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Introduction 

The highly complex, finely tuned immunologic network has evolved to cope with 
the great diversity of pathogenic agents. Viruses, which cause a number of acute and 
chronic infectious diseases, represent a major category of such pathogens. As 
replicating agents, they have the ability to serve as a persistent or increasing 
antigenic challenge. Through several different mechanisms viruses have the 
potential to become latent in cells and to emerge at a later time and directly or 
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indirectly produce disease. Some viruses alter their genetic structure to generate an 
ever changing panorama of antigens with which the host must deal. Others integrate 
into the genome and may be passed from generation to generation, thus blurring the 
distinctions between foreign antigenic structures and host antigens on the surface of 
viruses or virus-infected cells. Because of these many features, it is likely that viruses 
are largely responsible for driving the immune system to ever greater diversity 
through evolution. 

Host defenses on first exposure to a virus include physical barriers and various 
substances with antiviral potential, natural or cross-reacting antibody originally 
stimulated by other agents, the complement system, and the action of effector cells 
including phagocytic cells, and several kinds of cells with cytotoxic ability. With a 
second infection, the virus encounters a formidable array of humoral and cellular 
defense mechanisms which act individually and collaboratively to neutralize and 
destroy viruses and virus-infected cells. An important goal of contemporary 
immunopathology is the elucidation on a molecular basis of the mechanisms by 
which viruses frequently elude such defenses to produce disease. Furthermore, 
studies in the past few years indicate that a number of virus-related diseases results 
not from the destructive actions of the virus but from the overzealous attempts of 
the host to eliminate the viruses and virus-infected cells. 

This contribution focuses exclusively on the role of antibody and the comple- 
ment system functioning separately and together to eliminate viruses and virus- 
infected cells. Although not to be considered here, it is important to emphasize that 
these humoral immunologic processes do not operate alone, but in a coordinated 
and integrated manner with other non-immunologic and immunological defense 
mechanisms including, among others, interferon, cytotoxic T cells, killer cells, 
natural killer cells, monocytes, macrophages, and polymorphonuclear leukocytes. 

Structural Features of Viruses and Virus-Infected Cells 

Viruses contain nucleic acid and multiple proteins which perform various functions 
related to viral replication. The nucleic acid and associated proteins are surrounded 
by the capsid, a protein coat composed of multiple copies of protein molecules 
(Fig. 1). The nucleic acid, associated proteins, and capsid together comprise the 
nucleocapsid. In enveloped viruses, this structure is surrounded by an outer 
lipoprotein envelope acquired from host cell membranes as the virus matures by a 
process termed budding. Accordingly, the lipid and carbohydrate composition of 
the external membrane of enveloped viruses largely reflects that of the cell of origin 
of the virus, although changes in distribution of the lipids and incompletely 
processed carbohydrates may occur. In addition, however, projecting through or 
situated on the surface of the lipid bilayer of enveloped viruses are multiple copies of 

• one or more proteins encoded by the virus genome. Such proteins, which are 
frequently glycosylated, are also found on the portions of the membrane of the 
infected cell overlying the viral nucleocapsids (Fig. 1). Few cellular proteins are 
present on the envelope of free virions since most host cell proteins are excluded 
from these areas of the host cell membrane where virus budding occurs, although 
decreased concentrations of certain cell proteins may be present. 
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Fig. 1. Schematic representation of the stages of maturation by budding of a moderatley complex 
enveloped virus 

In addition to virus-encoded structural proteins expressed on the membrane of 
virus-infected cells, other virus-induced changes in the surface structure of the cell 
may occur. For  example there may be minor alterations in the lipid and 
carbohydrate composition of portions of the cell membrane involved in virus 
budding. Viruses which bear neuraminidase on their envelope alter cell surface 
structure by removing sialic acid. In the case of transforming viruses, derepressed 
normal or fetal antigens, or tumor-specific transplantation antigens may be present 
on the cell surface. 

The primary targets for both natural and elicited anti-viral defense mechanisms 
are viral structural proteins which are located not only on the virus but also on the 
external membrane of infected cells (Fig. 1). Other unique features and virus- 
induced changes in the inefected cell membrane may also represent target structures 
for cellular and humoral attack. Viral proteins and virus-induced changes in cell 
structure which are not physically situated on the external viral or cellular surface 
are not accessible to humoral or cellular attack. Although they are thus not directly 
relevant to host defense against viral infection and replication, such structures are 
frequently antigenic and elicit both humoral and cellular immune responses. These 
responses are frequently of considerable value in diagnosing and monitoring viral 
infections. 

There are several types of natural immunity to viruses and virus-infected cells. In 
some instances, monocytes, macrophages, and polymorphonuclear leukocytes 
directly recognize virus-infected cells and perhaps viruses in the absence of antibody 
or complement. Natural killer cells, a subject of intense recent research efforts, may 
recognize virus-infected cells, particularly after induction by interferon produced by 
the virus-infected target cell [52, 66]. Certain viruses and virus-infected cells directly 
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activate the complement system which may in turn lyse the virus or virus-infected 
cell [-9, 10, 42, 58]. In addition, antibody originally stimulated by other agents may 
cross-react with viral glycoproteins or other structures leading to viral inactivation 
or interference with virus maturation. 

Viral and virus-related cellular surface structures are antigenic and elicit both 
humoral and cellular immune responses [12, 31]. In fact, the presence of multiple 
copies of such proteins inserted in close proximity into a lipid bilayer probably 
facilitates the induction of the immune response. In the case of a number of viruses, 
T cell priming and stimulation as well as T cell cytotoxicity requires as yet undefined 
intimate relationships between virus-specified structures and various proteins 
encoded by the major histocompatibility complex [70]. 

