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Immune regulation of measles virus (MV) expression was studied in a persistently infected mouse macro-
phage cell line. Synthesis of both membrane-associated and internal MV antigens was suppressed when
infected macrophages were treated with polyclonal rabbit anti-MV antibody that was specific for MV proteins.
Persistently infected macrophages were treated for 3, 5, or 7 days with increasing doses of anti-MV antibody.
All MV proteins were down-regulated 2 days after treatment was terminated. One week after treatment was
terminated, down-regulation was still evident but to a lesser degree. MV protein synthesis was suppressed
whether or not complement components were inactivated by heating all serum supplements and antibodies.
However, when complement was active, cell lysis accounted for some of the reduced MV protein synthesis.
When lytic destruction of infected cells by antibody and complement was prevented by inactivation of com-
plement, antibody alone reduced the cellular synthesis of viral proteins by noncytolytic mechanisms. The
absence of cell death in the absence of complement was confirmed by the lack of 51Cr release from labeled cells,
the lack of reduction in cell number, and the lack of a decrease in total protein synthesis when radiolabeled
infected cells were treated with antibody. It is noteworthy that low doses of antibody were optimal for
suppression in the longer-term experiments and did not cause lysis, even in the presence of active complement.
Since infected macrophages disseminate virus in measles infection, noncytolytic regulation of these cells by
antibody may supplement viral clearance by cytolytic T cells and other immune mechanisms.

Antibody directed against individual components of a cell,
including viral antigens, may have a number of different effects.
Antibody binding to antigen on the cell surface may lead to
aggregation of the bound molecules at one pole of the cell in
a process termed capping. Antibody may activate the comple-
ment system, leading to opsonization or cell lysis. Antibody
may enable lysis of the infected cell by lymphocytes in a process
termed antibody-dependent cell cytotoxicity. Antibody binding
to surface antigens may lead to induction of transmembrane
signaling pathways to alter cell functions. Antibody binding to
surface antigens may lead to endocytosis of a surface compo-
nent and, once inside the cell, it may modulate cellular pro-
cesses or simply be degraded. Antibody binding to surface
antigens may lead to down-regulation of synthesis of cellular or
viral components with which the antibody reacts in a process
we have termed antigenic suppression, to distinguish it from
several other immunologic processes that are referred to as
suppression.
Other laboratories have demonstrated that antibodies to

different measles virus (MV) proteins suppress expression in
vitro and are protective in vivo. Fujinami and Oldstone docu-
mented that when acutely infected HeLa cells infected with the
Edmonston strain MV are treated briefly with polyclonal an-
ti-MV serum (12) or monoclonal antibodies to the hemagglu-
tinin (H) protein (11), expression of the membrane fusion (F)
protein and the internal proteins, phosphoprotein (P) and ma-
trix (M) protein, decreases. These studies have been extended
by other investigators using persistently infected cell lines.

Treatment of a rat glioma cell line persistently infected with a
measles subacute sclerosing panencephalitis virus with poly-
clonal anti-H antibodies suppresses expression of H protein
and, eventually, all MV antigens. In contrast, treatment with a
monoclonal anti-H antibody has only a transient effect (5, 45).
Monoclonal antibodies to H protein but not to other MV
proteins protect newborn mice from an MV-induced enceph-
alitis that is normally fatal (14). Administration of anti-H an-
tibodies but not other antibodies also prevents fatal necrotizing
encephalopathy in newborn Lewis rats injected with neuro-
tropic CAM/RBH MV (29). Instead, these animals develop
inflammatory central nervous system disease. Analysis of MV
mRNA in the brains of these rats demonstrates an altered
transcriptional gradient that leads to reduced transcription in
individual cells rather than to fewer infected cells. Protection
of rats and mice was also conferred by immunization with
vaccinia virus recombinants expressing either the N antigen (4)
or that of H or F (9). Treatment of MV-infected murine
neuroblastoma cells with anti-H antibodies causes a decrease
in transcription of all measles mRNAs followed by a decrease
in transcription of genomic RNA (37, 38). Therefore, both in
vivo treatment and in vitro treatment with antibody to MV
restrict transcription and replication of the virus in neuronal
cells. We wanted to determine if expression of virally encoded
proteins could be controlled in effector cells of the immune
system, such as macrophages, that are important for a normal
host response to MV infection. The experiments presented in
this paper demonstrated that synthesis of MV proteins in per-
sistently infected macrophages is down-regulated by treatment
with polyclonal antibodies directed against these proteins.
To carry out these experiments, we first established a per-

