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Abstract
The complement system is an important component of the innate immune response to virus infection.
The role of human complement pathways in the in vitro neutralization of three closely related
paramyxoviruses, Simian Virus 5 (SV5), Mumps virus (MuV) and Human Parainfluenza virus type
2 (HPIV2) was investigated. Sera from ten donors showed high levels of neutralization against HPIV2
that was largely complement-independent, whereas nine of ten donor sera were found to neutralize
SV5 and MuV only in the presence of active complement pathways. SV5 and MuV neutralization
proceeded through the alternative pathway of the complement cascade. Electron microscopy studies
and biochemical analyses showed that treatment of purified SV5 with human serum resulted in C3
deposition on virions and the formation of massive aggregates, but there was relatively little evidence
of virion lysis. Treatment of MuV with human serum also resulted in C3 deposition on virions,
however in contrast to SV5, MuV particles were lysed by serum complement and there was relatively
little aggregation. Assays using serum depleted of complement factors showed that SV5 and MuV
neutralization in vitro was absolutely dependent on complement factor C3, but was not dependent
on downstream complement factors C5 or C8. Our results indicate that even though antibodies exist
that recognize both SV5 and MuV, they are mostly non-neutralizing and viral inactivation in vitro
occurs through the alternative pathway of complement. The implications of our work for development
of paramyxovirus vectors and vaccines are discussed.
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Introduction
The complement system is an important component of the innate immune response to virus
infection (Biron and Sen, 2007; Blue et al., 2004). Complement serves to link innate and
adaptive immunity through a large number of activities, including recognition of viruses, direct
neutralization of infectivity, recruitment and stimulation of leukocytes at sites of infection,
opsonization by immune cells, and activation of T and B cells in adaptive immune responses
(Kemper and Atkinson, 2007; Carroll, 2004; Blue et al., 2004; Gasque, 2004). These activities
of the complement cascade can have important implications for pathogenesis and viral
dissemination, as well as the design of more effective vaccine vectors (Bergmann-Leitner et
al., 2006; Blue et al., 2004; Delgado and Polack, 2004; Morrison et al., 2007; Reis et al.,
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2006). The overall goal of the work described here was to determine the mechanisms and
contributions of complement in the in vitro neutralization of three closely related
paramyxoviruses, simian virus 5 (SV5), human parainfluenza virus type 2 (HPIV2) and mumps
virus (MuV).

The complement proteolytic cascade can be initiated through three main pathways: the classical
pathway, lectin pathway and alternative pathway (Carroll, 2004; Gasque, 2004; Roozendaal
and Carroll, 2006). Classical pathway activation involves either binding of the C1q component
to virus-antibody complexes or association of C1q by itself to virus particles. Examples of
viruses that activate the classical pathway include human T cell lymphotropic virus (HTLV;
Ikeda et al., 1998), Human Immunodeficiency Virus (HIV; Ebenbichler et al., 1991) and
vesicular stomatitis virus (VSV; Beebe and Cooper, 1981). The lectin pathway is activated
through recognition of carbohydrate signatures on viral glycoproteins by the cellular mannan-
binding lectin (MBL), and this is an important pathway in neutralization of hepatitis C virus
(Ishii et al., 2001), Herpes Simplex virus 2 (Gadjeva et al., 2004) and influenza virus (Hartshorn
et al., 1993). Compared to the classical and lectin pathways, the signals that activate the
alternative pathway are less well understood, but they are thought to involve recognition of
foreign surfaces by an antibody-independent mechanism (Pangburn et al., 1981; Gasque,
2004). The extent of sialic acid modification on microbial surfaces may contribute to induction
of the alternative pathway (e.g., Madico et al., 2007; McSharry et al., 1981; Hirsch et al.,
1986). Examples of viruses that activate the alternative pathway include Epstein–Barr virus
(Mold et al., 1988) and Sindbis virus (Hirsch et al.,1980). Finally, West Nile virus is an example
of a virus that activates all three pathways, with each pathway making a contribution to the
immune response and control of infection (Mehlop and Diamond, 2006).

All three complement pathways converge on a central component C3 which is cleaved into
distinct forms with specific downstream targets and functions (reviewed in Carroll, 2004;
Gasque, 2004; Kerr, 1980). C3 components can be directly conjugated to viral proteins, leading
to neutralization or enhanced opsonization of particles. Alternatively, C3 cleavage can activate
the downstream C5 convertase, and together with components C6 through C9 this can lead to
formation of the membrane attack complex (MAC) which is capable of lysing virus particles
or infected cells. Thus, virus particles can be neutralized by direct binding by the upstream
C1q or C3 components or by virion lysis after the cascade has terminated at the MAC stage.
DNA viruses have been shown to employ a wide range of approaches to block the complement
pathway (Blue et al., 2004; Zipfel et al., 2007). However, the factors that determine the extent
of complement activation by RNA viruses are not completely understood.

A number of paramyxoviruses have been shown to be neutralized by either the classical or
alternative pathways (McSharry et al., 1981; Hirsch et al., 1986; Sissons et al., 1980; Devaux
et al., 2004). For example, both Newcastle Disease virus (NDV) and HPIV3 are neutralized
through the classical pathway, however NDV neutralization was antibody-independent while
HPIV3 neutralization depended on the presence of antibody (Welsh, 1977; Vasantha et al.,
1988). Measles virus (MeV) particles activate the classical pathway and MeV-infected cells
activate the alternative pathway resulting in the lysis of infected cells. However, neither of
these activities was strictly dependent on antibodies (Devauxet al., 2004; Joseph et al., 1975).
When antibodies are present, lysis of MeV-infected cells was attributed to recognition of the
cell-associated hemagglutinin or the fusion protein by the alternative pathway components
(Devaux et al., 2004; Ehrnst, 1977; Sissons et al., 1979).

