is unable to inhibit Abl binding to Ag because it binds to idiotopes
located away from the paratope of Abl, whereas Ab2^ and Ab2y inhibit the interaction of Abl with virus
by steric hindrance (y) or by mimicry of the Ag (ß). Thus, the hybridoma clones were examined further
for inhibition of the binding of mAbl 7-10A to the virus. As illustrated in Fig. 4, mAbs secreted by some

hybridoma clones showed more than 90% inhibition of binding of mAbl to virus. Ten nanograms of mAb2
were enough to inhibit over 80% of mAbl 7-10A binding to virus, whereas the same amount of isotypic

98



CHARACTERIZATION OF PROTECTION AGAINST CORONAVIRUS INFECTION

Ab2y

FIG. 2. Proliferation of lymph nodes cells from mice immunized with polyclonal Ab2y (top panel) or MHV-A59
(bottom panel). Lymph node cells were stimulated in vitro with either 0.1 ¿¿g/well of ConA, 10 /ag/well of infected or

noninfected cell lysates, or 10 /j,g/well of Ab2y or NRIg. Cells were harvested after 4 days of culture and the incor-
poration of [3H]thymidine was quantitated. The stimulation indices were calculated for each triplicate by dividing the
mean radioactivity of stimulated cells by that of unstimulated cells, and they are shown at the top of each box. The re-

sults presented are representative of two separate experiments, with very similar results.

control did not have any effect on this binding. However, mAbs secreted by other hybridoma clones in-
hibited binding of mAbl to virus to a lesser extent. mAb2 were also tested for their capacity to inhibit virus
neutralization by mAbl. Here again, the same clones exhibited inhibition confirming the inhibition of at-
tachment assay. As shown in Table 1, a reduction of neutralization titers by 3 to 4 login was observed with
as little as 10 pg of mAb2. Both results suggest that the sites recognized by mAb2 are located within or

close to the antigen combining site of mAbl and that these cells probably produce Ab2/3 or Ab2r The other
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FIG. 3. ELISA for determining mAb2 specificity. Ninety-six-well microtiter plates were coated with 60 ng/well
of F(ab')2 fragments of mAbl, isotypic control mAb B35 (IgG2a), or KLH, and binding of 4.8 ng/well of mAb2 su-

pernatant or mAb 9E10.2 of the same isotype as the mAb2 (IgGO was determined using peroxidase-labeled mouse anti-
Fc fragments. Hi, Hyperimmune plasma; neg, preimmune plasma.

mAb2 were identified as mAb2a. It is interesting to note that all the mAb2 generated in this experiment
were of the IgGi isotype (Table 2).

The induction of Ag-specific immune response in animals immunized with anti-Id allows the distinction
between internal image and noninternal image anti-Id. Moreover, in our goal to find protective mAb2, mice
were immunized with mAb2 that were able to inhibit strongly the binding of mAb2 to virus and/or inhibit
virus neutralization. After a first injection of 100 pg of mAb2 coupled to KLH and emulsified in Freund's
adjuvant, and two booster injections of 50 pg, mouse plasma were tested for the presence of antiviral Ab3.
None of the mAb2 induced detectable specific antiviral Ab3 by ELISA in immunized BALB/c mice (Table
2). However, because the polyclonal Ab2y anti-7-10A had induced neutralizing Ab3 and the in vitro neu-

tralization assay was more sensitive than ELISA, sera of mAb2-immunized mice were also tested for their
capacity to neutralize viral infectivity. Again, no virus-neutralizing activity was detected with dilutions as

little as 1/50 (Table 2). Ten days after the last booster immunization, mAb2-immunized mice were chal-
lenged intracerebrally with 10 LD50 of MHV-A59. None of the mAb2-immunized BALB/c mice survived
the coronaviral challenge (Table 2). The absence of protection and the absence of induction of specific an-

tiviral Ab3 in mAb2-immunized mice suggest that the mAb2 produced were not of the ß-type, because
structural mimicry would lead to the induction of specific antiviral Ab3.
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1 0-1-2 -3 -4 -5 -6 -O 9E10.2

log ng of mAb2

FIG. 4. Inhibition of binding of mAbl to the virus by mAb2. Ninety-six-well microtiter plates were coated with
25 ng/well of viral Ag. Biotinylated mAbl and dilutions of mAb2 supernatant or isotypic control mAb 9E10.2 were

preincubated together and transferred onto the viral Ag-coated plates. The binding of mAbl to viral Ag was detected
using peroxidase-labeled streptavidin. The results of inhibition of binding of mAbl to the virus by the isotypic control
mAb 9E10.2 is represented by the dashed curve.