sistent infection with the Edmonston strain of MV in IC-21
cells, a simian virus 40-immortalized mouse macrophage cell
line (19, 34). At least 65% of these cells carry infectious par-
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ticles, as demonstrated by infectious center assays (19). Ap-
proximately 75% exhibit viral antigens, as assessed by fluores-
cence-activated cell sorting (19). Limiting dilution analysis
followed by clonal expansion demonstrated that more than
90% of the cells are infected and that the persistent infection
is passaged during mitosis (19). This persistent infection is
characterized by the absence of syncytia, so that infected cells
do not lyse and can multiply in culture indefinitely. Therefore,
long-term in vitro studies that are not possible with lytically
infected cells can be performed with these cells. This has al-
lowed us to treat infected cells with antibody for as long as a
week in culture and to study the subsequent effects on MV
synthesis for any period that we choose. Here, we report that
antibody leads to a reduction in expression of virally encoded
proteins in a manner that down-regulates viral protein synthe-
sis but does not destroy the infected cell.

MATERIALS AND METHODS
MV. Plaque-purified MV of the Edmonston strain (ATCC VR-24) was pas-

saged through Vero cells at a low multiplicity of infection (less than 0.1). Infected
Vero cell monolayers exhibiting widespread syncytium formation were lysed with
three freeze (2708C)-thaw cycles. Lysates were clarified by centrifugation at 700
3 g for 10 min and stored in 1-ml aliquots at 2708C. When grown in Vero cells,
the virus stocks typically had titers between 2 3 106 and 2 3 107 PFU/ml.
Rabbit anti-MV antisera. MV stock prepared in 50 mM sodium phosphate

buffer, pH 7.5, was purified over a 30-ml Cellufine sulfate column (Amicon,
Danvers, Mass.) according to the manufacturer’s suggestions, except that the
virus was eluted with a 225-ml NaCl gradient (0 to 3 M) in 0.02 M sodium
phosphate buffer, pH 7.0. New Zealand White rabbits (Hazelton Research An-
imals, Hazelton, Pa.) were immunized with 2 ml of purified virus in complete
Freund’s adjuvant (1:1) and with five subsequent immunizations of purified virus
in incomplete Freund’s adjuvant. An immunoglobulin G fraction of the anti-
serum was prepared by passing 5 ml of serum over a 5-ml recombinant protein
A column (Pierce, Rockford, Ill.) with the manufacturer’s binding and elution
buffers.
Cell culture. IC-21 cells, a simian virus 40-immortalized cell line (ATCC TIB

186), were infected with MV and maintained in RPMI 1640 medium containing
25 mM HEPES (N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic acid) (GIBCO-
BRL, Gaithersburg, Md.). All media were supplemented with 10% heat-inacti-
vated fetal bovine serum (HyClone, Logan, Utah), 2 mM glutamine (GIBCO-
BRL), 100 U of penicillin (Squibb-Marsam, Cherry Hill, N.J.) per ml, and 10 mg
of gentamicin (GIBCO-BRL) per ml. For individual experiments, 1-ml aliquots
of cells (1 3 105/ml) were distributed into tubes (12 by 75 mm, Falcon 2054;
Becton Dickinson, Mountain View, Calif.). Cells were centrifuged at 180 3 g for
5 min, media were removed, and media containing 3% rabbit serum and 7% fetal
bovine serum were added. The 3% rabbit serum was either nonimmune serum or
a dilution of antiserum with nonimmune serum added to maintain a total rabbit
serum concentration of 3%. Throughout the experiment, culture tubes were
rocked gently to ensure sufficient mixing of media. Cells were centrifuged for 5
min at 180 3 g prior to each medium change. Depending on the experiment,
rabbit serum remained in the cultures from several hours to several days. At
appropriate time points after treatment was terminated, cultures were radiola-
beled with [35S]methionine to study nascent protein synthesis. After being rinsed
three times with high-glucose D-MEM lacking methionine (GIBCO-BRL), cells
were radiolabeled with 30 mCi of [35S]methionine (DuPont NEN, Boston, Mass.)
in 0.5 ml of this same medium. After 4 h, culture supernatants were collected and
the cells were lysed and stored as previously described (23).
Determination of total protein synthesis. Analysis of total protein synthesis