SV5, HPIV2 and MuV are closely related viruses belonging to the rubulavirus genus of
paramyxoviruses (Lamb and Parks, 2007). It has been previously shown that complement
neutralization of MuV proceeds through the alternative pathway, with the activity of the HN
protein being an important factor in induction of the complement cascade (Hirsch et al.,
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1986). The degree of activation of the alternative pathway by SV5 and MuV were shown
previously to be inversely related to sialic acid concentrations on either the particle or infected
cells due to the presence of viral neuraminidase activity (McSharry et al., 1981; Hirsch et al.,
1986). However, the complement components and mechanisms of neutralization of SV5 and
MuV have not been completely defined, and it is also unclear what viral determinants initiate
the complement cascade. In this study, we tested serum from ten human donors for the
contribution of complement to in vitro neutralization of SV5, MuV and HPIV2. Our results
demonstrate high levels of neutralizing antibody against HPIV2 with little contribution of
complement to neutralization. By contrast, SV5 and MuV were neutralized only in the presence
of active complement pathways and neutralization was strictly dependent on C3. Strikingly,
the outcome of complement activation differed between these closely related viruses, with SV5
neutralization involving formation of massive aggregates and MuV neutralization including
virion lysis.

Results
Role of complement in the in vitro neutralization of SV5, MuV and HPIV2

Human serum from ten donors was analyzed for the ability to neutralize SV5, MuV and HPIV2.
In these assays, 100 PFU of virus was incubated with diluted sera from individual donors and
remaining infectivity was measured by plaque assay. As shown in Fig. 1, sera from all ten
donors reduced SV5 and HPIV2 infectivity to background levels (grey bars in panels A and
B). By contrast, some sera such as those from donors 4, 8 and 10 were ineffective at neutralizing
MuV infectivity, and ~40–70% of the infectivity remained after incubation with serum.

A very different profile of virus neutralization was seen using serum that had been complement-
inactivated by heating at 56 °C for 30 min. As shown in Fig. 1A (black bars), treatment of SV5
with heat-inactivated (HI) serum from human donors did not decrease the number of PFU, and
~90–100 PFU still remained in samples after incubation with HI serum. An exception was seen
with donor 9 serum where ~40% of the infectivity was retained following incubation with HI
serum. The sensitivity of SV5 to complement neutralization could not be accounted for by
growth in a specific host cell, since SV5 derived from three different host cells (Vero, A549
and MDBK) was equally sensitive to complement neutralization (data not shown). Similar
results were seen when MuV was treated with HI serum (Fig. 1B, (black bars), where HI serum
from 9 of 10 donors was ineffective at neutralization. Thus, neutralization of both SV5 and
MuV is eliminated when complement is inactivated. By contrast, HI serum was still highly
effective at reducing HPIV2 infectivity (Fig. 1C), as evident by the low number of plaques
remaining after treatment with HI serum. Serum from donor 2, 3 and 4 showed ~10–40%
infectivity of control samples, indicating that for these three donors, complement can influence
neutralization.

To determine the level of antibody to SV5, MuV and HPIV2, serum from each donor was
analyzed by ELISA using purified virus as the target antigen. As shown in Table 1, all ten
donors had very high antibody titers against HPIV2, with some individual samples (e.g., donor
1, 6, and 9) having titers of at least 2 million. The mean anti-HPIV2 titer (log10) for all ten
donors was 6.1. By contrast, ELISA titers against purified SV5 and MuV were lower than that
seen for HPIV2 for each donor, with mean titers against SV5 and MuV being 5.1 and 5.2,
respectively. Interestingly, serum from donor 9 had the highest ELISA titers against SV5 and
MuV (Table 1), and also showed the least dependence on complement for neutralization (Figs.
1A and B).

IgG subclasses can differ in their ability to fix complement (Valim and Lachmann, 1991).
Using subclass-specific ELISAs, serum from donors 1, 2, and 3 were found to have similar
anti-SV5 and anti-HPIV2 ratios of IgG1 to IgG2a of ~3 (Table 1). Donor 5 had an anti-HPIV2
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ratio that was slightly higher at ~4. Donor 6 differed by having an IgG1 to IgG2a ratio for both
anti-SV5 and anti-HPIV2 antibodies of ~1. Thus, anti-SV5 and anti-HPIV2 responses in human
serum had similar IgG subclass ratios, a result that suggests antibody-mediated complement
fixation is not responsible for differences between SV5 and HPIV2 in their dependence on
complement for neutralization.

Together, these data indicate that within our donor population, serum samples have high ELISA
titers against HPIV2, and these sera neutralize HPIV2 in vitro by a mechanism that is largely
independent of complement. By contrast, these same samples have lower ELISA titers against
SV5 and MuV and strikingly, complement but not neutralizing antibody is a major factor in
the in vitro neutralization of these two paramyxoviruses. The following experiments are
focused on the mechanisms of complement neutralization of SV5 and MuV, but not on HPIV2.