Complement Activation by Viruses and Virus-Antibody Complexes 

Virus particles coated with IgG or IgM antibody behave as typical immune 
complexes and activate the classical pathway of the complement system. In the case 
of IgG antibody, the repeating array of viral envelope glycoproteins probably 
facilitates the formation of the clusters of IgG molecules in close proximity required 
for C1 activation. The antibody involved is generally specific "elicited" antibody. 
However, several examples of "natural" or cross-reacting antibodies which activate 
the classical pathway after binding to purified viruses have been described. 
Examples include a cross-reactive IgG antibody found in normal human sera which 
reacts with the hemagglutinin of Type H1N1 influenza virus to form an immune 
complex able to activate purified C1 [6,1 and a cross-reacting IgM antibody present 
in normal human sera which activates C1 when mixed with purified vesicular 
stomatitis virus [5,1. Similarly, sera from individuals lacking conventional anti- 
bodies and thus immunity to Epstein-Barr virus (EBV) contain low levels of IgG 
antibody directed against another member of the herpes virus family, herpes 
simplex I, which cross-reacts with purified Epstein-Barr virus [38]. 

In addition to immune activation of the classical pathway, it has become 
apparent that some viruses also directly activate the classical pathway of the 
complement system in the absence of antibody. Among these purified retroviruses 
directly and very efficiently activate purified C1 [11]. Activation is initiated by the 
binding of C1, via Clq, to the virus. The viral activator has been isolated and 
identified as the pl5E envelope protein of retroviruses [-14]. Since sindbis [20,1 and 
Newcastle disease [65-1 viruses activate the classical pathway in human agam- 
maglobulinemic sera and human sera absorbed with cells producing the virus, it is 
likely that they also directly activate the classical pathway. 

The alternative complement pathway is activated in human serum by simian 
virus 5 [30] and by influenza [6, 30], sindbis [20, 30,1, vesicular stomatitis [30], and 
Epstein-Barr [32,1 viruses. Alternative pathway activation by several of the viruses 
including influenza [6] requires antibody, while sindbis [20] and Epstein-Barr [32] 
viruses activate the alternative pathway in absorbed and/or agammaglobulinemic 
sera. Studies with the purified proteins of the alternative pathway at physiologic 
concentrations (PAP) have confirmed the ability of purified Epstein-Barr virus to 
directly activate the alternative pathway [32-l. 
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Complement components are deposited on viral envelopes during complement 
activation. Such binding has been detected by density gradient ultracentrifugal 
analyses of mixtures of purified virus particles, antibody, and serum-containing 
radiolabeled complement components. This approach has been used to show that 
purified C 1 q directly binds to purified retrovirus in the absence of antibody [11] and 
that C4b and C3b bind to influenza virus during antibody-initiated activation of the 
classical and alternative pathways (Fig. 2) [6]. A related approach has been used 
with radiolabeled virus. In this modification, specific antibody to the complement 
component being examined is added to previously incubated mixtures containing 
purified radiolabeled virus, antibody, and complement. Complement binding to the 
virus is reflected in an increased sedimentation rate of the radiolabeled virus in 
subsequently performed density gradient ultracentrifugal analyses. This approach 
has been used to show C4b binding to retrovirus during direct complement 
activation via the classical pathway [11] and C3b attachment to EBV as a result of 
antibody-mediated activation of the classical pathway [38]. 

Most, and probably all, enveloped viruses are potentially susceptible to 
complement-mediated lysis. Antibody and complement-mediated, or non-immune 
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Fig. 2. Demonstration of C3b, C4b, and properdin (P) binding to influenza virus via antibody-induced 
activation of the complement system. Influenza virus was incubated with normal nonimmune human 
serum containing cross-reacting antibody to the virus (a and c), heated human serum (b), or 
agammaglobulinemic (Agamma) serum (d). Purified radiolabeled C3, C4, or properdin were included in 
the serum sources. After incubation, the mixtures were subjected to sucrose density gradient 
ultracentrifugation. Fractions were analyzed for radioactivity and for virus location by hemag- 
glutination. The essential role of immunoglobulin in mediating complement deposition by both 
complement pathways is apparent, Reprinted with permission from Ref. 6. 
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Fig. 3. Demonstration oflysis of EBV by electron microscopy. EBV was examined alone (left panel), after 
interaction with immune IgG antibody (center panel), or with immune IgG antibody and complement 
(right panel) 

complement-mediated lysis of many viruses [9, 10] including corona viruses [7], 
myxoviruses [1], arena viruses [69], retroviruses [45], paramyxoviruses [3], and 
alpha viruses [62] has been documented. The techniques utilized to demonstrate 
viral lysis include electron microscopy. In this approach, as carefully studied with 
lymphocytic choriomeningitis [69] and Epstein-Barr viruses [37] (Fig. 3), there is 
thickening of the viral envelope probably due to insertion of C5b-9 complexes into 
the lipid bilayer, progressive separation of the envelope from the nucleocapsid and 
varying degrees of disintegration of the viral nucleocapsid. Physical breaks in the 
envelope and expulsion of the degenerating cores have also been observed [69]. 
Negative staining also shows the presence of the typical circular lesions characteris- 
tic of complement-mediated disruption of lipid bilayer membranes [7, 9, 41]. Viral 
lysis has also been documented by demonstrating release of viral nucleic acids, 
generally by sucrose density gradient ultracentrifugation [11, 35, 37, 45, 50, 62, 69] 
(Fig. 4). Release of internal antigens or enzymes has been extensively utilized to 
show viral lysis, especially with retroviruses [11, 18, 57, 68]. 