was carried out by a modification of the Mans-Novelli procedure (30). Aliquots
of cell lysates containing 35S-proteins were diluted in 1% bovine serum albumin
and dried onto 2.1-cm glass microfiber filters (Whatman, Inc., Clifton, N.J.) in
12-well tissue culture plates (Elkay Products, Shrewsbury, Mass.). Protein was
precipitated with cold 10% trichloroacetic acid containing 10 mM L-methionine.
The filters were washed three times with 10% trichloroacetic acid and twice with
95% ethanol and then air dried and counted in a Beckman LS9000 liquid
scintillation counter (Beckman Instruments, Fullerton, Calif.).
Chromium release assay. MV-infected IC-21 cells (105/ml), as well as unin-

fected cells, were incubated with 150 mCi of sodium [51Cr]chromate (Amersham
Corp., Arlington Heights, Ill.) for 1 h at 378C with rocking (7). Labeled cells were
incubated with dilutions of MV-immune or nonimmune rabbit serum that were
either heated to inactivate complement or untreated to retain complement ac-
tivity. Aliquots of cell supernatants and control samples were counted in a
Beckman model 8500 gamma counter to determine the extent of 51Cr release.
Immunoprecipitation of radiolabeled MV proteins. Cell lysates were immu-

noprecipitated according to procedures previously described (23) with the fol-
lowing modifications: EDTA was added to 25 mM to each lysate before the
immunoprecipitations were begun; lysates were cleared three times with 109

heat-killed, formalinized Staphylococcus aureus organisms (Boehringer Mann-
heim, Indianapolis, Ind.); the factor B clearance was omitted; incubation with 25
ml of guinea pig anti-MV antiserum (Whittaker Bioproducts, Walkersville, Md.)
1:10 in phosphate-buffered saline was for 1 h at room temperature instead of
378C; and finally, 109 instead of 5 3 108 S. aureus organisms were used to adsorb
the antigen-antibody complex. S. aureus pellet washing and sample digestion
prior to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
were carried out as described (23).
SDS-PAGE. SDS-PAGE with discontinuous buffers was performed according

to procedures that are standard for our laboratory (23). Gels with 9% acrylamide
and 2.6% bisacrylamide were prepared in 0.375 M Tris (pH 8.8)–0.1% SDS.
Samples were loaded onto a 4% acrylamide stacking gel prepared in 0.125 M Tris
(pH 6.8)–0.1% SDS. Electrophoresis in 0.025 M Tris–0.192 M glycine–0.1% SDS
(pH 8.3) was carried out at room temperature in an LKB2001 vertical electro-
phoresis unit (Pharmacia Biotech Inc., Piscataway, N.J.) at 25 mA per gel for the
first hour and at 50 mA per gel for the remaining 2 to 3 h. For autoradiography,
the gels were fixed for 1 h in 25% methanol-10% acetic acid; this step was
followed by soaking for 1 h in En3Hance (DuPont NEN) and for 10 min in water.
The gels were dried overnight on filter paper with BioGel wrap (BioDesign,
Carmel, N.Y.) and exposed to Kodak XAR-5 X-ray film at 2708C. On autora-
diograms, the H, P, nucleocapsid (N), F, and M proteins were readily identifi-
able. The large (L) protein was difficult to distinguish in most cases. MV proteins
were quantified by analyzing autoradiograms on a laser densitometer (model
100A; Molecular Dynamics, Sunnyvale, Calif.) with PDQuest analysis software
(Protein Database, Inc., Huntington Station, N.Y.). To determine the magnitude
of suppression of each MV protein, the density of the autoradiography bands
obtained by SDS-PAGE analysis of MV protein synthesis in radiolabeled cul-
tures treated with antibody was compared with those from cultures treated with
identical concentrations of nonimmune serum. Percent suppression was calcu-
lated as follows: [1 2 (OD antibody treated/OD nonimmune serum treated)] 3
100, where OD is the optical density.

