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Early control of virus replication by the innate immune response is essential to allow time for the generation
of a more effective adaptive immune response. As an important component of innate immunity, complement
has been shown to be necessary for protection against numerous microbial infections. This study was under-
taken to investigate the role of complement in neutralizing influenza virus. Results demonstrated that the
classical pathway of complement mediated serum neutralization of influenza virus. Although nonimmune
serum neutralized influenza virus, the mechanism of virus neutralization (VN) required antibody, as sera from
RAG1-deficient mice lacked VN activity; moreover, purified natural immunoglobulin M (IgM) restored VN
activity to antibody-deficient sera. The mechanism of VN by natural IgM and complement was associated with
virion aggregation and coating of the viral hemagglutinin receptor; however, viral lysis did not significantly
contribute to VN. Additionally, reconstitution of RAG1-deficient mice with natural IgM resulted in delayed
morbidity during influenza virus infection. Collectively, these results provide evidence that natural IgM and
the early components of the classical pathway of complement work in concert to neutralize influenza virus and
that this interaction may have a significant impact on the course of influenza viral pneumonia.

As a first-line defense against pathogens, innate immunity is
critically important in impeding microbial invasion and alerting
other components of the body’s defense system. The comple-
ment system, a key component of the innate immune response,
protects mucosal surfaces and is present in human serum at
very high concentrations (greater than 1 mg/ml). Complement
was first identified as a heat-labile component of normal serum
that killed bacteria (24). Subsequently, this factor was desig-
nated “complement” when it was found to complement the
action of antibody directed against bacteria and erythrocytes.
Since these initial discoveries were made, well over a century
ago, numerous effector and regulatory components have been
identified as constituents of the complement system. To date,
three main pathways of complement activation have been iden-
tified: the classical, lectin, and alternative pathways. Activation
of the classical pathway occurs when C1 binds to antibody or
directly to activating surfaces; recognition by mannose binding
lectin (MBL) of carbohydrate residues found primarily on mi-
crobes leads to activation of the lectin pathway, whereas the
alternative pathway is initiated when C3 binds to a suitable
activating surface.

With the generation of complement-deficient mice, the in-
teractions of complement components with other molecules of
innate and adaptive immunity are beginning to be more ap-
preciated. Recently, an important role for complement com-
ponent C3 in priming T cells was discovered (23). C3-deficient
mice were shown to be more susceptible to influenza virus
infection, which corresponded with attenuated T-cell priming
and migration to the lungs. Similarly, C3 deficiency in humans

correlates with recurrent infections primarily of the upper and
lower respiratory tract (34). Complement can also play an
important role in neutralizing viruses. All three complement
pathways have been shown to be activated by viruses to various
degrees (1, 10, 21). That complement can bind to influenza
virus in the presence of specific antibody has long been known
(5). Indeed, immune sera are usually heated to inactivate in-
terfering complement components during assays for virus-neu-
tralizing serum antibodies that inhibit the hemagglutination
(HA) activity of influenza virus. Interestingly, these comple-
ment components are also partly responsible for background
hemagglutination inhibition in nonimmune serum (16). Thus,
while there is evidence that serum complement can neutralize
an important human pathogen such as influenza virus, the
mechanism of this process has not been investigated in the
absence of virus-specific antibody. We undertook this study to
further understand the role of complement in neutralizing
influenza virus.

MATERIALS AND METHODS

Virus. Influenza A virus A/PR/8/34 (PR8) was obtained from Charles River
Laboratories. PR8 stock virus was prepared by growing the virus for 2 days in the
allantoic cavity of 10-day-old embryonated hen eggs. Allantoic fluid containing
virus was harvested, filtered, and centrifuged to remove cellular debris. For some
assays, virus stock was further purified by centrifugation of the PR8 stock virus
through a discontinuous sucrose gradient at 45,000 � g for 45 min at 4°C. The
milky virus band located in the upper half of the gradient was harvested, washed
in phosphate-buffered saline (PBS), and centrifuged at 85,000 � g for 45 min at
4°C. The virus pellet was gradually resuspended in PBS, and aliquots were stored
at �70°C. Virus stocks were quantified by a hemagglutination assay to obtain
hemagglutination units (HAU).

Mice and virus infection. C3�/�, C4�/�, C1q�/�, and RAG1�/� mice (all on
a C57BL/6 background) and C57BL/6 (B6) mice were bred at the Warren Alpert
Animal Facility (Harvard Medical School). Secretory-immunoglobulin M (IgM)-
deficient (sIgM�/�) mice (6) (on a C57BL/6 background) were obtained from
Hidde Ploegh (MIT, Cambridge, MA). C5-deficient mice (B10.D2/oSnJ) and
wild-type controls (B10.D2/nSnJ) were purchased from Jackson Laboratory. All
mice were used at 8 to 10 weeks of age. Experiments were performed in accor-
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dance with federal and institutional guidelines. For in vivo experiments,
RAG1�/� mice were injected intraperitoneally with 500 �g of natural IgM
(nIgM) or 400 �l of PBS on days �1, 0, and 5 of infection. On day 0, all mice
were anesthetized with 300 �g 2,2,2-tribromoethanol (Sigma) per gram of body
weight and infected intranasally with 300 50% tissue culture infective doses
(TCID50) of PR8 stock virus in a volume of 30 �l.