Antibody and Complement-Dependent Viral Neutralization 

Neutralization by Aggregation 

Enveloped and also nonenveloped viruses have multiple copies of proteins on their 
surface. Accordingly, they may be aggregated by multivalent antibody molecules 
directed against such surface proteins. This has been observed for many enveloped 
and nonenveloped viruses [2, 64]. Aggregation, by reducing the net number of 
infectious units, produces a reduction in viral titer, termed neutralization. In studies 
carried out with polyoma virus, a nonenveloped DNA virus, a ratio of as few as two 
antibody molecules per virion produced some aggregation (Fig. 5) [44]. Somewhat 
greater degrees of antibody coating (20 molecules per virion) were accompanied by 
marked viral neutralization. 

Complement-dependent aggregation leading to neutralization has been clearly 
demonstrated with polyoma virus, a nonenveloped DNA-containing virus [44]. In 
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these studies, sucrose density gradient ultracentrifugal analyses showed that the 
sedimentation rate of radiolabeled polyoma virus increased slightly, from 240 to 260 
S, with binding of two IgG molecules of antibody per virion, and further increased 
dramatically to over 450 S on the addition of complement (Fig. 5). These changes 
were not associated with viral lysis. Studies with isolated complement components 
showed that purified Clq, a multivalent molecule, aggregated antibody-coated 
polyoma virus particles thus producing a marked increase in sedimentation rate. 
This was reflected in enhanced neutralization (Table 1) [44]. The native C1 
molecule, however, did not have the ability to agglutinate or neutralize antibody- 
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coated polyoma virus particles, and virus particles incubated with C1, C4, and C2 
were also not agglutinated or neutralized (Table 1). On addition of purified C3 to the 
antibody sensitized virus coated with C1, C4, and C2, however, dramatic 
aggregation accompanied by neutralization occurred (Table 1) [44]. Such C3 
dependent cross-linking required C3 activation. To explain this reaction, it has been 
postulated that polyoma virus possesses C3b receptors, and C3b attached to one 
virus particle via its labile binding site binds to the C3b receptor on an adjacent 
virus particle, thus producing viral aggregation. Lymphocytic chorimeningitis virus 
may represent another virus which can be aggregated by the complement system. 
Studies with this virus [69] strongly suggested that complement aggregated the 
empty envelopes of the virus following lysis. 

Neutralization by Envelopment with Protein 

Antibody in high concentration coats virus particles with a blanket of protein [7]. 
Electron microscopic studies with avian infectious bronchitis virus showed that 
antibody produced a 300 A ° thick layer of protein surrounding the virus. Such 
concentrations of antibody neutralized 2.5 of the 6.2 logs of virus present in the 
reaction mixture [7]. A halo of antibody protein has been demonstrated also with 
numerous other viruses and is shown for Epstein-Barr virus in Fig. 3. 

With the addition of complement, the thickness of the protein layer surrounding 
the virus increased to 700 A ° [7]. This halo of protein was most clearly visualized 
with avian complement, a nonlytic source of complement for avian infectious 
bronchitis virus. The addition of complement reduced infectivity by an additional 
2.2 logs. 

Neutralization without completion of the complement reaction sequence has 
been observed with many viruses. For example, herpes simplex I virus was found to 
be neutralized by IgM antibody together with C1 and C4. A further reduction in 
titer occurred with the addition of C2 and C3 [13,14] but later reacting components 
did not further potentiate neutralization. Although filtration studies suggested that 
complement aggregated this virus [64], this was ruled out by rate zonal centrifugal 
experiments which showed that complement did not increase the sedimentation rate 
of herpes simplex virus-antibody complexes [40]. Thus, it is likely that herpes 
simplex is neutralized as a consequence of a coating of complement components on 
the virus. 

Table l. Complement requirements for neutralization of polyoma virus 

Reagents added to Percent 
polyoma virus-antibody neutralization 

None 0 
Human serum 80 
Human Clq 60 
Human C1 0 
Human C1, C4 0 
Human C1, C4, C2 0 
Human C1, C4, C2, C3 84 
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Table 2. Neutralization of EBV by cross-reacting IgG antibody and purified C components 

335 

Reactants added to purified EBV Percent 
neutralization 

Cross-reacting IgG antibody -2  
Serum containing cross-reacting IgG antibody 85 
Purified C1, C4, C2, C3 4 

Cross-reacting IgG antibody 
+ purified C1, C4, C2 2 

Cross-reacting IgG antibody 
+ purified C1, C4, C2, C3 69 

Cross-reacting IgG antibody + PAP -7  

C8 depleted serum containing cross-reacting IgG antibody 74 
C8 depleted serum containing cross-reacting IgG antibody 

+ purified C8 70 
Heated C8 depleted serum containing cross-reacting IgG antibody 3 

Complement dependent neutralization of influenza [-6] and Epstein-Barr 
viruses [-38] by low levels of specific or cross-reacting antibody together with C1, 
C4, C2, and C3 but not late reacting components has also been observed. This is 
documented for Epstein-Barr virus (EBV) in Table 2. Activation of purified C1 by 
the virus-antibody complex [-6] and binding of complement components to the 
envelope of influenza and Epstein-Barr viruses were also demonstrated in these 
studies [-6, 38]. In addition, purified influenza [6] and Epstein-Barr viruses [32] 
activated the alternative complement pathway in human serum as described earlier 
(Fig. 2), but this pathway alone was unable to neutralize either virus. 

