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. . The Role of Antibody Concentration and vitro can predict protective efficiency in 

Avidity in Antiviral Protection 
vivo-that is, whether increased avidity of 
immunoglobulin G (IgG) provides protec- 

M. F. Bachmann," U. Kalinke, A. Althaqe, G. Freer,? 
tion at lower serum concentrations. 

VSV is a rhabdovirus closelv related to 
C. Burkhart,$ H.-P. Roost, M. Aguet, Hengartner, rabies virus. It is highly neurotropic and 

R. M. Zinkernagels may cause neurological disease and death in 
mice. Recovery of mice from primary infec- 
tions or resistance against reinfection de- 

Neutralizing antibodies are necessary and sufficient for protection against infection pends on neutralizing IgG antibody re- 
with vesicular stomatitis virus (VSV). The in vitro neutralization capacities and in vivo sponses; CD8+ T cells are not involved, 
protective capacities of a panel of immunoglobulin G monoclonal antibodies to the whereas mice lacking B cells always die (8,  
glycoprotein of VSV were evaluated. In vitro, neutralizing activity correlated with avidity 9).  The surface envelope of VSV contains 
and with neutralization rate constant, a measure of on-rate. However, in vivo, pro- -1200 identical glycoprotein molecules 
tection was independent of immunoglobulin subclass, avidity, neutralization rate con- that form a regular and densely ordered 
stant, and in vitro neutralizing activity; above a minimal avidity threshold, protection pattern of spike tips; these tips are the only 
depended simply on a minimum serum concentration. These two biologically defined sites accessible to neutralizing antibodies 
thresholds of antibody specificity offer hope for the development of adoptive therapy (10). Neutralization of rhabdoviruses is me- 
with neutralizing antibodies. diated by the prevention of docking of the 

virus to cellular receptors. This requires a 
minimum of 200 to 500 IgG molecules 
bound per virion ( 1  1). The Fc portions of 

Antibody responses against chemically de- virus neutralization titers with in vivo antibodies are not crucial for antiviral pro- 
fined haptens, proteins, and pathogens have protection ( 3 ) ,  whereas others have found tection in vivo or in vitro (8,  12). 
been well characterized, and the properties no  such relation (4). Avidity, on-rate, neu- We  previously described a set of virus- 
of polyclonal sera and monoclonal anti- tralizing activity, or antibody concentration neutralizing mAbs derived from mice im- 
bodies (mAbs) specific for these antigens have not previously been analyzed with munized with VSV serotype Indiana (VSV- 
have been studied in detail in vitro. In- respect to protective activity in vivo. We  IND) (6, 7). Virtually all of a collection of 
creased avidities and on-rates of antibodies used a panel of mAbs (5-7) and polyclonal 62 mAbs that neutralize VSV bind to a 
have been postulated to provide increased antibodies derived from high-titer second- single antigenic site on VSV-G comprising 
in vivo effectiveness and protection (1). ary and hyperimmune responses to test three overlapping subsites with avidities 
However, such a correlation has only rarely whether characteristics of antibodies in ranging from 2 X lo7 M-' to 9 X 109 M-' 
been analyzed for antibodies specific for, 
and protective against, infectious agents in 
viva. Low-avidity (105 M-1) opsonizing an- Fig. 1. Correlation of in l o 5  
tibodies can protect against bacteria (21, vitro and in vivo parame- :: 7 104 A 

ters of mAbs. (A and B) 
and some studies have correlated in vitro Avidity (A) and neutral- z z c 1 0 2  103p1 iiri 0 .  m m m  • IgGza ~ g ~ i  

ization rate constant (6) l o  0 lgG3 

M. F. Bachmann, U. Kallnke, A. Althage, G. Freer, C. of mAbs, correlated with 1 I ~ M  
Burkhart, H:P. Roost, H. Hengariner, R. M. Zinkernagel, their in vitro neutralizing + 0.1 0.1 
Institute of Experimental Immunology, Depariment of Pa- capacity, (C to E) Avidity 1 10 l o 2  l o 3  1 10 10' 103 
thology, University Hosptal Zurich, Schmelzbergstrasse 
12, CH-8091 Zurich, Swtzerland. (C), neutralization rate = 
M. Aguet, SWISS Cancer Institute, Chemin Des Bover- constant (D), and in vitro 
esses 155, 1066 Epalinges, Switzerland. neutralizing capacity (E) S .= 10 

'Present address: Department for Medcal Bophysics, Of the same mAbs did 9; 
Ontario Cancer Institute, Toronto, Ontario M5G 2M9, not correlate with their in 0 