For the determination of morbidity, mice were weighed on the day of infection
and at regular intervals thereafter. The percent changes in body weight from the
original weights were calculated.

Serum and antibody purification. To obtain serum for virus neutralization
(VN) assays, mice were sacrificed by CO2 inhalation and blood was harvested
from the renal artery. Freshly harvested blood was allowed to clot at 4°C, and
serum was obtained after centrifugation at 2,700 � g for 5 min at 4°C. Aliquots
of sera were stored at �70°C until needed. Freshly thawed serum aliquots were
used in each assay.

To obtain small quantities of natural IgM, commercially available serum
(Cedarlane) was precipitated overnight with saturated ammonium sulfate. After
centrifugation at 3,000 � g for 30 min, the precipitate was solubilized in PBS and
dialyzed overnight. The dialysate was concentrated by centrifugation using a
Vivaspin concentrator (Vivascience) and then purified using an ImmunoPure
IgM purification kit (Pierce) according to the manufacturer’s instructions. This
method utilizes immobilized MBL in an affinity-based protocol to purify mouse
IgM from serum. Purified natural IgM was stored in aliquots at �70°C.

To obtain large quantities of nIgM for in vivo studies, a modified IgM puri-
fication procedure was used (2). Mouse serum was precipitated by dialysis in 2
mM NaPO4 buffer for 2 days with regular changes of buffer. The precipitate was
pelleted by centrifugation at 11,000 � g for 15 min and washed 2 times with
buffer. After resuspension of the precipitate in column buffer (10 mM Tris-HCl,
150 mM NaCl, 0.5 mM EDTA) and filtration through a 0.2-um filter, the solution
was passed through a gel filtration column. Fractions containing IgM were
determined by Western blotting and enzyme-linked immunosorbent assays
(ELISA). IgM eluted in the first large peak, whereas IgG was primarily found in
the second peak, as determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Fractions containing IgM were passed through a protein G
column to remove residual IgG and concentrated by centrifugation. Protein
concentration was determined by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis analysis.

The H220-17-4 hybridoma produces a mouse IgM antibody that binds to the
HA of influenza virus of the H1 subtype. Antibody was purified from culture
supernatants by overnight precipitation with 50% saturated ammonium sulfate.
After centrifugation at 3,000 � g for 30 min, the precipitate was resuspended in
a small volume of PBS and dialyzed overnight against PBS. The dialysate was
concentrated by centrifugation and loaded onto an MBL column. The eluate was
concentrated, and aliquots were stored at �70°C.

The H36-4-5.2 hybridoma produces a mouse IgG2a antibody that neutral-
izes PR8 virus by binding to the Sb/B site on HA (27). To obtain purified
antibody, culture supernatants were precipitated by saturated ammonium
sulfate precipitation. After dialysis against PBS, the solution was added to a
protein G (Pharmacia) column and the IgG eluate was biotinylated with
biotin N-hydroxysuccinimide ester (Sigma).

Both H220-17-4 and H36-4-5.2 hybridomas were kind gifts from Walter
Gerhard (Wistar Institute, PA).

VN assays. VN assays, measuring the reduction of virus titer, were performed
according to a modification of a standard procedure (11). MDCK cells were
grown in RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 50 U/ml penicillin, and 50 �g/ml streptomycin (all from Invitrogen).
Trypsinized MDCK cells (1.5 � 104) were added to the wells of a flat-bottom,
96-well microtiter plate and incubated at 37°C in 5% CO2 overnight. PR8 stock
virus was added to sera diluted in PBS-CM (PBS, 0.15 mM CaCl2, 0.5 mM
MgSO4). When purified antibody was used, an incubation with virus at room
temperature for 15 min was performed before virus was added to diluted serum.
To heat inactivate serum, sera were incubated at 56°C for 30 min before being
used in VN assays. Upon the addition of serum, sample tubes were incubated at
37°C for 60 min, after which they were diluted 10-fold in MM media (RPMI-
1640, 0.01% bovine serum albumin [BSA], 2 mM L-glutamine, 50 U/ml penicillin,
50 �g/ml streptomycin) and added (100 �l) to confluent MDCK cultures that had
been washed with serum-free RPMI-1640. Each dilution was used to infect eight
replicate wells. Cultures were incubated for 2 h at 37°C in 5% CO2, after which
the supernatant was aspirated and 200 �l of MMT media (MM media,
0.000125% trypsin) was added. Incubation of cultures continued for 3 days, after
which virus growth was measured by a standard hemagglutination assay. Super-
natant (100 �l) was transferred to a round-bottom, 96-well microtiter plate to
which 100 �l of red blood cell solution (0.5% chicken red blood cells in PBS) was

added, and agglutination patterns were scored. Virus titer was calculated as the
log10 dilution that resulted in infection of 50% of the replicate cultures (log10
TCID50), according to the Reed and Muench method (33). The assay had a 102.1

minimum threshold of virus detection.
ELISA. Virus-binding antibodies in mouse sera were detected by ELISA.