Other studies showed that equine arteritis virus was neutralized by antibody 
together with C1, C4, C2, and C3; the addition of C5-C9, although producing lysis, 
did not further potentiate neutralization [50]. Some neutralization was also 
observed at the C4 step [50]. Newcastle disease [27], vesicular stomatitis [26, 34], 
and vaccinia [26] viruses were also neutralized by antibody together with C1 and 
C4, but neutralization in each case was potentiated with completion of the C3 
reaction step. Further studies with vesicular stomatitis virus showed that the virus- 
antibody complex activated purified C1 which in turn activated C1 and C2 leading 
to the deposition of classical pathway components on the viral envelope [5]. 

The above studies indicate that neutralization generally requires completion of 
the reaction sequence via the classical pathway only through the C3 step. In several 
instances, neutralization has been evident as early as the C4 stage. Since evidence for 
viral aggregation or lysis was not obtained in those studies where this possibility 
was examined, it is likely that neutralization of these viruses is a consequence of the 
presence of complement components on the external surface of the virus. 

Neutralization by Lysis 

Enveloped viruses are susceptible to complement-dependent lysis as described 
above. Lysis obviously results in the irreversible loss of viral infectivity. Although 
neutralization as a consequence of antibody and complement-dependent viral lysis 
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has been described for a large number of viruses [-9, 10], it has been observed in a 
number of studies that full neutralization occurs in the absence of, or prio r to lysis as 
described above. 

Retroviruses have been found to be inactivated by fresh but not heated primate 
complement sources [11, 67, 68]. This reaction has now been observed with more 
than 20 different retroviruses from avian, feline, murine, and primate sources [11, 18, 
57, 67, 68]. Multiple approaches have been utilized to demonstrate the lack of 
involvement of antibody in this reaction. These include the absence of detectable 
neutralizing antibody in the sera, the failure of human sera to deposit immunoglo- 
bulin on infected cells, normal reactivity of agammaglobulinemic and virus 
absorbed human sera, and several other lines of evidence [11, 67, 68]. Conclusive 
proof of this point came from the demonstration that purified retroviruses had the 
ability to directly activate purified C1 in the absence of antibody 1-11]. Inactivation 
was uniquely dependent on primate complement as sera from guinea pigs, mice, 
chickens, rabbits, rats, pigs, dogs, and cows did not neutralize or lyse such viruses 
[-ll, 18, 57, 67, 68]. Lysis was found to proceed exclusively via the classical pathway 
as it occurred in sera depleted of alternative pathway components but was 
completely abrogated in sera lacking classical pathway complement components 
(Table 3) [11, 68]. Lytic ability was restored by the addition of physiologic levels of 
the missing classical pathway complement component in purified form [11, 68]. 

Comment 

Many viruses have been found to undergo antibody-dependent aggregation in vitro, 
a process which results in a reduction in titer and thus neutralization. However, for a 
number of reasons, aggregation is probably a relatively infrequent consequence of 
the reaction of antibody with viruses. Aggregation requires relatively high 
concentrations of both reactants. In addition, the extent of aggregation is 
modulated by certain physical and steric considerations related to the density, 
location, and distribution of antigenic sites; the concentration of the reactants; and 
the type and affinity of the antibody. Aggregation is also influenced by several other 
considerations, for example, antibody against antigens partially masked by surface 

Table 3. Human complement requirements for lysis of moloney leukemia virus 

Reagent added to purified 
Moloney leukemia virus 

pmol of 3H-TMP 
polymerized a 

A b B b 

Normal human serum 2.17 1.55 
C2-deficient serum 0.10 
C4-depleted serum 0.02 
CS-deficient serum 0.17 
Factor-B depleted human serum 0.83 
Control (detergent) 3.37 
Heated human serum 0.04 

a Activity of reverse transcriptase released by lysis 
b A and B represent separate experiments 
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glycoproteins cannot agglutinate virus particles. Because of the relatively large size 
of the viral particle, shear forces and other considerations become important. Thus, 
agglutination does not occur if the virus particles are in extreme excess, as such 
conditions do not permit the formation of stable aggregates. At the opposite 
extreme, agglutination is also precluded if the viral particles are saturated with 
antibody. While the influence of complement on antibody-mediated aggregation of 
virus particles has not been carefully examined, in other systems complement is able 
both to prevent precipitation and to dissociate immune aggregates. It is likely that it 
has these effects on virus-antibody complexes. Some of these points have been 
previously addressed [1, 24]. Because of these many considerations, it is unlikely 
that antibody-dependent aggregation is a biologically important mechanism of 
virus neutralization. 

Aggregation produced solely by the complement system has thus far been 
clearly documented only with polyoma virus, although it is likely that complement 
also aggregates lymphocytic choriomeningitis virus. Complement-mediated aggre- 
gation is unlikely to be an important mechanism of virus neutralization since the 
complement components, with the exception of C lq, are not multivalent; thus they 
are unable to cross-link virus-antibody complexes. Complement-dependent aggre- 
gation would thus only occur in the rare instances in which the virus particles 
possess receptors for activated complement components. Similarly, aggregation 
produced by complement requires high concentrations of virus not readily 
achievable in vivo and is also subject to the other considerations addressed above. 