SV5 and MuV neutralization is mediated by the alternative pathway of complement activation
It has been well established that the classical and lectin pathways of complement activation
are dependent on Ca+ ions for activity, and can be selectively blocked by the addition of EGTA
containing Mg2+ (Des Prez et al., 1975), while EDTA inactivates all three pathways. To test
the hypothesis that SV5 and MuV were neutralized by the alternative pathway, 100 PFU of
SV5 or MuV were incubated with serum that had been pretreated with either EGTA (8 mM)
containing Mg2+ (2 mM) or with EDTA (20 mM), and remaining infectivity was measured by
plaque assay. As shown in Fig. 2, > 90% of the infectivity for SV5 (black bars) and MuV (gray
bars) was lost by treatment with NHS or serum supplemented with EGTA and Mg2+, whereas
there was no loss of infectivity following treatment with EDTA-treated serum. Treatment of
virus with EGTA or EDTA by themselves did not have any effect on the viruses at the
concentrations used in this assay (data not shown). These data are consistent with the proposal
that complement-mediated neutralization of both SV5 and MuV proceeds through the
alternative pathway.

C3 plays a significant role in the in vitro neutralization of SV5 and MuV
Complement component C3 acts as a central molecule in the complement cascade (Gasque,
2004; Pangburn et al., 1981). Human serum that had been depleted of C3 was used to test the
hypothesis that C3 was an essential factor in complement-mediated in vitro neutralization of
SV5 and MuV. As shown in Fig. 3A, C3-depleted serum had very little hemolytic activity
(open circles), but activity was restored to levels approaching that of NHS when C3-depleted
serum was supplemented with physiological concentrations of C3 (closed triangles). One
hundred PFU of SV5 or MuV was incubated with NHS, C3-depleted serum or C3-depleted
serum reconstituted with C3, and remaining infectivity measured by plaque assay. As shown
in Figs. 3B and C, virus infectivity was reduced by > 90% with NHS (black bars), but C3-
depleted serum (cross-hatched bars) had no effect on infectivity of either SV5 (panel B) or
MuV (panel C). Importantly, treatment with C3-depleted serum that had been reconstituted
with C3 resulted in a marked decrease in the number of SV5 and MuV plaques to levels
comparable to that seen with neutralization by NHS (Figs. 3B and C).

The above results showing that C3 was important for in vitro neutralization raised the question
of whether C3 was deposited on SV5 and MuV particles. To address this question, purified
SV5 or MuV particles were collected on carbon coated gold grids and incubated for a short
period (5 min, RT) with PBS, NHS, or C3-depleted serum. Samples were then probed with
anti-C3 monoclonal antibody and gold-labeled secondary antibody before visualizing by
electron microscopy (EM). As shown in Fig. 3D, C3 deposition was detected for both SV5 and
MuV particles treated with NHS, but not for control samples in which particles were treated
with C3-depleted serum. While it can be common to see lysed particles due to artifacts of the
EM grid, comparison of the NHS-treated particles to the untreated particles did not show
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marked lysis or distortion in the viral structure. However as shown below, this was due to the
short incubation period and the approach of carrying out the reactions on EM grids. Taken
together, these data indicate that C3 plays a critical role in the in vitro neutralization of both
SV5 and MuV and that C3 can form deposits on virions.

Complement induces aggregation of SV5 particles
The EM studies described above involved collecting virus particles on EM grids prior to
exposure to human serum. We determined the effect of complement on SV5 particles in
solution. Purified SV5 particles were mixed with NHS in solution at 37 °C, and at various times
(0, 5, 15, 30 and 60 min) samples were placed on ice to stop the reaction. Samples were then
placed on EM grids and subjected to negative staining. As shown in Fig. 4A, virus incubated
without serum for 60 min showed intact particles that were loosely scattered about the grid
(top left panel). By contrast, incubation of SV5 virions with NHS for as little as 5–15 min
resulted in aggregation of particles into small groups, and by 30–60 min virions were seen in
large aggregates (Fig. 4A, note differences in scales for micrographs). HI serum did not induce
virion aggregation (not shown). In some but not all aggregate-associated virions, the viral
membrane was discontinuous, indicating that limited lysis was occurring within the aggregates.

The aggregation of SV5 particles by NHS was confirmed by analyzing virions by gradient
centrifugation. Purified SV5 particles were left untreated or were mixed with NHS, incubated
for 60 min at 37 °C, layered on top of a 15–60% sucrose gradient and subjected to
ultracentrifugation. Fractions were collected and the sedimentation of viral particles was
analyzed by Western blotting with antiserum specific for the viral P protein. As shown in Fig.
4B, untreated SV5 virions migrated as a peak centered between fractions 11–13 (top panel).
By contrast, NHS-treated virions migrated further down the gradient with a peak centered
between fractions 9–11 (middle panel), consistent with large aggregates or particles with higher
density. No viral proteins were detected in the top fractions (data not shown), consistent with
the above EM data showing only very low levels of virion lysis. Analysis of fractions from the
NHS-treated sample with anti-human C3 antibody showed co-sedimentation of the C3
fragments in the same fractions that contained viral proteins (Fig. 4B, bottom panel). The
presence of the beta chain and 43 kDa protein subunits of iC3b (Sahu et al., 1998) along in the
same fractions that contained SV5 proteins indicates that C3 has been activated. Likewise,
analysis of the SV5-NHS fractions for antibody demonstrated that all immunoglobulin protein
was at the top of the gradient and not in the faster-sedimenting fractions that contained C3
protein (data not shown). When the virions were treated with C3 deficient serum there was no
aggregation, however upon reconstitution with C3 aggregation was seen (data not shown).
Thus, EM and biochemical evidence indicate that NHS treatment of SV5 virions in solution
results in association with C3 and aggregation, with only a relatively small amount of virion
lysis.