Polyvinyl 96-well microtiter plates were coated with purified PR8 stock virus
(1,000 HAU/ml in PBS) at 50 �l/well. Sera diluted in PBST-BSA (PBS, 0.05%
Tween 20, 0.01% BSA) were added to wells that had been blocked with 0.1%
BSA, and plates were incubated for 2 h at room temperature. Alkaline phos-
phatase-conjugated goat anti-mouse IgM (Southern Biotech) was used to detect
antibodies bound to virus-coated wells, and plates were developed using alkaline
phosphatase substrate (Sigma) and read at 405 nm.

EM. For the visualization of virus particles by electron microscopy (EM),
purified, UV-inactivated PR8 virus was obtained from W. Gerhard (Wistar
Institute, PA). Ten microliters of virus (10 �g/ml) was added to mouse serum
(30%) previously diluted in CaMg saline (145 mM NaCl, 0.836 mM MgCl, 0.270
mM CaCl2), followed by incubation at 37°C for 60 min. In some instances, virus
was treated with purified nIgM (40 �g/ml) before the addition of serum. Samples
were stained with uranyl formate (0.7%) and then visualized by transmission EM.

Complement deposition and antibody-blocking assays. To measure comple-
ment deposition on viral particles, polyvinyl 96-well microtiter plates were coated
with 50 �l/well of purified PR8 stock virus (1,000 HAU/ml in PBS). Wells were
blocked with 0.1% BSA in PBS, followed by a 30-min incubation with PBST-BSA
or nIgM diluted in PBST-BSA. Sera diluted to 30% in PBS-MgCl2 (PBS, 0.5 mM
MgSO4, 0.15 mM CaCl2) were added to wells for a 20-min incubation period at
37°C. Plates were washed, and antibodies specific for C3 and C4 were used to
detect complement deposition. Goat anti-C3, directly conjugated to peroxidase
(Cappel, ICN Biomedicals), was used (1:500 dilution in PBST-BSA) to detect C3
deposition. C4 deposition was determined by adding rabbit anti-human C4c
(Dako) (1:500 dilution in PBST-BSA) to the plates for a 60-min incubation,
followed by a peroxidase-labeled goat anti-rabbit IgG for 60 min at room tem-
perature. Plates were developed with ABTS [2,2�-azinobis(3 ethylbenzthiazoline-
sulfonic acid)] solution (Moss, Inc.). Background-corrected (no virus) readings at
405 nm were obtained. These antibodies produced background level readings in
wells that lacked serum.

To measure binding of anti-HA antibody to influenza viral particles, an assay
similar to the complement deposition assay was performed with 10-fold dilutions
of PR8 virus. After incubation with sera, biotin-labeled H36-4-5.2 was added for
a 30-min incubation period, followed by incubation with streptavidin-alkaline
phosphatase for 10 min. Plates were developed using alkaline phosphatase sub-
strate (Sigma) as before. Percent H36-4-5.2 binding was calculated by dividing
the absorbance readings of samples treated with serum by the absorbance read-
ings of respective samples not treated with serum.

RESULTS

Influenza virus is sensitive to neutralization by serum com-
plement. To determine the sensitivity of influenza virus to the
neutralizing activity of serum, a mouse-adapted human influ-
enza A virus, A/PR/8/34 (PR8), was incubated with increasing
concentrations of pooled mouse serum prepared from normal
B6 mice (Fig. 1). The extent of VN was ascertained by mea-
suring the amount of infective virus remaining in the samples
after culture on virus-permissive MDCK cells. With 90% se-
rum, PR8 was neutralized by approximately 2 logs; 50% and
30% serum neutralized PR8 by approximately 1 log; however,
PR8 was not neutralized by 10% serum (Fig. 1A). To examine
the contribution of complement to VN, we took advantage of
the heat-labile property of serum complement. PR8 was incu-
bated with increasing concentrations of heat-inactivated se-
rum, and VN was determined as before. As shown in Fig. 1B,
heat-inactivated serum was deficient in VN activity at all of the
concentrations tested. Preliminary results indicated that the sen-
sitivity of the VN assay was dependent not only upon the con-
centration of serum but also on the amount of virus used in the
assay. Optimal sensitivity was obtained when 30% serum and a
10-fold dilution of stock virus were used. These conditions were
employed in subsequent VN assays.
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The classical pathway of complement mediates neutraliza-
tion of influenza virus. To verify that VN was specifically
dependent on complement, PR8 was incubated with sera from
mice deficient in the central component of complement, C3.
Similarly to heat-inactivated serum, C3-deficient serum was
unable to neutralize virus (Fig. 1C). Complement activation
can proceed by three known pathways, the classical pathway,
the lectin pathway, and the alternative pathway. The classical
and lectin pathways are C4 dependent, whereas the alternative
pathway is C4 independent. To determine whether VN was
mediated by either the classical/lectin pathways or the alterna-
tive pathway, PR8 was incubated with sera from C4-deficient
mice. C4-deficient serum was unable to neutralize PR8 (Fig.