.E E 
Canada. vivo protective concen- > 0 o .m OI m. 
tPresent address: Department of Bomedcine, Unversi- tration (see Table 1). Lin. 0.1 0.1 
ty of Plsa, I-S6127 Plsa, Italy. ear regression revealed 1 10 10' l o 3  1 10 l o 2  l o 3  0.1 I l o  i o 2 i 0 3 1 0 4  l o 5  
$Present address: Department of Pathology and Mlcro- 
bology, Unversty of Bristol, Brstol BS8 ITD, UK. correlation coefficients r Avidity (10' M-I) Neutralization rate In vitro neutralizing 

§To whom correspondence should be addressed. E-mall: of 0.86 (A), 0.93 (B), and constant (lo5 M-I s-I ) capacity (pg'l) 

RZI@pty.smtp.usz.ch <0.4 [(C) to (E)]. 
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(average avidity 2 x lo9 M-I). This panel 
of defined neutralizing antibodies was a use- 
ful tool to determine which of the known 
parameters-avidity, neutralization rate 
constant, specific in vitro neutralizing ca- 
pacity, or serum concentration-was criti- 
cal for antiviral protection in vivo. Avid- 
ities, neutralization rate constants [a direct 
measure of the on-rate (1 3 ) ] ,  and capacities 
to neutralize VSV in vitro are shown in 
Table 1 for the mAbs analyzed in this study. 
The  in vitro neutralizing capacity correlat- 
ed closely with avidity and with neutraliza- 
tion rate constant (Fig. 1, A and B). Intra- 
venous VSV infection of SCID (severe 
combhed immunodeficiency disease) mice, 
which lack B and T cells, reproducibly leads 
to a lethal enceohalitis: this lethal infection 
can be prevented by passive immunization 
with intact neutralizing antibodies of vari- - 
ous Ig classes and subclasses, or with anti- 
body fragments (9,  12). 

SCID mice were treated with graded 
doses of mAbs. The measurable neutralizing - 
antibody titer in serum revealed a calculat- 
ed diffusion volume of -2 to 3 ml for a 
mouse weighing 25 g (9). Five hours later, 
when a stea4y state of antibody concentra- 
tion had been reached, mice were intrave- 
nously infected with lo8 plaque-forming 
units (PFU) of VSV. Four days later, mice 
were killed and VSV titers in the brain were 
assessed. Surviving SCID mice that lacked 
detectable virus titers in the brain (< lo3  
PFU per brain) were scored as protected. 
Representative experiments are shown in 
Fig. 2A. Using the 3-ml diffusion volume of 
mice, we determined the serum concentra- 
tion needed for protection of 50% of the 
mice (Table 1). The minimal antibody con- 
centration in serum necessarv for in vivo 
protection was largely independent of sub- 
class and of in vitro characteristics of the 
antibodies, namely, avidity, neutralization 
rate constant, and neutralizing capacity de- 
termined in balanced salt solution (Fig. 1, C 
and E). However. a minimal range of anti- - 
body concentration in serum of 0.3 to 7 
pg/ml was needed for mAbs to be protec- 
tive in vivo against lo8 PFU of VSV-IND. 
As expected, protection was specific be- 
cause a polyclonal serum against the New 
Jersey serotype of VSV (VSV-NJ) was not 
protective (Table 2). 

One mAb (VI42) with an avidity of 2 x 
lo7 M-' was not able to protect mice 
against intravenous VSV infection, even at " 

doses of up to 100 pg per mouse; this sug- 
gested that antibodies must have a minimal 
avidity of >2 x lo7 M-' for effectiveness at 
the antibodv doses tested. To  analvze this 
avidity threshold further, we selected a 
VSV-IND escape mutant in vitro that was 
not neutralized by mAbs V122 and VI41; 
this mutant was denoted VSV-TF (1 4) .  The 

Table 1. Protective capacity of mAbs against VSV-IND. For details of the in vivo protection assay, see 
(19). The serum antibody concentration required for protection of 50% of passively immunized SCID 
mice (50% protective concentration) was identified by graphical extrapolation as illustrated in Fig. 2A, 
lower left panel, and division by the diffusion volume of a mouse (3 ml). For details of the in vitro analysis 
of antibodies, see (13). ND, could not be determined. 