Many, and possibly all, enveloped viruses are susceptible to complement- 
dependent lysis. In order to produce lysis, several requirements must be met. First, 
the activation stimulus must be potent in order to mediate the formation of a 
sufficient number of C5b-9 complexes on the viral envelope. This may be 
accomplished either by the presence of very large amounts of antibody on the 
surface of the virus particle, or by a highly efficient direct activator. For example, in 
studies with EBV, small amounts of specific IgG antibody together with comple- 
ment neutralized the virus but did not produce lysis [38]. Approximately 25-fold 
more antibody was needed to trigger complement-dependent lysis. In addition to 
the requirement for a marked complement-activation stimulus, the lipid bilayer of 
the viral envelope must be accessible for insertion of the C5b-9 membrane attack 
complex, a requirement for lysis. Such access may be impeded in the case of many 
viruses because of the number or density of surface proteins on the viral envelope. 

The most compelling evidence against antibody and complement-dependent 
viral lysis as a major mechanism of viral neutralization, however, is the fact that a 
number of viruses, all of which are susceptible to complement-dependent lysis, have 
been found to be neutralized by antibody together with nonlytic combinations of 
complement components or prior to the occurrence of lysis. In several of these 
model systems, lysis has not resulted in additional neutralization. 

Most antibody and complement-dependent viral neutralization thus occurs in 
the absence of either aggregation or lysis. Neutralization in these instances is clearly 
a consequence of the presence of antibody and/or complement proteins on the viral 
surface. For lack of a better term and a more precise definition of the processes 
involved, this mechanism of virus neutralization has been termed envelopment or 
blanketing. The bound antibody and complement proteins obviously interfere with 
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some step in the infectious cycle of the virus. It is often assumed that the "envelope" 
or "blanket" of extraneous protein interferes with the attachment of the viral 
glycoproteins to receptors or other structures located on the surface of a potentially 
susceptible cell. While this may well be the mechanism of neutralization, this has not 
been clearly demonstrated in any system and it could equally well be that 
attachment is unimpaired and the bound antibody and complement components 
interfere with penetration, uncoating, or other steps in the infective cycle. 

Nonantibody dependent, complement-mediated lysis of retroviruses by primate 
complement may represent a different situation in that neutralization probably 
proceeds by lysis. Retrovirus neutralization is also distinguished by the fact that 
only primate complement sources have the ability to neutralize and lyse such 
viruses. Since retroviruses are seldom isolated from man while they are frequently 
found associated with malignancies in other species, it has been postulated that the 
human complement system provides a defense mechanism operative against 
retrovirus infection [9, 10, 11, 68]. This concept has been questioned on the basis of 
the fact that some subhuman primates do become infected with retroviruses .[18, 
57]. However, viremia is rare in such animals and serum from the only viremic 
primate thus far examined in this regard was unable to lyse retroviruses [18]. It 
might also be questioned because of the recent isolation and characterization of a 
human retrovirus, the T cell leukemia virus [49], although this virus is uncommon 
and apparently found in a subset of T cell lymphomas. Further study is clearly 
needed to assess the possible role of the complement system in preventing infection 
with retroviruses. 

Complement Activation by Virus-Infected Cells 

As described earlier, structural viral glycoproteins are expressed on the surface of 
cells infected with a number of RNA and DNA viruses (Fig. 1). The viral 
glycoproteins can be patched or capped in the lipid bilayer of the plasma cell 
membrane in the presence of specific antibody, as is the case with integral cell 
proteins [58]. Capping of viral glycoproteins, as carefully studied for cells infected 
with measles virus, requires energy, cytoskeletal participation, and multivalence on 
the part of the antibody [21]. In addition, during the process of antibody-mediated 
capping, viral nucleocapsids on the cytoplasmic side of the membrane move 
together with the surface glycoproteins [25]. Antibody-induced redistribution of 
viral structures on the cell membrane is termed antigenic modulation [8]. This 
process renders the cells resistant to lysis induced by additional antiviral antibody 
and complement [22]; such cells also lose their sensitivity to antibody-dependent 
cellular cytotoxicity [43]. Loss of sensitivity to lysis results primarily from shedding 
of viral glycoprotein-antibody complexes from the cell surface and not by 
internalization of such complexes [47]. Sensitivity to lysis is regained as new 
glycoproteins are synthesized and inserted into the cell membrane, provided that 
the cells are cultured in the absence of antibody [43]. In addition, the presence of 
antibody to viral glycoproteins interferes with expression of certain viral proteins 
within the infected cell [17]. Thus several processes contribute to a decrease in the 
release of infectious viral particles when virus-infected cells are exposed to antibody. 
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Cells infected with measles virus have been found to activate the alternative 
complement pathway in the complete absence of antibody [61]. In these studies 
measles virus infected cells were incubated with the six purified proteins of the 
alternative pathway at physiologic concentrations (PAP). Activation was assessed 
by C3b deposition on the infected cells; there was no C3b binding to uninfected cells 
[61]. C3b uptake was increased in the presence of specific antiviral antibody. In 
addition, in this model, while the rate of C3b binding to infected cells in the absence 
of IgG was unaffected by the presence of properdin, the rate of C3b binding to 
antibody-coated cells was increased when properdin was also included. Thus there 
was an unusual reciprocal relationship between IgG and properdin in amplifying 
activation, as measured by C3b binding [61]. Also, both IgG and properdin were 
found to be essential for lysis of the virus-infected cells via the alternative pathway 
[60]. 