1C). Thus, neutralization of influenza virus is dependent on the
classical or lectin pathways of complement.

The classical and lectin pathways are initiated by C1 and
MBL, respectively. Previous studies have shown that MBL can
recognize mannose groups present on influenza virus surface
glycoproteins (18). To examine the contribution of MBL and
to rule out the participation of C1 in VN, PR8 was incubated
with C1q-deficient serum. Surprisingly, PR8 was not neutral-
ized by C1q-deficient serum (Fig. 1C). Therefore, neutraliza-
tion of influenza virus by complement is initiated by C1-medi-
ated activation of the classical pathway.

Influenza virus neutralization is dependent on the presence
of natural IgM in normal mouse serum. C1q activation results
from direct binding to an activating surface or to complement-
fixing immunoglobulins, such as IgM and IgG, that are bound
to antigens. Therefore, the VN activity of complement may be
mediated by immunoglobulins bound to influenza virus. Since
sera that were used in the above-described experiments were
from mice that had not been exposed to influenza virus, the
involvement of influenza virus-specific antibodies in VN could
not be accounted for. However, it has previously been shown
that sera from naı̈ve mice contains nIgM that binds to viruses
(29). Indeed, nIgM has been implicated in enhancing the adap-
tive immune response during influenza virus infection and vi-
rus-reactive natural antibody has been demonstrated to bind to
various strains of influenza virus (4). Similarly, we found de-
tectable binding of IgM to PR8 in sera from naive B6 mice
(Fig. 2A). Comparable levels of PR8-reactive IgM were also
detected in the sera of C3- and C4-deficient mice (data not
shown). To determine whether VN was mediated by nIgM,
PR8 was incubated with sera from secretory-IgM-deficient
(sIgM�/�) mice. These mice express IgM on the surfaces of B
cells but do not possess detectable levels of serum IgM; how-
ever, other immunoglobulin isotypes are present in the sera of
these mice (6). As shown in Fig. 2B, sera from sIgM�/� mice
did not neutralize PR8. To further dissect the role of nIgM in
neutralizing influenza virus, nIgM was purified from serum and
used in VN assays. On its own, nIgM did not neutralize PR8 to
an appreciable extent (Fig. 2C). However, when a source of
complement (RAG1�/� serum) was also added, VN activity
was fully restored. As expected, RAG1�/� serum alone did not
exhibit VN activity. Together, these results demonstrate that
both complement and nIgM are necessary for neutralization of
influenza virus by serum.

C5-dependent lysis of influenza virus is not a mechanism of
virus neutralization. Viruses can be directly neutralized by com-
plement and antibody in at least three ways: virus coating, aggre-
gation, and lysis. Full activation of the complement pathway can
lead to viral lysis by formation of the terminal membrane attack
complex, which consists of C5b-C9. Deposition of the membrane
attack complex on the surface of an enveloped virus, such as
influenza virus, produces membrane-spanning pores that can al-
ter the stability of the virion. To determine whether serum neu-
tralization of influenza virus occurs by complement-mediated
lysis, PR8 was incubated with sera from C5-deficient mice. As
shown in Fig. 3, C5-deficient serum demonstrated full VN activ-
ity. The VN activity of C5-deficient serum was complement de-
pendent, as heat-inactivated serum was devoid of VN activity.
This suggests that viral lysis by serum complement is an unlikely
process for influenza virus neutralization.

FIG. 1. Neutralization of influenza virus is dependent on the clas-
sical pathway of complement. (A) PR8 virus was incubated with vari-
ous concentrations of serum (B6 mice), and the levels of viable virus
remaining in the samples were determined by measuring growth, in
10-fold dilutions, on MDCK cells (log10 TCID50). (B) The contribu-
tion of complement to virus neutralization was determined by incu-
bating PR8 virus with heat-inactivated (HI) normal serum. (C) The
role of classical pathway complements in neutralizing influenza virus
was measured by incubating PR8 virus with sera (30%) from B6,
C3�/�, C4�/�, and C1q�/� mice. Representative results for two similar
experiments are shown. The horizontal line indicates the level of stock
PR8 virus used in the assay (0% serum).
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Aggregation and coating of influenza virions by complement
and natural IgM. Complement deposition on the surfaces of
virions has been shown by electron microscopy to produce a
substantial coat of material surrounding viral particles. Such a
process is thought to interfere with the ability of the virus
receptor to bind to its corresponding cellular ligand, thus neu-
tralizing the virus. Additionally, aggregates of viral particles
have been demonstrated to form upon incubation with com-
plement proteins and virus-specific antibody. Aggregation re-
duces the number of individual infectious units, thereby essen-
tially neutralizing the virus. To examine the contribution of
nIgM and complement to neutralization of influenza virus by
either coating or aggregating, purified PR8 was incubated with
nIgM and sera from RAG1�/� mice. Visualization of the viral
particles by transmission electron microscopy demonstrated
the presence of numerous aggregates (Fig. 4). Such aggregates
did not form when virus was treated with sera from RAG1�/�

or C3�/� mice alone, nor were they detected with nIgM treat-
ment alone. However, PR8 virions were clearly coated with
material in the presence of sera from either RAG1�/� or
C3�/� mice. A similar coat of electron-dense material was
apparent on viral particles that formed aggregates in samples
treated with nIgM and RAG1�/� sera. Similarly coated aggre-
gates were observed when viral particles were treated with sera
from B6 mice. Interestingly, addition of nIgM alone produced
viral particles that displayed a regular, punctate pattern of
electron density on the virion surface. Collectively, these re-
sults demonstrate that nIgM and complement work synergis-
tically to form coated viral aggregates; however, coating of the
virions with serum components alone is not sufficient to neu-
tralize influenza virus.

Qualitative and quantitative differences in virus coating
produced by natural IgM. In electron micrographs of viral par-
ticles treated with sera from RAG1�/� and C3�/� mice, the
difference in the pattern of coating with serum components was
striking. To further understand the composition of the serum
components deposited on the virions, sera were added to micro-
titer plates coated with purified virus and the presence of depos-
ited complement components C3 and C4 was measured (Fig. 5).
C3 protein was detected on viral particles treated with sera from
B6 mice (Fig. 5A); however, while C3 protein was also deposited
by sera from C1q�/�, C4�/�, and RAG1�/� mice, the levels were
slightly reduced compared with B6 levels (1.2-, 1.3-, and 1.2-fold
lower, respectively). Addition of sera from RAG1�/� mice to
PR8 treated with purified natural IgM restored C3 deposition to
levels observed with B6 serum. Similarly, C4 was deposited on
viral particles by all sera tested (Fig. 5B), with the exception of
C4-deficient serum (data not shown). As observed for C3, levels
of C4 deposition were greatest in sera from B6 mice. However,
sera deficient in C1q and antibody (RAG1�/�) had 6.3-fold and
4.9-fold lower levels, respectively, of C4 deposition than wild-type
serum. Sera from C3-deficient mice also had lower levels of C4
deposition, although the difference was not as large (1.4-fold
lower). As noticed with C3 deposition, when sera from RAG1�/�

mice were added to nIgM-treated viral particles, C4 deposition
was restored to levels observed with B6 serum. Thus, deposition
of C4 on influenza virus particles is primarily dependent on nat-
ural antibody and C1q, whereas C3 deposition is principally in-

FIG. 2. Complement-dependent neutralization of influenza virus is
mediated by natural IgM. (A) Detection of influenza virus-binding
nIgM in mouse serum by ELISA. Diluted sera from B6 (■ ) or
RAG1�/� (�) mice were added to microtiter wells coated with PR8
virus. IgM binding was detected by goat anti-mouse IgM, and absor-
bance readings were graphed. Representative results for at least three
similar experiments are shown. (B) Influenza virus neutralization by
sera (30%) from mice lacking secreted IgM (sIgM�/�) was measured
in a VN assay. Sera from B6 mice were included as a control. (C) Pu-
rified IgM (40 �g/ml) from normal mouse sera was used in a VN assay
in combination with sera (30%) from RAG1�/� mice as a source of
antibody-free complement. Representative data for at least two similar
experiments are shown. The vertical line indicates the level of stock
PR8 virus used in the assay.

FIG. 3. Neutralization of influenza virus occurs by a process that is
independent of C5-mediated viral lysis. Sera (30%) from mice with a
spontaneous mutation in C5 (�/�) were used in a VN assay. Sera from
C5-sufficient mice (�/�) were used as positive controls. C5-deficient
serum was also heat inactivated (HI) to demonstrate that the virus-
neutralizing activity of this serum was dependent on complement. The
horizontal line indicates the level of stock PR8 virus used in the assay.
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dependent of the classical pathway; nevertheless, C3 deposition
can be enhanced by natural antibody.