Complement induces lysis of MuV particles
To determine if complement also induced MuV aggregation, purified MuV particles were left
untreated or were incubated with NHS and then analyzed by negative staining and EM.
Untreated and 0 time point samples showed loosely scattered but intact particles on the grid
(Fig. 5), and when MuV was incubated with NHS there was evidence of only a very low degree
of aggregation. However, as early as 5 min after incubationwith NHS virions began to show
signs of lysis, and by 15 min of NHS treatment most virions were distorted and showed leakage
of internal components (Fig. 5). After 30 min incubation with NHS, MuV virions showed
structures resembling nucleocapsids oozing out of the particles. At later times, dark shadowy
regions were seen on the grid consistent with massive complement deposition around lysed
particles, and this was confirmed by immunogold labeling of these areas with anti-C3 antibody
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(data not shown). Thus, NHS treatment of MuV results in virion lysis, unlike the aggregation
seen with NHS-treated SV5 particles.

The lysis of MuV particles by NHS was confirmed by sucrose gradient analysis as described
in Fig. 4B for SV5. After treatment of MuV with NHS and centrifugation, gradient fractions
were analyzed by Western blotting with antiserum to the SV5 P protein, which cross-reacts
with the MuV P protein. In the absence of NHS, virion-associated P protein was detected as a
rapidly migrating peak in fractions 10–15 (Fig. 6A), similar to that seen with untreated SV5
particles (Fig. 4B). By contrast, the P protein in NHS-treated MuV samples was detected in
two distinct regions of the gradient: fractions 5–10 near the bottom of the gradient and fractions
35–40 at the top of the gradient (Fig. 6B). Interestingly, in the top fractions P protein was
detected as an unexpectedly high molecular weight species, whereas P protein in the bottom
fractions was of the expected size of ~40 kDa (Fig. 6B). To determine if complement proteins
were associated with both the fast and slower migrating peaks, fractions 2–10 from the bottom
of the gradient and fractions 30–40 at the top the of the gradient were probed with anti-C3
antibody. As shown in Figs. 6C and D, small amounts of complement iC3b (beta chain and 43
kDa proteins) were detected in the same bottom fractions that contained P protein (fractions
5–9). Importantly however, much larger amounts were detected in the top fractions 35–40
which also contained the high molecular weight P complex. Of the C3-containing proteins in
fractions 37–40, a high molecular weight species was detected (arrow Fig. 6D) which was not
in marker lane samples of purified C3 or C3b, and this protein species had the same apparent
size as the P-associated high molecular weight protein seen in panel B. Thus, the fractions at
the top of the gradient contain a new large protein species that reacts with anti-P and anti-C3
antiserum. Taken together, the above EM and biochemical studies on NHS-treated MuV
particles are consistent with lysis of the MuV virions, and with formation of a high MW protein
species that contains at least in part P protein complexed with an activated C3 product. Thus,
NHS treatment of purified virions results in aggregation in the case of SV5 (Fig. 4), but lysis
of particles in the case of MuV (Figs. 5 and 6).

C5 but not C8 contributes to in vitro neutralization of SV5 and MuV by complement
Complement component C5 acts as a convergence point for all the three complement activation
pathways (Hammer et al., 1975, Podack et al., 1976) and is a key component in formation of
the MAC, but C5 can also directly contribute to virus neutralization (Friedman et al., 2000;
Hirsch et al.,1980). The role of C5 in SV5 and MuV neutralization was examined using C5-
depleted serum. As shown in Fig. 7A, C5-depleted serum had very little hemolytic activity
(open circles), but activity was restored to levels approaching that of NHS with physiological
concentrations of C5 (closed triangles). One hundred PFU of SV5 or MuV was incubated with
NHS or with C5-depleted serum, and remaining infectivity measured by plaque assay. As
shown in Figs. 7B and C, C5-depleted serum by itself was capable of neutralizing both SV5
and MuV (striped bars), but this was most evident at high concentrations of C5-depleted serum
(e.g., 1:15 and 1:25 dilutions). However, at lower concentrations C5 deficient serum had less
of an effect on neutralization, and reconstituting C5 resulted in more effective neutralization
for SV5 (compare 1:75 dilution of C5-depleted and C5 reconstituted serum, respectively). MuV
neutralization was more sensitive to serum dilution, but C5 reconstitution had only a modest
effect on neutralization (Fig. 7C).

Because C8 forms one of the major constituents of the MAC, the effect of C8 depletion on
SV5 and MuV neutralization was examined. As shown in Fig. 8A, C8-deficient serum by itself
had negligible hemolytic activity, which was recovered upon reconstituting with physiological
C8 concentrations. C8-deficient serum was capable of neutralizing both SV5 and MuV, with
a very similar decrease in the ability of C8-deficient and C8-reconstituted serum to neutralize
as the dilution of serum was increased (Fig. 8B and C). These data indicate that by comparison
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to C3, neither C5 nor C8 is essential for in vitro neutralization of SV5 or MuV. However, C5
can enhance neutralization of SV5 and MuV at low concentrations of serum. EM studies
demonstrated that MuV particles were not lysed using C5- or C8-deficient serum (not shown).
Thus, MuV neutralization is complement-dependent and relies on C3, but does not require
virion lysis by the MAC involving C5 and C8.