Table 1. Inhibition of mAbI Virus
Neutralization with mAb2

mAb2 competitor Neutralization liter (login)*
6-11C.1
1-3A.2
10-1H.1
8-5F.1
7-12F.1
2-10E.1
4-2A.1
5-8G.1
4-12G.1
8-10A.1
9E10.2
Medium

2
3
2
2
2
3
2
6
6
6
6
6

Reciprocal of the highest dilution of mAbl 7-10A ascites
fluid that neutralized 50% of input virus after incubation with
competitor mAb2.
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Table 2. Characterization of Biological Properties of mAb2

MAb2 Isotype3

Suggested
nature of

mAb2 type Protection
Antiviral Ab3

(ELlSA)b
Neutralizing

antiviral
Ab3c

6-11C.1
1-3A.2
10-1H.1
8-5F.1
4-2A.1
7-12F.1
2-10E.1
5-8G.1
4-12G.1
3-7G.1
1-lC.l
6-2H.2
1-9H.1
3-6B.2
5-12E.1
8-10A.1
10-12D.2

IgG,
IgGi
IgGi
IgGi
IgG,
IgG,
IgG,
IgG,
IgG,
IgG,
IgG,
IgG,
IgG,
IgG,
IgG,
IgGi
IgG,

y
y
y
y
y
y
y
a

a

a

y
a

y
y
a

a

a

0/5
0/6
0/6
0/6
0/6
0/6
0/6
0/6
0/6
0/6
0/15
0/6
0/6
0/6
0/6
ND
0/6

< 1/100
<1/100
<1/100
<1/100
<1/100
<1/100
<l/25
<l/25
<l/25
<l/25
<l/25
<l/25
<l/25
<l/25
<l/25
ND

<l/25

<l/50
<l/50
<l/50
<l/50
<l/50
<l/50
NDd
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

"Immunoglobulin isotype determined by a double-immunodiffusion assay.
bHighest plasma dilution where specific antiviral Ab3 was detectable by ELISA.
cPlasma dilution that neutralized 50% of input virus.
dNot determined.

DISCUSSION

Previously, we have reported that a noninternal image polyclonal Ab2y induced a specific antiviral pro-
tective immune response in different strains of mice and that this response was genetically controlled (22,40).
In the present study, we provide evidence that is consistent with direct antibody-mediated neutralization
representing the major protective immune response mechanism in vaccination by this noninternal image
Ab2y. This is based on a reproducible and significant delay in mortality observed in naive BALB/c mice
that received a passive transfer of plasma from Ab27-immunized BALB/c mice, which contained in vitro
neutralizing antibodies. Previously, we have shown that anti-Id immunization of BALB/c mice yielded com-

plete protection of about 80% of animals (22,40). The fact that such a level of protection was not repro-
duced by passive plasma transfer may simply reflect the availability of lower quantities of protective anti-
bodies in the target tissues.

Antiviral antibodies play an important role in the outcome of acute coronavirus disease in mice. Indeed,
mAb against the S glycoprotein modulated MHV-JHM infection of mice from acute lethal encephalitis to
chronic demyelinating disease (4). Moreover, neutralizing but also nonneutralizing specific antiviral mAb
were shown to protect passively against lethal infection of mice (26). We previously demonstrated that mice
immunized with affinity-purified S glycoprotein were protected from lethal encephalitis and developed high
titers of neutralizing antibodies that correlated with protection (4).

Other antibody-mediated immune mechanisms were also reported to be activated upon infection of mice
with coronaviruses. For example, C57BL/6 mice were shown to be high responders in the production of
complement-fixing antibody compared to other strains of mice (26). However, the presence of these anti-
bodies did not correlate with protection (26). Also, we have previously reported that peptide vaccination
against acute mutine coronavirus infection may be mediated by nonneutralizing antibodies (9). Thus, the
antibody-dependent complement-mediated cytolysis and the antibody-dependent cell cytotoxicity were
tested with the plasma of Ab2r-vaccinated BALB/c, DBA/1, DBA/2, and SWR mice. As we have reported
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elsewhere, these strains of mice are protected against coronaviral infection by immunization with Ab2y (40).
No such Ab-mediated activities could be detected with the Ab2y-induced antiviral Ab3, which is consis-
tent with direct antibody neutralization of viral infectivity. Unfortunately, we could not verify the presence
of complement-fixing antibodies in C57BL/6 mice because they were not protected against the infection
and did not produce detectable antiviral antibodies (40).