RESULTS

Short-term treatment of infected IC-21 cells with anti-MV
antibody suppresses MV protein synthesis with or without
cytotoxicity. Antibody may have different effector functions in
the presence and absence of complement. In the presence of
antibody and complement, virally infected cells may be lysed.
In the absence of complement, the effects of antibody are less
destructive. It is noteworthy that antibody has been shown to
clear alphavirus, a positive-sense RNA virus, independent of
complement lysis, neutralization, and antibody-dependent cy-
totoxicity (28). The following experiments were carried out to
determine if antibody could modulate MV expression in an
infected macrophage cell line when cell lysis is prevented.
The experiment whose results are shown in Fig. 1 compared

the effects of different doses of a polyclonal rabbit anti-MV
antibody on MV protein synthesis, total protein synthesis, and
cell viability. This antibody immunoprecipitated N, P, M, F,
and H proteins from radiolabeled lysates of infected macro-
phages. When these immunoprecipitates were analyzed by
SDS-PAGE and autoradiography, their patterns and molecu-
lar sizes were identical to those of proteins immunoprecipi-
tated by polyclonal guinea pig anti-MV antibody (Whittaker
Bioproducts). Neither antibody clearly identified the L protein.
As shown in Fig. 1A, after a 2-h treatment of MV-infected
macrophages with 1% (a 1:100 dilution) antibody, synthesis of
the N, P, M, and H proteins was reduced by 35 to 55% when
complement was inactivated. Treatment with 3% (a 1:33 dilu-
tion) antibody produced a distinct prozone effect on MV syn-
thesis (i.e., less of an effect at higher doses), and suppression of
only 5 to 15% was achieved. Nonimmune serum had no effect
on MV protein synthesis. As shown in Fig. 1B, in the presence
of an active complement system suppression was increased,
especially at the 3% dose of antibody. As described below,
however, the apparent increase in suppression was probably
the result of disruption of total cellular protein synthesis
caused by complement-mediated cell lysis.
Lysates of the cells from the experiment whose results are

shown in Fig. 1A and B were analyzed for total protein syn-
thesis to verify that cell lysis occurred in the presence of com-
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plement and that heat inactivation of complement prevented
lysis. In addition, aliquots of 51Cr-labeled cells that had been
treated simultaneously with identical reagents were analyzed
for 51Cr release. We had previously demonstrated that total
protein synthesis by these cells correlates well with viable cell
number, and 51Cr release assays are among the many standard
assays for cell lysis. As shown in Fig. 1C, when complement had
been inactivated, no cytolysis occurred at any dose of antibody.
Fig. 1D demonstrates, however, that as the antibody dose in-
creased, total cellular protein synthesis decreased and 51Cr
release increased. This documented active complement-medi-
ated cell lysis. It is not clear how much of the decrease in MV
protein synthesis in the presence of active complement was due
to suppression of synthesis and how much was due to loss of
cells.
Long-term treatment of infected IC-21 cells with anti-MV

antibody induces suppression of MV protein synthesis that

continues for days after treatment is terminated. Having dem-
onstrated that a 2-h exposure to anti-MV serum suppressed
viral protein synthesis in infected cells, we next determined
whether extended treatment periods prolonged the suppres-
sion in a manner that was similar to what had been observed
for intrinsic cell products (15–24). In the experiment whose
results are shown in Fig. 2, MV-infected IC-21 cells were ex-
posed to anti-MV antibody for 5 days. Control cultures re-
ceived 0.3% nonimmune rabbit serum, whereas treated cul-
tures received the indicated dilutions of rabbit hyperimmune
anti-MV serum with sufficient nonimmune serum added to
make the total concentration of rabbit serum 0.3%. At the end
of the treatment period, the cells were washed three times and
maintained without further antibody treatment. MV protein
synthesis was assayed 2 and 7 days after antibody was removed.
At these time points, cultures were radiolabeled with [35S]me-
thionine and MV proteins were immunoprecipitated and ana-