Discussion
Complement is an important factor in the neutralization of a large number of viruses, but the
mechanisms of neutralization and signals activating the complement cascade are not
completely understood for many virus systems including the paramyxoviruses. The goal of the
work described here was to determine the extent and mechanisms by which complement
contributes to the neutralization of three closely related rubulaviruses: SV5, MuV and HPIV2.
Our data indicate that human serum contains activity that neutralizes all three of these closely
related viruses. Most importantly however, the extent to which complement is involved in
neutralization of SV5 and MuV differs significantly from that of HPIV2. In vitro neutralization
of both SV5 and MuV was largely dependent on complement, since HI serum from only one
of ten donors showed neutralization of greater than 50% of the control samples. HPIV2 differed
from SV5 and MuV in this regard, since HI serum from all ten donors still effectively
neutralized HPIV2 by greater than 50% of controls. These results indicate that within our
sample group HPIV2-specific neutralizing antibody is widely present and in some cases the
neutralization can be further enhanced by complement. In sharp contrast, antibodies against
SV5 and MuV were largely non-neutralizing, at least at the dilutions and with the donor
population studied here.

Our results are consistent with reports that both SV5 and MuV are neutralized by the alternative
pathway (McSharry et al., 1981), but extend previous work by identifying key components in
the complement pathway that are necessary for in vitro neutralization. C3 forms the central
molecule of the complement cascade (Kerr, 1980; Sahu and Lambris, 2001) and the
consequences of C3 activation can include steric hindrance by coating of virion surfaces and
aggregation (Oldstone et al., 1974), initiation of MAC formation and virion lysis (Bartholomew
et al., 1978; Cooper et al., 1976; Mills et al., 1979), or opsonization to enhance capture by
antigen presenting cells. Our data show a strong dependence on C3 for the inactivation of SV5
and MuV, since C3-depleted serum had no effect on virus infectivity, while reconstitution with
physiological concentrations of C3 fully restored neutralizing capacity to C3-depleted serum.
EM and biochemical studies support this role for C3 in neutralization, since C3 can be found
deposited on virions. In the case of MuV, our data also support direct conjugation to internal
virion components such as P protein, which is consistent with complement-mediated lysis of
virions.

The most striking result from our studies is that although both SV5 and MuV show dependence
on C3 for neutralization and C3 deposition on virions, the outcome of in vitro complement
activation for these two closely related paramyxoviruses differs significantly. Incubation of
SV5 particles with human serum resulted in efficient neutralization that correlated with
formation of massive aggregates that were easily visualized by EM. On sucrose gradients,
serum-treated SV5 migrated to a heavier fraction of the gradient compared to untreated virus,
and virion proteins were found in the same gradient fractions that included activated C3
components. Importantly, the SV5 P protein which was used to assay the sedimentation
position of virions was not conjugated to C3 (see Fig. 4B), consistent with C3 reacting with
the external surface of particles without virion lysis. In the case of polyoma virus, neutralization
occurs by virion aggregation due to the association of antibody to the viral particles which is
coordinated by the cross linking effect of activated C3 (Oldstone et al., 1974). Our results
indicate that this differs for SV5, since gradient fractions that contained virus and C3 did not
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contain detectable immunoglobulin protein. These data are consistent with SV5 being
neutralized by C3-dependent crosslinking of virions or by trapping of virions within C3-rich
matrices. Future studies will distinguish between these two mechanisms by identifying SV5
proteins that interact with C3.

Strikingly and in sharp constrast to SV5, MuV virions treated with human serum did not form
large aggregates but instead showed lysis of the virion envelope. Sucrose gradient analysis of
serum-treated MuV particles showed the viral P protein in two regions: 1) a less abundant
faster-sedimenting species corresponding to low levels of aggregated virions with low C3
content and 2) a more abundant slow-sedimenting species at the top of the gradient which was
enriched in C3. Importantly, the slow-sedimenting fractions of serum-treated MuV particles
showed a higher molecular weight P protein consistent with conjugation to C3. Since the viral
P protein is normally found as an internal protein attached to the viral nucleocapsid beneath
the virion envelope (Lamb and Parks, 2007), we interpret these results as evidence that
activation of complement leads to C3 deposition on and lysis of the MuV virion. This in turn
leads to conjugation of C3 with the exposed P protein into a high molecular weight species.
Due to our limitation in available MuV-specific reagents, it is presently not clear whether P is
the only viral target of C3 conjugation or if other viral proteins are also covalently modified.

The terminal C5- and C8-dependent pathway which constitutes the MAC component is critical
for neutralization of some viruses. MAC formation often leads to lysis of virions or virus
infected cells as has been shown in the case of HPIV3 and herpes virus particles (Friedman et
al., 2000; Vasantha et al., 1988) or lysis of HSV infected human fibroblasts (Daniels et al.,
1980). However, there are examples of virus infections that activate MAC formation, but the
complex does not lyse the infected cells (Cooper et al., 1974). In our studies, C5 had a very
minor effect on MuV neutralization and was not an essential factor, whereas C8 was not
essential for neutralization of either SV5 or MuV. Thus, C3 is an essential factor in
neutralization of both SV5 and MuV, and leads to virion aggregation or lysis, respectively.
However, while MuV neutralization normally proceeds along a pathway ultimately leading to
MAC formation and virion lysis, this is not an essential end-stage to the pathway and MuV
can be neutralized after activation of the cascade only to the C3 level.