Clone Subclass Avidity Neutralization rate 50% protective 
constant Neutralizing concentration 

(M-') (M-1 s-l) capacity 
(~g/ml) 

V122 IgG2a 9 x log 6 x  lo6 1,200 0.3 
V142 IgG2a 2.5 x lo7 ND 0.9 >30 
V141 IgG2a 2 x lo8 ND 7 1 
25G9 IgG2a 3 x log 2 x lo6 291 0.3 
V146 IgG2a 2.5 x log 2 x lo5 56 5 
V124 IgG2a 5 x log 2 x  lo7 300 7 
V149 IgG2a 5.9 x log 4 x  lo7 2,360 3 
V130 IgG2a 2.2 x log 6 x lo6 182 3 
V17 l g ~ l  5 x l o g  7~ lo7 3,300 0.3 
V129 I ~ G I  2.5 x log 1 x lo7 520 2 
V140 lgG3 4 x lo8 9~ lo5 177 0.3 
G7G9E4 I ~ M  7 x log 7 x  lo7 15,000 1.4 
GI 4H3D7 I ~ M  3 x log N D 10,490 7 

*Dilution of antibody with a starting concentration of 1 bg/ml yieiding 50% plaque reduction in a standard neutraiization 
assay. 

panel of VSV-IND-specific antibodies was 
then tested for binding to this mutant virus 
by enzyme-linked immunosorbent assay 
(ELISA), and low-avidity antibodies were 
selected (Table 3) .  As in the first series of 
experiments, SCID mice were reconstituted 
with graded amounts of antibody and in- 
fected with VSV-IND or VSV-TF. None of 
the antibodies with avidities of 5 1 0 7  M-', 
given at up to 100 pg per mouse, were 
protective after infection of mice with 10' 
PFU of VSV-TF. One mAb (VI32) with an 
avidity of 5 x lo7 M-' was protective 
against VSV-TF only at the very high dose 
of 100 pg/ml, confirming the range of the 
avidity threshold of -2 x lo7 to 5 x lo7 
M-' necessary for protection. Previous ex- 
periments documented in vivo protection 

Fig. 2. Protective capac- 
ity of mAbs in mice. (A) 
SCID mice were recon- 
stituted with graded 
doses of antibodies; 5 
hours later, neutralizing 
titers were determined 
from 1 : 40 prediluted 
and 1 : 2 serially diluted 
sera (upper panel). Mice 
were intravenously in- 
fected with lo8 PFU of 

by recombinant single-chain Fv antibody 
fragments and showed that complement 
and Fc receptors were not essential for mice 
to survive infection with VSV (12). Our 
findings add support to these results, be- 
cause saturation of unoccupied Fc receptors 
of SCID mice by antibodies with normal 
mouse serum before the experiment did not 
change the protective capacity of the spe- 
cific mAbs (15). 

In normal mice. VSV does not re~l icate  
outside neurons. However, in mice lacking 
a functional interferon a/P system 
(IFNaPR-I-), a low dose of VSV causes a 
generalized infection and virus replication 
in all tissues examined, leading to death 
within 2 to 3 days (12, 16). Therefore, 
IFNaPR-I- mice offered a sensitive system 

VSV-IND, and 4 days lat- Amount of antibody injected Amount of antibody injected 
er brains of surviving per SClD mouse (pg) per IFNCX~R-'- mouse (pg) 
mice were assessed for 
the presence of virus (19). Mice without detectable virus were scored as protected (lower panel). One 
example of graphical extrapolation of the 50% protective antibody concentration is shown in the lower 
left panel (dotted arrow). (B) IFNapR-/- mice were reconstituted with graded amounts of mAbs V122 
and V141 (25, 2.5, or 0.25 pg), and neutralizing titers were determined from 1 :40 prediluted and 1 : 2  
serially diluted serum 5 hours later (upper panel). Mice were intravenously infected with lo4 PFU of 
VSV-IND, and 3 days later the number of surviving mice was scored (lower panel) (16). 
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to assess in vivo protection against a low 
dose of VSV. IFNaPR-I- mice, which have 
B and T cells and normal Ig concentrations 
in serum, were reconstituted with graded 
amounts of mAbs V122 (9 X lo9 M-') and 
VI41 (2 x 10' M-I), yielding either high or 
barely measurable neutralizing titers in sera 
(Fig. 2B). These mice were then intrave- 
nously infected with lo4 PFU of VSV-IND, 
and survival was scored (Fig. 2B) (16). Al- 
though reconstitution with the low-avidity 
mAb VI41 led to a low neutralizing titer in 
serum (Fig. ZB), mice were protected, as 
were those that received the high-avidity 
mAb (VI22) and exhibited high neutraliz- 
ing titers'& serum (Fig. 2B). 