FIG. 1. The degree of suppression of MV protein synthesis achieved by a 2-h treatment with rabbit anti-MV antibody was dependent upon the dose of antibody
and occurred in the absence of cell lysis when complement was inactivated. MV-infected cells (105) were incubated for 1, 2, or 4 h with nonimmune serum or with
anti-MV antibody, after which the cells were washed to remove antibody and then incubated for 2 h with 100 mCi of [35S]methionine. All serum components were either
unheated (B and D) or heated to 568C for 30 min to inactivate complement activity (A and C). MV proteins were immunoprecipitated from cell lysates and analyzed
by SDS-PAGE, and the percent suppression was determined as described in Materials and Methods. The individual MV proteins shown after 2 h of treatment are N
protein (s), P protein (h), M protein (■), and H protein (u). Total protein synthesis (d) for the lysates was determined by trichloroacetic acid precipitation as
described in Materials and Methods. A portion of the persistently infected cells were radiolabeled with 51Cr and simultaneously treated in parallel with the other
samples depicted, and the amount of 51Cr release (h❘❘ ) was determined. The percent change in trichloroacetic acid incorporation into protein and in 51Cr release in
the absence (C) or presence (D) of active complement was determined for samples treated with immune or nonimmune serum. This experiment is representative of
four similar experiments.
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lyzed by SDS-PAGE. The autoradiograms for this experiment
demonstrated the pattern typical of MV proteins when cul-
tures were treated with normal rabbit serum (Fig. 2, lanes 1
and 6). For cultures treated with as little as 0.01% antibody,
there was significant suppression of MV protein synthesis (lane
2) 2 days after the removal of anti-MV antibodies. An in-
creased antibody dose correlated with increased suppression
(lanes 2 through 5). Seven days after the removal of antibody
(lanes 7 through 10), MV protein synthesis was still suppressed
but to a lesser extent.
Although lysis of cells by antibody and complement was

blocked, we needed to take into account any cell loss or de-
crease in total protein synthesis that might occur for other
reasons. Antibody might have had effects on the overall cell
metabolism, and overcrowding might have occurred near the
end of the experiment since the cell cultures were not split.
Therefore, total protein synthesis in each antibody-treated cul-
ture was compared with that in the control cultures to deter-
mine the relative total protein synthesis (RTPS). As shown in
Fig. 2, 2 days after treatment was terminated (day 7 of the
experiment), only one of five samples showed a decrease in
RTPS (83% of the control value). Seven days after treatment
was terminated (day 12 of the experiment), four of five anti-
body-treated samples showed a decrease in RTPS that ranged
between 81 and 63% of the control value. This implied that
total cellular protein synthesis was reduced and/or that cell
death had occurred. The RTPS was used to normalize all data
to compensate for cell death or reduced total cellular protein
synthesis that, if not considered, could cause the percent sup-
pression to be overestimated.
The dose of antibody and duration of exposure determine

the extent and duration of suppression after antibody removal.
MV-infected cells were treated with different concentrations of
antibody ranging from 0.01 to 0.3% for 3, 5, or 7 days. Two and
seven days after the antibody treatment was terminated, ali-
quots were radiolabeled with [35S]methionine for 4 h. After
immunoprecipitation and SDS-PAGE analysis, autoradio-

grams were scanned on a laser densitometer to quantitate the
density of each MV protein band. Shown in Fig. 3 are the
values for percent suppression of H, P, N, and M protein
synthesis 2 days after the removal of antibody. Although the
magnitude of suppression of the individual MV proteins varied
with the duration of antibody treatment and the dose of an-
ti-MV serum, suppression was always significant (P , 0.05) 2
days after antibody was removed. The percent suppression
ranged from 45 to 98% for the H protein, 45 to 94% for the P
protein, and 36 to 94% for the N protein. As shown in Fig. 2,
the band for the M protein is always the least dense and its
quantitation is therefore less reliable. Nevertheless, suppres-
sion ranged from 63 to 99%.
In another experiment (data not shown), an autoradiogram

of 12 replicate control samples maintained under identical
culture conditions was scanned to determine the expected sta-
tistical variation in the concentration of each MV protein that
was due to random sample fluctuations. Two days after the
removal of nonimmune serum, variations of #21% for H pro-
tein, #24% for P protein, and #30% for N protein repre-
sented 62 standard deviations.
Seven days after antibody removal, MV protein synthesis