What factors could contribute to the differences in mechanisms of complement-mediated
neutralization of SV5 and MuV by NHS? In our model, complement components recognize
the surface of SV5 and MuV virions to activate the alternative pathway and C3 deposition for
both viruses. However, a key difference is in the steps downstream of C3 activation, and some
divergent signal dictates whether the pathway ends with either aggregation of SV5 particles or
lysis of MuV particles. Aggregation without lysis has been reported in the case of influenza
virus, however this occurred due to classical pathway activation and was dependent on antibody
(Jayasekara et al., 2007). In addition, complement-mediated lysis of HPIV3 has been shown
to involve C1q and IgM antibody (Vasantha et al., 1988). In the case of SV5 and MuV however,
antibodies do not appear to play a critical role in in vitro neutralization, since no
immunoglobulin was found associated with virions in gradient fractions. While it is possible
that our assays are not sensitive enough to detect small amounts of IgG, other explanations are
that the antibody is removed by centrifugation conditions or by complement deposition or that
the majority of the antibodies detected in our ELISA are to internal components. Thus, we
propose that early complement interaction occurs with some viral protein on the outer coat,
independent of antibody.

The lipid bilayer of both SV5 and MuV is characterized by the presence of three proteins, the
fusion protein (F), the hemagglutinin–neuraminidase protein (HN) and the SH small
hydrophobic protein (Lamb and Parks, 2007). Any or all of these proteins could contribute to
differences in the strength of signal or differences in signals that determine how far the
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complement cascade proceeds. The amount of sialic acid on viral surface derived from the host
cell has been shown to act as a trigger for alternative pathway activation in the case of vesicular
stomatitis virus and SV5, with lower amounts of sialic acid content being a more potent signal
for activation of the alternative pathway (McSharry et al., 1981). SV5 and MuV particles
display the same differences in aggregation versus lysis even when they are grown in a common
host cell type such as Vero cells (not shown), suggesting that differences in complement
neutralization are due to a viral component. The extent of viral neuraminidase activity can be
an important factor in complement activation by different strains of MuV (Hirsch et al.,
1986). Together, these results would be consistent with a model whereby differences between
the neuraminidase activity of the W3A strain of SV5 and the Enders strain of MuV results in
particles with differences in sialic acid modification to HN, F or host proteins that are
incorporated into budding particles.

Our studies have implications for understanding immunity to vaccination as well as the use of
recombinant paramyxoviruses as viral vectors. Despite wide-spread vaccination, there has been
a recent resurgence in reported cases of MuV (Peltola et al., 2007), and it has also been reported
that pre-existing neutralizing antibodies from previous immunization with one strain may not
be able to give protection against a newly emerged strain (Nojd et al., 2001). A better
understanding of the parameters that lead to MuV neutralization by complement may shed light
on differences between MuV isolates and the effectiveness of different vaccine strains.
Likewise, a number of paramyxoviruses are being developed as vaccines or therapeutic vectors
(e.g., Von Messling and Cattaneo, 2004), and pre-existing immunity against these vectors can
be of significant concern. In the case of SV5 vectors (Parks and Alexander-Miller, 2002; Parks
et al., 2002; Tompkins et al., 2007), our results indicate that complement but not antibody is a
major factor in neutralization at least in vitro. Thus, it may be possible to design vectors that
overcome the activation of complement to be better able to disseminate for therapy.

Materials and methods
Cells and viruses

Monolayer cultures of CV-1 and A549 cells were grown in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (100
U/ml), streptomycin (100 μg/ml) and 200 mM L-Glutamine. Recombinant rSV5 (W3A strain),
mumps virus (Enders strain, ATCC VR-1379), and HPIV2 (Greer strain) were grown in
MDBK, Vero and CV-1 cells, respectively. Viruses were concentrated by centrifugation
through a glycerol cushion (5 h; 25,000 rpm; SW28 rotor), and resuspended virus was further
purified by centrifugation on a 30–60% sucrose gradient (2 h; 23,000 rpm; SW28 rotor). The
virus band was collected, pelleted, resuspended in DMEM containing 0.75% BSA and stored
at −80 °C.

Complement reagents
Normal human serum (NHS) collected from 10 healthy adult volunteers was used as a source
of complement for the complement assays. The blood was allowed to clot for 1 h at 37 °C, the
clot retracted and further incubated for 30 min at 37 °C and the serum was separated, aliquoted
and stored at −80 °C. Complement inactivated serum was prepared by heating NHS at 56 °C
for 30 min. The classical, mannan-binding lectin (MBL) or alternative pathway involvement
in virus neutralization was tested using NHS that was treated with 20 mM EDTA to block all
the complement pathways or with 8 mM EGTA and 2 mM Mg2+ to block the classical and the
MBL pathways but not the alternative pathway. C3-depleted, C5-depleted (both Calbiochem,
CA), and C8-deficient human serum (Sigma, Mo) were reconstituted with physiological
concentrations of purified human C3 (1.2 mg/ml), C5 (75 μg/ml) or C8 (80 μg/ml)
[Calbiochem, CA].
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Elisa
MaxiSorp 96-well ELISA plates (Nunc) were coated with sucrose gradient-purified SV5, MuV,
or HPIV2 particles at 12.5 μg/ml (50 μl/well) and UV-irradiated for 20 min at a distance of 10
cm. Plates were incubated at 4 °C overnight, washed three times with PBS/Tween (0.2%), and
wells were blocked with 200 μl of PBS containing 2% BSA for 2 h at room temperature (RT).
Dilutions of heat-inactivated NHS were added to wells, incubated for 1.5 h, and wells were
washed with PBS/Tween before incubation for 1 h with HRP-conjugated goat anti-human IgG
(Jackson ImmunoResearch Laboratories, PA) or subclass-specific secondary antibodies. The
HRP substrate TMB (tetramethylbenzidine dihydrochloride, Sigma) was added to each well
and incubated in the dark for 20 min. The enzymatic reaction was stopped with 2N sulfuric
acid, and the absorbance was determined at 450 nm on a Labsystems Multiskan Plus plate
reader (Fisher Scientific, GA). Antibody titers were defined as the dilution of serum that yielded
an absorbance two times that obtained in controls with secondary antibody only.