A n  IgG concentration in serum of 0.3 to 
7 p,g/ml is equivalent to -1012 to 2.6 X 
1013 molecules/ml, and 10' PFU of VSV- 
IND is equivalent to 1 X 10' to 3 X lo9 
virus particles displaying -1.3 X 1012 to 
4 x 1012 antigenic determinants, which 
indicates an almost equ,imolar ratio of anti- 
body and antigenic determinants. It was 
therefore possible that in the protection 
assays, the effective antiviral antibody con- 
centration in serum was reduced below the 
protective concentration immediately after 
the virus inoculum by absorption of the 
antibody by the virus. T o  exclude this pos- 
sibility, we reconstituted mice with protec- 
tive and subprotective concentrations of 
mAb VIlO ( 10 p,g/ml and 1 p,g/ml, respec- 
tively), infected them with VSV-IND, and 
determined virus neutralizing titers in se- 
rum before, 2 days after, and 4 days after 
infection. A t  a protective concentration of 

Day 0 Day 2 Day 4 
Time after injection 

Fig. 3. Antibody consumption after VSV infection 
of passively immunized mice. SClD mice (open 
symbols) and IFNapR-'- mice (solid symbols) 
were injected intraperitoneally with protective 
(squares, 30 pg per mouse) and subprotective 
doses (circles, 3 pg per mouse) of VSV neutraliz- 
ing mAb V110. SClD mice and IFNapR-'- mice 
were infected with lo8 and lo4 PFU of VSV-IND, 
respectively. Mice were bled before, 2 days after, 
and 4 days after infection. Neutralizing titers were 
determined in a standard neutralization assay in 
serum. Titers of uninfected SClD mice exhibiting 
protective antibody concentrations are shown as 
controls (open diamonds). 

Table 2. Protective capacity of polyclonal sera against VSV-IND and VSV-NJ. 

Serum Average Neutralizing Protective 
Subclass avidity (M-') titer amount of 

serum (pi) 

Early d4 (IND) IgM 5 x  lo9 1 :40,000 10 
Late dl 2 (IND) IgG 3 x  lo9 1 :I  00,000 0.4 
Early d4 (NJ) IgM Low binding No neutralization >50 
Late dl 2 (NJ) IgG Low binding No neutralization >50 

antibody, injection of lo8 PFU of VSV- 
IND did not affect neutralizing titers in the 
sera of SCID mice: at sub~rotective concen- 
trations of antibody, neitralizing titers de- 
creased slightly during the course of the 
infection, by 1.8 dilution steps on average 
(Fig. 3 ) .  Similarly, neutralizing titers in the 
sera of IFNaPR-I- mice reconstituted with 
protective doses of antibody did not de- 
crease upon injection of lo4 PFU of VSV. 
Because of the generalized nature of the 
VSV infection, in IFNaPR-1- mice with 
subprotective concentrations of antibody, 
neutralizing titers in serum decreased by 3.5 
dilution steps within 4 days (Fig. 3 ) .  How- 
ever. no  droo in titers could be observed 
when sera were analyzed 12 hours after 
infection. Thus. the lethal outcome of a 
VSV infection was not the result of exten- 
sive antibody consumption immediately af- 
ter injection of VSV. 

These data confirm that the aviditv 
and neutralization rate constant of anti- 
bodies correlate well with the neutralizing - 
activity assessed in balanced salt solution 
in vitro (Fig. 1, A and B). However, no  
obvious correlation was found between 
minimal ~ro tec t ive  serum concentration 
in vivo and the in vitro parameters of 
avidity, neutralization rate constant, or 
neutralizing capacity (Fig. 1, C to E). This 
discrepancy cannot be attributed to IgG 
subclass differences because the eight 
IeG2a antibodies analvzed alone showed 
tKe same correlation ( ~ i ~ .  1). Above a 
minimal avidity threshold of -2 x lo7 to 
5 x lo7 M-', the antibody concentration 

( > 1  to 10 p,g/ml) seems to limit the pro- 
tective effectiveness of antibodies in vivo. 
This avidity threshold corresponds to a 
dissociation constant of -2 x to  5 x 

M, which is close to the measured 
protective IgG concentration of 0.3 to 7 
p,g/ml (2  p,g/ml = lo-' M IgG). These 
IgG antibody concentrations must be 
reached within 5 to 6 days to protect mice 
against VSV (9) .  Antibodies below this 
avidity threshold seem to require very 
high in vivo concentrations for effective- 
ness (>30 p,g/ml); such concentrations 
probably cannot be reached within the 
critical few days available for mice to sur- 
vive. It is nevertheless interesting that the 
behavior of these low-avidity (but not of 
high-avidity) antibodies is apparently cor- 
rectly described by the law of mass action, 
that is, low avidity can be compensated for 
by high concentrations. Collectively, our 
data reveal concrete threshold numbers 
for a protective immunity unit for anti- 
bodies (1  7). 