was still suppressed but not to the extent seen at the earlier
time point. The magnitude of down-regulation of MV expres-
sion was related to the dose and duration of antibody treat-
ment. Those cultures treated with the highest dose of anti-
serum were suppressed at 7 days almost as much as at 2 days.
In contrast, some of the cultures treated with the lowest dose
of antiserum not only broke suppression but had enhanced
levels of MV protein synthesis. The percent change ranged
from 16% stimulation to 88% suppression for H protein, 13 to
89% suppression for P protein, 0 to 87% suppression for N
protein, and 20% stimulation to 94% suppression for M pro-
tein. Although there was less suppression at this second time
point, it was still significant for all samples, except those
treated with 0.01% anti-MV serum for 7 days. The RTPS was
used to correct for cell death that might have occurred. Sup-
pression of MV synthesis cannot be explained by neutralization
or masking by residual antibody, since there were at least 10
medium changes after antibody was removed.

DISCUSSION

In subacute sclerosing panencephalitis, MV persists in the
brain and neurological disease develops. Probably for this rea-
son, laboratory studies have focused on persistent MV infec-
tions in neuronal cell lines. However, neuronal cells lack major
histocompatibility complex class I molecules (26), and this may
help virally infected neuronal cells escape immune surveil-
lance. In natural MV infection, monocytes and macrophages
are important targets of the virus (10). They become infected
and then disseminate the virus. They also produce cytokines
that are important in the immune response to the infection.
Our studies were undertaken to understand better how anti-
body might control MV infection of macrophages. Noncyto-
lytic antibody is important in the control of infection before
cytotoxic T cells appear and may augment viral clearance once
cytotoxic T cells are generated.
All four MV proteins assessed were suppressed by treatment

with anti-MV antibody. H and F proteins are membrane asso-
ciated and readily accessible to exogenous antibody. For anti-
body to interact directly with N, P, or M (or L) proteins, it
would presumably have to be internalized and be resistant to
degradation by cytoplasmic proteases. Alternatively, suppres-
sion of the internal proteins could be a secondary effect. H, M,
and F proteins are proteins that complex with the viral enve-

FIG. 2. IC-21 cells persistently infected with MV were treated for 5 days with
different doses of rabbit anti-MV antibody, resulting in suppressed synthesis of
MV proteins. IC-21 cells (105) were treated with 0.3% nonimmune rabbit serum
or with 0.01, 0.03, 0.10, or 0.30% rabbit hyperimmune anti-MV serum to which
was added sufficient nonimmune rabbit serum to achieve a total rabbit serum
concentration of 0.3%. Shown is the autoradiogram obtained from the SDS-
PAGE analysis of newly synthesized [35S]methionine-labeled MV proteins im-
munoprecipitated from cell lysates 2 and 7 days after antibody treatment was
terminated. The two largest bands are H protein. Pulse-chase experiments have
demonstrated a shift with time from the faster-migrating to the more slowly
migrating form. This experiment is representative of four similar experiments.
The numbers on the right are molecular mass markers, in kilodaltons.
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lope and that are important in the formation of mature, func-
tional virions. Suppression of these proteins would be expected
to affect virion formation. If assembly of the envelope is im-
paired and structural proteins accumulate, their transcription
may be inhibited. Others have shown that the accumulation of
abnormally large amounts of M protein of vesicular stomatitis
virus inhibits transcription (3). Similar results have now been
obtained with MV (41). N, P, and L proteins are part of the
encapsidated ribonucleoprotein complex, formed with the neg-
ative-sense genome in which primary transcription occurs.
Without P or L proteins, the polymerase complex cannot form.
Without N protein, the negative-sense viral RNA is not encap-
sidated and the polymerase complex cannot function. There-
fore, suppression of any MV protein could have secondary
effects on the transcription and translation of all other MV
proteins as well as on replication of the genome.
Our results from experiments on the immune regulation of

viral proteins are consistent with our results from experiments
on the immune regulation of proteins normally expressed by