Hemolytic activity assays and virus neutralization assays
The activity of complement-depleted serum was tested by reconstitution with the respective
depleted protein and was compared to NHS for total hemolytic complement activity (CH50)
by a hemolytic assay as described earlier (Sahu et al., 1998). Briefly, two fold diluted NHS or
the reconstituted serum (100 μl) was mixed with 5 μl of antibody sensitized sheep erythrocytes
(EA, 1 × 109 cells/ml) and the volume was made up to 250 μl with DGVB+ [Gelatin veronal
buffer (Sigma, St. Louis, MO) containing 0.5 mM MgCl2 and 0.15 mM CaCl2 and 2.5%
dextrose] and incubated at 37 °C for 30 min with constant vortexing. The reaction was stopped
by placing the samples on ice followed by centrifugation at 4 °C for 5 min at 3000 rpm and
hemolysis in 200 μl of the supernatant was measured by reading absorbance at 405 nm.

Complement-mediated neutralization assays were carried out as described previously with
some modifications (Friedman et al., 1996). Briefly, 100 plaque forming units (PFU) of SV5,
MuV or HPIV2 (100 PFU/100 μl) were incubated with varying dilutions of NHS which served
as the complement source or heat-inactivated NHS (HI). Control samples received PBS alone.
After incubation at 37 °C for 1 h, viral titers were determined by plaque assay as described
previously (Wansley and Parks, 2002). Neutralization by complement was represented as the
number of plaques below the initial input of 100 PFU. Each data point represented an average
and standard deviation of six independent experiments. Statistical analysis was by the student’s
t-test.

Electron microscopy
To stain virus particles on grids, C3 deposition on SV5 and MuV was analyzed by taking 10
μl of a 1 × 105 PFU/ml purified viral particles on carbon coated 200 mesh gold grids (Electron
Microscopy Sciences, PA) and incubated at RT for 5 min. The grids were blocked with PBS
containing 1% BSA. Adsorbed virus on the grids was treated with 1:25 diluted NHS, or with
C3-depleted human serum and probed with mouse anti-human C3/C3b monoclonal antibody
(clone 755; Cell Sciences, MA), at a dilution of 1:10. Bound antibody was detected with 12
nm colloidal gold goat anti-mouse antibody (Jackson Immunoresearch). Particles were then
negative-stained with 2% phosphotungstic acid (pH 6.6) and analyzed under a Philips TEM400
transmission electron microscope (Tompkins et al., 2007).