After adoptive transfer of splenocytes from Ab2y-immunized mice, no protection against lethal acute vi-
ral infection was observed, suggesting that the specific cellular immune response of Ab2y-immunized mice
did not mediate direct antiviral cytotoxic activity. Cellular immune responses were reported to be impor-
tant in protection against murine coronavirus infection: CD4+ T cells with cytotoxic activity protected mice
when adoptively transferred to naive mice (13,20,29). Furthermore, it was demonstrated that internal im-
age anti-Id were able to induce an Ag-specific cellular immune response (10,32,38). In the current study,
lymph node cells significantly proliferated in responses to viral Ag and Ab2y (Fig. 2). This immune T-cell
cross-reactivity suggests the participation of a cellular immune response of the helper type for T-dependent
induction of antiviral antibodies by anti-Id.

In summary, plasma of Ab2y-immunized BALB/c mice contained the major immune component involved
in the protective immune response against coronavirus infection. Furthermore, the major humoral mecha-
nism used was most likely the virus neutralization activity of specific antiviral Ab3 induced with the col-
laboration of a helper T-cell-mediated immune response. Thus, our results are consistent with a T-depen-
dent production of neutralizing and protective antiviral antibodies after immunization of some strains of
mice with a noninternal image anti-Id.

Because mAbl 7-10A was able to produce a protective polyclonal Ab2y in rabbits that induced neutral-
izing antiviral Ab3 when used as immunogen, mAb2 were generated to define more precisely the mecha-
nism of protection of a homogenous population of anti-Id. We were able to select mAb2 that were specific
to mAbl 7-10A. They were characterized as mAb2a or mAb2-y. All mAb2 were of the IgGi isotype, which
corroborates another study that suggested that IgG] is the main isotype expressed in anti-idiotypic responses
to idiotypes in mice and rat (27). Another study demonstrated that an anti-idiotypic antibody response is
dependent on T-helper cells (16) and that thymus-dependent antigens predominantly stimulate IgG] in the
mouse. Furthermore, Freund's adjuvant was reported to favor the production of antibodies of the IgGi iso-
type (18). Among all specific mAb2 isolated, six mAb2y were selected for evaluation of potential protec-
tive activities. In contrast to the polyclonal Ab2y generated from mAbl 7-10A-immunized rabbit, no mAb2-y-
immunized BALB/c mice were protected against the lethal coronavirus infection or showed the induction
of coronavirus-specific Ab3.

Results from a previous study (23) and the current study indicate that, in the MHV model, the produc-
tion of protective mAb2 is technically difficult by the classical hybridoma technique (39). In another study
using molecular biological technology, Ab2 clones were successfully selected using phage-displayed re-

combinant anti-idiotypic antibody scFv fragments library against coronavirus-neutralizing mAb. However,
the selected anti-Id were not able to induce a protective immune response in mice (23). The results from
these studies suggest the presence of a low frequency of protective anti-Id in the antibody repertoire. How-
ever, even the presence of low quantities of anti-idiotypic antibody seems to play an important role in the
induction of the protection as shown with the protective polyclonal Ab2y.

Since no protective mAb2 were induced by mAbl 7-10A, in contrast to the protective polyclonal
Ab2y generated from this same mAbl, the possibility that there were traces of beta-type anti-Id, not de-
tectable in the polyclonal Ab2y population, could not be ruled out. However, the mAb2 were produced
in a different animal species than the polyclonal Ab2y, and they may not necessarily share the same an-

tibody repertoire. Indeed, the antibodies that recognize the idiotope of mAbl responsible for the pro-
tection observed could be present in the rabbit and absent in the mouse. Furthermore, there are reports
of induction of antigen-specific responses with monoclonal or polyclonal noninternal image anti-idio-
types (15,28,41), which is consistent with the antiviral immune response induced by our noninternal im-
age Ab2y.

It is probable that the complexities of the idiotypic network will take time before being completely un-

derstood. This emphasizes the need to characterize further the mechanisms of protective immune response
with anti-idiotypic antibodies before being able to manipulate the idiotypic network safely.
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