macrophages, e.g., complement components. For several years
our laboratory has been studying the mechanisms whereby
synthesis of individual complement components can be sup-
pressed by in vivo or in vitro treatment of primary macro-
phages or hepatocytes with specific antibody or hyperimmune
lymphoid cells directed against that component (15–24, 32).
Experiments with in vivo and in vitro complement suppression
have demonstrated the following characteristics and require-
ments for antigenic suppression. (i) Antigenic suppression is
specific for the protein to which antibody is directed. (ii) An-
tigenic suppression is mediated by noncytotoxic mechanisms.
(iii) Other macrophage or hepatocyte products may be non-
specifically stimulated during and after recovery from suppres-
sion, but these other products are never suppressed. (iv) An-
tigenic suppression requires an intact antibody molecule; the
antigen-combining regions alone are not sufficient. (v) In-
creased levels of intracellular cyclic nucleotides augment sup-
pression. (vi) If there is recovery of synthesis, intracellular
levels of the suppressed component are markedly diminished

FIG. 3. The extent of suppression of MV protein synthesis 2 days after treatment was terminated is dependent upon antibody dose and duration of exposure. The
results are shown for H protein (A), P protein (B), N protein (C), and M protein (D) after treatment for 3, 5, or 7 days with the following concentrations of anti-MV
antibody: 0.01% (h), 0.03% ({), 0.1% (E), and 0.3% (Ç). The percent suppression is calculated as described in Materials and Methods. All data have been corrected
for RTPS. This experiment is representative of four similar experiments.
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because of a shortened interval from synthesis to secretion
from the cell. (vii) There are no detectable qualitative changes
in the suppressed molecules after recovery from suppression.
(viii) Antigenic suppression is mediated by at least one genet-
ically unrestricted soluble specific suppressor factor. (ix) There
is an absolute requirement for T cells of both CD41 and CD81

subsets. (x) Antigenic suppression requires a high cell density
and probably requires contact between effector cells and target
cells in the early stages of suppression. (xi) The rate-determin-
ing step in antigenic suppression involves translation but not
transcription.
Antibody-mediated effects have been documented with nu-

merous viruses in several species. Passively administered neu-
tralizing antibodies to feline immunodeficiency virus from vac-
cinated cats or experimentally infected cats prevent a usually
fatal infection (25). Neutralizing polyclonal or monoclonal an-
tibodies to simian immunodeficiency virus restrict the spread
of the virus from cell to cell in macaque macrophages and
prevent full viral expression within individual cells so that min-
imal amounts of viral protein are present (31). These studies
suggest that neutralizing antibodies prevent macrophages from
reaching the critical level of viral replication necessary for
maximum infection. In contrast, other laboratories have dem-
onstrated that plasma from simian immunodeficiency virus-
infected monkeys enhances infection of a human lymphoblas-
toid cell line by a complement-dependent process that utilizes
the third component of complement, C3, and one of its recep-
tors (CR2) (33). Neutralizing antibodies protect mice against
the neurotropic Armstrong strain of lymphocytic choriomen-
ingitis virus (LCMV) but enhance lethality against a viscero-
tropic and lymphocyto-viscerotropic isolate (6). Therefore, an-
tibodies are often protective in controlling the spread of viral
infections, but they may work to the advantage of the virus
rather than the host in some circumstances.
There are many examples for which the protective effects of

antibody cannot be explained by viral neutralization. Treat-
ment of human neuroblastoma cells with antiserum to polio-
virus converts a virulent cytopathic infection into a persistent
one (42). The effectiveness of the antibodies relates to their
specificity for the assembled capsid of the virus and is unre-
lated to their neutralizing capacity. Studies with monoclonal
antibodies to reoviruses with different levels of virulence sug-
gest that antibody-mediated protection requires recognition of
conserved epitopes involved in critical functions common to all
reoviruses (43). Protection in vivo correlates with specificity for
a cross-reactive determinant of the capsid protein and is un-
related to isotype, neutralizing capacity, and binding avidity.
All protective antibodies for reovirus inhibit viremia, but not
all antibodies inhibit primary viral replication.
Antiviral antibodies can have an important protective role

even in the presence of cytolytic T cells, and the effects of those
T cells can mask the auxiliary or enhancing effects of antibody.
Mice that are B-cell deficient (immunoglobulin m chain sup-
pressed, i.e., cannot produce antibodies but have normal T-cell
function) exhibit significantly delayed clearance of LCMV.
Therefore, antibody is important for accelerating clearance of
LCMV, even in the presence of cytolytic activity (8). When
antibody is administered to adult mice that have been injected
intracranially with LCMV, viral replication is suppressed and
the acute infection is attenuated. Reduced viral replication
leads to a diminished cytolytic T-cell response, which in turn
leads to diminished immunopathology caused by the T cells (2,
44). Protection is conferred only by intact antibody of a specific
subclass that recognizes a specific glycoprotein. Protection is
unrelated to the ability to neutralize viral antigens or to acti-
vate complement.