To visualize effects of complement under physiological conditions, purified SV5 or MuV
particles were mixed with NHS at a dilution of 1:2 and incubated for various time points (0,
5, 15, 30 and 60 min) at 37 °C followed by addition of the samples onto carbon coated 200
mesh gold grids. After adsorption for 5 min, grids were washed with PBS, negatively stained
with 2% phosphotungstic acid and observed under Philips TEM400 transmission electron
microscope.
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Ultracentrifugation and western blotting
Sucrose gradient-purified SV5 or MuV was mixed with an equal volume of NHS (1:1) and
incubated for 1 h at 37 °C. The reaction mixture was layered on top of a 15–60% pre-
equilibrated sucrose gradient in NTE buffer as described previously (Paterson et al., 1995).
After centrifugation (40,000 rpm, 1 h, SW50.1, 4 °C), 250 μl fractions were collected from the
bottom of the gradient and analyzed by SDS-PAGE and Western blotting as described
previously (Dillon and Parks, 2007), using rabbit antisera to the SV5 P protein (Parks et al.,
2002) which cross-reacts with the MuV P protein. Alternatively, blots were probed with goat
anti-human C3 polyclonal antibody at a dilution of 1:1000 (MP Biomedics, Cappell reagent,
CA). Blots were visualized by enhanced chemiluminescence and exposure to film.
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Fig. 1.
Role of complement in the in vitro neutralization of SV5, MuV and HPIV2 by human serum.
One hundred PFU of SV5 (panel A), MuV (panel B) or HPIV2 (panel C) were incubated for
1 h at 37 °C with PBS (left hatched bars) or with either normal human serum (NHS, grey bars)
or heat-inactivated serum (HI, black bars). Remaining infectious titers were determined by
plaque assays. Results represent the average of six experiments, with error bars representing
standard deviations. Numbers denote donor number. (*) indicates that no plaques were detected
in these samples. For panels A and B, differences between NHS- and HI-treated samples were
statistically significant, p < 0.001.
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Fig. 2.
Complement-mediated neutralization of SV5 and MuV is by the alternative pathway. One
hundred PFU of SV5 and MuV was incubated with either NHS, with EGTA and Mg2+-treated
serum which inactivates the classical and lectin pathways, or with EDTA-treated serum which
inactivates all complement pathways. Remaining infectious titers were determined by plaque
assays. Results represent the average of six experiments using serum from donor number 1,
with error bars representing standard deviations. Number sign, differences between EGTA-
treated and EDTA-treated samples were highly significant (p < 0.001).
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Fig. 3.
C3 activity is required to neutralize SV5 and MuV. A) Total hemolytic complement activity
of NHS, C3-depleted serum, and C3-depleted serum reconstituted with C3 was determined as
described in Materials and methods. B) and C) 100 PFU of SV5 (panel B) or MuV (panel C)
were incubated with PBS (hatched bars), NHS (black bars), with a 1:25 dilution of C3-depleted
serum (striped bars), or 1:25 dilution of C3-depleted serum reconstituted with C3 (gray bars).
Remaining infectious titers were determined by plaque assays. Results are the average of six
experiments, with error bars representing standard deviations. Number signs denote p < 0.001
comparing C3-depleted samples to C3 reconstituted samples. D) C3 deposition on SV5 and
MuV. Sucrose gradient-purified virus was left untreated or treated with 1:25 diluted NHS or
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C3-depleted serum, and complement C3 deposition on the particles was detected using anti-
C3 antibody followed by 12 nm colloidal gold goat anti-mouse antibody. Samples were
analyzed by EM at a magnification of 55,000 × (bar represents 0.05 μm).
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Fig. 4.
Complement induces aggregation of SV5 particles. A) EM analysis. Purified SV5 particles
were incubated for the indicated times at 37 °C with a 1:25 dilution of NHS and then analyzed
by negative staining and EM. Note the aggregation of SV5 particles and the differences in scale
of magnifications for samples taken over time. The no serum sample represents control virions
incubated at 37 °C for 60 min without serum. B) Sucrose gradient centrifugation. Purified SV5
was incubated alone or with NHS for 60 min at 37 °C and then analyzed by centrifugation
through 15–60% sucrose gradients. Fractions were collected and analyzed for viral proteins
by western blotting with antiserum specific for the SV5 P protein (top and middle panels).
Fractions 5–15 from the NHS-treated virions were also analyzed by western blotting for the
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presence of C3 (bottom panel). The position of the beta chain of C3 and the 43 kDa fragment
of iC3b are indicated.
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Fig. 5.
Complement induces lysis of MuV particles. Purified MuV particles were incubated for the
indicated times at 37 °C with NHS and then analyzed by negative staining and EM. Note that
MuV particles are not massively aggregated as seen in Fig. 4 for SV5. The solid bar in each
figure represents 0.1 μm. The no serum sample represents control virions incubated at 37 °C
for 60 min without serum.
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Fig. 6.
Sucrose gradient analysis of NHS-treated MuV particles. Purified MuV was incubated alone
(panel A) or with NHS (panel B) for 60 min at 37 °C and then analyzed by centrifugation
through 15–60% sucrose gradients. Fractions were collected and analyzed for virion proteins
by western blotting with antiserum raised against the SV5 P protein which cross-reacts with
MuV P protein (top and middle panels). A cross-reactive band of unknown origin is seen above
the position of the P protein. C) Fractions 2–13 and 30–40 from the NHS-treated virion gradient
were also analyzed by Western blotting for the presence of C3. The arrow indicates a high
molecular weight protein that is not found in purified proteins in the marker lanes containing
fragments of C3 and C3b.
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Fig. 7.
C5 can contribute to the neutralization of SV5 and MuV. A) Total hemolytic complement
activity of NHS, C5-depleted serum, and C5-depleted serum reconstituted with C5 was
determined as described in Materials and methods. B) and C) One hundred PFU of SV5 (panel
B) or MuV (panel C) were incubated with PBS, 1:25 dilution of NHS, with the indicated
dilutions of C5-depleted serum, or C5-depleted serum reconstituted with C5. Remaining
infectious titers were determined by plaque assays. Results are the average of six experiments,
with error bars representing standard deviations. Number sign denotes p < 0.001 comparing
C5-depleted samples to C5 reconstituted samples.
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Fig. 8.
C8 is not required to inactivate SV5 or MuV. A) Total hemolytic complement activity of NHS,
C8-deficient serum, and C8-deficient serum reconstituted with C8 was determined as described
in Materials and methods. B) and C) One hundred PFU of SV5 (panel B) or MuV (panel C)
were incubated with PBS, 1:25 dilution of NHS, with the indicated dilutions of C8-deficient
serum, or C8-deficient serum reconstituted with C8. Remaining infectious titers were
determined by plaque assays. Results are the average of six experiments, with error bars
representing standard deviations.
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Table 1
Antibody titer log10

Donor SV5 MuV HPIV2

1 5.1 (3.0) 5.3 6.3 (3.3)
2 4.7 (2.9) 5.0 6.0 (3.0)
3 5.4 (2.9) 5.2 6.2 (3.3)
4 4.9 5.0 5.8
5 5.4 (2.9) 5.3 6.0 (3.9)
6 5.1 (1.0) 5.0 6.4 (1.2)
7 4.7 5.0 5.3
8 4.6 5.0 5.5
9 5.6 5.6 6.3
10 4.7 4.6 6.1
Mean titer 5.1 5.2 6.1

Elisa plates were coated with purified SV5, MuV or HPIV2 virions, and then incubated with dilutions of serum for each donor, followed by HRP-conjugated
secondary goat anti-human IgG.

Data are expressed as the log10 of the dilution of serum that yielded an absorbance of two times that obtained with controls using secondary antibody
only. Values in parentheses represent the ratio of IgG1 to IgG2 titers.
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