Although these results demonstrated enhanced deposition
of complement proteins on influenza virus by nIgM, how com-
plement binding influences VN is not clear. We sought to
determine whether enhanced complement deposition was as-
sociated with increased blockade of the viral receptor (HA).
The availability of HA to be recognized by a neutralizing
IgG2a antibody (H36-4-5.2) that binds to the Sb portion of HA
(27) was examined after treatment with serum. Sera from
RAG1�/� mice alone reduced the binding of H36-4-5.2 to PR8
virus particles by 33% (Fig. 5C). Addition of natural IgM
further reduced H36-4-5.2 binding by 30% to a level of 36%. A
HA-specific IgM antibody (H220-17-4) was similarly effective
at reducing binding of H36-4-5.2 to PR8 (to 29%). H220-17-4
alone has low VN activity but neutralized PR8 to a greater
extent (2 logs) in the presence of sera from RAG1�/� mice in
VN assays (data not shown). In the presence of RAG1�/� sera,
an irrelevant control IgM antibody was equivalent to
RAG1�/� sera alone in inhibiting H36-4-5.2 binding (data not
shown). These results suggest that enhanced nIgM-mediated

complement deposition on HA may significantly block the
accessibility of the viral receptor for its cellular ligand.

Collectively, these results demonstrate that the presence of
natural antibody quantitatively and qualitatively alters serum
components that coat influenza virus. Such differences are
known to have important consequences for VN, as discussed
below.

The contribution of natural IgM to protection during influ-
enza virus infection. Previous studies that have demonstrated
an important role for nIgM in protecting mice during viral

FIG. 4. Influenza virus is coated with serum components and forms
aggregates in the presence of natural IgM and serum. Electron micro-
graphs of PR8 virus particles incubated with sera (RAG1�/�, C3�/�, B6)
and nIgM are shown. Samples were stained with uranyl formate before
analysis by transmission electron microscopy. Bars represent 100 nm.

FIG. 5. Complement deposition on influenza virus particles is en-
hanced by natural IgM and restricts access to the virus receptor, HA.
(A and B) PR8 virus-coated microtiter wells were treated with purified
nIgM (10 �g/ml) and sera (30%) from B6, C1q�/�, C4�/�, C3�/�, and
RAG1�/� mice. Deposition of C3 (A) and C4 (B) was detected by
complement-specific antibodies, and absorbance readings were taken.
Background absorbance from non-virus-coated microtiter wells was
subtracted. (C) Microtiter wells coated with dilutions of PR8 virus
were treated with nIgM (10 �g/ml) or H220-17-4 (H220; 1.0 �g/ml), an
HA-specific IgM antibody. Subsequently, sera (30%) from RAG1�/�

mice were added as a source of complement. To determine the level of
HA accessibility, biotinylated H36-4-5.2, an HA-specific IgG2a anti-
body, was added to the wells (2.4 �g/ml), and the level of binding by
this antibody was determined by comparison with similarly treated
wells that did not receive serum. An irrelevant control IgM antibody
allowed binding of H36-4-5.2 similar to that observed with sera
(RAG1�/�) alone (data not shown). None of the antibodies alone
blocked H36-4-5.2 in the absence of serum. Results are representative
of two similar experiments.
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infection utilized sIgM�/� mice. However, in such studies, the
direct role of nIgM in protecting mice is complicated by the
contribution of an otherwise intact adaptive immune response.
To investigate the direct contribution of nIgM to protection
during the course of an influenza virus infection, RAG1�/�

mice were infected with influenza virus following reconstitu-
tion with nIgM. RAG1�/� mice received 0.5 mg of nIgM on
days �1, 0, and 5. Reconstitution of mice with 0.5 mg of nIgM
results in approximately 250 �g/ml of circulating Ig, which is
within the normal range for mice, i.e., 200 to 800 �g/ml. By day
3 of infection, the mean body weight of infected mice was
higher for the mice that received nIgM (Table 1). This differ-
ence was also apparent on day 5 of infection and increased in
significance. However, by day 7, morbidity levels were similar
in both groups of mice. Compared with results for the un-
treated group, survival was prolonged by approximately 1 to 2
days among mice reconstituted with nIgM (Fig. 6). Together,
these results suggest a significant role for nIgM in early pro-
tection that may have a notable impact on survival during
influenza virus infection.

DISCUSSION

This study was undertaken to identify the mechanisms by
which complement mediates neutralization of influenza virus.
Importantly, neutralization was mediated by the classical path-
way of complement and required the presence of virus-reactive
nIgM. VN by complement and nIgM was associated with ag-
gregating of virions and coating with complement; however,
virolysis was not found to contribute significantly to VN. More-
over, nIgM was partially protective in antibody-deficient mice
(RAG1�/�) during the early phase of infection.