Several laboratories have demonstrated control of viral in-
fections with antibody in the absence of cytolytic responses. In
the experiments just described for LCMV, antibody was also
protective in nude mice (which lack mature T cells) (2). Passive
antibody against Theiler’s encephalomyelitis virus also is pro-
tective in nude mice (13). Administration of neutralizing
monoclonal antibody to the LCMV VP-1 structural protein
reduces the amount of infectious virus in the brain, increases
survival, prevents demyelination in approximately half of a
population of infected nude mice, and facilitates remyelination
(13). Sindbis virus, a single-stranded positive-sense RNA virus
that causes both fatal and persistent encephalitis in mice with
severe combined immunodeficiency, is cleared from severe
combined immunodeficiency mice by adoptive transfer of
hyperimmune serum but not by adoptive transfer of sensitized
lymphocytes (28). The mechanism responsible is unrelated
to antibody-dependent cell cytotoxicity, antibody-dependent
complement-mediated lysis, and viral neutralization. Diabetes-
prone BioBreeding Worcester rats, which fail to generate vi-
rus-specific major histocompatibility complex-restricted cyto-
toxic T cells, effectively clear LCMV and maintain immunity
with neutralizing antibodies alone (35). The depletion of
CD41 T cells converts mice that are resistant to street rabies
virus into mice that are susceptible to this virus because the
mice no longer produce antibodies (36). The depletion of
CD81 cells (which includes the cytolytic population for this
virus) has no effect. The passive transfer of monoclonal anti-
bodies reactive against glycoprotein D of herpes simplex virus
type 1 prevents the spread of this virus to the central nervous
system in mice depleted of either CD41, CD81, or NK cells
but is ineffective in mice depleted of both CD41 and CD81

cells (40). Therefore, in some circumstances antibody can limit
viral spread in vivo in the absence of a functioning T-cell
response or in the absence of functioning individual T-cell
subsets.
One of the mechanisms that is emerging for the role of

antibody in viral clearance is its ability to restrict replication in
some circumstances. On the basis of our studies of immune
regulation of complement biosynthesis in uninfected macro-
phages, we speculate that antibody treatment of infected mac-
rophages interferes with MV protein synthesis by blocking
translation. Reduced synthesis of MV proteins necessary for
polymerase formation and encapsidation could then have sec-
ondary effects on transcription and replication. In the experi-
ments described above for Sindbis virus, animals that were free
of histological abnormalities in the brain still had viral RNA
detectable by PCR (27). Therefore, antibody mediated the
clearance of Sindbis virus by restricting its replication and
allowing persistence of the viral genome in a nonproductive
form. The antibody dose determines if reactivation occurs or if
clearance is permanent. When kits are administered passive
antibodies to Aleutian mink disease parvovirus, they survive
the acute viral pneumonia but later develop chronic immune
complex disease. The number of infected cells is the same for
treated and untreated kits, but in treated kits viral replication
is restricted on a per-cell basis (1). The persistent virus still
causes fatal disease upon transfer into previously uninfected
animals. Both in vivo treatment and in vitro treatment with
antibody to MV lead to restricted replication of the virus in
neuronal cells. Treatment of MV-infected murine neuroblas-
toma cell lines with anti-H antibodies decreases transcription
of all measles mRNAs. A decrease in the transcription of
genomic RNA follows (37). Changes in phosphorylating activ-
ity also occur. Total phosphorylation and protein kinase C
activity decrease to levels comparable to those in uninfected
cells and gradually return to elevated levels characteristic of
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infected cells when antibody is removed (39). Therefore, signal
transduction pathways are likely to be important in the non-
cytolytic control of viral infection by antibody. Future investi-
gations are needed to define more precisely the mechanisms by
which antibody regulates MV gene expression in these in vivo
and in vitro models.
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