A number of human lymphoblastoid cell lines also activate the alternative 
pathway in human serum in the absence of antibody, as assessed by C3b binding to 
the cells and C3 conversion in the serum [28, 63]. This property has been found to 
correlate with transformation by Epstein-Barr virus, as cell lines positive for the 
Epstein-Barr nuclear antigen (EBNA) activated the pathway while EBNA negative 
lymphoblastoid cells were inactive in this regard but acquired the ability to activate 
after EBV infection [29]. It has also been found that normal human B lymphocytes 
acquire the ability to activate the alternative pathway in human serum after 
infection with purified Epstein-Barr virus [32]. Since other virus cell systems have 
not been examined, it is not clear whether direct alternative pathway activation by 
virus-infected cells in the absence of antibody is a general phenomenon. 

Electron microscopic studies have shown that complement components become 
deposited on areas of the cell membrane overlying viral nucleocapsids [25, 42]. 
Adjacent portions of the membrane have been found to be free of complement 
components. Thus complement activation and resulting complement component 
deposition is restricted to budding virus sites. With completion of the complement 
reaction sequence, the virus-infected cell may undergo lysis. As considered in the 
next section, cytolysis of virus-infected cells proceeds by a somewhat unusual 
mechanism, In addition, lysis is not an inevitable consequence of the completion of 
the complement reaction sequence on the cell surface. 

Complement-Dependent Lysis of Virus-Infected Cells 

Cells infected with a large number of viruses have been found to be lysed by the 
complement system in the presence of specific antibody. The mechanisms involved 
in most of the reported studies are unclear, however, as heterologous sources of cells, 
antibody and complement were used [42, 58]. Interpretation in such systems is 
difficult because of the presence of natural antibodies in the antibody and/or 
complement sources reactive with heterologous cells. In addition, there is possible 
potentiation or interference between the complement components in the antibody 
and complement sources. 

Recent studies have utilized entirely homologous systems consisting of virus- 
infected human cells, human antibody, and human complement sources. A number 
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of different human cells infected with multiple RNA and DNA viruses including 
measles; mumps; parainfluenza 1, 2 and 3; herpes simplex I and II; and influenza 
have thus far been examined [-23, 42, 48]. Multiple approaches have shown that lysis 
is exclusively mediated by the alternative pathway in these homologous systems. 
These include the demonstration that lysis is extremely sensitive to dilution of the 
complement source and requires magnesium but not calcium. In addition, serum 
genetically lacking or immunochemically depleted of classical pathway components 
efficiently mediates the lytic reaction, while sera lacking alternative pathway 
components are devoid of lytic activity but can be reconstituted to full activity by 
the addition of the missing component in purified form (Table 4). The absolute and 
sole requirement for the alternative complement pathway in the measles system was 
demonstrated by experiments with mixtures of the six purified proteins of the 
alternative pathway and the five proteins of the membrane attack pathway at 
physiologic concentrations [60]. Such mixtures were as active as serum in 
mediating lysis of human cells infected with measles virus [60]. Two other groups 
have reported that the classical as well as alternative pathways participate in the 
lysis of measles virus infected cells [15, 19]. This is probably due to the use by these 
investigators of systems which were not fully homologous. 

A surprising finding was the absolute requirement for IgG for the alternative 
complement pathway mediated lysis of ceils infected with the various RNA and 
DNA viruses enumerated above [48]. The IgG requirement was found to reflect a 
need for specific antibody since agammaglobulinemic serum and serum lacking 
specific antibody to the virus being tested but containing antibody to the other 
viruses we/~ devoid of cytolytic activity, but acquired it after addition of IgG 
containing the specific antiviral antibody (Table 5) [42, 48]. Furthermore, 
acquisition of ability to lyse cells affected with measles or mumps virus correlated 
with the development of antibody after primary immunization with specific measles 
and/or mumps virus [42, 48]. The F(ab')2 fragment of the antibody was as active as 
the native IgG molecule in facilitating lysis by the alternative complement pathway 
[48, 59]. F(ab') fragments were inactive (Table 5) [59]. In the measles virus system, 
specific antibody to either of the two surface glycoproteins of the virus was equally 
efficient in initiating the lytic reaction via the alternative pathway [59]. Large 
numbers of IgG molecules were needed, however, for lysis in the measles virus cell 

Table 4. Requirements for the alternative complement pathway for the lysis of measles virus infected 
human cells a 

Treatment of human serum Percent lysis 
containing specific antibody 

None 95 
Factor B depleted 5 
Factor B depleted + purified factor B 95 
Factor D depleted 7 
Factor D depleted + purified factor D 95 
C4 depleted 95 
C2 deficient 95 

a Adapted from [60] 
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Table 5. Requirement for specific antibody and the F(ab')2 portion of the molecule for alternative 
pathway mediated lysis of measles virus infected human cells 

Percent lysis 

Immune fresh normal human serum 99 
Nonimmune fresh normal human serum 10 
Nonimmune fresh normal human serum 

+ specific IgG antibody 99 
Nonimmune fresh normal human serum 

+ F(ab')2 of specific IgG antibody 99 
Nonimmune fresh normal human serum 

+ F(ab') of specific IgG antibody 10 

a Adapted from [481 

system [23, 48, 60] as more than 5 x 10 6 molecules/cell were required for the 
production of 50~o lysis. 