It is generally thought that coating of virions with comple-
ment proteins can neutralize virus by nonspecifically blocking
virus receptors. Although virus-specific antibody plays an im-
portant role in complement-mediated VN, virions can activate
complement in the absence of antibody by way of the classical,
lectin, or alternative complement pathway (1, 10, 21). Such
activation usually results in deposition of complement proteins
on surface structures, yet this does not necessarily lead to virus
neutralization. Indeed, complement deposition on influenza
virus particles by activation of the alternative pathway has
previously been demonstrated; however, this did not corre-
spond with VN (5, 26). Similarly, in the present study, C3
deposition by the alternative pathway was detected on influ-

enza virus particles in the apparent absence of neutralization,
although levels of C4 deposition were reduced. Through the
sequential addition of purified complement proteins, studies
have shown that the activation of early classical-pathway pro-
teins alone is sufficient to neutralize some viruses (16, 25, 31).
Notably, early complement molecules can be activated by ei-
ther the classical or the lectin pathway. The lectin pathway is
initiated when MBL binds to specific carbohydrate residues
present on the surfaces of many microbes. Indeed, MBL has
been shown to bind strains of influenza virus to various degrees
based upon the level of glycosylation of the HA molecule (32).
In the present study, sera from C1q-deficient and antibody-
deficient (RAG1�/�) mice, both of which have intact MBL
pathways, were unable to neutralize influenza virus under the
conditions used. This suggests that the lectin pathway of com-
plement activation does not significantly contribute to VN in
our in vitro model. Importantly, the presence of nIgM contrib-
uted to greater levels of C3 and C4 deposition on influenza
virus particles, which correlated with virus neutralization.

While the in vivo contribution of natural antibody in pro-
viding protection against influenza virus infection has recently
been studied (4, 17), little is known of its direct contribution to
VN. The present study demonstrates an important role for
natural antibody in contributing to complement-mediated in-
fluenza virus neutralization. Neutralization was dependent on
nIgM since serum lacking only immunoglobulins of the IgM
isotype (sIgM�/�) was devoid of VN activity, yet serum con-
taining only IgM (from activation-induced cytidine deaminase
(AID)-deficient mice) possessed full VN activity (data not
shown). An elegant study by Ochsenbein et al. demonstrated
an important antiviral role for natural antibodies in vivo (29).
Surprisingly, while the control of early viral distribution was
mediated by nIgM, the response was found to be independent
of complement. Nevertheless, it is now well appreciated that
numerous viruses have adapted to complement-mediated VN
by incorporating complement-neutralizing molecules into their
virions (15). Such molecules are used particularly by large
DNA viruses that spread systemically. Influenza virus has not
been shown to interfere with complement activation, possibly
due in part to limitations imposed by its small RNA genome.

Characterization of many natural antibodies produced by
B-cell hybridomas has established that they can recognize self
molecules (13, 37). There is mounting evidence that these

FIG. 6. Survival of influenza virus-infected mice reconstituted with
natural IgM. Groups of RAG1�/� mice received PBS (■ ) or 500 �g of
purified nIgM (E) on days �1, 0, and 5. All mice were infected
intranasally with 300 TCID50 PR8 virus on day 0.

TABLE 1. Effects of nIgM treatment on morbidity in RAG1�/� mice

Day
postinfection

% original body wta with
indicated treatment Pb

PBS nIgM

3 86.9 � 3.937 97.0 � 2.052 0.0528
5 79.7 � 1.583 86.8 � 1.974 0.0224
7 74.04 � 1.199 74.76 � 1.718 0.7400

a Mice were injected with 500 �g nIgM or 400 �l PBS intraperitoneally on days
�1, 0, and 5. All mice received a dose of 300 TCID50 PR8 virus administered
intranasally. The mice were weighed on day 0 and on the indicated days postinfec-
tion. The percentages of the original (day 0) body weights are given (� standard
errors of the means). Five mice were used in each treatment group.

b P value was based upon the difference between the control and treatment groups
as determined by an unpaired t test.
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antibodies are involved in homeostasis and in maintaining tol-
erance to self (7). Enveloped viruses, such as influenza virus,
inherently possess material derived from the infected host cell.
Hence, it is conceivable that self-reactive natural antibodies
may mediate VN by reacting with altered auto-antigens pre-
sented on the surfaces of budding viruses. Indeed, anti-phos-
phorylcholine natural antibodies are abundantly present in hu-
man serum and have been shown to recognize cells undergoing
apoptosis due to changes in the lipid composition of the ex-
ternal layer of the cell membrane (35). Interestingly, these
self-reactive antibodies play an important role in protection
against streptococcal infections (8). Additionally, self-reactive
antibodies have been shown to be polyreactive (13, 28). Thus,
while a certain species of natural antibody may react with a self
molecule, it may also cross-react with pathogen-encoded
epitopes (3, 20). In this study, nIgM did not possess virus-
neutralizing activity on its own, therefore leaving open the
possibility that nIgM may recognize a non-virally encoded mol-
ecule on the influenza virion. Hence, while the specificities of
nIgM antibodies that react with several influenza virus strains
(4) have not been reported, recognition of both virus- and
host-derived molecules is a possibility.