It had been predicted that higher avidity 
of antibodies, with conseauentlv lower con- 
centrations necessary for proteciion, should 
improve antibody-dependent memory and 
might render it more economical ( I  ). Our 
results suggest that maturation of avidity 
beyond the threshold of lo7 to 10' M-' may 
not improve protective capacity. Thus, 
there is a discrepancy between parameters 
defining the in vitro and in vivo activities 
of neutralizing antibodies. This discrepancy 
cannot be readily explained by uncertain- 
ties regarding the mechanism by which an- 

Table 3. Protective capacity of mAbs against the virus variant VSV-TF. For details of the generation of 
VSV-TF, see (14). ND, not determined. 

Avidity (M-l) 

Clone 
VSV- I N D VSV-TF 

Amount 
injected (kg) 

Animals protected 

VSV-IND VSV-TF 

No antibody - - 
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tibodies neutralize VSV (18). It may be that 
the physicochemical properties of mouse 
serum and tissues in vivo are drastically 
different from the buffered saline conditions 
usually used in vitro- In particular, the ki
netics of virus neutralization may be con
siderably slower in vivo than in vitro, be
cause of complex diffusion kinetics of anti
bodies in blood and tissue lesions- Because 
the host-virus interaction is essentially a 
nonequilibrium system, these complex ki
netics and their changes may drastically 
alter the net outcome of infection. 
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VSV titer attributable to antibody in the brain was 
found. BALB/c (SCID) mice were obtained from the 
Institut fur Zuchthygiene (Zurich, Switzerland) or from 
GSF GmbH (Oberschleissheim, Germany). Animal ex
periments were performed in accordance with Swiss 
federal law requiring use of minimal numbers of ani
mals. VSV-IND (Mudd-Summers isolate) was original
ly obtained from D. Kolakofsky, University of Geneva. 

20. We thank L. Lefrancois for mAb 25G9. Supported by 
Swiss National Science Foundation grant 31-32 
195.91, the Kanton Zurich, and the Human Frontier 
Science Program. 
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Bacterial Interference Caused by 
Autoinducing Peptide Variants 

Guangyong Ji, Ronald Beavis, Richard P. Novick* 

The synthesis of virulence factors and other extracellular proteins by Staphylococcus 
aureus is globally controlled by the agr locus, which encodes a two-component signaling 
pathway whose activating ligand is an agr-encoded autoinducing peptide. The cognate 
peptides produced by some strains inhibit the expression of agr in other strains, and the 
amino acid sequences of peptide and receptor are markedly different between such 
strains, suggesting a hypervariability-generating mechanism. Cross-inhibition of gene 
expression represents a type of bacterial interference that could be correlated with the 
ability of one strain to exclude others from infection or colonization sites, or both. 

Abacterial interference" refers to the abil
ity of one organism to interfere with the 
biological functioning of another- Although 
interference has been assumed to involve 
growth inhibition, this has been demon
strated in only a few instances (I, 2). We 
now describe a type of bacterial interference 
in staphylococci that does not involve 
growth inhibition, but rather is mediated by 
inhibition of the synthesis of virulence fac
tors and other extracellular proteins- Ex
pression of the genes encoding these pro
teins is coordinately controlled by the agr 
locus (3-5) (Fig. 1), which consists of two 
divergent transcription units driven by pro
moters P2 and P3. The P3 transcript 
RNAIII, rather than any protein, is the 
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effector of the agr response, which involves 
the up-regulation of genes encoding secret
ed proteins and down-regulation of genes 
encoding surface proteins (5, 6). The P2 
operon contains four genes—agrB, D, C, 
and A—all required for transcriptional ac
tivation of the two agr promoters (4). AgrC 
corresponds to the signal receptor and 
AgrA to the response regulator of a stan
dard two-component signal transduction 
pathway (4). AgrB and D generate an au
toinducing peptide that is secreted by the 
bacteria, can be isolated from culture super
natants, and is the activating ligand for 
AgrC (7). Addition of the autoinducing 
peptide to an early exponential phase cul
ture of the producing strain causes the im
mediate activation of transcription from the 
two agr promoters (7). 

The existence of a form of bacterial in
terference involving this peptide was sug-
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