Two additional features of the alternative pathway mediated lysis of cells 
infected with the various viruses listed above differentiates this system from other 
alternative pathway mediated cytolytic reactions. First, the kinetics of the reaction 
are rapid with lysis being essentially complete in an hour at 37 °C [59, 60]. Such 
kinetics are comparable to those observed in the non-antibody dependent 
alternative pathway mediated lysis of various bacteria (together with lysozyme) but 
slightly slower than the alternative pathway mediated lysis of certain erythrocytes 
[54, 55]. The kinetics are much more rapid than those characteristic of non- 
antibody dependent alternative pathway mediated lysis of nucleated cells which 
requires 12-24 hours [56, 63]. A second unusual feature of the measles virus infected 
cell model system is the absolute requirement for properdin for cell lysis [60]. 
Properdin is not essential for the lysis of other cell types, including nucleated cells, 
by the isolated cytolytic alternative pathway, although it does have a potentiating 
effect in such systems [54, 55, 56]. Although C3b deposition in the measles virus 
system occurred in the absence of properdin, the rate of activation, as measured by 
C3b deposition, was markedly enhanced in the presence of this protein [60, 61]. 
This enhancement of C3b deposition by properdin was dependent on the 
simultaneous presence of IgG. 

The above noted studies were carried out with multiple cell lines infected with 
eight different DNA and RNA viruses representing three genera. In contrast, it has 
recently been clearly shown that the classical pathway mediates the lysis of some 
cells infected with African swine fever virus by pig complement in the presence of pig 
antibody [39]. Further study is needed to determine whether classical pathway 
mediation of lysis in this homologous system reflects a rare or frequent exception to 
a general pattern of alternative pathway mediated lysis of virus-infected cells in 
homologous systems or species variation. 

Comment 

The particular properties which enable cells infected with a number of different 
viruses to directly activate the alternative complement pathway is not known. 



342 Neil R. Cooper et al. 

However, as activation is restricted to specific areas of the cell membrane, a 
reasonable possibility is that the viral genome encoded glycoproteins facilitate 
activation of the alternative pathway in the same manner that certain molecules 
inserted into membranes of nonactivator cells may convert them into activators 
[461. The carbohydrate portions of the viral glycoproteins could be responsible for 
this property. Although the carbohydrates of the viral glycoprotein as well as of the 
host cell proteins and the glycolipids of the lipoprotein membrane in the region of 
the budding virus are exclusively derived from the host cells, incompletely processed 
and altered forms may occur. In that context, the sialic acid content of various 
substances including viruses has been found to be a determinant of the ability to 
activate the alternative pathway in several systems. For example, several viruses 
grown in cells lacking sialic acid or enzymatically depleted of sialic acid were found 
to be efficient alternative pathway activators, while others with a higher content of 
sialic acid were nonactivators [20, 30]. Alternatively, the alternative pathway 
activator may be the protein portion of a viral surface glycoprotein or protein. Yet 
another posSibility is some type of association between viral and host cell products 
in the area of budding viruses. In the case of cells infected with EBV, a virus which 
does not bud from the plasma membrane, another mechanism may be involved. 
There are undoubtedly changes in the plasma membrane of cells infected with this 
transforming virus. Such cells also become targets for lymphocyte-mediated 
cytolytic reactions. However, the target structure for this reaction, termed 
lymphocyte-determined membrane antigen (LYDMA) has not been identified 
serologically or biochemically. Whether LYDMA or other cell surface alterations 
related to the virus infection directly restrict access of factor H to bound C3b 
remains to be determined. Restriction of access of factor H is the factor responsible 
for alternative pathway activation in a number of systems [-16, 46]. Alternatively, 
activation may proceed via another mechanism. 

Several aspects of the lysis of virus-infected cells are notable. For example, it is 
surprising that the classical pathway does not mediate lysis of measles virus infected 
cells since IgG coated, measles virus infected cells not only activate the alternative 
pathway but also the classical pathway as manifested by C4 deposition [-42, 48]. 
Although complement-dependent lysis may vary in efficiency depending on a 
number of factors [9, 10], the cytolytic ability of this pathway has been well 
documented in many systems and the classical pathway together with heterologous 
IgG antibody readily lyses cells infected with measles and other viruses. Although 
the explanation for the failure of the classical pathway to mediate lysis is unknown, 
it is likely that the classical pathway triggered by homologous antibody against 
surface proteins of virus-infected cells provides an insufficient activation stimulus to 
lead to lysis in the absence of the amplification provided by the C3b-dependent 
feedback mechanism of the alternative pathway. 

Other aspects meriting discussion in such systems are the requirements for IgG 
and P for lysis. IgG antibody was found to accelerate the rate of the activation 
reaction as measured by C3b deposition [61], a pattern also observed in some other 
IgG-potentiated alternative pathway activation and lytic reactions [36, 53]. 
However, this aspect alone is not likely to explain the IgG requirement for lysis, 
since the final extent of C3b deposition was not altered [61]. The necessity for 
multivalent antibody implies that redistribution of viral polypeptides on the 
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membrane is important. Whether this creates or exposes additional activation sites 
remains to be determined. Antibody-mediated patching and redistribution may 
also expose portions of the lipoprotein envelope into which the C5b-9 could insert. 
Such insertion is an obvious requirement for lysis. Alternatively or in addition, 
clustering of the viral glycoproteins by antibody would also cluster any attached 
C3b molecules. This would facilitate properdin recruitment which appears to be 
dependent on C3b clusters [3 3]. The recruited properdin would in turn stabilize the 
C3 and C5 cleaving enzymes and thereby permit a more efficient activation of the 
C5b-9 complex. Since nucleated cells are known to be highly resistant to lysis by the 
complement system, it is likely that the requirement for properdin for the lysis of 
virus-infected cells relates to this ability of properdin to enhance activation of the 
late reacting components. 