In our study, virus aggregating and coating were associated
with the VN activity of nIgM and the classical pathway of
complement. Specifically, VN was mediated by the first four
components of the classical complement pathway. The impor-
tance of C1, C4, C2, and C3 in mediating virus neutralization
has been demonstrated in a number of reports. Hook et al.
have recently shown that human nIgM and complement to-
gether neutralize herpes simplex virus (22). In results similar to
ours, VN did not require the terminal complement compo-
nents but was dependent on the activation of the classical
complement pathway. Linscott and Levinson reported that
nIgM to Newcastle disease virus was present in human serum
and that C1-C3 was sufficient for virus neutralization in the
presence of early IgM (25). Similarly, Oldstone et al. demon-
strated the involvement of C1-C3 in the enhancement of poly-
oma virus neutralization in the presence of virus-specific anti-
body (31). VN was shown to be associated with aggregation of
polyoma virions (30).

Although virus aggregation does not actually neutralize virus
but reduces the virus yield instead, this process may neverthe-
less be physiologically important. By aggregating virus, neu-
tralization is attained in that nonphagocytic cells do not readily
endocytose large aggregates and are thus protected from in-
fection. In contrast, phagocytic cells readily endocytose aggre-
gated material, particularly when such material is coated with
complement, considering that many professional phagocytic
cells possess complement receptors (30). Indeed, aggregation
has been shown to be used by another important family of
innate molecules, collectins, to enhance endocytosis of influ-
enza virus by neutrophils (19).

Even though we found direct evidence for viral aggregation,
we cannot exclude the possible contribution of virion coating
by complement to VN in this study. In the presence of immu-
noglobulin-free serum, virions were clearly coated, presumably
by components of complement proteins C1, C2, C4, and C3. In
a similar report, using human sera, Beebe et al. demonstrated
that the classical complement pathway mediated neutralization
of influenza virus in the absence of viral lysis (5). VN was

shown to be dependent on the presence of a nonneutralizing
virus-specific IgG present in a majority of human sera. The
authors concluded that VN was caused by complement depo-
sition on the virus envelope. We found both quantitative and
qualitative differences in complement deposition on influenza
virus particles in the presence of nIgM that correlated with
VN. In particular, C4 deposition was greatly elevated by nIgM,
and more importantly, coating of the influenza virus HA was
similarly enhanced. It is conceivable that binding of nIgM to
specific molecules on the surface of the virion may focus com-
plement deposition onto the viral receptor and other mole-
cules important in the infection process. In a report by Feng
et al., C1 significantly enhanced the VN activity of an influenza
virus HA-specific antibody that possessed low direct VN activ-
ity (16). Binding of HA to sialic acid residues on red blood cells
was more significantly affected, suggesting that C1q deposition
on or near the HA molecule contributed to this enhancement.
Taken together, in addition to promoting aggregation, com-
plement and nIgM could conceivably also mediate VN by in-
hibiting binding of influenza virus to cellular receptors or by
interfering with a postattachment process (14, 22).

The contribution of nIgM to the outcome of infection with
influenza virus has only recently begun to be appreciated. A
study by Baumgarth et al. (4) demonstrated that nIgM pro-
duced by B1 cells is important in enhancing the response of B2
cells during influenza virus infection. Additionally, Harada
et al. showed that nonmutated IgM was able to protect AID-
deficient mice infected with a lethal dose of influenza virus
(17). However, these studies used mice with partially intact
adaptive immune responses that could mask the individual
effect of nIgM. Therefore, to evaluate the direct contribution
of nIgM during influenza virus infection, RAG1�/� mice,
which lack lymphocytes, were used in the present study. Passive
transfer of nIgM significantly reduced the initial level of early
morbidity and slightly extended the survival of infected mice.
Watford et al. have demonstrated the existence of complement
proteins in the respiratory tracts of healthy individuals (36).
Importantly, C3 deposition on Streptococcus pneumoniae by
constituents of bronchoalveolar lavage fluid was found to be
mediated by the classical complement pathway, thus demon-
strating the presence of a functional complement pathway in
the respiratory tract. Similarly, pulmonary infection with Strep-
tococcus pneumoniae is more severe in C1q-deficient and se-
cretory-IgM-deficient mice, suggesting an important role for
the early presence of these components in protection against
acute pulmonary infections (9). In addition, the presence of
abundant quantities of complement and nIgM in serum may
increasingly contribute to immunity in the lower respiratory
tract as infection spreads and inflammation ensues. Interest-
ingly, a lack of factor B in relation to other complement com-
ponents in the lungs of healthy individuals (36) suggests that
while the classical and lectin complement pathways may func-
tion effectively early on, the alternative pathway may be inop-
erative.

Exposure to influenza virus usually results in lifelong immu-
nity to the same strain of virus (12). Protection is thought to be
mediated by directly neutralizing virus-specific antibody. How-
ever, the fact that a majority of human sera from individuals
exposed to H1N1 influenza viruses possess nonneutralizing
antibody specific for H1N1 influenza viruses (5) indicates that
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the complement-dependent nature of VN by these sera is phys-
iologically important. The present study suggests a similar
mechanism by which virus-binding, nonneutralizing natural an-
tibody mediates neutralization of influenza virus in the pres-
ence of complement.
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