Conclusions 

The attachment of specific antibody to viral glycoproteins and other structures on 
the surface of a virus or virus-infected cell has a number of potential consequences to 
the virus or virus-infected cell. Antibody is multivalent and thus able to redistribute 
or patch surface viral proteins or virus-encoded structures within the lipid bilayer of 
the viral envelope or the cell membrane. In certain instances, antibody may 
agglutinate viruses or virus-infected cells. The physical presence of antibody 
molecules on the virus surface may interfere with the ability of the virus to infect 
potentially susceptible cells. Antibody on the surface of virus-infected cells may 
prevent the maturation and release of virus particles; antibody also can alter certain 
normal cell functions. The Fc portions of antibody molecules bound to virus- 
infected cells facilitate interactions with effector cells bearing Fc receptors. In the 
case of lymphocytes and perhaps phagocytic cells, this interaction may lead to 
antibody-dependent cellular cytotoxicity (ADCC) [51, 58]. The exposed Fc regions 
may also facilitate attempts at ingestion by monocytes, macrophages, and 
polymorphonuclear leukocytes. 

Viruses and virus-infected cells coated with antibody behave as typical immune 
complexes and activate the classical pathway of the complement system. In the case 
of cells infected with a number of viruses, antibody molecules bound to viral 
gylcoproteins exposed on the surface of the infected cells also facilitate activation of 
the alternative complement pathway, as measured by an accelerated rate of C3b 
deposition. This effect, the mechanism of which is unknown, is a property of the 
F(ab')2 portion of the antibody molecule. As in other systems, and regardless of the 
complement pathway mediating the activation reaction, a'proportion of the newly 
activated complement molecules become bound to the surface of the activating 
particle. Substantial numbers of molecules of several of the complement com- 
ponents, particularly C1, C3b, and C4b may thus accumulate on antibody-coated 
viruses and virus-infected cells. This protein coat may physically interfere with the 
ability of a virus to infect a potentially susceptible cell. Although not yet studied in 
virus systems, bound C3b and C4b are also opsonic and may trigger attempts at 
ingestion by monocytes, macrophages, and polymorphonuclear leukocytes, all of 
which have receptors for these components. This process would also be expected to 
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facilitate the destruction of viruses and virus-infected cells, and thereby to interfere 
with the infectious process. 

The classical and/or the alternative pathways of the complement system may 
also be directly activated, in the absence of antibody, by several viruses and by cells 
infected with a number of viruses. In these instances, the complement system fulfills 
the recognition function normally associated with the antibody molecule. 

Completion of the complement reaction sequence on the surface of enveloped 
viruses or on the plasma membrane of virus-infected cells may lead to cytolytic 
destruction of the virus or virus-infected cell. Although viral lysis obviously 
produces an irreversible loss of viral infectivity, neutralzation of most viruses is 
accomplished prior to completion of the complement reaction sequence, probably 
by an envelopment mechanism. Complement-dependent neutralization of ret- 
roviruses may be an exception, and these viruses are probably neutralized by a lytic 
mechanism. Complement-dependent lysis of virus-infected cells has a number of 
unusual characteristics. In all cases thus far examined in which homologous systems 
have been used, i. e., human cells, antibody, and complement, lysis has been found to 
require the F(ab')2 portion of specific IgG antiviral antibody and properdin, and to 
proceed exclusively via activation of the alternative complement pathway. Such 
studies have thus far encompassed eight viruses representing three genera growing 
in multiple cell lines. Thus far in only a single model system has lysis been observed 
to proceed via activation of the classical pathway. 

The activated complement system has the ability to induce an acute in- 
flammatory response as it can alter vessel permeability and produce edema, induce 
changes in smooth muscle contractibility, stimulate the influx of leukocytes, and 
facilitate phagocytosis and the release of secondary mediators. Such inflammatory 
responses occurring in tissues as a result of direct or antibody-dependent 
complement activation by viruses and virus-infected cells would clearly retard the 
spread of the infection and facilitate the destruction of the infectious agent. 

The various humoral defense mechanisms operative against virus infection 
function in synergy with cellular mechanisms. These include natural killer and 
cytotoxic T cells, and the effector cells of antibody-dependent cellular cytotoxicity 
as well as phagocytic cells. While these various systems represent an integrated 
network serving to prevent and eliminate virus infections, it should be noted that 
they inadvertently also facilitate virus persistence. For example, removal of virus 
glycoproteins from infected cell surface by antibody-induced antigenic modulation 
prevents virus maturation, but the cell retains the virus genome and mutant forms 
may emerge with time. Such "stripped" cells are also protected from complement- 
dependent and antibody-dependent cellular cytotoxicity. 

It is likely also that the attempts of the host to deal with virus infection damage 
normal tissues. For example, immune complex disease occurs as a consequence of 
many virus diseases. Normal tissues proximate to filtering membranes are damaged 
as a result of trapping of such immune complexes which are probably shed from 
virus-infected cells. They may also represent virus particles which have reacted with 
antibody and complement. Finally, a number of the systemic symptoms characteris- 
tic of viral infections such as headaches, myalgias, and fever may result from 
complement-dependent stimulation of the cyclooxygenase and lipoxygenase path- 
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w a y s  of  a r a c h a d o n i c  ac id  m e t a b o l i s m ,  a n d  f r o m  a n t i b o d y  a n d  c o m p l e m e n t - i n d u c e d  

re l ease  of  h i s t a m i n e ,  o t h e r  m e d i a t o r s ,  a n d  p y r o g e n s  f r o m  v a r i o u s  cells. 
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